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Abstract

This thesis explores several new bridges between string theory (ST) and particle
physics. The traditional approach in String-Phenomenology (SP) is to try to construct
solutions which resemble the Standard Model (SM) as much as possible. The recent idea
that the Landscape of possible solutions of ST is fnite, and that, in fact, there is an even
bigger Swampland of apparently consistent low-energy e˙ective feld theories (EFTs) that
cannot be completed in the UV to a theory of quantum gravity (QG), has opened up a
new avenue for SP. ST can describe our Universe only if the experimental data and the
EFT that describes it is not in the Swampland. Once we determine its boundaries, we can
fnd constraints on Beyond the Standard Model (BSM) theories by requiring that they are
not in the Swampland. In this way, knowledge of generic properties of low-energy EFTs
may lead to phenomenological implications.

In the frst part of the thesis we propose an alternative formulation of the Weak
Gravity Conjecture which can readily be applied to EFTs with interacting scalar felds.
The idea is to use pair production of massive particles at threshold as a means to compare
the gravitational to the gauge and scalar interactions. We propose that the rate of pair
production via gravitons should be the weakest. It is shown to be equivalent to the condition
that extremal black-holes should be able to decay when applied to U(1)N gauge theories.
We fnd an inequality which the masses of scalar felds coupled to moduli should satisfy
and show how this inequality is saturated in examples of BPS states in CY Type II string
compactifcations. We also propose a more speculative inequality which constraints the
potential of any set of scalar felds.

In the next part of the thesis we explore constraints on D-dimensional EFTs arising
from requiring that circle compactifcations of such a theory are consistent with the AdS
swampland conjectures. This puts constraints on the physical spectra that guarantee that
the Casimir energy potential does not generate (D − 1)-dimensional AdS vacua that would
violate the conjectures. The results are based on the Non SUSY AdS Instability and the
AdS Distance (AdC) conjectures. We propose to summarize the results in a more general
statement, the Light Fermion Swampland conjecture. It states that in a SUSY-broken
theory with ΛD ≥ 0 and positive frst non-vanishing supertrace (−1)k+1StrM2k , which is
consistent with quantum gravity, there must exist a surplus of light fermions with masses

1/D
m . Λ .D 

Next, we study the consistency of circle, toroidal and orbifold compactifcations of the
SM with the previous conjectures. The presence of AdS vacua in the infrared sector of the
SM seems to imply that the simplest See-Saw mechanism explanation of why neutrinos are
so light is inconsistent with QG. In fact, consistency with quantum gravity automatically
forces the lightest neutrino to be (Pseudo) Dirac and lighter than ∼ 8 meV which is very
close to the energy scale set by the cosmological constant Λ1/4 . We also extend previous
studies and explore vacua of the SM on scales beyond the IR sector. We fnd that if quarks
and leptons are allowed to have di˙erent boundary conditions (periodic and antiperiodic)
then the SM would be in the swampland. This and other similar vacua can elegantly be
avoided if the SM is embedded in a supersymmetric theory at a higher scale. We also study
constraints on an extension of the SM with a U(1)B-L gauge group. We argue that QG
could explain the EW hierarchy problem, since if the vev of the Higgs was greater than
what it is, dangerous AdS vacua of the SM would be generated. Moreover, we fnd that
the EW scale must be larger than the QCD scale to prevent the formation of additional



AdS vacua.
In the context of the AdC we fnd similar results, but there is a di˙erence in the

hypothesis required to derive the results. The stability of the AdS vacua is no longer
a requirement, but we need to assume that there is a whole family of vacua where the
masses of the neutrinos change. This scanning can be, for example, changing the v.e.v. of
the Higgs or the Yukawa of one of the neutrinos, while the cosmological constant remains
unchanged. In this case we obtain bounds on neutrino masses analogous to those obtained
from the AdS non-SUSY conjecture. In particular, we obtain that the lightest neutrino
should be (Pseudo) Dirac and lighter than ∼ 8 meV. We also consider scannings where the
cosmological constant changes. We fnd that a family of 3d vacua where the mass of the

1neutrinos become light as the cosmological constant goes to zero with a power α = is4 
in agreement with the two AdS and the Festina Lente Swampland conjectures. This can
be interpreted as a motivation to explore the possibility that (right-handed) neutrinos are
part of the tower predicted by the AdS Distance conjecture. As a byproduct of our analysis
we fnd that the SM would violate the stronger version of the AdC in 3d since it can have
scale separated 3d vacua.

Finally, we consider the possibility that our Universe should be described by a rolling
scalar feld. We show that in all experimentally viable SM plus a single (canonical) quin-
tessence feld, where the asymptotic dS conjecture is satisfed in 4 dimensions, quantum
corrections will violate it in 3D unless neutrinos provide enough light degrees of freedom.
Therefore, our previous result that neutrinos should be (Pseudo) Dirac and have masses
smaller or very similar to the cosmological constant would remain true.

viii 



Resumen

Esta tesis explora nuevos puentes entre Teoría de Cuerdas (ST) y física de partículas.
El enfoque tradicional en Fenomenología de Teoría de Cuerdas (SP) consiste en intentar
construir soluciones que se parezcan lo más posible al Modelo Estándar (SM). La reciente
idea de que el Paisaje de posibles soluciones de ST es fnito, y que, de hecho, existe una
Ciénaga incluso mayor de teorías efectivas a bajas energías aparentemente consistentes
(EFTs) que no pueden ser completadas en el ultravioleta (UV) a teorías de Gravedad
Cuántica (QG), ha abierta una nueva ventana para SP. Teoría de Cuerdas puede describir
nuestro Universo sólo si los datos experimentales y la EFT que lo describe no están en
la Ciénaga. Una vez determinamos las fronteras de la Ciénaga, podemos poner cotas en
las teorías más allá del Modelo Estándar (BSM) al imponer que no estén en la Ciénaga.
De esta forma bastaría con conocer propiedas genéricas de las EFTs a baja energía para
obtener implicaciones fenomenológicas.

En la primera parte de la tesis proponemos una formulación alternativa de la Conje-
tura de Gravedad Débil, que puede ser fácilmente aplicada a una EFT con campos escalares
en interacción. La idea es usar la producción de partículas masivas en el umbral como una
condición para comparar la interacción gravitatoria con las interaccione gauge y escala-
res. Proponemos que el ritmo de producción de pares mediado por gravedad tiene que ser
siempre el más débil. Mostramos que esto es equivalente a la condición de que los agujeros
negros extremales puedan decaer, en teorías gauge U(1)N . Obtenemos una desigualdad
que las masas de los campos escalares acoplados a moduli deben satisfacer y explicamos
cómo es saturada en ejemplos de estados BPS en compactifcationes de teoría de cuerdas
Tipo II en un CY. Además, proponemos una desigualdad más especulativa que restringe
el potencial de cualquier conjunto de campos escalares.

En la siguiente parte de la tesis exploramos las restricciones en EFTs en D-dimensiones
que surgen de requerir que las compactifcaciones en el círculo de la teoría sean consistentes
con las conjeturas de la Ciénaga de AdS. Esto pone requerimientos en el espectro físico
que garantizan que el potencial asociado a la energía de Casimir no genera vacíos AdS en
(D − 1) dimensiones, los cuáles podrían violar las conjeturas. Los resultados están basados
en la conjetura de que no hay vacíos no-supersimétricos estables y en la Conjetura de la
Distancia en AdS (AdC). Proponemos resumir los resultados en un principio más general,
la Conjetura de Fermiones de Ligeros. Esta conjetura dice que en una teoría con SUSY
rota en la que ΛD ≥ 0, en la que la primera supertraza no nula (−1)k+1StrM2k es positiva,
y que es consistente con Gravedad Cuántica , entonces tiene que incorporar un excedente
de fermiones ligeros, con masas que verifcan m . Λ1/D .D 

A continuación, estudiamos la consistencia de compactifcaciones en un círculo, un
toro y sus varios orbifolds del SM con respecto a las conjeturas anteriores. La presencia
de vacíos AdS en el sector infrarrojo del SM parece indicar que el modelo más sencillo
del mecanismo de See-Saw, el cuál busca explicar por qué los neutrinos son tan ligeros, es
inconsistente con QG. De hecho, el imponer consistencia con Gravedad Cuántica automáti-
camente fuerza a que el neutrino más ligero sea (Pseudo) Dirac y más ligero que ∼ 8 meV,
lo cuál está muy cerca de la escala de energías de la constante cosmológica Λ1/4 . También
extendemos estudios previos y exploramos los vacíos del SM en escalas más allá del sec-
tor IR. Encontramos que, si permitimos que los quarks y los leptones tengan condiciones
de contorno distintas (unos periódicas y otros antiperiódicas) entonces el SM estaría en
la Ciénaga. Éste y otros vacíos similares pueden ser evitados de forma elegante si el SM



está embebido en una teoría supersimétrica a una escala más alta. También estudiamos
restricciones en una extensión del SM con un grupo gauge U(1)B-L. Argumentamos que
QG podría explicar el problema de la jerarquía EW, puesto que, si el vev del Higgs fuese
mayor de lo que es, vacíos AdS peligrosos del SM se generarían. Además, encontramos que
la escala EW debe ser más grande que la escala de QCD para evitar la formación de vacíos
AdS adicionales.

En el contexto de la AdC encontramos resultados similares, pero hay una diferencia
en las hipótesis necesaria para derivar los resultados. La estabilidad de los vacíos AdS ya no
es un requerimiento, pero necesitamos asumir que existe una familia entera de vacíos dónde
las masas de los neutrinos pueden cambiar. Este escaneo puede ser, por ejemplo, cambiar
el vev del Higgs o el Yukawa de uno de los neutrinos, mientras la constante cosmológica se
mantiene constante. En este caso obtenemos cotas en la masa de los neutrinos análogas a
las que obtenemos a partir de la conjetura de que no hay vacíos estables AdS no supersimé-
tricos. En particular, obtenemos que el neutrino más ligero tiene que ser (Pseudo) Dirac y
más ligero que ∼ 8 meV. También consideramos escaneos dónde la constante cosmológica
cambia. Encontramos que una familia de vacíos en 3d dónde la masa de los neutrinos se
vuelve más ligera según la constante cosmológica va a cero, con una dependencia polinómi-

1ca α = 4 , está de acuerdo con las dos conjeturas AdS y con la conjetura de Ciénaga Festina
Lente. Esto puede interpretarse como una motivación para explorar la posibilidad de que
los neutrinos (dextrógiros) son parte de la torre de la AdC. Como resultado colateral de
nuestro análisis encontramos que el SM podría violar la versión fuerte de la AdC en tres
dimensiones dado que estos vacíos tienen separación de escalas.

Finalmente, consideramos la posibilidad de que nuestro Universo deba ser descrito
por un campo escalar rodando por un potencial. Mostramos que, en todo modelo viable
de SM con un único campo escalar canónica de quintaesencia, dónde la conjetura de dS
asintótica se verifca en 4 dimensiones, las correcciones cuánticas la violarían en 3d a menos
que los neutrinos tengan sufcientes grados de libertad ligeros. De esta forma, recuperamos
los resultados previos de que los neutrinos tienen que ser (Pseudo) Dirac y tener masas
menores o muy similares a la constante cosmológica.

x 
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1 
Introduction

Physics is one of the oldest academic disciplines developed by mankind. Carefully
applying the scientifc method and using the language of mathematics, physicists have
been able to fnd certain laws that describe our Universe very accurately. In short, this
means that we can make predictions and contrast them with experiments. A key concept
on which Physics relies is that of E˙ective Theory. For a certain set of experiments (i.e. a
certain range of energies or distances) a law can be very predictive and work perfectly fne,
nevertheless, it may require modifcations when one tries to apply it in more general setups.
Currently, we have a theory, the Standard Model of Particle Physics or SM, that works
remarkably well within the energy range between the meV and the TeV scales. It describes
the Universe in terms of quantum felds, which under certain conditions can be interpreted
as particles. The SM is a theory essentially based on the following two symmetries: global
Poincaré symmetry and local SU(3) × SU(2) × U(1) gauge symmetry. Since the gauge
group is a direct product of three di˙erent groups we say that there are 3 fundamental
interactions: strong interaction from the SU(3) part and the weak and electromagnetic
interaction from the SU(2) × U(1) part. The mediators of the interactions have a well-
known geometric interpretation as connections within the theory of principal fbre bundles.
Fermionic matter is introduced as sections in associated twisted spinor bundles. The Higgs
feld is also as a section of an associated bundle, so it also transforms under some chosen
representation of the gauge group under local gauge transformations.

It is fair to say that the SM is the best tested scientifc theory of all time. Some of
its most striking predictions, like the anomalous magnetic dipole moment of the electron
(ge − 2), have been checked with a precision of one part in a trillion. However, it fails
miserably as soon as we try to apply it outside of the realm for which it was design to
exist. To begin with, we have not been able to consistently formulate a theory of Gravity
based on quantum felds. Therefore, the SM will inevitably fail to explain any phenomena
where a quantum theory of Gravity is required. In this sense it is an E˙ective Theory.
Since it is a theory that describes felds, it is an E˙ective Field Theory (EFT). In the limits
where the framework of the SM is applicable, a theory of Quantum Gravity (QG) should
be equivalent to the SM of particle physics.

The best one can do using Quantum Field Theory (QFT) is a semi-classical approx-
imation, where gravity is described classically through Einstein’s General Relativity (GR),
except in some particular cases, where weak quantum gravity e˙ects can also be taken
into account. For example, this technique is used in Cosmology. The Standard Model of
Cosmology (SMC) is a model of the large-scale structure history of our Universe. It is able
to account with remarkable accuracy for:

� Cosmic Microwave Background. We actually have a picture of the Universe

3
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when it was ∼ 105 years old. The PTOLEMY collaboration is developing a Cosmic
Neutrino Background (CNB) detector [8], which would provide a (neutrino) picture
of the Universe when it was 1 second old. The model is able to account for the
thermal history of our Universe up to very early times.

� Large-Scale Structure. One particular example that I fnd amazing, in 2005 The
Sloan Digital Sky Survey (SDSS) [9] was able to detect the signal from Baryon
Acoustic Oscillations (BAO) which is a truly remarkable prediction of the model.

� Big Bang Nucleosynthesis [10]. The primordial production of the observed hy-
drogen, deuterium, helium and lithium during the frst minutes of our Universe.

The SMC assumes that our Universe (the space-time metric and everything that
contributes to the energy-momentum tensor) is described by a solution of the equations of
motion of the felds that fll it.The Universe appears to be smooth on scales of hundreds
of Mega-Parsecs (1Mpc = 3.08 × 1022m). For this reason, the SMC relies on the idea
that, as a frst approximation which is particularly good on scales larger that ∼ 1022 m,
the background equations of motion should be homogeneous and isotropic. There is only
one solution of the vacuum Einstein’s equations which is homogeneous and isotropic that
can ft the data: a nearly fat FRW spacetime with a positive vacuum energy. Currently,
it looks very much like a de Sitter (dS) spacetime, since it is undergoing an accelerated
expansion driven by dark energy.

Currently we lack a complete non-perturbative understanding of QFT or of QG.
Nevertheless, we can fnd a solution of the classical equation of motion and quantize small
perturbations of this background. Present data indicates that the background nearly dS 
spacetime should correspond to a vacuum solution of the full theory. That is, a minimum
of the scalar potential with a positive energy. However, current data cannot yet exclude
the possibility that our Universe is in a positive runaway potential. In this latter case, we
would not be doing perturbation theory around an extremum of the potential. We know
that the vacuum energy of our Universe is positive since we have seen that the Universe
is going through a period of accelerated expansion. We are not sure which is the correct
microscopic description behind this acceleration, so we say that the expansion is driven by
"dark energy". In models where the Universe is a vacuum solution dark energy is known
as "cosmological constant" for historical reasons. This is the simplest assumption and
current data are fully consistent with a cosmological constant. For this reason the SMC is
also known as ΛCDM . CDM refers to Cold Dark Matter, an invisible constituent of our
Universe that provides the seed, planted in primordial potential wells, that gives rise to the
cosmic structure. In models where the Universe is in a runaway of a scalar potential, dark
energy is often known as "quintessence". This name stems from the fact that quintessence
models require very light scalar felds that would mediate so-called "ffth-forces", that is,
interactions di˙erent from the three in the SM or gravity.

The Standard Models of Particle Physics and Cosmology are the most fundamental
theories which have been confrmed by experiment. Nevertheless, there are a number of
well-established experiments which, at the very least, require extensions of the models (if
not explicit knowledge of a Theory of Quantum Gravity) and imply that they are only
e˙ective theories:

� Dark Energy: The accelerated expansion of our Universe is explained by introdu-
cing a very small vacuum energy density ρde = 2.6 × 10−47GeV, whose microscopic
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interpretation is unknown, and that constitutes roughly 70% of the present energy
density. This problem clearly belongs to the realm of QG.

� Dark Matter: We cannot see 85% of the matter content of our Universe. Dark
Matter [11] could be a new fundamental particle which barely interacts with ordinary
baryonic matter, or perhaps a distribution of Primordial Black Holes (PBH) in view of
recent mergers detections from LIGO/VIRGO [12–14], in which case no modifcation
of the SM is required.

� Neutrinos: Neutrinos could be Dirac or Majorana particles. The measurement of
neutrino oscillations [15–17] implied that at least two neutrinos are not massless, so
an extension of the SM is needed. The smallness of neutrinos masses has traditionally
been explained using a See-Saw mechanism, but in this thesis we will see that perhaps
a deeper explanation, in which QG is more directly involved, is required. Our results
link the smallness of neutrino masses with the smallness of the dark energy density.

� Matter-antimatter asymmetry: The Standard Models are not able to explain the
clear imbalance. This is usually explained using feld theory BSM physics, without
reference to QG.

We could mention other results that seem to require BSM physics that are still under
debate include. This could include the H0 tension or the (g − 2) possible disagreements
between experiment and theory regarding the anomalous magnetic moment of the muon.

String Theory has taught us that theories of Quantum Gravity have no free para-
meters. If the Standard Model is an EFT describing a certain low-energy limit of QG, it
is possible that all of the parameters in the model, in particular those which seem to be
fne-tuned, could be explained dynamically i.e. as the vev of some 4D scalar felds which
lie at the minima of a potential. This would provide a satisfying and insightful solution to
the following fne-tunings in the Standard Models:

� Space-Time Dimensions: In the SM the number of spacetime dimensions is as-
sumed to be 4. Self-consistency of String Theory, however, requires ten dimensions.

� Cosmological Constant Problem and Coincidence Problem: The frst is the
question of why the vacuum energy of our Universe is so small. The second is
also known as the "new cosmological constant problem" and it is the diÿculty to
understand why the dark energy density is today of the same order as the matter
density.

� EW Hierarchy Problem: We can state it as the question of why the Higgs mass is
125 GeV, since it is not protected by symmetry and quantum corrections could make
it as huge as the cut-o˙ scale. It has been argued that low-energy supersymmetry
could solve this problem, but we will see in this thesis that perhaps QG provides an
alternative and deeper explanation.

� Strong CP Problem: By trying to measure the electric dipole moment of the
neutrons, we determine that Strong interactions do not violate CP at least up to
θ < 10−10 . This θ-term, however, is allowed by the symmetries of the SM Lagrangian.

� Flavour Puzzle: We need to introduce around 20 parameters in a completely ad
hoc manner in order to account for fermions masses and mixings.
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� Initial Singularity: Spacetime has a true singularity at the origin of time, which
is something we would not expect in a fully consistent theory.

� Flatness Problem: Extrapolating to the time of Nucleosynthesis tNS ∼ 1s, a
spatial curvature as small ΩK . 10−15 would be needed to explain the current
value [18] Ωk = 0.001 ± 0.002. Notice that the curvature of 3d slices is measured by

KΩK = 2H2 .a 

� Homogeneity Problem: Photons coming from regions separated by more than
∼ 1o in the sky cannot have been in causal communication in the past. Fine-tuned
initial conditions are required to explain why every point in the sky has the same
temperature T 0 = 2.72 K with a precision of 10 ppm.CMB 

� Primordial Spectrum of Perturbations: In order to explain the observed large-
scale structure of the Universe the Standard Models requires as input an initial
spectrum of perturbations of the background spacetime metric.

For example, the total number of space-time dimensions is restricted to a particu-
lar value by self-consistency in String Theory. Moreover, the number of them which are
large could be explained dynamically. It is important to remark that perhaps a dynamical
explanation does not necessarily underlie the origin of all of these apparent fne-tunings.
Consider the problem of the cosmological constant. It is very diÿcult to explain the
smallness of the cosmological constant from a low-energy perspective since quantum cor-
rections in the Standard Model do not cancel and predict much larger values [19]. In light
of the diÿculty to fnd a microscopic explanation of the cosmological constant problem
Weinberg [20] proposed the anthropic principle. The idea is to let go the possibility of a
conventional, testable, scientifc explanation and show that if the cosmological constant
was di˙erent from what it is then cosmic structure would not have developed in a way that
made life possible. In the words of S. Weinberg "It would be a disappointment if this were
the solution of the cosmological constant problems, because we would like to be able to cal-
culate all the constants of nature from frst principles, but it may be a disappointment that
we will have to live with". Fortunately, it does not seem experimentally viable to solve the
Flavour Puzzle and explain the masses of the SM particles by coupling them with a scalar
feld whose vev is justifed anthropically. We will see later in detail that there are strongs
bounds on ffth-forces and time-variation of coupling constants, so it is usually assumed
that quintessence feld couples only to gravity, to itself and/or perhaps a hidden sector.
Hopefully, anthropic considerations will be relevant only for the cosmological constant if
at all.

The last three problems can be solved postulating an epoch of accelerated expansion
lnaendwhere the scale factor grows at least N = 50 or N = 60 e-folds, N = . This isaini 

known as the Infationary Paradigm and is currently the best motivated resolution of these
problems. We shall not consider them in this thesis.

String Theory and the Swampland

Even though String Theory (ST) is an unfnished and not fully understood theory,
it is currently the only theory of Quantum Gravity (QG) that we have. Since we are
still lacking a full non-perturbative description, it is not clear which are the fundamental
objects in String Theory. We have learned many things about how ST works in a few
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limits. In particular, something that we have learned from dualities is that in certain
limits the fundamental objects are not only strings or particles, but more generally p− 
branes, extended objects of p spacelike dimensions and one timelike dimension. Strings
are special type of branes corresponding to p = 1 and particles to p = 0. Moreover,
branes wrapping small dimensions appear as branes of lower dimensions from a low-energy
perspective.

The very basics of ST are covered in well-known books such as [21–27]. It is truly
amazing how much follows from the deceitfully simple ideas on which ST is based. Many of
the insights that follow from doing QFT on a world-sheet that is embedded in spacetime are
tremendously spectacular. It is extremely appealing how the self-consistency of the theory
requires the existence of very particular extra commuting and anti-commuting dimensions
(both of spacetime and the world-sheet!). Or how self-consistency requires Gravity (since
theories of only open strings are inconsistent). It seems almost magical how one can obtain
gauge theories from branes, and how all of the fermionic couplings follow from the low-
energy actions of supersymmetric branes written in terms of superfelds. It also seems
miraculous from a feld theoretical point of view how certain anomalies are canceled, as
in the Green-Schwarz mechanism. From the point of view of General Relativity and the
mysteries of Black-Holes it is amazing that ST can reproduce the Bekenstein-Hawking
formula [28]. We could discuss many successes of ST besides this biased and incomplete
list of accomplishments, but this thesis is not the right place to explain the details of ST.
In this thesis we focus on a few very concrete ideas regarding how to connect String Theory
with Particles Physics and Cosmology, which we now introduce.

Even though ST is expected to be a unique theory, it is clear that it has many
solutions [29,30]. Unlike the amazing properties that we mentioned in the last paragraph,
the existence of a Landscape of solutions is not something unique of ST. In fact, we will see
that the SM itself possesses a landscape of solutions -something that was already pointed
out in 2007 [31]. The discipline of fnding solutions which can describe our Universe is
known as String Phenomenology (SP). ST requires 10 spacetime dimensions, so it requires 6
undetected extra dimensions. It is possible to fnd a dictionary that relates geometrical and
topological properties of the extra dimensions with physical 4d quantities. This dictionary
is one of the most important tools that are used in SP. From a low-energy perspective, each
solution of ST is characterized by a set of felds that satisfy some equations of motion. The
number of felds that are in the EFT and which are their EoM depend on the details of the
solution. These details include a particular choice for the extra dimensions, the number
and type of branes that are present in the background and their properties: position,
angles, fuxes... We have said that ST requires the existence of extra anti-commuting
dimensions. In fact, it requires the action of the strings (or more generally the branes)
to be invariant under local symmetries involving both commuting and anti-commuting
operators. These symmetries are known as local supersymmetries and they form part
of a larger supergroup. As we have also mentioned, depending of the formulation used,
these symmetries include coordinate transformations on the world-sheet or the spacetime
supermanifolds. Depending on these details the particular solution can be invariant under
a subset of these transformations. From a low-energy perspective they correspond to well-
known supergravity transformations.

The huge number of solutions of ST make us believe in its great potential to de-
scribe the particular Universe that we live in. Currently, the biggest challenge in SP is
fnding a (rigorous and controlled) solution in which spontaneous breaking of these local
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supersymmetries gives rise to a small positive vacuum energy. On account of this prob-
lem of the cosmological constant and given the huge number of solutions, it has proven
to be extremely diÿcult to make sharp, direct and falsifable predictions within ST. Even
though some breakthroughs in the history of Physics have come from purely mathematical
and theoretical insight, most of them have actually been intimately linked to experimental
input. At the very least, it is undeniable that making contact with experiment would be
of great help in the understanding of SP and of ST itself. The recent idea [32] that the
Landscape of possible solutions of ST is fnite, and that, in fact, there is an even bigger
Swampland of apparently consistent low-energy e˙ective feld theories that cannot be com-
pleted in the UV to a theory of QG, has opened up a new avenue for SP. ST can describe
our Universe only if the experimental data and the e˙ective feld theory that describes
our Universe is not in the Swampland. This statement, of course, becomes meaningful
only after we decide which are the boundaries of the Swampland and part of this thesis
is concerned with precisely that. Once we determine the boundaries of the Swampland,
we can ask whether the Standard Models and extensions of them are in the Swampland
or not. The other part of this thesis is based on exploiting this idea to obtain interesting
constraints on di˙erent particle physics models.

Plan of the Thesis

This thesis has three main goals:

Gaining a deeper understanding of scalar versions of the WGC and their relations to
other Swampland conjectures.

Motivating and formulating a Light Fermion Swampland conjecture.

Extracting constraints on Particle Physics from several Swampland conjectures, con-
centrating on neutrino physics and the EW hierarchy problem.

The structure of the thesis is as follows:

◦ Part I. We briefy review the current status of theoretical physics to make some
defnitions and to set conventions. We focus on explaining those results that we
will need to make use of in later parts of the thesis. In chapter 2 we write the
full Lagrangian of the Standard Model of Particle Physics and discuss how neutrino
masses can be introduced. In chapter 3 we review the Standard Model of Cosmology
with special attention to neutrino cosmology and to the dark energy problem. Finally,
in 4 we introduce several Swampland Conjectures. We put stronger emphasis on the
Weak Gravity Conjecture and on the Distance Conjecture, since all of the three main
goals of the thesis revolve around them.

◦ Part II. It is devoted to the frst goal of the thesis. In chapter 5 we motivate and
argue for a new Swampland conjecture, the Pair Production WGC. In section 5.2
we study the PPWGC for the case of U(1) interactions. In section 5.3 we study
the PPWGC for scalars, and compute the production rate of a pair of heavy scalars
from the collision of two moduli. In section 5.5 we consider the possibility that the
masses of the moduli themselves obey the same constraints as the massive WGC
states discussed in the previous chapter. In this way we propose a Strong version of
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the WGC for scalars (SSWGC). We also explore the consequences and applications
of a SSWGC.

◦ Part III. It develops the second goal of the thesis. In a generic D− dimensional EFT
(the details of the setup are explained in section 6.2) we explore how the Non-Susy
AdS Instability conjecture and the AdS Distance conjecture behave under dimen-
sional reduction in a circle in Minkowski vacua in section 6.3, in dS in section 6.4
and in AdS in 6.5. We fnd that non-trivial constraints appear on the spectra if AdS
vacua are to be avoided. In particular, we fnd that the presence of light fermions is
often required. This suggests the existence of a more general quantum gravity con-
straint involving light fermions. Based on our fndings we propose a Light Fermion
Conjecture in section 6.6.

◦ Part IV. We focus on the third and fnal goal of the thesis, which is connecting String
Theory with the real world. In this third part we apply the results and fndings from
the rest of the thesis to the Standard Model. We focus on the simplest possible
extension of the SM, where some right-handed neutrinos are introduced in order to
account for neutrino masses. In chapter 7 our attention is centered in the Non Susy
AdS Instability conjecture. After briefy reviewing earlier results in section 7.1 we
focus on three points in the rest of the chapter.

• First of all, we study orbifold compactifcations of the SM and of BSM theories
in sections 7.6 and 7.7 where possible non-perturbative instabilities associated
to Wilson-Lines are absent.

• Secondly, in section 7.6 we fnd that dangerous AdS vacua can form in scales
larger than the neutrino scale. We show that if the SM is embedded in a
supersymmetric theory then these dangerous vacua are avoided since quarks
and leptons are forced to have the same boundary conditions. In section 7.8 we
show that SUSY theories still need to obey several non-trivial constraints.

• Thirdly, in sections 7.3, 7.4 and 7.5 we tackle the EW hierarchy problem by
showing that if the vev of the Higgs tried to be larger than the EW scale or
smaller than ΛQCD AdS vacua would be generated.

Also in part IV, in chapter 8, we fnd that the SM with massive neutrinos can be made
consistent with the AdS Distance conjecture as long as neutrinos are suÿciently light
or part of a tower. In chapter 9 we consider the possibility that dark energy should
be described by quintessence and fnd that light neutrinos would also be required.

◦ Part V includes some fnal comments and conclusions of the thesis.

◦ Part VI contains the appendices where some additional details on the computations
that we have made are provided.
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2 
The Standard Model

In this chapter we briefy explain the structure and the Lagrangian of the Standard
Model of Particle Physics. In this thesis we will consider compactifcations on the SM, and
we will need to have an explicit and complete expression for the Lagrangian of the theory.
We also introduce a simple extension of the SM with three sterile neutrinos. In the last
part of the thesis we will focus on fnding constraints of this extension of the SM.

2.1 The Standard Model of Particle Physics

The Standard Model of particle physics [33] is an E˙ective Quantum Field Theory,
so it is based on Poincaré 4D symmetry and Quantum Mechanics. Its cornerstone is its
SU(3)c × SU(3)c × U(1)Y gauge symmetry. We use and index a = 1, 2...8 for the adjoint
representation of SU(3)c, so the gluons are Gaµ. We use A = 1, 2, 3 for the mediators WAµ 
of SU(3)c and Bµ for the U(1) mediator. Fermions are organized in representations of the
gauge group. On the one hand we have the left-handed fermions which transform in the
fundamental irrep of SU(2) including the leptons

L 

! 
lA 
L = νA 

L 
AeL 

, A = e, µ, τ (2.1)

and the quarks
! ! 

B qL = 
BpL 
BnL 

= u, c, t 
d, s, b (2.2)

AOn the other hand, right-handed felds eR, pR, nR transform as SU(2) singlets. Finally,
we have one complex scalar feld SU(2) doublet, the Higgs boson, detected at LHC in
2012 [34, 35] which plays a key role in the generation of the mass of the fundamental
particles. Table 2.1 summarizes the matter content representations of the SM.

The following Lagrangian includes all renormalizable terms which are consistent with
the symmetries of the SM:

L = LYM + LDirac + LHiggs + LYukawa + Lθ. (2.3)

The Yang-Mills term contains the kinetic terms and self-couplings of the gauge bosons:

1 1 1 
Gµν µνLYM = − Ga W W A Bµν Bµν , (2.4)a µν − A µν − 

4 4 4 
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where the feld strengths are given by

Ga Ga Gc 
µν = ∂µ ν − ∂ν Gµ

a + gsfabcGµ
b 

ν 

W A W A W c 
µν = ∂µ ν − ∂ν Wµ

A + g�abcWµ
b 

ν 

Bµν = ∂µBν − ∂ν Bµ 

and g and gs are the coupling constants, fabc and �abc are the structure constants, respect-
ively, of SU(3) and SU(2).

Table 2.1: Matter Representations in the SM

uL dL eL νL eR νR uR dR Φ 

U(1)Y 
1 
3 

1 
3 -1 -1 -2 0 4 

3 
2 
3- 1

SU(2)L 
1 
2 -1 

2 -1 
2 

1 
2 0 0 0 0 1 

2 -

Q 2 
3 -1 

3 -1 0 -1 0 2 
3 

1 
3- 0 

SU(3)C F F 0 0 0 0 F F 0 

The kinetic terms of the fermions and their coupling to the gauge felds appear in
the Lagrangian through the covariant derivatives in the term:

LDirac = ilLDl/ L + ieR / DqL + ipR / DnR (2.5)DeR + iqL / DpR + inR / 

The mass of the weak mediators appears after symmetry breaking from the covariant
derivatives in:

LHiggs = (DµΦ)
†DµΦ+ µ 2Φ†Φ − λ(Φ†Φ)2 , (2.6)

which also includes the potential of the Higgs feld. The mass of the fermions appears,
after symmetry breaking, from the Yukawa terms:

(e) (p) (n)LYukawa = f lALΦeBR + f Φ̃pBR + fABqALΦnBR + h.c. (2.7)AB AB qAL 

Finally, we have added the θ-term which is a total derivative in the SM:
αs 
GµνLθ = θ G̃a (2.8)a µν . 8π 

2.2 Neutrino Masses

In this section we review the problem of introducing neutrino masses. First we
explain why Dirac masses are forbidden by gauge invariance, and why gauge singlets can
have Majorana masses. Then we explain how the Higgs mechanism allows the introduction
of Dirac masses. Finally we review the extension of the SM with three sterile neutrinos
dividing the discussion into two cases (Dirac vs Majorana).
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Non-Abelian Gauge Invariance and fermion masses

According to the previous sections, SU(2) doublets transform as

0A − i ωaσa−iαY lAl = e 2 (2.9)L L 

where σa are the Pauli matrices. Φ has hypercharge Y = 1 , left-handed particles lA haveL 
Y = −1 and right handed particles eR, νR have Y = −2 and are SU(2) singlets. Then
simple Dirac mass terms (ΨΨ = Ψ(PL + PR)Ψ = ΨRPLΨ + ΨLPRΨ = ΨRΨL + ΨLΨR)
are forbidden by SU(2) gauge invariance.

Introducing the charge operator:

Ψc = CΨt = iγ2γ0γ0Ψ ∗ = iγ2Ψ ∗ (2.10)

Ψc = iγ2Ψ∗ = γ0(iγ2Ψ ∗ )† = iγ0Ψtγ2 (2.11)

0 we fnd that if under a U(1) transformation Ψ0 = e−iαY Ψ (so Ψ = eiαY Ψ ) then Ψ0 = c 
0iαY Ψc 

−iαY Ψce (so Ψc = e ). We conclude that the Majorana mass term

−2iαY Ψc 2iαY ΨLΨ
c(ΨΨ)0 = m(Ψc ΨL − ΨLΨ

c
L)

0 = m(e ΨL − e L) (2.12)L L 

is not invariant unless Y = 0. A similar argument can be made for the SU(2) trans-
formations. Only fermions which are neutral under all of the gauge symmetries can have
Majorana mass terms.

Higgs mechanism

Of course, this motivates introducing a SU(2) double of complex scalar felds (the
Higgs doublet):

Φ0 = e − 
2 
i ωaσa 

Φ (2.13)

Defning Φ̃ = iσ2Φ∗ the following term is allowed by gauge invariance:
� � 
fν Φ̃νR

B + fν∗ Φ̃†lALDirac = − AB lL
A 

AB ν
B
R (2.14)L 

After symmetry breaking and a diagonalization via unitary matrices ν 0 = SνL and ν 0 = L R 
D √vTνR such that m = − S†fν T this term leads to the following neutrino Dirac massνA 2 

term:
� � 

LDirac 
D = −mA ν

AνA D = −mA νAνA 
R + νA 

Rν
A 

L L (2.15)

2.2.1 Dirac Neutrinos

In this case active neutrinos νL are the left-hand component of the Dirac spinor and
additionally we introduced (sterile) anti-neutrinos νR which are the right-hand component
of the spinor. Together they form a Dirac spinor ν = νL + νR with mass mD:

DLDirac = −mA ν
AνA (2.16)
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The mass is a free parameter to be determined by experiment. For neutrinos, a very small
mass is required, several orders of magnitude smaller than the rest of the masses in the
SM, so this is seen as a fne tuning. We have no clear reason why neutrinos masses are so
small.

2.2.2 Majorana Neutrinos

In this second case active neutrinos form a Majorana spinor ν = νL + νLc . Note that
Ψ is a Majorana spinor if:

Ψ = Ψc = ΨL +Ψc = Ψc
R +ΨR. (2.17)L 

PLΨ = ΨL = Ψc PRΨ = CΨt = Ψc (2.18)R L L 

In the simple scenario that we are considering, sterile neutrinos form their own Majorana
spinor N = NR + NR

c . We can then not only add a Dirac mass term but also a Majorana
mass term for the sterile neutrinos since it is allowed by gauge symmetry:

� � 
LMaj = − 

M 
2 
AB 

N c NRB + NRAN
c (2.19)RA RB 

Putting both terms together after symmetry breaking gives the following mass term:

Dm Lmass A νA N c MAB 
N c= − (NA

L + νc R) − NRB + h.c. (2.20)ν R L RA 2 2 

We have used the following identities:

νN = νc NR
c + νLNR (2.21)L 

Nν = NRνL + N c νc (2.22)R L 

νN + Nν = (NRνL + νc NR
c ) + (νLNR + N c νc (2.23)L R L) 

Using that both neutrinos are Majorana:
� � � � 

A cAD D
R ν

cALDirac = −mA νL
ANR

A + NRνL
A = −mA νL

ANR
A + N L (2.24)

and putting everything in matrix form:
! ! � �1 0 mD νc 

Lmass L= − νL N c (2.25)ν R2 mD M NR 

After diagonalization we end up with 6 Majorana neutrinos. If we had only one generation
we would have end up with two Majorana ν± with masses:i 

r ! 
M 4mD 

m± = ± 1 + 1 + (2.26)
2 M2 

14



2.2. Neutrino Masses

described by the following Lagrangian:
� � � � m+ m−L = νc ν+ + ν+νc + ν− 

c ν− + ν−νc . (2.27)+ + −2 2 

Since we have three generations there can be mixing. After diagonalization, in the so-called
mass basis, we will end up with 6 Majorana neutrinos. We know that 3 of them describe
active neutrinos and that their masses are very light. We can therefore have 6, 8, 10 or up
to 12 light fermionic degrees of freedom associated with the neutrinos.

Majorana spinors have often been considered in the context of the see-saw mechan-
ism, where M � mD. In this case sterile neutrinos are very massive and, from Eq. (2.26),
that forces active neutrinos to be very light. Introducing numbers one fnds that if the
Dirac masses in the matrix mD are of order MeV, as is the case of electrons, then sterile
neutrinos should have masses of the order of 106 GeV, so that active neutrinos have masses
∼ meV. The limit M � mD is the case where neutrinos are essentially Dirac particles:
both m± are below the meV scale so we have 12 light degrees of freedom. In the limit
M � mD only one of the Majorana fermions, m−, is light, so we have only 6 light degrees
of freedom.
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3 
Standard Model of Cosmology

In this chapter we review those details about the Standard Model of Cosmology [36]
that we will need to use in this thesis. In particular, in this thesis we fnd constraints on
neutrino masses, their mass di˙erences and their nature (Dirac vs Majorana) using the
ideas of the Swampland program. Currently, and probably for the next 15-20 years, the
best bounds on the total mass of neutrino come from cosmology. For this reason, in this
chapter we focus our attention on neutrino cosmology. Future cosmological, astronomical
and laboratory experiments could be able to measure the mass of the lightest neutrino and
decide whether they are Dirac or Majorana. At some point in the future, then, it will be
interesting to reassess the quantum-gravity constraints that we fnd in this thesis in light of
the results of upcoming experiments. Thus, it seems useful and insightful to briefy review
the physical origin of the cosmological bounds on neutrino masses.

Moreover, in this thesis we discuss some phenomenological implications of the dS 
conjecture on neutrinos. Therefore, we also need to introduce the problem of dark energy
in some detail. This chapter is divided into three parts. Firstly we introduce the main
ideas of the Big Bang Theory. Secondly, we review the role of neutrinos in the theory,
and explain the origin of the experimental bounds on neutrinos coming from cosmological
observations. Finally we review the two main models for dark energy: the cosmological
constant model and single feld canonical quintessence models.

3.1 Thermal History of our Universe

The theory that describes the history of our Universe is usually known as Big Bang
Theory. As we have seen in the introduction, it amasses many successes on its CV, but it
also has some problems: fne tuning of initial conditions, coincidence problem, unknown
microscopic description of dark matter and dark energy. Its range of validity is bounded
by the hypothesis on which it is based:

1. Microscopically it is based on an EFT weakly coupled to Einstein gravity. This EFT
is the SM or some extension of the it that can accommodate dark matter and a small
positive cosmological constant. The description is therefore valid only for energies
smaller than the cut-o˙ scale of the EFT, which will certainly be below Mp since
gravity is introduced only semi-classically.

2. The Universe on scales larger than ∼ 1022 m can, at frst order, be taken as homo-
geneous and isotropic. This means that in the frst order of the approximation we
take the metric to be a 4d FRW spacetime and that we can describe matter as an

17



Chapter 3. Standard Model of Cosmology

phomogeneous and isotropic fuid with equation of state w = . For smaller scales weρ 
need to go to the next order and introduce inhomogeneities so that we can describe
the structure that we observe.

3. The rate of the expansion of the Universe is smaller than the rate of interactions
between the felds in the EFT, so that we can guarantee thermodynamical equilibrium
since the time of reheating, where the theory starts to apply, all the way to the SM
energy scales where the frst SM particles start to decouple from the cosmic fuid.

4. Even though the particles are in thermal equilibrium their interactions are so weak
that we can treat each particle as a free particle in an ideal gas.

The metric needs to be a solution of the equations of motion of GR:

Rµν − 
1 
gµν R + Λgµν = 8πGTµν (3.1)

2 

The most general spacetime satisfying homogeneity and isotropy is the FRW (Friedmann-
Roberston-Walker) spacetime:

" # 
dr2 2 

� � 
ds2 = −dt2 + a 2(t) + r dθ2 + sin2 θdφ2 (3.2)

1 − kr2 

6kwhere k is a constant that characterizes the spatial curvature: R3d = , which can be
a2(t) 

open if k = −1, fat if k = 0 or closed if k = −1.
According to the hypothesis that we wrote before, as long as there is thermal equi-

librium, we can describe the matter content of the Universe as a fuid with energy density
given by:

Z 
d3p

ρ = d.o.f.× E(p)f(p) (3.3)
(2π)3 

and pressure by:
Z 

d3p |p|2 
p = d.o.f.× f(p), (3.4)

(2π)3 3E 

where the momentum distribution f is Bose-Einstein for bosons and Fermi-Dirac for fer-
mions:

( 
1 −1 Bose-Einstein

f(p) = = (3.5)
e(E−µ)/T ± 1 +1 Fermi-Dirac

We can evaluate the density and pressure per degree of freedom in two limits. First consider
the non-degenerate (µ � T ) relativistic (m � T ) limit:

( 
π 
30 
2 
T 4 Bosons

ρ = (3.6)7π2 

240 T 4 Fermions
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3.2. Bound on neutrino masses

ρIn this limit p = . Fields that satisfy these equations are known as radiation, and their3 
energy density is denoted as ρR. The other interesting limit is the non-relativistic limit:

� �3/2 
−(m−µ)/Tρ = m × n = m

mT
e , (3.7)

2π 

where n is the number density. In this limit p ' 0 since it is much smaller that the density.
Fields that behave in this other way are known as matter, and their energy density is
denoted as ρM .

In the presence of radiation, matter, and in a Universe with a cosmological constant
and non zero curvature, the time dependence of the scale factor a in (3.2) is determined
by:

� �2 ȧ 8πG k 
H2 = = ρ − , (3.8)

2a 3 a 

which can be rewritten as the so-called cosmic sum rule:

ΩM +ΩR +ΩΛ +Ωk = 1, (3.9)

ρM ρR ρM ρΛ −hwhere ΩM = , ΩR = , ΩM = , ΩΛ = , ρΛ = Mp 
2Λ, Ωk = 2H2 , ρc = 3H2Mp 

2 .ρc ρc ρc ρc a 
Of course, more things can be added in models beyond the SMC, but so far, the

model that we have described is in perfect agreement with the data. We have already
commented that 85% of matter cannot be explained by the SM (we call it dark matter).
We have also commented the problem of the cosmological constant. One expects to be able
to explain it not as a external parameter you need to introduce in Einstein’s equation, but
as some other form of matter which does not behave in the two simple ways we introduced
above. One expects this vacuum energy to be explained by the combination of kinetic
energy and potential energy of some scalar felds. We will briefy review the current status
of dark energy in section 3.3.

