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Abstract

In this thesis, we discuss the dynamics and phenomenology of an oscillating scalar
field coupled to the Higgs boson and which may account for the dark matter in the
Universe.

First, we study the case where the field has negligible self-interactions. We argue
that the initial field amplitude should generically be of the order of the Hubble
parameter during inflation, as a result of its quasi-de Sitter fluctuations. This implies
that such a field may account for the present dark matter abundance for masses in the
range 10−6−10−4 eV, if the tensor-to-scalar ratio is within the range of planned Cosmic
Microwave Background experiments. We show that such mass values can naturally be
obtained through either Planck-suppressed non-renormalizable interactions with the
Higgs boson or, alternatively, through renormalizable interactions within the Randall-
Sundrum scenario.

Then, we consider the case where the field’s potential has a quartic coupling
accounting for the dark scalar self-interactions. The model assumes an underlying
scale invariance such that the scalar field only acquires mass after the electroweak
phase transition, behaving as dark radiation before the latter takes place. While for a
positive coupling to the Higgs field the dark scalar is stable, for a negative coupling it
acquires a vacuum expectation value after the electroweak phase transition and may
decay into photon pairs, albeit with a mean lifetime much larger than the age of the
Universe. We explore possible astrophysical and laboratory signatures of such a dark
matter candidate in both cases and we find that dark matter within this scenario will
be generically difficult to detect in the near future, except for the promising case of
a 7 keV dark scalar decaying into photons, which may naturally explain the observed
galactic and extra-galactic 3.5 keV X-ray line.

Finally, we study the case where an oscillating scalar field coupled to the Higgs field
drives a non-thermal electroweak symmetry breaking. We show that this possibility
may be achieved with a late inflaton decay and, consequently, an early-matter era.
We find that the dark matter candidate within this scenario is heavier than the ones
considered above, making it more likely to be detected in the laboratory.
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Resumo

Nesta tese, discutimos a dinâmica e fenomenologia de um campo escalar a oscilar
acoplado ao bosão de Higgs e que pode constituir toda a matéria escura no Universo.

Primeiramente, estudamos o caso em que o campo tem auto-interacções desprezá-
veis. A sua amplitude inicial é da ordem do parâmetro de Hubble durante a inflação,
devido às suas flutuações quasi-de Sitter, o que implica que o campo pode explicar a
abundância observável de matéria escura para massas na ordem dos 10−6−10−4 eV, se
o rácio tensor-escalar não for muito suprimido. Além disso, mostramos que, embora
estas massas sejam pequenas, podem ser naturalmente obtidas através de interacções
não-renormalizáveis com o bosão de Higgs que sejam suprimidas pela escala de Planck
ou através de interacções renormalizáveis no contexto do cenário de Randall-Sundrum.

Em seguida, consideramos o caso em que o potencial do campo de matéria escura
tem uma interacção quártica, representando as auto-interacções do campo. O mo-
delo assume uma invariância de escala subjacente tal que o campo apenas adquire
massa após a transição electrofraca, comportando-se como radiação escura antes de a
transição ocorrer. Enquanto que para um acoplamento positivo ao Higgs o campo de
matéria escura é estável, para um acoplamento negativo o campo de matéria escura
adquire um valor esperado no vácuo após a transição electrofraca e pode decair em
pares de fotões, sendo o tempo de vida médio deste processo superior à idade do
Universo. Assim, exploramos possíveis assinaturas astrofísicas e no laboratório que
possam advir deste candidato a matéria escura, e constatamos que, embora a sua
detecção num futuro próximo seja muito difícil, há um caso promissor: o decaimento
do nosso candidato, com uma massa de 7 keV, em fotões, o que poderia explicar a
linha de 3.5 keV, na gama dos raios-X, observada na nossa galáxia e em sistemas fora
dela.

Finalmente, estudamos o caso em que o campo escalar a oscilar acoplado ao bosão
de Higgs controla uma transição de fase electrofraca não térmica. Mostramos que esta
possibilidade pode ser concretizada se o inflatão decair tardiamente, o que conduz a
uma era de matéria logo após a inflação. Neste cenário, o candidato de matéria escura
é mais pesado que os candidatos acima mencionados, o que o torna mais provável de
ser detectado em laboratório.
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1 | Introduction

1.1 Motivation

The existence of a significantly undetected non-relativistic matter component in the
Universe is widely accepted, with plenty of evidence arising from different sources.
In particular, the flatness of the rotational curves of galaxies requires a significant
dark matter component to account for the inferred dynamical galactic mass. In
addition, the invisible mass of galaxy clusters and the temperature and polarization
anisotropies of the Cosmic Microwave Background (CMB) radiation indicate a dark
matter component that accounts for about 27% of the present energy balance in the
Universe. The origin and the composition of dark matter remain, however, unknown,
despite the large number of candidates that arise in theories beyond the Standard
Model of Particle Physics (see e.g. Ref. [15] for a review).

Although a particle explanation seems to be favoured by observational data, as
opposed to e.g. modified gravity theories, such putative new particles have so far
evaded detection, with a wide range of masses and couplings to the Standard Model
fields being still allowed. Weakly Interacting Massive Particles (WIMPs) are certainly
the most popular dark matter candidates in the literature, corresponding to particles
with masses typically within the GeV-TeV range that attained thermal equilibrium
with the cosmic plasma in the early Universe and later decoupled to yield a frozen-out
abundance. The so-called “WIMP miracle", where the relic WIMP abundance matches
the present dark matter abundance for weak-scale cross sections, makes such scenarios
quite appealing, with a plethora of candidates within extensions of the Standard Model
at the TeV scale. However, the lack of experimental evidence for such WIMPs and, in
particular, the absence of novel particles at the LHC, strongly motivates looking for
alternative scenarios. Hence, in this work, we intend to provide an alternative to the
WIMP paradigm.
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1- Introduction

An interesting candidate for dark matter is a dynamical homogeneous scalar field
that is oscillating about the minimum of its (quadratic) potential, and which can be
seen as a condensate of low-momentum particles acting coherently as non-relativistic
matter. Scalar fields are ubiquitous in extensions of the Standard Model including,
for instance, the QCD axion in the Peccei-Quinn scenario to address the strong CP
problem, supersymmetric theories and theories with extra compact spatial dimensions.
Establishing the form of the interactions between such scalars and the Standard Model
particles is of the utmost importance to detect dark matter either directly or indirectly,
and an obvious possibility is the Higgs portal, where dark matter only interacts directly
with the Higgs field, H. A coupling of the form g2|Φ|2|H|2 should generically appear
for any complex or real scalar field, since it is not forbidden by any symmetries, except
for the QCD axion and analogous pseudo-scalars where such an interaction is forbidden
by a shift symmetry.

The Higgs portal for dark matter has been thoroughly explored in the context
of scalar WIMP-like candidates [16–29], but only a few proposals in the literature
discuss the case of an oscillating scalar condensate [1, 2, 30–32]. In this work, we aim
to fill in this gap and consider a generic model for scalar field dark matter where,
like all other known particles, the dark scalar acquires mass exclusively through the
Higgs mechanism, i.e. no bare scalar mass term in the Lagrangian is introduced for
dark matter. While the Standard Model gauge symmetries forbid bare masses for
chiral fermions and gauge bosons, this is not so for scalars, since |Φ|2 is always a
gauge-invariant operator. Scalar mass terms are, however, forbidden if the theory is
scale-invariant (or exhibits a conformal invariance). This has arisen some interest in
the recent literature, with the possibility of dynamically generating both the Planck
scale and the electroweak scale through a spontaneous breaking of scale-invariance.
In fact, with the inclusion of non-minimal couplings to gravity allowed by scale-
invariance, one can generate large hierarchies between mass scales from hierarchies
between dimensionless couplings and naturally obtain an inflationary period in the
early Universe, as shown in Refs. [33–36]. For other scenarios with scale-invariance
and viable dark matter candidates, see also Refs. [37–42].

This thesis is organized as follows: in chapter 1 we review the basics of the Standard
Model of Particle Physics, Cosmology and the present status of dark matter. In
chapter 2, we focus on the dynamics of an oscillating scalar field without significant
self-interactions as a dark matter candidate, considering that it only acquires mass
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1- Introduction

through the Higgs mechanism, at the electroweak phase transition. We determine,
in particular, the relation between the field’s mass and initial amplitude required in
order to explain the observed dark matter abundance. In chapter 3, our starting
point is the idea of chapter 2, introducing, this time, dark matter self-interactions and
investigating their implications on the dynamics of this dark matter candidate. In
chapter 4, we explore the scenario where an oscillating scalar field accounting for dark
matter drives a non-thermal electroweak phase transition, which can be accomplished
by considering a late decay of the inflaton field and, consequently, an early-matter
era. We summarize our conclusions and future prospects in chapter 5. For the sake of
simplicity, throughout this thesis we use natural units, c = ~ = kB = 1.

1.2 The Standard Model of Particle Physics

1.2.1 A historical overview

The Universe is made of small building blocks, which we call particles, and governed
by four fundamental forces: gravity, electromagnetism, weak and strong interactions.
Over the years, physicists tried to unravel these particles, how they interact with each
other and with the fundamental interactions. All this work culminated in the Standard
Model of Particle Physics, a mathematical description of the elementary particles and
all forces except gravity. Since its development, the Standard Model has proven to
be very successful, since it has predicted the existence of particles that were found
later, for example, the vector bosons W± and Z0, the top quark, the tau neutrino or,
more recently, the Higgs boson. The building of the Standard Model began in 1961,
when Sheldon Glashow discovered a way of combining the electromagnetic and weak
interactions [43]. This work was complemented by Abdus Salam and John Ward who
proposed, in 1964, a similar theory [44]. In 1967, Steven Weinberg introduced the
Higgs mechanism in order to give rise to the masses of gauge particles and fermions,
shaping the Standard Model in its modern form [45] and later, in 1971, ’t Hooft, using
tools developed by his supervisor, Veltman, proved that the electroweak theory is
renormalizable [46]. Although many contributed to the development of the theory of
strong interactions, we highlight two physicists, Murray Gell-Mann and George Zweig,
who independently proposed that the properties of the strongly interacting particles,
the hadrons, could be explained if these particles could be divided into small pieces -
the quarks [47,48].

3



1- Introduction

In the next subsection, we will describe the contents of the Standard Model. We
intend to provide a brief introduction to the Standard Model, with useful concepts
that will be needed ahead; however, we do not intend to provide an extensive study
of the Standard Model, since it is not the focus of this thesis.

1.2.2 The Standard Model as a gauge group SU(3)C×SU(2)L×
U(1)Y

In this subsection, we review the main aspects of the Standard Model. It includes
fermions, gauge bosons, the Higgs boson and it is well-established for three of the four
fundamental forces: electromagnetic, weak and strong interactions, assigning carriers
for each one.

Fermions are particles of spin 1/2 which respect the Pauli exclusion principle. There
are six quarks - up, down, charm, strange, bottom and top - and six leptons - electron,
electron neutrino, muon, muon neutrino, tau and tau neutrino. Quarks interact via
strong, electromagnetic and weak forces, while the electron, the muon and the tau
interact through weak and electromagnetic interactions and neutrinos interact only
through the weak force.

Gauge bosons are force carriers, with spin 1, mediating strong, electromagnetic
and weak interactions. This category includes photons, W+, W− and Z0 bosons and
gluons.

From a mathematical point of view, the Standard Model is based on the gauge group
SU(3)C ×SU(2)L×U(1)Y, which includes the groups describing the electromagnetic,
weak and strong interactions. The electromagnetic interaction corresponds to a gauge
invariance under local phase rotations of spinor fields ψ with electric charges: ψ →
ψ′ = e−iα ψ. The associated gauge symmetry is U (1)EM and the corresponding gauge
boson is the photon. This is an exact symmetry, that is, it is not spontaneously broken,
otherwise the photon would acquire mass. U (1)EM is a subgroup of the electroweak
gauge group, SU(2)L × U(1)Y.

In turn, the weak interaction arises from SU(2) local transformations, ψ → ψ′ =
e−iαI ψ, where I are the generators of the group: Ii = 1

2 τi and τi, i = 1, 2, 3, are the
Pauli matrices. I constitutes the weak isospin, with I2 ≡ I2

1 +I2
2 +I2

3 . The weak gauge
bosons only couple to the left-handed spinor part of a Dirac-spinor, which means that
the left-handed fermions form SU(2) doublets, while the right-handed fields are isospin
singlets. Therefore, we represent the group of weak interactions by SU(2)L, where the

4



1- Introduction

subscript L stands for “left”.
The electroweak interaction is described by the group SU(2)L × U(1)Y where the

subscript Y refers to “weak hypercharge”, which relates the electric charge Q and the
third component of the weak isospin, I3: Y = 2 (Q− I3) . This group encompasses
the four gauge bosons: the photon, the two W± bosons, which mediate charged-
current weak interactions, and the neutral Z0 boson which mediates neutral-current
weak interactions. SU(2)L×U(1)Y is spontaneously broken into U (1)EM, yielding the
masses of W± and Z0.

The gauge group behind the strong interaction is SU(3)C (here the subscript “C”
stands for “color”), which has eight generators: the Gell-Mann matrices, the SU(3)
analog of the Pauli matrices in SU(2). There are eight spin-1 particles, the gluons, and
any particle that couples to them carries color charge. Quarks have strong interactions
and are color triplets, while the colorless particles, like baryons, are SU(3)C singlets.

The Higgs boson is the only scalar boson of the Standard model. This massive
particle has no spin, electric or color charge and is responsible for providing mass to
the Standard Model particles. It was found in 2012, at the Large Hadron Collider
(LHC) in CERN, confirming the predictions of the Standard Model, and has a mass
mh = 124.97± 0.24 GeV [49]. In the next subsection, we will briefly explain the Higgs
mechanism, showing how it generates masses to all known elementary particles.

1.2.3 The Higgs mechanism

In the Standard Model of Particle Physics, the Higgs mechanism is responsible for
assigning mass to the particles and its explanation resulted from combined efforts of
many physicists: Anderson [50], R. Brout and F. Englert [51], P. Higgs [52] and G.
Guralnik, C. R. Hagen and T. Kibble [53]. In this section, we will discuss the Higgs
mechanism, considering a simple model that contains all the important features of the
process - the Higgs mechanism in the U (1) gauge theory. This can be generalized to
the case of the electroweak theory of the Standard Model, but we will not include this
treatment here, for the sake of simplicity.

Consider a complex scalar field, φ, which is the combination of two real fields, φ1

and φ2:

φ = φ1 + iφ2√
2

. (1.1)
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1- Introduction

Figure 1.1: The "mexican hat" Higgs potential.

The Lagrangian density for a scalar complex field and a gauge field Aµ reads

L = −1
4FµνF

µν +Dµφ
∗Dµφ− V (φ) , (1.2)

where the potential of the scalar complex is V (φ) = ±µ2φ∗φ + λ (φ∗φ)2 and µ and λ
are positive constants. The gauge invariance is ensured by introducing the covariant
derivative, Dµ, defined as Dµ = ∂µ + i q Aµ, and the strength tensor is defined by
Fµν = ∂µAν − ∂νAµ, as usual. Taking a look at the φ potential, if the term µ2φ∗φ has
a positive sign, the field’s potential has a minimum at |φ| = 0, which corresponds to
the lowest energy state in this configuration, and the system is completely symmetric.
However, if µ2φ∗φ has a negative sign, the potential of the field has a “mexican hat
shape” and acquires minima for |φ| 6= 0, as illustrated in Fig. 1.1. In this case,
|φ| = 0 is no longer a stable point provided that there are other values for |φ| with
lower energy. The field rolls to one of those states and, since it “chooses” a particular
spot, the system is not symmetric anymore - it underwent a spontaneous symmetry
breaking. Moreover, since the point of lower energy is different from zero, we say that
the field acquired a non-zero vacuum expectation value (vev), v:

|φ|min =
√
µ2

λ
≡ v. (1.3)

Note that the new potential’s minimum is infinitely degenerate, because any point
that satisfies Eq. (1.3) is the lowest energy state of the model. For simplicity, we
will consider a coordinate system where the new vacuum state occurs at φ1 = v and
φ2 = 0. Now, we can expand the fields φ1 and φ2 around the vacuum, writing them
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1- Introduction

in terms of the classic value - the vev - and fields accounting for fluctuations around
the vev, φ′1 and φ′2. Hence, φ1 = v + φ′1 and φ2 = φ′2 and the complex scalar field (Eq.
(1.1)) reads, after the spontaneous symmetry breaking:

φ = 1√
2

(φ′1 + v + iφ′2) . (1.4)

Inserting Eq. (1.4) into the Lagrangian density Eq. (1.2), we obtain the following:

L = −1
4 Fµν F

µν + 1
2 q

2 v2AµA
µ + 1

2 ∂µφ
′
1∂

µφ′1

+ 1
2 ∂µφ

′
2∂

µφ′2 + µ2 (φ′1)2 +O
(
fields3

)
, (1.5)

where the last term refers to powers of the fields higher than two. Here, it is possible
to identify a massive real scalar field, φ′1, a massless scalar field, φ′2, and a massive
vector field, Aµ. The existence of a massless scalar field is not surprising, giving the
Goldstone theorem: for any generator of a broken symmetry in the ground state, there
is always a massless scalar Goldstone boson.