3.2 Bound on neutrino masses

After a very brief explanation of the basic ideas in cosmology, we now turn our
attention to neutrinos. According to the Big Bang Theory, all SM particles have been in
thermal equilibrium ever since the time of reheating. A detailed analysis would reveal that
a certain X species falls out of this equilibrium when its rate of interaction Γ is smaller
than the Hubble scale H. As soon as a species decouples from the cosmic fuid, it simply
follows geodesics in the FRW spacetime, which means that their momentum decreases as

1 1 d3n pX ∝ . Since the number density decreases as n ∝ and since f(p) ∝ wea(t) a3(t) d3p 
fnd that fX (p/a(t), t) = f(p, tX−dec). For massless particles like photons γ, which satisfy
µ = 0 and E = p, the previous equation implies that after they decouple their temperature

γ 
γ adecreases as: Tγ = T dec . However, for non-relativistic particles their temperaturedec a(t) 

1decays as T ∝ 2 .a 
Neutrinos contribute to the expansion of the Universe. This contribution depends on

the number of degrees of freedom and on their masses. We have seen that active neutrinos
have masses in the order of the meV region, or at least two of them. It can be seen using
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Chapter 3. Standard Model of Cosmology

Figure 3.1: Schematic representation of the history of the Universe according to the SMC. In the
horizontal axis the temperature of the cosmic fuid is represented. This means that time advances
from the right to the left and redshift grows from left to right. The behaviour of the scale factor
in the early Universe is dominated by radiation, then by cold matter and fnally by dark energy.
A particle becomes non-relativistic when the temperature falls below its mass.

the interaction rate provided by the SM interactions that the active neutrino decoupling
temperature is Tν−dec ' 0.8 MeV. Thus, when they decouple they behave as relativistic
particles. This can be seen in Fig. 3.1. In this fgure we can also see that photons decouple
at ∼ 1 eV. By comparing the expressions describing photons and neutrinos it is easy to
fnd a relation between the temperature of the decoupled neutrinos and the decoupled
photons. Since we have measured the CMB (it has a temperature of 2.72 K) we can
determine that the CNB (cosmic neutrino background) has a temperature of 1.95 K or
0.235 meV. Therefore, the energy density of neutrinos today will be dominated by the
non-relativistic species (their contribution is much larger that the contribution of possibly
one relativistic neutrino). It can be seen that the density of each non-relativistic species is
112 neutrinos× cm−3 . Using Eq. 3.7 we fnd ρνi = mνi × 112cm−3 so:

X 
Ων = 

mνi . (3.10)
94eV

i 

This neutrino energy density contributes in the cosmic sum rule, Eq. (3.9). Thus, it a˙ects
the rate of expansion of our Universe, and this can be measured. Although it is of great
interest, a detailed discussion of di˙erent experiments in cosmology and how the precise
bounds are obtained would take us too far from our goals in this thesis. Therefore, we will
simply quote the 2018 result from the Planck [18] collaboration:

X 
M = mνi < 0.12 eV. (3.11)

i 

3.3 Dark Energy

A standard candle is an astronomical object whose absolute luminosity can be es-
timated with some controlled systematic error. An example are the so-called Type Ia
Supernovae which can be observed as a result of the explosion of a white dwarf star. They
are formed essentially in the same way regardless where they are, so their absolute mag-
nitude is independent of their red-shift (in an expanding Universe things are always running

a(tobs)away from us so we see them red-shifted, and the red-shift z = − 1 = νem − 1 isa(tem) νobs 

often used to measure distances). The luminosity distance dL of an object at a comoving
distance r or redsift z satisfes F = L/(4πd2 ) where F is the observed energy fux and LL 
is the absolute luminosity of the object. In a FRW Universe the luminosity distance can
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3.3. Dark Energy

be written as a function of the redshift of the object:
Z z1 + z dz0 

dL(z) = q (3.12)
H0 0 Ω0 (1 + z0)3 +Ω0 (q + z0)4 +Ω0 0)M R de(z 

where we have now for the frst time introduced the possibility that dark energy is not
necessarily a constant, and where the superscript 0 means that we should evaluate the
quantity in the present, when we make the observation. Since we know the absolute
luminosity of Type Ia Supernovae and since we can measure their luminosity and their
redshift, we can calibrate the parameters in Eq. (3.12). Since Supernovae are very bright
objects, we can test long distances, and this has enabled us to determine that our Universe
is expanding in an accelerated way. There are other cosmological and astrophysical obser-
vations than can be used to test dark energy. For example, Baryon Acoustic Oscillations
(BAO) are pressure waves in the pre-recombination photon-baryon fuid which imprint a
characteristic scale in the clustering of matter and galaxies. This scale appears in the cor-
relation functions of galaxies as a localized peak at about 150 Mpc [37] which can be used
to calibrate the angular diameter distance. Other experiments that can test dark energy
are weak gravitational lensing or redfhift-space distortions. Of course, CMB observations
are so precise that they should be included when studying dark energy models. Moreover,
in a dark energy dominated Universe the gravitational potential varies in a di˙erent way
as in matter dominated Universe, and a dynamical model of dark energy leaves an imprint
on the CMB power spectrum through the Integrates Sachs-Wolfe (ISW) e˙ect. Using in-
formation from all of these di˙erent experimental sources the Planck collaboration result
from 2018 [18] for the present the ratio between the dark energy density and the critical

0ρ
density is Ω0 

de = φ 
2
0 

≈ 0.69. This gives a very small number for the dark energy23M HP 

density ρ0 = 2.6 × 10−47GeV4 . The diÿculty so far in explaining the smallness of thisφ 
number is the well-known cosmological constant problem. The observations so far are well
in agreement with the cosmological constant description of the dark energy.

In String Theory there are no free parameters, so if our Universe is indeed described
by a dS spacetime, then from a low-energy perspective one would expect to identify dark
energy as the energy of the felds at the vacuum state. In particular, this means that the
potential for the scalar felds in the EFT should have a minima with a positive energy.
This minima should have a very long life-time, at least a life-time of the same order of
magnitude as the age of our Universe. Another possibility is that the potential is not at
a minima but it is runaway along one or several directions. The scalar feld(s) which run
are called quintessence felds. Of course, it would have to be a positive runaway. Using
the hypothesis of homogeneity and isotropy one describes quintessence felds as a perfect
fuid with energy density given by:

1 ˙ρφ = φ2 + U(φ), (3.13)
2 

and the pressure by:

1 
φ̇2 − U(φ).pφ = (3.14)

2 

We can parameterize the equation of state w as:

w = 
pφ ' w0 + waz(1 + z). (3.15)
ρφ 
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Chapter 3. Standard Model of Cosmology

According to [18] the data is perfectly in agreement with the simplest model of a cosmo-
logical constant: it requires a slowly varying equation of state with w close to −1 within
10% or less.

Using the background equations one can obtain expressions for the derivatives of the
potential U in terms of the derivative of the equation of state w with respect to the scale
factor. One fnds [38] that the experimental observations dw . 1 imply:da 

2c 1 U 0(φ)U� = = ( )2(M4d)2 . 1 (3.16)
2 2 U(φ) p 

and
s 

ρ0 
2 ∂2U φ 

m = ∼ ∼ 10−42GeV. (3.17)φ ∂φ2 MP 
2 

Notice that, in principle, the cosmological constant problem worsens, since now we also
have to explain the smallness of the derivatives of the scalar potential. In particular we
see that the quintessence feld needs to be very light. This is an important issue, not
only because it is hard to explain the smallness of the mass, but also because there are
strong constraints both on the appearance of ffth forces between SM particles and in
the time variation of coupling constants. Even though it introduces new "fne-tuning"
problems, one of the original motivations to study quintessence models of dark energy was
the possibility of solving the cosmological coincidence problem of why the present energy
of matter, radiation and dark energy are of the same order of magnitude. Since their time
dependence is in general di˙erent, it is non trivial to explain this without recurring to
some fne tuning. The existence of tracking solutions (long periods of attractor behaviour)
naturally arising in quintessence models avoids the need for fne tuning. This kind of

U 00U dΓsolutions appear if Γ = > 1 and | 1 | � 1 [39].
(U 0)2 H dt 
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4 
The Swampland Conjectures

In the introduction we defned the Swampland [32] as the set of apparently consistent
low-energy e˙ective feld theories that cannot be completed to a theory of QG in the UV.
An essential goal of the Swampland program is to fnd criteria that determines whether a
low-energy e˙ective feld theory is in the Swampland or not. So far, these criteria have not
been introduced as rigorous theorems but rather as conjectures. Very good reviews [40–43]
are already available. Another nice review, with particular emphasis on the connections
between ST and particle physics is [44], which includes a review of some of the results in
this thesis. In this section we will follow these references. We will explain which are the
tools that are currently being used in order to gather evidence, check, refne, prove/disprove
the Swampland conjectures. We will put a stronger emphasis in those conjectures which
are directly related to Chapters 5 and 6 where we propose new conjectures. We also put
emphasis on the phenomenological consequences of each conjecture.

First of all it is important to remark that, by defnition, the Swampland depends on
the energy scales at which we are working. This idea is schematically represented in Fig.
4.1. The higher the energy, the smaller the landscape until it reduces to a (possibly) unique
theory. In other words, the Swampland conjectures become less stringent the lower the
claimed cut-o˙ scale of the EFT. Swampland conjectures should become less stringent as
ΛEFT 
Mp 

� 1 and become trivial when we decouple them completely from gravity Mp → ∞.
At present String Theory is the only candidate for a theory of Quantum Gravity

that is understood well enough to be able to start setting the boundaries between the
Landscape and the Swampland. Recent results [45, 46] suggest that every EFT that can
be completed into QG in the UV can in fact be obtained as a particular compactifcation
of String Theory. The idea that the Landscape of QG is the same as the Landscape of
ST, or in other words, the idea that QG is described by a unique theory and that this
theory is String Theory is something known as the principle of String Universality or the
String Theory Lamppost. None of the results of this thesis are a˙ected by this. Our results
are independent of the particular theory of Quantum Gravity as long as the Swampland
Conjectures that we use are correct.

One of the most signifcant new insights that the Swampland program has brought
about is a change in the attitude of the community towards string phenomenology. Rather
than focusing on fnding a particular solution that can accurately describe our Universe
(a task that has proven to be unsurmountable so far) our e˙orts have been focused on
fnding general principles of what things are possible and what things are not possible in
String Theory. In this way we have found criteria that can constrain extensions of the
Standard Models. This is the main topic of the second part of the thesis: exploring the
phenomenological implications and propose modifcations of the Standard Models required
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Chapter 4. The Swampland Conjectures

Figure 4.1: The Swampland is the set of apparently consistent low-energy EFT’s which cannot be
completed into Quantum Gravity. The higher the energy the smaller the landscape until it reduces
to a (possibly) unique theory, which in this fgure we assume to be String Theory, represented as
a purple dot in the schematic fgure.

to explain the experimental problems listed in the Introduction, and do so under the guid-
ance of QG. Moreover, the Swampland naturally provides a ground-breaking mechanism of
UV/IR mixing, since QG is imposing non-trivial constraints in the IR. This means that it
can provide valuable insight and perhaps even solve some of the fne-tuning problems listed
in the Introduction. We will see in this thesis that it can perhaps be used to explain the
smallness of neutrino masses and to explain why they are just as small as the cosmological
constant. We will also use Swampland ideas to tackle the EW hierarchy problem.

Even though at the moment Swampland Conjectures are not proved theorems, in
the last few years the amount of evidence that has been accumulated is enough that some
of them are widely accepted within the string theory community. Interestingly, the more
evidence and the more confdence we have that a conjecture is true, the less interesting
are its phenomenological implications. This situation is depicted in Fig. 4.2. In this
fgure we use the green colour for conjectures for which the evidence is strong and are
widely accepted within the ST community. We use the red colour for conjectures which
could be very relevant for phenomenology but for which more evidence (or perhaps some
modifcation) is required. In between we have a landscape of conjectures, which we plot
in yellow. There is a reasonable amount of evidence for them and some of them can have
very relevant phenomenological implications.

This evidence essentially comes from two di˙erent but compatible approaches. On
the one hand, explicit constructions in ST (or AdS/CFT [47–49]) can help locating general
properties or universal patterns which can be encapsulated in the form of conjectures.
Recently, the use of computers and machine learning techniques is helping in the task of
coping with such big data. Nevertheless, even though ST test can be very rigorous, the
results are typically associated to a restricted class of compactifcations and the danger
of introducing a bias is non-negligible. On the other hand, heuristic arguments based on
Black-Holes physics, positivity constraints and consistency of the S-matrix can be used as
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Figure 4.2: Web of Swampland Conjectures. Green colour for conjectures for which the evidence
is strong and are widely accepted within the ST community. We use the red colour for conjectures
which could be very relevant for phenomenology but for which more evidence is required, or perhaps
some modifcation. In between we have a landscape of conjectures, which we plot in yellow.

a guidance. Despite the fact that, by defnition, heuristic arguments are unable to produce
sharp statements, they can be an important complement to the other approach. Only if a
conjecture is supported both by a bona-fde general principle (which provides rationale of
something that can go wrong in the QG theory if not fulflled) and by many rigorous and
under-control examples from ST will it appear in green in Fig. 4.2.

In this thesis we focus on the phenomenological implications of the di˙erent Swamp-
land Conjectures. The Weak Gravity Conjecture will play a central role in this thesis,
and for this reason we will introduce it in the next section. We will also include the Non-
AdS Instability Conjecture and the Scalar Weak Gravity Conjecture. Both of them are
extensions of the WGC, so it only makes sense to consider them if the original WGC is
also true. The Distance Conjecture will also be an important player in this thesis, and
for this reason we will also introduce it in a separate section. We will also include the AdS
Distance Conjecture and the Gravitino Distance Conjecture in this section, since they are
all related. Finally, the dS and the refned dS will play an important role in the last part of
the thesis, and we will also introduced them, along with the Trans-Planckian Censorship
conjecture in a later section of this chapter. We will not explain the heuristic rationale
behind any of these conjectures or discuss the ST evidence for them since this would take
us too far apart from the main focus of these thesis. We will refer to the original papers
for more details. For the remaining of this section we will state some other conjectures,
included in Fig. 4.2, which even though at the moment are not directly related to the
results of this thesis, a connection could perhaps be made in the future. Therefore, for
completeness and for future studies it seems worthwhile to at least state them in this
chapter.
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Chapter 4. The Swampland Conjectures

No Global Symmetries
There are no exact (continous or discrete) global symmetries in Quantum Gravity
[50, 51]. This means that global symmetries that we see in nature must either be
broken or gauged at higher energies. Since the conjecture leaves room for a wide range
of solutions in the UV one does not expect strong phenomenological implications to
follow. In the next section we will see that the WGC and the Distance conjecture
provide more precise and predictive refnements of this conjecture. Interestingly, it
has been pointed out that this conjecture can be used to predict the existence of new
defects and that it could have implications for axion physics [52, 53].

Completeness Hypothesis
In a gauge theory coupled to gravity, there must exist physical states for each possible
gauge charge that is consistent with Dirac quantization [51, 54]. A consequence of
the Completeness Hypothesis and the No Global Symmetries conjecture is that all
continuous gauge groups must be compact.

Trivial Cobordism Conjecture
All cobordism classes vanish ΩQG = 0 [55]. Otherwise they give rise to a D − d − 1-d 
form global symmetry with charges [M ] ∈ ΩQG . In a sense, this conjecture generalizesd 
the two previous ones.

Absence of free-parameters
There are no free parameters: all of them are dynamical.

Moduli Space
For every point in moduli space there exists another point such that the geodesic
distance between them is infnite. Moreover, the moduli space is simply-connected
[56].

We now provide the necessary background regarding the conjectures that will play
a major role in this thesis.

4.1 The Weak Gravity Conjecture

The Weak Gravity Conjecture was originally proposed in [57]. In this section we
review a few details regarding its motivation and its possible refnements. We focus on
those aspects which we will need to make use of in part II of this thesis and refer the
interested reader to the literature (see [1, 2, 58–86] for an incomplete list). The WGC is
divided into two parts: the electric and the magnetic WGC. The electric part is essentially
the requirement that extremal BH should be kinematically able to decay:
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4.1. The Weak Gravity Conjecture

Electric Weak Gravity Conjecture for a single U(1) 

In an EFT including a U(1) gauge theory with gauge coupling g, weakly coupled to
Einstein gravity, there must exist an electrically charged state with charge q which
in Planck units satisfes:

gq 
m 

≥ 
QBH 
MBH 

= O(1), (4.1)

where QBH 
MBH 

refers to the charge-to-mass ratio of an extremal black-hole of the theory.

For the case of particles living in a four-dimensional world described by a simple
Einstein-Maxwell theory, the well-known extremality condition of the Reissner-Nordström

1BH fxes the order one number to √ so that the statement of the conjecture reduces to:
2 

Electric Weak Gravity Conjecture for 4d Einstein-Maxwell

In 4d Einstein-Maxwell theory there must exist an electrically charged state which
satisfes:

m ≤ 
√ 
2gqMp. (4.2)

From the last equation it becomes clear why the conjecture was coined "weak grav-
ity". In this simple example it is equivalent to the statement that gravity is the weakest
force:

2m (gq)2 
Fgrav = ≤ Fem = , (4.3)

8πMp 
2r2 4πr2 

The second simplest example is to consider a p−form U(1) gauge feld. In this case we
substitute the particle (0− brane) by a (p − 1)-brane. A detailed study of the extremality
condition of the Reissner-Nordström BH solutions of this theory gives:

Electric Weak Gravity Conjecture for U(1) gauge p−form felds

There must exist an electrically charged (p − 1)-brane with charge q and tension T 
which satisfes:

p(d − p − 2) 
d − 2 

T 2 ≤ q 2Md−2 
p . (4.4)

According to the completeness hypothesis magnetic monopoles should also be part
of the spectrum. The spectrum of magnetic charges is l/g where l ∈ Z. Applying (4.3)
to the smallest magnetic charge in the spectra one fnds mmag . Mp/g. The mass of the
monopole will be, at least, of order the energy stored in the magnetic feld it generates.
This quantity diverges linearly, so if the theory has a cut-o˙ ΛEF T this mass will be of
order mmag ∼ ΛEFT . Putting this together we fnd that the electric version of the WGC

g2 
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for magnetic monopoles gives rise to the following:

Magnetic Weak Gravity Conjecture for a single U(1) 

The EFT cut-o˙ scale ΛEF T is bounded from above by the gauge coupling:

Λ . gMp. (4.5)

Perhaps the most insightful way to think about the WGC is through its connection
with other Swampland conjectures, specially the No Global Symmetries conjecture. The
idea is that in a low-energy EFT coming from String Theory the limit where the gauge
coupling of a U(1) gauge theory goes to zero should not be allowed. Something in the
EFT must prevent this limit from restoring the global symmetry and thus violating the No
Global Symmetries conjecture. The WGC does so, since when the gauge coupling attempts
the g → 0 limit, the electric part requires the existence of even lighter particles and the
magnetic part forces the cut-o˙ scale to go to zero. By studying the consistency of the
WGC under dimensional reduction stronger versions of the conjecture have been proposed,
where not only one light particle is required but an infnite number of them. According to
these refnements, which have a large evidence coming from ST and are widely accepted
within the community, a whole tower becomes light when we attempt the limit g → 0.
It is the impossibility to integrate out this infnite tower that breaks down the EFT as
predicted by the magnetic WGC. In a sense these conjectures can also be interpreted as
refnements of the Completeness Hypothesis, since they put a condition of the mass of the
objects populating the charge lattice.

Before we introduce these refnements we will consider the case where there are
several U(1)s in our EFT. To do that we introduce the concept of superextremal state as

~ ~ one whose charge-to-mass ratio Z = Q/m is either outside or on the boundary of the
black-hole region. For the theory we are considering the black-hole region is simply given√ 

~by MBH ≤ 2|Q|BHMp. We defne a “multiparticle state” as consisting of one or more
particles separated by an infnite distance (so that they do not interact) with “mass” M 

~and “charge” Q equal to the sums of the masses and charges of the constituent particles.
Next we defne a rational direction as a ray in the charge lattice passing through both

~the origin and Q. It is not diÿcult to show [63, 87] that in the case of several U(1)s the
WGC requirement that all extremal black-holes should be allowed the possibility to decay
is captured by the following:

Electric Weak Gravity Conjecture for multiple U(1)s 

For every rational direction in the charge lattice there is a superextremal multi-
particle state.

Fig. 4.3 (an adaptation of a fgure in [88]) illustrates the relation between the
statement we have just given of the WGC with the well-known Convex Hull Condition
(CHC) [63]. In this fgure we considered a U(1)2 with three fundamental (not composite)
particles and their corresponding antiparticles in the spectra. These six particles are dis-
played with blue dots. The maroon dots are multi-particle states formed from them. For
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Figure 4.3: Multi-particle states of a U(1)2 with three fundamental particles and their corres-
ponding antiparticles in the spectra. These six particles are displayed with blue dots. The maroon
dots are multi-particle states formed from them. The more particles a state has, the smaller the
size of the dot representing it. For illustrative purposes we have written the charge and the mass
of three randomly chosen states, which appear in black in the fgure. We use lower-case letters ~z 
and ~q to refer to the charges of the single-particle states. The black-hole region is represented by√ √ 
a grey circle. We have chosen m1 = m2 = m3 = 1 and q~ 1 = (0, 2), q~ 2 = ( 3, −1), q~ 1 = (− 3, −1).
Therefore, the convex hull encloses the black-hole region in our example.

illustrative purposes we have written the charge and the mass of three randomly chosen
states, which appear in black in the fgure. The more particles a state has, the smaller
the size of the dot representing it. One can see that the multi-particle states populate the

~ convex hull of the fundamental particles in Z space. The black-hole region is represented
by a grey circle in the fgure. If for every rational direction there is a superextremal state,
then the convex hull encloses the black-hole region.

It has been noted that examples from gravity and string theory suggest that a
stronger version of the WGC for U(1)N is required in order to be preserved under di-
mensional reduction. Two closely-related strong forms are particularly well motivated: the
Sublattice WGC (sLWGC) [72, 73] and the Tower WGC (TWGC) [82]. Both require the
existence of an infnite number of superextremal particles along each rational direction in
charge space:

The Tower WGC (TWGC)

At any point ~q of the charge lattice there exists a positive integer n such that there
is a superextremal particle of charge n~q.
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The Sublattice WGC (sLWGC)

There exists a positive integer n such that for any site ~q in the charge lattice there
is a superextremal particle of charge n~q.

Notice that the Sublattice version is strictly stronger than the tower version since it
is the TWGC plus the condition that the integer n is the same for each site in the lattice.

There are many other refnements and extensions of the WGC that have been pro-
posed besides those we have introduced in this section. In part II we will focus on the idea
of extending the WGC in the presence of scalar felds. We will introduce a set of ideas
that try to generalize the notion of Gravity as the weakest force through pair production.
There we will also explore other attempts to generalize the WGC in the presence of scalar
felds. We refer to the literature [41] and references therein for other generalizations (i.e.
dyons, axions).

There is, however, one refnement of the WGC which requires particular attention,
since it will be relevant for motivating the Non-Supersymmetric AdS Instability Conjecture
in the next subsection. That conjecture will play a major role in this thesis. First of all
we notice that the left-hand side of Eqs. 4.2, 4.4 include masses and tensions which label
representations of the Poincaré group, while the right-hand side includes charges which
label representation of the internal (gauge) symmetry. According to the Coleman-Mandula
theorem we would expect these representations to appear as direct products unless there is
a supersymmetry that is able to mix them. In the absence of supersymmetry it is indeed
diÿcult to conceive how an equality between the two sides could be preserved by quantum
corrections. This observation lead the authors of [89] to propose the following sharpening
of the WGC:

BPS Sharpening of the WGC

The WGC inequality is a strict inequality in the absence of supersymmetry and an
equality only for BPS states in a supersymmetric theory.

4.1.1 Non-Supersymmetric AdS Instability Conjecture

The same authors of the BPS sharpening of the WGC observed that the WGC
was ensuring the existence of a decay mode for all non-susy vacua supported by fuxes
[89–93]. Given the generality of the results the authors then conjectured than not only
those supported by fuxes, but that all non-susy vacua should be unstable. It was then
argued in [91] that the conjecture should also apply to any non-susy vacuum. This means
that supersymmetry is identifed as the only mechanism able to protect a vacuum of a
theory of quantum gravity from decaying:

Non-susy (AdS) Instability Conjecture

Any non-supersymmetric (AdS) vacuum is metastable at best.

30



 

4.2. Distance Conjectures for scalars and for metrics

4.1.2 Festina Lente

The idea that all (charged) Black-Holes should be able to decay in a bona-fde theory
of quantum gravity was extended to BH in dS space in [94]. By demanding that charged
Nariai BH in (quasi)-de Sitter space should be able to decay without becoming super-
extremal the authors of [94] found that all of the particles in the theory should satisfy

2m & λqgMpH, where λ is some O(1) factor. Some phenomenological implications of
the conjecture were studied in [95], where some additional evidence for the conjecture was
presented, and the O(1) factor was fxed:

Festina Lente

In dS space, the mass of every state with charge q under a U(1) gauge feld with
gauge coupling g must satisfy:

m 4 ≥ 6(gqMpH)2 = 2(gq)2V (4.6)

Moreover, it was argued that the Festina Lente bound should also apply in the case
of a runaway scalar feld:

Z � �1 
S = 

p
|g| M2R− 1 (∂φ)2 − 1 f(φ)Fµν F µν − V (φ) + matter . (4.7)p 2 42 

in which case a condition must be imposed on f and V to guarantee the existence of stable
charged Nariai BH solutions:

Festina Lente for a runaway potential

The Festina Lente (FL) bound: If the signs of V 0 and f 0 are the same, and the
inequalities

V 0 

V 
≤ (d − 3) 

f 0 

f 
and V 00 ≥ 

V 0 

f 0 
f 00 − 2 

f 02 

f 

! 
(4.8)

are satisfed then every particle of charge q and mass m must satisfy the inequality

m 4 & 6(gqMP H)2 = 2(gq)2V. (4.9)

4.2 Distance Conjectures for scalars and for metrics

4.2.1 Swampland Distance Conjecture

In this section we consider a theory which includes a moduli space M: a set of scalar
felds with zero potential which parameterizes a Riemannian manifold with a metric gij .
Earlier we stated the Swampland conjecture that moduli spaces are non-compact. This
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means that for any point p ∈ M there exists another point q ∈ M such that the geodesic
distance between the two points

Z !1/2 
∂φi ∂φj 

d(p, q) = gij ds (4.10)
∂s ∂s γgeo 

is infnite. We have seen that there are no free parameters in ST. In particular, gauge
couplings are expected to be the vev of some scalar felds. By studying many examples in
ST, on fnds that the metric gij is such that the limit g → 0 always corresponds to one
of the infnite distance limits that we have described above. We have seen that the WGC
forbids this limit by lowering the cut-o˙ of the EFT and requiring the existence of lighter
particles. In particular the tower versions required an infnite tower of particles to become
light and thus provoke a total break-down of the EFT. The distance conjecture for moduli
generalizes this behaviour to every infnite distance (in principle not necessarily related to
forbidding restoration of a global symmetry). Moreover, it provides specifc information
about the behaviour of this tower:

Distance Conjecture for Moduli Space

At any infnite distance limit an infnite tower of states becomes exponentially light
in Planck units and breaks-down the EFT:

m(q) ∼ m(p)e −λd(p,q), (4.11)

where λ is an O(1) parameter.

The cut-o˙ scale of the theory is expected to be of the same order as the mass of
this tower: Λend = Λine

−λd(φin,φend,). This means that for a theory (i.e. Infation if we
assume the conjecture will still be valid when V 6= 0) where the scalar feld needs to travel
a distance d(φin, φend), this distance has an upper bound given by:

1 Λend 1 Mp
d(φin, φend) = ln ≤ ln (4.12)

λ Λin λ Λin 

where we have used that the cut-o˙ scale at the end if the distance (i.e. at the end of
Infation) is smaller that the Planck scale.

A recurring example that we will encounter in this thesis is the case of the KK tower
associated to a compactifcation on a circle of radius r = hRi, where R is the radion, the
scalar feld that appears from the dimensional reduction of the metric. Its mass depends
on the radius as

2 mn = 
2n
,

2r
n ∈ N. (4.13)

The exponential behaviour follows trivially by extracting the metric from the kinetic term
for the radion feld R that appears from dimensional reduction and transition to the Ein-
stein frame:

1 d − 1 ∂M R∂
M R Lkin = . (4.14)

2 d − 2 R2 
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q
d−1For this example we fnd λ = d−2 .

Before we fnish this subsection let us point out an interesting refnement of the
conjecture which states [96] that the tower of states has to be a either a KK tower or some
string excitation modes (and not, for example, a tensionless membrane):

Emergent String Conjecture

Any infnite distance limit is either a decompactifcation limit or a limit in which
there is a weakly coupled string becoming tensionless.

4.2.2 Anti-de Sitter Distance Conjecture

It is a well known feature of AdS vacua in String Theory that an infnite tower
of states becomes light in the Λ → 0 limit. This limit often corresponds to an infnite
distance limit in moduli space, and in these cases the conjecture reduces to the distance
conjecture for moduli. The Anti-de Sitter Distance conjecture (AdC) [97] proposes that
this is a general property of EFTs in the landscape:

Anti-de Sitter Distance conjecture

In a D-dimensional theory of quantum gravity with cosmological constant Λ there
exist a tower of states with mass

m(D) 
n ∼ n|ΛD|αD M1−2αD 

D (4.15)

as ΛD → 0 when scanning a family of vacua with cosmological constant ΛD . Notice
that MD is the D−dimensional Planck mass. The mild version implies αD to be
a positive constant, while the strong version requires αD = 1/2 for AdS supersym-
metric vacua.

An even stronger version of the conjecture would propose αD > 1/2 for non-supersymmetric
AdS vacua and that the conjecture also holds in dS space, where αD ≤ 1/2. In this thesis
we study the behaviour of this conjecture under dimensional reduction and propose some
evidence in favour of the conjecture but against the inequalities of the strongest version.
In chapter 8 we explore its phenomenological implications.

The authors of [97] identifed the limit Λ → 0 as an infnite distance limit in the
0space of metric deformations around a background gMN = g according to theMN + δgMN 

formula:

Z � Zτf 
�1/21 √ MN OP ∂gNP ∂gMO 

d(g(τi), g(τf )) = d(δgMN ) = O(1) × gg g dτ 
τi VM M ∂τ ∂τ 

(4.16)
In this formula VM is the volume of the space-time manifold M ad c is an O(1) number. If
one applies this general formula to the case of a CY compactifcation M = Mink(4) × CY3 
it reduces to the scalar distance for metric variations that are zero modes. However, what
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one really wants is to compute the distance between two AdS metrics:
h i 

ds2 = LAdS −(cosh ρ)2dt2 + dρ2 + (sinh ρ)2dΩ2 
d−2 (4.17)

(d−1)(d−2)with di˙erent values of Λ = 
2L2 , that is, in the distance between two metrics related

AdS 
0 2τby a Weyl rescaling g = e The authors of [97] argued that a certain notion ofMN gMN .

generalized distance that includes not only metrics but all felds can be defned in such a
way that the previously stated AdS Distance conjecture follows from a generalized distance
conjecture.

Notice that a direct consequence of the strong version of the AdC for susy vacua
where the tower is a KK tower is that it forbids a parametric scale separation between AdS
radius LAdS and the size of the extra dimensions Rint:

mKK ∼ 1/Rint ∼ Λ1/2 ∼ (1/(LAdS)
2)1/2 (4.18)

The idea that scale separation is not possible or, at least, very diÿcult, within ST in not
new [98–100] and is currently a topic under debate [97, 101–107].

Finally, we introduce a conjecture that was recently proposed in two independent
papers [108,109] and is very much related to the conjectures stated in this section:

Gravitino Mass/Distance conjecture

In a D-dimensional theory of quantum gravity the limit of vanishing gravitino mass
m3/2 → 0 corresponds to the massless limit of an infnite tower of states according
to:

m 
Mp 

∼ 
m3/2 

Mp 

!δ 

, 0 < δ ≤ 1 (4.19)

4.3 de Sitter Conjecture

It is still an open question whether string theory admits dS spacetime as a solution.
There has been many proposals, but at the moment, there is no full-fedged, controlled,
bona-fde, widely accepted construction, and perhaps there may not be one for still many
years. Some very general no-go theorems have been stated but there is no universal no-go
theorem either. This question is perhaps the most important and fundamental one at
present, given our diÿculty in understanding supersymmetry breaking in ST and given
that the data from cosmology points to the fact that we live in a (nearly) dS spacetime.

Given this diÿculty, it does not seem unreasonable, within the spirit of the Swamp-
land program, to consider the possibility that there are no dS in the landscape. There are
several diÿculties behind this task. The frst one comes from dark energy constraints. We
have explained in 3 that the data implies that our Universe is very close to dS. Therefore,
any Swampland conjecture that one can think of will generate tension in the sense that
realistic models that can agree with experiment will require strong fne-tuning in order to
fall in the landscape. Of course, one can always relax the idea of forbidding dS in all points
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of scalar feld space and only forbid them in asymptotic regions, where the conjecture is
more widely believed to be true. The second diÿculty comes from the very early Universe.
During Infation our Universe again would have looked very much like a dS universe so
some tension is also expected to be generated. Finally, even after these restrictions one
can think of many ways to formulate this idea in a precise way. Following the Swampland
spirit that we have introduced above, when in doubt, one turns to heuristic arguments and
to making connections with other well-established conjectures. We will now state three
conjectures that have been proposed and refer to the original papers for more details.

Refned De Sitter Conjecture (RdSC)

The scalar potential of a 4-dimensional EFT weakly coupled to Einstein gravity
must fulfll (at all points of scalar feld space) either

|rV | ≥ 
c 
Mp 

V, or min 
� 
rirj V 

� 
≤ − 

c0 

M2 
p 
V, (4.20)

with c and c0 positive O(1) numbers and the second inequality refers to the minimum
eigenvalue of the Hessian with the felds being canonically normalized.

The frst inequality was proposed in [110] and the refnement of including a second
possibility was introduced in [111, 112]. This conjecture forbids dS minima but not other
dS extrema. An alternative refned de Sitter conjecture was proposed in [113]:

Alternative Refned De Sitter Conjecture (RdSC)

At any point in feld space where V > 0:
� 
Mp 

|rV | 
V 

�q 
− aM2 

p 
minrirj V 

V 
≥ b, with a + b = 1, a, b > 0, q > 2 (4.21)

The next conjecture forbids dS minima in the asymptotic regions of scalar feld space
through an indirect statement:

Transplanckian Censorship Conjecture (TCC)

An EFT that is in the landscape cannot display a cosmological expansion where
any perturbation with length scale greater than the Hubble radius traces back to
Trans-Planckian scales at earlier times.

Scales exit the horizon when they equal the proper Hubble scale radius cH−1:
k∗ = aH. Equivalently, the proper length scale of perturbations aλ exits the hori-
zon when aλ∗ = cH−1 . At an earlier time the proper length of the perturbation is
a(ti)λ = a(ti)[a(t∗)H(t∗)]

−1 . According to the conjecture the proper length of the per-
turbation cannot be smaller than the Planck length lp = M−1:p 

a(ti) 
> M−1 (4.22)

a(tf )H(tf ) p 
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or equivalently:
!Z tf Mp

Hdt < ln (4.23)
ti H(tf ) 

Two trivial consequences of this conjecture are that:

No dS minima can exist in asymptotic regions of scalar feld space since there the
potential must satisfy:

|rV | 2 
Mp ≥ p . (4.24)

V (d − 1)(d − 2) 

dS is metastable at best. Unless some exotic matter with equation of state w < −1 
is included, the lifetime of the a dS Universe created at time ti must satisfy:

1 Mp
(tf − ti) ≤ ln (4.25)

H(tf ) H(tf ) 

4.3.1 Cosmological Implications of the Swampland

We have mentioned that the distance conjecture and the dS conjectures have strong
implications both for Infation and dark energy cosmological model building. It will be
useful for us to review the present status of the tension between these conjectures and the
cosmological observations. We will need to use some of the results from this subsection
later, in chapter 9.

It is well known [114–116] that the dS conjecture, the frst equation in Eq. (4.20),
is in tension with observations associated to Infation and to Dark Energy. This tension is

0translated into bounds on the parameters c, c . The strongest bounds come from single-feld
0infationary models, which give c . 0.1, c . 0.01 [116].

Infation

Using that an EFT that describes Infation verifes H < ΛEFT, the distance conjec-
ture requires:

1 Mp
δφ ≤ ln ∼ O(1). (4.26)

λ Hend 

We will not discuss in detail how the metric perturbations generated through quantum
fuctuations during Infation can leave an imprint on the CMB. Suÿce it to say that an
important quantity which can di˙erentiate between di˙erent Infationary models is the so-
called tensor-to-scalar ratio r. We have mention that Infation can solve the homogeneity
and isotropy fne-tuning problems if it lasts for at least ∼ 50 e-folds:

Z φend 1 U δφ 
N = dφ ∼ √ (4.27)

M2 Uφ 2�φin p 
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We fnd that since the bound on δφ from the distance conjecture translates into an upper
bound on r through:

� �250 
r . 0.003 δφ. (4.28)

N 

Slow-Roll Infation is defned by the condition:
� �2Ḣ aä 1 Uφ

� = − = 1 − ≈ M2 n 1 (4.29)
H2 ȧ 2 2 p U 

In this limit the scalar-to-tensor ratio r ≈ 16�. Using Eq. (4.20) we immediately fnd that
the dS conjecture puts a lower bound on r:

2 r & 8c . (4.30)

Finally, as explained in [117] the TCC requires: low energy Infation V 1/4 ∼ 10−10Mp, small
range feld δφ < 10−13 , a very small slow-roll parameter at the scales of CMB cosmologicalq

2observation �∗ < 10−31 but large in the asymptotic limits � > . All of these results are3 
summarized in Box 4.3.1.

Dark Energy

In chapter 3 we explained that current data implies that our Universe is very close
to a dS Universe. According to the dS conjecture there are no dS vacua in String Theory.
According to the TCC, metastable dS vacua can occur but not in the asymptotic regions of
moduli space. Of course, the dS conjecture would be the strongest motivation to consider
quintessence models. Notice however that, frst of all, the statement that it is impossible
to produce de Sitter solutions in String Theory is, at present, under debate. Secondly, it
is not clear whether Eq. (4.20) is the correct equation that describes the absence of dS 
vacua or if it applies in the full space of scalar felds or only at the boundaries. Thirdly,
notice that so far it has proven to be at least just as diÿcult to produce a quintessence
model within String Theory that is compatible with observations than a dS model. For a
recent review on the status of quintessence model building in String Theory see [118].

In this thesis we will not try to constraint dark energy models. In chapter 9 we
consider the possibility that our Universe should be described by a quintessence model that
obeys the dS conjecture. We will assume that it is possible to fnd a satisfactory model
for dark energy which agrees both with experimental constraints and the dS conjecture,
and we will use this model to fnd constraints on neutrino masses. We will only consider
the simplest model of a single canonical scalar feld. We will study the dS conjecture after
dimensional reduction in a circle. We will impose the dS conjecture both in 4 and in 3
dimensions. Single-feld quintessence models require c < 0.6 (or � < 0.18) to satisfy the
frst part of the dS conjecture [114]. We will see that a smaller c only strengthens our
bounds, so we will consider models where the bound c < 0.6 is satisfed. It was shown
in [119] that the refnement of the dS conjecture may alleviate this tension and allow for
slightly larger value of c. Even if this was possible, it would not change the main results
of this thesis, it would only change slightly the precise numbers in the bounds we obtain.
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Box 4.3.1 Dark energy, Infation and the Swampland

Infation

Distance: N ≈ δφ√ 
2� and r ≤ 0.003(50 

N )
2(δφ)2 . 0.003(50 

N )
2O(1).

dS: Requires c . 0.1, c0 . 0.01 and implies r & 8c2 .

TCC: Low energy V 1/4 ∼ 10−10Mp, very small slow-roll parameter

�∗ . 10−31 but in the asymptotic limits � > 
q 

2 
3 , small range feld

δφ . 10−13 .

Dark Energy

dS: Requires c . 0.6 in the original conjecture which can be avoided
in RdSC although often with fne-tuning.
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5 
Pair Production and Gravity as the Weakest Force

5.1 Introduction

The frst formulations of the Weak Gravity Conjecture (WGC) rested heavily on
black-hole physics. We have seen that the simplest version of the U(1) Weak Gravity
Conjecture may be formulated from the kinematic condition that extremal black-holes
can decay, which requires that a particle with charge e and mass m must exist such that√ 
2e ≥ m/Mp. We also explained that this can be understood as a condition between

the strengths of the gravitational and the gauge interactions. The condition corresponds
to imposing that, between two particles with identical masses and charges, the gauge
repulsion dominates, and no bound states form. This has been generalized to the case of
multiple U(1) interactions, which requires some refnements [72, 73, 81]. Thus e.g. for an
extremal black-hole to decay, it is not enough that particles with mass mi and charge ei√ 
exist with 2ei ≥ mi/Mp for each U(1), but instead that a certain condition involving
the convex hull is met [81]. Furthermore, if we insist that the constraints remain valid
under dimensional reduction, string theory examples have shown us that there must exist
a sublattice (or a tower) of infnite superextremal massive charged particles verifying the
appropriate generalized version of the constraints [72–74, 82]. These generalized versions
of the WGC for multiple U(1)’s have passed by now a number of tests within the context
of string theory.

The situation becomes more complicated in the presence of scalar couplings. Scalar
couplings do not carry in general a conserved charge and the most naive arguments based
on extremal black-hole stability do not directly apply. Furthermore, the question arises
whether the Swampland conditions have to do only with black-hole physics or rather with
a fundamental general principle that gravity is always the weakest force. This would imply
the wanted instability of extremal black-holes but it may also lead to further constraints
on di˙erent systems other than black-holes. As we said, for U(1) interactions and in the
absence of scalar felds, imposing that long range Coulomb forces dominate over Newton
attraction gives equivalent results than instability of extremal black-holes [57,87]. However,
if gravity is the weakest force, the condition should apply not only to gauge couplings but
also to scalar and Yukawa couplings. In particular, d = 4 quartic scalar interactions
are short-range and such kind of arguments based on long range forces would yield no
information about them. Moreover, since a higher dimensional graviton gives rise to lower
dimensional scalar felds, if the principles behind the WGC are to apply in any dimension,
then some form of a scalar WGC (SWGC) is expected to exist.

In order to compare the strength of gravity with other interactions we should evaluate
amplitudes or rates for some kinematic confguration and fxed specifc momenta. In the

41



Chapter 5. Pair Production and Gravity as the Weakest Force

case at hand there are essentially two ways to evaluate these rates at tree level, using:

1. Diagrams involving one propagator of the considered massless mediators (photon,
graviton, moduli).

2. Diagrams involving the exchange of a charged massive test particle (e.g. a BPS
state).

The frst possibility involves only long range interactions and includes the exchange of
gravitons and photons. With the massive particles at rest they give rise to Coulomb
and Newton potentials in the non-relativistic limit. As we said, one can obtain the U(1) 
WGC constraint from imposing that Coulomb repulsion dominates. In the second class
of diagrams massive particles are exchanged and hence they are sensitive to short range
interactions. Keeping in parallel with the frst class, we consider the massive particles
almost at rest. There are three type of tree level processes in this class, which are related
by crossing symmetry:

1. Pair production of a pair of massive states (e.g. γγ → ψψ̄).

2. Annihilation of a pair massive states (e.g. ψψ̄ → γγ).

3. Compton scattering.

Contact interactions exist in d = 4 for the coupling between gauge bosons and
charged scalars, e2AµAµ|φ|2 . However this brings no uncertainty in the strength of the
interaction, since gauge invariance relates this coupling to the trilinear gauge coupling
eAµφ

∗∂µφ. However, in the case of quartic scalar couplings like λ|φ|2|H|2 with e.g. φ 
a modulus and H some massive scalar, no information about its strength is in general
provided by one-particle exchange diagrams. In fact such quartic interactions are known
to exist in examples of BPS states of N = 2 supergravity [120–122] and hence one would
like to take them into account in our understanding of gravity as the weakest force ideas.

In order to compare the strength of some interaction induced by some massless me-
diator (gauge boson or scalar) to gravitational interactions we propose to use the second
class of processes involving a massive propagator. In particular we will consider pair pro-
duction of massive states at threshold. The inverse process, massive particle annihilation
at rest would yield equivalent results. In the rest of the chapter we will talk mainly about
pair production but we must emphasize that all the discussion goes through replacing pair
production at threshold by pair annihilation at rest. In such kinematical regimes both
trilinear and local quartic interactions (if present) are tested and may be compared with
the analogous production mechanism from graviton production. Strictly speaking cross
sections vanish at threshold, so what we will be comparing is the di˙erential cross sections
or rather the square of the amplitudes near threshold. In the case of pair annihilation we
would directly compare the annihilation cross sections at rest.

One of the attractive features of this approach is that one can derive the usual
WGC constraints from multiple U(1)’s and a new scalar version of the WGC in a unifed
manner and starting from a single principle. In fact we believe that our proposal gives
the frst derivation of a scalar WGC from a general underlying principle. Other previous
discussion of a SWGC do not follow in such a direct way since in particular both scalars
and gravitons lead to attractive interactions and hence no-bound-state arguments fail in
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this case. One has to rely on N = 2 SUGRA identities so that the evidence outside the
N = 2 case becomes weaker. Another reason to consider the production rate at threshold is
its possible connection with extremal-black-hole radiation through charge pair production,
or black-hole pair annihilation into photons/gravitons. We leave the study of this possible
connection to future work.

A point to note is that ours is a quantum relativistic condition since it involves
particle production and interaction rates. This is unlike the case of one photon/graviton
exchange with particles at rest which give rise to the classical non-relativistic Coulom-
b/Newton potentials.

Specifcally, the general idea may be formulated in the following terms. Consider a
theory with U(1) gauge interactions as well as moduli scalar felds coupled to gravity. We
will di˙erentiate between the cases with only gauge bosons or only scalars or both later.
Our general proposal may be stated as the

Pair Production Weak Gravity Conjecture (PPWGC):

For any rational direction in the charge lattice ~Q and for every point in moduli space,
there is a stable or metastable particle M of mass m whose pair production rate by
gauge and scalar mediators at threshold is larger than its graviton production rate:

|T (ij −→ MM ∗ )|2 
th ≥ |T (gg −→ MM ∗ )|2 

th . (5.1)

Here i, j denotes either U(1)n gauge bosons or scalar moduli felds and the subindex
th corresponds to threshold. The criteria we propose could also be easily generalized
to theories with non-abelian gauge felds but we will not consider that possibility in the
present work.

In order to apply this principle to the case of U(1) couplings we have computed
the production rates of charged scalars and fermions starting from photons and gravitons.
Production from gravitons is a non-trivial calculation. Fortunately it may be obtained by
crossing symmetry using results for graviton Compton scattering in the literature [123].
The bounds obtained exactly match the results discussed for the WGC in the literature,
imposing the instability of extremal charged Reissner-Nordstrom black-holes. We also
extend the analysis to the case of multiple U(1)’s and argue for natural extensions, PPWGC
versions of the Tower and Sublattice conjectures.

When the mediators are scalars one obtains new interesting constraints. In particular
one gets a scalar WGC (SWGC) constraint involving both trilinear and quartic scalar
couplings. If the inequalities are saturated, one obtains a di˙erential equation involving
scalar masses and their frst and second derivatives. This equation is closely related to
previous formulas found in [120] and [3]. The precise form of the SWGC conditions depends
on the metric of the moduli in the e˙ective feld theory, but some general properties of the
extremal solutions are as follows.

1. In all of the examples we study there are solutions for the massive scalars saturating
the bounds which behave at large moduli like BPS-like, KK or winding states with
built-in duality symmetries. This is remarkable since in the e˙ective feld theory there
was no input related neither to extra dimensions, extended objects nor dualities, just
diagrammatics of the particles involved. These solutions are consistent with the
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Swampland Distance conjecture.

2. The constraint disappears as Mp → ∞, unlike other versions of the WGC involving
scalars.

3. The constraint is consistent with Special Kähler Geometry identities of N = 2 BPS
states. We test it further in a class of Type IIA CY vacua in which towers of BPS
particles coming from Dp-branes wrapping even cycles become massless at large
Kähler moduli [124–128]. They saturate our bound and feature the above mentioned
duality, which in this case corresponds to T-duality.

The obtained bounds apply to massive states corresponding to BPS-like, KK or
winding objects. Those are in general very heavy particles with masses of order the Planck
scale unless going to extreme limits in moduli space. On the other hand we would like
to see whether we can learn something about constraints on massless (or nearly massless)
scalars which may have some relevance in particle physics or cosmology. In this direction
we briefy discuss two possibilities:

In section 5.4 we consider the possibility that the potential of scalar felds (like mod-
uli themselves) is a function of the mass of the WGC felds, with the latter subject to the
derived bounds. In a simplifed case of a single massive object one obtains interesting con-
straints having some resemblance with the refned dS conjecture of ref. [110–112]. Extrema
have constraints on the second derivative of the potential, in agreement with the dS con-
jecture considerations, although they also apply to AdS vacua. In this simple one-modulus
case one can show that dS minima are forbidden.

The idea underlying our pair-production proposal is not to put it forward as an
alternative to long range one-particle exchange arguments. Our point of view is rather
that the hypothesis of gravity being the weakest force could be tested in di˙erent particle
confgurations and kinematic limits. Each of them may be optimal to test a particular
property of the WGC ideas. The Pair-Production proposal is an S-matrix criterion and is
optimal to test the WGC when scalar interactions are involved. The general idea may, in
principle, be applied in any number of dimensions. Nevertheless, in this work we restrict
our computations and arguments to d = 4. The Pair-Production criteria may actually turn
out to be closely related to black-hole decay and the standard WGC. Whereas usual WGC
arguments based on stability of extremal black-holes are purely kinematical, our condition
may perhaps point to an additional dynamical condition.

The structure of this chapter is as follows. In the next section we study the PPWGC
for the case of U(1) interactions. We frst compute the production rate at threshold of
both charged scalar and fermion pairs from photons and gravitons. We show how insisting
on the graviton rate being smaller than the photon rate reproduces the usual U(1) WGC
constraint. We also generalise the constraint to the multiple U(1) case. In section 5.3
we study the PPWGC for scalars, and compute the production rate of a pair of heavy
scalars from the collision of two moduli. Insisting that this rate is larger than the rate
from graviton production we obtain the Scalar WGC constraint. We apply it to the case of
complex and real scalars and study the structure of the massive states which saturate the
bounds. Several examples are presented and consistency with known N = 2 BPS results
is shown. Section 5.4 study possible connections with the dS conjecture.
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5.2. The PPWGC for U(1) interactions

5.2 The PPWGC for U(1) interactions

5.2.1 A single U(1) 

In this section we study the case of a single U(1) with pair production of charged
scalars and fermions.
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Figure 5.1: The relevant tree level diagrams for the pair production of charged scalars in SQED
and linearized Einstein gravity. We assign the letter A to the diagrams with photons and the letter
C to the production via gravitons.

Let us start with the production of scalars. The relevant diagrams are shown in
Fig.(1). The cross sections for photon and graviton pair production in the CM are written
as

� �SQEDdσ 
dt CM 

= 
|A|2 

32πs2 ; 
� �Grav φ∗ 
dσ 
dt CM 

= 
|C|2 

32πs2 . (5.2)

� � 
~At threshold the four-momentum of the fnal particles is p = m, 0 and the cross section

vanishes. We are not interested in comparing the cross section at threshold, but in the
threshold limit, where the particles in the produced pair have infnitesimal but non-zero
momenta. Thus, what we will compare is the di˙erential cross section with respect to t. In

2 2the threshold limit the Mandelstman variables are given by: t = u = −m and s = 4m .
Using the helicity formalism, we will see that at threshold only the amplitudes where the
initial photons or gravitons have opposite helicities contribute. Both amplitudes have the
structure

|M |2 = 2 |M++|2 + 2 |M+−|2 . (5.3)

For the photon production amplitude one obtains
� � 

2e2 m4 − ut 2e2m2s 
A++ = � � � � ; A+− = −� � � � . (5.4)

2 2 2 2t − m u − m t − m u − m 

The computation of the graviton production is non-trivial. Fortunately, the rate may be
obtained by crossing from the graviton Compton scattering computed in [123]. Interest-
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Chapter 5. Pair Production and Gravity as the Weakest Force

ingly, one fnds that the gravitational amplitudes for the Compton scattering of a spin S 
particle with gravitons are given by the product of the electromagnetic Compton scalar
amplitude times the electromagnetic amplitude for a spin S particle [129–131] 1:

|C++|2 = |C−−|2 = F 2|A++|4 ; |C+−|2 = |C−+|2 = F 2|A+−|4 , (5.5)

where
� � � � 

1 t − m2 u − m2 
F = . (5.6)

44M2e sp 

2At threshold one has s = 4m , t = u = −m2 and one obtains
4m4|A++|2 −→ 0, |A+−|2 −→ 4e and |C++|2 −→ 0, |C+−|2 −→ . (5.7)

M4 
p 

The PPWGC then gives us:
√ m |A|2 ≥ |C|2 −→ 2e ≥ , (5.8)

Mp 
√ 

in agreement with the standard constraint of the WGC for a single U(1). The factor 2 
is important since it is precisely the factor that appears for extremal Reissner-Nordstrom
black-holes.

For completeness, let us consider now the spin 1/2 fermion production, although
in the rest of the chapter we will concentrate on the production of scalars. The relevant
diagrams are shown in Fig.(5.2).
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Figure 5.2: Tree level diagrams contributing to the pair production in QED and linearized
Einstein gravity. We assign the letter B to the diagrams with photons and the letter D to those
with gravitons.

We sum over spins in the fnal state in both rates. Denoting B and D the photon
and graviton amplitudes respectively one fnds

� � h � � i 
4e4 m4 − ut 2 m4 − ut + s2 

|B++|2 = � �2 � �2 −→ 0 (5.9)
2 2t − m u − m 

1 This is an avatar of the (gravity) = (gauge)2 property of scattering amplitudes, see e.g. [132,133] and
references therein.
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� � 
4m2e4s2 2m2 − s 4|B+−|2 = � �2 � �2 −→ 8e , (5.10)

2 2t − m u − m 

� � 42m |D++|2 + |D+−|2 = F 2 |A++|2|B++|2 + |A+−|2|B+−|2 , (5.11)−→ 
4Mp 

where we have already indicated the value at threshold. Then PPWGC also gives us

|B|2 ≥ |D|2 −→ 
m 

2e ≥ 
M 

√ 
, 

p
(5.12)

p 

as expected. Thus we see that, imposing that the pair production rate of charged particles
at threshold to be larger than the rate for the production from gravitons, we obtain the

N 

same constraint as the standard U(1) WGC. A proportionality between charges and masses
in the rate was to be expected. But, as we have shown, the fact that all precise factors
match is non-trivial. It is also a test that the pair production at threshold of an extremal
state has equal probability either from photons or gravitons. Using crossing symmetry,
this also implies that the annihilation rate of extremal particles at rest into photons and
gravitons is the same.

5.2.2 Multiple U(1)’s

Consider now N U(1) gauge bosons with a diagonal and canonical kinetic term. We
~should now insist that a particle with mass m and charge vector Q = (Q1, ..., QN ) must

exist so that its pair production by photons is equal or bigger than its pair production
by gravitons. The calculation of the rates in the previous section is trivially extended for
multiple U(1) and gives:

� � � �2 4m 
+ Q4 

4M4
Q4

1 + Q2
1Q

2
2 + Q2

2Q2 
1 + Q~ 2 (5.13)≥=.. . 

The general statement of the PPWGC applied to this case would say that for every
rational direction in the charge lattice there is a particle of mass m whose photon produc-
tion rate at threshold is larger than its graviton production rate. Note that the produced
objects must be stable or metastable particles, for the Feynman graph computation to
make sense.

To shorten notation we can say that a charged state is superproduced if the rate
to produce a pair of such particles at threshold is larger or equal to the rate to produce
that pair from gravitons. Then the above conjecture may be restated as:

The Pair Production Weak Gravity Conjecture (PPWGC) for Photons.

For any rational direction in the charge lattice ~Q there is a (meta)stable particle
which is superproduced.

Here a rational direction is a ray in the charge lattice, passing through both the origin and
~Q. We chose to impose the PPWGC for every rational direction in the charge lattice. A
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motivation for this choice is that the superproduced particle acts also as a standard WGC
state to which extremal black-holes can decay. Note that the PPWGC so defned includes
the electric WGC for multiple photons that we introduced in 4.1, but it is stronger. For
convenience we also state it here:

Electric Weak Gravity Conjecture for multiple U(1)s 

For every rational direction in the charge lattice there is a superextremal multi-
particle state.

Notice that, unlike the PPWGC, WGC black-hole arguments do not care whether
the state is single or multi-particle. For us though it is not enough to have a superproduced
multiparticle state to ensure that gravity is the weakest force, we actually need a pair of
particles, possibly metastable. Thus, the PPWGC is similar to the standard WGC, but
the constraint it puts on the spectra is actually stronger than the CHC. The key point is
that in the PPWGC approach we are producing actual particles. In Section 4.1 we also
introduced the Sublattice WGC (sLWGC) [73] and the Tower WGC (TWGC) [82]. Both
require the existence of an infnite number of superextremal particles along each rational
direction in charge space. For the same reasons as in the WGC we can also impose a tower
or sublattice versions of the PPWGC:

The Tower Pair Production WGC (TPP-WGC)

At any point ~q of the charge lattice there exists a positive integer n such that there
is a superproduced particle of charge n~q 

The Sublattice Pair Production WGC (sPP-WGC)

There exists a positive integer n such that for any site ~q in the charge lattice there
is a superproduced particle of charged n~q 

Notice that the main di˙erence between Tower and Sublattice conjectures is that in
the latter the integer n is universal.

5.3 Pair production from scalars and the Scalar Weak Grav-
ity Conjecture

Once we have seen how the PPWGC criterion encompasses the WGC conjecture and
its extensions, we will now show how its application to production from scalars leads to
interesting novel results. The original formulation of the WGC rested on energy and charge
conservation in extremal black-hole decay. The absence of proper scalar charges makes a
parallel reasoning diÿcult. In this section we apply the principle of the Pair-Production
WGC, to theories with scalar felds. The particular inequality which is obtained from
the general formula Eq. (5.1) will depend on the geometry of the scalar manifold we are
studying, so we will consider di˙erent possibilities.
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We will take in all our examples and constraints the case of massless scalars, like
moduli in string theory. In theories with supersymmetry they may remain massless over
all moduli space. So in some of the examples the massless scalars may be considered as a
bosonic subsector of a SUSY theory. Still, the principle of gravity being the weakest form
seems unrelated to supersymmetry, and the idea would be that the constraints obtained
should also apply to non-SUSY theories in which for some reason the scalars remain much
lighter than the Planck scale.

Let us start with the simple case of a massless complex scalar feld T and a complex
heavy scalar feld H with a mass m2(T, T ∗). The relevant part of the action has a structure

LT = ∂µH∂µH + ∂µT∂µT − m 2(T, T ∗ )|H|2 , (5.14)

with a moduli dependent mass term for the heavy scalar H. It is always possible to expand
m2 at a generic point in moduli space up to second order in the felds, and write the result
in terms of either real or complex components . In terms of the complex variables:

1 12 2 m ' m + (∂T m 2)T + (∂T m 2)T + (∂ ∂T m 2)|T |2 + ∂T 
2 mT 2 + ∂2¯mT̄

2 ... (5.15)0 T T2 2 
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Figure 5.3: Tree level diagrams contributing to the pair production in the scalar theory and
linearized Einstein gravity. We assign the letter N to the diagrams with moduli.

Following the PPWGC, we ought to consider the pair production of the feld H and
compare it with the production from gravitons at threshold. The relevant diagrams for

2the process TT → HH are shown in Fig. (5.3). Notice that the last two terms in the m 
expansion will not contribute to the four point function that we are interested in, where the
initial particles are a pair T , T . From the expansion we extract the trilinear ΔT |H|2 + h.c. 
and the quartic λ|T |2|H|2 couplings:

2 2 2Δ = ∂T m , Δ = ∂T m , λ = ∂T ∂T m . (5.16)

The amplitude has the form:
� � 

1 1 
N = −|Δ|2 + − λ (5.17)

2 2t − m u − m 
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The gravitational diagrams are the same as in Section 2. At threshold one has t = u = 
−m , and the condition reads

2 
|Δ|2 m4 

− λ ≥ . (5.18)
m2 M4 

p 

In terms of mass derivatives one obtains
4m2(∂T m 2)(∂T m 2) − m 2 ∂T ∂T m ≥ . (5.19)

M2 
p 

For n complex moduli Ti, i − 1, .., n parameterising a hermitian manifold with a metric gij̄ 
this is generalised to

ij̄ 4g m 
(∂im 2)(∂j̄ m 2) − m 2(∂i∂j̄ m 2) ≥ . (5.20)

n M2 
p 

This is the general form of the scalar WGC for n complex moduli. Notice that, as expec-
ted, this expression is invariant under holomorphic coordinate transformations. We could
replace the partial derivatives with covariant derivatives, however, nothing would change
since the mixed index components of the connection vanish in a hermitian manifold. In
order to compare the contribution of the moduli to graviton production an averaging factor
1/n is included. In other words, the contribution of all moduli should be compared with
n-times the production rate from gravitons. Note that ’n’ here refers only to active moduli
i.e. the subset of the moduli in the theory which couple to a particular massive state. A
graphical interpretation of this constraint is given in Fig. (5). The region between the two
parallel lines is forbidden, but it disappears as Mp → ∞, as is expected from a swampland
condition. Points in feld space saturating the bound lie on top of the blue lines marking
the boundaries.
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Figure 5.4: The scalar WGC for n active moduli coupling to massive WGC scalars. The barred
region correspond to points in moduli space in which gravity is too strong. This region disappears
as Mp → ∞. N = 2 BPS states lie on top of the blue boundary lines.

50



���
���

���
���

5.3. Pair production from scalars and the Scalar Weak Gravity Conjecture

One can then state

The Pair Production Scalar Weak Gravity Conjecture (PPSWGC)

Given any set of moduli scalars, there must be a massive particle H with mass m 
coupled to them such that their average production rate at threshold from moduli
is larger than the corresponding rate from gravitons.

5.3.1 Examples

5.3.1.1 Complex scalar in N = 1 supergravity

Consider frst the case of N = 1 supergravity with a metric gi¯ = Kij̄ , with K(T, T ∗)j 
the Kähler potential. Without loss of generality let us defne the real function F (Ti, T ∗) byi 

2 Fm = M2e , and take n complex Ti felds dimensionless. One can check that Eq. (5.20)p 
may be rewritten in the simple form

ij̄g Fij̄ ≥ n . (5.21)

Note that, due to the absolute value, there is a symmetry under F ↔ −F . This tells us that,
0 M2if there is a particle with mass m verifying the bound, a particle with mass m = /mp 

would also obey it. In the specifc models below this symmetry would correspond to a
duality symmetry. Note also that in a N = 1 supergravity theory with spontaneously

2 Gbroken SUSY, the gravitino mass may be written as m = e , with G the full Kähler3/2 
potential. With this structure such a mass automatically saturates the bound, which would
apply rather to the scalar s-Goldstino, since the massive states in our derivation are scalars.

Let us consider the simple case in which the moduli have a no-scale metric, i.e., gi,j̄ = 
δi,j̄ /(Ti + Ti ∗)2 . These appear for example in N = 1 toroidal/orbifold compactifcations
down to 4D in string theory (see e.g. [27]). The conjecture requires now the existence
of scalar felds, with mass m2(Ti, Ti 

∗), coupled to the moduli. The constraint is in this
example

δij̄(Ti + Ti ∗ )2 Fij̄ ≥ n . (5.22)

Let us study the case in which the inequality saturates. One fnds solutions
X 

F = f(Ti) + f ∗ (Tī 
∗ ) + ηilog(Ti + Ti ∗ ) (5.23)

i 

with f(Ti) an arbitrary holomorphic function. Here ηi takes all possible choices ηi = ±1.
In this case our PPWGC saturating states would have a mass

2 2 f(Ti)|2 ±1 ±1 ±1 m = m0|e t t ...t . (5.24)a 1 2 n 

with f(Ti) an arbitrary holomorphic function and ti = 2 ReTi. The index a = 1, 2, ..2n .
The large modulus behaviour depends on the form of the holomorphic functions f(Ti). In
the case of constant f ’s, going to a canonical frame with t = eσ there are states which
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become exponentially light in the limits σ → ±∞. This behaviour would be in agreement
with the expectations of the swampland distance conjecture. Also for each saturating state
there is another dual state with inverse mass, as pointed out above. We will see below that
certain classes of BPS states in known N = 2 supergravity theories from string theory are
consistent with this structure.

For more general CY the metric of the Kähler moduli (in. e.g. Type IIA string
theory) has the behaviour at large moduli

di
Kij̄ ' , (5.25)

(Ti + Tī)2 

where the di are integers characteristic of each singular limit [124,125,134]. From Eq. (7.30)
one can compute the asymptotic behaviour of the particles which saturate our bound. One
now fnds

2 2 ±d1 ±dnm = m0|e f (Ti)|2(t ...t ) . (5.26)a 1 n 

This behaviour, corresponds e.g. to the asymptotic behaviour found in [124,134], showing
the large moduli regime of BPS states in Type IIB CY compactifcations. It would be
interesting to go through examples in e.g. [124–128] and check the agreement with the
constraint.

The solutions in (5.24) allow for alternative behavior depending on the particular
holomorphic functions f(Ti), the arbitrariness is substantial. For example, one may chose
all ηi = −1 and f = −log(Πiη(Ti)

2), with η the Dedekind function. With such a choice the
mass is SL(2, Z)n invariant. This kind of structure appears in the class of duality invariant
non-perturbative potentials considered in [7] and references therein. At large moduli the

−(π/12)tDedekind function has an exponential behaviour η ∼ e , so that there could be
2saturating solutions with a behaviour m ∼ 1/(Πiti e

−π/3ti ), exponentially growing at
large ti. This class of solutions would not have the asymptotic behaviour of the distance
conjecture, as explained in [7]. Note in this respect that such exponential of exponential
behaviour at large moduli appears also for the states called of Type II in [124, 125] for
Type II CY compactifcations.

5.3.1.2 Examples from BPS states in N = 2 supergravity

We would like now to show that examples of BPS states in N = 2 supergravity
theories from string theory saturate our bound. We will consider for illustration a class
of BPS states which appear in Type IIA CY compactifcations from Dp-branes wrapping
even cycles. These (and their IIB mirrors) have been discussed in [124–127], [134] to
provide string theory tests of the swampland distance conjecture. We follow here [126].
The relevant masses are summarized in the table. Here KK is the Kähler potential of the
Kähler moduli Ta = ta + iηa, a = 1, .., h11, and κabc are the triple intersection numbers in

2the CY. The masses of the BPS states may be written as m = 8πeGr , wherer 

Gr = log|Wr|2 + KK , (5.27)

and |Wr|2 is given by the di˙erent superpotential factors in the table. With this form one
obtains the constraint is

ij̄g (Gr)ij̄ = h11 , (5.28)
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D0 D2 D4 D6

Mass2 (CY) KKe KK |2 e |Ta
P 2 

Kk 1 e 2 b,c κabcT bT c P 2 
Kk 1 e 6 a,b,c κabcT aT bT c 

Mass2 (Z2 × Z2) 1 
t1t2t3 . ti 

tj tk 
tj tk 

ti 
t1t2t3 

Table 5.1: Masses of the di˙erent particles obtained by wrapping one kind of Type IIA Dp-brane
around a given even cycle on a general Calabi-Yau threefold and for the Z2 × Z2 orbifold example
from ref. [126]. Masses are in units of 8πM2 .p 

which holds, since (Gr)ij̄ = (KK )ij̄ = gij̄ . More explicitly, for the case of the Z2 × 
Z2 toroidal example considered in [126] there are three Kähler moduli Ti and 8 BPS

2states corresponding to D0,D2,D4 and D6 wrapping even cycles. Their masses are m = r 
±1 ±1 ±18π(t t t ), with ti = 2 ReTi, as shown in table 5.1. Note that these masses agree with1 2 3 

the result we showed in Eq. (5.24) (for f constant) which do saturate our bound.
Note that, in agreement with the duality symmetry F ↔ −F , for each BPS example

in the table with mass m, there is another one with mass 1/m. From the D-brane per-
spective, a duality with respect to the six compact dimensions transforms D0 ↔ D6 and
D2 ↔ D4. This is also an electric-magnetic duality since the states have also inverse charge
under magnetic U(1)’s. In Fig. (5) particles coming from D0, D2 are points within the
rightmost blue line, whereas those coming from D4, D6 are inside the blue line on the left.

The fact that for these N = 2 BPS states our condition is saturated is not surprising
due to the following fact. In N = 2 supergravity the central charge Z satisfes the algebraic
equation [120, 122,135]

� � 
g ij̄ DiDj̄ |Z|2 − DiZDj̄Z = nV |Z|2 (5.29)

where nV counts the number of vector multiplets. This condition should be verifed by the
central charge of any BPS state.

The above algebraic expression may be derived from the Special Kähler Geometry
identities (see e.g. [136] )

DīZ = 0 ; DiDj̄ Z = gij̄ Z . (5.30)

Identifying Z with the ADM mass m suggests to write

2 i¯ 2 m g j ∂i∂j̄ m 2)− (∂im 2)(∂i m = 4 nV m . (5.31)

This equation is consistent with our equation (5.20) above and masses saturating it would
lie at the boundary blue lines in Fig. (5.4).

5.3.1.3 The case of n real scalar felds

Let us consider now the case of n real scalar felds ti with diagonal kinetic terms.
One can obtain the trilinear and quartic couplings from the general expansion

2(ti) 2) ti + 
1
(∂2 2) t2 2 m ' m + (∂im i m + ... (5.32)0 i2 
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Chapter 5. Pair Production and Gravity as the Weakest Force

Consider frst the case of n real scalars with diagonal no-scale kinetic metrics gii = 1/t2 
i .

From the pair production constraint we now obtain
X m4 

ii 2)2 2(∂2 2)g (∂im − m i m ≥ n . (5.33)
M2 

pi 

2 FWritting m = e , when the inequality is saturated one obtains
X 

2(ti ) ∂i 2F = n , (5.34)
i 

with solutions
� � P 

2 ±1 ±1 m 2(ti) = m t ...t e i biti . (5.35)0 i n 

Here m0 and bi are real integration constants. Note that now, unlike the SUSY case
above, the existence of a scalar moduli space is not expected, and the interpretation of the
massive states saturating the bounds is not obvious. Still, it is interesting to explore for
comparison what is the form of the saturating masses in this case. We have two classes
of solutions. For bi = 0 one obtains saturating states very similar to the complex no-scale
metric example in Eq. (5.24), which is the kind of behavior of BPS, KK and winding
states in string theory. As in the previous examples, this is in itself remarkable, since it
means that the scalar PPWGC condition for massless particles with scale invariant metrics
must come along with a massive spectrum behaving like winding and momenta, i.e., string
theory. Note also that here the presence of both winding and momenta (and hence duality)
is a consequence of the invariance under F → −F of the rates. Thus having rates and
no amplitudes in comparing the interactions is at the root of the built-in duality of the

σmassive spectrum. Going to a canonical frame with t = e the behavior at large σ is
exponential, consistent with the distance swampland conjecture.

For bi 6= 0 there are additional saturating solutions. They have an additional expo-
nential factor in t, which means exponential of exponentials once one goes to a canonical
frame. This is analogous to the result above for complex moduli.

We may alternatively consider a canonical metric for the scalar felds. It is easy to
see that in this case one obtains saturating solutions of the form

2 d(t1)± 
d(tn)± i m 2(ti) = m0 (t ...t ) , d(ti)

± ≡ c± ± 1/2log(t) , (5.36)1 n 

φi i 2where we have defned ti = e , with φ the canonical felds and c and m are real± 0 
constants. The structure has also a form proportional to powers td(t), reminiscent of the
of the examples discussed above, but now with a slowly varying exponent d(t). Under

i ia duality transformation ti → 1/ti one obtains a new solution exchanging c+ → −c+,
d(ti)+ → −d(ti)+. So again for each solution of mass m there is another solution with
mass 1/m. Note however that going to a canonical frame shows that the solutions have
a Gaussian behavior. In fact such Gaussian solutions would also appear for the case of
complex scalar felds with a canonical, instead of no-scale metrics.

5.3.1.4 Previous formulations of the SWGC

It has been argued [87, 120] that gravitationally stable bound states also lead to
inconsistencies within Quantum Gravity and that therefore they should be forbidden. This
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is essentially tantamount to requiring that the electromagnetic repulsion be stronger than
gravity. This idea was frst explored in the context of scalar felds by E. Palti [41,120] and
then extended in [87]. In the simple case that we have studied in this section the is enough
to guarantee that extremal black holes can decay.The relation between these proposals and
the WGC was further studied in [127, 128,134].

There have been previous formulations of scalar weak gravity conjectures in the
literature. Palti was the frst in making the proposal [120] that a theory with moduli ti 

should have a state H with mass m obeying the bound

2m 
gij (∂ti m)(∂tj m) > . (5.37)

Mp 
2 

This has the simple interpretation of imposing that a trilinear ti|H|2 coupling squared is
stronger than the gravitational coupling. In that paper it was noted that this inequality
cannot be directly deduced from bound states arguments (or from the RFC) since both the
scalars and gravity act attractively. It was also noticed that, at large feld, this expression
is consistent with the swampland distance conjecture.

Palti also proposed (see footnote in [120]) the inequality

21 m 
gijrti rtj m 2 − gij (∂ti m)(∂tj m) ≥ n , (5.38)

2 M2 
p 

with n the number of real scalars coupling to the WGC state of mass m. The motivation
for this inequality mainly came from the Special Geometry identities in N = 2 supergravity
mentioned above. Note that it is analogous to our constraint except for the fact that we
have an additional absolute value taken in the left (and there is some numerical factor).

In ref. [3] it was proposed a slightly di˙erent version of a scalar WGC for a real scalar
with canonical metric given by

4m22)2 2∂22(∂φm − m φm ≥ . (5.39)
M2 

p 

The motivation was to modify the original scalar WGC of Eq. (5.37) to include quartic
scalar interactions. A further motivation was the intriguing structure of its saturating
solutions. Indeed the above equation may be rephrased as

ρ 1 
ρ00 = , ρ ≡ , (5.40)

M2 2mp 

and the saturating solutions have the form

2 m =
1 

. (5.41)
aeφ + be−φ 

At both limits φ → ±∞ the behaviour is consistent with the swampland distance conjec-
φture. Furthermore, defning t = e , there is built-in duality under the exchange t ↔ 1/t.

Thus the saturating solutions have the structure of KK and winding momenta, implying
the existence of an underlying theory with extended objects. This is in fact the kind
of structure that we have found in the present article, although the precise form of the
constraint is not the same.
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For a single real scalar the scalar PPWGC gives rather the constraint Eq. (5.33)

4m 
(∂φm 2)2 − m 2(∂φ 

2 m 2) ≥ 
M2 . (5.42)

p 

Comparing with (5.39) we see there is a factor 2 missing in the frst term and the absolute
value taken on the left. It is the factor 2 which makes the solutions in (5.41) di˙erent from
those of Eq. (5.36) taken for a single feld. It is an interesting question whether a scalar
theory exists yielding a result analogous to (5.39) from scattering amplitude arguments.

In part motivated by [3], there have been some attempts to arrive at a SWGC using
bound states arguments by somehow introducing short-range repulsive scalar interactions.
In order to compare short with long range forces, one needs to fx an energy scale. In [137]
a modifed version of the RFC was proposed where only the leading interaction is to be
compared with gravity. In this way they were able to motivate di˙erential inequalities for
the SWGC. A di˙erent proposal was made in [138]. They argued against the formation
of gravitationally bound states with sizes smaller than their Compton wavelength. This
idea was coined as Bound State Conjecture. The latter does not give rise to a di˙erential
inequality and it remains non-trivial even when gravity is turned o˙.

The fact that the PPWGC gives a well defned rationale for the existence of a Scalar
Weak Gravity Conjecture is an important result of the present work. So far, it is the only
criteria that is translated into a di˙erential constraint including both frst and second de-
rivatives of the mass, making direct contact with known N = 2 BPS constraints, proposing
also a generalization to non-SUSY settings.

5.4 Constraints on the scalar potential for moduli

In the above we have seen how the PPWGC applied to scalars suggests the existence
of massive scalars which obey or saturate the bounds, so that gravity is the weakest force.
These felds correspond to scalars belonging to BPS multiplets when there is enough SUSY.
However, we would like to know whether any constraint may be obtained for other scalars
like moduli themselves, once they get a mass. In particular, it would be interesting to
see whether the above bounds may give us some constraint on moduli (or other scalars)
e˙ective potentials.

One possible connection, inspired by our experience in string theory, is as follows.
Moduli ti in string theory are massless classically and get a potential at the quantum
level. Such potentials often appear after summing over loop contributions of massive Ha 
particles, like e.g., towers of BPS states. The dependence on massive BPS states may also
appear at the non-perturbative level. Those massive particles have masses ma(ti) which
are functions of the moduli already at the classical level, we saw some N = 2 examples
above. In those cases the induced moduli potential will depend on the moduli through the
masses of the heavy BPS-like states, V = V (ma(ti)). If we insist that the masses of heavy
Ha scalars ma are subject to the PPSWGC, one might hope to obtain some constraint on
the form of the resulting moduli potential. In string theory we typically have plenty of
moduli and infnite towers of BPS objects so the task is not easy. Here for simplicity we are
going to consider the, admittedly, oversimplifed case of a single modulus whose potential
is a function of a single massive state H whose mass m obeys a single feld version of the
constraint Eq. (5.20).
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2γFigure 5.5: Constraints for the potential of a single modulus when V ∝ m . In the barred
region the gravitational interaction is stronger than the scalar one. If a dS minimum exists, and
the potential vanishes at infnity, there must be also a local maximum. This is not possible because
going from a minimum to a maximum in feld space (green line) one has to go through the forbidden
region. The constraint disappears as Mp → ∞.

In this section we examine whether the scalar WGC leads to constraints similar
to those of the dS conjecture. One possible hist of this connection is the appearance
in both of the second derivative of the potential. Let us frst recall the swampland dS
conjecture [110–112] for later comparison. The latter states that the scalar potential for a
theory coupled to gravity satisfes either

0|rV | ≥ c
V 

, or , min(rirj V ) ≤ −c V 
. (5.43)

M2Mp p 

Here c, c0 are constants of order one. In the second alternative one has the minimum eigen-
value of the Hessian in an orthonormal frame. This refned dS conjecture has the property
that dS maxima are allowed (as it should since e.g. the SM has one such maximum) but
dS minima are not. This form of the dS conjecture is motivated by arguments which use
the covariant entropy bound applied to a dS confguration, see [110–112].

Let us consider for defniteness the case of a N = 1 supergravity theory with a
single modulus T . It gets a potential at the quantum level from a massive state with
mass m2(T, T ∗), so that the modulus potential depends on the moduli only through its

2dependence on this mass, V = V (m2(T, T ∗)). To simplify notation defne y = m . Then
it is easy to check that

! 
2 VT 2 VT 2 VTT Vyy VT VT m = , m = ; m = − (5.44)T T TTVy Vy Vy Vy Vy 

2 
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Chapter 5. Pair Production and Gravity as the Weakest Force

Imposing the PPWGC bound in Eq. (5.20), one gets the result

2 
TT VT VT Vyy VTT y 
g (1 + y ) − y ≥ . (5.45)

V 2 Vy Vy M2 
y p 

If we search for extrema VT = V = 0 one obtains (assuming Vy 6= 0)T 

yVyTT g VTT ≥ . (5.46)
M2 

p 

One sees that the second derivative of the potential is bounded below. This is reminiscent
of the dS conjecture refnement, that if there is a extremum, the second derivative of the
potential must be large enough. However, in the present case it applies both to dS and
AdS.

More specifc results are obtained if one assumes a power dependence for the po-
tential,i.e., V = ηm2γ , with γ a positive number and η = ±1 (see also [139]). Examples

2of Type IIA orientifolds with fuxes [104, 105, 140] scale like V ∼ m at the minima.
This behavior is also a prediction of the AdS conjecture in ref. [97], recently tested in
e.g. [103, 106, 107, 141, 142] within string theory. Another example of this kind of depend-
ence is the case of the Coleman-Weinberg one-loop potential, which is proportional to the

2γ4-th power of the mass propagating in the loop. For V ∼ m one fnds:

� �2 rV V γTT TT− g ≥ . (5.47)
V |V | M2 

p 

At extrema one gets the condition:

|V |TT g V ≥ γ . (5.48)TT M2 
p 

This constraint is represented in Fig. (5.5). This gives a low-energy bound on the mass
of the moduli at the minimum in terms of the value of the potential. It is also somewhat

0analogous to the refned dS conjecture for c = γ and the recent TCC conjecture [143], but
it also applies for AdS vacua.

In this case one can see that dS minima are forbidden, at least for potentials such
that V → 0 as T goes to infnity. The point is that, in such a case, if the potential has a
dS minimum, then it must necessarily have a dS local maximum. If the potential is non-
singular, there should be a feld path connecting the minimum with the maximum. But,
as the fgure shows, one cannot continuously go from a minimum to a maximum without
going through the forbidden region where gravity is too strong.

It would be interesting to test these minima conditions in the context of the class
of Type IIA AdS vacua in ref. [103–106, 140] . A di˙erent conjecture also involving also
second derivatives of the potential was put forward in [113].

One should take these bounds on potentials with caution. Here we are only consid-
ering one modulus with a a single massive object verifying PPSWGC constraints, and with

2γa simple potential of the form V ' m . Still it shows how a possible connection between
the dS and scalar WGC conjectures could arise. It would be particularly interesting to
generalize, if possible, these arguments to the case of multiple felds.
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5.5 Strong Scalar Weak Gravity Conjecture

One can think of several options concerning what is the most important physical
principle underlying the WGC, perhaps it is:

1. Something primarily related to black-holes and their stability.

2. Its relation to some other Swampland Conjecture like the No Global Symmetries
conjecture or the Distance Conjecture (infnite distance limits, dualities).

3. The general principle of gravity being the weakest interaction which is the crucial
point.

If the latter is true, the consequences would be paramount, since there are many physical
instances in which interactions may potentially be weaker than gravity without black-
holes playing (at least apparently) any role. In the present chapter we want to argue that
insisting in gravity being always and in any circumstance the weakest interaction, may
have very important implications if applied to scalar particles.

In the previous chapter we have proposed an extension of the WGC using Pair
Production as the criterion to decide which is the weakest interaction. The proposed
PPWGC applied to scalar felds (PPSWGC) declares that WGC particles with mass m 
must exist such that their production rate by massless moduli φ is constrained as in section
5.3. On the other hand, according to the idea that no interaction weaker than gravity exists,
one would also expect constraints among interacting scalars. In particular, moduli will in
general acquire masses and interactions in the absence of SUSY, and their interactions
would be constrained if they must be weaker than gravity. It is sometimes the case that
once the moduli get a potential, it depends on the mass of the WGC state. In these cases

2 → V 00it makes sense to make the replacement m in Eq. (5.18) to obtain precisely Eq.
(5.50).

In [3] such a constraint was proposed with ξ = 2, inspired by Eq. (5.39). On the other
hand Eq. (5.42) would suggest instead ξ = 1. These proposals are not based on a specifc
set of diagrams but are rather bold generalizations to the case of the self-interactions of
a single real scalar feld. Perhaps the particular value of ξ depends on the details of the
spectra, that its, that the general principle of the Pair-Production WGC applies, but the
particular equation depends on the details of the theory.

One may try to justify a particular value of ξ in terms of the scattering of a couple
of real scalars. In this case one would consider the elastic scattering of two scalars almost
at rest compared to the threshold production of two scalars from graviton scattering. The
diagrams for the scalar scattering are those in Fig. (5.6) (they are the same as in Fig.
(5.3) plus an additional s-channel one in which two scalars produce a virtual scalar which
then decays into two scalars). Since the mediators are massive, the threshold conditions

2are u = t = 0 and also s = 4m . Direct application of the Feynman rules give:

� � 
1 1 1 22)2N1 + N2 + N3 = −(ṁ + + − m̈ , (5.49)

2 2 2t − m u − m s − m 

so one obtains ξ = 5/3.
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Figure 5.6: Tree level diagrams contributing to the pair production in the scalar theory and
linearized Einstein gravity associated to the Strong Scalar WGC.

Still, as we will see below, in order to see how masses and parameters are constrained
the particular value of ξ is not very relevant, as long as it is of order one. For these reason
we state the conjecture in terms of an order one factor:

Strong Scalar Weak Gravity Conjecture (sSWGC):

The potential of any canonically normalized real scalar V (φ) in the theory must
verify for any value of the feld the constraint:

ξ(V 000)2 − (V 00)(V 0000) ≥ 
(V 00)2 

M2 
p 
, (5.50)

where ξ is an O(1) positive number and where primes denoting derivation with
respect to φ.

One important property of the condition (5.50) is that it is a Swampland condition,
in the sense that it disappears when gravity decouples. This is unlike the condition without
the absolute value put forward in [3].

The constraint in Eq. (5.50) passes some interesting tests. If one considers a Higgs-
2like potential of the form V = m0φ

2/2 + λ0φ4/4! one gets from Eq. (5.50) a constraint

m4(φ)|λ| m 2(φ) − λφ2 ≥ ξ , (5.51)
Mp 

2 

2 = V 00 2 1where λ = ξλ0 and m = m0 + λ0φ2 the feld-dependent mass2 . Note that at small2 
φ the constraint is verifed as long as |λ0| ≥ (m0/Mp)

2 , in agreement with Weak Gravity
intuitions. The constraints on the plain m2(φ)-λφ2 are shown in Fig. (5.7) for λ = 1, 0.1,
in units of Mp/ξ

1/2 . The red area is allowed by the condition. One notices that as the
value of the feld φ → 0 the value of the mass becomes smaller and smaller. This pattern
is sharper for smaller λ. This structure is interesting, as it shows an unexpected feld-
dependent upper bound on the masses of scalars as the feld varies. For values outside the
red area the gravitational interaction dominates over the scalar interaction and hence that
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Figure 5.7: Constraints on the m 2(φ) − λφ2 plane for a quartic real scalar potential for fxed λ = 1 
and 0.1 in Planck units. The red region is allowed. The blue region marks when m 20 > 0. As the feld φ 
tends to zero, the feld-dependent mass m 2(φ) also decreases. The allowed region also gets narrower as λ 
decreases. When gravity decouples the allowed red region covers all the upper half-plain.

situation is forbidden. As gravity decouples, the red area covers all the plain. The sSWGC
mwithout the absolute value, for the Higgs-like potential at φ = 0 would give λ ≤ − 2

2
0 

M .p 
Thus for a massive scalar only an unstable potential with λ < 0 would be allowed. Based
on this observation (as applied to the case in [3]) some counter-examples were argued to
exist in [138]. In the new results in the present paper both signs of λ are allowed. In this
regard note that a constraint without the absolute value, would also forbid feld ranges

2with |φ|2 ≤ 2m0/λ, even in the absence of gravity. Such a forbidden feld range is no
longer present in the new constraints Eq. (5.50). Note that somewhat analogous results,

5in particular, the presence of an absolute value and the coeÿcient were also obtained3 
in [137], although starting from di˙erent physical principles.

As we said, as λ → 0 the condition is violated. It was already pointed out in [3] that,
since λ in the SM vanish at a high scale ' 1010 − 1013 GeV, new physics is predicted to
appear at this scale, since the quartic interaction becomes weaker than gravity. An elegant
solution to this problem is that SUSY is recovered below that scale, getting a theory
consistent with quantum gravity. Note that this behaviour appears only in the presence of
gravity and hence would be a Swampland constraint, not a feld theory constraint.

The possibility of a cancellation between trilinear and quartic contributions is more
general than the above constraint, and appear in other examples due to the structure
of the amplitude in Eq.(5.18). In fact this is the origin of the forbidden bands in Figs.
(5.4),(5.5). This may lead to potential inconsistencies with the scalar WGC at fnite
points in moduli space in some examples, indicating their inconsistency or incompleteness
if gravity is present. In the N = 2 SUSY examples shown above this does not happen for
the BPS states, which lie at the boundary of the forbidden regions. But it may happen e.g.
in non-SUSY examples for some feld value. Turning the argument around, the presence
of these forbidden regions in non-SUSY theories coupled to gravity could be an argument
for the presence of SUSY at some scale in the low energy e˙ective action.

It is important to remark that the sSWGC stands on a less frm ground than the
general PPWGC or the SWGC discussed in sections 5.2 and 5.3. In particular it is not
obvious that the simple recipe m2 → V 00 in the PPWGC constraints is suÿciently justifed.
To our knowledge, there is however no counterexample to the sSWGC here considered with
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an absolute value included. It would be interesting to fnd further support for generalized
SWGC like this. If one takes a constraint like Eq.(5.50) to be valid for any single scalar
potential, there are important phenomenological implications, as already shown for the old
version of the constraint in [3]. In addition, it would also be interesting to fnd a multi-feld
generalization of these constraints.

Before proceeding, let us briefy examine how Eq. (5.50) would restrict a few simple
potentials. First of all, a linear potential V = aφ+c always verify our SSWGC. This means
that the value of |φ| is unconstrained and may be trans-Planckian with no inconsistency.
Secondly, a pure quadratic potential V = m2φ2 is special. In this case the condition is

2violated for any value of φ with m > 0. This may be interpreted as a condition that
forbids the existence of massive scalars with no interaction other than gravity. It reminds
the U(1) WGC which also states that gauge bosons must have at least one charged particle
to interact with. For a purely cubic potential V = µφ3 the condition is fulflled only ifq

576ξ−288|φ| ≤ 
√ 
ξMp. For a purely quartic potential (V = λφ4) we fnd |φ| ≤ Mp.144 

5.5.1 A nice test: the axion potential

The WGC for axions gives [32,41,57–59,83,144]:

Sinst ≤ 
1 
Mp , (5.52)

f 

where Sinst is the instanton action. For the theory to be within control one asks for
Sinst ≥ 1, leading to the constraint f ≤ Mp. This is relevant for models of natural infation
in which values for f larger than Mp are in general required in order to get appropriate
infation.

If the SSWGC applies to any scalars, it should apply also to axions and their periodic
potentials which we know appear in string theory whenever an axion-like scalar couples
to a non-Abelian gauge group. So one may consider the axion example as a test for the
conjecture. The leading instanton contribution to the axion potential has the form

V = − cos(φ/f)) . (5.53)

In this case the SSWGC Eq. (5.50) gives

1 � � cos2(φ/Mp)
ξ sin2(φ/Mp) + cos 2(φ/Mp) ≥ . (5.54)

f6 f4M2 
p 

which gives:

f2 ≤ Mp 
2(1 + ξ tan2(φ/Mp)) (5.55)

and, since the bound must be true for all φ, one obtains f ≤ Mp.
So we see we can derive from the SSWGC the condition that the decay constant f 

of an axion cannot exceed Mp. In the present case this comes about because otherwise the
scalar interactions would be weaker than gravitation.

62



���
���

5.5. Strong Scalar Weak Gravity Conjecture

5.5.2 One Application: The Higgs Potential

The above introduced Strong SWGC may have an important impact whenever there
is some Planck suppressed scalar interaction with the risk of becoming weaker than gravity.
In [3] we studied the constraints on Infationary models and we used it to test the KKLT
proposal. In this section we will only explain in detail one application of the SSWGC.

A natural candidate in the SM to give rise to interactions weaker than gravity at
some scale is the Higgs feld. The bound in Eq. (5.50) is a bound on the mass of a scalar
(for all φ). Since the mass is suppressed by a 1/Mp factor one may expect that it will
trivially be obeyed by any particle physics model. In fact this is not necessarily the case.
It may happen that for some particular value of φ the term in the left hand side cancels
exactly. In other words, defning

ξ(V 000)2 − V 00V 0000δ(φ) = , (5.56)

one can obtain a bound

m 4(φ) ≤ δ(φ)Mp 
2 . (5.57)

This means that if, at some fnite value of φ, δ(φ) vanishes or is very small, then the bound
could be violated, indicating that our model is wrong or incomplete.

In the case of the physical Higgs feld H of the SM the above di˙erential equations
2 2would have an additional positive term (g1 + g2) contributing to δ(H) from the exchange

of electroweak gauge bosons. It is known that above the EW region, the potential for the
Higgs reaches a maximum at Qmax and eventually decreases and becomes negative in a
region around Qins ' 1011 −1013 GeV, see e.g. [145] and references therein. The maximum
turns out to be close to the instability scale Qins and δ(H) may vanish close to that scale.
This would be the signal that either some new physics appear at that point or else one has
to modify the SM below Qmax so that this zero of the Higgs interaction never appears. In
particular, a SUSY version of the SM like e.g. the MSSM may avoid this potential problem.
The Higgs potential in the SUSY case is monotonous, with no maxima at any intermediate
region developing. Thus SUSY would be here present not to solve the hierarchy problem
in the traditional sense (absence of quadratic divergences) but rather to avoid that at any
point the Higgs interaction becomes weaker than gravity.