Comparing Eqs. (1.2) and (1.5), we notice that the Lagrangian density Eq. (1.2)
has four degrees of freedom: two of them come from the field φ and the other two
from the field Aµ (corresponding to the transverse polarizations of the photon). In
turn, the Lagrangian density Eq. (1.5) has five degrees of freedom: one coming from
φ′1, one from the Goldstone boson, φ′2, and three from Aµ, since the latter is a massive
field now. There is one more degree of freedom in the Lagrangian density of Eq. (1.5),
which means that the Goldstone boson degree of freedom is not physical. Hence, we
can eliminate it by choosing an appropriate gauge. In fact, given that φ′1, φ′2 � v, the
field φ can be conveniently rewritten as:

φ = 1√
2

(φ′1 + v) e
(
i
φ′2
v

)
, (1.6)

and, choosing a particular gauge, Aµ → Aµ− 1
q v ∂µφ

′
2, the Lagrangian density becomes:

L = −1
4FµνF

µν + 1
2 ∂µφ

′
1∂

µφ′1 + 1
2 q

2 v2AµA
µ + q2 vAµAµ φ′1

+ 1
2 q

2AµA
µ (φ′1)2 − µ2

2 (φ′1 + v)2 + λ

4 (φ′1 + v)4
. (1.7)

Thus, we have a theory with a real scalar field, the Higgs field φ
′
1, whose mass

is mh ≡ mφ′1
=
√

2λ v, and a vector field, Aµ, with mass mA = q v. We can
conclude that, when Aµ acquires mass, it gets a third degree of freedom, corresponding
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1- Introduction

to the longitudinal polarization, that comes from the Goldstone boson, which has
disappeared. As a matter of fact, the field φ

′
2 is not really gone, since the degree

of freedom associated to the Goldstone boson was absorbed into the longitudinal
polarization of the massive gauge field. In other words, the gauge field “has eaten” the
Goldstone boson and obtained mass and another degree of freedom. This process is
called the Higgs mechanism. In the Standard Model, the Higgs field is an isospin
doublet, with four real degrees of freedom. The spontaneous symmetry breaking
SU(2)L×U(1)Y → U(1)Q occurs when one of the components acquires a vev, when the
temperature of the Universe falls below T ∼ 100 GeV - this is the electroweak phase
transition (EWPT). The other three components give rise to three Goldstone bosons
that are “eaten” by three gauge bosons which become massive (they are the W+, W−

and the Z0 bosons), while the photon remains massless. The Higgs mechanism will
be crucial to provide mass to our dark matter candidate, as we discuss in chapters 2,
3 and 4.

1.2.4 Electroweak vacuum stability

The Higgs vacuum is stable if its self-coupling, λh, is positive for any scale of energy
µ where the minimum of its potential is a global minimum. Actually, for the observed
Higgs mass mh ' 125 GeV, λh becomes negative around µ ∼ 1010 − 1012 GeV [7, 54],
as illustrated in Fig. 1.2, which is well below the GUT or the Planck scales. The fact
of λh becoming negative could constitute a problem because it can lead to a possible
instability in the Higgs potential (see, for e.g., Refs. [7,55,56] and references therein).

Usually, the value of the couplings may vary with the energy scale. The running of
a coupling parameter, λ, is encoded in the beta function, defined as

β (λ) = δλ

δ lnµ. (1.8)

In the case of the Higgs boson, the beta function of λh is given, at one-loop, by [56]:

βλh = 1
16 π2

(
−6y4

t + 12y2
t λh + 3

8

(
2g4 +

(
g2 + g′2

)2
)
− 3λh

(
3g2 + g′2

)
+ 24λ2

h

)
,

(1.9)
where yt corresponds to the top Yukawa coupling, g is the SU (2)L coupling and g′ is
the U (1)Y coupling. From the last equation, we can conclude that the behaviour of
λh is mostly driven by the large contribution of the top Yukawa coupling at one-loop,
i.e, strongly depends on the top quark mass. When the coupling constant becomes
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Figure 1.2: The running of the Higgs quartic coupling, λ ≡ λh, for the Higgs mass
Mh ' 125 GeV. The uncertainties in the top mass (Mt), strong coupling (α3) and the
Higgs mass are also indicated. We can see that λh becomes negative for an energy
scale, µ, around µ ∼ 1010 − 1012 GeV. This plot is taken from [7].

negative, V (h) = λh
h4

4 < 0 and, therefore, the Higgs minimum could be only a local
minimum, instead of a global minimum. However, if the lifetime of the quantum
tunneling to this true minimum is higher than the age of the Universe, the Higgs
vacuum is metastable. In fact, Ref. [56] shows that the lifetime for the quantum
tunneling is extremely long: about the fourth power of the age of the Universe.

There are some attempts to cure the (in)stability problem of the electroweak
vacuum. For instance, Ref. [7] shows that a shift in the top quark mass of about
δmt = −2 GeV would suffice to keep λh > 0 at the Planck scale (this could also
be a good reason to motivate more precise measurements of the top quark mass).
Other ways include introducing physics beyond the Standard Model. In particular,
coupling a scalar singlet with non-zero expectation value to the Higgs may stabilize
the electroweak vacuum, provided that the contribution of the coupling between the
Higgs and the singlet scalar maintains the Higgs self-coupling positive. This idea has
been explored in the literature, and some of them promote this singlet scalar to a dark
matter candidate, such as illustrated in Refs. [23,57,58].

In addition, we should worry about the stabilization of the Higgs field during
inflation. If the Higgs field is light during inflation, de Sitter quantum fluctuations
could drive the field to the true global minimum of the potential. However, the
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introduction of scalar field dark matter can avoid this scenario. We will explore this
possibility in chapter 4.

As a final note of this section, the Standard Model is one of the most successful
theories ever constructed, but it has some loose ends. In particular, it does not predict
dark matter. In the next sections we will discuss the topic of dark matter but, before
that, we will comment on the cosmological framework, introducing the status of the
Standard Cosmological model.

1.3 Standard Cosmology

Cosmology, defined as the study of the dynamics and evolution of the Universe, seeks
to understand the long path from the origin of time until the Universe’s final fate.
It is based on a very basic postulate, the cosmological principle: we do not occuppy
a special place in the Universe, since it is essentially homogeneous and isotropic on
large scales. The standard model of cosmology, furnished with this principle, is able to
describe the geometry of the Universe, its contents and features along this journey of
13.8 billion years, although it is not free from problems. In this section, we intend to
describe summarily the main aspects of the standard cosmological model, also known
as ΛCDM model, and show how cosmic inflation can complement this paradigm.

1.3.1 Geometry of the Universe

Einstein’s General Theory of Relativity showed us that gravity is just a consequence
of the curvature of space-time. Defining the Einstein-Hilbert action,

S =
∫
d4x
√
−g

(
R

16 π G + Lmatt
)
, (1.10)

where g is the determinant of the metric, R is the Ricci scalar, G is the gravitational
constant and Lmatt is the Lagrangian density of the matter in the Universe, and varying
it with respect to the metric, gµν , Einstein obtained a set of equations that describe
the relation between the curvature of space-time and the local matter content:

Rµν −
1
2 gµν R = 8π GTµν , (1.11)

where Rµν is the Ricci tensor and Tµν the energy-momentum tensor.
At large scales, the most general metric that takes into account the Universe’s

spatial homogeneity and isotropy is the Friedmann-Robertson-Walker metric (FRW),
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1- Introduction

which reads, assuming a metric signature (−,+,+,+):

ds2 = −dt2 + a2 (t)
[

dr2

1− k r2 + r2
(
dθ2 + sin2 (θ) dφ2

)]
, (1.12)

where t refers to time, r is a radial coordinate, θ and φ are angular coordinates,
a (t) is the scale factor and k is a parameter representing the spatial curvature of the
Universe and can be normalized to −1, 0 or 1, depending on whether the Universe
is closed, flat or open, respectively. Assuming that the Universe is filled with a
homogeneous and isotropic perfect fluid, the energy-momentum tensor is just T µν =
diag (ρ, p, p, p), where ρ is the perfect fluid energy density and p its pressure. Using
the energy-momentum tensor, and introducing the metric Eq.(1.12) into the Einstein
field equations Eq. (1.11), we get the Friedmann equation:

H2 ≡
(
ȧ

a

)2
= 8πG

3 ρ− k

a2 (1.13)

and the Raychaudhuri equation:
ä

a
= −4πG

3 (ρ+ 3p) , (1.14)

where H ≡ ȧ
a
is the Hubble parameter, which characterizes the expansion rate of the

Universe, and the dot denotes differentiation with respect to time.
The covariant conservation of the energy-momentum tensor, ∇µTµν = 0, corre-

sponds to energy and momentum conservation in an expanding Universe, implying
that:

ρ̇

ρ
= −3 (1 + w) H. (1.15)

The last equation is the continuity equation for a perfect fluid, where w ≡ p
ρ
defines its

equation of state. The three relevant forms of cosmological fluids are non-relativistic
matter (dust), radiation and vacuum energy. Non-relativistic matter consists of cold
and heavy particles (T � m) with negligible pressure, w = 0, whose energy density
falls off in an expanding Universe as ρm ∝ a−3, according to Eq. (1.15). This includes
baryons and cold dark matter. In turn, radiation describes relativistic particles (T �
m) , such as photons and all particles in the early Universe, when temperatures were
high. Its equation of state is w = 1/3 and the corresponding energy density drops
as ρrad ∝ a−4. Finally, vacuum energy (also known as “cosmological constant”) has
an equation of sate w = −1, corresponding to a fluid with a negative pressure that
is responsible for accelerating the expansion of the Universe. In this case, the energy
density is constant, ρΛ ∝ a0.
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In fact, since the Universe is composed by those three forms of fluids (dust, radiation
and vacuum energy), we can rewrite Eq. (1.13) as a function of the abundance of each
component, Ωi: ∑

i

Ωi − 1 = k

H2 a2 , (1.16)

where Ωi ≡ ρi
ρc

and ρc = 3H2

8πG is the critical energy density of the Universe, i.e.,
the energy density for k = 0. According to Planck data, Ωm = 0.3166 ± 0.0084 (this
includes baryonic and cold dark matter), Ωrad ' 9×10−5 and ΩΛ = 0.6834±0.0084 [10],
hence∑i Ωi is very close to 1, which means that the Universe is practically flat (k ' 0).

In this subsection, we have studied the geometry of the Universe, the equations
that govern its evolution (Eqs. (1.13) and (1.14)) and how the fluid components,
non-relativistic matter, radiation and vacuum energy evolve with the expansion of the
Universe, which is parameterized by a dimensionless quantity, the scale factor, a(t).
We have found that the curvature k of the Universe is almost zero, which means that
the Universe is essentially flat. The scenario where we have a flat Universe, described
by the FRWmetric and presently filled mainly with vacuum energy and non-relativistic
matter constitutes the ΛCDM model. We will briefly comment on this model in the
next subsection.

1.3.2 ΛCDM model

The ΛCDM model is the simplest model that encompasses a flat, homogeneous and
isotropic Universe filled with a cosmological constant, radiation and matter, which
can account for current cosmological observations [10]. In addition, it describes the
Universe’s evolution since its very early stages until its final fate and, for this reason, it
is commonly dubbed “the Standard Model of Cosmology”. The letter Λ represents the
cosmological constant/vacuum energy which is the simplest example of dark energy,
while CDM corresponds to the cold dark matter model. The ΛCDM model requires
six parameters to model the evolution of the Universe: the Hubble parameter today,
H0, the density parameters of baryonic and dark matter, Ωb and ΩCDM , respectively,
the spectral amplitude As, the spectral index ns and the optical depth τ [59]. In this
subsection, we will briefly discuss each of these parameters.

The Hubble parameter at the present time assumes the value H0 = 67.36 ±
0.54 km s−1 Mpc−1, while the baryonic and dark matter density parameters are Ωbh

2 =
0.0224 ± 0.0001 and ΩCDMh

2 = 0.120 ± 0.001, respectively [10]. The remainder of
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the Universe’s content is mainly dark energy, Λ, an unknown form of energy that is
responsible for the late acceleration of the expansion of the Universe (see, for instance,
Ref. [60]).

The spectral amplitude and the spectral index are intimately related, since both
characterize the primordial curvature power spectrum behind CMB perturbations,
putatively induced by the inflaton field (see, for instance, Ref. [61]). The curvature
power spectrum is defined by

P (k) ≡ As
(
k

k∗

)ns(k)−1

, (1.17)

where As is the amplitude of the power spectrum at the pivot scale k∗ and the spectral
index ns (k) is defined as ns (k) − 1 ≡ d ln [P (k)] /d ln k. According to Planck data,
As ' 2.1× 10−9 and ns = 0.965± 0.004 at pivot scale k = 0.05 Mpc−1 [10]. A detailed
analysis of the spectrum of CMB temperature fluctuations is outside the scope of
this work, although more details are given in chapers 2 and 3, when we describe the
dynamics of our dark matter model during inflation.

In turn, the optical depth τ is related to the reionization process and it is defined
such that e−τ corresponds to the probability that a photon emitted after decoupling,
but before reionization, is scattered [62].

According to the ΛCDM scenario, the Universe emerged from an initial singularity,
where all the known Physics does not apply. Then, the Universe underwent a period
of accelerated expansion - cosmic inflation - before being dominated by hot radiation.
At some point, the matter content of the Universe overcomes radiation, ruling most
of its history, until very recent times, when dark energy takes over and dominates the
expansion of the Universe. In the next subsections we will address briefly the topics
of cosmic inflation and the subsequent thermal history of the Universe.

1.3.3 Cosmic Inflation

The standard model of Cosmology describes an expanding Universe that is homo-
geneous and isotropic on large scales; however, it does not provide a satisfactory
explanation for some questions. For instance, we mentioned that the Universe is
essentially flat, since ∑i Ωi is presently very close to 1 and k, the parameter related
to the curvature of the Universe (see Eq. (1.12)), is approximately null. Therefore,
it seems that the model requires fine-tuned initial conditions, but the cosmological
paradigm as we have described in the last section does not provide any. In addition,
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the model does not explain the homogeneity problem (also called the horizon problem),
that is the fact that the Universe has regions with nearly the same density and
temperature, even though they have never been in causal contact since the Big Bang,
nor explain the absence of unwanted relics, such as magnetic monopoles, that could
be produced in the early Universe but whose existence is in conflict with current
observations [62].

In fact, Alan Guth, in 1980, was concerned about the magnetic monopoles that
could be produced during the GUT (Grand Unified Theory) transition when he came
up with the idea of inflation, which could solve the above-mentioned problems [63].
During inflation, the Universe grows by a factor of∼ e60, diluting the number density of
unwanted relics and flattening the Universe. In its original proposal, Guth considered
the case where a scalar field is in a false minimum of its potential, where its kinetic
energy vanishes and, therefore, the field mimics a cosmological constant. Inflation
ends when the scalar field performs a quantum tunneling to the true minimum of the
potential. This could solve the problems arisen, but since the probability of quantum
tunneling is small, it turns out that the transition to a radiation-dominated era would
be very unlikely.

In new versions of inflation (see, for e. g., Ref. [64]), there is an additional scalar
field, the inflaton, χ, with equation of state w ' −1, which drives inflation. The
inflaton field rolls slowly down its potential until it reaches a minimum and begins to
oscillate around it.

In fact, the simplest model for inflation admits a scalar field, since it can provide
all the necessary ingredients for inflation to occur: a period of accelerated expansion
that erases unwanted relics and solves the horizon and flatness problems and, at the
end of this period, recovers standard Cosmology. The action for the inflaton field χ is:

Sχ =
∫
d4x
√
−g

[
−1

2 ∂µχ∂
µχ− V (χ)

]
, (1.18)

where V (χ) corresponds to the inflaton potential. The energy-momentum tensor is
computed varying the last expression with respect to the metric tensor:

T µνχ = 2√
−g

δSχ
δgµν

= −
(1

2 ∂αχ∂
αχ+ V (χ)

)
gµν + ∂µχ∂νχ. (1.19)

Analogously with a perfect fluid, the energy density of the inflaton and its pressure,
ρχ and pχ, respectively, for a FRW metric, are:

ρχ = T00 '
1
2 χ̇

2 + 1
2

(∇χ)2

a2 + V (χ) , (1.20)
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pχ = gij Tij
3 ' 1

2 χ̇
2 − 1

6
(∇χ)2

a2 − V (χ) , (1.21)

where the gradients are given by (∇χ)2 = γij∂iχ∂j χ and γij is defined as γijdxidxj =
dr2

1−k r2 +r2dΩ2, which follows from the FRWmetric (see subsection 1.3.1) with curvature
k. Hence, from Eqs. (1.20) and (1.21), we can see that it is possible to have different
equations of state depending on whether χ̇2, (∇χ)2 or V (χ) dominate. If the inflaton’s
kinetic energy dominates, pχ ' ρχ, and w ' 1; on the other hand, if gradient energy
dominates, pχ ' −1

3ρχ ⇒ w = −1
3 . Finally, if the potential energy dominates, pχ '

−ρχ ⇒ w = −1, which mimics the behavior of a cosmological constant and allows for
the accelerated expansion, required for solving the problems mentioned above.