In this connection note that in Eq. (5.57) the left hand side is quadratically divergent
whereas the right hand side involves only logarithmically divergent quantities. This would
be indicating that the usual arguments about to the instability of scalar masses against
quantum corrections are at odds with constraints coming from WGC arguments. An
analogous observation but in a di˙erent context was already made in [63]. We leave a
detail study of the numerical e˙ect of our bound on the SM for future work.
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6 
A Light Fermion Swampland Conjecture

6.1 Introduction

Let us consider a generic D-dimensional EFT and compactify it on a circle. If the
obtained theory in D − 1 dimensions is inconsistent, then it is expected that the original
D-dimensional theory was itself inconsistent. Thus a way to test whether a given D-
dimensional theory is inconsistent is looking for an inconsistency in the dimensionally
reduced (D − 1)-dimensional theory. In particular, if the D-dimensional theory satisfes
some swampland constraint and, it is therefore consistent with quantum gravity, then the
lower dimensional theory should do as well. This line of reasoning has been very useful
in the past to promote some string theory feature to a general quantum gravity principle,
rather than simply being an artefact of the lamppost we look under. In particular, it
has been used to argue for the ubiquitous presence of Chern-Simons terms in order to
avoid the presence of global symmetries in lower dimensions [52], and certain properties
of the gauge kinetic function in order to avoid the presence of 2d deSitter vacua [146]. It
has also been used to refne certain swampland conjectures to make them robust under
dimensionally reduction, like the Weak Gravity Conjecture [57] in [72] as well other more
recent swampland conjectures in [147]. Of course, this does not need to always be this way,
there can be some conjectures that are special in some dimensions.

In this paper, we will impose the following swampland constraints:

Non-SUSY AdS conjecture [89, 91]: Any non-supersymmetric vacuum must be at
best metastable.

AdS Distance conjecture [97]: There must exist an infnite tower of states with mass

(D)m ∼ n|ΛD|αD M1−2αD (6.1)n D 

as ΛD → 0 when scanning a family of vacua with cosmological constant ΛD . The
mild version implies αD to be a positive constant, while the strong version requires
αD ≥ 1/2 for AdS vacua.

Consider some Einstein gravity theory in D dimensions coupled to matter satisfying
the above swampland constraints. Our goal is to determine the constraints on the spectra
such that circle compactifcations of this theory preserve the above swampland criteria
as well. To answer this question, we will study the potential for the radion arising in
lower dimensions from the Casimir Energy contribution of the di˙erent states. If we fnd
that the dimensionally reduced theory leads to a vacuum violating the above swampland
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constraints, the D-dimensional theory should be inconsistent. This will allow us to rule
out certain universal classes of Minkowski, dS and AdS vacua.

Our results hold under the following assumptions. First, when applying the Non-
SUSY AdS conjecture, we will assume that potential non-perturbative instabilities in D 
dimensions are not inherited by the AdS (D − 1)-dimensional vacua. This implies that
the bubble radius of these instabilities (if it exists) is larger than the AdS length, so they
cannot describe bubble instabilities in lower dimensions. This is better justifed the smaller
the AdS length is.

Secondly, when applying the AdS Distance conjecture, we will assume that there is
a family of D-dimensional vacua exhibiting di˙erent values for the masses of the states in
such a way that by scanning on the masses we are e˙ectively probing di˙erent EFTs. We
will assume that the point where all states are massless is part of the landscape and start
increasing the masses until we reach (if so) some inconsistency.

A common feature found in our analysis is the need for light fermions in the theory.
In particular that is the case for Minkowski and dS vacua and is supported by the results
of both the Non-SUSY AdS conjecture and the AdS distance conjecture. The fact that two
independent swampland constraints require the presence of light fermions is intriguing and
suggests that they are signals of a more general quantum gravity constraint involving light
fermions. In particular we propose a light fermion conjecture which states that in theories
with ΛD ≥ 0 and positive frst non-vanishing supertrace (−1)k+1StrM2k > 0, there must
be a surplus of fermions with masses m . ΛD. The Standard Model (SM) itself may be
an example if one interprets dark energy in terms of a dS phase, with the predicted light
fermions being the lightest neutrino generation. In fact, this leads to the prediction that
the lightest neutrino must be Dirac and have a mass mν1 . Λ1/4 , which nicely connects4 
two fundamental scales of physics and is consistent with present neutrino data. This has
been studied in detail in [1,2,85,89,148] and in a companion paper which also studies the
case in which the dS phase is due to a quintessence scalar [6].

6.2 Setup

Consider a (D > 3)-dimensional Einstein gravity theory coupled to matter. Through-
out this note, we will assume the following D-dimensional spectra:

Massless graviton + massless U(1)a gauge bosons. This yields n0 = 2(a+1) massless
bosonic degrees of freedom.

Massive scalar bosonic degrees of freedom.

Massive fermionic degrees of freedom.

We will always denote as nb (nf ) the total number (massless + massive) of bosonic (fer-
mionic) degrees of freedom. We can trivially extend the results to more massless felds
by simply interpreting n0 as the net number of massless bosonic degrees of freedom (i.e.
massless bosons minus massless fermions).

Upon dimensional reduction on a circle, we obtain a d = D − 1 dimensional theory
including at least one extra scalar, the radion R, which parametrizes the size of the circle,

Z 2πr 
2πR = 

p
GDDdx

D . (6.2)
0 
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To set notation, we choose the following parametrization for the metric
" # 

−2 
(R/r) (d−2) gµν 0GMN = , (6.3)

0 (R/r)2 

where r is introduced to make the metric dimensionless.
The potential for the radion includes a tree-level contribution from a possible D-

dimensional cosmological constant ΛD as well as a one-loop piece originated from the
Casimir energy contribution of all the states of the higher dimensional theory. This reads:

V = Vtree + V1L (6.4)

where
� � 2 

d−2r 
Vtree = 2πr ΛD (6.5)

R 

∞ 
(D−1) X D X KD/2(2πnm R)nb,f 2m i(D−3)V1L = ±2πr i 

2 × ,
D 

(D−3) (2πnmiR)D/2 
i=b,f (2π) 2 R n=1 

whereK is a modifed Bessel function of the second kind. The plus sign is for fermions (with
periodic boundary conditions) while the minus sign is for bosons. This one-loop e˙ective
potential can be computed by a Gaussian integral in the path integral formalism using the
background feld method. We refer to appendix A for more details. The computation of
the Casimir energy in Md × S1 can also be found in [31].

In the region R � (2πnmi )
−1 the potential of a single degree of freedom is given by:

(D−1) 
(−1)F r (D−3) X 

V1L ≈ (−1)k+1 βk(mR)
2k (6.6)

(D−1)(D−2) 
(D−3)R k< D 

2 

Γ( D −k)ζ(D−2k)
2where βk = . This expansion is obtained by introducing an asymptoticD −2k2D−1πD−1Γ(k+1)π 2 

formula for the modifed Bessel function before making the infnite summation. It is only
valid up to 2k < D, when di˙erent terms would have to be included.

Summing over all degrees of freedom, we get that the potential as R → 0 behaves to
leading order as

(D−1) 
r (D−3) X 

V (R → 0) ≈ βk(−1)k+1Str(M2k)R2k + . . . (6.7)
(D−1)(D−2) 

(D−3)R k< D 
2 

where we have defned the supertrace of M2k as
X X 

2k 2kStr(M2k) = nbm − nf m . (6.8)b f 
b f 
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Chapter 6. A Light Fermion Swampland Conjecture

Hence, the potential in the UV (as R → 0) goes to ±∞ where the sign is determined by
the frst non-zero supertrace V ∝ (−1)k+1Str(M2k) with k = 0, 1, 2, . . . Notice that the
frst supertrace with k = 0 is simply equal to the di˙erence between the total number of
fermionic and bosonic degrees of freedom, so that the sign is determined by (−1)Str(M0) = P P 

f nf − b nb. If this term cancels out due to an equal number of bosons and fermions,
2 2then the sign of the potential is rather determined by Str(M 2) = 

P 
b nbm − 

P 
f nf mb f ,

and so on.
In the region R � (2πnmi )

−1 the modifed Bessel functions of the second kind
decay exponentially, so only the massless particles in the D dimensional spectra contribute.
Therefore, unless there is a surplus of massless fermions in the spectra, the graviton (and
other massless bosonic mediators) dominate the one-loop potential in the deep IR. This
means that the Casimir potential goes to zero from negative values when R → ∞. On top
of this, one must consider the tree level contribution, which for ΛD 6= 0 dominates over
the Casimir contribution and controls the behaviour of the potential for large radius, so
that the complete potential goes to zero from (negative) positive values for (A)dS. More
concretely, we can write the leading order expansion of the potential for R → ∞ as

(D−1) 
r d−2 (−1)F r (D−3) β0 

� � 2 

V (R → ∞) ≈ 2πr ΛD − n0 (6.9)
(D−1)(D−2)R (D−3)R 

where recall that n0 is the net number of massless bosonic degrees of freedom.
In the following, we will study in detail under which conditions of the D-dim spec-

tra, the above radion potential generates a d-dim AdS vacuum that may violate the AdS
swampland conjectures. Notice that, in the presence of massless U(1)’s additional massless
scalar Wilson-line degrees of freedom may appear in the spectrum. Their presence may
give rise to non-perturbative instabilities of the d-dimensional radion AdS vacua we are
studying [148]. When discussing the Non-SUSY AdS conjecture we will assume that such
non-perturbative instabilities are not present. This may be due to the nucleation dynam-
ics. In particular the AdS vacua will be stable if the bubble radii are larger than the AdS
length so that the decay does not proceed [148]. The possibility of the existence of any
vacua of these characteristics will make the AdS stability conjecture to apply. Alternat-
ively one can consider closely related compactifcations on the segment S1/Z2 with the Z2 
projecting out the Wilson line scalars [1]. If that is done, all the computations and the
discussion below remain essentially identical except for overall 1/2 factors. For simplicity
we will only discuss the case of circle compactifcation and ignore this potential instability
in what follows. It is also important to remark that such potential instabilities would not
a˙ect the constraints coming from the AdS distance conjecture, which do not depend on
the obtained AdS minima in the compactifed theory being local or global.

6.3 Constraints on Minkowski vacua

6.3.1 From Non-SUSY AdS Conjecture

The form of the radion potential in d dimensions is sensitive to the number of bosons
and fermions, nb, nf as well as their masses. Let us consider frst the case in which the only
massless particles are the graviton and possibly massless U(1)a gauge bosons. In this case,
for large R, the Casimir potential goes to zero from negative values. On the other hand, if
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Str > 0 ; no m = 0 Str > 0 ; surplus  , m = 0

Figure 6.1: Schematic representation of the radion (D − 1)-dimensional potential from D-dimensional
Minkowski vacua. Case A is in the swampland on the grounds of the non-SUSY AdS conjecture. Here
Str > 0 stands for a theory satisfying (−1)k+1Str (M2k) > 0, k = 0, 1, 2... for the frst non-vanishing
supertrace. In Case B a surplus of massless fermions may render the theory consistent.

there are more fermions than bosons nf > nb, for small R the potential is dominated by the
(D−1)(D−2)− 

(D−3)frst term (k = 0) in (6.7) which will diverge like R , so the potential becomes
positive at small radius. Thus, we conclude that an AdS vacuum will develop somewhere
in between, see Fig. 6.1. Since it has more fermions than bosons, the D-dim theory
was not SUSY, so neither is the d-dim theory. Therefore, if these lower dimensional AdS
vacua are stable, they would violate the Non-SUSY AdS swampland conjecture. Notice
that we are choosing periodic fermionic boundary conditions, so that the Witten bubble of
nothing [149] is not topologically allowed. There could be, though, some UV spin defect
that allow a bubble of nothing to form, as required by the swampland conjecture in [55]
regarding triviality of the cobordism group. However, in that case, the bubble instability
is expected to be highly suppressed, implying that the bubble radius is very large. If this
bubble radius is larger than the AdS length, it will not describe a bubble instability in
lower dimensions and the AdS vacua will be stable. We will take this as an assumption,
which bring us to the conclusion that the the original D-dimensional Minkowski vacua
with nf > nb are inconsistent with quantum gravity. The same result applies if we have
massless fermions, unless the number of massless fermionic degrees of freedom exceeds the
bosonic ones, which would change the sign of the potential at large radius (see Fig. 6.1).

Let us consider now the case of D Minkowski vacua with equal number of fermions
and bosons, nf = nb. This is necessary, for instance, if the Minkowski vacua restore
supersymmetry at some energy scale. Due to the presence of the massless graviton plus
possibly some gauge felds, the potential still goes to zero from negative values for large R.
As R → 0, the leading term of the expansion of the potential in (6.7) identically vanishes
since nf = nb, so the potential is dominated by the term proportional to the supertrace of
M2 . If the latter is positive, a global AdS minimum must develop at some intermediate
value of R, which would be inconsistent with the Non-SUSY AdS conjecture. If not only
nf = nb but also the supertrace of M2 is zero, then the potential is dominated by the frst
non-vanishing supertrace Str(M2k). Notice that the sign alternates between the di˙erent
terms, so for example an AdS runaway will appear if Str(M4) is positive.

As we said, one way out to avoid the d-dim AdS vacuum is to add massless fermions
(at least as many as massless bosons) to change the trend of the potential at large radius.
If the fermions dominate, the potential will be positive at large R, and no AdS vacua
will be necessarily generated. Massless fermions may appear in di˙erent instances. In
particular they may appear if there is an anomaly-free set of chiral fermions charged under
massless (Abelian or non-Abelian) vector bosons. One may also consider massless fermions
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Chapter 6. A Light Fermion Swampland Conjecture

with masses protected by e.g. discrete gauge symmetries. This brings us to the following
statement:

Claim 1: A D-dim Minkowski theory satisfying (−1)k+1Str (M2k) > 0 for the frst
non-vanishing supertrace is inconsistent with quantum gravity unless there is a surplus of

massless fermions.

In particular, this rules out Minkowski vacua in non-supersymmetric theories with
nf > nb and theories with supersymmetry broken spontaneously (so nf = nb) with
Str (M2) > 0, as long as the massless degrees of freedom are mainly bosonic.

Interestingly, there are well known explicit formulae for the supertrace in N = 1 
D = 4 supergravity theories with SUSY spontaneously broken at tree level. The supertrace
at the minimum of a general supergravity potential is given by (see e.g. [150] and references
therein)

� � 
Str (M2) = 2(N − 1) V0 + |m3/2|2 + 

(6.10)
α ¯ 

+ 2e K Rαβ̄(D WDβW ) . 

Here K is the Kahler potential, W the superpotential an Rα ̄  the curvature tensor associ-β 
ated to the scalar metric. Also, N is the number of chiral multiplets and V0 the value of
the potential at the minimum, which vanishes in Minkowski. There are some prominent
examples in which the supertrace is positive, which could therefore risk to be inconsistent
with quantum gravity in M4. In particular, if the scalar metric is canonical (sometimes
called minimal N = 1 sugra in phenomenological applications) the curvature piece van-
ishes and Str(M2) > 0 for more than one chiral multiplet N > 1. Such class of theories
would then be in the swampland unless some massless fermions exist. On the contrary, in
no-scale supergravity theories with N chiral multiplets one has Rα ̄  = − gαβ̄(N + 1)/3β 
where gα ̄  is the feld metric. By plugging this back into Eq. (6.10) and using the N = 1β 
supergravity formula for the potential we get that Str(M2) = −4|m3/2|2 < 0. Hence, no
AdS vacuum develops in general and such models cannot be excluded on these grounds.

Clearly, the case with nf = nb is not restricted to supersymmetric setups but can
also occur in the absence of supersymmetry. However, if the theory is non-SUSY we

(D−1)(D−2)− 
(D−3)cannot guarantee that the frst more divergent O(R ) term vanishes to all orders

in perturbation theory in the computation of the Casimir potential, as happens in the
SUSY case. We would need to go beyond the 1-loop vacuum energy in (6.6) to determine
the behaviour of the potential as R → 0. Hence, we cannot ascertain without further
calculation whether an AdS vacuum develops or not for a non-SUSY theory with nf = nb.

Finally, note that the Claim 1 above implies that the SM as such would be in the
swampland, if we were in Minkowski space. Indeed the number of Weyl fermions in the SM
is 48 (including right-handed neutrinos) whereas there are 12 gauge bosons and 4 Higgs
scalars, so nf > nb. Furthermore, we only have massless bosonic degrees of freedom. We
will see momentarily that this conclusion may be evaded if there is a non-vanishing positive
vacuum energy. So using these ideas one could have predicted before the actual discovery
that a non-vanishing cosmological constant (or some form of quintessence) must exist in
the present universe. This could be avoided if there is one generation of strictly massless
Dirac neutrinos, e.g. charged under some discrete gauge symmetry protecting them from
becoming massive. In this case the 4 neutrino degrees of freedom would exactly cancel the
graviton+photon contributions.
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6.3.2 From AdS Distance Conjecture

Unlike what happens with the previous conjecture, here non-susy AdS vacua are not
problematic per se, but only if they are part of a family of vacua of di˙erent vacuum energy
such that Λd can be taken to be parametrically small without an infnite tower of massless
becoming light. As we have seen, upon compactifcation on a circle, the d−dimensional
cosmological constant Λd depends on the masses of the D-dimensional felds. Hence, in
order to determine whether the original vacuum is inconsistent with the AdS Distance
conjecture, we need to check whether by varying these masses we can send Λd → 0 without
forcing an infnite tower of states to become light in the limit. We will therefore assume
that such scanning of the masses is possible in the sense that the original vacuum is not
isolated but rather forms part of a family of D-dim Minkowski vacua exhibiting di˙erent
values of the masses. The advantage is that the results are independent of whether the
vacuum is unstable or supersymmetric, and therefore no further assumption about the UV
instability of the D-dim vacuum is required. In particular it is independent of the existence
of other minima or runaway directions in the UV.

Let us assume that an AdS vacuum is generated in d-dimensions. One can check
that minimization of the potential implies:

2D+ � ∞X D−3 X KD (2πpmiR0)(−1)F nim 2i 2×2 D − 3 D 
(miR0)D−3 (2πpmiR0) 2i=b,f p=1 

∞X pKD +1(2πpmiR0)
� 

+ 2 
D = 0, (6.11)

(2πpmiR0) 2 −1 
p=1 

where R0 is the value of the radius at the minimum. If all the massive particles have the
1same mass m and if such a minimum exists, then it should scale as R0 ∝ , since them 

above expression is a function f(mR0) of the product of the mass and the radius. By
plugging this back into (6.6), we can see that the potential at the minimum will scale as

2D−1 −(D+ ) 1 −( d−1 )
D−3 d−2Λd ' V0 ∝ r D−3 R = (r d−2 R )d (6.12)0 0 

where D = d + 1 and we have set MP = 1. Hence, in the limit m → 0, R0 → ∞ and
V0 → 0 (see Fig. 6.2).

According to the AdS Distance conjecture, an infnite tower should become light as√ 2 
Gn 

2 G
DD V0 → 0. Indeed, the Kaluza Klein mass is given by M2 = , where GDD is theKK r 

the D-th component of the space-time metric. In our chosen parametrization in Eq. (6.3),
1 −( d−1 

d−2one gets MKK = n r d−2 R ) which implies that

1 

MKK ∼ nV d . (6.13)0 

Therefore, there is indeed a tower (KK modes) becoming light as V0 → 0 and scaling as
1required by the AdS Distance Conjecture, namely mtower ∼ Λα with α = d . Since the limitd 

Λd → 0 implies the limit R → ∞, the AdS distance conjecture coincides with the standard
Distance conjecture in the moduli space, and it is therefore “trivially” satisfed thanks to
the KK tower.

73



Chapter 6. A Light Fermion Swampland Conjecture

Figure 6.2: Schematic representation of the radion (D − 1)-dimensional potential from D-dimensional
Minkowski vacua. We fnd that, as the fermions become lighter, R0 → ∞, Λd → 0 and that the KK tower

1 
becomes light as MKK ∝ Λd 

d . Therefore, we fnd agreement with the mild AdS Distance conjecture.

We could also consider the more general case where we have several particles in D 
dimensions whose masses mi are not necessarily the same. In order to apply the AdS
distance conjecture we frst need to specify a particular scanning trajectory in the masses
that allows us to take the limit Λd → 0. Of particular interest is the case in which all of
the masses change at the same rate. This is what happens for example in the Standard
Model, where the masses of the particles all depend on the vev of the same feld, the Higgs.
It is also natural if all masses are generated upon breaking supersymmetry and we vary
the supersymmetry breaking scale. Then, in the limit mi → 0 the position of the minima
goes to R → ∞ while Λ → 0 and the KK towers come down again as MKK ∝ nΛ d 

1 
.

To conclude, whereas the Non-SUSY AdS conjecture is very predictive constraining
Minkowski vacua, the AdS distance conjecture is automatically consistent for Minkowski
vacua as one cannot take the limit Λd → 0 without increasing the radius and making
the KK tower light. It is worth noting, though, that the conjecture is satisfed with an
exponent α = 
α ≥ 1 

2 

1 
d . This is in disagreement with the strong version of the conjecture requiring

with saturation for the supersymmetric case [97]. The same exponent α = 1/d was
recently proposed in [147] by di˙erent means. Hence, either only the mild version of the
conjecture is correct, or these Minkowski vacua are inconsistent with quantum gravity. If
we take the latter perspective and impose the strong version of the conjecture, then the
Minkowski vacua that are inconsistent are those generating any local AdS minimum in the
compactifed theory, which includes those that are also inconsistent with the Non-SUSY
AdS conjecture highlighted in Claim 1. Again, only a surplus of massless fermions would
avoid the formation of AdS vacua.

6.4 Constraints on de Sitter vacua

6.4.1 From Non-SUSY AdS Conjecture

Let us consider now the case in which the starting theory in D-dimensions is in dS
space. It has been conjectured that dS vacua are in the swampland [110, 151–153], or
at least that their lifetime must be smaller than a Hubble time [143]. In what follows
we will assume that metastable dS vacua exist, but that the possible AdS d−dimensional
vacua obtained upon compactifcation are nevertheless stable. As discussed previously,
this is possible if the bubble instability mediating the decay in dS is too large to ft in the
lower dimensional AdS vacuum. Although admittedly this is not a mild assumption, it is
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Figure 6.3: Schematic representation of the radion (D − 1)-dimensional potential from D-dimensional
dS vacua. The case A is in the swampland, on the grounds of the non-SUSY AdS conjecture. In the
presence of a surplus of fermions with mψ . Λ1/D it may become consistent (case B).

interesting to discuss the consequences that emerge from this assumption as it can explain
some of the naturalness issues observed in our universe, as pointed out in [2,86]. Moreover,
we expect some of our results (in particular, the requirement of light enough fermions) to
remain true even in a quintessence scenario replacing the dS vacuum, as we show for the
case of the Standard Model in [6]. Interestingly, the same results will also be obtained
when studying the constraints from the AdS Distance conjecture in the next subsection.

In the case of a pre-existent constant positive vacuum energy in D dimensions the
situation changes signifcantly compared to the Minkowski case above. The crucial di˙er-
ence is that, at large R, it is the tree level dimensional reduction of the D-dimensional
c.c. Eq. (6.5) which dominates and provides a positive contribution to the potential
behaving like O(R− 

D 
2 
−3 ) at large radius. Then if there are more massless bosonic than

fermionic degrees of freedom, as naturally expected due to the existence of the graviton
(with possibly additional massless U(1)’s), the potential will eventually decrease as R de-
creases and become negative at some point R ∼ (ΛD)

−1/D. Then, in total analogy with
the Minkowski case, AdS vacua will form if the frst non-vanishing supertrace is positive,
(−1)k+1Str (M2k) > 0. This includes the non-supersymmetric case with nf > nb or the
case of supersymmetry spontaneously broken with nf = nb and positive supertrace (see
Fig. 6.3). However this may be avoided if there are at least (1 + n) Weyl suÿciently light
fermions. Unlike in Minkowski, these fermions do not need to be strictly massless, but one
can check that it is suÿcient to have mi . Λ1/D to avoid the potential to become negative.D 
In such a case, the potential might still develop some dS minimum, but it will always be
metastable due to the runaway behaviour to large radius and, therefore, consistent with
the Non-SUSY conjecture. Thus one can make the following general statement:

Claim 2: A D-dimensional de Sitter vacua satisfying (−1)k+1Str (M2k) > 0 for the frst
non-vanishing supertrace is inconsistent with quantum gravity unless there are enough

light fermions with mass m . Λ1/D .D 

Let us remark that enough light fermions means that the number of fermionic minus
bosonic degrees of freedom with masses below the cosmological constant has to be positive.

The reader may note that the SM of particle physics along with the observed non-
vanishing c.c. may ft with the Claim 2 above if we identify the required light Weyl
fermions with some neutrino degree of freedom. In fact, one needs 2 Weyl fermions, due to
the existence of the massless photon to cancel the negative Casimir contribution from the
graviton and the photon and avoid the AdS minimum. Thus, as we said, a Dirac neutrino
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with mass mν1 . Λ1/D would be suÿcient to guarantee consistency with the swamplandD 
conjecture. This has been discussed at length in [1,85,89,148]. Amazingly, it could explain
the numerical coincidence between neutrino masses and the cosmological constant observed
in our universe and provide a new insight into the EW hierarchy problem as frst pointed
out in [2, 86].

It is also interesting to note what happens in the case of a N = 1 version of the SM.
In this case, an AdS vacuum can be avoided either if the lightest neutrino is suÿciently
light or if the supertrace is non-positive StrM2 ≤ 0 implying a runaway behaviour towards
Vd → −∞ for small radius. This latter condition on the supertrace is a strong constraint
on SUSY versions of the SM. For example, in Split SUSY [154, 155] the gauginos and
Higgsinos are much ligther than the sfermions. Thus, the supertrace will be positive and a
light neutrino is needed to avoid the presence of AdSd vacua. Of course, this assumes that
the SUSY-breaking and invisible sectors of the theory do not contribute substantially to
the supertrace.

6.4.2 From AdS Distance Conjecture
2− 

D−3As explained above, the D-dimensional scalar potential goes to zero as R for
large radius due to the positive D-dim cosmological constant. As R decreases, it generates
a maximum and starts decreasing due to the contribution from the massless bosonic felds
(graviton plus possibly gauge felds). Hence, a minimum will be generated if we have
nf > nb (or nf = nb with positive supertrace), which allows to change the trend of the
potential and start increasing again as R → 0. By varying the fermionic masses, we can
generate this vacuum in dS, Minkowski or AdS (see Fig. 6.4). The heavier the fermions
are, the deeper the AdS vacuum is; crossing Minkowski when mf ∼ Λ1/D . Let us assumeD 
now that our EFT is part of a D-dimensional landscape of theories that can be scanned by
varying mf and that an EFT with vanishing or very small fermionic masses is part of this
landscape. We can then start with mf ' 0 and increase the masses so that the minimum
is generated at smaller and smaller vacuum energy. In such a case, the theory would be
inconsistent with the AdS Distance Conjecture, as we can go smoothly from positive to
negative minima without having an infnite tower of states coming down. Notice that we
cross V0 → 0 at a fnite value of the radius R ∼ (ΛD)

−1/D, so the KK tower remains
massive. There are only two possible ways out:

For some reason we cannot vary the fermionic mass arbitrarily but there is an upper
bound of the form mf . Λ1/D . This way, the scanning of D-dimensional vacua stopsD 
before crossing V0 → 0 towards negative vacuum energy.

There is a correlation between the fermionic masses and ΛD such that V0 → 0 only
at R → ∞. This occurs if in the original D-dimensional theory the cosmological
constant and mf are related as mf ∼ ΛαD . In general, this would imply a hugeD 
fne tuning hard to justify, unless indeed these fermions are part of the infnite tower
satisfying the AdS Distance conjecture in D dimensions. In such a case, we would
get two towers becoming light when V0 → 0; the original tower and the KK tower.

1 

It can be shown that at the minimun the KK tower which will go as mKK ∼ V d .0 
1This singles out the particular value αd = d . The original tower will also become

light. In fact it will do so with a power αd which, unlike the KK tower, depends on
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Figure 6.4: Schematic representation of the radion (D − 1)-dimensional potential from D-dimensional
dS vacua. We fnd that, as the fermions become heavier, Λd → 0 (and then it becomes negative) at a
fnite value R0. We don’t expect a tower to become light at that particular value of R0 so we fnd a
disagreement with the mild AdS Distance conjecture unless the fermionic mass is bounded by the scale set
by the D-dimensional cosmological constant.

2α2 +αd−1dαD. They can be shown to be related by αD = αd − [147].
2αd−d2+3 

We thus arrive at the following statement:

Claim 3: A D-dim de Sitter vacuum satisfying (−1)k+1Str (M2k) > 0 for the frst
non-vanishing supertrace is inconsistent with quantum gravity unless there is a surplus of
light fermions 1) with mass m . Λ1/D or 2) that are part of an infnite tower in higherD 

dimensions scaling as mf ∼ Λα
D.

This applies, in particular, both to non-susy theories with nf > nb or theories with
nf = nb and spontaneously broken supersymmetry. It is interesting to check this in the
Standard Model. In this case the vev of the Higgs feld allows us to scan along the neutrino
masses at least until we reach their experimental value. In a companion paper [6], we study
this in detail and fnd that the SM must have Dirac neutrinos and that the lightest neutrino
must be lighter than the scale of the observed cosmological constant, realising option 1)
above. Notice that the option 2) is less natural from the perspective of the SM, as it would
imply that there is an infnite tower of states starting with a mass of order the neutrino
scale (or that the neutrinos are part of the tower).

So far we have conducted the discussion in terms of the total number of degrees of
freedom, but the same results apply if nb and nf refer to the number of degrees of freedom
below some fnite energy scale. Any local (even metastable) AdS minimum generated be-
cause of a surplus of fermions will be equally inconsistent with this swampland conjecture,
unless these fermions are light enough so that the minimum takes place at positive vacuum
energy. However, the minimum only appears if the fermions are not closely followed by
some additional bosons with a mass only slightly bigger (they can prevent the formation
of a minimum if they do not leave room enough for the potential to change its behaviour).
Hence, the determination of local AdS minima becomes more model-dependent.

As a fnal comment, we would like to remark that we are assuming that the theory
with massless (or very light) fermions is part of the landscape, so we start scanning down
from positive values of the vacuum energy towards negative values. This is especially
justifed if supersymmetry is restored at some high energy scale or if the fermionic masses
are mainly induced via a Higgs mechanism such that the symmetry restoration point is
part of the landscape of consistent theories. However, if instead of scanning on the masses,
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Figure 6.5: Schematic representation of the radion (D − 1)-dimensional potential from D-dimensional
AdS vacua. The theory is in the swampland and light fermions cannot make it consistent.

one takes the perspective of scanning on di˙erent values of ΛD starting from ΛD < 0 
towards positive values, one would conclude that the upper bound on the fermionic masses
is actually a lower bound, implying in turn an upper bound on the value of the cosmological
constant1 .

6.5 Constraints on Anti de Sitter vacua

6.5.1 From Non-SUSY AdS Conjecture

The results are very similar to the case of Minkowski vacua. The only di˙erence is
that the potential will always approach zero from negative values as R → ∞, regardless
of whether the massless felds are predominantly bosons or fermions. This is due to the
tree-level negative contribution from the higher dimensional cosmological constant. Hence,
if the potential tends to positive values at R → 0 due to having (−1)kStr (M2k) > 0, a
global AdS minimum will be necessarily generated, and this cannot be avoided by having
additional massless fermions as in the Minkowski case (see Fig. 6.5). The results are then
as follows:

Claim 4: A D-dim AdS vacuum satisfying (−1)k+1Str (M2k) > 0 for the frst
non-vanishing k is inconsistent with quantum gravity.

If Str (M0) = nf − nb > 0, then we get a non-susy theory inconsistent with the
conjecture. If susy is broken spontaneously so this zero-th supertrace vanishes (nf = nb)
but the frst non-vanishing supertrace satisfes (−1)kStr (M2k) > 0, then the theory is also
inconsistent.

Recall that these claims hold under the assumption that a possibly higher dimen-
sional bubble instability is not inherited by the lower d-dim dimensional vacuum, so that
the fate of the d-dim vacuum can be simply determined from the potential for the radion.
This implies non-trivial constraints on the radius ρ of the bubble, since it must satisfy
ρ > V −1/4 to avoid describing a bubble instability in lower dimensions. This is better0 
justifed the deeper the AdS vacuum is.

Hence, we should interpret the above claims as follows. Even if the non-susy D-
dimensional AdS vacua are unstable, they are still inconsistent with quantum gravity unless

1We thank Eran Palti for useful comments on this regard.

78



6.5. Constraints on Anti de Sitter vacua

Figure 6.6: Schematic representation of the radion (D − 1)-dimensional potential from D-dimensional
AdS vacua. We fnd that, as the fermions become lighter, Λd never goes to 0, since at some point the
potential is dominated by the negative D-dimensional cosmological constant, which, in this plot, does not
change.

the above condition on the spectrum is satisfed or the higher dimensional instability can
be inherited by the lower dimensional vacuum.

6.5.2 From AdS Distance Conjecture

Finally, consider an AdS vacuum satisfying (−1)kStr (M2k) > 0 so that a lower
dimensional AdS vacuum is indeed generated upon compactifcation. The question now
is whether this vacuum is inconsistent with the AdS Distance Conjecture. For it to be
inconsistent, we would need to be able to vary the masses in such a way that we can go
from negative to positive minima without having a tower of states coming down. However,
there is no way to do this while keeping fxed the higher dimensional ΛD. If we decrease
the masses, the minimum will take place at larger and larger values (see Fig. 6.6) of the
radius until we reach the value R0 ∼ Λ−1/D when the fermions are massless. At this point,D 
the vacuum energy is given by

(D−1)(D−2)(D−1) 
D(D−3)V0 ∼ r (D−3) Λ , (6.14)D 

so it is non-vanishing even if the fermions are massless. Therefore, a family of AdS vacua
scanned by varying the masses for fxed ΛD is consistent with the AdS distance conjecture,
as we never cross Minkowski space this way. The only way in which V0 can vanish is if
we consider scannings which a˙ect ΛD such that we can send ΛD → 0. However, in that
case there will be two candidate towers getting light so that the AdS Distance Conjecture
is also satisfed, as we explain in the following.

First, notice that if varying ΛD is a valid trajectory probing di˙erent D-dim EFTs,
there should already be an infnite tower of states in D-dimensions with masses mD coming
down as in Eq. (6.1), since otherwise the D-dim vacuum itself would be inconsistent with
the AdS Distance conjecture. Clearly, if αD ≥ 1/2 there is no scale separation, so we can
no longer use an EFT as ΛD → 0. However if αD < 1/2 there is scale separation and the
lighter felds of the tower will contribute to the Casimir energy in the d-dimensional theory
in a calculable manner. The rest of the particles in the theory which are not part of the
tower will not play any role if their masses do not change in the scanning. This is because
at some point the lightest particles in the tower will be less massive and more numerous, so
they will dominate the Casimir energy. In the case in which the tower is made of fermions,
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Vacua non-SUSY AdS AdS distance
MD violated (unless surplus

of massless fermions)
α = 1/d 

dS violated (unless surplus
. Λ1/D)of fermions mf 

violated∗ (unless surplus
. Λ1/D)fermions mf 

AdS violated

Table 6.1: Summary of the constraints for di˙erent types of D-dimensional vacua. The constraints
apply whenever the frst non-vanishing supertrace is positive, (−1)k+1StrM2k > 0. The asterisk
indicates that there is no violation if the light fermions are part of a distance conjecture tower.

AdS vacua will be generated. As it was recently shown in [147], from the perspective of
the lower d-dim AdS vacuum, the tower will scale as

1−2αdmd ∼ |Λd|αd M . (6.15)d 

2α2 +αd−1
αd − dwith αD and αd related by αD = . In fact, one can check that the above

2αd−d2+3 
relation implies αd < αD, so the tower becomes light at a slower rate from the lower
dimensional perspective. This can make hard to satisfy the strong version of the AdS

1Distance conjecture, i.e. α ≥ 2 , upon compactifcation. The value αD = 1/D was also
highlighted in [147] as a special value which is robust under dimensional reduction, since
it implies in turn αd = 1/d.

Secondly, we would like to remark that the value of the radius at the minimum
diverges R0 → ∞ as V0 ∼ Λd → 0. Hence, regardless of the previous D-dimensional tower,
we will also have the KK tower becoming light as

1 

MKK ∼ Λd 
d (6.16)

in Planck units. This is the same result for the exponent that we found for the cases of dSD 
and MD. Again, this is consistent with the mild version of the AdS Distance Conjecture,
but not with its stronger version requiring α ≥ 12 .

To conclude, AdS vacua seem to be consistent with the mild (but not the strong)
version of the AdS Distance conjecture upon circle compactifcation. In principle, it may
also be possible to engineer more cumbersome situations which could be inconsistent with
the conjecture by generating several local maxima and minima at intermediate values of
the radius. In such a case, there might be some scanning trajectory varying the masses in
a non-homogeneous way that forces V0 to vanish at fnite radius. However, this becomes
highly model-dependent and it is hard to extract any general statement.

6.6 Light Fermion Swampland conjecture

In this chapter we have explored the constraints on D-dimensional vacua arising from
requiring that circle compactifcations of such a theory are consistent with the AdS swamp-
land conjectures. This puts constraints on the physical spectra of the D-dimensional theory
that guarantee that the Casimir energy potential does not generate (D − 1)-dimensional
AdS vacua that would violate the swampland conjectures and, therefore, be inconsistent
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with quantum gravity. The constraints obtained for the di˙erent cases are summarized in
Table 6.1.

The necessity of light-fermions in the theory has appeared often in the previous
sections, in particular in the case of Minkowski and dS vacua. One is tempted to conjecture
that the presence of these light fermions may be a general feature of these vacua, beyond the
motivation we have found from AdS swampland conjectures. In particular the constraints
from the non-SUSY AdS conjecture on MD and dSD vacua may be summarized in the
following:

Light Fermion Swampland Conjecture

In a SUSY-broken theory with ΛD ≥ 0 and positive frst non-vanishing supertrace
(−1)k+1StrM2k , which is consistent with quantum gravity, there must exist a sur-
plus of light fermions with masses m . Λ1/D 

D .

Interestingly, the need for light fermions with m . Λ1/D in dS is also independentlyD 
supported by the AdS distance conjecture, as we saw in section IV. This may point to
a more general principle underlying this light fermion conjecture. Note also that this
conjecture directly relates UV data (from the supertraces) with IR data (massless/light
fermions). It would be interesting to investigate whether something like this light fermion
swampland conjecture might also hold in AdS 2 , even if it is not supported by the AdS
Swampland conjectures.

It would be interesting to look for string theory tests of this light fermion conjecture.
In order to do that we would need to study examples of non-SUSY dSD and MD string
vacua, which are not very abundant. An example which comes close to be a test is the
non-SUSY 10D heterotic string with gauge group SO(16)×SO(16), which has no tachyons
[156,157]. This seems to be a consequence of the property of “missaligned supersymmetry”
which has been shown to be present in a number of non-SUSY string vacua [158]. The
supertraces over all the string spectrum of this 10D model have been computed [159–162]
and have been shown to vanish up to order M8 , with M the string mass. The contribution
at order M8 to (−1)1+kStrM2k turns out to be positive for k = 4. Thus, according to
the above conjecture, there should be a surplus of massless fermions in the theory. Indeed,
the massless spectrum of SO(16) × SO(16) contains the 10D Gravitino, Kalb-Ramond
and dilaton bosonic felds, without SUSY partners, the gauge bosons of the group and
spinors in the representations (128, 1) + (1, 128) and (16, 16). Altogether the reader may
check that at the massless level there is a surplus of 2112 fermions. Although the traces
computed over the full string spectrum require careful regularization [163] and hence are
not just given by our simple expression for the supertraces above, the physical principle
is essentially the same. Notice that this example has a runaway potential at one-loop and
hence it is not a dS vacuum. Yet, it is very tantalising that it shows a connection between a
positive supertrace and the existence of a surpluss of massless fermions. This may indicate
that the conjecture still applies to runaway dS potentials, requiring in this case a surplus
of (strictly massless) fermions.

From the phenomenological point of view this conjecture may have profound implic-

2It seems that light fermions are also a common feature in AdS string theory vacua. We thank Juan
Maldacena and Tom Rudelius for comments on this regard.
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ations. The universe seems to be in a dS era and in the the SM the frst non-vanishing
supertace (k = 0) is positive, since it contains more fermions than bosons. As we said, this
would imply the necessity of fermions lighter than the observed c.c. scale Λ

1/4 ' 10−2 eV .4 
Interestingly, the SM can provide for such fermions if the lightest neutrino has a Dirac mass
term and is suÿciently light. As we said this has been analyzed in detail in [1,85,148]. This
would also apply to SUSY versions of the SM if the M2 supertrace is positive as happens
in many models like e.g. Split SUSY [154,155]. It has also been pointed out in [2,86] that
this can provide for an understanding of the hierarchy problem of the SM.

6.7 Comment on the Strong AdC

In the case of Minkowski vacua, the AdS distance conjecture is automatically satisfed
by the KK tower in the absence of massless fermions, so no additional support for massless
fermions is obtained. An interesting fact, though, is that the KK tower scales as MKK = 
cΛαd with αd = 1/d in the lower d-dimensional theory. This is in confict with the strongd 
version of the AdS distance conjecture which states that α ≥ 1/2 for non-SUSY vacua.
The same scaling of the KK tower occurs in circle compactifcations of dS and AdS vacua
when taking the limit ΛD → 0. Hence, again the mild but not the strong version of
the AdS distance conjecture is satisfed. This universal scaling of the KK tower both in

1compactifcations of Minkowski, dS and AdS vacua suggests that the value αd = shouldd 
be consistent with quantum gravity. This could suggest a modifcation of the Strong

1AdS Distance conjecture to αd ≥ , thus allowing a certain level of scale separation. Ind 
particular, it would imply that scale-separated 4D AdS vacuum in [104,105] with α = 7/18 
would be consistent with this modifcation of the conjecture. Interestingly, the same scaling

1αd = was recently highlighted in [147] from a di˙erent perspective. Another possibled 
interpretation of our results is that the Strong AdS Distance conjecture with αd ≥ 1 indeed2 
holds and therefore all the above circle compactifcations of AdS and Minkowski satisfying
the above condition on the supertrace are somehow inconsistent with quantum gravity. In
fact, the Non-SUSY AdS conjecture also suggests that such AdS vacua are inconsistent,
but this comes with additional assumption regarding the stability of the vacuum. Notice
that, unlike what happens inMD and dSD, light fermions are not enough to cure the AdSD 
vacuum.
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7 
Non AdS Instability Conjecture

7.1 Introduction

It is a frustrating fact how poor our present understanding of the origin of the di˙er-
ent fundamental mass scales in Particle Physics is. Simplifying a bit, there are essentially
three regions of scales in fundamental physics. There is a deep-infrared region in which
there are only two fundamental massless particles, photon and graviton with the three
neutrinos with masses in the region mνi . 10−3 − 10−1 eV, where one of the neutrinos
could even be massless. Interestingly, this is also very close to the scale of the observed
cosmological constant Λ4 = (2.25 × 10−3eV)4 . We are assuming in this chapter that the
origin of dark energy is a 4D cosmological constant. The second region is that of the masses
of most elementary particles which are around 10−3 − 102 GeV. These masses are dictated
both by the value of the QCD condensate ΛQCD ' 10−1 GeV and the vev of the Higgs
H0 = 246 GeV. Finally there is the Planck scale and presumably a unifcation/string
scale somewhat below. We would like, of course, to understand why the scales are what
they are and what is the information that this distribution of scales is giving us concerning
the fundamental theory. In particular it is diÿcult to understand why Λ4 and the EW
scale are so small compared to the fundamental scales of gravity and unifcation. Also, the
proximity of neutrino masses to Λ1/4 as well as the (relative) proximity of ΛQCD to the
EW scale could be just coincidences or could be telling us something about the underlying
theory.

In the previous chapter we have learned that consistency with quantum gravity of
very general theories with positive cosmological constant seems to require the existence of
fermions lighter than the cosmological constant. In particular, we saw that the Non Susy
AdS Instability conjecture could be used as motivation for the Light Fermion Swampland
conjecture. In this chapter we apply these ideas to the SM itself, and discover that there
could be a deep, microscopic reason of the proximity of the neutrino masses and the
cosmological constant. More generally, in this chapter we use the Non AdS Instability
conjecture to put constraints in simple BSM theories. According to this conjecture, non-
supersymmetric AdS vacua cannot be stable. We expect this conjecture to remain true
for every consistent compactifcation of the theory. In short, we will refer to all of these
conditions as AdS-phobia. Namely, AdS-phobia is the absence of any AdS stable non-SUSY
vacuum in any consistent compactifcation of an EFT. AdS-phobia, if correct, would be
able to put powerful constraint on particle physics models.

As described in [31], compactifying the SM to 3 or 2 dimensions one may obtain AdS
vacua, depending on the values of the cosmological constant Λ4 and the neutrino masses. It
is reasonable to assume that whichever compactifcation of ST gives rise to the SM, will also
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be consistent under an additional compactifcation in a circle or a torus, and perhaps also
after some orbifolding. This is the assumption of background independence, which implies
that if a theory is consistent in 4D, all of its compactifcations should be consistent also,
since we have only changed the background geometry. Thus the existence of these lower
dimensional AdS vacua (if stable) would imply the inconsistency of the SM itself [85, 89].
A detailed analysis of these constraints on neutrino masses and the cosmological constant
was presented in [85].

Four interesting conclusions were obtained by imposing the absence of AdS minima,

The Standard See-Saw mechanism for Majorana neutrinos seems inconsistent with
QG [89].