The dynamics of the inflaton field is described by its equation of motion, which
can be obtained by minimizing the variation of the action in Eq. (1.18) for small field
variations, that is:

δSχ =
∫
d4x
√
−g

[
1√
−g

∂ν
(√
−g gµν ∂µχ

)
− V ′ (χ)

]
δχ = 0. (1.22)

Considering the flat FRW metric, gµν = diag (−1, a2 (t) , a2 (t) , a2 (t)) and √−g =
a3 (t), and neglecting the gradient contributions ((∇χ)2), since they will be exponen-
tially diluted, the equation of motion is:

χ̈+ 3Hχ̇+ V ′ (χ) = 0. (1.23)

Notice that the potential of the inflaton acts like a force, while the expansion of the
Universe works as a friction term. Since in chapters 2, 3 and 4 we discuss scalar
fields that behave like dark matter candidates, whose potential is dominated by a
quadratic term, it is worth checking what the equation of motion Eq. (1.23) tells us
for a quadratic inflaton potential, V (χ) = 1

2 m
2
χ χ

2. Introducing this into Eq. (1.23),
we are left with:

χ̈+ 3Hχ̇+m2
χχ = 0, (1.24)

which is the equation of motion of a damped harmonic oscillator. Thus, if mχ � H,
the friction term can be neglected and the inflaton field is in an underdamped regime,
behaving like a harmonic oscillator. On the other hand, if mχ � H, the friction term
is more important - the field is overdamped in this regime and does not oscillate. For
successful inflation, the last condition must be satisfied, i.e, the inflaton field has to
be in an overdamped regime, which mimics the effect of the cosmological constant.
Other inflaton field potentials are just generalizations of the quadratic inflation case,
and the results we have referred to here can apply to those cases too.
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Hence, there are two requirements for having a successful inflation, which are known
as the slow-roll conditions. One of them states that

1
2 χ̇

2 � V (χ) , (1.25)

that is, the kinetic energy of the inflaton has to be smaller than its potential energy,
V (χ), to ensure an equation of state close to a cosmological constant, w = −1. The
other slow-roll condition reads:

χ̈� 3H χ̇, (1.26)

meaning that the acceleration of the field has to be small so that the first condition is
fulfilled for a sufficiently long period. These slow-roll conditions are usually expressed
in terms of the following quantities, the slow-roll parameters:

εχ = 1
2 M

2
Pl

(
V ′ (χ)
V (χ)

)2

(1.27)

ηχ = M2
Pl

(
V ′′ (χ)
V (χ)

)
. (1.28)

A successful inflation requires εχ � 1 and ηχ � 1, and will last until εχ ∼ 1 and
ηχ ∼ 1. The duration of inflation is usually measured in e-folds, Ne, which is the
amount of time that the Universe takes to expand its original size by a factor e. The
number of e-folds of inflation is defined by:

Ne = log
(
ae
ai

)
, (1.29)

where ai is the scale factor at the beginning of inflation and ae the scale factor at the
end of inflation. Noting that

log
(
ae
ai

)
=
∫ ae

ai

da

a
=
∫ te

ti
H (t) dt, (1.30)

and using the slow-roll conditions Eqs. (1.25) and (1.26), the Friedmann equation
(1.13) and the Raychaudhuri Eq. (1.14), the number of e-folds reads:

Ne ' −
1
M2

Pl

∫ χe

χi

V (χ)
V ′ (χ) dχ. (1.31)

The horizon problem is solved if Ne ∼ 50− 60.
When the slow-roll equations are no longer valid, inflation ends and the inflaton

transfers all its energy into Standard Model degrees of freedom, via a period called
reheating, starting the radiation era. At the end of inflation, the kinetic term of the

16



1- Introduction

inflaton’s potential dominates over the potential term, and the inflaton energy density
decays quickly. To study the reheating period we must take into account the decay
of the inflaton into other particles, which leads to an additional friction term in its
equation of motion:

χ̈+ 3Hχ̇+ V ′ (χ) + Γχχ̇ = 0, (1.32)

where Γχ corresponds to the inflaton decay width. Multiplying both sides of Eq. (1.32)
by χ̇, we obtain the continuity equation for this scenario:

ρ̇χ + 3H (ρχ + pχ) = −Γχχ̇2. (1.33)

Hence, the energy stored in the inflaton is transferred mainly into relativistic Standard
Model degrees of freedom and the particles produced by the inflaton’s decay interact
with each other and, eventually, reach a state of thermal equilibrium with a temper-
ature TR. This reheating temperature, TR, can be estimated by equating the Hubble
parameter during the radiation era,

Hrad =
√
π2 g∗
90

T 2

MPl

, (1.34)

where g∗ stands for the number of relativistic degrees of freedom, and the inflaton
decay width:

Hrad ∼ Γχ ⇒ TR ∼
(

90
π2g∗

)1/4√
MPl Γχ. (1.35)

Notice that the reheating temperature is determined by the duration of the inflaton
decay, whose lifetime is τχ = Γ−1

χ . This means that a long decay time leads to lower
reheating temperature. However, TR cannot be arbitrarily small: TR & 10 MeV, as
the Universe must be radiation dominated during the synthesis of light elements (Big
Bang nucleosynthesis).

In addition to solving the horizon and flatness problems, as well as erasing any
unwanted relics, inflation can also explain the Universe’s structure that we observe
today. In fact, quantum fluctuations of the inflaton field get stretched and amplified
during inflation, that later will give origin to the large scale structure that we observe
in the Universe and also the small perturbations in the temperature and polarization
of the CMB. We can split the inflaton field into a homogeneous value, χ̄, and its
fluctuations, δχ:

χ = χ̄+ δχ, (1.36)
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with δχ � χ̄ and χ̄ obeys the classical equations of motion. During the slow-roll
regime, m2

χ � H2, so we are considering the case of a light field during inflation1. In
turn, the quantum fluctuations satisfy the following equation of motion:

δχ̈+ 3H δχ̇− 1
a2∇

2δχ = 0, (1.37)

which, in the Fourier modes basis, δχk = Ak e
ik.x, reads:

δχ′′k + 2 a
′

a
δχ′k + k2δχk = 0, (1.38)

where primes ′ denote derivatives with respect to the conformal time, τ , defined by
dτ = dt

a(t) and, during inflation,

τ = − 1
aH

, (1.39)

as the scale factor evolves like a ∼ eH t. Notice that the Hubble parameter is approxi-
mately constant during inflation. The wavelength of each mode is given by

λk = 2π
k
a. (1.40)

If λk is larger than the Hubble horizon H−1, i.e, λk > H−1, the mode is outside the
horizon. In particular, from Eqs. (1.39) and (1.40) we can state that:

λk � H−1 ⇒ |kτ | � 1⇔ k � aH. (1.41)

Consequently, the mode is inside the horizon if |kτ | � 1 (k � aH) and crosses the
horizon when |kτ | ∼ 1 (k ∼ aH).

The solutions of Eq. (1.38) are:

δχ±k (τ) = 1
a (t)

(
1∓ i

kτ

)
e∓ikτ . (1.42)

Hence, when |kτ | � 1, i.e., the mode is super-horizon, its amplitude is
∣∣∣δχ±k (τ)

∣∣∣ '
H/k, which is approximately a constant value. This means that, when a mode becomes
larger than the horizon, its amplitude becomes frozen, and all modes with the same
wavenumber k are frozen in phase. In contrast, the amplitude of the sub-horizon
modes is suppressed relatively to the previous one: since |kτ | � 1 and

∣∣∣δχ±k (τ)
∣∣∣ '

1/a ' e−Hτ . Thus, although the average fluctuations of the inflaton field vanishes, its
1This can be seen taking the example, for instance, of the quadratic potential for the inflaton.

Since the slow-roll parameter Eq. (1.28) must be smaller than 1 for inflation to occur, we get that
m2
χ � H2.
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variance,
〈
(δχ)2

〉
, does not, and only the super-horizon modes contribute significantly

to its value. Integrating over all superhorizon modes, the variance reads:

〈
(δχ)2

〉
=
∫ kmax

kmin

d3k

(2π)3Pχ (k) =
(
H

2π

)2
log

(
kmax
kmin

)
, (1.43)

where kmax ∼ aeH is the last mode to leave the horizon during inflation and kmin ∼
aiH correspond to the first mode to exit the horizon and

Pχ (k) = H2

2 k3 . (1.44)

Using the definition of number of e-folds, Eq. (1.31) , it is easy to see that the variance
of the inflaton’s fluctuations grows with the number of e-folds during inflation:

〈
(δχ)2

〉
=
(
H

2π

)2
Ne. (1.45)

During inflation, it is possible that other fields coexist with the inflaton field. These
fields could be dark matter fields, for example, and they may also exhibit quantum
fluctuations. However, as we will see, if they are massive during inflation, i.e, mφ &

Hinf (where φ is not the inflaton), its quantum fluctuations are more suppressed than
the ones corresponding to light fields during inflation. The procedure to obtain the
amplitude of each Fourier mode and the corresponding variance of fluctuations is the
same as briefly described above. This case will be explored in subsections 2.2 and
3.1.1, where we study the behavior of an oscillating scalar field dark matter during
inflation.

1.3.4 Brief thermal history of the Universe

In the previous section, we described how the Universe evolved during inflation. After
inflation and a period of reheating, where the inflaton transfers all its energy into
Standard Model particles, the Universe enters a radiation-dominated epoch. We have
seen that the Universe contains non-relativistic matter, whose energy density follows
ρmat ∼ a−3, radiation, ρrad ∼ a−4 and vacuum energy, ρΛ = const. From here, we
can see that radiation dilutes faster, implying the early Universe was dominated by
relativistic particles. At some point, the matter component starts to dominate the
Universe, followed, finally, by dark energy.

In the very early Universe, the different particles that constitute the Standard Model
were relativistic and in thermal equilibrium, obeying the phase-space momentum
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distribution function:
fi(p) = 1

e
Ei−µ
T ± 1

, (1.46)

where E2
i = |p|2 +m2 is the energy of the particle species i, p its momentum, + refers

to bosons, − to fermions, T is the temperature and µ is the chemical potential. The
number and energy densities read, respectively

ni = gi

(2π)3

∫
d3p fi(p) (1.47)

and
ρi = gi

(2π)3

∫
d3pEi (p) fi(p), (1.48)

where gi corresponds to the number of degrees of freedom of the particle species i.
Considering the case where |µ| � T (which, in general, is a good approximation, see,
e.g., [65]) and writing the effective number of degrees of freedom at a temperature T
as

g∗ (T ) ≡
∑
bosons

gi + 7
8

∑
fermions

gi, (1.49)

the total energy density of radiation is given by:

ρrad = π2

30 g∗ T
4. (1.50)

The radiation era ends when ρrad (aeq) = ρm (aeq). Defining the redshift, z, as

z + 1 = a0

a (t) , (1.51)

where a0 refers to the present value of scale-factor, matter-radiation equality takes
place at zeq:

1 + zeq = Ωm,0

Ωrad,0
' 3400, (1.52)

where Ωi,0 refers to the today’s density parameter of the component i. In turn,
following the same reasoning, the matter era ends at

1 + zΛ =
(

1− Ωm,0

Ωm,0

)1/3

' 1.3. (1.53)

Another useful quantity, when it comes to thermal history, is entropy. Entropy
conservation states that S = a3 s is constant as the Universe expands, where S is
the entropy and s is the total entropy density, given by

s = ρ+ p

T
, (1.54)
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which follows from thermodynamic relations. As we have seen in subsection 1.3.1, the
equation of state for relativistic species is p = ρ/3, implying that

si = 4
3
ρi
Ti
. (1.55)

Summing over all relativistic species, and using Eq. (1.50), the entropy density of
radiation in the early Universe is:

s = 2π2

45 g∗S (T ) T 3. (1.56)

Since d (a3 s) = 0, we can get a relation between T and a from Eq. (1.56):

T ∝ g
−1/3
∗S a−1, (1.57)

implying that s ∼ a−3. The number of particles of a given species i in a comoving
volume, Ni, is defined as:

Ni ≡
ni
s
. (1.58)

If particles are neither produced nor destroyed in a comoving volume, ni ∼ a−3 and
Ni becomes constant. This quantity will be useful in the next chapters to compute
the present dark matter abundance. But, before going through these computations,
let us discuss briefly the present dark matter status.

1.4 Dark matter

One of the most intriguing and challenging mysteries of Cosmology and Particle
Physics is the existence of non-baryonic matter, which makes up almost 27% of the
mass-energy content of the Universe and may explain the missing mass of galaxies,
the so-called dark matter [10].

Dark matter was first predicted by the Swiss astronomer Fritz Zwicky, in 1933, to
explain the missing mass accounting for the orbital velocities of galaxies in clusters
[66]. Back then, Zwicky intended to measure the Coma cluster’s mass and used two
different methods. One method consisted in counting the total number of galaxies
within the cluster, adding up all luminosity and converting this into mass using a
mass-to-light relation. The other method took advantage of the virial theorem and
measurements of galaxy velocities to estimate the gravitational potential and infer the
cluster’s mass. Then, Zwicky noticed that the gravitational mass that he got using the
second method was about 400 times greater than expected from luminosity (method
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Figure 1.3: This figure illustrates the rotation curves of spiral galaxies [8]. The orbital
velocity becomes almost constant beyond the boundary of the galactic disk. Typically,
the disk’s radius is about 10 kpc and we can see that the rotation velocity is constant
up to 30 kpc, showing no evidence of decreasing.

one) and concluded that there must be some unseen mass component accounting for
the total mass of the cluster, which he dubbed dark matter2. In fact, there are several
phenomena that point towards the existence of dark matter, as we present in the next
subsection.

1.4.1 Observational motivation for dark matter

Evidence for dark matter comes from several sources. At galactic scales, we have the
example of galaxy rotation curves, which are plots of the orbital velocity of stars or
gas within the galaxy as a function of their radial distance from the galactic center
[67], as illustrated in Fig. 1.3. Using Newtonian mechanics, the orbital velocity is
v (r) =

√
2GM(r)

r
, where G is the gravitational constant and M is the mass within

the radius r. Therefore, we would expect that the velocity would decay as it goes far
away from the galactic center. However, what we really observe is that the curves do
not decay with distance - they become almost constant instead, as shown in Fig. 1.3.
Hence, the flattening of the rotation curves, i.e, v (r) being approximately constant,
indicates that M (r) ∝ r and that there should exist a dark matter halo surrounding
galaxies.

The Bullet Cluster, a system that was formed after the collision of two large clusters
2Nowadays, the same calculation shows a factor smaller than 400, but it is clear that most of the

non-relativistic matter in the Universe is dark.
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Figure 1.4: The Bullet Cluster [9]. The pink region corresponds to the baryonic
matter, while the blue areas show where most of the mass of the system is localized.
Since these two regions do not overlap, we may conclude that most of the mass of the
system is invisible.

of galaxies, provides one of the most convincing evidence for the existence of dark
matter [68]. Using X-rays and weak-lensing observations, astronomers were able to
find where the baryonic matter and most of the mass of the system were located,
as illustrated in Fig. 1.4. Fig. 1.4 is a composite image, i.e, uses information
from different telescopes. The two pink clumps in the image correspond to the
hot gas detected by the Chandra telescope in X-rays, which constitutes most of the
baryonic matter in the system. In addition to the Chandra observation, the Hubble
Space Telescope, the European Southern Observatory’s Very Large Telescope and the
Magellan Optical Telescopes were used to determine the location of the mass in the
clusters. The blue areas in this image show where most of the mass in the clusters was
found, and were determined using the effect of gravitational lensing. Hence, we may
conclude that baryonic matter (pink) of this system is clearly separated from the spot
where the major part of the mass is localized (blue). This gives direct evidence that
nearly all of the mass in the clusters must arise from an invisible form of matter - dark
matter. In addition, theories without dark matter cannot explain this effect, since
they predict that the lensing would follow the baryonic matter, which is not what is
observed.

Moreover, the angular fluctuations of the CMB spectrum can be used to infer the
existence of dark matter. These fluctuations are acoustic oscillations in the photon-
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Figure 1.5: The Planck 2018 temperature power spectrum [10]. The Planck 2018 data
is in red, with error bars, and the base-ΛCDM theoretical spectrum best fit to the
Planck data is the blue curve in the upper panel. Residuals with respect to ΛCDM
model are shown in the lower panel. The error bars show ±1σ uncertainties.

baryon plasma and, although both dark and baryonic matter affect the oscillations
through gravity, their effects are different. The power spectrum of anisotropies depicts
the typical angular scales of the CMB and show the different effects of baryonic matter
and dark matter. In particular, the shape of this power spectrum is determined by the
oscillations in the hot gas in the primordial Universe and exhibits a large first peak
and smaller successive peaks [10], as shown in Fig. 1.5.

The physics of the hot gas is well-studied and we can compute the properties of
the oscillating gas by studying the position and the relative size of these peaks. In
fewer words, the first peak contains information about the curvature of the Universe,
whereas the second peak tells us the baryonic mass abundance in the Universe. In
turn, the difference between the second and third peaks give us the dark matter density
in the early Universe [69], telling us that ΩCDM ∼ 5 Ωb.

1.4.2 What is dark matter made of?

Despite all evidence suggesting that there must exist a dark non-baryonic component
in the Universe, its constituents remain unknown. Nevertheless, we have some hints
about what a dark matter candidate should look like. For instance, the study of
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large scale structure tells us that most dark matter is “cold”, i.e., non-relativistic,
whereas the current fits to the Planck data indicates that its abundance has to be
ΩCDM h2 = 0.120± 0.001 [10]. In addition, the dark matter candidate must be stable
at cosmological scales, meaning that its lifetime must exceed the age of the Universe,
τUniverse ∼ 1017 sec, and the interaction with the electromagnetic field must be null or
very small 3. From this description, it is clear that nothing in the Standard Model fits
in, and its discovery would lead to new Physics. In fact, there is already a wide range
of candidates beyond the Standard Model, which we briefly review.

1.4.2.1 Freeze-out mechanism and WIMPs

Several models assume that dark matter is produced thermally in the early Universe
through the “freeze-out” mechanism. According to this mechanism, dark matter
particles were in thermal equilibrium with the Standard Model particles at early times.
While the dark matter interaction rate, ΓDM , is larger than the Hubble parameter,
H, particles are created and destroyed within a Hubble time, and equilibrium is
maintained. As soon as ΓDM . H, interactions can no longer keep up with expansion
and, virtually, no particles are created or destroyed within a Hubble time. Thus, dark
matter decouples from the thermal bath and its abundance becomes constant - or, in
other words, “freezes-out”. This mechanism is illustrated in Fig. 1.6.