The lightest neutrino mass is bounded as mν1 ≤ 4 × 10−3 eV (normal hierarchy) or
mν3 ≤ 1 × 10−3 eV (inverted hierarchy) [85]. These bounds come from the torus
compactifcation. Similar bounds follow from the circle compactifcation.

The cosmological constant Λ4 is bounded from below by the mass of the lightest
4(Dirac) neutrino, Λ4 & m [85].νi 

The upper bound on the lightest neutrino mass implies an upper bound on the
Electro-Weak scale (for fxed neutrino Yukawa couplings) [85, 86].

The last point is obvious from the fact that neutrino masses depend on the vev of the
Higgs. Any increase in the EW scale above a scale' 1 TeV would make the lightest neutrino
mass to be too large and violate the bound to avoid AdS. This is remarkable because it
would imply that values of the EW scale much above the observed scale would belong to
the swampland. Thus, in this sense, the EW fne-tuning problem would be a mirage, since
the EW scale is fxed in order to avoid AdS vacua, and its scale is secretly dictated by
Λ4 and the neutrino Yukawa couplings. The smallness of the EW scale compared to the
Planck scale would be related to the even greater hierarchy of the cosmological constant
versus the Planck scale [85, 86].

Let us emphasize one more time that the stability of the dangerous AdS vacua found
from SM compactifcations is a strong assumption. Indeed, working with an e˙ective feld
theory it is impossible to know whether the theory has some unknown instabilities in the
UV. Undoubtedly, the embedding of the SM (or an extension of it) in a UV complete
theory like string theory would make arguments about stability stronger. Lacking this, all
the constraints obtained in this section rely on the assumption that the AdS vacua found in
the e˙ective feld theory are stable. The fact that this, admittedly, bold assumption leads
to a number of intriguing results and constraints, makes this assumption worth exploring.

In [85] the neutrino AdS vacua in 3D and 2D were analyzed in detail. These minima
appear from an interplay between the (positive) dimensional reduction of the cosmological
constant term, the (negative) Casimir contribution of the photon and graviton and the
(positive) Casimir contribution of the lightest fermions of the SM, the neutrinos. If the
lightest neutrino is suÿciently light, its contribution can destroy the AdS vacuum and
make the SM AdS-safe. This is the origin of the bound on the lightest neutrino. In this
chapter we reexamine and extend the study of the AdS minima of the SM both to smaller
compact radii and geometries other than the circle and the torus. It is useful to classify
the vacua we fnd in three categories:
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Type D (Dangerous). Vacua which contain a stable AdS minimum which cannot be
avoided by constraining free parameters of the theory.

Type S (Safe). Vacua which contain no stable AdS minima.

Type P (Predictive). Vacua which contain no stable AdS minima for a certain range
of the free parameters of the theory.

The Casimir contributions of the other SM particles are exponentially suppressed
with their masses. However as one explores the radion potential (e.g. in 3D in a circle) at
shorter radius R, the thresholds of the other SM particles are reached and their contribu-
tions need to be taken into account. So the question arises whether there are further local
minima or runaway directions at shorter radii. In particular, as one goes up in energies
(smaller R) additional scalar moduli appear associated frst with the Wilson line of the
photon and then, above the hadron threshold, two Wilson lines in the Cartan subalgebra
of QCD. At even shorter distances the Wilson line of the Z0 appears. So the full moduli
space in 3D involves one radion and four Wilson lines, with a scalar potential depending
on all of them. An analysis of the existence of these additional Wilson line dependent
minima was carried out in [148], concluding that indeed runaway feld directions at smaller
R exist for non-trivial photon Wilson line. The R ' 1/mν AdS vacua are bona-fde local
minima but if they could tunnel into these feld directions there would be no constraints
on neutrino masses nor the EW hierarchy.

Our attitude concerning instability will be conservative in the sense that we will
consider unstable any potential which includes any runaway direction in the felds, even
though we are not certain how the tunneling from local minima to those runaway directions
could take place in detail. We fnd minima in the three categories. After examining the case
of the compactifcation on a circle, we discuss SM compactifcations in which Wilson line
moduli are fxed. After a brief discussion of the compactifcation on the segment S1/Z2,
we discuss the compactifcation on toroidal orbifolds T 2/ZN . We specialize to the case of
the T 2/Z4 orbifold, but most implications apply to any ZN with N = 2, 3, 4, 5, 6. The
reason to study this particular background is twofold. On the one hand, unlike the case of
the parity refection in the segment, a Z4 rotation is a symmetry of the uncompactifed 4D
SM. Secondly, in such a background all the Wilson lines as well as the complex structure
are fxed, so that the scalar potential depends only on the torus area. This simplifes
enormously the study of the scalar potential at shorter distances and runaway directions
induced by Wilson line moduli disappear. It turns out that, in order to obtain predictive
T 2/Z4 vacua one needs to embed the discrete rotation into internal symmetries of the SM.
We fnd that di˙erent embeddings into the SM gauge group lead necessarily to stable AdS
vacua, rendering the SM inconsistent with quantum gravity. This is true irrespective of
the value of neutrino masses or any other free particle physics parameter. Thus some of
the SM vacua are of Type D and make the SM as such not viable.

The underlying reason why the SM has these AdS vacua is that it is too fermionic,
it has many more fermions than bosons. The dangerous AdS vacua could become unstable
Type S if there were enough bosons to compensate in the Casimir potential. A situation
in which this naturally happens is a SUSY embedding of the SM like the MSSM. Thus,
unlike the SM, the MSSM seems robust against the generation of stable AdS vacua to the
extent that we have not found vacua of Type D. Furthermore we fnd Z4 embeddings into a
discrete subgroup of the U(1)B−L gauge symmetry leading to AdS vacua of Type P which
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may be evaded for appropriate neutrino masses, like the original 3D vacua in the circle,
and hence are predictive. This suggests that the MSSM should be extended at some scale
with an extra U(1)B−L gauge symmetry.

As discussed in [85, 86], avoiding the AdS neutrino vacua imply an upper bound on
the EW scale close to its experimental value. On the other hand the absence of lower
4D charge-colour breaking minima requires typically a relatively massive SUSY spectrum.
This could provide an explanation for the little hierarchy problem of the MSSM: absence
of AdS neutrino vacua requires a EW scale close to its experimental value, while absence
of charge-colour breaking AdS minima pulls up the value of SUSY masses.

The structure of this chapter is as follows. In the next section 7.2 we review the case
of the compactifcation of the SM on a circle and the origin of the corresponding bounds
on neutrino masses and the cosmological constant, exploring also values of the radii up to
the EW scale. Next we obtain new constraints on the vev of the Higgs by imposing the
absence of lower dimensional SM AdS vacua in sections 7.3,7.4 and 7.4. We then consider
in section 7.6 the structure of the potentials at small R with fxed Wilson lines, as would
appear in a compactifcation on the segment S1/Z2. Finally, in section 7.7 we discuss the
compactifcation of the SM on T 2/Z4 and show how the SM has vacua of Type D and hence
would be incompatible with quantum gravity. In this last section we also show how such
vacua are not present in the SUSY case and how one recovers the neutrino mass bounds if
U(1)B−L (or a discrete subgroup) is gauged at some level. We also explore how additional
vacua may also lead to constraints on the SUSY spectrum.

In Appendix B we discuss the computation of the Casimir potential in the SM on the
circle, including also the EW degrees of freedom. In Appendix C we work out some results
for the compactifcation on the T 2/Z4 orbifold. Appendix D contains a discussion on the
consistency of assuming a fat non-compact background in the computation of Casimir
energies. Finally, Appendix E contains a table with the MSSM spectrum used to draw
some of the plots.

7.2 The SM in 3D

In this section we study the compactifcation of the SM coupled to Einstein gravity
with a cosmological constant down to 3D on the circle. We begin by exploring the regions
with the compact radius larger than the electron wave length and then regions with smaller
radius, going up to the EW scale. The resulting e˙ective scalar potential includes the
radion, the Higgs and four Wilson line scalars. First we reproduce the already known local
minima associated to the neutrino region and then study the potential at shorter radii.
The potential features runaway directions in the presence of Wilson line moduli.

7.2.1 The SM on the circle I (R & 1/me)

We frst briefy summarize and extend some of the results in [31, 85] so that the
reader better understands the further results presented in this work. In [31] the compac-
tifcation of the SM Lagrangian to lower dimensions was considered. One of the purposes
of that work was to show how the notion of landscape of vacua should not be associated
exclusively to string theory, but even the SM itself has a wealth of vacuum solutions when
compactifed to 3D or 2D. They concentrated in the deep infrared sector of the SM, below
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the electron threshold, in which the only relevant particles are the photon, the graviton
and the neutrinos. They found that, depending on the value of the neutrino masses, the
SM possesses local minima both on 3D and 2D, with very large compactifcation radii of
order R ' 1/mν . The appearance of these minima goes as follows. The action of the pure
gravity action reduced to 3D in a circle is given by

" #Z � �2√ 1 1 ∂R Λ4
SGR = d3 x −g3(2π) Mp 

2R(3) − R4Wµν W µν − Mp 
2 − . (7.1)

2 4 R R2 

Here Mp is the 4D reduced Planck mass, Mp = (8πGN )
−1/2 and Λ4 is the 4D cosmological

constant. The action of the graviphoton of feld strength Wµν is also shown. There is a
runaway potential inherited from the 4D cosmological term. Nevertheless, the cosmological
constant is so small that the quantum contribution of the lightest SM modes to the e˙ective
potential becomes relevant. Their contribution at one-loop level can be identifed with
the Casimir energy, which for a non-interacting massless feld with periodic boundary
conditions is found to be:

np 1 
Vp(R) =   , (7.2)

720π R6 

where np counts the number of degrees of freedom of the particle. For bosons the negative
sign applies, whereas for fermions the sign is positive. The only massless states in the
SM are the photon and the graviton, so in the absence of any other light particle it is
clear that the potential becomes unstable and negative for small R. However, if there are
fermions with a mass of order m & Λ1/4 , minima can develop. The Casimir potential for4 
a non-interacting massive particle of spin sp and mass mp has the form [31]

Xmp 
2 ∞ 

K2(2πnRmp)
Vp(R) = (−1)2sp+1 np . (7.3)

8π4R4 n2 
n=1 

Here K2(x) is a modifed Bessel function of the second kind. This gives us the leading
quantum contribution to the radion potential. As long as couplings remain perturbative,
higher loop corrections will be small and unimportant. This excludes the region close to
the QCD scale in which non-perturbative techniques would be appropriate. We will thus
concentrate in the potential above or below the QCD scale. In the latter case we will count
pions and kaons as elementary.

The Bessel function decays exponentially for large argument. For this reason, to
work out the structure of the potential around the scale Λ

1/4 within the SM, only the4 
neutrinos will be relevant, since heavier particles like the electron contribute in a negligible
way to the local potential. Neutrino oscillation experiments tell us what are the mass
di˙erences between neutrino masses, but not their Dirac or Majorana character. We do not
know whether the hierarchy of the masses is normal (NH) or inverted (IH). Experimental
constraints tell us for the neutrino mass di˙erences that [164]

2Δm = (7.53 ± 0.18) × 10−5 eV2 , (7.4)21 
2Δm = (2.44 ± 0.06) × 10−3 eV2 (NH), (7.5)32 
2Δm = (2.51 ± 0.06) × 10−3 eV2 (IH). (7.6)32 

We do not know what the mass of the lightest neutrino is, and it is not experimentally
excluded that it could be zero. We use the above neutrino constraints in computing the
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Figure 7.1: (a) Radion e˙ective potential for Majorana neutrinos. The lightest neutrino is considered
massless and a minimum develops. For higher energies, the neutrinos behave as massless particles. We
have 4 bosonic and 6 fermionic degrees of freedom so, in the massless limit, R6V (in units of degrees of
freedom) tends to 2. (b) Radion e˙ective potential for Dirac neutrinos. The di˙erent lines correspond to
several values for the lightest neutrino mass mν1 . We have 4 bosonic and 12 fermionic degrees of freedom
so, in the massless limit, R6V tends to 8. It is important to remember that positive valued minima in this
plot do not necessarily correspond to dS minima of V . However, negative minima do correspond to AdS
minima of V .

radion potential and plotting the fgures. We always plot the potential divided by the
contribution of a single massless degree of freedom, so that we can interpret it as the
number of e˙ective degrees of freedom. Thus, the potential in our plots appears multiplied
by R6 times a certain constant. Care must be taken when extracting physical conclusions
from these plots, since minima of R6V need not be minima of V . However, an AdS minima
of R6V which eventually turns positive (in all directions), always corresponds to an AdS
minima of V .

If neutrinos are Majorana and are given periodic boundary conditions, we have six
fermionic degrees of freedom which at small R dominate over the photon/graviton four
degrees of freedom, so that the potential grows. However when going to values R ' 1/mν1 

an AdS minimum is always created, irrespective of the neutrino masses, since only two
neutrino degrees of freedom can become suÿciently light and those cannot overwhelm the
bosonic contribution at large R, see Fig. 7.1(a). On the other hand if neutrinos are Dirac,
up to 4 neutrino degrees of freedom may be suÿciently light to compensate for the four
bosonic ones. In this case minima forms or not depending on the value of the lightest
neutrino mass, see Fig. 7.1(b).

If we apply the principle of no AdS non-SUSY vacua we reach the conclusion that
neutrino Majorana masses are not possible and we obtain bounds for the lightest neutrino
Dirac mass mν1 > 7.7 × 10−3 eV for (NI) and mν3 > 2.56 × 10−3 eV for (IH), see [85] for
details. Note that what counts is that the number of degrees of freedom of the lightest
neutrino should be 4. Thus it may also be pseudo-Dirac, i.e. it may have both Dirac and
Majorana mass contributions of the same order of magnitude. In this case ν-less double
β-decay could be possible.

90



�� ��

7.2. The SM in 3D

As we mentioned before, another interesting implication is that within this scheme
there is a lower bound on the value of the 4D cosmological constant [85], qualitatively

4Λ4 & m . This is interesting because it is the frst argument implying a non-vanishing Λ4ν1 
only on the basis of particle physics, with no cosmological input.

A further implication concerns the fne-tuning issue of the Electro-Weak (EW) scale
in the SM. Indeed, the mentioned upper bounds on neutrino masses imply an upper bound
on the vev of the Higgs, for fxed Yukawa coupling. Thus SM versions with a Higgs sector
leading to vev of the Higgss above 1 TeV would be in the swampland, since larger vevs
implies larger neutrino masses and hence AdS vacua would form in 3D or 2D [85]. In
particular for Dirac neutrino masses one has a bound

1/4 
4hHi . 1.6(0.4)

Λ 
, (7.7)

Yν1 

for NH(IH) neutrinos. Here Yν1 is the lightest neutrino Yukawa coupling and Λ4 the 4D
cosmological constant. With values of Λ4 as observed in cosmology, larger values for the
EW scale would necessarily lead, for fxed Yukawa, to undesired AdS minima. From the
low-energy Wilsonian point of view the smallness of the EW scale looks like an enormous
fne-tuning, but this would be a mirage since feld theory parameters leading to larger
EW scale would not count as possible consistent theories. The smallness of the EW scale
compared to the Planck scale is here tied up to the smallness of the cosmological constant.
Note that here we are taking the value of Λ4 fxed to its observed value while varying
H. This may be motivated by the fact that anthropic arguments from galaxy formation
require Λ

1/4 ' 2.25 × 10−3eV within a factor of order 4 [165, 166]. So we vary H while4 
keeping the cosmological constant around its measured present value.

Having Dirac neutrinos rather than Majorana departs from the most common scen-
ario to understand the smallness of neutrino masses, the seesaw mechanism. In the present
approach the lightest neutrino is very light to avoid that an AdS vacuum forms. Its mass
is bounded from above by mν1 . Λ1/4 , giving an explanation for the apparent numerical4 
coincidence of neutrino and cosmological constant scales. Strictly speaking, it is only neces-
sary for one of the three neutrinos to be that light. However, if neutrino Yukawa couplings
of the di˙erent generations are correlated, as they are for the charged leptons and quarks,
this condition will drag all of the neutrinos to be very light, as observed. Note in this
respect that obtaining Majorana neutrino masses in string compactifcations has proven
to be a notoriously diÿcult task both in heterotic and Type II orientifold constructions.
In the latter, Majorana neutrino masses may in principle appear from string instanton
e˙ects [167, 168]. However, a dedicated search [169] for such instanton e˙ects in a large
class of MSSM-like Gepner orientifolds was unsuccessful. On the other hand νR Majorana
masses may appear from non-renormalizable couplings of right-handed neutrinos to scalars
breaking the B − L symmetry in extended gauge symmetry models. Still, one would like
to have in addition an explanation to why the neutrino Yukawa couplings are so small. As
emphasized in [85], neutrino Majorana masses are still allowed if we go beyond the SM
and assume there is an additional singlet Weyl fermion χ with mass mχ . 10−3 eV. Then
the AdS vacua is again avoided if the lightest (Majorana) neutrino is light enough. In this
case the bound on the EW symmetry scale has the form [85, 86]

√ q
(Yν1 hHi)2 1/4 2 1/4 . 2 × Λ −→ hHi . MΛ . (7.8)

M 4 Yν1 
4 
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whereM is the scale of lepton number violation in the see-saw mechanism. In this case the
EW scale is bounded from above by the geometric mean of the cosmological constant scale
and the lepton number violation scale M . Thus, e.g. for Yν1 ' 10−3 and M ' 1010 − 1014 

GeV, one gets hHi . 102 − 104 GeV. This possibility is interesting because, since it uses
the see-saw mechanism, no hierarchically small Yukawas are needed. In the rest of this
chapter it will not be relevant whether neutrinos are Dirac or Majorana +χ, but we think
it is interesting to keep in mind the di˙erent possibilities.

All these constraints obtained imposing the absence of AdS local minima assume that
these vacua are absolutely stable. A possible source of instabilities may in principle arise if
there are lower minima or runaway directions at smaller radion values (higher thresholds)
contributing to the Casimir potential [148]. This is an important motivation to go to the
orbifold case, as we will discuss in sections 7.6 and 7.7.

7.2.2 The SM on the circle II (1/me & R & 1/MEW )

In this section we study the one-loop e˙ective potential of the full Standard Model
with massive Dirac neutrinos and minimal coupling to gravity compactifed in a circle. Our
calculations were carried out using the Background Field Method, in the spirit of [170].
Some details on the computations can be found in Appendix A and B. We parameterize
the metric as in the usual Kaluza-Klein ansatz:" # 

21 r gij + R4BiBj R4Bi gµν = 
R2 R4Bj R4 . (7.9)

We will set the graviphoton Bi = 0 from the start, since its vev is zero and it does not
contribute to the e˙ective potential. The scalar felds in the 3D E˙ective Action are the
radion R, the Higgs feld H (whose vev is v ' 246 GeV) and the Wilson lines of all the
gauge bosons in the Cartan Subalgebra of SU(3)C × SU(2)L × U(1)Y : two gluon Wilson
lines (G1,G2), the photon A and the Z boson. To perform the compactifcation we need
to expand our felds φ in a basis that respects the boundary condition:

i2π( 1−z 
φ(xi, y + 2π) = e 2 )φ(xi, y), (7.10)

since y ∈ (0, 2π). Fermions can have either periodic z = 1 or antiperiodic z = 0 boundary
conditions, while bosons are only allowed to have periodic ones. We use Fourier harmonics:

∞X 1−zi2π(n+ )yφ(xi, y) = φn(xi)e 2 . (7.11)
n=−∞ 

The relevant classical contribution to the e˙ective potential in three dimensions consists of
a term coming from the 4D cosmological constant, the Higgs potential and a mass term for
the Z0 boson Wilson line (Z). We will neglect the e˙ects of a non-vanishing 3D curvature
in the Casimir computation. We argue in Appendix D that those e˙ects may be safely
neglected as long as the radii are not exceedingly small. The one-loop potential can be
consistently identifed with the Casimir energy Vp of the di˙erent particles. One then has

� 
1 1 λ2V [R, H, Z, A, G1, G2] = 2π Λ4 + mH (H − v)2 + λv(H − v)3 + (H − v)4 
R2 2 4 � 

H2 X1 
+ M2 Z2 + Vp. (7.12)

2 Z v2 
p 
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Figure 7.2: E˙ective potential with the Wilson lines fxed to zero, as a function of the Radion and the
Higgs. The tree level potential dominates and the Higgs is not displaced from its tree level minimum by
the one-loop corrections. This behavior is independent of the particular value of the Wilson lines Although
not very visible in the plot, the Higgs minimum remains at the same location as R−1 increases.

As explained in Appendix A, the contribution of each particle to the Casimir potential can
always be written as:

! ∞ Z � �2X d3−i p H 
Vp = (−1)2sp+1 np log −p 2R2 + mp + (n + θ)2 R2 , (7.13)

2 (2π)3 v
n=−∞ 

where sp, np , mp are the spin, number of degrees of freedom and mass of the particle and
θ is a function of the Wilson lines and zp. Note that the masses of the particles appear
multiplied by the Higgs divided by its vev, v. The only exception is the Higgs feld, whose
mass is changed by the non-linear couplings to the Z0 Wilson line and to itself.

Using the same techniques as e.g. [148, 171] we regularize the integration and the
sum using the analytic continuation of generalized ζ−functions. After regularization, the
contribution to the Casimir energy for each particle reads:

2 ∞ mp X K2(2πnRmp) � � 
Vp = (−1)2sp+1 np cos (2πnθ) ≡ (−1)2sp+1 npVC R, mp, θ . 

8π4R4 2n 
n=1 

(7.14)
K2(x) decays exponentially for large x, which means that at low energies, the contribution
of very massive particles to the Casimir energy is highly suppressed. For massless particles
with θ = 0 we have

1 
VC [R, 0, 0] = , (7.15)

720πR6 

1while for θ = 2 we have
� � 

1 7 1 
VC R, 0, = − . (7.16)

2 8 720πR6 

We cannot use this one-loop formula to study the minima of the potential around ∼ 1 
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Chapter 7. Non AdS Instability Conjecture

GeV, since perturbation theory breaks down for the strong interaction. Below the QCD
scale, we consider an e˙ective feld theory of pions and kaons. For completeness, we give
here the formula above the QCD scale:

�∞X(2 + 2) 2 1 
V = − − 2 + 2 cos (2πnG1)

8π5R6 4720πR6 n 
n=1 

� �! � �! 
1 3 1 3 

+ 2 cos 2πn G1 + G2 + 2 cos 2πn G1 − G2
2 2 2 2 

" #� � � �X H 1 − zl 1 
+ 4 VC R, ml , + QlA + gL

l + g l ZRv 2 2 
lept ( " #� � � �X H 1 − zf 1 f f 1 

+ 4 R, mf , g + g Z +VC + Qf A + L R (G1 + G2)v 2 2 2 
flav " #� � � �H 1 − zf 1 f f 1 

+ VC R, mf , + Qf A + g + g Z − (G1 − G2)L Rv 2 2 2 
" #)� � � �H 1 − zf 1 f fR, mf , + Qf A + g + g+ VC L R Z − G2 v 2 2 
� � � � 

H H − 6VC R, MW , A − c 2 Z − 3VC R, MZ , 0 
v w v⎡ � �2 

!1/2 
⎤ 

2−1 3 H mZ− VC ⎣R, mH + + Z2 , 0⎦ . (7.17)22 2 v 2mH 

The frst two lines include the contribution of the graviton, photon and the 8 gluons.
The third line include the one of leptons and the following three lines the 3 colours of
quarks. The seventh line gives the contribution of massive W ± and the Z0 . The last
line is the contribution of the Higgs. Here gL,R give the left and right Z0 couplings to
fermions, cw = cos θW and Z, A are the Z0 and photon Wilson lines. This formula is the
generalization of the one in Appendix B1 in [31], since it includes the Z0 Wilson line and
the Higgs feld. Notice that our gluon Wilson lines are expressed in terms of the basis
chosen in [31] as

= G1 − G2G1 φ φ, (7.18)
G2 = G1 

φ + Gφ 
2 . 

Eq. (7.17) in principle allows for a detailed study of the SM action on the circle.
In practice, it is a complicated function of six scalar felds and the fermions boundary
conditions, and a full analysis is a formidable task. However a number of conclusions
may already be drawn without fully analyzing the complete potential. In Fig. 7.2 we
plot the value of R6V in the Higgs-Radion plane with Wilson lines fxed to zero and
periodic boundary conditions for fermions. As expected the minima stays always at H = v.
Moreover, this conclusion also holds for di˙erent values of the Wilson lines. Thus, we will
set the Higgs equal to its tree level vev from now on.

Even though the potential in terms of the four Wilson lines is still complicated, we
can see with a simple example that the neutrino vacua may become unstable to tunneling
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Figure 7.3: E˙ective potential as a function of the photon Wilson line and the Radion, with the Higgs
feld at the minima and all other Wilson lines set to zero. Notice that a runaway develops along the Radion
direction for a non-zero value of the Wilson line.

due to the existence of runaway directions at smaller radius R. In Fig. 7.3 we show the
e˙ective potential as a function of the photon Wilson line and the Radion, with the Higgs
feld at the minima and all other Wilson lines set to zero. The point illustrated by this plot
is that the e˙ect of the Wilson lines on the Casimir potential of a particle is to gradually
change its sign. More precisely, it transforms periodic particles into antiperiodic ones (there
is also a factor 7 involved). The results of [85] correspond to the A = 0, R−1 < me part8 
of the plot, where we still see the neutrino minima. Moving on to higher energies along
A = 0, we see a small bump corresponding to the four degrees of freedom of the electron.
After going through the QCD transition, where we do not know the shape of the potential,
we observe a fast increase caused by the copiously unleashed quark degrees of freedom. At
around 100 GeV, theW, Z0 and the Higgs slow down a bit the potential and, fnally, the top
quark increases it a bit more. Unless new physics is introduced, R6V remains constant for
higher energies, so V keeps increasing, at least while our one-loop approximation remains
valid. On the other hand, if we displace the Wilson line A from 0, these conclusions are

1 3changed. In particular, for A = or 4 , the sign of each contribution is reversed. As we2 
can see in Fig. 7.3 this leads inevitably to a negative potential. After the top quark scale,
R6V remains constant for higher energies, so V keeps decreasing. This runaway behaviour
of the potential could mean that the neutrino minima is actually metastable, as pointed
out in [148]. In fact, to be sure that this vacuum is unstable we should be able to fnd the
bounce interpolating from the vacuum to the runaway direction, which is a complicated
question in such a complicated potential.
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7.3 A world with no Higgs is in the swampland

In the present section we obtain new constraints on the vev of the Higgs by impos-
ing the absence of lower dimensional SM AdS vacua. The new bounds we fnd here are
independent from the neutrino bounds. We fnd that in order to avoid AdS vacua:

A Higgs with non-vanishing vev and Yukawa couplings must exist.

There is a lower bound on the vev of the Higgss for fxed Yukawa couplings hHi & 
ΛQCD.

If there were less than three generations, the existence of a Higgs would not have
been mandatory.

In deriving these conclusions we are setting fxed the values of the dimensionless couplings
(Yukawa and gauge couplings) as well as the measured value of the cosmological constant.
We discuss the combination of the above lower bound with the upper bound coming from
the absence of neutrino generated AdS vacua. We also rephrase the upper bound on
neutrino masses as a constraint relating the EW fne-tuning with the proximity between
the c.c. and the neutrino mass scale.

Let us consider frst the fermion and gauge boson content of the SM (plus the grav-
iton) with ng quark/lepton generations. In the absence of the Higgs, the theory has
an (approximate) U(2ng)L × U(2ng)R accidental global symmetry in the quark sector.
This symmetry is spontaneously broken by the QCD condensate of the quarks down to

2U(2ng)L+R, generating a total of 4n massless Goldstone bosons. Three of them becomeg 
massive by combining with the W ±and Z bosons, which acquire masses given by:

√ gfπ 
mW = ng (7.19)

2 
mZ = mW / cos θW, (7.20)

where ng is the number of generations and fπ is the Goldstone boson decay constant. In
the physical QCD case with ng = 3 the latter is given for the pion by fπ = 93 MeV.
More generally one has for the Goldstone boson decay constants fG ' ΛQCD. One more
Goldstone boson is expected to become massive due to the QCD anomaly, so that below

2the ΛQCD scale we are left with a total of 4(n − 1) Goldstone bosons. In fact all ofg 
these are actually pseudo-Goldstone bosons which get mass from electroweak corrections,
see the discussion below. These masses appear at the one-loop level, so they are below
the EW gauge bosons masses. We will take these masses into account in the numerical
evaluations but we follow here the discussion as if they were actually massless to illustrate
the counting of degrees of freedom which is relevant for the Casimir potential. In addition
to the pseudo-Goldstones there are 4 more bosonic degrees of freedom from the massless
photon and graviton, so that the number of light bosonic degrees of freedom below the

2QCD scale is NB = 4n . The total fermionic minus bosonic degrees of freedom belowg 
ΛQCD is then

(NF − NB )
<ΛQCD 2 = 8ng − 4n = 4ng(2 − ng) , (7.21)g 

where the fermionic degrees of freedom correspond to charged leptons and (Dirac) neutrinos
(we are taking Dirac rather than Majorana neutrinos because the latter lead necessarily
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to AdS vacua, as shown in [85]). Note that above ΛQCD one has leptons and unconfned
quarks and then one rather has

(NF − NB)
>ΛQCD = 32ng − 24 − 2 , (7.22)

where the 24 comes from the SM gauge bosons and the 2 from the graviton. The value
of (NF − NB) is crucial since the Casimir potential of the radion upon compactifcation
of the SM down to 3D or 2D depends linearly on it. Since above the QCD transition it
is always positive, an AdS minimum will develop if it is negative below ΛQCD. From Eq.
(7.21) that will happen only for three or more generations.

The above qualitative discussion is confrmed by a detailed computation of the one-
loop Casimir potential including all thresholds. Before describing the computation of
the radion potential let us recall again that in fact the electroweak interactions explicitly

2break the global symmetry and give rise to masses to the Goldstones. We have 2n neutralg 
2Goldstones bosons and 2n pseudo-Goldstones with charge ±1. This is like the π± pionsg 

in the Standard Model which get an excess of mass over the π0 due to electro-magnetic
interactions (in addition to the quark mass contributions, which are absent in our case).
Inspired by what happens in the Standard Model in the zero quark-mass limit [172] we

2will estimate the masses for the charged pseudo-Goldstones as m ' (αem/4π)Λ
2 

ij QCD.
In addition to these electromagnetic contributions, there are also one-loop corrections
from W, Z exchange, which a˙ect in general to all pseudo-Goldstone bosons, neutral and
charged. In the numerical evaluations we will take those to be of the same order than the
electromagnetic ones.

Let us explain in more detail why formula 7.21 helps us predicting the presence of
an AdS minima, even though pseudo-Goldstone bosons have mass. In this formula we
must include as light degrees of freedom those particles whose masses are lower than the
QCD threshold because their contribution will become relevant before the QCD transition.

−2πMR However, due to the exponential suppression e in the Casimir energy formula (see
below), we should not include particles with masses of the same order or above ΛQCD. This

gis why we should include the pseudo-Goldstone bosons, of mass mGb ' ΛQCD but omit4π√ gthe weak bosons of mass mW = ng ΛQCD, whose mass is closer to the QCD threshold.2 
In fact, we will fnd that it is not necessary to know the precise formula for the goldstone
boson masses to ascertain the presence of the AdS minima. The only information we shall
need is that their masses are below the QCD threshold.

Let us discuss for simplicity the case of a compactifcation of the SM in a circle, it
may be seen that analogous numerical results are obtained for 2D compactifcations on a
torus or ZN 2D orbifolds [1]. One obtains a scalar potential for the radion scalar R:

V (R) = 
2πΛ4 

R2 

X � � 
(−1)2sp+1+ npVC R, mp 

p 
, (7.23)

where
2 ∞� � m X 
p K2(2πnRmp)

VC R, mp = . 
8π4R4 2n

n=1 
(7.24)

The frst term comes from the dimensional reduction of the cosmological constant piece
of the 4D action. The second piece comes from the one-loop Casimir energy contribution
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of any particle p with multiplicity np and mass mp in the spectrum. Here sp = 1/2, 0 for
fermions and scalars respectively, and K2 is a modifed Bessel function of the second kind.
The fermions we consider will all be assigned periodic boundary conditions. For massless
particles the Casimir term simplifes to

1 
VC [R, 0] = . (7.25)

720πR6 

Note that for massless particles the coeÿcient of the Casimir piece is proportional to
(NF − NB). It is important also to remark that in computing the potential around a mass
value m, the e˙ect of heavier states with mass M exponentially decouples like e−M/m.
Also, higher loop corrections to this expression are sub-leading at weak coupling, so the
potential is reliable except for a fnite region around the QCD hadronic threshold in which
non-perturbative techniques would be required for the actual computation.

Since there are no current quark masses, we can compute the running of the strong
coupling constant from the top-quark mass mt down to ΛQCD using the one-loop RGE
expression

1 1 � � mt� � = + b nf log . (7.26)
αs µ, nf αs(mt) µ 

� �� � 
Here nf is the number of quark favours and b nf = − 1 11 − 2 nf , so that in our case2π 3 

with vanishing current quark masses b(6) = − 7 . If the coupling constants start running2π 
at some UV scale like e.g. a unifcation/string scale MX , the value of αs(mt, nf ) depends
on the number of favors. To calculate these di˙erent values we start with the known
3-generation case with αs(mt) = 0.117 and run up in energies to an UV value αs(MX ).
From there one can then run down αs(nf ) for the di˙erent favor numbers down to mt. In
this way one obtains di˙erent values for ΛQCD depending on the number of generations, as
shown in 7.4, in which we have taken for defniteness MX = 1015 GeV. It is important to
remark, though, that the conclusions below are independent of the precise initial conditions
taken for each value of nf . Note also that we do not include errors in the input data which
would have little e˙ect in the conclusions. The values of ΛQCD so computed mark the
separation between a low-energy region in which the pseudo-Goldstone bosons description
is appropriate and the high energy region with unconfned quarks.

Using Eqs. (7.23),(7.24) and the above discussed spectrum in the di˙erent regions
above and below the corresponding ΛQCD values, one can readily compute the radion
potential. The results shown have been computed for the case of a 3D compactifcation on
a circle with the Wilson lines set to zero. As explained in [1] the results obtained for 2D
orbifold vacua in which Wilson lines are projected out would be practically identical. We
plot in Fig. 7.4 the e˙ective potential of the radion R multiplied by R6 and a numerical
factor so that the vertical axis gives the number of e˙ective degrees of freedom for the
Casimir contribution, (NF − NB), in each region. At large R the contribution of the
cosmological constant dominates as seen on the left-hand side of the plot. The vertical
bands represent the QCD scale in which a perturbative calculation cannot be trusted. We
see that, as advanced, for ng = 1 and ng = 2 the radion potential does not become negative
before the QCD scale. However for ng = 3, due to the presence of many pseudo-Goldstones
(NF −NB = −12), the potential does become negative and an AdS vacuum develops. This
is interesting because it shows that for ng ≥ 3 a situation with no Higgs would be in
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Figure 7.4: E˙ective radion potential for di˙erent numbers of quark/lepton generations ng in the absence
of a Higgs. For ng ≥ 3 an AdS vacuum develops slightly below the corresponding QCD scale.
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Figure 7.5: E˙ective radion potential for di˙erent values of the vev of the Higgs hHi in units of the
SM value v = 246 GeV, with ng = 3. The Yukawa couplings are fxed at their SM values. For vev of the
Higgss larger than 10−3 v the AdS vacua ceases to develop.
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the swampland, if the OV conjecture is correct and the found AdS vacua are stable. A 3-
generation Standard Model requires the existence of a Higgs feld coupled through Yukawas
to quarks and leptons in order to avoid the appearance of an AdS vacuum, as we discuss
in the next section.

7.4 A lower bound on the vev of the Higgs

Let us concentrate now in the physical case with 3 generations. A Higgs with a vev
and coupling to quarks and leptons may avoid the presence of an AdS vacuum. Let us
assume that the Yukawa and gauge couplings are those observed experimentally and let
us switch on slowly a vev hHi for the Higgs. When the heaviest fermion, the top, reaches
a mass mt > ΛQCD (which also means hHi & ΛQCD), the approximate chiral symmetry is
only U(5)L × U(5)R and there are only 25 Goldstone bosons. Three of them get masses
of order ΛQCD, combining with the EW bosons, and a fourth one also becomes massive
through the QCD anomaly. Added to the photon and graviton there is a total of 25 bosonic
degrees of freedom below ΛQCD. This is only slightly larger than the 24 leptonic degrees
of freedom, so that indeed one expects that with vevs slightly above ΛQCD, the AdS vacua
will disappear.

Indeed this is what one obtains doing a more detailed computation, the results of
which are shown in Fig. 7.5. To fnd the precise value of hHi for which the AdS vacua
disappears one has to take into account a number of small e˙ects. To start with, the value
of ΛQCD in these confgurations with a vev of the Higgs di˙erent from the experimental one
hHi = v = 246 GeV is di˙erent from what is observed in the SM, since, for example, the
running of the strong coupling has a di˙erent sequence since the quark thresholds are much
lighter than the experimental ones. We will content ourself with the running at one-loop
given by

1 1 � � mt� � = + b nf log , (7.27)
α µ, nf α(mt) µ 

where nf is the number of favours and now b(nf ) varies as thresholds are crossed. We
start the running from the measured value at the top mass and run down in energies with
a step variation of the one-loop beta-function as we reach each threshold. It turns out
however that the values of ΛQCD obtained for di˙erent values of the vev of the Higgs is
always close to 100 MeV, as in the SM. Another e˙ect is that all of the Goldstones get
an additional mass from the presence of Yukawa couplings. Mimicking what happens in
the chiral SU(2)L × SU(2)R pion theory we parametrize the (quark mass induced) pseudo-

2Goldstone masses as m = Yq hHi ΛQCD, where (Yq hHi) is the mass of the heaviest quarkGb 
in the Goldstone for the given vev of the Higgs. For pseudo-Goldstones involving the top-
quark, diagrams with a Higgs loop would give an additional contribution to the mass but
it would be of the same order or smaller than the other gauge-loop corrections so it would
not modify the discussion. Like in Section 2, as a result of the exponential suppression
in the mass, for scales smaller than their masses, the Goldstones do not contribute to the
Casimir potential. We introduce the SM values of the Yukawa couplings and take into
account how they run according to their QCD anomalous dimensions γ = 2, i.e.

� �− γ 
αs(µ)) πb(nf )Yq(µ) = Yq(mt) × , (7.28)
αs (mt) 
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7.5. Combined constraints on the vev of the Higgs

where we are neglecting here the contribution from the EW gauge interactions. We are also
neglecting the contribution of the Higgs loop which only a˙ects signifcantly the top-quark
but is also smaller than the QCD e˙ect. In fact all these details do not practically modify at
all the results displayed in Fig. 7.5, which is the reason why we did not include the 2-loop
running. After all we are only computing the Casimir energy at one-loop. In this fgure
we again plot the e˙ective potential of the radion R multiplied by R6 and a numerical
factor so that the vertical axis gives the number of e˙ective degrees of freedom for the
Casimir contribution. As the value of hHi increases, the region in which the potential is
negative is reduced and for hHi & 10−3v ' 200 MeV the potential is always positive and
AdS vacua disappear. This sets a lower bound around hHi & ΛQCD as already advanced.
This computation has been performed here for a 3D circle compactifcation of the SM but
practically identical results are obtained for the 2D compactifcations considered in [1].
Note fnally that in this computation and the one in the previous section we take for Λ4 
its experimental value. The bounds remain true as long as the cosmological constant is
Λ4 . Λ4 

QCD.

7.5 Combined constraints on the vev of the Higgs

The above lower bound on hHi is totally independent from the bounds in [85], in
which the existence or not of AdS vacua depended on the mass of the lightest neutrino.
In [85] it was shown that there is an upper bound on the value of the lightest neutrino
mass mνi ≤ aΛ1/4 in order to avoid the appearance of 3D or 2D AdS SM vacua. Neutrinos4 
must be Dirac or pseudo-Dirac. Here a ' 3.2(0.9) and i = 1(3) depending on whether the
neutrino hierarchy is normal (NH) or inverted (IH) [1,85]. For fxed neutrino Yukawa and
fxed value of Λ4, this implies a bound on the vev of the Higgs [85]

1/4 
4hHi . a 

Λ 
. (7.29)

Yνi 

We can now combine this upper bound with the lower bound just found above. The results
are depicted in Fig. 7.6. We plot the value of the vev of the Higgs as a function of the
cosmological constant scale Λ

1/4 . The horizontal blue line around hHi ' ΛQCD sets the4 
lower bound discussed above whereas the leaning blue line is the upper bound coming from
Eq. (7.29) for a value Yν1 = 10−14 (also, in dashed line, the Yν1 = 10−15 case is shown).
A vertical dashed line marks the observed value of the c.c. and a horizontal dashed line
shows the physical vev of the Higgs. Both lines cross in between both limits, within the
blue region in which no AdS vacua develops. For a fxed value of Λ4 and the Yukawa
coupling, the vev of the Higgs is bounded above. As discussed in [85, 86] this puts the
hierarchy problem into a new perspective: the vev of the Higgs is stable against quantum
corrections because larger values of the vev of the Higgs would give rise to AdS vacua
which would not admit a consistent quantum gravity embedding, if the caveats in this
work applies. In this sense no fne-tuning is required since the possible values of the vev of
the Higgs are both bounded above and below. The upper constraint in Eq.(7.29) may be
re-expressed in a slightly more elegant way as follows. Let us write the vev of the Higgs as
hHi = H0 + ΔH0 , where H0 = 246 GeV. Then the same expression may be written
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Figure 7.6: Constraints on the vev of the Higgs as a function of the c.c. scale Λ1/4 for fxed neutrino
Yukawa couplings. The vertical(horizontal) dashed line gives the experimental value of the c.c.(vev of the
Higgs) respectively. We also show with a vertical band bounds on the cosmological constant from anthropic
constraints [165,166]. We have divided the plot in AdS safe (in blue) and unsafe (in red) zones. For fxed
values of the c.c. an upper bound on the vev of the Higgs is obtained.

as

ΔH0 1/4
(aΛ − mνi )≤ 4 , (7.30)

H0 mνi 

where i = 1(3), a = 3.2(0.9) for NH(IH) [1]. This expressions tell us that possible correc-
tions on the physical Higgs value ΔH0 are bounded above by the di˙erence between the

1/4cosmological constant scale Λ (weighted by a) and the lightest neutrino mass, measured4 
in neutrino mass units. Thus the stability of the Higgs on its measured value is related
to the proximity of the neutrino and cosmological constant scales. Note that the upper
bound on the lightest neutrino mass is explicit in the formula, as the left-hand side is
positive. This expression also shows that the upper bound disappears as mνi → 0, so that
this solution to the Higgs stability problem requires that mνi ' aΛ1/4 . If one insists in4 
having ΔH0 = 0, so that the experimental value H0 saturates the upper bound, one
obtains predictions for the lightest (Dirac) neutrino mass as [85]

NH 1/4 
mν1 = 3.2 × Λ4 = 7.2 × 10−3 eV

IH 1/4 
m = 0.9 × Λ = 2.0 × 10−3 eV. (7.31)ν3 4 

Here we are using the values of a from the orbifold case in [1] which are very close to those
found in [85] for the circle.

A comment about the value of Λ4 is in order. The bounds here discussed take
the cosmological constant as a fxed fundamental parameter of the 4D action. So when
we compare here the theory for di˙erent values of the vev of the Higgs we only consider
theories in which Λ4 remains around its observed experimental value. This would be
natural if Λ4 was a fundamental constant at a deeper level. Maintaining the cosmological
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constant around its observed value is also suggested by anthropic considerations that fx
Λ1/4 in a narrow region around (1 − 10) × 10−3 eV, see e.g. [165, 166]. We also show this
range of values in Fig. 7.6 with a vertical band. We see that for the range of values allowed
by the anthropic constraints, the vev of the Higgs is always bounded above (for fnite mνi )
and below. Let us however emphasize that the argumentation in this work has nothing
to do with anthropic considerations. Theories or ranges of parameters are excluded here
because they would be inconsistent with quantum gravity, not because otherwise we would
not exist.

7.6 Fixing the Wilson lines. The segment S1/Z2 

In this section we describe the structure of the radius scalar potential at shorter
distances, up to the EW scale, setting the Wilson line moduli to zero by hand, looking for
new features beyond the neutrino local minima. In Fig. 7.7(a) we show the product R6V 
for the Standard Model with all fermions having periodic boundary conditions, using the
formulae introduced in the previous section for the circle. We see that the only minimum we
may obtain is the one associated with the bounds in the neutrino masses (in the Majorana
case). Above the neutrino scale the potential grows smoothly until it reaches the QCD
region, around one GeV, where non-perturbative physics become important and the one-
loop Casimir computation is not a good description (this is denoted by the red, vertical
band in the plots). Above the QCD scale perturbation theory again makes sense and
the potential keeps growing indefnitely. The small well in the upper part of the fgure
corresponds to the W ±, Z0, H0 threshold, while the fnal increase corresponds to the top
quark threshold. Consequently, the neutrino minima seems stable and the bounds on
neutrino masses would apply.

Let us consider now the case in which some of the fermions are instead assigned
anti-periodic boundary conditions. In principle one could naively say that we can assign
arbitrary boundary conditions to each fermion multiplet of the SM and each generation.
However, due to the presence of Yukawa couplings and generation mixing all quarks must
have the same boundary conditions, and likewise for the leptons. So there are four op-
tions according to the (quark, lepton) boundary conditions: (P, P ), (AP, P ), (P, AP ) and
(AP, AP ). The last possibility, with all fermions antiperiodic does not produce any locally
stable vacuum since the potential always decreases and even if they appeared they seem
unstable to decay into a bubble of nothing [149]. It is easy to see that the (AP, P ) case
will lead to a runaway potential. In the SM there are more degrees of freedom associated
with quarks than leptons and, since for small radius the antiperiodic fermion contribution
picks up a factor −7 , the potential will grow large and negative. The remaining case with8 
antiperiodic leptons and periodic quarks is illustrated in Fig. 7.7(b). As R decreases the
potential decreases steadily until the QCD transition. Once passed the hadron region, the
potential grows up monotonously due the appearance of all quark degrees of freedom, which
dominate the potential as R → 0. Although the proximity of the QCD deconfning region
does not allow for a computation of the precise location of the minimum, one certainly
expects a minimum to develop. No lower minima develops for other regions of R and hence
that minimum seems stable. This gives a Type D minimum since it cannot be avoided by
fxing any free parameter of the Standard Model. For example, the masses of all the SM
particles around the QCD scale are known, so there is no way to eliminate it by varying
masses, as it happens in the neutrino case. As it is, the SM would be inconsistent with the
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OV conjecture and would not be embeddable into a consistent theory of quantum gravity.
Still, up to here we have not provided a reason why the Wilson lines should be fxed. Those
are fxed in the class of T 2/ZN vacua considered in the next section, and again this class
of AdS vacua will appear. Moreover, we will see in section 7.7 that there are even more
AdS vacua which will confrm the diÿculties in embedding the SM into quantum gravity.

A way to avoid the AdS vacua above would be to go beyond the minimal SM and
add e.g. additional massive bosons above the EW scale so that the potential develops a
runaway behavior as R → 0, making the dangerous minima unstable. Indeed, consider the
limit mR → 0 of the Casimir potential with no Wilson lines. To frst order in the masses
of the particles one obtains

X 
(−1)2sp+1 nP 

( 
m 

)
2(2 + 2 + 2 × 8) 1 p

V = − + × − + 
720πR6 8π 90R6 6R4 

P( )
2X 7 1 1 mp

+ (−1)2sp+1 nP × − + (7.32)
8 90R6 2 6R4 

AP 

where we denote by P the particles with periodic boundary conditions and by AP the
fermions with antiperiodic boundary conditions. The frst term corresponds to the massless
graviton, photon and gluons. It is clear that if we add a suÿciently large number of periodic
bosons the potential will become negative and unbounded from below as R → 0, making
the potential unstable, and hence leading to no violation of the OV conjecture. This
scenario is not particularly well motivated.

We will argue in section 7.8 that a more elegant option is to embed the SM into a
SUSY version like the MSSM. In the SUSY case this vacuum is simply not possible since
quarks and leptons are forced to have the same boundary conditions. We will also see that
SUSY avoids new classes of AdS vacua which exist in the orbifold case. Considering SUSY
is an attractive possibility because of another important reason. It is well known that
the Higgs potential of the SM may have a (second) high energy minimum at scales above
1010 GeV [173–178]. This 4D minimum is would be in AdS and, if stable, would be again
inconsistent with the AdS-phobia condition. Although it would be easy to save the SM by
the addition of some BSM physics like e.g. additional singlet scalars eliminating the high
energy vacuum, SUSY seems to be a more attractive option. If the SUSY breaking scale is
below 1010 GeV the high energy Higgs minimum does not develop (see e.g. [179,180]), since
the SUSY potential is positive defnite. We will come back to the SUSY case in section
7.8.

Up to now we have just set the Wilson lines to zero by hand and have analyzed the
resulting potential as a function of R and the Higgs feld. We discuss in what follows how
the Wilson lines could be fxed. The simplest option seems to be to compactify on the
segment S1/Z2, where Z2 is a refection with respect to one spatial dimension y. We have
boundary conditions under y → −y for scalar, vector and spinor felds:

φ(xi, y) = φ(xi, −y) (7.33)� 
Aµ(xi, y) = Ai(xi, −y), −A3(xi, −y) (7.34)

Ψ(xi, y) = ±γ3γ5Ψ(xi, −y). (7.35)

We see that the Wilson lines are projected out, they are forced to be zero. Furthermore,
half of the Fourier modes are projected out, and one can check that the Casimir potential
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Figure 7.7: (a) E˙ective potential of the Standard Model compactifed in a circle with periodic boundary
conditions for all particles, the Higgs fxed at its minimum and all Wilson lines turned o˙. There is no
runaway solution. The only AdS minimum we have is the one that would be associated with neutrino
bounds. (b) E˙ective potential of the Standard Model with periodic boundary conditions for all particles
except for the leptons. The Higgs is fxed at its minimum and all Wilson lines are turned o˙. There is no
runaway solution. We fnd an AdS minimum which cannot be avoided by constraining any free parameters
of the Standard Model
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is reduced by a factor 2. We can use directly the formulas for the circle if we take into
account these two points since nothing else changes. In this orbifold the contribution to� � 
the Casimir potential of each particle VC R, mp, θ is thus very simple. The results for the
scalar potential would be qualitatively identical to the case of the circle with Wilson lines
fxed to zero.

We could envisage to compactify the SM on the segment and obtain the results
above with fxed Wilson lines. However there is a technical obstruction in this simple
situation. Indeed, refection with respect to a single coordinate (or in general, parity) is
not a symmetry of the SM (since it reverses chirality) and we cannot twist the theory with
respect to it, unless we do some modifcation or extension. Such an extension could be
the embedding of the SM in a theory which is left-right symmetric like SU(3) × SU(2)L × 
SU(2)R × U(1), SU(4) × SU(2)L × SU(2)R or SO(10). But then we have to include the
Higgsing down to the SM in the computations. We will prefer instead to go to 2D orbifold
compactifcations T 2/ZN , with ZN a discrete rotation in two dimensions, which is always
a symmetry of the 4D SM. We will frst discuss the case of the torus, from which it is easy
to obtain the results for the orbifolds.

7.7 The SM on the T 2 

In this section we consider the case of the compactifcation of the SM on the torus T 2 

and then on the orbifold T 2/Z4 which is closely related. Notice that it is not clear whether
all of the Swampland ideas hold when the number of space-time dimensions is smaller than
4. Therefore it is important to remember that a key assumption in this and the following
section is that the Non AdS Instability Conjecture is also true in 2 dimensions.

7.7.1 The SM on the T 2 torus

In this section we frst review some of the most relevant features and results of the
compactifcation of the SM on a torus. Compactifcations of the SM on a torus have been
considered in [31, 181,182] and [85, 148].

As in the circle, to obtain the potential of the moduli we will consider the scalar
potential of the SM plus Einstein gravity compactifed on the torus and the one-loop
contribution coming from the Casimir energy of the corresponding particles.

We take for the distance element in 4 dimensions,

ds2 = gαβ dx
αdxβ + Bαidx

αdyi + tij dyidyj , (7.36)

with gαβ the 2-dimensional metric, Bα2 and Bα3 the two graviphotons, which will be set
to zero from now on for the same reason as in the circle, and tij the metric on the torus,
which reads

" # 
2a

tij = 
τ2 

1 
τ1 

τ1 
|τ |2 . (7.37)

2Here τ = τ1 + iτ2 and a are the complex structure and area moduli, respectively. The
relevant piece of the e˙ective action after dimensional reduction on the torus takes the
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form
Z " � n o� # 

√ 1 1 
SGR+SM = d2 x −g2 M2(2πa)2 R(2) − (∂ατ1)

2 + ∂ατ2)2 − V , (7.38)
2 p 2τ2 

where V includes the 4D cosmological constant, the tree-level and the Casimir contributions
to the potential of the scalars in the theory. Notice that, as expected from the fact that the
4-dimensional graviton has two degrees of freedom, only the two complex structure moduli
propagate in two dimensions, whereas the area moduli does not propagate any additional
degree of freedom (i.e. it has no kinetic term in the 2D action). Moreover, unlike in the
case of the circle, now we cannot perform a Weyl transformation to express the action in
the Einstein frame, due to the conformal invariance of 2D gravity. This means that the
function V should not be interpreted as a canonical potential, and that we have to resort to
the equations of motion in order to study the vacua of the lower dimensional theory. Even
though V is not minimized with respect to all the variables at the vacua of the theory, we
will still call it potential. The conditions for AdS2 vacua are (see [31,181] for details):

V (a, τ, φj ) = 0, ∂τ1,2V (a, τ, φj ) = 0, ∂φj V (a, τ, φj ) = 0, 
(7.39)

∂aV (a, τ, φj ) < 0, ∂τ 
2 
1,τ2, V (a, τ, φ) > 0, ∂φ 

2 
j 
V (a, τ, φj ) > 0, 

where the φj represent all the other 2-dimensional scalars in the theory. Notice that these
conditions are the usual minimization conditions for the potential with respect to all the
scalars in the theory except a. These two atypical constraints (the ones in the frst column)
come from requiring constant feld solutions to the equations of motion. Variation of the
action with respect to a yields the constraint

1 ∂aV R(2) = , (7.40)
(2πMp)2 a 

so that the curvature in 2D is fxed by the derivative of the potential with respect to
a. Thus an AdS vacuum is obtained for a negative derivative. A possible new degree of
freedom in the torus case is the addition of magnetic fuxes along some U(1) in the Cartan
subalgebra of the SM. However, fuxes contribute enormously to the vacuum energy and
do not lead to interesting vacua, see [148,181].

Regarding the rest of 2D scalars that enter the potential, we have the Higgs, two
Wilson lines (corresponding to the two cycles of the torus) for each of the neutral gauge
felds in the SM, that is, two for the photon A, two for the Z0 boson and two more for
each of the two gluon felds belonging to the Cartan subalgebra of SU(3)C . The potential
that we consider has the following structure

X 
V [a, τ, H, Zi, Ai, G1i, G2i] = (2πa)2Λ4+(2πa)2VSM(H, Z1, Z2)+ Vp(a, τ, H, Zi, Ai, G1i, G2i). 

p 
(7.41)

As in the circle compactifcation, it consists of a piece that depends on the 4D cosmological
constant Λ4, a tree level piece for the Higgs and the Z Wilson lines (which comes from the
4D Higgs potential and the 4D mass term of the Z boson, respectively) and a contribution
from the Casimir energy of the particles in the spectrum. Again, this last piece is the
sum of the contributions coming from each particle and introduces the dependence on the
geometric moduli, the Higgs and the Wilson lines to which it couples. In order to compute
the Casimir energy we need to expand our 4D felds in a basis that respects the periodic
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(zi = 1) or antiperiodic (zi = 0) boundary conditions along the two cycles of the torus,
that is ��� � � �∞ 1−z1 1−z2X 2πi n1+ y1+ n2+ y2α 2 2

φ(x , y i) = φn1,n2 (x α)e . (7.42)
n1,n2=−∞ 

After inserting this expansion into the one-loop quantum e˙ective action and integrating
over the compact dimensions, the Casimir contribution of a particle with spin sp, np degrees
of freedom and mass mp turns out to be:

" # ∞ Z � �2X d2−i p H 1 22Vp = (−1)2sp+1 np log −p + mp + (n2 + θ2) − τ (n1 + θ1) . 
2 (2π)2 v a2τ2 n1,n2=−∞ 

(7.43)
The θi are functions of the appropriate Wilson lines and boundary conditions zi. Using
dimensional or ζ-function regularization techniques one arrives, after renormalizing the
cosmological constant, at the following expression for the Casimir energy of each particle
[148,181]:

⎡ ! ∞
(−1)2sp+1np X cos(2πpθ1) 2πpam 2Vp = ⎣2a 2τ2m K2 √ +

2(2πa)2 
p=1 

p τ2 
⎤ 

∞ � q � 
1 X � 

σ− ) 
� 

σ− )+ 2π (n + θ1)2τ22 + m2a2τ2 Li2 (e σ+ ) + Li2(e + Li3(e σ+ ) + Li3(e ⎦ 
4πτ2 n=−∞ 

≡ (−1)2sp+1 npVC [a, τ, m, θ1, θ2], (7.44)

where Lis is a polylogarithm and
� q � � 

σ± = 2π ±i − (n + θ1) τ1 + θ2 − (n + θ1)2 τ2
2 + Ma2τ2 . (7.45)

There are fve scalar felds that must be stabilized at low energies (the three geometric
moduli and the two photon Wilson lines), and the number increases as the energy grows:
four extra gluon Wilson lines once the QCD scale is surpassed and the Higgs plus the
two Z0 Wilson lines when the EW scale is reached. In the case of the circle we saw that
the Wilson lines tend to create runaway directions that non-perturbatively destabilize any
possible AdS vacua of the lower dimensional theory [148], hence ruining the possibility to
obtain any constraint from AdS-phobia, we only obtain Type S vacua. As we saw in section
7.6, setting the Wilson lines to zero simplifes things in such a way that constraints are
expected to come up. This is our main motivation to consider an orbifold compactifcation
of the torus, as the action of the ZN will project out the Wilson lines from the spectrum.

7.7.2 SM compactifcation on the T 2/Z4 orbifold

Let us explain why we choose to study, in particular, the Z4 orbifold. First of all
the complex structure is only fxed if the quotient is by ZN with N ≥ 3. The quotient
by Z2 would project out the Wilson lines but would not fx the complex structure. In
this case it is necessary to fnd the minima in the direction of the complex structure.

108



7.7. The SM on the T 2 

This is easy to do when all particles have periodic boundary conditions. In this case the
potential is invariant under SL(2; Z) modular transformations and therefore the extrema
of the potential must be at the stationary points of the complex structure, that is, τ = 1 or√ 
τ = 1/2+ i 3/2. In fact, as it is concluded in [181], only the latter allows for the existence
of minima. However, if there are both P and AP boundary conditions the combined
minimization of complex structure and radius becomes less trivial. As shown in section
7.6, the appearance of antiperiodic boundary conditions is of some interest, because they
may generate additional “exotic”AdS minima, that come out as a generic feature of the
SM as we know it. For this reason, we prefer an orbifold in which the complex structure
is fxed from the start. Finally, among the remaining orbifolds, the formulas for the Z4 
orbifold are the easiest ones to work with. Still the general results obtained in the next
section are expected to apply for any ZN orbifold acting crystallographically on the torus.

The most relevant di˙erence between T 2 and T 2/Z4 is that we need to introduce
additional boundary conditions to prevent the Lagrangian from becoming multivalued as
a result of the new identifcations. Instead of using a, τ it is sometimes useful to use the
torus radii R1, R2 and the angle θ between them as parameters:

a 1iβ R2
2 q 

R2R2 4 2τ = e τ2 = τ1 = − a a = R1R2 sin β (7.46)
R2 R2 1 2R1 1 1 

Remember that, for consistency of the Z4 identifcations [183], the geometrical action of
the orbifold must act crystallographically on the torus lattice, fxing the complex structure

2to τ = i and R1 = R2 ≡ R or a = R2 . We have two symmetry transformations associated
with the torus T and three non-trivial ones with the orbifold P . Their action on the
compact coordinates is given by:

TA(y1, y2) = (y1 + R, y2) (7.47)
TB(y1, y2) = (y1, y2 + R) (7.48)
P4(y1, y2) = (−y2, y1) (7.49)

P4
2(y1, y2) = (−y1, −y2) (7.50)

P4
3(y1, y2) = (y2, −y1) (7.51)

� � 0Under any of these symmetries the scalar felds transform as φ (x, y) −→ φ x, y . It
is enough to impose boundary conditions for the two translations and for the smallest

πrotation, of angle . The boundary conditions for the translations imply that we can2 
expand the modes in the usual Fourier series:

�∞X 
φ++φ (xi, y1, y2) = (xi) cos 2πn1y1 cos 2πn2y2 + φ+− (xi) cos 2πn1y1 sin 2πn2y2n1n2 n1n2 

n1,n2=0 � 
+ φ−+ (xi) sin 2πn1y1 cos 2πn2y2 + φ−− (xi) sin 2πn1y1 sin 2πn2y2n1n2 n1n2 

(7.52)

We will be particularly interested in Lagrangians which are invariant under some discrete
gauge group, possibly embedded at some scale in a gauged U(1). In this case we can
complement the geometrical action with an internal one belonging to the discrete gauge
subgroup. Thus e.g., in the case of a U(1) symmetry and denoting their charge scalar by
q, the boundary condition for the π rotation is given by2 

φ(xi, y1, y2) = eiqαφ(xi, −y2, y1) , (7.53)
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for some real α which is the same for all of the particles involved in the U(1) symmetry.
It is then easy to see that a solution exists for qα = 2k π 

4 , where k = 0, ±1, ±2... Without
πloss of generality we fx α = so that the charges are just even integers q = 2k for4 

= ±φ++ , φ−− =  φ−−scalars. In particular, for even k the mode is given by: φ++ ,n1n2 n2n1 n1n2 n2n1 
φ+− φ−+ , φ++ φ−−= = 0. For odd k it is given by φ+− = ±iφ−+ = = 0. Inn1n2 n1n2 n1n2 n2n1 n1n2 n1n2 
all of these cases the linearly independent Fourier modes can be confned to the positive
n1, n2 ≥ 0 sector. Notice that the zero mode survives only for k multiple of 4.

Regarding the fermions we also start with the boundary conditions for the torus
translations. Periodic or antiperiodic boundary conditions are taken into account by re-
placing n with ñ = n + 1−zp in the usual Fourier series. Under a general rotation Weyl2 

i ϕ~ � � 
~ 0 πspinors transform as ψ (x, y) −→ e 2 σψ x, y . Taking the rotation to be around the2 

third axis we fnd:
! 

i π � �e 4 0 0ψ (xi, y1, y2) −→ −i π ψ x, y . (7.54)
0 e 4 

If the internal global symmetry is a U(1), then the boundary condition for the orbifold
rotation Eq. (7.49) is:

iqα i π 
ψ (xi, y1, y2)) = e e 4 σ3 ψ (x, −y2, y1) . (7.55)

One fnds that for α = 1/4 a solution exists only for odd q. Besides, it is always possible to
confne all the independent Fourier modes to the positive n1, n2 ≥ 0 sector. For q = 1+8k 
we obtain a 1-component 2D fermion in the massless sector, otherwise there is no zero
mode for the fermion. To sum up, depending on its charge, each particle may or may
not have a zero mode and also a non-vanishing contribution to the Casimir energy (i.e. it
contributes only if it admits an expansion, that is, it has a KK tower). Let us recall that
only massive KK excitations contribute to the Casimir potential, the possible zero modes
do not. Hence the crucial feature in order to compute the potential is the presence or not
of a KK tower for a given particle.

νFinally, vector felds transform as PAµ(x
σ)P −1 = Pµ Aν (P−1 

ρ
σxρ). Since they

transform in the adjoint of their gauge group the orbifold action is given by:

Aµ (xi, y1, y2) = U 
� 
Ai (xi, −y2, y1) , −A3 (xi, −y2, y1) , A2 (xi, −y2, y1) U † . (7.56)

In the case of a U(1) symmetry, the U’s cancel out. The key observation is that the
boundary conditions project out the Wilson lines. As explained in the text, this is the
main reason why we study orbifolds. Again, the most general solution is a combination
of positive modes. Note that one can add however quantized Wilson line backgrounds of
order 4. We have checked that this extra discrete degree of freedom only gives rise to new
Type S vacua which are of no relevance for the present discussion.

Once we have found the expansion for each feld, we insert it in the path integral,
through the action, and proceed in the same way as in the torus or the circle. After
integration in the compact coordinates, the only di˙erence between T 2 and T 2/Z4 is in the
values that ñ1, ñ2 can take. We have seen that in T 2/Z4 the independent normal modes
can be confned to the positive ñ1, ñ2 ≥ 0 sector. Thus, the potential for the orbifold is
given by the torus result Eq. (7.43) evaluated at τ = i and θ1 = θ2 = θ and with the
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restriction ñ1, ñ2 ≥ 0:
" # ∞ Z � �2 � �X d2−i p H 12 2 2Vp = (−1)2sp+1 np log −p + mp + ñ2 + ñ . (7.57)122 (2π)2 v a 

n1,n2=0 

Now, because we are at τ = i, the modifed indices ñ1, ñ2 appear only squared. This means
that we can extend the summation in n1, n2 to the integers (remember that the zero mode,
n1 = n2 = 0, does not contribute to the Casimir energy and that ñ = n + θ) as in the
general formula of the torus. For this reason, we could just use the general formula, Eq.
(7.44) evaluated at τ = i and with an extra factor 1

4 .
For θ = 0 it is shown in Appendix C that the contribution from a massless particle

can be expressed in a simple form:

1 G 
VC [a, τ = i, 0, 0, 0] = , (7.58)

(2πa)2 3 

where
∞X (−1)n 

G ≡ (7.59)
(2n + 1)2 

n=0 

1is Catalan’s constant, G ' 0.915966. For θ = 2 , the Casimir energy reads
� � 

1 1 −1 G 1 
VC a, τ = i, 0, , = = − VC [a, τ = i, 0, 0, 0] . (7.60)

2 2 (2πa)2 6 2 

The discussion for the massive case is essentially the same as for the segment. For
−1a � mp (the particle mass), the potential is exponentially suppressed with the mass,

−2while for a−1 � mp it tends to VC [a, τ = i, 0, θ, θ], growing as ∝ a . In the case of S1/Z2 
the potential for a massless particle decayed as ∝ R−6 and that is why R6V was constant
in the massless limit and easier to plot. We had to look for the minima followed by zeros
of R6V , since only those meant a minima for V . Now we are concerned with the zeros of
a2V as a function of a, since those are also zeros of V . In both cases we can normalize the
potential in units of degrees of freedom. Finally, as in the case of the segment, fermions
can be either periodic or antiperiodc. The only di˙erence is that the factor −8

7 is now
replaced by a factor −1 .2 

7.7.3 Embedding Z4 into discrete gauge symmetries

From the discussion above, particularly Eq. (7.55), one observes that if fermions
are not charged under a discrete subgroup of a U(1) symmetry (i.e. α = 0) there is no
KK tower for any fermions in the theory. Then the KK towers are purely bosonic and

2the Casimir potential becomes unbounded from below as a → 0. This means we get a
vacuum of Type S which is consistent with AdS-phobia but leads to no constraint. In order
to obtain Type P vacua leading to interesting constraints on the SM we need to embed the
Z4 action into an order eight discrete subgroup of a gauge (or gaugable) U(1) symmetry,
to match the eiπ/4 phase that fermions get under a π/2 rotation. In this way the SM
fermions may get KK excitations and contribute to the Casimir energy, which is what we
are searching for in order for neutrinos to play a role. We will consider three possibilities
for such an embedding
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a) Discrete subgroups of the Cartan subalgebra of the SM gauge group SU(3) × 
SU(2) × U(1).

b) Discrete gauge symmetries. We will consider symmetries which are subgroups of
U(1) global symmetries of the SM and may be gauged at a higher scale. This is
the case of (B − L) which is a global anomaly-free symmetry of the SM (if right-
handed neutrinos are present) and is also a global gauge symmetry of the R-parity
conserving MSSM. If the SM or MSSM is extended by a U(1)B−L gauge symmetry,
this embedding will always exist. However discrete ZN subgroups of B − L may be
gauged with no need for the full gauge group U(1)B−L to be gauged at any scale, see
e.g. [184,185].

c) Discrete R-symmetries in the case of the SUSY SM. Those may appear in string
compactifcations as gauged R-symmetries, see e.g. [186,187].

The embeddings of the frst type are always available and hence the conclusions one derives
from the existence or not of AdS vacua in that case will always apply. For the other
symmetries the conclusions will depend on whether the theory underlying the 4D string
compactifcation leading to the SM admits those symmetries. In particular if U(1)B−L is
gauged, we will always be allowed to twist by any discrete subgroup of it.

For convenience of the reader, in Table 7.1 we show the quantum numbers of SM or
MSSM particles with respect to some relevant U(1) symmetries and R-symmetries (in the
MSSM case). We will consider twisting with respect to discrete subgroups of them, as well
as the Cartan subalgebra of SU(3) × SU(2).

Generator Q u d L e νR H̃ ˜̄H ˜g̃, W , B̃ 

Y 1 -4 2 -3 6 0 -3 3 0

B-L 1 -1 -1 -3 3 3 0 0 0

U(1)s -1 -1 -1 -1 -1 -1 1 1 1

Table 7.1: Some fermion U(1) q-charges considered in the text. The line in the bottom is the
R-symmetry of the MSSM and the corresponding sfermions have charge q + 1.

AdS SM Z4 vacua
It is easy to check that embedding Z4 into a discrete subgroup (of order eight) of

weak hypercharge Y or the third component of weak isospin leads to uninteresting but safe
Type S vacua. Indeed the reader may check that only left-handed quarks and leptons build
a KK tower and contribute in this case. Since the right-handed fermions are projected
out, no masses can appear for the fermions. Thus the KK towers are dominated by these
massless fermions, which overwhelm the contributions of the photon and graviton avoiding
AdS minima to develop.

On the other hand if we embed Z4 into a discrete subgroup of the SU(3) colour
Cartan subalgebra, Type D minima develop. To see how this comes about, we begin by
assigning periodic boundary conditions for the torus translations to all particles. Regarding
the orbifold rotation boundary conditions, notice that all of the particles except for quarks
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and gluons have zero (strong) charge. From Eqs. (7.53) and (7.55) this means that the
Higgs bosons survive but the leptons are projected out. For the quarks the boundary
condition is given by the following equation, diagonal in colour space:

Ψ(xi, y1, y2) = e i(q3T3+q8T8)e i 
π 
4 σ3 ψ (x, −y2, y1) . (7.61)

We know that a colour will survive only if its corresponding charge is odd. Introducing
the Gell-Mann matrices we fnd these three equations: q3 + q8 = odd, −q3 + q8 = odd and
2q8 = odd for the three colours respectively. If the frst two are satisfed then the third
one is not satisfed, as can be seen by adding them. Thus, only two colours of quarks
will get KK towers and no leptons. Doing the same for the gluons, one fnds that SU(3)
is broken to SU(2) × U(1). With this spectra, the contribution from the photon and
graviton dominates down to the QCD transition, where the quarks make the potential
positive. Thus, a minimum always develops, see Fig. 7.8(a). So, remarkably, the SM as it
is would be excluded by the existence of this AdS vacuum. There is no dependence on any
particle mass (like the lightest neutrino mass in the neutrino type of vacua) which could
save the day. As we said, the reason why the SM necessarily has AdS vacua is that it is
too fermionic. If the theory had more bosons than fermions this vacuum would become
unstable and consistency with the WGC would be obtained. That is precisely what is
naturally provided by a SUSY version of the SM which we consider next.

7.8 Z4 MSSM vacua

We now turn to the case of the MSSM. We consider here for defniteness the case
of the simplest R-parity conserving version of the SM. Thus we have sfermions partners
for fermions, Higgsinos for Higgses (we assume a minimal set) and gauge bosons come
with gauginos. Let us check frst whether twisting by discrete subgroups of the Cartan
subalgebra of the SM lead to dangerous AdS vacua, as it happened in the non-SUSY SM.
As in the latter, embedding the twist into hypercharge or weak isospin lead only to Type
S vacua. If we embed Z4 into the Cartan subalgebra of SU(3) the following particles get
KK towers,

• Two colours of quarks → 48 d.o.f.
• One colour of squarks → 24 d.o.f.
• All sleptons → 24 d.o.f.
• Gauge bosons, graviton and Higgs → 34 d.o.f.
The contribution of fermions and sfermions cancel neatly. But altogether the number

of bosons with a KK tower exceeds the number of fermions (since 8 gauginos do not get a
KK tower, as well as Higgsinos). Therefore, as a2 → 0 the potential necessarily develops
an instability and the vacuum is of Type S, see Fig. 7.8(b). Thus the MSSM, due to the
presence of the sparticles, survives the test that the SM failed.

The dimension 4 action of the R-parity conserving MSSM has two family-independent
global symmetries, one being B − L, like in the SM. The other is an R-symmetry U(1)s 
with charges shown in Table 7.1. Let us consider them in turn.

113



Chapter 7. Non AdS Instability Conjecture

-�� -� � �

-�

�

�

��

��

��

(a)

-�� -� � �
-��

-��

-��

-��

�

��

��

(b)

Figure 7.8: (a) E˙ective potential of the Standard Model compactifed in T 2/Z4 embedded into a
discrete subgroup of the SU(3) colour Cartan subalgebra. All particles have periodic boundary conditions.
As usual, the Higgs is fxed at its minimum. There is no runaway solution, so the minimum which appears
around the QCD transition is of type D. The SM as it is appears to be inconsistent with Quantum Gravity.
(b) The same plot but for the MSSM. The addition of extra bosonic degrees of freedom creates a runaway
behaviour in the potential which could make the minima unstable. The MSSM would then appear to be
consistent with the no stable AdS hypothesis.
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7.8.1 Embedding into a discrete subgroup of U(1)B−L 

As we said, an embedding of ZN into a discrete subgroup of U(1)B−L will always be
possible if the MSSM is extended to include a U(1)B−L gauge symmetry. This symmetry
is automatically present as a global symmetry in the R-parity conserving MSSM, and
indeed the B − L symmetry is gauged in a multitude of string semi-realistic models (see
e.g. [188]). A discrete subgroup of U(1)B−L may also be gauged without the full U(1)B−L 
gauge symmetry surviving at low energies. For our purposes there is no practical di˙erence
although of course, if the symmetry U(1)B−L is fully gauged in nature our conclusions below
would be completely generic.

The quantum numbers of each MSSM particle with respect to (B − L) are shown in
Table 7.1. Since the q values shown in the table are all odd, all quarks and leptons get a
KK tower, while sfermions do not. Gauginos and Higgsinos do not get KK towers since
they do not have B − L charge, whereas Higgs scalars do have a KK tower. The structure
of the Casimir potential is, up to numerical factors with no important impact, practically
identical to the potential that we depicted for the case of the circle with Wilson lines fxed.
We show a2V (a) for this Z4 case in Fig. 7.9(a). We fnd one dS and (possibly) one AdS
minima at the neutrino scale, depending on the mass of the lightest Dirac neutrino. Since
there are more fermionic than bosonic degrees of freedom the potential keeps growing.
This ensures the stability of the neutrino vacuum, eliminating the runaway solution that
appears for the circle or the torus, where Wilson lines are present. In Fig. 7.10 we plot the
potential around the neutrino scale as a function of the lightest Dirac neutrino, assuming
Normal Hierarchy. We fnd that there is no minimum if its mass is lower than 7.25 meV. For
Inverse Hierarchy the bound is mν3 ≤ 2.05 meV. Thus we recover the possibility of an AdS
vacuum which is avoided for appropriate neutrino masses, and get back the predictions for
the cosmological constant and the EW hierarchy. We conclude that in the MSSM extended
by U(1)B−L (or a discrete subgroup) one fnds the attractive list of four predictions listed
in the introduction. But this time without runaway directions that could spoil them.

Let us also note that in the SUSY case we do not have the freedom to set the torus
boundary conditions for the leptons AP and P for the quarks. The reason is that gauginos
(and the gravitino) couple to both quarks and leptons so that one cannot chose di˙erent
torus boundary conditions for them. Thus the problematic AdS vacua present in 3D for
the SM and shown in Fig. 7.7(b) is not present in the SUSY case. In this section 4 we
are always taking periodic boundary conditions for all fermions. If all fermion boundary
conditions were AP we would get uninteresting Type S vacua.

7.8.2 Embedding into the U(1)s R-symmetry

We fnally consider the embedding of Z4 into an order eight discrete subgroup of
the U(1)s R-symmetry in Table 7.1. R-symmetries of this type are also abundant in
string theory [186, 187]. In some cases they are gauged in the σ-model sense, and their
anomalies are cancelled by a Green-Schwarz mechanism, see e.g. [189–191, 191]. They
are eventually broken upon SUSY breaking by dimension < 4 operators. Note that the
table shows the charges of fermions, and that of scalars is obtained by adding (+1) and
hence is always even. It is easy to check that the complete spectrum of the MSSM get
KK towers. In addition to the SM particles there will be contributions from KK towers
of squarks, sleptons, gauginos, Higgsinos and the gravitino. We are thus including 48
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Figure 7.9: (a) E˙ective potential of the MSSM compactifed in T 2/Z4 embedded into B − L and the
Higgs fxed at its minimum. The only possible AdS minimum which may arise is the one associated with
neutrino bounds. (b) E˙ective potential of the MSSM compactifed in T 2/Z4 and embedded into U(1)s.
The Higgs is fxed at its minimum. The only possible minimum is the one associated with neutrino bounds.
Recall that 2D minima only appear when V (a) crosses zero. The neutrino minimum may be avoided (in
both cases) if the lightest Dirac neutrino is light enough.
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Figure 7.10: Zoom in of Fig. 7.9 around the neutrino scale. We always assume Dirac neutrinos, since
Majorana neutrinos are ruled out. Using experimental constraints on the neutrino masses, we choose as
free parameter the mass of the lightest neutrino. If its mass is larger than 7.25 meV, an AdS minima
develops.

(complex) scalars from the sfermions, 4 new Higgs (real)scalars, 4 Higgsinos, 12 gauginos
and one gravitino. Altogether an addition of 60 net bosonic degrees of freedom which just
balances the mostly fermion dominated SM. We show in Fig. 7.9(b) the function a2V (a) for
this case, in which we have chosen a specifc SUSY mass spectrum, provided in Appendix
E. The qualitative structure does not depend on the details of the spectrum. For values
1/a & MW , the SUSY thresholds open up, and there is a cancellation between fermions
and bosons so that the potential goes to zero as a → 0. Indeed we fnd that the leading
contribution to the Casimir potential in this limit is given by

1 G 
⎛
⎝ X 

(−1)2sp+1 nP 

⎞
⎠ . (7.62)V → 

(2πa)2 3 
P 

which cancels if all MSSM particles have KK towers. Here G is Catalan’s constant. One
has to be slightly more careful, though. Since the leading contribution as a → 0 cancels,
we have to examine the sub-leading terms to decide whether a runaway behavior exists or
not. In the case of the segment one would have for a SUSY spectrum from Eq. (7.32) a
behaviour for small R 

X1 12(−1)2sp npmp ≡ δSS + O(1/R2) (7.63)V (R)R→0 → 
48πR4 48πR4 

p 

where δSS is the supertrace over all masses. In the torus and T 2/Z4 cases something
analogous but slightly more complicated is obtained. The sub-leading mass-dependent
contribution from a bosonic KK tower turns out to be (see Appendix C)

⎧
⎪⎨ 
⎪⎩ 

�� 
Γπ2 5π 4

1 
⎫
⎪⎬ 
⎪⎭ 

V (2) [a, m, 0] = (am)2 π log (2πma) − − + log 
6 2 2π3/4 
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and the opposite for a fermion. In the (ma) → 0 limit we are considering the bosonic
contribution is negative and the fermionic is positive. Numerically the situation is rather
similar to case of the segment. In particular, the log (2πma) gives even more importance
to the most massive particles in the spectrum with respect to the case when only the
supertrace appeared. When it comes to understanding the fnal sign of the potential it
must be noted that, if the sign of the supertrace is dictated by the most massive particle
in the spectrum (as it is usually the case), it is guaranteed that the sign of the potential
will be actually given by the one of the supertrace.

There are then essentially two model-dependent possibilities, depending on the par-
ticular structure of the SUSY spectrum:

δSS ≤ 0. In this case there is again an instability at small a, and we have a Type S
vacuum. The WGC constraints are evaded and there is no inconsistency.

δSS > 0. In this case there is no runaway direction and the possibility of stable
neutrino minima is recovered, as well as the corresponding predictions, we have a
Type P vacuum. This time not only the neutrino masses are constrained but also the
SUSY masses.

Although both signs may lead to consistent theories, the δSS > 0 case is particularly
attractive since the interesting constraints from the non-existence of neutrino AdS vacua
are preserved. The sign of the superstrace is model dependent. In particular it depends
on the values of the SUSY-breaking gaugino, squark, slepton and Higgssino/Higgs masses.
One could think that in practically any MSSM constructed to date one has a dominant
positive contribution to δSS , since there are many more massive SUSY bosons than SUSY
fermions, due to family replication. This is true, however, only if one restricts oneself to the
e˙ect of the SUSY partners of the observed SM particles. But here it is also relevant the
mass of the gravitino m3/2. The minimum SUSY breaking sector should involve at least
a goldstone chiral multiplet, with a goldstino and a s-goldstino. The gravitino becomes
massive combining with the goldstino and the s-goldstino typically also gets a mass of the
same order. Thus one can also obtain δSS > 0 by having e.g. msg heavier than all the
rest of the spectrum. The sign also obviously depends on the possible presence of further
particles beyond the MSSM and gravitino/goldstino sectors.

Still, the condition δSS > 0 may be an important constraint on specifc SUSY exten-
sions of the SM. In particular, consider a MSSM model in which the gluino is the heaviest
SUSY particle, larger than all other MSSM sparticles but also larger than m3/2 and msg.
If the gluino is heavy enough one will violate the δSS > 0 condition and, although possibly
consistent with the AdS-phobia condition, the radion potential would be unstable and the
predictions from the neutrino AdS vacua would be lost. Note however that this can be
avoided and the neutrino conditions would survive if e.g. the s-goldstino mass turns out
to be heavier than the gluino. Since the s-goldstino and gravitino sector depends strongly
on each model we cannot get a frm prediction that the heaviest observable SUSY particle
should be a boson, since the SUSY-breaking is in general precluded from the observable
sector. On the other hand δSS > 0 may be an interesting constraint to test in specifc
SUSY extensions of the SM.
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7.8.2.1 New AdS vacua for particular choices of SUSY spectra

Although the δSS > 0 condition guarantees stability of the potential, it turns out
that there can be new AdS minima at fnite 1/a for particular choices of SUSY masses.
Let us show here a couple of examples. The general structure of these examples requires
three ingredients. First, to have a boson as the heaviest particle in order to fulfll the
δSS > 0 condition and ensure local stability of the minimum. Second, to have an energy
scale at which bosons dominate in order to be in the V < 0 region and have a chance
to form a minimum. Third, between this scale and the mass of the heaviest boson, we
must have some fermionic degrees of freedom that can lift the potential to create the AdS
minimum. To make things simple, we will consider here all the supersymmetric particles
to have masses around 1 TeV except the boson that ensures δSS > 0 and the fermion that
gives a positive contribution to the potential.

The frst example of these kind of vacua is shown in Fig. 7.11 and we can constraint
the relation between the mass of the gravitino and the mass of the s-goldstino (for fxed
masses of all the other superpartners). In particular, an AdS minimum forms from m3/2 = 
19 TeV and msgolds = 33 TeV onwards, excluding these kind of spectra in SUSY models
with U(1)S symmetries. Another example of these kind of vacua can be seen in Fig. 7.12,
in which we consider the most massive particle to be a squark of mass msquark = 23 TeV 
and the fermions that lift the potential to be the gluinos, with mass mg = 18 TeV. From
these masses on an AdS minimum forms and we can exclude these kind of spectra in the
SUSY extensions of the SM.

More generally, given a SUSY version of the SM, computing the supertrace gives
us information on the stability of the lower dimensional compactifcation and possible
constraints on the SUSY spectrum and other parameters, i.e. neutrino masses and the
cosmological constant. Furthermore one has to check whether additional AdS vacua can
form depending on particular choices of SUSY masses.

7.8.2.2 Charge-colour breaking AdS minima

It is well known that the 4D MSSM has, apart from the standard EW minima in
which the Higgs felds get a vev, a plethora of other possible minima in which squarks or
sleptons are the ones who get a vev. [192,193]. The space of these other minima is in general
complicated and strongly dependent on the SUSY-breaking parameters. Many of these
other minima are driven by the trilinear scalar couplings of the form e.g. Atht(t̃RHut̃L) + 
h.c., where At is a soft parameter with dimension of mass, see [193] for a detailed analysis
and references. One can derive necessary conditions on soft masses in order to avoid these
minima to be lower than the standard Higgs minimum. A well known bound for minima
derived from this trilinear stop coupling is

3h2 2 2|At|2 < (m + m 2 + m ) . (7.65)t Hu ˜ ˜tL tL 

Weaker bounds may be derived by allowing minima lower than the Higgs one but imposing
that the minimum is suÿciently stable at the cosmological level. In fact most of the
examples of SUSY spectra discussed in the literature belong to this class in which the
standard Higgs MSSM vacuum is metastable. These charge/colour breaking minima to
which the Higgs vacuum is unstable to decay are AdS 4D minima, and the deepest of them
will be stable. If we want to forbid AdS non-SUSY vacua altogether these 4D AdS minima
should be absent from the start.
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Figure 7.11: E˙ective potential of the Standard Model compactifed in T 2/Z4 and embedded into U(1)s.
The masses of all superpartners of the SM particles are set to 1 TeV except for the gravitino (4 d.o.f.),
m3/2 = 19 TeV and the s-goldstino (2 d.o.f.), msgolds = 33 TeV. (b) displays a zoom in of (a) and it can
be seen that a Type P AdS minimum forms since it depends on the masses of the SUSY spectrum, hence
giving some constraints from AdS-phobia.
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Figure 7.12: E˙ective potential of the Standard Model compactifed in T 2/Z4 and embedded into U(1)s.
The masses of all superpartners of the SM particles are set to 1 TeV except for the gluinos (16 d.o.f.),
mg = 18 TeV and 1 squark (12 d.o.f.), msquark = 23 TeV. (b) displays a zoom in of (a) and it can be seen
that a Type P AdS minimum forms since it depends on the masses of the SUSY spectrum, hence giving
some constraints from AdS-phobia.
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The logic of AdS-phobia then requires the Higgs vacua of the MSSM to be strictly
stable and not just metastable. In fact full stability has been already advocated on di˙erent
grounds, see e.g. [194] and references therein for a recent discussion. A general consequence
of imposing strict stability and a Higgs mass around 125 GeV is a quite heavy SUSY
spectrum [194]. On the other hand this agrees well with the non-observation so far of any
SUSY particle at LHC.

In going to 2D on T 2/Z4, a necessary condition in order not to get any of these AdS
vacua inherited is to impose as a strict condition the stability of the Higgs MSSM vacuum
in 4D. In addition, one expects that some of the stable vacua in 4D may become unstable
in 2D. So the actual conditions on SUSY breaking mass parameters will be stronger than
the parent 4D conditions. Thus one should impose that 1) the MSSM Higgs vacuum is
stable in 4D against the decay into charge/colour breaking minima and 2) it remains stable
against decay in 4D. Unfortunately these conditions can only be checked in a case by case
basis.

Summarizing, with the SM embedded into a SUSY completion the AdS vacua which
appeared in the non-SUSY SM become unstable and the theory is safe. The constraints
for the neutrino masses, cosmological constant and EW hierarchy are recovered from the
existence of a Z4 vacua with action embedded into a discrete subgroup of B − L in the
R-parity preserving MSSM. Further constraints on the SUSY spectrum appear from a Z4 
embedding into a discrete subgroup of the R-symmetry present in the R-parity preserving
MSSM, if the supertrace δSS > 0. Note that the latter constraint on the MSSM spectrum
would only arise if the discrete subgroup of U(1)s is a gauge symmetry of the underlying
theory.

We see that the EW scale is bounded to be close to its experimental value in order
to avoid the generation of stable 2D AdS neutrino generated vacua. On the other hand,
avoiding 4D and/or 2D AdS charge-colour breaking minima typically requires relatively
large SUSY masses in the multi-TeV region. Note that this could explain the so called little
hierarchy problem: the SUSY spectrum needs to be relatively heavy in order to avoid these
dangerous minima. On the other hand the EW scale is kept smaller by the condition that
the lightest neutrino is suÿciently light to avoid AdS neutrino vacua. We must emphasize,
though, that from this discussion the scale of SUSY breaking needs not be in the multi-TeV
region. It could be much larger, up to a scale e.g. of order 1010 GeV and the stability
properties would still persist.

An important question is whether the scale of SUSY-breakingMSS and the masses of
SUSY particles are close to the EW scale and LHC energies or not. It would be extremely
interesting if the AdS-phobia condition as applied to the MSSM could give us a hint on what
the scale of SUSY breaking is. To test whether there is a preference for low-energy SUSY
or not coming from AdS-phobia we have to improve the present analysis. In particular we
should consider the renormalization group improved couplings and masses. When going to
very high energies (or rather very small a) large logs will appear which cannot be ignored
at the quantitative level. The soft masses run and e.g the sign of δSS may change as masses
and couplings run. We leave this important analysis for future work.

One fnal comment, we have used the 2D vacua in this work as auxiliary tools in
order to derive constraints on the parent SM or MSSM 4D model. However some of these
2D vacua could be cosmologically interesting in the following sense. Consider the 2D vacua
obtained from embedding into U(1)s. It contains zero modes for all the particles in the
MSSM except for the Higgs bosons. Once the AdS neutrino (and/or SUSY) bounds are
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respected, the potential is monotonously decreasing into large 2D volume, the KK towers
become massless and we recover the 4D MSSM (including the Higgs bosons) as a → ∞.
So one could speculate that the universe started two-dimensional and became 4D well
before experimentally constrained cosmological events took place. In such a model the
4D cosmological constant would have been 2D volume dependent. The situation would
be consistent with the conjecture in [40] that no stable dS vacuum should exist and the
universe should have a runaway behavior. It would be interesting to explore whether a
sensible cosmology could be constructed in this scheme.

7.8.3 Twisted sectors

In all the previous sections we have not discussed the possible existence of twisted
sectors. The presence of those is expected if there are orbifold fxed points in the compac-
tifcation. Fixed points may be absent if the twist in the torus is accompanied by some
translation in the compact six dimensions of the original 4D compactifcation. If they are
present, in general there will be 2D particles from twisted sectors. Thus e.g. they explicitly
arise in heterotic orbifold compactifcations to 2D (see e.g. [195–197]). In Type II orienti-
folds there may be branes (D-strings in the 2D case) localized on the fxed points, leading
to additional massless particles in the 2D theory. A full discussion of these twisted sectors
would require a full knowledge of the underlying string compactifcation which leads to
the SM or the MSSM in the frst place. Fortunately for our purposes, to leading order
we can ignore the e˙ect of possible twisted sectors in our Casimir energy computations.
This is because any twisted particle is localized in the singularities and hence does not
have any KK tower. As we have emphasized, only states with KK towers contribute to the
Casimir potential and hence twisted sectors do not modify to leading order the structure
of the radius potential. In this respect their e˙ect is similar to untwisted zero modes which
also do not contribute to the Casimir potential. Notice however that in principle a radius
independent constant contribution could arise from the twisted sector. This could be inter-
preted as a contribution of the tension of the objects localized in the singularities. Like e.g.
in orientifold compactifcations in which the tension of branes and orientifolds cancel, one
may expect such local contribution to cancel at leading order. We are assuming that vacua
exist in which such constant contribution is either absent or small. A small constant term
would not alter signifcantly our discussion. At large a the bulk 4D Λ4 clearly dominates
(it is multiplied by a2) whereas at small a the Casimir energy contributions grow rapidly
like 1/a2 . Therefore, a constant piece may postpone the growth of a negative potential
due to the photon and the graviton but it cannot avoid the appearance of an AdS minima.