To understand this dark matter production mechanism, let us assume that, in
the early Universe, there are dark matter particles X and antiparticles X that may
annihilate and produce Standard Model particles. Thus, the dark matter abundance
will depend on annihilation and inverse annihilation processes, XX ↔ SM , given
that they may change the number of dark matter particles in a comoving volume.
Assuming that there is no initial asymmetry between X and antiparticles X , i.e, the
number density of X is equal to the number density of X, nX = nX , the evolution of
the dark matter number density is given by the Boltzmann equation [65]:

dnX
dt

+ 3H nX = −〈σv〉
(
n2
X − (neqX )2

)
, (1.59)

where 〈σv〉 is the thermally averaged annihilation cross-section times interaction ve-
locity of the particles and neqX denotes the equilibrium dark matter number density.
As stated in the beginning of this subsection, interactions freeze-out when ΓX =

3In chapter 3 we present a dark matter model whose interaction with the electromagnetic field is
not zero, which can lead to interesting astrophysical signatures.
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Figure 1.6: Schematic representation of the freeze-out mechanism (this picture is taken
from [11]). When ΓDM > H, the particle abundance follows its equilibrium value.
However, as soon as ΓDM < H, dark matter decouples from the thermal bath and its
abundance becomes constant.

nX 〈σv〉 . H. Assuming that dark matter particles are non-relativistic at freeze-out,
its number density is given by

nX (TF ) = gX

(
mX TF

2π

)3/2
e
−mX
TF , (1.60)

where TF is the freeze-out temperature, and since the Hubble parameter during the
radiation era is given by Eq. (1.34), the freeze-out condition, ΓX (TF ) = H (TF ), reads

x
1/2
F e−xF =

√
π2 gF∗

90
(2π)3/2

gX

1
Mpl

1
mX

1
〈σv〉

. (1.61)

where we define xF = mX/TF . From this point onwards, the interactions between dark
matter and the heath bath, made of Standard Model particles, become rare and the
dark matter particles number density in a comoving volume, nX/s, becomes constant.
Therefore, the dark matter number density today, nX,0, can be written at the expense
of the dark matter number density at freeze-out:

nX,0 = nX (TF ) s0

sF
, (1.62)

where s = 2π2

45 g∗S T
3 as defined in subsection 1.3.4. Hence, we may compute the

26



1- Introduction

present dark matter relic abundance, ΩX,0:

ΩX,0 ≡
ρX,0
ρcrit

= mX

3H2
0 M

2
Pl

nX (TF ) g∗0 T
3
0

g∗F T 3
F

, (1.63)

where H0 ' 10−42 h2 GeV is the today’s Hubble parameter, T0 ' 2.4 × 10−13 GeV
is the present value of the CMB temperature and g∗ is the number of relativistic
degrees of freedom, with g∗0 ' 3.91. Using these values, and noting that nX (TF ) =
H (TF ) / 〈σv〉, the dark matter relic density yields:

ΩX,0 h
2 ' 0.12

(
xF
10

) (
g∗F
10

)−1/2 10−8 GeV−2

〈σv〉
. (1.64)

So, if 〈σv〉 ∼ 10−8 GeV−2, ΩX,0 h
2 ' 0.12, which is the observed dark matter abundance

[10]. A cross section of this order corresponds to the characteristic values for processes
that occur at the electroweak scale. For this reason, the dark matter candidates
produced by this freeze-out mechanism are known as “Weakly Interacting Massive
Particles” (WIMPs), whose masses range from GeV to TeV scale (see e.g. Ref.
[70] for a review). WIMPs examples include supersymmetric candidates, such as
the lightest neutralino, “Little Higgs” models, “Two Higgs doublet” models, Kaluza-
Klein states, among many others. There are many experiments designed to detect
WIMPs (e.g. LUX [71], XENON1T [72], DAMA/LIBRA [73]) but, so far, they
have evaded experimental detection. Nevertheless, the non-detection of WIMPs in
these experiments places strong constraints on the properties of these dark matter
candidates, such as masses and scattering cross-sections.

1.4.2.2 Freeze-in mechanism and FIMPs

Notwithstanding, non-thermally produced dark matter has been increasing in interest
in the literature, in particular, models that incorporate the “freeze-in” mechanism
[74]. In this case, dark matter was never in thermal equilibrium with the Standard
Model sector since the interactions between them are very feeble. The initial number
density of these dark matter particles is negligible, but it increases due to Standard
Model particle decays and annihilations, lasting until the number density of the
Standard Model particles becomes Boltzmann-suppressed. At this point, the dark
matter abundance becomes constant and “freezes-in”. This is shown in Fig. 1.7. Let
us analyze the simplest case of the freeze-in mechanism, where the initial dark matter
abundance is zero and increases due to decays of a Standard Model particle, σ, only:
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Figure 1.7: Schematic representation of the freeze-in mechanism [12]. Y = nDM/s

and x = mDM/T . Initially, the dark matter abundance is negligible, increasing due
to decays and annihilations of the heat bath particles. When the heath bath particles
number density becomes Boltzmann suppressed, the dark matter abundance becomes
constant, "freezing-in".

σ → XX. Once again, we can analyze the evolution of the dark matter number density
using the Boltzmann equation which, in this case, assumes the following form [12]:

dnX
dt

+ 3H nX = 2 Γσ→XX
K1 (mσ/T )
K2 (mσ/T ) n

eq
σ , (1.65)

where mσ is the σ particle mass, Kj are the modified Bessel functions of the second
kind, Γσ→XX is the decay width of σ particles into dark matter, and neqσ equilibrium
number density of σ. By defining dimensionless parameters Y = nX/s and x = mX/T ,
Eq. (1.65) becomes

x

Y eq
σ

dY

dx
= 2 Γσ→XX

H

K1 (x)
K2 (x) , (1.66)

which can be used to compute the present dark matter abundance [74]:

ΩX h
2 ' 4.48× 108 gσ

g∗S
√
g∗

(
mX

GeV

)
MPl

Γσ→XX
m2
σ

. (1.67)

If we assume that mX � mσ and Γσ→XX = λ2
X

mσ
8π , where λX is the coupling between

X and σ, the coupling needed to produce a sizable dark matter abundance is [12]:

λX ' 10−12
(

ΩX h
2

0.12

)1/2 (
g∗
102

)3/4 (mσ

mX

)1/2
. (1.68)
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Such dark matter candidates are known as “Feebly Interacting Massive Particles”
(FIMPs). Besides FIMPs, other non-thermal candidates are axions, axion-like particles
and sterile neutrinos.

1.4.2.3 Other examples of non-thermal candidates

The models that we develop in this thesis present an oscillating scalar field as a dark
matter candidate, which was never in thermal equilibrium during its all cosmic history
and acquires mass through the Higgs field. This could constitute an alternative to
thermally produced dark matter, which has yet to be fully explored and for which we
give a detailed study in chapters 2, 3 and 4. However, before going through a detailed
study of those models, let us start by reviewing why a homogeneous oscillating field,
φ, with a potential dominated by a quadratic term, V (φ) = 1

2m
2
φφ

2, behaves as non-
relativistic matter.

In a generic cosmological epoch where the scale factor evolves as a (t) = (t/ti)p,
with p > 0 and a(ti) = 1, the Hubble parameter is simply H = p/t. The field φ then
satisfies the Klein-Gordon equation:

φ̈+ 3p
t
φ̇+m2

φφ = 0 . (1.69)

For mφt� 1, the solution of this equation is then approximately given by:

φ (t) ' φinf
a(t)3/2 cos(mφt+ δφ) , (1.70)

where we have defined the initial field amplitude, φinf , and phase, δφ. According to
the virial theorem for an oscillating scalar field with a quadratic potential,

〈
φ̇2
〉

= 2V (φ) , (1.71)

which can be inferred directly from the solution Eq. (1.70) taking into account that
the field oscillations are much faster than expansion. Hence, from Eqs. (1.20) and
(1.21), and ignoring the gradients because they are negligible, the energy density and
the pressure of the field φ are, respectively:

ρφ ∼ V (φ) ∼ a−3 (1.72)

and
pφ ∼ 0 , (1.73)
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which corresponds to the behavior of non-relativistic matter.
One of the best known examples of an oscillating scalar field that can account for

dark matter is the axion (see, e.g., Ref. [75] for a review). Axions were introduced to
solve the strong-CP (charge conjugation and parity) problem in Quantum Chromody-
namics (QCD). This arises from the QCD term:

LQCD = Θ
32 π2 TrGµνG̃

µν , (1.74)

where Θ is a parameter, Gµν is the gluon field strength tensor, G̃µν = εαβµν Gαβ its
dual and the trace runs over the color indices. Since this term violates CP, it originates
an electric dipole moment for the neutron [76]:

dn ' 3.6× 10−16 Θ e cm, (1.75)

where e is the electron’s charge. The dipole moment of the neutron is constrained to
|dn| < 3× 10−26 e cm [77], which imposes an upper bound on Θ:

Θ . 10−10. (1.76)

It is not clear why the value of Θ is so close to zero, and this constitutes the strong-CP
problem.

In 1977, Peccei and Quinn proposed a mechanism to solve the strong-CP problem
[78]. This proposal introduces a pseudoscalar field, the QCD axion, coupled to the
term GG̃, which will set Θ = 0 through QCD non-perturbative effects. According to
the Peccei-Quinn theory, there is an additional global U (1)PQ symmetry - the Peccei-
Quinn symmetry - which is spontaneously broken. The axion, a, is the Goldstone
boson of the broken symmetry and has a shift symmetry, a → a + const. This shift
symmetry is responsible for making the axion massless at all orders in perturbation
theory and only non-perturbative effects, the QCD instantons, can break the shift
symmetry and provide a periodic potential for the axion, of the form [75]:

V (a) = Λ4
a

(
1− cos

(
n a

fa

))
, (1.77)

where Λa is the scale of non-perturbative Physics, n is an integer and fa is the scale
at which the Peccei-Quinn symmetry is broken. Considering the case a � fa, the
dominant term of the potential is

V (a) ' 1
2 m

2
a a

2, (1.78)
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where the axion mass is given by m2
a = Λ4

a/f
2
a . Given that the axion field may be

displaced from the origin in the early Universe, this leads to an oscillating scalar field
whose potential is dominated by a quadratic term. Thus, the axion can be a viable dark
matter candidate, if it is stable and provides the correct dark matter abundance, as
we have seen above. In the case of the QCD axion, Λ4

a = Λ3
QCDmu, where ΛQCD = 200

MeV is the QCD scale and mu the up quark mass, and 109 GeV < fa < 1017 GeV [79].
This leads to:

4× 10−10 eV . ma . 4× 10−2 eV. (1.79)

Therefore, the QCD axion, in addition to solve the strong-CP problem, can constitute
the dark matter in the Universe. In chapter 2, we present another non-thermal dark
matter candidate, φ, with some similarities with this axion candidate - in particular,
in the range of masses, since mφ ∼ 10−5 eV.

As a final note of this section, we would like to point out that there are some theories
which assume that dark matter does not exist and that the graviational anomalies that
we observe, such as the missing mass in galaxies, are a product of the incompleteness of
the General Relativity theory. There are some examples of modified gravity theories,
such as MOND (“Modified Newtonian Mechanics”) [80], f (R) theories (see for instance
Ref. [81] for a review) and theories with non-minimal coupling between curvature and
matter (see, for instance, [82]). However, those models are in some tension with some
phenomena, in particular, they fail to explain the separation between visible and dark
component that occurred in the Bullet Cluster and cannot provide an interpretation
for the baryon acoustic oscillations in the CMB [83].
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field dark matter

The discovery of the Higgs boson at the Large Hadron Collider (LHC) [84, 85] has
opened up new possibilities for understanding the nature of dark matter. In fact,
several works in the literature have already considered the possibility that dark matter
interacts with the Higgs field in a variety of forms. The first models [17, 18, 86–88]
considered an extension of the Standard Model with an additional singlet scalar field,
φ, with renormalizable interactions with the Higgs field, H, of the form:

V (φ, h) =
m2
φ

2 φ2 + λφ
4 φ

4 + g2φ2|H|2 , (2.1)

where mφ is the field mass, λφ its self-coupling term, g the coupling term between
the “phion" and the Higgs field and H = h/

√
2. Several analyses of this and related

models have been performed in the literature [16,19–29,31,32] and this possibility has
become widely known as “Higgs portal" dark matter. A connection to dark energy has
also been suggested in [89,90].

Most of the works in the literature focus, however, on dark matter candidates whose
abundance is set by the standard decoupling and freeze-out mechanism, with masses in
the GeV-TeV range. In this chapter, we consider an alternative possibility in which the
scalar field φ acquires a large expectation value during inflation and begins oscillating
after the electroweak phase transition, behaving as non-relativistic matter. Although
a related scenario was considered e.g. in Ref. [31], in the latter case interactions are
sufficiently large to lead to the decay of the scalar condensate and thermalization of
the φ-particles, so that the present-day dark matter abundance also corresponds to a
GeV-TeV WIMP thermal relic.

In this chapter, we start by considering a scenario where the dark matter field is part
of a hidden/sequestered sector with an inherent conformal symmetry/scale invariance,
which is broken only by feeble interactions with the Higgs boson. This implies that
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the field’s mass and self-couplings are extremely small, which in particular leads to
a long-lived oscillating scalar condensate that is never in thermal equilibrium in the
cosmic history. We will consider particular models where this generic idea can be
realized, and show that such a field can naturally account for the present dark matter
abundance. This chapter is based on Ref. [1].

2.1 Oscillating scalar field as dark matter

As we have seen in subsection 1.4.2.3, an oscillating scalar field is a plausible dark
matter candidate, provided that it is stable and yields the correct present abundance.
In general, the field will begin to oscillate after inflation when mφ ' H. If we consider
that the field only acquires mass through the Higgs mechanism, its mass vanishes
before electroweak symmetry breaking and, consequently, H > mφ and the field
is overdamped, such that its amplitude remains approximately constant. After the
electroweak phase transition at temperatures around 100 GeV, the field acquires a mass
that eventually becomes larger than the Hubble parameter. The field then becomes
underdamped and begins to oscillate as discussed above. This will generically occur
during the radiation-dominated epoch, where the Hubble expansion rate is given by:

H = π√
90
√
g∗

T 2

MPl

, (2.2)

where MPl is the reduced mass Planck, MPl = 1/
√

8πG, T is the cosmic temperature
and g∗ = NB+(7/8)NF is the total number of relativistic degrees of freedom, including
NB and NF bosonic and fermionic degrees of freedom, respectively.

As we have shown, the field behaves like cold dark matter (CDM) and its energy
density scales as ρφ ∼ a−3. Therefore, the field’s amplitude evolves with the scale
factor as φ ∼ a−3/2 and, by entropy conservation (a ∼ T−1), we can write it in the
following way:

φ (T ) = φinf

(
T

Tosc

)3/2
, (2.3)

where Tosc is the temperature at which the field starts to oscillate and φinf is its initial
amplitude of oscillations. From Eq. (2.3), we may define an effective number density
of φ particles in the oscillating scalar condensate:

nφ = ρφ
mφ

= 1
2 mφ φ

2
inf

(
T

Tosc

)3
. (2.4)
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The total entropy density of radiation in the early Universe is given by:

s = 2π2

45 g∗ST
3 , (2.5)

where g∗S = NB + 3
4NF is the effective number of relativistic degrees of freedom

contributing to the entropy. Using Eqs. (2.4) and (2.5), it is easy to see that the
number of particles in a comoving volume is:

nφ
s

=
mφφ

2
inf/(2T 3

osc)
2π2

45 g∗S
= const, (2.6)

which is a conserved quantity.
We consider now two separate cases, since the field only acquires its mass after the

electroweak phase transition at TEW ∼ 100 GeV. If, on the one hand, the field mass
is smaller than the Hubble rate HEW = π/

√
90g∗T 2

EW/MP ∼ 10−5 eV, with g∗ ∼ 100
4, the field will only start to oscillate after the phase transition. If, on the other
hand, mφ & HEW , oscillations start as soon as the Higgs field acquires its vacuum
expectation value, which we take approximately to be at TEW .

In the first case, for mφ . HEW , the temperature at which mφ = H and the field
starts to oscillate is given by:

Tosc =
(90
π2

)1/4
g−1/4
∗

√
MPlmφ , (2.7)

which is valid for temperatures below TEW . Introducing this temperature into Eq.
(2.6), we get:

nφ
s

= 1
8

(90
π2

)1/4
g−1/4
∗

φ2
inf√

mφM3
Pl

, (2.8)

where we have taken g∗ = g∗S when field oscillations begin. We may then use this to
compute the present dark matter abundance, Ωφ,0, defined as:

Ωφ,0 ≡
ρφ,0
ρc,0

= mφ

3H2
0M

2
Pl

(
nφ
s

)
s0

' 1
6

(
π2

90

)3/4
g∗S0

g
1/4
∗

T 3
0 m

1/2
φ φ2

inf

H2
0 M

7/2
Pl

, mφ < HEW , (2.9)

4Note that the electroweak phase transition is not instantaneous, and both the temperature and the
number of relativistic species vary during the phase transition. This simplified approach to consider
a given temperature and g∗ gives nevertheless a sufficiently good approximation for determining the
main properties of the dark matter field.
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where H0 ' 1.45× 10−33 eV is the present Hubble parameter, T0 ' 2.58× 10−4 eV is
the present CMB temperature and g∗S0 ' 3.91.