The compactifed models here discussed are in general chiral in 2D. Thus e.g. the
model constructed by twisting by a a Z4 subgroup of B − L have zero modes transforming
like quarks under the SM group, with di˙erent 2D chiralities and has SU(2)L 2D anom-
alies. The model obtained by twisting by a U(1)s subgroup also has chiral zero modes
transforming like all fermions of the MSSM. In 2D there are in general gauge and grav-
itational anomalies [156] and indeed these spectra by themselves have 2D anomalies. In
particular, gauge anomalies are given by the quadratic Casimir eigenvalue Ta of each chiral
fermion, with sign depending on whether the zero mode is left- or right-moving. In principle
one could use 2D anomaly cancellation conditions to try to fgure out what the quantum
numbers of the 2D twisted sectors could be. Indeed, one may easily obtain anomaly-free
2D theories by adding appropriate representations, which would be 2D lepton-like objects
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in our case. See e.g. [195] for specifc 2D examples of anomaly cancellation. Although,
as discussed above, the twisted sectors play no role in the computation of the Casimir
potential, it would be interesting to study further the 2D anomaly constraints in specifc
2D compactifcations of the SM, MSSM or generalizations, i.e. compactifying a 10D theory
directly to 2D. We leave this for future work.
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8 
AdS Distance Conjecture

In the previous chapter we have obtained many interesting constraints on BSM phys-
ics and valuable insight regarding hierarchy problems within the SM using the Non AdS
Instability Conjecture. We made use of the conjecture in compactifcations of the SM down
to two and three dimensions. In this and the next we will only consider compactifcations
of the SM in a circle. While the results were quite intriguing, the conjecture requires
that the AdS vacua in 3D should be stable in order for the inconsistency to arise. One
may think of possible non-perturbative instabilities like the creation of bubbles of nothing.
These are in fact not possible in this setting because of the periodic boundary conditions
assigned to the SM fermions. The presence of EM Wilson lines on the circle may also lead
to instabilities which, as we have shown, may be avoided in related settings using orbifold
projections (that was, in fact, the main motivation to consider compactifcations down
to two dimensions). Still, it is not easy to guarantee the complete stability of the vacua
without having a more complete information about the UV physics.

In this and the next chapter we focus on constraints in the neutrino sector. In
the present chapter we show that a totally di˙erent Swampland conjecture gives rise to
analogous constraints on neutrino masses. The conjecture we shall use is the AdS Distance
conjecture (4.15) which we introduced in Chapter 4.2.2. This conjecture has been shown
to be correct in many string theory vacua up to now, with no exceptions. We will apply
this conjecture to the AdS 3D vacua of the SM mentioned of the previous chapter. An
important di˙erence compared to the AdS Non-SUSY conjecture applied in the previous
chapter is that the conjecture does not require the minima to be stable. Any local stable
or unstable minima must verify the conjecture, and hence the results are, at least in this
regard, independent from UV physics.

The AdS distance conjecture can be applied whenever there is a family of vacua with
di˙erent values of the vacuum energy approaching the fat space limit Λ → 0. Hence,
we are going to assume that the SM is part of a landscape of vacua that di˙er by the
value of the SM particles masses. By scanning on the neutrino masses, we will then scan
di˙erent 3d vacua that will get constrained by the AdC. The results will therefore depend
on the specifc scanning chosen within the space of parameters of the SM. This brings a
certain level of ambiguity, since we do not really know what scans produce a family of
vacua consistent with quantum gravity. The advantage, though, is that the results will be
independent of the stability of the vacuum, unlike with the Non-SUSY AdS conjecture, so
the results of both conjectures complement each other.

We have a three-dimensional parameter space given by the three neutrino masses. We
are going to focus on those scans that seem better justifed. For instance, we will extensively
study an homogeneous scanning in the next subsection where all neutrino families scale in
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expthe same way under a rescaling by a parameter λ, so that mi(λ) = λmexp, where m arei i 
the physical values of the neutrino masses in our universe. There are therefore two free

expparameters, λ and m , since the mass of the other two neutrinos are fxed by neutrino1 
mass oscillations in terms of the frst one. One can then think of λ as the Higgs vev or some
homogeneous scanning on the neutrino Yukawas. First of all, we will study the simplest
case where the string theory underlying the SM is such that the cosmological constant Λ4 
remains una˙ected by the scanning on neutrino masses. This will be relaxed in section
8.1.3.

8.1 The AdS distance conjecture and neutrino masses

In this section we are going to explore whether the AdS distance conjecture (AdC)
can give us some constraints on neutrino masses by exploring the same system of the 3D
circle reduction of the SM. Our results rely on the reasonable assumption that the string
theory underlying the SM is such that neutrino masses scan in a landscape of possible
values. First of all, we will study the simplest case where the string theory underlying
the SM is such that the cosmological constant Λ4 remains una˙ected by the scanning on
neutrino masses. We will say than a scanning is homogeneous if all neutrino families scale

expin the same way under a rescaling by a parameter λ so that mi(λ) = λmexp, where mi i 
are the physical values of the neutrino masses. We will obtain the most interesting results

2 2for phenomenology after imposing that for λ = 1 the constraints on mi − mj coming from
neutrino oscillation data are obeyed. Thus, neutrinos masses in the homogeneous scanning
of section 8.1.1 are given by:

(λ) = λmexpmν1 ν1 q 
2(λ) = λ (mexp)2 +Δmmν2 ν1 21 q 

exp 2 2mν3 (λ) = λ (mν1 )
2 +Δm +Δm (8.1)21 32 

Next, in section 8.1.2 we will consider scannings where only the mass of one neutrino
changes, in which case we would have:

(λ) = λmexpmν1 ν1 q 
(λ) = (mexp)2 +Δm2mν2 ν1 21 q 

exp 2 2mν3 (λ) = (mν1 )
2 +Δm +Δm (8.2)21 32 

Finally, in section 8.1.3 we will consider scannings where the cosmological constant also
changes.

8.1.1 Homogeneous scanning

Homogeneous scannings may be interpreted as an scanning on the vev of the Higgs
boson. For example, in the case of Dirac masses one has mexp = Yi|H0| with |H0| thei 
physical Higgs vev. Thus, the scanning in λ may be interpreted as a scanning on the Higgs
vev, mi(λ) = Yi|H0 

λ|, with Hλ ≡ λH0. In the case of Majorana masses the same applies0 
with H0 replaced (in e.g. the seesaw mechanism) by |H0|2/|N0|, with N0 a large (lepton
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number violating) scalar vev. An homogeneous scanning may also be reinterpreted as a
uniform scanning of the Yukawa couplings, i.e., Yi(λ) = λY 0 .i 

A scanning parameter λ need not vary from zero to infnity, but may be limited to
some range of values. For instance, in fux string compactifcations the scanning arises
from a multitude of values for discrete fuxes, but the ranges of fuxes are typically limited
by constraints like tadpole cancellation or absence of Freed-Witten anomalies. Hence we
will allow for limited ranges for the scanning parameter λmin ≤ λ ≤ λmax. Note that any
such range should contain the point λ = 1 corresponding to the values of neutrino masses
realized in nature.

If we now consider a compactifcation of the SM down to 3D, the scanning of the
neutrino mass will translate into a scanning of the form of the radion potential. If the
potential has a minima V0, the latter will scan and may be subject to constraints from
the above discussed AdS distance conjecture when the scanning drives V0 → 0. These
constraints depend on the number of neutrino degrees of freedom, as we now discuss.

Consider frst the case in which neutrinos are Majorana, with only two degrees of
freedom per generation. Let us consider a homogeneous scaling of parameter λ. In this
case, for very small λ we would have altogether 6 fermionic degrees of freedom from the
three neutrino generations, which win over the 4 bosonic degrees of freedom of photon
and graviton. Hence the potential is runaway for small λ. However, as λ (e.g. the Higgs
vev) increases, the neutrino masses start to split and the lightest, if Majorana, has only 2
degrees of freedom. That is insuÿcient to stop the potential from becoming negative as the
Higgs increases. Eventually, however, for radia small enough, the two heaviest neutrinos
contribute and the potential becomes again positive. Thus we smoothly go from positive
to negative minima. Scanning back, we see that we can go smoothly from an AdS vacuum
to Minkowski. This is forbidden by the AdS conjecture, unless some infnite tower of states
appears precisely when the potential hits V0 = 0. But the only tower that we have in the
system is the KK one which only becomes light when R → ∞ and not at any fnite R.
Hence Majorana neutrino masses would be ruled out, under the above hypothesis.

The numerical results for the Majorana case are illustrated in Fig. 8.1. In the
left-hand side we plot the mass of the lightest neutrino versus the scanning parameter
lambda. The light-green region corresponds to runaway dS vacua and the light-red region
to AdS vacua, with a narrow band in blue corresponding to dS vacua. Each of the straight
lines correspond to an homogeneous scanning of neutrino masses for di˙erent values of the
lightest neutrino Yukawa coupling (which correspond to the neutrino masses written on
the lines for λ = 1). Note that the lines go from AdS vacua to runaway dS continuously as
we decrease λ, indicating a violation of the AdS conjecture. This happens for any value of
the frst generation Yukawa coupling, and cannot be avoided by choosing a smaller range
λ . 0.5 since, as we said, any scanning should contain the value λ = 1. In the right-
hand side we plot the potential for the particular case where the experimental mass of the
neutrinos is 3 meV. Each coloured cross in the left plot corresponds to a curve of the same
colour in the right plot. We start the scanning in λ = 1, where the lightest neutrino has ap 

2 2mass of 3 meV and the second one has a mass 32 +Δm12, where Δm is the constraint12 
from neutrino oscillation. We can see in the left plot that we are deep in the red region,
so we fnd an AdS vacua in the plot in the right. Eventually V0 → 0 and after that we will
cross into dS and then into the green zone where there is no vacua. For example the green
cross (λ = 0.3) is in the green zone and we can see in the plot in the right side that there
is no vacua. In this curve the mass of the lightest neutrino is 0.3 × 3 meV and the second
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Figure 8.1: Left: Lightest neutrino mass versus the scanning parameter λ for Majorana neutrinos.
The green area corresponds to runaway dS vacua and the pink one to AdS vacua, with a narrow
region of dS vacua in between. Straight lines correspond to homogeneous scans for di˙erent physical
neutrino masses.The lines necessarily cross from the AdS to the runaway area, violating the AdS
distance conjecture. Right: In this fgure we show how the potential changes along the scanning
for the particular value mexp = 3 meV. Coloured crosses in the left hand side correspond to theν 
coloured curves in the plot on the right hand side.

p 
one has a mass 0.3 × 32 +Δm2 

12.
We want to remark that it is not necessary to assume that the point λ = 0 is part

of the scanning. In fact, it was shown in [2] that the scanning region λ . 10−4 gives
rise to additional AdS vacua and should therefore be in the swampland. The idea that
the point where the vev of the Higgs is zero is in the Swampland was more recently also
suggested in [95], starting from the Festina Lente conjecture. So, if we assume that the
scanning trajectory is the same as in an homogeneous scanning (a straight line that would
go through the origin), but that the physical range is, say 10−4 . λ . λmax where λmax ≥ 1 
the results do not change.

Consider now the case of Fig. 8.2 in which neutrinos are Dirac. Starting from small λ 
and scanning to higher values, the neutrinos again split, but now the lightest neutrino has 4
degrees of freedom. This is enough to match the number of bosonic ones, and the potential
need not become negative as λ increases. However, if the lightest neutrino becomes too
heavy, at some point the number of e˙ective degrees of freedom will be again dominated
by the photon and the graviton. This critical mass is controlled by the initial value of the
vacuum energy, i.e. the cosmological constant Λ4. Numerically one fnds that the lightest
neutrino can be no heavier than 7.7 meV. This limit is better understood looking at Fig.
8.2. Consider taking a range with λ ≤ 1. The lines which hit the λ = 1 limit before reaching
the blue area correspond to runaway vacua everywhere throughout the scan. Thus, there is
no transition to AdS (or viceversa) and hence the AdS distance conjecture is not violated.
The limiting value corresponds to the quoted 7.7 meV. For illustrative purposes we plot
the di˙erent shapes of the potential during the scanning in the particular case that the
experimental case saturates the bound, mexp

ν = 7.7 meV. Coloured crosses in the plot in
the left correspond to coloured curves in the plot in the right. We start the scanning from
λ = 0. We must be able to make it at least until λ = 1 since we know that this point has
to be in the landscape. If the experimental value has precisely 7.7 meV then V0 reaches 0
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Figure 8.2: Left: Lightest neutrino mass versus the scanning parameter λ for Dirac neutrinos.
The green area corresponds to runaway dS vacua and the pink one to AdS vacua, with a narrow
region of dS vacua in between. Straight lines correspond to homogeneous scans for di˙erent physical
neutrino masses. The lines do not cross from the AdS to the runaway area as long as the lightest
neutrino mass mexp ≤ 7.7 meV. Right: In this fgure we show how the potential changes along theν 
scanning for the particular value mexp = 7.7 meV. Coloured crosses in the left hand side correspondν 
to the coloured curves in the plot on the right hand side.

when λ = 1 and a tower of states should become light.
One could think that in the case of Majorana neutrinos, the combination of the

two lightest generations of neutrinos also provides 4 degrees of freedom, just like a Dirac
fermion, so perhaps one could scape and not go to AdS as λ increases. However this would
require both generations of neutrinos to be lighter than 7.7 meV which is in contradiction
with neutrino oscillation data, both for normal and inverted hierarchy.

Note that the upper bound on the lightest Dirac neutrino mass may be understood
in an opposite way, relevant to the EW hierarchy problem as follows. Indeed, since m1 = 
Y1|H0|, an upper bound on m1 corresponds to an upper bound on the Higgs vev at fxed
Yukawa coupling, |H0| ≤ m1/Y1. Thus one can argue that the Higgs vev (and hence
naturally its mass) is small because otherwise the 3D radion potential would violate the
AdS distance conjecture. This explanation is predictive, since then the stability of the
Higgs vev about its observed value (and not higher) would imply a lightest neutrino mass
around 7.7 meV. So if somehow in the future such neutrino mass is measured at that value,
it would be an indication for this being related to the EW hierarchy problem. This was
already remarked in [2, 86].

We could also ask about Inverted Hierarchy. We would obtain similar results as for
NH since the argument works in the same way. Numerically, the upper bound on the
lightest neutrino mass changes. The mass at which the AdS vacua starts to generate for
IH Dirac neutrinos is 2.56 meV, as already found in [85]. IH Majorana neutrinos would be
ruled out in the same way as NH Majorana.

There are several possible explanations for the possible violation of the conjecture
that we have presented. The possibility we have considered so far is that neutrinos must be
lighter than 7.7 meV, and that there is some deep reason why the scanning must stop there.
Note that adopting a larger range with higher values of λmax will only make the bound
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on the lightest neutrino mass stronger. This possibility that there is no contradiction with
the AdS distance conjecture as long as the lightest neutrino is suÿciently lights is only
available in the Dirac case. Notice that in the See-Saw or pure Majorana case this solution
was not possible. Nevertheless, perhaps the scannings we are considering are simply not
allowed by ST, or are not realized in nature. In the next section we consider an alternative
non-homogeneous scanning. Finally, a third possibility is that the cosmological constant
necessarily changes along the scan. We consider this possibility section 8.1.3.

8.1.2 Non-homogeneous scanning

Up to this point we have only consider homogeneous scannings, where the masses
of the three neutrinos change linearly with λ. We now consider the possibility that non-
homogeneous scannings, where the three neutrino masses change with di˙erent functions
of λ, are part of the String Landscape. The simplest is a scanning in the lightest neutrino
Yukawa coupling. Thus we scan on the Yukawa coupling of the lightest neutrino mass but
do not scan on the other Yukawas. In the Majorana case, we fnd that, as we vary the
lightest neutrino mass, we remain all the time in the region of AdS vacua and there is no
transition to Minkowski. Hence the AdS distance conjecture is not violated and we get
no constraint on Majorana neutrino masses. In the case of Dirac masses, we fnd that the
trajectory traverses from one region to the other unless again the neutrino mass is lighter
than 7.7 meV.

The choice of an homogeneous scanning seems the most natural one for its simplicity
and its possible interpretation in terms of the scanning on the Higgs vev. Scanning one
generation and not the others, as in the non-homogeneous scanning above (and other
scannings that one can think of) seems somewhat artifcial. Particularly so because the
lightest neutrino state is the lightest eigenvalue of a non-diagonal matrix. It would be very
contrived to have only the lightest generation scan, given the large value of the neutrino
mixing angles. Of course, in order to know with certainty which type of scanning (or all
of them) is physical we would need information about the UV theory.

8.1.3 Scanning of both neutrino masses and Λ4 

In the above discussion we have assumed that the 4D cosmological constant Λ4 is kept
fxed while scanning on neutrino masses. Namely, in Figs. 8.1 and 8.2 we are assuming that
a family of vacua exists where the cosmological constant is not sensitive to the scanning
on neutrino masses. It is a priori not clear how a strong dependence of the cosmological
constant on neutrino masses would a˙ect our results.

Let us start with the case with 4 degrees of freedom (i.e. Dirac or Pseudo-Dirac).
To make our argument we consider that the cosmological constant changes during the
scanning as: Λ = Λexpλ

α . Fig. 8.2 corresponds then to α = 0, i.e. the case where the
cosmological constant does not change during the scan. If α > 1 then in the region λ < 1 
the cosmological constant is smaller than the experimentally observed value. However, in
this region neutrino masses are also smaller than their experimentally measured values.

∝ λα/4What is actually important is what gets smaller as λ → 0: Λ1/4 or mνl ∝ λ. If
α > 4 then we fnd that, for very small λ, Λ1/4 will be smaller than mνl no matter how
small mexp is, since λα/4 will go to 0 faster than λ. On the contrary, if α < 4 then for veryνl 

small λ, Λ1/4 will be larger than mνl . This means that if α > 4 then for very small λ we
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Figure 8.3: Lightest neutrino mass versus the scanning parameter λ for Dirac neutrinos. Points
Λexpabove each line have AdS vacua. The cosmological constant changes as Λ4d(λ) = 4d λ

α . Note
that the orange curve is the same as the orange curve in the left plot in Fig. 8.2. This plot
illustrates that precisely the same bound is obtained for any α < 4 and also for any α > 4.

always have an AdS vacua. On the other hand, if α < 4 then for very small λ the neutrinos
are lighter than Λ1/4 , so there is no vacua. In Fig. 8.3 we consider more general values of
α. We plot the lightest neutrino mass versus the scanning parameter λ for Dirac neutrinos.
The point of this fgure is to illustrate that we only need to consider three di˙erent case:
α < 4, α = 4 and α > 4. For any α < 4 we obtain the same results as for α = 0 The
argument is as follow. First of all, notice that all the curves must go through the same
(experimentally determined) point when λ = 1. As a result, for α < 4 any straight line
with a slope larger than 7.7 will cross between regions, so the bound remains unchanged.
For α > 4 any straight line with a slope smaller than 7.7 will cross between regions, so
the bound remains unchanged. Since we have already studied the case α = 0 where the
cosmological constant is not a˙ected by the scanning in Fig. 8.2 and the same results
would follow for any other α < 4, we only need to study the cases α > 4 and α = 4.

We study the case α > 4, in particular α = 10 in Fig. 8.4. We have just explained
that we only need to consider one example, and we have chosen α = 10 simply because
the plot looks nicer. This plot is a bit more complicated to understand. When λ is very
small (see the green line in the plot in the right-hand side) there is an AdS vacua. As we
increase λ the minimum goes deeper at frst (see orange curve) but at some point (see blue
curve) it stops and starts to get shallower (see pink curve) until it reaches Minkowski (see
purple curve) and if the scanning continued it would go into dS. In the plot in the right
hand side of Fig. 8.4 we are choosing an experimental mass for the lightest neutrino equal
to 7.7 meV, so that the scanning stops (λ = 1) precisely when we reach Minkowski. If the
experimental mass was smaller everything would happen before, as can be seen in the left
plot. However, for masses larger than 7.7 meV (see blue curve in the left plot) everything
would happen later : we would not reach Minkowski until a value of λ > 1.

The α = 0 (or any other α < 4 scanning) require the lightest neutrino to be lighter
than 7.7 meV. The α = 10 scanning, however, requires the lightest neutrino to be heavier
than 7.7 meV. The results necessarily rely on the assumptions of which scannings are part
of the landscape. Interestingly, the AdC becomes much more predictive when combined
with the AdS no-SUSY conjecture, which requires mν1 < 7.7 meV. If we let Λ4 scan with
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Figure 8.4: Left: Lightest neutrino mass versus the scanning parameter λ for Dirac neutrinos.
The cosmological constant changes as Λ4d(λ) = Λ4d(λ = 1)λα , where α = 10. The lines do not
cross from the AdS to the runaway area as long as the lightest neutrino mass mexp ≥ 7.7 meV.ν 
Right: In this fgure we show how the potential changes along the scanning for mexp slightly aboveν 
7.7 meV. Coloured crosses in the left hand side correspond to the coloured curves in the plot on
the right hand side.

α < 4 then the AdS conjecture again supports the same bound. However, if there are scans
with α > 4, the AdS non-SUSY plus the AdS distance conjecture together only allow a
fxed borderline value mν1 = 7.7 meV, a prediction, rather than a bound!

Finally, we consider in Fig. 8.5 the limiting case α = 4. In this case the potential
never crosses between regions. This means that if at λ = 1 for mexp

ν > 7.7 meV we have an
AdS vacua, then we will have an AdS vacua for all values of λ. If at λ = 1 for mexp

ν < 7.7 
meV we have an dS vacua, then we will have an dS vacua for all values of λ and similarly

expfor mν = 7.7 and Minkowski.
In the right-hand side of Fig. 8.5 we consider a mexp

ν only slightly larger than 7.7
meV but similar results would be obtained for larger values. Since we have an AdS vacua,
then we will have an AdS vacua for all values of λ. Interestingly, in the limit λ → 0, the
depth of the minima goes to 0 and the position of the minima R0 → ∞. This Λ → 0 limit
is in agreement with the AdC since the KK tower is becoming light in this limit. Notice
that, if this scanning is realized in nature, then already in 4d the cosmological constant is
going to 0, so a 4d tower is already required for consistency with the AdC in 4d.

Thus, the limit λ → 0 is not dangerous, in this limit the KK tower saves the day.
This consistency with the conjecture in the limit λ → 0 is something that also happened
for α > 4. The di˙erence is that there the limit λ → 1 was also dangerous and had to
be avoided by a lower bound on neutrino masses, since in this limit there is no tower that
becomes light. Moreover it is not just a Λ → 0 limit, the potential goes smoothly, in a
fnite distance from AdS to dS, and this happens also at a fnite value of R, which is at a
fnite distance from other points in scalar feld space. Any solution other than the bounds
on neutrino masses seems highly unlikely for the cases α < 4 and α > 4. However, for
α = 4 we fnd no inconsistency with the AdC. Therefore, in this case no bounds on neutrino
masses follow. Of course, it seems highly fne-tuned that the cosmological constant scans
as the masses of the neutrinos, or as the Higgs, as already pointed out in [5]. An intriguing
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Figure 8.5: Left: Lightest neutrino mass versus the scanning parameter λ for Dirac neutrinos.
The cosmological constant changes as Λ4d(λ) = Λ4d(λ = 1)λα , where α = 4. Straight lines never
cross from the AdS to the runaway area so there is no violation of the AdC. Right: In this fgure
we show how the potential changes along the scanning for the particular value mexp = 7.7 meV.ν 
We fnd that a tower must become light in the limit λ → 0. This tower is the KK tower. Coloured
crosses in the left hand side correspond to the coloured curves in the plot on the right hand side.

explanation is that (right-handed) neutrinos are part of a tower.
One can try and see whether further constraints may be obtained by imposing the

Festina Lente [94] conjecture which, as reviewed in the introduction, puts a severe con-
straint on the masses of charged particles. In particular, the electron and other charged
particles of the SM with cosmological constant energy density ρΛ need to satisfy:

4 2 m & 2g ρΛ (8.3)e em 

In this section we have considered scannings where the vev of the Higgs changes. We have
also considered the possibility that the cosmological constant changes during the scan. We
saw that the AdC could be consistent with scannings α < 4 as long as neutrinos were
light enough. It was automatically consistent with the scanning α = 4. It was consistent
with scannings α > 4 as long as neutrinos were heavy enough. The Non AdS Instability
conjecture was only consistent with scannings α ≤ 4 as long as the vacua are stable. Now,
one could think that the Festina Lente bound would be violated in scannings with α < 4 
which also a˙ect charge particles, such as the scanning on the vev of the Higgs. In order
to do that we would need to scan until values of λ as small as 10−33 . From results in [2] we
know that there will be violations on the Non AdS Instability conjecture long before that.
Thus, we do not expect to fnd violations of Festina Lente, since we do not expect the vev
of the Higgs to be able to become so small. We will also fnd no violations of Festina Lente
in homogeneous scannings with α ≥ 4. Therefore, Festina Lente is trivially satisfed in this
context and it imposes no further constraints.

We could also consider these more general scannings, where the cosmological constant
changes, for IH Dirac neutrinos and for Majorana neutrinos. For IH Dirac neutrinos we
obtain similar results as for NH Dirac neutrinos: an upper lower bound of 2.56 meV on the
mass of the lightest neutrino for scannings with α < 4 and a lower bound of 2.56 meV for
scannings with α > 4. Majorana neutrinos would be ruled out by scannings with α < 4.
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They would be consistent with α = 4 scannings for the same reason as Dirac neutrinos:
the sign of the potential at the vacua does not change during the scan. In the limit λ → 0 
of α > 4 scannings we fnd an AdS vacua whose depth goes to 0 as the KK tower comes
down, so we fnd agreement with the AdC, just like we found for Dirac neutrinos. In the
limit λ → 1 the vacua is still in AdS so there is no constraint on the experimental mass of
the lightest neutrino. To sum up, Majorana neutrinos are ruled out by α < 4 scannings
and left unconstrained by α = 4 and α > 4 scannings. We do not reproduce the relevant
plots since they are similar to other plots we have explained in detail.
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AdS/dS Conjecture

In the previous chapters we assumed that we live in a (meta)stable dS vacuum with
a 4D cosmological constant. As we mentioned in chapters 3 and 4, it has been suggested
that the accelerated expansion of the universe may be rather due to the runaway scalar
potential of a quintessence feld. Thus, an interesting question is whether in this case one
may obtain again constraints on neutrino masses. When compactifying the SM on a circle
we end up with two scalars in 3D, the radion and the quintessence feld, and it turns out
one does not fnd local AdS minima for any value of the neutrino masses. This is because
the potential inherits the runaway behaviour along the direction of the quintessence feld.
Consequently, we cannot apply the two AdS Swampland conjectures as in the previous
chapter to constrain the lightest neutrino mass.

In chapter 4 we introduced the precise statement of the dS swampland conjecture,
Eq. (4.20), which rules out the possibility that the observed acceleration in our current
Universe is described by a positive cosmological constant. Consider a experimentally viable
SM+quintessence model where the dS conjecture is satisfed in 4 dimensions. We now ask
the following question: could quantum corrections violate it in 3D? We will see that the
answer is yes. In fact, we will see that we can obtain results very similar to those in the
previous chapter if we consider a quadratic version of the conjecture, which also applies to
AdS vacua.

9.1 Set up

It was argued in [97] that the following quadratic version of the conjecture should
hold:

AdS/dS Swampland conjecture in 4d

In a consistent theory of quantum gravity the scalar potential must verify

M4d 
p 

|rV | 
|V | ≥ c (9.1)

with c a constant of order one.

This constraint is inspired by results from [110–112] and it does not allow for dS or
AdS vacua. Of course, this conjecture, as it stands, requires a refnement, at least for fnite
values of the felds. We will only need to consider a weaker asymptotic version in which
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the above bound applies only at large feld values. Indeed, in any experimentally viable
quintessence model, the scalar feld is expected to have a vev of the order of the Planck
mass, so all we need is an asymptotic version of the dS conjecture. We could consider the
possibility of using one of the refned versions of the conjecture [112, 113]. However, the
generalization to AdS of these refnements is not clear, so we will not consider them.

In D dimensions scalar felds have units E 
D 
2 
−2 

so the D dimensional version of the
dS conjecture, Eq. (9.1) is:

D−2 |rV |
(MD) 2 > c (9.2)p |V | 

In particular in 3d the quadratic dS/AdS conjecture is:

)1/2 |rV |
(M3d > c. (9.3)p |V | 

Notice that the results will depend on the constant c and the parameter cU = 
U 0(φ) M4d which characterizes the quintessence potential U(φ). We saw in chapter 3U(φ) p 

that the dS conjecture Eq. (9.1) is in tension with observations from Infation and Dark
Energy [114–116]. This tension is translated into bounds on the parameter c. The strongest
bounds come from single-feld infationary models, which give c . 0.01 [115]. Regarding
single-feld quintessence models a sharp bound c < 0.6 was derived in [114] imposing
consistency of the dS conjecture with experimental observations. In this work we are
concerned only with the implications of the Swampland program on neutrinos, so we will
assume that our Universe is described by a simple single-feld quintessence model that
satisfes the asymptotic dSC and is in agreement with observations. We expect similar
results from more elaborate quintessence models.

The dimensional reduction of the SM+Quintessence in a circle gives:

Z � � �2√ � �2 1
)2 ∂

iR∂iR r 
Γ = d3 x −g3 2πr M4d R3d + 2πr(M4d − 2πr U(φ) (9.4)p 2 p R2 R 

∞ 
1 � ��X 

2− V1L(R) + 2πr ∂iφn∂iφn − mnφ
2 
n (9.5)

2 
n=1 

2 2where m = (r/R)2(m + n2/R2). The quintessence feld is very light, mφ ∼ 10−42 GeV,n φ 

when compared to the neutrinos and the cosmological constant mν ∼ ρ1/4 ∼ 10−12 GeV.φ 
For this reason its contribution to the Casimir energy V1L is essentially that of a massless
particle. In our previous formulas we had four massless bosonic degrees of freedom and
now we simply need to change that to fve.

9.2 Neutrino bounds

First of all we impose the dS conjecture in 4d. As we have explained, according
to [114] we must choose a potential with c < 0.6. We will not need to know the particular
details of the potential, since its derivative at present is all we shall need in order to obtain
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Figure 9.1: The radion potential for various values of the lightest (Dirac) neutrino mass with
fxed quintessence mass.

the bounds on neutrinos. The dS/AdS conjecture for our 3d radion potential gives:
s 

1 
|V | 

� 
R 

∂V 
∂R 

�2 � 
+ M4d 

p 
∂V 
∂φ 

�2 
> c. (9.6)

� �2rThe tree level potential is given by Vtree = 2πr U(φ) for which the bound gives:R 

q 
24 + c > c, (9.7)U 

so the bound is not violated at tree level for any c < 1. In the next subsections we explore
the full potential, including the one-loop quantum corrections.

9.2.1 Dirac Neutrinos in NH

The SM+quintessence potential for NH Dirac neutrinos is plotted in Fig. 9.1 for
several values for the lightest neutrino mass and for the quintessence feld fxed at its
present value. We see that there are AdS vacua (along the direction of the radion) as long
as the lightest neutrino is heavier than 5.35 meV. A priori, there is nothing wrong with
that. However, we now show that deep enough AdS vacua violate the dS/AdS conjecture
so that an upper bound on neutrino masses is also obtained.

0First of all note that the dS/AdS conjecture depends only on ρ0 and cU . From nowφ 
on everything will refer to today’s value so we drop the index "0". Evaluated at a minima
along the radion direction the frst part of the conjecture reduces to:

cU 
> c (9.8)

|1 + V1L |Vtree 

For a large value of the lightest neutrino mass the minima develops at the scale where
neutrinos overcome the bosonic degrees of freedom V ν ≈ V γ+g. This happens at a scale1L 1L 
where the tree level term is negligible, so |V1L| � Vtree, the denominator is large and the
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)1/2 |rV |Figure 9.2: (M3d > 1 for a quintessence potential with cU = 0.6 for Dirac neutrinos inp |V |
NH, with cU = 0.6 and c = 0.6, 0.12 and 0.035. For c = 0.6 we fnd the bound mνl ≤ 7.1 meV.
However, for c = 0.06 we fnd the lower bound mνl ≤ 15 meV.

bound is violated if |V1L| > 1 + cU /c. As we decrease the mass of the lightest neutrino,Vtree 
the AdS vacua gets smaller until the scale where the fermions overcome the bosons is
the same as the scale at which massless degrees of freedom overcome the tree level term
V1L ∼ Vtree. If we can decrease the mass of the lightest neutrino even further, then the
fermions overcome the bosons at a scale before the scale at which the one-loop term equals
the tree level term, and no AdS vacua is generated.

So, to sum up, from (9.8) the dS/AdS conjecture will be violated in a deep enough
vacua. The depth is determined by how large the mass of the lightest neutrino is. Notice
that the bigger the ratio cU the deeper the vacua can be without violating the conjecture.c 
Experiments require cU . 0.6. Of course if we choose c very small, the bounds get less
stringent. But the point of the dS conjecture is that c should be order one. In Fig. 9.2
we consider NH Dirac neutrinos, with cU . 0.6 and c = 0.6, 0.12, 0.06. For c = 0.6 we
fnd the bound mνl ≤ 7.1 meV. However, for c = 0.06 we fnd the lower bound mνl ≤ 15 
meV. In Fig. 9.3 we plot the fnal results for NH Dirac neutrinos in the pink curve. This
plot represents the upper bound on the lightest neutrino mass for di˙erent values of c.
The green (black) dashed line at 42 meV (37 meV) is the maximum possible value for the
lightest neutrino in IH (NH) according to [198]. From the fgure we see that if the lightest
Dirac neutrino was as heavy as 37 meV, c would have to be almost two orders of magnitude
smaller than 1. However, if the lightest Dirac neutrino is lighter than ∼ 10 meV then it is
possible to satisfy the dS/AdS conjecture with c an order one number.

It seems remarkable that the dS/AdS conjecture implies similar bounds on neutrinos
as the other two AdS Swampland conjectures we have studied before and that the bounds
do not crucially depend on the precise coeÿcients in the statement of the conjecture.

9.2.2 Dirac Neutrinos in IH and Majorana

In Fig. 9.4 we plot the potential for di˙erent values of the lightest neutrino mass
for the case of Dirac neutrinos in inverted hierarchy. We fnd that the potential is always
in AdS, even if the lightest neutrino is massless. This is because there are now 5 massless
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Figure 9.3: Upper bound on the lightest neutrino provided by the asymptotic dS conjecture.
The smaller c is, the more tension is generated with the conjecture. The largest value of c that is
consistent with dark energy observations is 0.6, we could have stopped the plot there instead of at
1. For the potential we are considering cU = 0.6. Notice that for smaller values the bounds would
be more stringent. We can see that Majorana in IH is the case that generates more tension with
the dS conjecture. The green (black) dashed line at 42 meV (37 meV) is the maximum possible
value for the lightest neutrino in IH (NH) according to [198].
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Figure 9.4: Potential for di˙erent values of IH Dirac neutrino masses. We fnd that an AdS vacua
generates even if the lightest neutrino is massless.
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bosonic degrees of freedom. We would fnd a similar result for Majorana neutrinos both
in NH and IH.

We show in Fig. 9.3 the upper bound on the lightest neutrino provided by the
asymptotic dS conjecture in all four cases NH or IH and Dirac or Majorana. The smaller
c is, the stronger is the tension generated with the conjecture. The largest value of c 
that is consistent with dark energy observations is 0.6, so we could have stopped the plot
there instead of at 1. For the potential we are considering cU = 0.6. For smaller values the
bounds would be more stringent. We can see that Majorana in IH is the case that generates
more tension with the dS conjecture. The green (black) dashed line at 42 meV (37 meV)
is the maximum possible value for the lightest neutrino in IH (NH) according to [198]. IH
Dirac neutrinos are in some tension with the dS conjecture. The largest possible value of c 
consistent with observations (cU = 0.6) is the one for a massless neutrino mν1 = 0, and it is
c = 0.03 (see Fig. 9.3). In a similar way, Majorana neutrinos in NH with massless lightest
neutrino requires c < 0.002. Majorana neutrinos in IH with massless lightest neutrino
would require c < 0.0002. Therefore, the strongest tension with the dS is generated if
neutrinos are Majorana in IH. Fig. 9.3 illustrates the preference for NH Dirac neutrinos
over the rest of the possibilities. It is the only one which allows for an order 1 value for c.
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Conclusions

In Part II of this thesis we have put forward the proposal of pair production of
massive particles at threshold as a means to compare the gravitational to the gauge and
scalar interactions. Imposing that the production rates from gravitons is always smaller
than that from gauge bosons or moduli gives rise to specifc constraints. One interesting
aspect of this approach is that it derives the U(1)n WGC conjecture as obtained from
instability of extremal black-holes and a scalar WGC from the same general principle.
Our proposal is particularly interesting in its application to obtain constraints on scalar
couplings. We obtain a di˙erential constraint involving moduli-dependent masses of heavy
states, and show how the latter is saturated in examples of BPS states arising in CY Type
II string compactifcations. We further propose a generalization of such constraints for
general potentials of a scalar feld. We derive from this constraint the condition that the
decay constant f of an axion cannot exceed Mp. This comes about because otherwise the
scalar interactions would be weaker than gravitation.

There are many aspects which deserve further study. One interesting question is
the applicability of the constraints to scalar moduli in non-SUSY theories. On a separate
note, it would be interesting to test the condition Eq. (5.20) in specifc string settings,
like the towers of BPS states getting massless at large moduli in Type IIA and Type
IIB CY compactifcations, as in refs. [124–127, 134]. Another interesting direction for
further research would include the extension to higher dimensions and to non-Abelian
gauge groups.

A very signifcant step would be to determine what is it exactly that goes wrong if
the PPWGC condition is violated. Pair production of charged particles is a characteristic
of black-hole radiation and it would be important to elucidate the precise connection, if at
all, of the present ideas with black-hole physics. Finally, it would be interesting to extend
the results of this work by considering pair production of particles in backgrounds di˙erent
from fat space-time, not only in the context of black-holes but also in AdS and dS.

In Part III of this thesis we have explored the constraints on D-dimensional vacua
arising from requiring that circle compactifcations of such a theory are consistent with the
Non SUSY AdS Instability and the AdS Distance conjectures. This puts constraints on
the physical spectra of the D-dimensional theory that guarantee that the Casimir potential
does not generate (D − 1)-dimensional AdS vacua that would violate the conjectures.
We summarized the results in a more general statement, the Light Fermion Swampland
conjecture. It states that in a SUSY-broken theory with ΛD ≥ 0 and positive frst non-
vanishing supertrace (−1)k+1StrM2k , which is consistent with quantum gravity, there
must exist a surplus of light fermions with masses m . Λ1/D . Non-susy theories withD 
more fermions than bosons (like the SM), or theories with susy spontaneously broken such
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that the bosons are more massive than the fermions (like e.g. in Split SUSY) require a
surplus of light fermions (i.e. neutrinos). For future investigation, it would be interesting
to search for additional string theory evidence for the conjecture. Moreover, it would be
interesting to look for some bottom-up physics rationale for such a correlation between
the mass of the lightest fermions and the cosmological constant. Currently, understanding
the naturalness issues and hierarchy problems observed in our universe is one of the most
challenging questions in High Energy Physics, and QG consistency may be the missing
piece in this puzzle.

In Part IV of this thesis we have studied compactifcations of the SM to 3D and 2D,
looking for stable AdS vacua, completing and generalizing previous work in [31, 85]. In
those works it was shown how the Casimir energy of the IR sector of the SM gives rise to
a potential which may have AdS minima. One can avoid a possible violation of the Non
Susy AdS Instability conjecture if neutrinos provide enough light degrees of freedom. This
fts nicely with the ideas behind the Light Fermion Swampland conjecture.

We have found that the standard See-Saw scenario is ruled out. Moreover, neutrinos
must be (Pseudo) Dirac and satisfy an upper bound on the lightest neutrino mass mν1 . 
O(1)10−3 eV. We explained that this implies an upper bound on the EW scale for fxed
Yukawa coupling. This could explain the stability of the Higgs mass against quantum
corrections, i.e. the EW hierarchy problem. Larger values of the EW scale would allow for
the generation of AdS vacua.

Similar results can be obtained using the AdS distance conjecture. In order to do
that, we no longer need to assume that the vacua are stable, which is an assumption that
requires knowledge of the UV completion of the theory. All we need is a family of vacua
such that we can scan along the masses of the neutrinos. First, we consider scannings
that do not a˙ect the cosmological constant. One of these scannings can be changing
the vev of the Higgs for example. After imposing the AdS distance conjecture in the 3D
SM, we fnd very similar constraints to those coming from the non-SUSY AdS conjecture.
Then we considered scannings where the cosmological constant changes too. Interestingly,
a family of 3d vacua where the mass of the neutrinos become light as the cosmological

1constant goes to zero with a power α = is in agreement with the two AdS plus the4 
Festina Lente Swampland conjectures. This can be interpreted as a motivation to explore
the possibility that (right-handed) neutrinos are part of the tower predicted by the AdS
Distance conjecture. As a byproduct of our analysis we found that the SM would violate
the stronger version of the AdC in 3d since it can have scale separated 3d vacua.

The dS conjecture would be a good motivation to consider the possibility that the
dark energy in our Universe should be described by set of rolling scalar felds instead of a
dS vacuum. We have shown that, even in this case, similar results are obtained regarding
the neutrino sector. Indeed, in all experimentally viable SM plus a single, canonical,
quintessence feld, where the asymptotic dS conjecture is satisfed in 4 dimensions, quantum
corrections will violate it in 3D unless neutrinos provide enough light degrees of freedom.
This is true as long as a cuadratic version of the conjecture holds, since we need to apply
it at the 3d AdS vacua.

We have shown in this thesis that a world with no Higgs would be inconsistent with
QG, motivating the very existence of a Higgs particle. This need for a Higgs is only true
for 3 or more generations, suggesting family replication as coming along with the existence
of the Higgs. Moreover, the absence of AdS vacua implies a lower bound on the Higgs vev,
H0 & ΛQCD, in agreement with the (relative) proximity of that scale with the EW scale.
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A key assumption in order to obtain the previous results is that the AdS vacua are
stable. The presence of Wilson line moduli may give rise to non-perturbative instabilities
[148]. In this thesis we have studied S1/Z2 and T 2/ZN orbifold compactifcations, where
similar results follow, and the Wilson line moduli of the SM gauge group are projected
out. We have studied in more detail the Z4 case because for N > 2 the complex structure
of the torus is also projected out and we are left with a potential depending only on the
area of the torus and the Higgs scalar. In this case we are making the assumption that the
Non AdS Instability Conjecture remains true in two dimensions.

In this thesis we have extended the analysis beyond the IR sector of the theory.
As we increase the energy, new thresholds of leptons and quarks become relevant to the
Casimir energy and the potential becomes more and more complex. We have shown that
a segment compactifcation with antiperiodic leptons and periodic quarks gives rise to an
AdS vacuum. Moreover, embedding Z4 into a discrete subgroup of the SU(3) colour Cartan
subalgebra we necessarily obtain some stable AdS vacua for the SM. Interestingly, if the
SM is embedded into a SUSY version like the MSSM, those AdS vacua either disappear or
become automatically unstable. If we embed Z4 into a discrete subgroup of the U(1)B−L 
symmetry, it displays our well-known minimum around the neutrino region. This shows
that in the SUSY case one also fnds many non-trivial constraints. We have studied fur-
ther model-dependent vacua of the MSSM compactifed in T 2/Z4 and found additional
constraints on the spectrum. For future work an exploration of the constraints/predictions
in the presence of di˙erent sources of new physics like axions, sterile neutrinos, dilatons or
hidden sector particles in general would be interesting.

As an outlook for the future, frst of all it would be important to fnd additional
evidence for the Non Susy AdS conjecture, the AdS distance conjecture and the asymptotic
dS/AdS conjecture. However, the fact that three very di˙erent conjectures require the
existence of fermions around the scale of the cosmological constant and put essentially
the same constraints on the neutrino sector of the SM is quite intriguing. It will be
interesting to see if upcoming experiments in the next 10-20 years are in agreement with
our fndings. If neutrinos are found to be Majorana particles and provide only six light
degrees of freedom, as in the See-Saw mechanism, this would probably mean that either
some other light fermion must exist or that something is wrong with our reasoning or with
the aforementioned conjectures. The latter case would have interesting consequences for
the Swampland program. The same considerations follow if neutrinos are found to be Dirac
and the lightest neutrino has a mass much larger than ∼ 8 meV. These two possibilities
are the ones that have a better chance of being detected in the next 10-20 years [199,200].
Looking out a bit further into the future, if neutrinos are found to be Dirac particles,
and the lightest neutrino is found to have a mass around ∼ 8 meV, this would provide us
with valuable information about the ST embedding of the SM. Moreover, it would be an
indication that the connection between neutrinos and the cosmological constant we have
established in this thesis is profound and should be further explored. Finally, a less exciting,
but still insightful possibility, is that neutrinos provide four degrees of freedom much lighter
than ∼ 8 meV. From the point of view of this thesis, this possibility would be in agreement
with the Swampland, but would provide less clues regarding the ST embedding of the SM.
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Conclusiones Finales

En la Parte II de esta tesis hemos propuesto usar la producción de pares de partículas
masivas para comparar la interacción gravitatoria con la gauge y la escalar. Imponiendo
que la tasa de producción a través de gravitones sea siempre más pequeña que la tasa
a través de bosones gauge o de moduli da lugar a restricciones específcas. Un aspecto
interesante de este enfoque es que es capaz de derivar la conjetura de Gravedad Débil para
una teoría U(1)n (normalmente obtenida imponiendo que los agujeros negros extremales
sean inestables) a partir del mismo principio físico. Nuestra propuesta resulta particular-
mente interesante dada su aplicación para obtener restricciones en los acoplos escalares.
Obtenemos una desigualdad diferencial que involucra masas de estados pesados que son
funciones de los moduli, y mostramos que es saturada por ejemplos de estados BPS que
aparecen en compactifcaciones de la Tipo II en variedades CY. Además, proponemos una
generalización para potenciales genéricos de campos escalares. Derivamos, a partir de la
fórmula que obtenemos, la condición de que la constante de decaimiento f de un axión no
puede ser mayor que Mp. Esto es así porque sino las interacciones escalares serían más
débiles que la gravitatoria.