For the case where the field starts oscillating immediately after the electroweak
phase transition, for mφ & HEW , we take the temperature at the beginning of the field
oscillations to be Tosc = TEW and, following the same steps as for the previous case,
we obtain:

Ωφ,0 '
1
6
g∗S0

g∗

(
T0

TEW

)3 m2
φ φ

2
inf

H2
0 M

2
Pl

, mφ > HEW . (2.10)

Then, assuming that the field accounts for all of the present dark matter abundance,
Ωφ,0 ' 0.26 [10], we obtain the following relations between the field mass and its initial
amplitude:

mφ '


3× 10−5

(
g∗
100

)1/2 ( φinf
1013 GeV

)−4
eV , mφ < HEW

2× 10−5
(
g∗
100

)1/2 ( φinf
1013 GeV

)−1
eV , mφ > HEW

. (2.11)

2.2 Inflation and initial conditions for the scalar
field

In the previous section we have determined the values of the field mass that may
account for the present dark matter abundance as a function of its initial oscillation
amplitude. As has been previously observed in the literature [24], the initial conditions
for scalar field oscillations in the post-inflationary Universe are set by the inflationary
dynamics itself, depending on whether the field mass is greater or smaller than the
inflationary Hubble parameter, Hinf .

We have assumed above that the dark matter field φ acquires mass through the
Higgs mechanism, such that its mass during inflation would depend on the inflationary
dynamics of the Higgs field itself. As we will see below, we will be interested in
extremely small couplings between φ and the Higgs field of order v/MPl ∼ 10−16,
where v = 246 GeV is the Higgs vacuum expectation value (vev). This implies that
the field mass during inflation will be at most of the order of the electroweak scale
unless the Higgs field acquires super-planckian values. The dark matter field would
thus be light during inflation, and consequently exhibit de-Sitter fluctuations of order
Hinf/2π on super-horizon scales. This would be phenomenologically unacceptable,
since this would lead to large inhomogeneities in the dark matter density that would
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lead to sizeable cold dark matter isocurvature modes in the CMB spectrum as e.g. for
the case of axions (see e.g. Ref. [91]).

The Higgs field need not, however, be the unique source of mass for the dark
matter field. In fact, in most extensions of the Standard Model with additional scalar
fields, the latter typically acquire masses of the order of the Hubble parameter during
inflation. This is, for example, the case of supergravity models, where the scalar
potential involves terms of the form V (φ) ∼ eK(φ)/M2

Plµ4 + · · · ∼ µ4 +µ4|φ|2/M2
Pl + . . .,

where µ4 is the inflationary energy density, for canonical forms of the Kähler potential,
K(φ). This results in field masses of order µ2/MPl ∼ Hinf , which is the origin of the
so-called “eta-problem" found in supergravity/string inflationary scenarios (see e.g.
Ref. [92]).

From a more general effective field theory point of view, we may argue that, even
if there are no direct renormalizable interactions between the dark matter and the
inflaton scalar fields, gravitational interactions may induce non-renormalizable terms
of the form:

Lint = c

2
φ2 V (χ)
M2

Pl

, (2.12)

where χ is the inflaton field and c is a dimensionless parameter. This leads to a
contribution to the field mass mφ ∼ cHinf during inflation that vanishes in the post-
inflationary era, assuming that V (χ) = 0 in the ground state. The magnitude (and
sign) of this mass cannot be determined in the absence of a UV-complete description
of the theory, but in the absence of fine-tuning we expect |c| ∼ O(1), and we will
focus, in this chapter, on the case c > 0 where the minimum of the φ potential lies at
the origin. Note that the reheating period may have some effects on the dynamics of
the fields, but it does not affect our scenario, as shown in appendix A.

A massive field with mφ ∼ Hinf will nevertheless exhibit quantum fluctuations that
get stretched and amplified by expansion during the quasi-de Sitter inflationary phase.
For mφ/Hinf < 3/2, the amplitude of each Fourier mode with comoving momentum k

is given by [93]:

|δφk| '
Hinf√

2k3

(
k

aHinf

) 3
2−νφ

, (2.13)

where νφ =
(

9
4 −

m2
φ

H2
inf

)1/2
. Notice that fluctuations do not “freeze" on super-horizon

scales, for k < aHinf , unless νφ ' 3/2, i.e. unless the field is very light. Instead,
for a massive field, fluctuations are exponentially damped as inflation proceeds. The
homogeneous field component can be obtained by integrating over all super-horizon
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modes, yielding for the variance of the scalar field:

〈
φ2
〉

=
(
Hinf

2π

)2

(
1−

(
e−Ne

)3−2νφ
)

3− 2νφ
' 1

3− 2νφ

(
Hinf

2π

)2
, (2.14)

where, in the last step, we have taken e−Ne � 1 for Ne = 50− 60 e-folds of inflation.
Notice that the field variance becomes constant, even though each super-horizon
Fourier mode is continuously damped. This is associated with the fact that there
are always modes k ∼ aHinf that give a significant contribution to the variance.

As mentioned above, fluctuations in the dark matter scalar field will lead to isocur-
vature perturbations in the CMB spectrum, which are then given by [93]:

PI (k) ≡
〈(

2δφi
φi

)2〉
' 2π2

k3

(
k

aHinf

)3−2νφ
(3− 2νφ) . (2.15)

For mφ/Hinf > 3/2, the fluctuations are more suppressed, as we will see in subsection
3.1.1.

Let us focus on the case mφ ∼ Hinf (with real values of νφ), and determine
the minimum field mass during inflation that leads to cold dark matter isocurvature
perturbations compatible with observations. For this we consider the dimensionless
power spectrum:

∆2
I ≡

k3

2π2PI(k) = (3− 2νφ)
(

k

aHinf

)3−2νφ
. (2.16)

Notice that the comoving scales that are relevant for CMB perturbations have left
the horizon 50-60 e-folds before the end of inflation, such that at the end of inflation
k/aHinf ' e−Ne � 1. Isocurvature modes are then measured in terms of the ratio:

βiso(k) = ∆2
I (k)

∆2
R (k) + ∆2

I (k) , (2.17)

where ∆2
R ' 2.2× 10−9 is the amplitude of the adiabatic curvature perturbation spec-

trum generated by the inflaton field χ. Note that the dark matter field is sub-dominant
during inflation, so that its fluctuations do not induce perturbations in the space-time
curvature. CDM isocurvature modes and adiabatic modes will be uncorrelated, since
fluctuations in φ and χ are independent. The Planck collaboration data places an
upper bound on uncorrelated CDM isocurvature perturbations βiso (kmid) < 0.037 for
kmid = 0.050 Mpc−1 [13]. Using the above results, this yields νφ . 1.3 for 55 e-folds
of inflation, implying mφ & 0.75Hinf .5

5Although there are more recent bounds (Ref. [94]), our results remain unchanged.
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This lower bound on the dark matter field mass during inflation allows us to place
an upper bound on the variance of the field at the end of inflation of 〈φ2〉 . 0.252H2

inf ,
and for masses of the order of the Hubble parameter during inflation we have 〈φ2〉 =
α2H2

inf , with α ' 0.1 − 0.25, where α = 0.1 corresponds to mφ = 1.5Hinf . This
variance will set the average amplitude of the field at the end of inflation, and since
the field remains overdamped until after the electroweak phase transition, we take the
initial amplitude for field oscillations in the post-inflationary era to be in this range,
i.e.:

φinf ' αHinf , α ' 0.1− 0.25 . (2.18)

We may express the Hubble parameter during inflation in terms of the tensor-to-scalar
ratio, r = ∆2

t/∆2
R, since the amplitude of the primordial gravitational wave spectrum

is a direct probe of the inflationary energy scale, with:

Hinf = π√
2

√
∆2
RMPl

√
r ' 2.5× 1013

(
r

0.01

)1/2
GeV . (2.19)

Replacing this into Eq. (2.11), we can obtain a relation between the dark matter field
mass and the tensor-to-scalar ratio:

mφ ' 2× 10−5
(
g∗

100

)1/2
×


(α/0.25)−4(r/0.03)−2 , mφ < HEW

(α/0.25)−1(r/0.03)−1/2 , mφ > HEW

eV . (2.20)

This relation is illustrated in Fig. 2.1, where one can see that the upper bound
r < 0.11 set by the Planck collaboration at 95% C.L. [13] leads to a lower bound on
the field mass mφ & 10−6 − 10−5 eV for α ' 0.1− 0.25.

In the next sections we discuss possible scenarios that may lead to field masses of
this order through the electroweak Higgs mechanism.

2.3 Non-renormalizable interactions between the
dark matter and Higgs fields

The present dark matter abundance and the initial conditions set by the inflationary
dynamics require very small scalar field masses, unless the tensor-to-scalar ratio is
very suppressed. If the dark matter field were to couple directly to the Higgs field, via
renormalizable operators, we would expect a mass not much below e.g. the electron
mass, unless the coupling is unnaturally small. However, we may envisage theories
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Figure 2.1: Relation between the dark matter field mass and the tensor-to-scalar ratio
for an initial field amplitude φinf = αHinf set by inflationary de Sitter fluctuations,
with α = 0.1 − 0.25, corresponding to field masses during inflation mφ ' (0.75 −
1.5)Hinf . The dashed line gives the upper bound on the tensor-to-scalar ratio set by
the Planck collaboration at 95% C.L. [13].

where such couplings are not present and, for instance, the dark matter field belongs
to a hidden sector that is sequestered from the visible sector, which contains the
Standard Model fields and in particular the Higgs boson. The absence of bare mass
for the dark matter field could, for example, be motivated by a conformal symmetry
or scale invariance in the hidden sector. The two sectors may, nevertheless, be
indirectly coupled through heavy messenger fields that are e.g. charged under the
gauge symmetries of both sectors. Even in the absence of such messengers, the two
sectors will be coupled through gravity. Taking a strictly effective field theory point
of view, we may consider that the conformal symmetry/scale invariance in the hidden
sector is broken only by non-renormalizable terms suppressed by a mass scale M that
corresponds to the messenger mass, orMPl in the case of gravity-mediated interactions.

Imposing a Z2 reflection symmetry on the dark matter field, i.e. the invariance of
the Lagrangian under φ → −φ, we can ensure the stability of the field, since linear
terms that allow for its decay are thus forbidden. In this case, the lowest-order non-
renormalizable operator involving the dark matter and the Higgs field is of dimension-6
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and takes the form:
Lint = a2

6|H|
4 φ

2

M2 , (2.21)

where a6 is a dimensionless parameter, which we expect to be O(1). It is then easy to
see that, after electroweak symmetry breaking when the Higgs field acquires its vev,
the dark matter field acquires a mass:

mφ = a6

2
v2

M
∼ 10−5 a6

(
M

MPl

)−1
eV . (2.22)

This implies that one obtains a dark matter field mass in the range required by the
observed abundance for Planck-suppressed interactions, assuming inflation occurs close
to the GUT scale and the tensor-to-scalar ratio is not too suppressed (r & 10−3). If
inflation occurs at an energy scale somewhat below the GUT scale, leading to lower
values of the tensor-to-scalar ratio, the observed dark matter abundance would require
larger values of mφ, and these could equally be motivated e.g. by messenger masses at
or below the GUT scale.

The case of Planck-suppressed interactions seems, however, rather special, since
the hierarchy between the electroweak and Planck scales leads to a similar hierarchy
between the dark matter and Higgs masses. This motivates going beyond the effective
field theory perspective and finding a concrete and well-motivated scenario where this
hierarchy is naturally obtained, as we describe in the next section.

2.4 Scalar field dark matter in warped extra di-
mensions

A concrete realization of the hierarchy mentioned in the previous section in the context
of an effective field theory can be found in the Randall-Sundrum (RS) scenario for
warped extra-dimensions [95]. The RS construction considers a model with one
additional spatial dimension with a warped geometry, and which is compactified
in an orbifold S1/Z2. This geometry can be viewed as an effective dimensional
reduction of brane-models in 10/11-dimensional string/M-theory, where brane tensions
are responsible for warping the geometry in the directions transverse to their world-
volume.

The bulk geometry is a slice of anti-de Sitter space (AdS5), where the metric
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Figure 2.2: The Randall-Sundrum scenario. The Higgs boson is confined to the brane
at y = L, and its mass and expectation value are exponentially suppressed with respect
to the fundamental mass scale in the construction, which is taken to be the Planck
scale. This explains the large hierarchy e−kL ' v/MP ' 10−16 between the electroweak
and gravitational scales and a solution to the hierarchy problem.

corresponds to the warped product:

ds2 = e−2σ(y)gµνdx
µdxν + dy2, (2.23)

where y ∈ [−L,L] is the radial coordinate along the extra-dimension, for L = πrc with
rc denoting the compactification radius, and µ, ν = 0, 1, 2, 3. The warp factor is given
in terms of the linear function σ(y) = k|y|, where k is the bulk AdS curvature. The
orbifold symmetry has two fixed points at y = 0 and y = L, where branes of opposite
tension reside. Einstein’s equations then require a particular relation between the
brane tensions and the (negative) bulk cosmological constant.

In their original proposal, Randall and Sundrum observed that if the Standard
Model fields, in particular the Higgs boson, were confined to the brane at y = L, the
Higgs mass and its expectation value would be exponentially suppressed with respect
to the fundamental mass scale in the construction, which is taken to be the Planck
scale. One then naturally obtains a large hierarchy e−kL ' v/MP ' 10−16 between the
electroweak and gravitational scales for a relatively small extra-dimension, providing a
simple solution to the well-known gauge hierarchy problem. This scenario is illustrated
in Fig. (2.2). The Randall-Sundrum model has, since its original proposal, been the
object of several analyses and extensions, including e.g. scenarios where the Standard
Model gauge and fermion fields reside in the bulk [96,97], which could explain e.g. the
measured fermion mass hierarchy.

Here we will show that the required hierarchy between the dark matter and Higgs
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field masses can also be naturally obtained within the RS construction, if the dark
matter field corresponds to the zero-mode of a bulk scalar field that is coupled to the
Higgs field on the “visible" or “infrared" brane at y = L. We start with the following
five-dimensional action for the Higgs and dark matter sectors:

S =
∫
d4x

∫
dy
√
−G

[1
2G

MN∂MΦ∂NΦ− 1
2M

2
ΦΦ2

+ δ (y − L)
(
GMN∂Mh

†∂Nh− V (h) + 1
2g

2
5Φ2h2

)]
, (2.24)

where GMN is the five dimensional metric, Φ is the 5-dimensional scalar field that
includes the dark matter field as its zero-mode and g5 is the five-dimensional coupling
between the Higgs and bulk scalars on the visible brane. In general, we may include a
bare mass term for the scalar field, that is even under the Z2 orbifold symmetry and
can be parametrized as [96]:

M2
Φ = ak2 + bσ′′ , (2.25)

where a and b are dimensionless parameters yielding the bulk and boundary contribu-
tions to the field mass, such that:

σ′ = dσ

dy
= k sgn (y) , σ′′ = d2σ

dy2 = 2k [δ (y)− δ (y − L)] . (2.26)

From the five-dimensional action we may derive the equation of motion for the bulk
scalar. Assuming that a perturbative approach is valid, we may first neglect the
brane-localized interactions with the Higgs field, to obtain:

1√
−G

∂M
(√
−GGMN∂NΦ

)
−M2

ΦΦ = 0 . (2.27)

Using the metric Eq. (2.23), this can be written in the form:[
e2σgµν∂µ∂ν + e4σ∂y

(
e−4σ∂y

)
−M2

Φ

]
Φ (xµ, y) = 0 . (2.28)

We can then decompose the bulk scalar into a tower of Kaluza-Klein (KK) modes:

Φ (xµ, y) = 1√
2L

∞∑
n=0

φn (xµ) fn (y) , (2.29)

where the mode functions fn (y) satisfy the orthonormality condition:

1
2L

∫ L

−L
dy e−2σ fn (y) fm (y) = δnm . (2.30)

Substituting into Eq. (2.28), we get:[
−e4σ∂y

(
e−4σ∂y

)
+M2

Φ

]
fn = e2σm2

n fn, (2.31)
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wheremn is the mass of the Kaluza-Klein mode n. This equation admits, in particular,
a massless solution f0(y) with mn = 0 of the form:

f0 (y) = c0
1 e

(2−
√

4+a)ky + c0
2 e

(2+
√

4+a)ky , (2.32)

where c0
1 and c0

2 are constants, and the orbifold symmetry allows us to focus on the
interval y ∈ [0, L]. This solution only exists for fields that are even under the orbifold
Z2 symmetry [96], and which must satisfy the boundary conditions:(

dfn
dy
− bσ′fn

)∣∣∣∣∣
0,L

= 0 . (2.33)

For the zero-mode, this implies c0
1 = 0 and b = 2±

√
4 + a. Imposing the normalization

condition (2.30), the zero-mode profile is then given by:

f0 (y) =
√

2Lk (b− 1)
e2kL(b−1) − 1e

bky . (2.34)

We will now focus on the particular case a = b = 0, for which the bulk scalar is scale
invariant and the associated zero-mode function is flat:

f0 (y) '
√

2kL , (2.35)

where we used that e−kL ∼ v/MPl � 1. If we now replace this mode-function into the
brane-localized terms in the action, we find the following effective interaction between
the zero-mode and the Higgs fields:

Lφh = 1
2g

2
5ke

−2kLφ2h2 , (2.36)

where we have rescaled the Higgs field h→ ekLh in order for it to have a canonically
normalized kinetic term in four dimensions, and denoted the zero-mode field φ0(x) ≡
φ(x). Thus, noting that g2

5k is a dimensionless quantity and that the AdS curvature
k ' MPl is the fundamental scale in the RS scenario, we expect the effective four-
dimensional coupling between φ and the Higgs field to be:

g =
√
g2

5ke
−2kL ' O(1)× v

MPl

∼ 10−16 . (2.37)

Thus, assuming that the five-dimensional coupling has a natural value g5 ∼ k−1/2, we
conclude that, after the electroweak symmetry is broken, the zero-mode of our bulk
scalar acquires a mass mφ ∼ v2/MPl ∼ 10−5 eV, just like for the non-renormalizable
interactions considered in the previous section. Of course the five-dimensional coupling
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may somewhat differ from the natural scale without much fine-tuning of the extra-
dimensional model, but this shows that the zero-mode of a scale invariant bulk scalar
in the RS model acquires a mass in the correct range to account for the dark matter
in the Universe as an oscillating scalar field. The effect of a Planck-suppressed non-
renormalizable operator is thus analogous to a renormalizable interaction in a higher-
dimensional warped geometry.

One of the assumptions of the generic analysis we performed in the previous sections
is that the dark matter field acquires a Hubble-scale mass during inflation from a non-
renormalizable coupling to the inflaton field. This can be implemented within the RS
construction if, for example, the inflaton field χ also lives on the visible brane and we
consider brane-localized interactions of the form:

SΦ,χ = h5

∫
d4x

∫
dy
√
−Gδ (y − L) Φ2 V (χ) . (2.38)

Since, by dimensional analysis, h5 ∼ k−3 ∼ M−3
Pl , it is easy to conclude that the

effective four-dimensional coupling between the inflaton and the dark matter zero-
mode field is of the form φ2V (χ)/k2 ∼ φ2V (χ)/M2

Pl, thus naturally yielding a Hubble-
scale mass for the dark matter field during inflation which vanishes in the post-
inflationary era.

Within the RS construction, the remaining KK modes of the bulk scalar field
could, in principle, also contribute to the dark matter density if they oscillate with a
sufficiently large amplitude after inflation. Although we will not analyze the properties
of these modes in detail, referring the reader to existing discussions in the literature
as e.g. Ref. [96], we must ensure that they will not overcontribute to the dark matter
density. In particular, for n > 1, the mass spectrum for an even field with a = b = 0
is given by:

mn '
(
n+ 1

4

)
πke−kL , (2.39)

such that the lowest KK masses lie at the TeV scale and are, hence, much heavier than
the zero-mode. This could lead to an overabundance of dark matter, but we note that
the KK mode functions are given approximately by:

fn(y) '
√

2kLek(2y−L)J2
(
mne

ky/k
)

J2 (mnekL/k) , (2.40)

where J2 corresponds to the Bessel function of the first kind. This implies that their
coupling to fields on the visible brane is exponentially larger than the coupling of the
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zero-mode, with fn(L) = ekLf0(L), and consequently that their mass during inflation
is necessarily much larger than the inflationary Hubble scale. Since these may actually
be super-planckian, it is not possible to study their dynamics during inflation as for
the case of the zero-mode, but this analysis nevertheless shows that we do not expect
the KK modes of the bulk scalar to develop large expectation values during inflation
and hence oscillate with a large amplitude in the post-inflationary eras. However,
those heavy modes might decay rather quickly through gravitational interactions and
then we expect that indeed only the zero-mode contributes significantly to the present
abundance of non-relativistic matter.

Finally, in our previous dynamical analysis of the oscillating dark matter field, we
have neglected the effects of any field self-interactions. Although the assumption of
a bulk conformal symmetry for the five-dimensional scalar field implies that no bare
self-interaction terms exist, we must take into account that this symmetry is broken
on the visible brane by the interactions with the Higgs field (as well as the inflaton but
this does not affect the post-inflationary dynamics). This generates, in particular, a
quartic coupling for the dark matter zero-mode field through radiative corrections. At
1-loop, these corrections correspond to the diagram in Fig. 2.3, which up to numerical
factors and the usual logarithms generates a quartic-self coupling λφ ∼ g4.

Figure 2.3: Feynman diagram inducing a dark matter self-coupling at 1-loop order.

Since after inflation the field has a large expectation value φinf ∼ αHinf , these
self-interactions yield a contribution to the dark matter field mass ∆m2

φ ∼ λφ φ
2
inf ∼

g4H2
inf . It is easy to check that ∆m2

φ/m
2
φ ∼ H2

inf/M
2
Pl � 1, so that we may safely

neglect the effect of these self-interactions on the dynamics of the dark matter field.

2.5 Summary

In this chapter, we have analyzed the possibility of an oscillating scalar field, φ, which
acquires mass through the Higgs mechanism, accounting for the observed dark matter
abundance in the Universe.
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We have argued that the field acquires a large expectation value during inflation,
just below the inflationary Hubble parameter, due to quasi-de Sitter quantum fluctua-
tions, which sets the average initial amplitude of the field oscillations. Despite the large
overall variance of the field, its fluctuations on the presently observable CMB scales
are exponentially damped, since scalar fields generically acquire Hubble-scale masses
through gravitationally-induced couplings to the inflaton. Thus, in contrast with e.g.
axion fields, which remain massless during inflation and acquire large fluctuations on
all super-horizon scales, inflationary fluctuations would not generate significant matter
isocurvature perturbations in the present scenario.

After inflation the field becomes massless and its amplitude remains approximately
frozen until the electroweak phase transition, after which the field acquires a small mass
through its coupling to the Higgs field. Eventually the field becomes underdamped
and begins to oscillate about the origin, behaving as cold dark matter. We have also
imposed a Z2 symmetry on the Lagrangian that ensures the stability of the dark matter
field. The observed dark matter abundance then allows us to determine the field mass
as a function of the inflationary Hubble scale, and the current Planck bound on the
tensor-to-scalar ratio [13] sets a lower bound on the field mass mφ & 10−6 − 10−5 eV.

If inflation occurs close to the GUT scale and the tensor-to-scalar ratio is within
the range of planned CMB experiments, r & 10−3, we concluded that the mass of
the scalar field must saturate the above bound, and we observed that this implies the
approximate hierarchy between the dark matter mass and the Higgs expectation value:

mφ

v ∼
v
MPl

. (2.41)

We have then explored different scenarios where this hierarchy may be attained. A
first, more generic, possibility is that the dark matter and Higgs fields are only coupled
through Planck-suppressed gravitational interactions. We have, in addition, presented
a more concrete possibility that the dark matter field is the zero-mode of a five-
dimensional scalar field living in a warped extra-dimension. In the context of the
Randall-Sundrum model, this mode acquires a mass through its coupling to the Higgs
field, which is confined to the visible brane at the bottom of the warped throat. We
have also shown that, within this scenario, this field acquires a Hubble-scale mass
during inflation, as initially assumed, when the inflaton is also localized on the visible
brane.

A generic feature of these scenarios is that the dark matter field has no bare mass
or self-interactions, which may be motivated by imposing a conformal/scale symmetry
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that is broken only by the non-renormalizable or brane-localized interactions with the
Higgs field after electroweak symmetry breaking. The resulting interactions between
the dark matter and Higgs bosons are thus extremely suppressed, with an effective
coupling g ∼ 10−16. On the one hand, this justifies neglecting any dissipative effects
in the dynamics of the oscillating scalar field, which could e.g. lead to its evaporation
and subsequent thermalization as considered in Ref. [31]. On the other hand, this will
make its detection extremely difficult.

The dark matter field exhibits, however, some similarities with axions and other
axion-like particles, namely in terms of its small mass and couplings to known particles.
This suggests that it may be possible to probe the existence and properties of the
proposed dark matter scalar field with experiments analogous to those employed in
the search of axion-like particles, or even using similar indirect astrophysical signa-
tures, as we will show in chapter 3. The nature and interaction structure of these
fields are, nevertheless, sufficiently different that one may hope to distinguish them
experimentally.

47



3 | General Higgs portal scalar field
dark matter

In this chapter, we will consider a model of a complex scalar field acting as dark matter,
Φ, interacting with the Higgs doublet,H, only through scale-invariant interactions. We
assume that scale invariance is spontaneously broken by some unspecified mechanism
that generates both the Planck scale, MPl, and a negative squared mass for the Higgs
field at the electroweak scale, thus working within an effective field theory where these
mass scales are non-dynamical. The important assumption is that scale-invariance is
preserved in the dark matter sector, such that the dark scalar only acquires mass after
the EWPT. In addition, our scenario has also a U(1) symmetry (or Z2 symmetry for
a real scalar, as we discuss later on) that, if unbroken, ensures the stability of the
dark scalar. Its dynamics are thus fully determined by its interaction with the Higgs
boson and gravity, as well as its self-interactions, all parametrized by dimensionless
couplings. The relevant interaction Lagrangian density is thus given by:

−Lint = ± g2 |Φ|2 |H|2 + λφ |Φ|4 + V (H) + ξR |Φ|2 , (3.1)

where the Higgs potential, V (H), has the usual “mexican hat" shape, g is the coupling
between the Higgs and the dark scalar and λφ is the dark scalar’s self-coupling. The
last term in Eq. (3.1) corresponds to a non-minimal coupling of the dark matter
field to curvature, where R is the Ricci scalar and ξ is a constant. Note that such
a Lagrangian density is an extension of the model that we considered in chapter 2
where self-interactions played no role in the dynamics, giving origin to a very light
dark scalar, mφ ∼ O (10−5 eV), and therefore a very small coupling to the Higgs
boson, g ∼ 10−16. Such feeble interactions make such a dark matter candidate nearly
impossible to detect in the near future, and in this present chapter we will show that
the inclusion of self-interactions allows for heavier and hence more easily detectable
dark scalars.
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On the one hand, if the Higgs-dark scalar interaction has a positive sign, the U(1)
symmetry remains unbroken in the vacuum and the dark scalar is stable. On the other
hand, if the interaction has a negative sign, the U(1) symmetry may be spontaneously
broken, which can lead to interesting astrophysical signatures. In this chapter we
wish to provide a thourough discussion of the dynamics and phenomenology in both
cases, highlighting their differences and similarities and exploring the potential to
probe such a dark matter candidate both in the laboratory and through astrophysical
observations. This chapter is based on Refs. [2, 3].

3.1 Dynamics before electroweak symmetry break-
ing

Before the EWPT, the dynamics of the field does not depend on the sign of the
coupling to the Higgs, since it plays a sub-leading role. This allows us to describe the
behavior of the field without making any distinction between the two cases. We will
first explore the dynamics during the early period of inflation, where the non-minimal
coupling to gravity plays the dominant role, and then the subsequent evolution in the
radiation era, where the field dynamics is mainly driven by its quartic self-coupling.

3.1.1 Inflation

We consider a dark scalar field non-minimally coupled to gravity, with the full action
being given by:

S =
∫ √
−g d4x

[1
2 M

2
Pl f (φ)R− 1

2 (∇φ)2 − V (φ)
]
, (3.2)

where Φ = φ/
√

2 and f (φ) = 1 − ξ φ2/M2
Pl

6. The equation of motion for the
homogeneous field component in a flat FRW Universe is thus:

φ̈+ 3Hφ̇+ V ′ (φ) + ξRφ = 0 , (3.3)

such that the non-minimal coupling to gravity generates an effective mass for the field.
We assume that inflation is driven by some other scalar field, which is consistent since,

6Since φ � MPl and ξ . 1, f (φ) ' 1 and there is no significant difference between the Jordan
and Einstein frames. In addition, φ is not the inflaton and, therefore, the gravitational dynamics
during inflation is not altered by φ, regardless of its non-minimal coupling to curvature.

49



3- General Higgs portal scalar field dark matter

as we show below, the energy density of φ is sub-dominant during this phase. We will
consider the case where ξ � g, λφ, such that the dynamics during inflation is mainly
driven by the non-minimal coupling to gravity. Since during inflation R ' 12H2

inf ,
where the nearly constant Hubble parameter can be written in terms of the tensor-to-
scalar ratio r, as in Eq. (2.19), the effective field mass is:

mφ '
√

12 ξ Hinf , (3.4)

with mφ > Hinf for ξ > 1/12.
The mass of the dark scalar has to exceed the Hubble parameter during inflation,

since otherwise it develops significant fluctuations on super-horizon scales that may
give rise to observable cold dark matter isocurvature modes in the CMB anisotropy
spectrum, which are severely constrained by data [94]. This implies that the classical
field is driven towards the origin during inflation, but its average value can never
vanish due to its de-Sitter quantum fluctuations on super-horizon scales. As stated
in subsection 2.2, any massive scalar field exhibits quantum fluctuations that get
stretched and amplified by the expansion of the Universe. For mφ/Hinf > 3/2 (ξ >
3/16), the amplitude of each super-horizon momentum mode is suppressed by the
mass of the dark scalar field, yielding a spectrum [93]:

|δφk|2 '
(
Hinf

2π

)2 (Hinf

mφ

)
2π2

(aHinf )3 , (3.5)

where a(t) is the scale factor. Integrating over the super-horizon comoving momentum
0 < k < aHinf , at the end of inflation, the homogeneous field variance reads:

〈
φ2
〉
' 1

3

(
Hinf

2π

)2 1√
12ξ , (3.6)

setting the average amplitude of the field at the onset of the post-inflationary era,
φinf :

φinf =
√
〈φ2〉 ' αHinf α ' 0.05 ξ−1/4 . (3.7)

On the other hand, if ξ < 3/16, mφ/Hinf < 3/2, the spectrum is given by Eq. (2.13).
Following the same steps as in subsection 2.2, using Eqs. (2.13)-(2.17) and recalling

that νφ =
(

9
4 −

m2
φ

H2
inf

)1/2
, for 55 e-folds of inflation, this yields νφ . 1.3, implying that

mφ & 0.75Hinf and setting a lower bound:

ξ & 0.05 , (3.8)
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which thus gives for the average homogeneous field amplitude at the end of inflation:

φinf =
√
〈φ2〉 ' αHinf α . 0.25 , (3.9)

as found in subsection 2.2.
Note that the energy-momentum tensor for the dark scalar is given by:

Tµν = (1− 4ξ)∇µφ∇νφ+ 4ξφ (gµν∇α∇α −∇µ∇ν)φ

+gµν
[
−
(1

2 − 4ξ
)
∇αφ∇αφ− V (φ)− ξRφ2

]
+ 2ξφ2Rµν , (3.10)

where Rµν is the Ricci tensor. The energy density and pressure of the field are thus,
respectively,

ρφ = φ̇2

2 + V (φ) + 12ξHφφ̇+ 6ξφ2H2 , (3.11)

pφ = 1
2 (1− 8ξ) φ̇2 − V (φ) + 4ξφV ′ (φ) + 4ξφφ̇H + ξφ2

[
(8ξ − 1)R + 2 ä

a
+ 4H2

]
,

where a is the scale factor. Using φ̇ ∼ mφφ for an underdamped field, we can easily
see that ρφ . H4

inf for ξ . 10, so that the dark scalar will not affect the inflationary
dynamics even for large values of its non-minimal coupling to gravity. Note that this
assumes also that the Higgs field does not acquire a large expectation value during
inflation, which is natural since de Sitter fluctuations also generate an average Higgs
value . Hinf [24].

After inflation, the field will oscillate about the minimum of its potential and its
effective mass mφ � H, and we show in Appendix B that, for ξ . 1, all modifications
to the dark field’s energy density and pressure due to its non-minimal coupling to
gravity become sub-dominant or average out to zero, thus recovering the conventional
form for ξ = 0. In addition, since R = 0 in a radiation-dominated era and R ∼
O(H2) in subsequent eras, the non-minimal coupling’s contribution to the field’s mass
also becomes negligible. Thus, we may safely neglect the effects of the non-minimal
coupling to gravity in its post-inflationary evolution, hence its only role is to make
the field sufficiently heavy during inflation so to prevent the generation of significant
isocurvature modes in the CMB anisotropy spectrum.

We should also briefly mention that, during the (p)reheating period, the Ricci
scalar oscillates with the inflaton field, χ, since R = (3pχ − ρχ)/M2

Pl ∼ m2
χχ

2/M2
Pl,

inducing an effective biquadratic coupling between the dark scalar and the inflaton,
g2
φχ ∼ ξm2

χ/M
2
Pl � 1. This interaction will lead to φ-particle production during

51



3- General Higgs portal scalar field dark matter

reheating but, since qφ = g2
φχχ

2/4m2
χ ∼ ξχ2/M2

Pl . 1 with χ .MPl during reheating,
this should not be very efficient. In particular, it is natural to assume that the inflaton
couples more strongly to other fields, which will thus be produced more efficiently and
consequently reduce the amplitude of the inflaton’s oscillations before any significant
φ-particle production occurs. In addition, such particles remain relativistic until T <

mφ � TEW , and as we will see this implies that their density is much more diluted
than the density of the homogeneous dark scalar condensate. We therefore expect
φ-particle production during reheating to yield a negligible contribution to the present
dark matter abundance.

3.1.2 Radiation era

After inflation and the reheating period, which we assume for simplicity to be “in-
stantaneous", i.e. sufficiently fast, the Universe undergoes a radiation-dominated era
for which R = 0. Above the electroweak scale, the potential is then dominated by the
quartic term,

V (φ) ' λφ
φ4

4 . (3.12)

The field is in an overdamped regime until the effective field mass, mφ =
√

3λφ φ,
exceeds the Hubble parameter in this era. At this point, the field begins oscillating
about the origin with an amplitude that decays as a−1 ∝ T and ρφ ∼ a−4, thus
behaving like dark radiation.