Hay muchos aspectos que merecen un estudio más detallado. Una pregunta in-
teresante es si nuestras restricciones son ciertas también para moduli de teorías no super-
simétricas. Por otro lado sería interesante comprobar si la condición Eq. (5.20) se cumple
en construcciones específcas en Teoría de Cuerdas, como es el caso de torres de estados
BPS que se hacen ligeras para gran valor de los moduli en compactifcaciones de la Tipo
IIA y Tipo IIB en variedades Calabi-Yau similares a las de [124–127, 134]. Otra dirección
interesante para el futuro sería extender los resultados a dimensiones más altas y a grupos
gauge No-Abelianos.

Un paso muy signifcativo sería determinar qué es exactamente lo que falla o causa
problemas cuando la PPWGC es violada. La producción de partículas cargadas es una ca-
racterística de la radiación de agujeros negros y sería muy importante elucidar la conexión,
si es que existe, entre las ideas de esta tesis y la física de agujeros negros. Finalmente, sería
interesante extender los resultados de esta tesis considerando la producción de partículas
en espacio-tiempos distintos al espacio-tiempo plano, no sólo en el contexto de agujeros
negros sino también de AdS y dS.

En la Parte III de esta tesis hemos explorado las restricciones en EFTs en D-
dimensiones que surgen de requerir que las compactifcaciones en el círculo de la teoría
sean consistentes con la conjetura de que no hay vacíos no-supersimétricos estables y con
la conjetura de la Distancia en AdS. Esto pone requerimientos en el espectro físico que
garantizan que el potencial asociado a la energía de Casimir no genera vacíos AdS en
(D − 1) dimensiones, los cuáles podrían violar las conjeturas. Proponemos resumir los res-
ultados en un principio más general, la conjetura de Fermiones de Ligeros. Esta conjetura
dice que en una teoría con SUSY rota en la que ΛD ≥ 0, en la que la primera supertraza no
nula (−1)k+1StrM2k es positiva, y que es consistente con Gravedad Cuántica, tiene que
incorporar un excedente de fermiones ligeros, con masas que verifcan m . Λ1 

D
/D . Teorías

no supersimétricas con más fermiones que bosones (como el SM), o teorías con supersi-
metría espontáneamente rota y con bosones más masivos que los fermiones (como Split
SUSY) requieren un excedente de fermiones ligeros (i.e. neutrinos). De cara a futuras
investigaciones, sería interesante buscar evidencias adicionales de teoría de cuerdas para
esta conjetura. Además, sería interesante buscar argumentos físicos fundamentales que
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Chapter 10. Conclusions

expliquen la correlación entre la masa de los fermiones más ligeros de la teoría y la con-
stante cosmológica. Actualmente, entender los problemas de naturalidad y de jerarquías
de nuestro Universo es una de las cuestiones más desafantes en Física de Altas Energías,
y consistencia con Gravedad Cuántica puede la pieza del puzzle que estaba faltando.

En la Parte IV de esta tesis hemos estudiado compactifcaciones del SM a 3D y
2D, buscando vacíos AdS estables. Hemos completado y generalizado trabajos anteriores
como [31,85]. En estos trabajos se mostraba como la energía de Casimir del sector IR del
SM daba lugar a potenciales con vacíos AdS. Uno era capaz de evitar posibles violaciones
de la conjetura de la ausencia de vacíos no-supersimétricos estables si los neutrinos pro-
porcionaban sufcientes grados de libertad ligeros. Esto encaja perfectamente con las ideas
detrás de la conjetura de Fermiones Ligeros propuesta en esta tesis.

Hemos encontrado que el mecanismo de See-Saw estándar no es consistente con
Gravedad Cuántica además, los neutrinos deben ser (Pseudo) Dirac y satisfacer una cota
superior en la masa del neutrino más ligero mν1 . O(1)10−3 eV. Hemos explicado que
esto implica una cota superior en la escala EW para acoplos Yukawa fjos. Esto podría
explicar el problema de la estabilidad de la masa del Higgs frente a correcciones cuánticas,
es decir, el problema de la jerarquías EW. Valores más grandes de la escala EW permitirían
la formación de vacíos AdS.

Es posible obtener resultados similares partiendo de la conjetura de la Distancia en
AdS. Para ello, ya no necesitamos asumir que los vacíos son estables, lo cuál es una hipótesis
que requiere conocimiento de la compleción UV de la teoría. Todo lo que necesitamos es una
familia de vacíos tal que podamos hacer un escaneo en las masas de los neutrinos. En primer
lugar, consideramos escaneos en los que no cambia el valor de la constante cosmológica.
Uno de estos escaneos podría ser, por ejemplo, en el vev del Higgs. Tras imponer la AdC
en 3d en el SM, encontramos restricciones muy similares a las que encontrábamos con
la conjetura de ausencia de AdS no susy. A continuación, hemos considerado escaneos
donde la constante cosmológica cambia también. Curiosamente, una familia de vacíos en
3d dónde la masa de los neutrinos se vuelve más ligera según la constante cosmológica va a

1cero, con una dependencia polinómica α = 4 , está de acuerdo con las dos conjeturas AdS y
con la conjetura de Ciénaga Festina Lente. Esto puede interpretarse como una motivación
para explorar la posibilidad de que los neutrinos (dextrógiros) son parte de la torre de la
AdC. Como resultado colateral de nuestro análisis encontramos que el SM podría violar la
versión fuerte de la AdC en tres dimensiones dado que estos vacíos tienen separación de
escalas.

La conjetura de dS sería una buena motivación para considerar la posibilidad de que
la energía oscura de nuestro Universo deba ser descrita por un campo escalar que rueda
por un potencial en vez de por un vacío dS. Hemos mostrado que, incluso en este caso, se
obtienen resultados similares en cuanto al sector de los neutrinos. En todos los modelos
experimentalmente viables del SM junto con un único campo de quintaesencia canónico,
en los que la conjetura asintótica de dS se satisface en 4d, vemos que las correcciones
cuánticas en 3d la violan a menos que los neutrinos proporcionen sufcientes grados de
libertad ligeros. Esto es cierto sólo si asumimos la validez de la versión cuadrática de la
conjetura, puesto que necesitamos aplicarla en vacíos AdS en 3d.

Por otro lado, en esta tesis hemos mostrado que nuestro Universo sin el Higgs sería
inconsistente con Gravedad Cuántica, motivando así la propia existencia de una partícula
de Higgs. Esta necesidad del Higgs es cierta sólo en 3d, lo cuál sugiere que la replicación
de familia está relacionada con la existencia del Higgs. Además, la ausencia de vacíos AdS
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implica una cota inferior en el vev del Higgs H0 & ΛQCD, lo cuál encaja bien con la
relativa proximidad entre la escala de QCD y la EW.

Una hipótesis esencial para obtener los resultados anteriores es que los vacíos AdS son
estables. La presencia de moduli a través de las Wilson Line puede dar lugar a inestabil-
idades no perturbativas [148]. En esta tesis hemos estudiado compactifcaciones S1/Z2 y
T 2/ZN , dónde se obtienen resultados similares, y las Wilson Line asociadas al grupo gauge
del SM son eliminadas por la proyección del orbifold. Hemos estudiado con detalle el caso
Z4 puesto que para N > 2 la estructura compleja del toro es eliminada por la proyección
y nos queda un potencial que depende sólo del área del toro y del Higgs. En este caso
estamos haciendo la hipótesis de que la conjetura de que no hay vacíos no-supersimétricos
estables es cierta también en 2d.

En esta tesis hemos extendido el análisis más allá del sector IR de la teoría. Según
aumentamos la energía cruzamos nuevos umbrales para los leptones y los quarks, que se
vuelven relevantes en la energía de Casimir, haciendo que el potencial sea cada vez más
complejo. Hemos mostrado que en la compactifcación en el segmento con leptones anti-
periódicos y quarks periódicos se obtiene un vacío AdS. Además, si embebemos Z4 en un
subgrupo discreto del subálgebra de Cartan de SU(3) de color necesariamente obtenemos
vacíos AdS estables para el SM. Curiosamente, si el SM es embebido en una teoría super-
simétrica como el MSSM, esos vacío AdS o bien desaparecen o bien se vuelven automát-
icamente inestables. Si embebemos Z4 en un subgrupo discreto de la simetría U(1)B−L 
recuperamos los mínimos en la escala de los neutrinos. Esto muestra que en el caso super-
simétrico también encontramos restricciones no triviales. Hemos estudiado vacíos concretos
del MSSM compactifcado en T 2/Z4 y hemos encontrado restricciones adicionales.

De cara al futuro, en primer lugar, sería interesante encontrar evidencias adicionales
de las dos conjeturas de AdS y de la conjetura dS/AdS. Sin embargo, el mero hecho
de que tres conjeturas tan diferentes requieran la existencia de fermiones en torno a la
constante cosmológica, e impongan esencialmente las mismas restricciones en el sector de
los neutrinos del Sm es muy intrigante. Será muy interesante comprobar si los resultados
de está tesis son consistentes con futuros experimentos en los próximos 10-20 años. Si se
encuentra que los neutrinos son partículas de Majorana y proporcionan sólo seis grados
de libertad ligeros, como en el mecanismo de See-Saw, esto probablemente signifcaría que
o bien existen otros fermiones ligeros, o bien algo está mal en nuestro razonamiento o en
las conjeturas anteriormente mencionadas, lo cuál tendría consecuencias interesantes para
el programa de la Ciénaga. Las mismas consideraciones aplican si los neutrinos resultan
ser partículas de Dirac y el neutrino más ligero tiene una masa mucho mayor que ∼ 8 
meV. Estas dos posibilidades son las que tiene una mejor oportunidad de ser detectadas
en los próximos 10-20 años [199, 200]. Mirando un poco más allá, si se encuentra que los
neutrinos son de Dirac y que el neutrino más ligero tiene una masa alrededor de ∼ 8 meV,
esto proporcionaría información valiosa sobre la compleción de ST del SM. Además, sería
una muestra de que la conexión entre los neutrinos y la constante cosmológica que hemos
establecido en esta tesis es profunda y debe ser explorada en más detalle. Finalmente,
una opción menos excitante, pero también iluminadora, es que los neutrinos proporcionen
cuatro grados de libertad más ligeros que ∼ 8 meV. Desde el punto de vista de esta tesis,
esta posibilidad estaría de acuerdo con la Ciénaga, pero proporcionaría menos pistas sobre
como embeber el SM en ST.
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A 
One-Loop E˙ective Potential of D dimensional

EFTs in a circle

In this appendix we provide details for the computation of the one-loop corrections
to the e˙ective potential of the radion in very general D-dimensional EFTs. None of
the results of this Appendix are claimed to be new, but it is interesting to derive them
together in a unifed approach. Perhaps in the future one may revisit the ideas of the thesis
or would like to extend the results to include i.e. di˙erential forms or more complicate
compact manifolds, and this appendix might prove useful. Our point of departure was
the seminal paper by Appelquist and Chodos [170] where the background feld method is
used to compute the one-loop e˙ective potential of the radion in (pure) Einstein gravity in
a compactifcation from 5d to 4d. First we extend their computation to Einstein gravity
in arbitrary 1dimension. Next we extend it by considering the contribution to the radion
potential of a scalar feld, a U(1) gauge feld and fermions weakly coupled to Einstein
gravity, also in a arbitrary dimension D. We will consider that curvature corrections are
always negligible, so that even if we fnd AdS or dS vacua, it is still justifed to expand
the metric around a Minkowski metric, since corrections would be negligible. Some more
details on the justifcation of this method can be found in [181].

A.1 The Metric

We choose the following parametrization for the metric
" # 

−2 
(R/r) (d−2) gµν 0 ĝMN = , (A.1)

0 (R/r)2 

where r is introduced to make the metric dimensionless. We have set the graviphoton to
zero since we know that it does not contribute to the radion e˙ective potential [170]. The
action of pure Einstein gravity in D dimensions is given by:

" #Z p ˆ ˆR Λ 
MD−2S = − ˆ 

p dD x ĝ − (A.2)
2 2 

where we have introduced a hat to denote quantities in D = d + 1 dimensions. We also
need to introduce a gauge fxing term and a term for the ghosts. The condition that the

MD tower for the radion and the graviphotons are set to zero can be written as ∂Dĝ = 0 
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Appendix A. One-Loop E˙ective Potential of D dimensional EFTs in a circle

which corresponds the following gauge fxing term:
Z � � 

1 MD Sgauge = dD x − ∂DĝMD∂
D ĝ (A.3)

2 

where ĝMD denotes precisely the graviphoton and the radion componentes of the D−dim
metric ĝ, that is, the components along the extra dimension. The corresponding ghost
action is given by:

Z h i 
SFP = dDxχ ∗M (∂N ĝMD)∂

D + (∂D ĝMN )∂D + ĝND∂
D∂M + ĝMN ∂

D∂D χ
N (A.4)

According to the background feld method frst we expand the action up to second
order in the quantum felds, but ignoring frst order terms. After introducing the Fourier
expansions and integrating out the extra coordinate we fnd:

Z Z X 
S 
� 
r + R, ηµν + hµν 

� 
= 2πr dd x dd x 0 h( µν

n)(x)M (µν)(λσ)(x, x 0)h(−n)
(x 0) (A.5)n λσ 

n 

where
Z �� � h� � ii 1 

M (µν)(λσ) 0) = ddke−ik(x−x0) ηµν ηνσ + ηµσηνλ − ηµν ηλσ k2 2(x, x + m +n n(2π)d 2 
h i 1 h i� 
ηµν kλkσ + ηλσkµkν ηµλkν kσ + ηµσkν kλ + ηνλkµkσ + ηνσkµkλ+ − ,

2 
(A.6)

2R− D−2
2and m = r D 

2 
−3 n D−3 . The next step in order to obtain the e˙ective action Γ[R] is ton 

compute the path integral. Since we are dealing with bosonic, commuting variables the
gaussian integral gives:

Z Q
iS − 1 tr lnM(x,x0) − 1 ln eig(M̃(k))Dhµν e = (detM)−1/2 = e 2 = e 2 . (A.7)

So we obtain:

(d+1)R ∞ 2 
d Z Vd ddx P Q j− ln λn 

iS[r+R,ηµν +hµν ] 2 (2π)d n=−∞ j=1Γ[R] = Dhµν e = e , (A.8)
1PI 

j (µν)(λσ)where λn are the eigennvalues of the matrices Mn (x, x0). Of course, we have noticed
dthat since hµν is a symmetric matrix, the matrix M is a symmetric d (d + 1) × (d + 1)2 2 

matrix. We must determine its eigenvalues:

Choose d − 1 orthogonal vectors pµ(l) with l = 1, 2, ...d − 1 to kµ and defne (d − 1) 
l l lvectors v(λσ) = kλpσ + kσpλ. A trivial computation reveals that this vector is an

2eigenvector with eigenvalue λl ∝ m .n n 

Choose two linearly independent combinations of ηµν and kµkν 
: ω± ∝ ηλσ ± kλkσ .

k2 (λσ) k2 

Again explicitly acting on the vector we fnd that the product of their eigenvectors
4λ+λ− ∝ −(d − 1)m .n 
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A.2. A Scalar Field

µ(l) ν(l)kµkν pChoose d − 2 linearly independent combinations of ηµν and
k2 and p 

(l))2 . In
(p 

principle these would produce d−1 vectors, but one of them is not linearly dependent
dP−1 µ(l) ν(l)kµkν p pon account of the completeness relation: ηµν = 

k2 + (l))2 . Their eigenvalues(p
l=1 

2are all λ ∝ (k2 + m ).n 

µ(l) ν(k) ν(l) µ(k)Choose 1 (d − 1)(d − 2) possible combinations of p p + p p . Notice that2 
d−1P 1l, k = 1, 2, ...d − 1 and l 6 k so (n − 1) = (d − 1)(d − 2). Their eigenvalues are all2 
n=2 

2λ ∝ (k2 + m ).n 

2The eigenvalues ∝ m do not depend on k so their contribution to the e˙ective potential isn 
taken into account through the renormalization by which the 4d cosmological constant is
set equal to the observed value. From the D-dim point of view they provide a contribution
which is independent of R. Therefore we arrive at:

Z 
ddk X h i1 Vd 2Γ[R] = − (d − 2)(d + 1) ln k2 + m . (A.9)n2 2 (2π)d 

n 

The e˙ective potential can then be obtained from:

Γ[R] = −Vd2πrV (R) (A.10)

In the next section we regularize this integral using dimensional regularization. Finally,
following similar steps as in [170] one may show that the ghosts do not contribute to the
e˙ective potential.

A.2 A Scalar Field

The action of a scalar feld weakly coupled to Einstein gravity is given by:

Z h i1 
S = dD x 

p
−ĝ ĝMN ∂M T∂N T − m 2T 2 . (A.11)

2 

As before, we expand the action up to second order in the quantum felds, but ignoring
frst order terms. After introducing the Fourier expansions and integrating out the extra
coordinate we fnd:

Z h iX1 
ηµν ∂µ 

2S = 2πr dd x Tn∂ν Tn − m̃ nTn 
2 . (A.12)

2 
n 

2 2 − D−2
2 − 2 2Rwhere m̃ = r D−3 (R D−3 m + n D−3 ). It is easy to see that plugging this in the pathn 

2integral and doing the Gaussian integration leads to (A.9) with the replacement of m byn 
2m̃ . We will now perform the integration and obtain a simple formula for the potential.n 

To do that, we frst rewrite the integral in a way such that we can use one of the typical
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DR integration (see section 4.3 of [201]) formulas:
Z X "Z X # 

ddk h 
2 
i d ddk 1

ln k2 + m̃ = − � � = n s2(2π)d ds (2π)d k2 + m̃ 
n n n s=0⎡ ⎤ 

n=∞DR d ⎢
⎢ X i(−1)d/2 1 Γ(s − d )⎥⎥ −→ ⎢ 2 ⎥= − ⎢ � �s− d ⎥ds ⎣ (4π)d/2 

2 −2(D−2) 2 Γ(s) ⎦n=−∞ 
m2R− 

D−3 + n2R D−3 

s=0 
(A.13)

Regularizing the sums following [148, 171]:

∞X 1 
F (s; a, c) := p 

2s 
(n + a)2 + c n=−∞ ⎛ ⎞ √ � � Xπ 1 ∞ � � � �s−1/2 

= |c|1−2s ⎝Γ s − + 4 πp|c| cos (2πpa) Ks−1/2 2πp|c| ⎠ . 
Γ(s) 2 

p=1 

(A.14)

Renormalizing to match the observed 4d cosmological constant kills the frst term, so the
quantum correction is given by:

∞D(D−1) 2m X KD/2(2πnmR)
(D−3)V1L = −nb2πr 2 × . 

D 
(D−3) (2πnmR)D/2 

(2π) 2 R n=1 

In this section we are studying a scalar feld, and in this case nb = 1. However, this formula
1 1is valid also for the graviton setting m = 0 and nb = D(D − 3) = (D − 2)(D − 1) − 1,2 2 

or for the photon setting m = 0 and nb = D − 2.

A.3 U(1) Gauge Field

The action for a U(1) gauge feld is:
Z � � 

1 
S = dD x 

p
−ĝ − FMN F MN (A.15)

4 

whereM = 0, 1, ...d plus a gauge fxing term that sets the KK tower of the scalar feld that
appears from the d component of the gauge feld AM=d:

Z � � 
1 

S = dd x 
p

−ĝ − ∂dA
µ∂dAµ (A.16)

2α 

If we want to preserve the symmetries of the d− dimensional background then we only
give a non vanishing vaccuum expectation value to the component of the gauge feld along
the extra dimension θd. After extracting the terms which are second order in the quantum
felds we arrive to an expression similar to Eq. (A.5) where:

Z Z� � X 
0 A(n)(x)Gµν 0)A(n)S R,Aµ = 2πr dd x dd x µ n (x, x ν (x 0) (A.17)

n 
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A.4. Fermions coupled to U(1) gauge feld

2 µ 2 µAgain, we must determine its eigenvalues. Observe that Gµν vµ = −p v + pµ(vṗ) − m v .n 
l µ GµνChoose d − 1 vectors uµ, l = 1, 2, ...d − 1 such that p uµ = 0. has d eigenvectors.

2A trivial explicit computation reveals that pµ is an eigenvector with eigenvalue −m andn 
l 2 2that the u are all eigenvectors with eigenvalue −(p + m ). The eigenvalues which areµ n 

independent of p do not contribute so there are a total of d − 1 = D − 2 degrees of freedom,
as one would have guessed. The rest of the computation follows from the previous two
sections.

A.4 Fermions coupled to U(1) gauge feld

The Lagrangian for a Dirac fermion coupled to a U(1) gauge feld is:
X ̄

 γµDµ γµ µγa a bLFermions = Ψf (i˜ − mf )Ψf ˜ = ea gµν = ηabeµeν (A.18)
f 

where
1 

ωab νDµ = ∂µ + Γµ + iqBµ Γν = [γa, γb] ωµ
ab 

µ = ea(x)(∂µebν − Γλ (A.19)
8 µν ebλ). 

Since we are dealing with fermions we should also consider anti-periodic boundary condi-
tions: � � 

1−zpi2π 
2Ψ(y + 2πr) = e Ψ(y) (A.20)

They are periodic if zp = 1 and antiperiodic if zp = 0. As usual, we expand the action and
retain only second order terms on the quantum felds:" # 

(D−2)R R 1Z − −− ddx ddx02πrΨ(x0) −iγµ∂µ+R D−3 γd(∂d+iθ)−R D−3 m δ(x−x0)Ψ(x) 
iΓ[R]e = DΨDΨe 

(A.21)
where we have introduced θ = 1−zp + qhBi to account both for the boundary conditions2 
and a possible v.e.v. of the U(1) gauge feld B (a.k.a. Wilson line). Since we now have anti-
commuting (Grasmannian) variables we must use the following formula for the gaussian
integral:

Z 
− 1 ~ξtAξ~ 1 

dξ1dξ2....dξne 2 = (detA)+ 
2 (A.22)

Comparing with Eq. (A.7) we fnd a sign di˙erence in the power of the determinant.
± 1 tr lnAUsing the formula detA± 1

2 = e 2 we can see that it determines the overall sign of the
potential. Next we must perform the following trace over the gamma matrices:

� �h i ∞ nXp 1 p/ /
tr ln /p − m̃ 1 = tr ln(1 − ) + ln m̃ 1 = tr + ln m̃ 1 (A.23)

m̃ n m̃ 
n=1 

2 2Using the fact that traces of an odd number of gamma matrices is zero and that /p = p 
we fnd:

h i � � 
2 2tr ln p/ − m̃ 1 = 2 

d 
2 −1ln −p + m̃ (A.24)
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(D−2) 2(D−2)
2 − 2 −

D−3 D−3We can use these formulas but with p̂ = p2 − (n + θ)2R and m̃ = R m .
" ∞ � �# 

(D−1) 2mD X KD/2(2πnmR) 1 − zp
(D−3)V1L = +nf 2πr 2 × cos 2πn + qhBi . 

D 
(D−3) (2πnmR)D/2 2(2π) 2 R n=1 

In this section we have done the computation for a Dirac fermion. In this way we have
−1derived the previous formula with nf = 2 

d 
2 . However, this formula would remain valid

for other fermions with di˙erent number of degrees of freedom. For example, in 4d a Dirac
fermion has 4 degrees of freedom, while a Majorana fermions has only 2.
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B 
One-Loop E˙ective Potential of the SM in a circle

In this Appendix we apply the results of the previous appendix to the SM. The only
things that is new is that now we consider non-abelian gauge theories and we have to be
a bit careful with the gauge fxing. We denote the quantum e˙ective action by Γ and the
classical, background felds by an overline.

B.1 Background Field (Non-Abelian) Gauge Fixing

Let us compute the contribution to the e˙ective potential of the radion coming from
the weak coupling between the metric, a non-abelian gauge feld and a charged fermion.
The action is given by:

Z � � p 
µν F µνaSf+YM = d4 x ĝ Ψ(iD� − mI)Ψ − 

1 
F a (B.1)

4 

Expansion around a background gives the following Lagrangian:
� �1 Lf +YM (Aa

µ µ µν +Dµ µ +gfabcA
b
µ µ+Aa , Ψ) = − (F a Aa

ν −Dν A
a Ac )2 +Ψ iD� − igTa�A�a − mI Ψ 

4 
(B.2)

where

DµΨ = ∂µΨ − igTaAa
µΨ and DµA

a
ν = ∂µAa

ν + gfabcAµ
b Ac

ν . (B.3)

We will fx the gauge usual the usual Faddeev-Popov prescription. Let us remind the reader
the steps in this prescription. First we look for a gauge choice Ca(A) = 0 such that:

1. Totally fxes the gauge freedom

2. Under a gauge transformation it transforms as C 0 = Ca − glab(A) − mabθ
b where ma 

is invertible

Then the gauge fxed Lagrangian with ghosts is given by

L0 = L + Lgf + Lgh (B.4)

where

1 Lgf = − CaC
a and Lgh = χ ∗ (mab + glab)χb. (B.5)a2ξ 
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Appendix B. One-Loop E˙ective Potential of the SM in a circle

Under a gauge transformation we fnd:

(A0a +A0a) ≈ Aa +Aa + fabcθb(Ac +Ac )−g −1∂µθ
a and Ψ0 ≈ Ψ+ iθbTbΨ (B.6)µ µ µ µ µ µ 

In order to identify correctly the Wilson Lines, that is, the physically meaningful v.e.v. of
the background non-abelian gauge felds, we should fx the gauge in such a way the gauge
invariance of the background is left manifest. The idea is to fx the gauge of the simpler
transformation:

A0 
µ
a ≈ Aa

µ + fabcθbAµ
c (B.7)

with a choice for Ca that preserves the gauge freedom of the transformation of the back-
ground:

A0 
µ
a ≈ Aa

µ + fabcθbAµ
c − g −1∂µθ

a (B.8)

An appropriate choice is Ca = DµA
a
ν . The Faddeev-Popov prescription for this

so-called background feld gauge choice gives:

1 
ν )

2 = −χ ∗ Lgf = − (DAa and Lgh (mab + glab)χb. (B.9)a2ξ 

B.2 The Standard Model

We are interested only in the ground state of the theory. For this reason we can
set the classical, background felds of the fermions to zero from the start. We perform
the computation in the background-feld gauge, because we will use the background-feld
method to compute the e˙ective action and this choice enables us to maintain gauge
invariance in the background, gauge-boson felds. If we parameterize the Higgs doublet as! 
1 1√ η + √ 

1 , then the gauge fxing term is given by:
2 2 v

1 ξ † σiLGauge Fixing = − [∂µW µ + gεijkW µj W µk + i g(η† σi v− v η)]2 
i2ξ 2 2 2 

1 iξg0 1 − [∂µB
µ + (η†Y v− v†Y η)]2 − [∂µG

µ
a + gfabcGµbG

µc]. (B.10)
2ξ 4 2α 

We work in the unitary gauge, obtained by taking the limit ξ, α → ∞. Using the available
background gauge invariance one can gauge away all components except the one along
the compact direction of those bosons in the Cartan Subalgebra of SU(3)C × SU(2)L × 
U(1)Y . We denote these four Wilson lines as Z, A, G1, G2, corresponding to the vevs
of the Z boson, the photon and the gluons associated with the two diagonal Gell-Mann
matrices. We defne the Wilson lines so that they absorb the gauge coupling constants
in the covariant derivative. Using the background feld method, we must compute the
following path integral, neglecting terms associated with diagrams which are not connected
and 1PI. At one-loop order we need only study the terms quadratic in the quantum felds,
since linear terms would never give 1PI diagrams and zero order terms correspond to the
classical (tree level) action. Denoting by Ψ to all fermions and by η to all the necessary
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B.2. The Standard Model

ghosts, and denoting in general as φ to all felds in the theory, the measure would then be
Dφ = Dgµν DAµDZµDW +DW −DH DΨDΨDηDη and the path integral to computeµ µ 

Z 
iΓ[R,H,Z,A,G1,G2] iS[φ+φ]e = Dφ e . (B.11)

1PI, Connected

For completeness, we will write in some detail the SM Lagrangian. We will omit from
the Lagrangian the part of the gauge-fxing term B.10 that depends on the background
felds (of course, it must included in the calculations of the e˙ective action). We do not
write in any detail the ghost Lagrangian LSM 

FP , since it was shown in [170] that they do
not contribute to the e˙ective action at one-loop order. The computation of the e˙ective
potential of the Einstein-Hilbert Lagrangian compactifed in S1 , to one-loop order, was
performed in [170], so we also omit the details here. We will also omit the details of
the counterterm Lagrangian and the renormalization procedure. To regularize we will use
either Dimensional Regularization with extra fat dimensions or Zeta Function Regulariz-
ation techniques. Note that µ, ν, n, m space-time indices run from 0, 1, 2, 3; i, j space-time
indices from 0, 1, 2 ; i, j colour indices run from 1, 2, 3 and a, b colour indices run from
1, 2...8. We will replace all space-time covariant derivatives by partial derivatives from
the start, since we will be interested only in the one-loop corrections to the tree level po-
tential. Finally, f denotes sum over all fermions and A sum over the fermions families:! ! 

pA u c t 
eA = (e, µ, τ ), = .

nA d s b 

L = LSM + LSM 
asymptotic + LSM 

FP counterterms + LEinstein-Hilbert + Λ4basic interaction + LSM 

LSM (2) (2) 
asymptotic = LFermions + LYM + LSBS 

X 
µ n mLFermions = Ψ̄ 

f (iγ̃
µ∂µ − mf )Ψf γ̃µ = enγn gµν = ηnmeµeν 

f 

(2) 
[ηµν ∂2 − ∂µ∂ν + ηµν M2 1

[ηµν ∂2 − ∂µ∂ν + ηµν M2LYM = Wµ 
− 

W ]Wν 
+ + Zµ Z ]Zν

2 
11

[ηµν ∂2 − ∂µ∂ν ]Aν ++ Aµ Ga
µ[η

µν ∂2 − ∂µ∂ν ]δabG
b
ν2 2 

(2) 1 2L = − H[∂2 + mH ]HSBS 2 

LSM (3+4) 
basic interaction = LNC + LCC + L3 

YM + L + LYWYM + L4 
SBS 

( )X ̄
 g f f Ga T a T a 0 colour singletLNC = Ψf γ̃

µ(eQf Aµ+ (gLPL+gRPR)Zµ+gs µ f )Ψf ; f = λa 
cW colour triple2f 
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Qf 
f gL 

f gR 
νe,νµ,ντ 0 1 

2 0 
e,µ,τ −1 −1 2+ s2 w 

2sw 
u,c,t 2 

3 
1 − 2 2s2 3 w −2 2s3 w 

d,s,b −1 
3 −1 1 2+ s2 3 w 

1 2s3 w 

Table B.1: SU(2)L × U(1)Y quantum numbers of the particles in the Standard Model.

gγ̃µ X 
LCC = √ νAW +PLeA + pAW +PLnA + h.cµ µ

2 
A 

L3 = igcw[(∂µW − − ∂ν W −)W +µZν − h.c] − ie[(∂µW − − ∂ν W −)W +µAν − h.c]YM ν µ ν µ 

+ igcw(∂µZν − ∂ν Zµ)W +µW −ν − ie(∂µAν − ∂ν Aµ)W +µW −ν 

1
)GµbGνc − gsfabc(∂µGν

a − ∂ν G
a
µ2 

2 2L4 = −g c [W −W +µZν Z
ν − W −W +ZµZν ] − e 2[W −W +µAν A

ν − W −W +AµAν ]YM w µ µ ν µ µ ν 

+ egcw[2Wµ 
−W +µZν A

ν − Wµ 
−Wν 

+(ZµAν + AµZν )] 
1 2 

ν G
µdGνe + g 2(Wµ 

−W +µWν 
−W +ν − W +W +µW −W −µ) + gs fabcfadeG

b Gc 
µ ν µ4 

2 
(3+4) g 1 λH4 

L = [2vH + H2][Wµ 
−W +µ + ZµZ

µ] − λvH3 −SBS 24 2c 4w 

X 
LYW = − mf 

H 
Ψ̄ 

f Ψf . v
f 

f f 2 g = T − s QfL,R 3 L,R w 

Taking into account the boundary conditions, each feld is expanded in a Fourier
series, as explained in the text and in the previous appendix. Since we are staying at
cuadratic order, the integral over each feld will be gaussian. Each gaussian integral reduces

log TrAto computing the determinant of a certain operator. Using det A=e , we transform
the determinant into a trace. After computing the traces for the di˙erent particles one
fnds that the contribution of each particle to the Casimir potential can always be written
as:

! ∞ Z � �2−i X d3p H 
Vp = (−1)2sp+1 np log −p 2ϕ2 + mp + (n + θ)2 ϕ2 . (B.12)

2 (2π)3 v
n=−∞ 

We refer to the previous appendix for more details.
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C 
The Standard Model in T 2 

The frst steps of the computation are essentially the same as in the previous Ap-
pendix. Besides, some details were given in the text so we do not repeat them here. In the
text we also mentioned that, to gain a better understanding of the Casimir potential, it is
interesting to study the ultraviolet behaviour. In this Appendix we will use the expressions
from the text to extract this UV behaviour. To take this am → 0 limit, it will be useful
to rewrite the general formula for the Casimir potential in the torus using the following
formulas from [202]

" � � � �# 
r sin φ r sin φ

Lis(re iφ) = Lis(r, φ) + i Tis − Tis , tan φ , s = 2, 3 
1 − r cos φ 1 − r cos φ 

(C.1)
where

� �Z 
1 r log 1 − 2x cos φ + x2 

Li2(r, φ) = − dx, (C.2)
2 x0 

Z r Lis(x, φ)Li3(r, φ) = dx, (C.3)
x0 

and Tis are generalized inverse tangent integrals which verify: Tis (−x) = −Tis (x),
iφ) + Lis 

−iφ)Tis (−x, −y) = −Tis (x, y). Thus, Lis(re (re = 2Lis(r, φ). Introducing this
last equation in (7.44) we fnd:

⎡ 
∞� � 1 X cos 2πpθ1 

� 
2πpam 

� 
2 2VC a, t, mp, θ1, θ2 = ⎣2a t2m K2 √ 

p2 t2(2πa)2 
p=1 ⎤ 

X1 ∞ � 
+ − log rnLi2(rn, φn) + Li3(rn, φn) ⎦ , (C.4)
2πt2 n=−∞ 

√ 
σ+ −2π (n+θ1)

2t2+m2a2t2 i2π[−(n+θ1)t1+θ2] iφ2e = e e = re . (C.5)
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Secondly, we set t1 = 0 and t2 = 1 in Eq. (C.4) and Eq. (C.5), θ1 = θ2 ≡ θ, and take the
massless limit:

⎡ 
∞X1 1 cos 2πpθ ⎣VC [a, θ] = 

4(2πa)2 π2 
p=1 

p 
⎤ 

∞ n oX 
−2π|n+θ| −2π|n+θ| ⎦+

1 
2π |n + θ| Li2(e , 2πθ) + Li3(e , 2πθ) . (C.6)

2π 
n=−∞ 

Next, we can use that for periodic boundary conditions Lis(r, 0) = Lis(r), and for anti-
periodic Lis(r, π) = Lis(−r). Finally, using the defnition of the polylogarithm Lis (z) = P∞ pz we can do the geometric sums in n usingp=1 ps 

∞X −2πp 
−2πp)|n| 

2e 1 |n| (e = � �2 = csch2πp (C.7)
−2πp 21 − en=−∞ 

∞X −2πp 
−2πp)|n| 

1 + e 
(e = −2πp = coth πp (C.8)

1 − e 
n=−∞ 

for the periodic case and

� � −6πp −2πp X 2 e + e 1 1−2πp)|2n+1||2n + 1| (e = � �2 = csch2πp coth 2πp = csch2πp + sech2πp 
−4πp 4 41 − en=1 

(C.9)

X −2πp 
−2πp)|2n+1| 2e 

(e = −4πp = csch2πp (C.10)
1 − e 

n=1 

for the antiperiodic case. For both cases we have been able to reduce the result to one
single summation. The fnal step is to rewrite these sums in terms of known ones. For this
purpose we rely on identities such as:

∞X 7π21 coth πp 
= (C.11)

2π 
p=1 

p3 360 

which can be found in [203]. We have checked numerically the validity of the identities we
use with arbitrary precision, but we could not fnd a reference in the literature where they
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were proven. The massless Casimir function for periodic boundary conditions gives:

⎤ 
∞X 

⎡ 
∞ 

π2 4(2πa)2 
p=1 

p 
X n o1 1 1 1 −2π|n|)2π |n| Li2(e −2π|n|) + Li3(e ⎦⎣VC [a, 0] = + 

2π 
n=−∞ 

⎤⎡ ��∞ ∞ 

2π p 
XX1 1 1 2π −2πp)|n| 

1 −2πp)|n||n| (e + (e
2 3 

⎣ ⎦Li4(1) + = 
(2πa)2 π2 p

n=−∞ p=1 ⎡ )⎤(∞ 

90 2π 2p 

Xπ21 1 1 coth πp 
2π +⎣ ⎦+= 

(2πa)2 2 sinh2 πp 3p
p=1 ⎤⎡ ��∞ 

+ 2π + 
Xπ2 7π21 1 1⎣ ⎦= 

(2πa)2 2 (cosh πp − 1)90 π p
p=1 

360 

1 G 
= , (C.12)

(2πa)2 3 

where G ' 0.915966 is Catalan’s constant. For the case of antiperiodic boundary conditions
the Casimir energy reads:

⎤ 
X∞ 

⎡ �� X∞ 

π2 4p 

n o(−1)p1 1 1 1 −π|2n+1|)π |2n + 1| Li2(−e −π|2n+1|) + Li3(−e⎣ ⎦+a, = 
2 (2πa)2 2π 

n=−∞p=1 ⎡ )⎤(X∞ 

2π p 
(−1)p π (−1)p1 1 1 −πp)|2n+1| (e −πp)|2n+1|⎣ ⎦Li4(−1) + |2n + 1| (e += 

(2πa)2 π2 2 3p
n=1 ⎤ 

X 
⎡ 

∞ 
⎧
⎨ 
⎩ 

⎫
⎬ 
⎭ 

(−1)p (−1)pcsch2πp + sech2πp π2 (−1)pcsch2πp 1 
(2πa)2 

7 1⎢⎣ ⎥⎦4 4− − 2π += 
2p2 38 90 2π p

p=1 

−1 G 1 
= = − VC [a, 0] . (C.13)

(2πa)2 6 2 

In the ultraviolet region of supersymmetric models, all particles are essentially mass-
less, so the sign of the total casimir potential is determined by the next order in the
expansion. Retaining the next order in the polylogarithms we fnd the following cuadratic
terms in am. For the periodic case we have:

⎧
⎨ 
⎩ 

⎫
⎬ 
⎭ 

�� 
1 ��X∞ 

−2πn − Li2(1) + 2π log 1 − e(2) 
[a, m, 0] =(am)2 log (2πma) −2πC 4 

n=1 ⎧
⎪⎨ 
⎪⎩ 

⎫
⎪⎬ 
⎪⎭ 

�� 
Γπ2 5π 4

1 

(am)2 π log (2πma) − − + log (C.14)= 
6 2 
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Appendix C. The Standard Model in T 2 

Finally, for the antiperiodic case we fnd:
⎧
⎨ 
⎩ 

⎫
⎬ 
⎭ 

�� ∞ 
−π|2n+1|−Li2(−1) + π log 1 + e 

X �� 
(2) 1 

a, m, =(am)2VC 2 
n=−∞ 

( ) 
π2 3π 

= (am)2 (C.15)− + log 2 
12 4 

The sign of the second order terms is opposite to the leading order sign. This means that
it is positive for bosons and negative for fermions. The sign of the potential is controlled
by the most massive particles in the spectra. If the fermionic degrees of freedom win, the
potential will be negative and it will develop a runaway solution.
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D 
Consistency of the expansion about fat

background in the non-compact dimensions

In this appendix, we show that taking the Minkowski metric as the background
metric for the calculation of the one-loop potential of the 3D and 2D theories is a valid
approximation up to the energy scales that we have studied in this paper. When computing
the one-loop quantum e˙ective action, one obtains, in the general case, extra contributions
from the curvature of spacetime that take the form of quadratic terms in the Riemann
tensor, the Ricci tensor and the Ricci scalar. In particular, since we want to study the
vacua of the theory, we are interested in the cases in which the background metric is dS,
Minkowski or AdS. The typical energy scale associated to these terms is then given by the
inverse of the radius of curvature, that is, the dS or AdS length. Hence, neglecting them
(i.e. taking the background metric to be Minkowski) is justifed as long as this energy
scale stays well below the energy scales of the other contributions to the potential. In
our case, the typical energy scale associated with the e˙ective potential is the KK scale of
the compactifcation and in this way we can say that our calculations are consistent and
meaningful as long as we fulfll the condition

lAdS/dS � lKK . (D.1)

Note that it is by no means the intention of this appendix to give a detailed calculation
of the contributions to the one-loop e˙ective action coming from the non-zero curvature
of the background metric but just to show that they are negligible for the cases we have
studied. Before going to the two cases that are relevant for us, let us recall the general
relation between the Ricci scalar and the radius of curvature (i.e. the dS or AdS length),
l, which takes the form

d(d − 1)R(d) = ± 
l2 , (D.2)

where the positive sign corresponds to dS whereas the negative one corresponds to AdS.

D.1 Consistency in D>3

We will only do it in detail for D = 3 since it is the case that is more relevant for
the results of this thesis. Similar considerations are required for the general D-dimensional
vacua that we consider.

In the circle compactifcation, we can use Einstein’s equations to relate the Ricci
scalar with the 3D cosmoical constant, Λ(3), which at the same time is related with the
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Appendix D. Consistency of the expansion about fat background in the non-compact
dimensions

potential, V , obtaining

R(3) = 6Λ(3) = 6 
V

, (D.3)
(3)

Mp 

√ 
whereMp 

(3) 
= 2πRMp is the 3D reduced Planck mass. In this way, since both the Planck

mass and the potential depend on the radion, we can use Eq. (D.2) to obtain an expression
for l as a function of the radion feld and from there work out which values of R fulfll the
condition (D.1). This expression takes the form

√ (4) 
p

l =
2πRM 

. (D.4)
V 1/2 

In particular, it is interesting to rewrite this equation in terms of quantities that we can
easily obtain from our plots. For that purpose we recall that in our fgures we plot R6V 
in units of degrees of freedom, so n = 720πR6V , the e˙ective degrees of freedom, is the
quantity that we read from the plots. In terms of these variables, Eq. (D.4) can be
re-expressed as

r 
720π × 2π 

M (4)R7/2l = , (D.5)p3nr 

where, r is just an arbitrary energy scale that ensures the right units for the potential, so
we can take it to be 1 GeV without loss of generality. From the fgures we can safely say
that, in these units, the potential takes values from n = 10 to n = 70 in all the cases we
have studied (see Figs. 7.1-7.8), so we can take it to be n ∼ 100 to be safe. After plugging
in the numbers, one obtains that taking Minkowski as the 3D background metric in the
one-loop quantum e˙ective action calculation is justifed as long as

R−1 � 107 GeV, (D.6)

as in all our models.

D.2 Consistency in D=2

Due to conformal invariance of 2D gravity, we have seen that we cannot go to the
Einstein frame in order to defne a canonical potential or cosmological constant in 2D.
However, the equations of motion for the T 2/Z4 orbifold allow us to express the 2D Ricci
scalar in terms of the potential as follows

1 ∂aV R(2) = . (D.7)
(2πMp)2 a 

As before, we can use Eq. (D.2) to obtain a relation between the curvature radius and the
potential and it takes the form

� � 
a 

l = 23/2πMp . (D.8)
∂aV 

Following the same reasoning as in the 3D case, we want to express this in terms of
variables that we can easily read from our plots, that is, in terms of n = 12π2a2V/G and
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its derivatives with respect to log(a−1[GeV]). Taking all this into account, we can rewrite
the previous expression as

8π2M2 4 
l2 p G a 

= . (D.9)
log e 12π2 2a2V + ∂log(a−1)(a

2V ) 

From Figs. 7.9-7.12 it can be seen that n ∼ 100 is again a safe value and that the slopes
can also be overestimated by taking them to be ∼ 100. Plugging in these values, one
obtains that 2D Minkowski background is a safe approximation if we fulfll

a −1 � 1018 GeV. (D.10)

This again implies that, with a conservative estimation, the potential we have considered
would be changed so slightly by the corrections coming from a non-vanishing 2D curvature
that we can safely ignore them.
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E 
Example of MSSM spectrum

Here we just show a table with the choice of SUSY masses taken to construct the
fgures related to the SUSY case in the text. This particular choice is taken from [204].
Note that the general results depend very weakly on the choice of spectrum.

Particle Mass (TeV) (−1)(2sp+1)np 

g̃ (gluinos) 3.013 +16
G̃ (gravitino) 0.3-1 2

˜ũL,dL,s̃L,c̃L 2.876 -24
˜ũR,dR,s̃R,c̃R 2.76 -24
t̃L 2. -6
b̃L 2.3 -6

˜ ˜tR,bR 2.4 -12
L̃L 1.3 -2 × 5 
L̃R 1.119 -2 × 5 
τ̃L 0.65 -2
τ̃R 1.2 -2
χ0 
1 0.55 2
χ0 
2 1.153 2

χ0 
3,χ0 

4 1.9 4
χ+ 
1 1.153 4
χ+ 
2 1.9 4
A0 1.592 -1
H 1.6 -1
H+ 1.6 -2

Table E.1: Example of SUSY spectrum taken from [204].
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