The temperature at the onset of the post-inflationary field oscillations can be found
by equating the effective field mass with the Hubble parameter (Eq. (1.34)):

Trad = λ
1/4
φ

√
φinf MPl

(
270
π2 g∗

)1/4

, (3.13)

where g∗ is the number of relativistic degrees of freedom. The temperature Trad is
thus below the reheating temperature, Trh ∼

√
MPlHinf . Since the field behaves like

radiation, its amplitude decreases with T :

φrad (T ) = φinf
Trad

T =
(
π2 g∗
270

)1/4 (
φinf
MPl

)1/2
T

λ
1/4
φ

. (3.14)

Notice that, above the electroweak scale, thermal effects maintain the Higgs field
localized in the vicinity of the origin, with average thermal fluctuations 〈h2〉 � T 2,
as shown e.g. in Ref. [98]. We can use this to show that the Higgs-dark scalar field
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interactions play a subdominant role before the EWPT. In particular, in the parametric
regime that we are interested in (see Eqs. (3.40) and (3.49)), g ∼ 10−3λ

1/4
φ , ξ . 1 and

r < 0.1:
g2φ2

rad 〈h2〉 /4
λφφ4

rad/4
∼ 〈h

2〉
T 2 � 1, (3.15)

since 〈h2〉 ∼ T 5

M3
Pl

according to Ref. [98].
The dark scalar continues to behave like radiation until the EWPT, at which point

the Higgs field acquires its vacuum expectation value, H = h/
√

2 = v/
√

2, generating
a mass for the dark scalar. The EWPT transition will be completed once the leading
thermal contributions to the Higgs potential become Boltzmann-suppressed, which
occurs approximately at TEW ∼ mW , where mW is the W boson’s mass. Comparing
the quadratic and quartic terms in the dark scalar potential at TEW , we find:

g2 v2 φ2
EW/4

λφφ4
EW/4

' 107 ξ1/4
(

r

0.01

)−1/2 g2

λ
1/2
φ

, (3.16)

where we used that g∗S ' 86.25 for the number of relativistic degrees of freedom
contributing to entropy at TEW , and defined φEW ≡ φrad(TEW ). Since r . 0.1 [94],
in the parametric regime g & 10−4λ

1/4
φ , ξ . 1, we conclude that the quadratic

term is dominant at TEW , implying that the field starts behaving as non-relativistic
matter already at the EWPT. We will verify explicitly below that this is, in fact, the
parametric regime of interest for the field to account for all the present dark matter
abundance.

For T < TEW the dynamics of the field is different depending on whether the Higgs
portal coupling is positive or negative, so that we will study these cases separately.
We need, however, to ensure that the coherent behaviour of the homogeneous scalar
field is preserved until the EWPT, as we explore in detail below.

3.1.3 Condensate evaporation

If its interactions are sufficiently suppressed, the dark scalar field behaves as a long-
lived oscillating condensate, i.e, a set of particles with zero (or actually sub-Hubble)
momentum that exhibit a collective behavior, and is never in thermal equilibrium with
the SM particles. Thereby, we must analyze the constraints on g and λφ to prevent
its evaporation and thermalization into a WIMP-like candidate, the phenomenology
of which was studied in Ref. [24]. There are two main processes that may lead to
condensate evaporation, as we describe in detail below - Higgs annihilation into higher-
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momentum φ particles and the perturbative production of φ particles by the oscillating
background field.

3.1.3.1 Higgs annihilation into higher-momentum φ particles

Higgs bosons in the cosmic plasma may annihilate into φ pairs, with a rate given by,
for T & TEW :

Γhh→φφ = nh 〈σv〉 , (3.17)

where v ∼ c ≡ 1 and nh is the number density of Higgs bosons in the termal bath,

nh = ζ (3)
π2 T 3 . (3.18)

Before the EWPT, the momentum of the Higgs particles is of the order of the thermal
bath temperature, |p| ∼ T , and the cross-section for the process is

σ ∼ g4

64π
1(

1 + m2
h

T 2

) 1
T 2

√
1 +

m2
h −m2

φ

T 2 . (3.19)

For T < TEW , the Higgs bosons decay into Standard Model degrees of freedom and
the production of φ stops, so that we must require Γhh→φφ . H to prevent the
thermalization of the dark scalar condensate for T > TEW . Since Γhh→φφ ∝ T and
H ∝ T 2 , the strongest constraint is at TEW , which leads to an upper bound on g,
using Eqs. (1.34), (3.17), (3.18) and (3.19):

g . 8× 10−4
(
g∗

100

)1/8
, (3.20)

corresponding to an upper bound on the dark scalar’s mass mφ . 100 MeV.

3.1.3.2 Perturbative production of φ particles by the oscillating back-
ground field

Another possibility for the condensate’s evaporation is the production of φ particles
from the coherent oscillations of the background condensate. Particle production
from an oscillating background field in a quartic potential has been studied in detail
in Refs. [32, 99, 100]. For T > TEW , φ particles are massless and interact with the
background field. The coupling between the background field and particle fluctuations,
δφ, is:

Lint = −3
2 λφ φ

2 δφ2 . (3.21)
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For a quartic potential, the oscillating condensate evolves as [100]:

φ (t) =
√
π Γ

(
3
4

)
Γ
(

5
4

) φrad
∞∑
n=1

(
ei(2n−1)ωt + e−i(2n−1)ωt

) e−
π
2 (2n−1)

1 + e−π(2n−1) , (3.22)

with ω = 1
2

√
π
6

Γ( 3
4 )

Γ( 5
4 ) mφ and mφ =

√
3λφ φrad before the EWPT. The corresponding

particle production rate is then given by [100]:

Γφ→δφδφ ' 8.86
9λ2

φ

32πm3
φ

ρφ , (3.23)

The energy density, ρφ, can be averaged over field oscillations:

ρφ = 1
2〈φ̇ (t)2〉+ λφ

4 〈φ (t)4〉 . (3.24)

We have computed this numerically, using Eq. (3.22), and obtained:

ρφ '
1
4 λφ φ

4
rad , (3.25)

implying a particle production rate:

Γφ→δφδφ ' 4× 10−2 λ
3/2
φ φrad . (3.26)

This is valid for T > TEW , whilst after the EWPT the φ particles acquire mass and the
production channel is blocked. Once again, since Γφ→δφδφ ∝ T in a quartic potential,
and we must require Γφ→δφδφ . H to prevent the thermalization, the most stringent
constraint is at TEW , where φrad = φEW , which places an upper bound on the dark
scalar’s self-coupling:

λφ < 6× 10−10
(
g∗

100

)1/5 ( r

0.01

)−1/5
ξ1/10 . (3.27)

If the constraints (3.20) and (3.27) are satisfied, the dark scalar is never in thermal
equilibrium with the cosmic plasma, behaving like an oscillating condensate of zero-
momentum particles throughout its cosmic history. We will see below that Eq. (3.27)
yields the most stringent constraint on the model.

3.2 Dynamics after the electroweak symmetry break-
ing

At the EWPT, the field starts behaving differently depending on the sign of the
Higgs portal coupling. If this coupling is negative, the field may acquire a vacuum
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expectation value and thus become unstable, although sufficiently long-lived to account
for dark matter. On the other hand, if the coupling is positive, the U(1) symmetry
remains unbroken after the EWPT and the field never decays. In this section, we
explore the field dynamics in each case.

3.2.1 Negative Higgs portal coupling

In this case, the relevant interaction potential is:

V (φ, h) = − g
2

4 φ2 h2 + λφ
4 φ4 + λh

4
(
h2 − ṽ2

)2
. (3.28)

As soon as the temperature drops below the electroweak scale, both the Higgs field
and the dark scalar acquire non-vanishing vacuum expectation values for g4 < 4λφλh,
which we take to be the relevant parametric regime:

h0 =
(

1− g4

4λφ λh

)−1/2

ṽ ≡ v, φ0 = g v√
2λφ

, (3.29)

where v = 246 GeV. This induces a mass-mixing between the “flavour" basis φ and h
fields, described by the squared mass matrix

M2 = v2

 g2 − g3√
2λφ

− g3√
2λφ

2λh

 . (3.30)

For small mixing, the mass eigenvalues are approximately given by:

m2
φ̃ ' g2v2

(
1− g4

4λh λφ

)
, m2

h̃ ' 2λh v2
(

1 + g6

8λ2
h λφ

)
. (3.31)

The corresponding eigenvectors are:

φ̃ =
 1
ε−

 , h̃ =
−ε−

1

 , (3.32)

where the mixing parameter, ε− � 1, corresponds to

ε− = g3

2
√

2λφ λh
= g2 φ0 v

m2
h

. (3.33)

The mass eigenstates can then be written in terms of the flavour-basis fields as:

φ̃ = φ− ε− h , h̃ = h+ ε− φ . (3.34)
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This mixing is extremely relevant for the direct and indirect detection of the dark scalar
as we discuss in subsection 3.3.2. In this scenario, differentiating the Lagrangian twice
with respect to φ, yields the mass of the field:

mφ = g v . (3.35)

As we have seen in subsection 3.1.2, the field starts behaving as cold dark matter at
TEW ∼ mW . The amplitude of the oscillations at this stage is given by Eq. (3.14),
which can be rewritten as:

φEW '
(

4 π2 g∗
270

)1/4 (
φinf
MPl

)1/2
TEW

v
λ

1/4
φ

g
φ0

' 10−4 g1/4
∗ ξ−1/8

(
TEW
mW

)(
r

0.01

)1/4 λ
1/4
φ

g
φ0. (3.36)

From Eq. (3.36), in the parametric regime g & 10−4 λ
1/4
φ , φEW . φ0, for ξ & 1.

This implies that the potential minimum will move smoothly from the origin to φ0,
where the field starts to oscillate with an amplitude φDM = xDM φ0, with xDM . 1.
In fact, a rigorous study of the dynamics of the field for TEW < T < TCO, where
TCO corresponds to the electroweak crossover temperature, would necessarily involve
numerical simulations that are beyond the scope of this work. We may nevertheless
estimate the uncertainty associated to the field’s amplitude. Since TEW . TCO by an
O (1) factor, and given that φ ∼ T while behaving as radiation and φ ∼ T 3/2 while
behaving as non-relativistic matter, the field’s amplitude might decrease by at most
an O (1) factor as well. Therefore, we expect the field’s amplitude to be smaller than
φ0 at TEW by xDM . 1. Notice that xDM is thus not an additional parameter of the
model, but only a theoretical uncertainty in our analysis that does not affect the order
of magnitude of the dark matter abundance and lifetime, as we shall see below.

As soon as the field reaches φ0, it stops behaving like dark radiation and starts to
oscillate as cold dark matter. The field’s amplitude of oscillations about φ0 evolves
according to

φ (T ) = φDM

(
T

TEW

)3/2
. (3.37)

At this point, the number of particles in a comoving volume becomes constant:

nφ
s

= 45
4π2g∗S

mφ φ
2
DM

T 3
EW

, (3.38)

where s = 2π2

45 g∗S T
3 is the entropy density of radiation, nφ ≡ ρφ

mφ
is the dark matter

number density and g∗S ' 86.25 at TEW . Using this, we can compute the present dark
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matter abundance, similarly to what we have done in Eq. (2.9). Thus, we obtain the
following relation between the present dark matter abundance and mφ:

mφ = (6 Ωφ,0)1/2
(
g∗S
g∗S0

)1/2 (
TEW
T0

)3/2 H0MPl

φDM
, (3.39)

where g∗S0, T0 and H0 are the present values of the number of relativistic degrees of
freedom, CMB temperature and Hubble parameter, respectively. We thus obtain the
following relation between the couplings g and λφ, fixing Ωφ,0 ' 0.26:

g ' 2× 10−3
(
xDM
0.5

)−1/2
λ

1/4
φ . (3.40)

This expression satisfies the constraint g4 < 4λφλh and φEW . φ0. Given this relation
between couplings, Eq. (3.27) yields, as anticipated, the strongest constraint, limiting
the viable dark matter mass to be . 1 MeV.

It should be emphasized that the properties of our model depend strongly on
whether the U(1) symmetry is global or local. In particular, if the symmetry is global,
it leads to tight constraints on the dark scalar mass. We study the cosmological
implications of the spontaneous symmetry breaking (both local and global) in section
3.4.

3.2.2 Positive Higgs portal coupling

As we have seen before, for T > TEW , the field is oscillating as radiation. If the
coupling between the Higgs and the dark scalar has a positive sign, as soon as the
EWPT occurs, the only field that undergoes spontaneous symmetry breaking is the
Higgs field. The corresponding interaction Lagrangian is:

Lint = + g2

4 φ2 v2 + λφ
4 φ4 + λh

4
(
h2 − v2

)2
. (3.41)

The interactions with the Higgs are responsible for providing the dark scalar mass,
which is given in this case by

mφ = 1√
2
g v , (3.42)

differing from the mass of the negative coupling case, Eq. (3.35), by a factor of
√

2.
Although there is no spontaneous U(1) symmetry breaking, there is in practice an
effective mass-mixing between the Higgs and dark scalar fields, given that the latter’s
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value is oscillating about the origin but does not vanish exactly, yielding an effective
mixing parameter:

ε+ = g2 φ v
m2
h

, (3.43)

where φ denotes the time-dependent field amplitude. Since the dark matter energy
density depends on the amplitude of the field,

ρφ = 1
2 m

2
φ φ

2 , (3.44)

Eq. (3.43) can be rewritten as

ε+ = 2√2 ρφ
vm2

h

mφ . (3.45)

At TEW , the field starts to behave as cold dark matter, and its amplitude varies as:

φ (T ) = φinf
Trad

(
T 3

TEW

)1/2

, (3.46)

so that the number of particles per comoving volume reads:

nφ
s

= 45
4π2

1
g∗S

mφ

φ2
inf

T 2
rad

1
TEW

. (3.47)

Analogously to the negative coupling case, we may compute the field’s mass, taking
into account the present dark matter abundance, Ωφ,0:

mφ =
√

6 Ωφ,0
H0MPl

φinf

(
g∗S
g∗S0

)1/2
Trad T

1/2
EW

T
3/2
0

, (3.48)

leading to the following relation between g and λφ:

g ' 9× 10−3 ξ1/8
(

r

0.01

)1/4
λ

1/4
φ . (3.49)

Once again, Eq. (3.27) yields the strongest constraint and, as in the case of the
negative coupling, the dark scalar’s mass must be smaller than 1 MeV to account for
the present dark matter abundance.

It must be highlighted that, in this scenario, once the dark matter abundance is
fixed, the value of g depends on all other parameters of the model, λφ, r and ξ,
contrary to the negative coupling case, where the Higgs portal coupling is only related
to λφ as given in Eq. (3.40). In other words, in the positive coupling case the field’s
mass depends on the initial conditions set by inflationary dynamics, whilst in the case
with spontaneous symmetry breaking the final dark matter abundance is effectively
independent of the initial conditions, and all dynamics depends essentially on the
vacuum expectation value, φ0, which sets the amplitude of field oscillations.
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3.3 Phenomenology

Having discussed the dynamics of the dark scalar throughout the cosmic history and
determined the parametric ranges for which it may account for the present dark matter
abundance, in this section we discuss different physical phenomena that may be used
to probe the model. This includes searching for direct signatures in the laboratory, as
well as for indirect signals in astrophysical observations.

3.3.1 Astrophysical Signatures

Given the smallness of the Higgs portal coupling required for preventing the scalar
condensate’s evaporation before the EWPT, it is likely that any signatures of such a
dark matter candidate require large fluxes of φ particles or the particles it interacts
with, which may be difficult to produce in the laboratory. Astrophysical signatures
may, however, be enhanced by the large dark matter density within our galaxy and
other astrophysical systems, and thus we shall explore in this section the possibility
of indirectly detecting the dark scalar through its annihilation or decay.

3.3.1.1 Dark matter annihilation

Over the past decades, the emission of a 511 keV γ-ray line has been observed, by
several experiments, in a region around the galactic center (see e.g. Ref. [101] for
a review). The 511 keV line is characteristic of electron-positron annihilation, as
has been shown by the INTEGRAL/SPI observations [102–104] and has a flux of
ΦGC = 9.9×10−4 cm−2 s−1 [105]. This photon excess in the galactic bulge is intriguing
because, although it is common to find positron sources in the galaxy (namely, from
core collapse of supernovae and low-mass X-ray binaries), most of these astrophysical
objects are localized in the galactic disk rather than in the galactic center [101].

An alternative possibility to explain this line is considering dark matter annihilation
into an e−e+ pair. Although light WIMPs are practically excluded as a possible
explanation [106], other plausible dark matter candidates could predict this photon
excess. In this context, we study the annihilation of φ particles into e−e+ and into
photons, presenting the predictions for the photon flux associated with our dark matter
candidate in the galactic center.

In general, the flux of photons from an angular region ∆Ω from dark matter
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annihilation is given by:

Φann = 1
2m2

φ

Nγ
〈σv〉
4π

∫
l.o.s

dl (s,Ψ) ρ2 (r (s,Ψ))
∫

∆Ω
dΩ , (3.50)

where ρ is the dark matter density for a given profile, r is the radial distance from the
galactic center, Ψ is the angle between the direction of observation in the sky and the
galactic center, the integral is evaluated along the line-of-sight (l.o.s) and Nγ is the
number of photons produced by the annihilation [107]. We can split Eq. (3.50) into
two parts: one that only depends on the particle physics,

1
2m2

φ

Nγ
〈σv〉
4π , (3.51)

and another one depending only on the astrophysical properties:

J (Ω) =
∫
l.o.s

dl (s,Ψ) ρ2 (r (s,Ψ))
∫

∆Ω
dΩ , (3.52)

and analyze each one separately.
Let us first focus on the particle physics component. Consider the case in which

the φ particles annihilate via virtual Higgs exchange, H∗, and the latter decays into
Standard Model particles. Since mφ . 1 MeV (by the constraint imposed on λφ, Eq.
(3.27)), the possible final decay products are only electron-positron pairs and photons
for non-relativistic dark scalars. Following Eq. (3.51), it is necessary to compute
the cross section of the process. In the center-of-mass frame, using Eφ ' mφ, the
4-momentum of H∗ is ph = (2mφ,0), implying that the invariant mass of the virtual
Higgs ismH∗ = 2mφ. By energy conservation, if the final state is a fermion-antifermion
pair, the momentum of each particle reads |pf | = mφ

√
1−m2

f/m
2
φ, where mf is the

fermion’s mass. Using this, the cross section for dark matter annihilation into a virtual
Higgs and its subsequent decay into fermions reads:

〈σvrel〉fermions '
Nc

8π
D

v2
m4
φ(

4m2
φ −m2

h

)2
+m2

hΓ2
h

(
mf

v

)2
(

1−
m2
f

m2
φ

)3/2

, (3.53)

where Nc is the number of colors (Nc = 1 for leptons and Nc = 3 for quarks), Γh =
4.07× 10−3 GeV [108] is the total Higgs decay rate, and D = 1 for the case where the
U(1) symmetry is spontaneously broken and D = 4 otherwise.

In the case where we have a pair of photons in the final state, the momentum of
each photon is |pγ| = mφ. The cross-section for this process is:

〈σvrel〉γ '
D

32
√

2 π3

m4
φ

v2
GF α

2
QEDm

2
φ(

4m2
φ −m2

h

)2
+m2

hΓ2
h

F 2 , (3.54)
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where GF = 1.17×10−5 GeV−2 is Fermi’s constant, αQED ' 1/137 is the fine structure
constant and

F =

∣∣∣∣∣∣
∑
f

NcQ
2
f A

H
1/2 (τf ) + AH1 (τw)

∣∣∣∣∣∣ ' 11
3 (3.55)

is a factor that takes into account the loop contributions of all charged fermions and
the W boson to H∗ → γγ, with τi = 4m2

i /m
2
φ � 1 for all particle species involved,

for mφ � MeV [109]. We point out that for the decay of a virtual Higgs all charged
fermions give essentially the same loop contribution, whilst for an on-shell Higgs boson
only the top quark contributes significantly.

Concerning the astrophysical part, one needs to consider the profile that best
describes the dark matter distribution in a particular region of the Universe to compute
the so-called J-factor in Eq. (3.52). In the case of the galactic center, the most
appropriate models are the cuspy profile ones. Following Ref. [108], using a generalized
Navarro-Frenk-White profile (NFW) to describe the dark matter distribution in the
galactic center,

ρ (r) = ρs

(
r

rs

)−γ (
1 + r

rs

)−3+γ
, (3.56)

where r is the spherical distance from the galactic center, γ = 1.2, ρs = 0.74 GeV/cm3

and rs = 19.5 kpc, hence, the corresponding J-factor is:

J ' 1.79× 1023 GeV2 cm−5. (3.57)

Using the last expressions, the predicted flux of photons originated by the annihilation
of φ particles into a virtual Higgs and the decay of the latter into an electron-positron
pair, for the galactic center, is given by:

Φφφ→e−e+ ' D

32 π2
J(

4m2
φ −m2

h

)2
+m2

hΓ2
h

(
mφ

v

)2 (me

v

)2
(

1− m2
e

m2
φ

)3/2

. (3.58)

Since mφ . 1 MeV and mφ & 0.511 MeV so that it can annihilate into an electron-
positron pair, we can simplify this to give:

Φφφ→e−e+ ' 1× 10−27D
(
mφ

MeV

)2
cm−2 s−1 , (3.59)

which is clearly insufficient to explain the galactic center excess but shows how the
electron-positron flux varies with the mass of the dark scalar and hence the Higgs
portal coupling.
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The flux coming from the annihilation of φ into a virtual Higgs and its decay into
photons reads:

Φφφ→γγ ' 10−31D
(
mφ

MeV

)4
cm−2 s−1 . (3.60)

The fluxes we have found for the annihilation of φ particles into a virtual Higgs and its
decay into an electron-positron pair or photons are thus extremely suppressed, which
makes its indirect detection through annihilation a very difficult challenge.

3.3.1.2 Dark matter decay

Our dark matter candidate exhibits a small mixing ε± with the Higgs boson, as we have
seen in section 3.2 and may, therefore, decay into the same channels as the Higgs boson,
provided that they are kinematically accessible, and the decay width is suppressed by a
factor ε2± relative to the corresponding Higgs partial width, Γφ→pp = ε2± ΓH∗→XX , where
X corresponds to a generic particle. With the dark matter mass bound obtained
above, the only kinematically accessible decay channel is into photon pairs 7, with
partial decay width:

ΓH∗→γγ =
GF α

2
QEDm

3
φ

128
√

2π3
F 2 , (3.61)

where F is defined in Eq. (3.55). This yields for the dark scalar’s lifetime:

τ
(−)
φ ' 7× 1027

(
7 keV
mφ

)5 (
xDM
0.5

)2
sec , (3.62)

in the case with spontaneous symmetry breaking and

τ
(+)
φ ' 4× 1071

(
7 keV
mφ

)5

sec , (3.63)

for the positive coupling. As expected, the case with no spontaneous symmetry
breaking yields an effectively stable dark matter candidate, with the probability of
decay into photons being tremendously suppressed. In the negative coupling case, the
dark scalar’s lifetime is larger than the age of the Universe, but there is a realistic
possibility of producing an observable monochromatic line in the galactic spectrum.

In fact, the XMM-Newton X-ray observatory has recently detected a line at 3.5 keV
in the Galactic Center (GC), Andromeda and Perseus cluster [110–113]. The origin

7The decay φ → e+e− may be possible for dark matter masses saturating the obtained bound,
but in this case condensate evaporation may not be negligible and, hence, we do not consider this
possibility in detail
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of the line is not well-established, although dark matter decay and/or annihilation are
valid possibilities [113–118]. There are other astrophysical processes that might explain
the 3.5 keV line [119]. However, some independent studies suggest that those processes
cannot provide a satisfactory explanation [120–122]. In addition, some groups state
that such a photon excess is not present in dwarf galaxies, such as Draco [123], while
others assert that the line is only too faint to be detected with the technology that we
have at our current disposal, not ruling out a possible dark matter decay interpretation
[14]. The authors of [14], in particular, conclude that observations of dwarf spheroidal
galaxies cannot exclude the dark matter decay explanation of the line.

The analysis in Refs. [14, 112] has shown that the intensity of the line observed in
the GC, Andromeda and the Perseus cluster could be explained by the decay of a dark
matter particle with a mass of ' 7 keV and a lifetime in the range τφ ∼ (6− 9)× 1027

sec. This would also explain the absence of such a line in the blank-sky data set.
Concerning the positive coupling scenario, the dark scalar’s lifetime (Eq. (3.63)) is
not compatible with the required range. However, the scenario where φ undergoes
spontaneous symmetry breaking predicts a dark matter lifetime (Eq. (3.62)) exactly
in the above-mentioned range, up to an uncertainty on the value of the field amplitude
after the EWPT parametrized by xDM . 1, for mφ = 7 keV. This is illustrated in
Fig. 3.1.

For this mass value, we have g ' 3 × 10−8 and, from Eq. (3.40), λφ ' 4 × 10−20,
which satisfy the constraints in Eqs. (3.20) and (3.27). Note that such a small quartic
self-coupling for the scalar field is technically natural, since quantum corrections to
this coupling from interactions with the Higgs field are . g4 ∼ 10−30.

We do not aim to explain here the smallness of these couplings, which would require
going beyond the effective theory approach that we have followed in this work. We
nevertheless note that small couplings can be naturally obtained in the context of
extra-dimensional geometries, as in the warped dark scalar field scenario developed in
chapter 2. This issue is also essentially on the same footing as explaining the smallness
of fermion masses, namely the electron.

We should emphasize the uniqueness of the result for the spontaneous symmetry
breaking scenario. In this case, our model predicts that the decay of φ into photons
produces a 3.5 keV line compatible with the observational data, with effectively only
a single free parameter, either g or λφ. Recall that the initial conditions of the field
depend on the parameters r and ξ, the first one determining the initial oscillation
amplitude in the radiation era, whilst the latter is responsible for suppressing cold
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Figure 3.1: Lifetime of the scalar field dark matter as a function of its mass, for
different values of xDM . 1 parametrizing the uncertainty in the value of the field
oscillation amplitude after the EWPT. The shaded horizontal band corresponds to
the values of τφ that can account for the intensity of the 3.5 keV X-ray line observed
by XMM-Newton for a mass around 7 keV including the uncertainty in the photon
energy combining different observations [14].

dark matter isocurvature perturbations. However, after the EWPT, the field oscillates
around φ0, which only depends on g and λφ. Its amplitude is of the order of φ0,
meaning that r and ξ do not play a significant role below TEW . In other words, the
field loses the memory of its initial conditions at the EWPT, and ξ and r do not affect
its dynamics afterwards. Therefore, we have three observables that rely on just two
parameters (g and λφ) - the present dark matter abundance, the dark scalar’s mass
and its lifetime. However, assuming that the dark scalar field accounts for all the dark
matter in the Universe imposes a relation between g and λφ (Eq. (3.40)), implying that
mφ and τφ depend exclusively on the Higgs portal coupling. Hence, the prediction for
the magnitude of the 3.5 keV line in different astrophysical objects is quite remarkable
and, as far as we are aware, it has not been achieved by other scenarios, where the
dark matter’s mass and lifetime can be tuned by different free parameters.
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3.3.2 Laboratory Signatures

Since mφ . MeV, the coupling between the dark scalar and the Higgs boson, g, is
extremely small, which hampers the detection of dark matter candidates of this kind.
However, the small h−φmass mixing may nevertheless lead to interesting experimental
signals that one could hope to probe in the laboratory with improvements in current
technology. In this section, we explore examples of such signatures, namely invisible
Higgs decays, photon-dark scalar oscillations in an external electromagnetic field and
dark matter-induced oscillations of fundamental constants, such as the electron mass
and αQED.

3.3.2.1 Invisible Higgs decays into dark scalars

The simplest and cleanest way to test the Higgs portal scalar field dark matter scenario
in collider experiments is to look for invisible Higgs decays into dark scalar pairs, with
a decay width:

Γh→φφ = 1
8π

g4v2

4mh

√√√√1−
4m2

φ

m2
h

, (3.64)

where mh is the Higgs mass. The current experimental limit on the branching ratio
for Higgs decay into invisible particles is [124]:

Br (Γh→inv) = Γh→inv
Γh + Γh→inv

. 0.23 . (3.65)

Assuming that Γh→inv = Γh→φφ and using Γh = 4.07× 10−3 GeV [108], this yields the
following bound on the Higgs portal coupling g:

g . 0.13 , (3.66)

which is much less restrictive than the cosmological bound in Eq. (3.20). Conversely,
for mφ < MeV to ensure the survival of the dark scalar condensate up to the present
day, we obtain the following upper bound on the branching ratio:

Br (Γh→inv) < 10−19 . (3.67)

This is, unfortunately, too small to be measured with current technology, but may
serve as motivation for extremely precise measurements of the Higgs boson’s width
in future collider experiments, given any other experimental or observational hints
for light Higgs portal scalar field dark matter, such as, for instance, the 3.5 keV line
discussed above.
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3.3.2.2 Light Shining Through Walls

The dark scalar exhibits a small coupling to photons through its mass mixing with
the Higgs boson, which couples indirectly to the electromagnetic field via W -boson
and charged fermion loops [109]. This will allow us to explore experiments that make
use of the coupling to the electromagnetic field to probe dark matter candidates, as
the case of “light shining through a wall” experiments (LSTW). These experiments
are primarily designed to detect WISPs - Weakly Interacting Sub-eV Particles, such
as axions and axion-like particles (ALPs), taking advantage of their small coupling
to photons. Therefore, we intend to apply the same detection principles to our dark
scalar field, given its similarities with ALPs, in terms of small masses and couplings.

In LSTW experiments, photons are shone into an opaque absorber, and some of
them may be converted into WISPs, which traverse the absorber wall. Behind the wall,
some WISPs reconvert back into photons that may be detected. This can be achieved
using an external magnetic (or electric) field, which works as a mixing agent, making
the photon-WISP oscillations possible and allowing for the conversion of photons into
WISPs and vice-versa. Using the paradigmatic case of a pseudo-scalar axion/ALP,
the interaction term between the latter and photons is of the form:

Laγγ = gaγγ
4 aFµνF̃

µν = −gaγγ aE.B , (3.68)

where Fµν is the electromagnetic field tensor, F̃ µν its dual and a the axion/ALP field.
For the QCD axion, the coupling gaγγ reads

gaγγ = αQEDK

2π Fa
' 2× 10−15K

(
ma

10−5 eV

)
GeV−1 , (3.69)

with Fa ' 6× 1011
(

ma
10−5 eV

)−1
GeV denoting the axion decay constant, ma the axion

mass and K ∼ O (1− 10) is a model-dependent factor [125–127]. For scalar WISPs
the interaction with the electromagnetic field is given by [128,129]:

Laγγ = gaγγ
4 aFµνF

µν = gaγγ a
(
B2 − E2

)
. (3.70)

In both cases, the presence of an external magnetic field, Bext, gives rise to a mass
mixing term between a and photons, thus inducing photon-ALPs oscillations. In the
relativistic limit, the WISP wavenumber is ka ≈ ω−m2

a

2ω , where ω is the photon angular
frequency [128]. Using this, considering the conversion of a photon into a WISP in
a constant magnetic field of length L, in a symmetric LSTW setup, the conversion
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probability of a photon into a WISP, Pγ→a, is the same as for the inverse process,
Pa→γ, being given by [128,130]:

Pγ→a = 4
g2
aγγ B

2
ext ω

2

m4
a

sin2
(
m2
a L

4ω

)
. (3.71)

Therefore, the total conversion probability along the path is simply the square of Eq.
(3.71) [130]:

Pγ→a→γ = 16
g4
aγγ B

4
ext ω

4

m8
a

sin4
(
m2
a L

4ω

)
. (3.72)

In the specific case of the QCD axion, for L � 4ω/m2
a, the LSTW probability is

approximately given by:

Pγ→a→γ = 6× 10−59
(
Bext

1 T

)4 ( ma

10−5 eV

)4 ( L

1 m

)4
, (3.73)

and, using the parameters of the LSTW experiment ALPS (“Any Light Particle Search
experiment) at DESY [128] (ω = 2.33 eV, Bext = 5 T and L = 4.21 m), the probability
of shining a photon through a wall via an intermediate axion with ma ∼ 10−5 eV is
about Pγ→a→γ ' 10−53 and the coupling to photons is gaγγ ∼ 10−15 GeV−1. The
upgrade of LSTW experiments intends to achieve a sensitivity in the photon-WISP
coupling of gaγγ < 10−11 GeV−1, corresponding to an improvement of 3 orders of
magnitude comparing with ALPS 2010 results [129,130].

In our case, the Higgs coupling to two photons is expressed by the following term
in the Lagrangian [131]:

Lhγγ = ghγγ
4 hFµνF

µν , (3.74)

where the coupling ghγγ has the form

ghγγ = αQED F

π v , (3.75)

with F given by Eq. (3.55). Using the mixing φ− h in Eq. (3.34) we can write

Lφγγ = −ghγγ4 ε φ̃ FµνF
µν , (3.76)

and we may define the effective coupling of the dark scalar field to photons, gφγγ, as:

gφγγ = ghγγ ε , (3.77)

where ε = ε− for the negative coupling between φ and h, and ε = ε+ otherwise. For
the former, we find

g
(−)
φγγ ' 2× 10−26

(
mφ

10−5 eV

)(
xDM
0.5

)−1
GeV−1 , (3.78)
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while for the case without spontaneous symmetry breaking we obtain:

g
(+)
φγγ ' 8× 10−49

(
mφ

10−5 eV

)
GeV−1 , (3.79)

where we have used the cosmological value of the dark matter energy density. Hence,
even for the most promising case with spontaneous symmetry breaking the effective
coupling to photons of our dark scalar is 11 orders of magnitude below the corre-
sponding axion-photon coupling for the same mass, with the probability for LSTW
thus being suppressed by∼ 10−44 with respect to the axion. This makes our dark scalar
much harder to detect in LSTW experiments, and hence requiring a very substantial
improvement in technology.

3.3.2.3 Oscillation of fundamental constants

The scenario proposed in this chapter may also be of interest for different values of
mφ if the dark matter interpretation of the 3.5 keV line is refuted. In particular, for
10−22 eV < mφ < 0.1 eV, the light dark scalar will exhibit a coherent behavior on
galactic scales, and its mixing with photons and other SM particles through the Higgs
portal may lead to small oscillations of fundamental constants, namely αQED and the
electron mass.

The Standard Model Yukawa interactions can be generically written as:

Lhff = gf√
2
f̄ f h , (3.80)

where gf is the Yukawa coupling. Using the φ − h mass mixing in Eq. (3.34), the
electron’s mass after the EWPT is thus given by:

me '
gf v√

2

(
1− dme√

2MPl

φCDM

)
, (3.81)

where φCDM corresponds to the present amplitude of the scalar field and dme is a di-
mensionless quantity that works as an effective “dilatonic” coupling and is normalized
by the Planck mass, such that [132,133]:

dme√
2MPl

= ε±
v , (3.82)

where ε− was computed in Eq. (3.33) and ε+ in Eq. (3.43).
In the case where φ undergoes spontaneous symmetry breaking, the dilatonic cou-

pling d(−)
me is

d(−)
me ' 6× 10−16

(
mφ

10−15 eV

) (
xDM
0.5

)−1
, (3.83)
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while, for a positive Higgs portal coupling,

d(+)
me ' 2× 10−38

(
mφ

10−15 eV

)
. (3.84)

Similarly, we may compute the variation of the fine structure constant due to the
oscillating dark scalar field. We have seen that the interaction with the Higgs boson
introduces a small coupling to the electromagnetic field (Eq.(3.76)), which will induce
a variation on the fine structure constant of the form [134]:

α′QED ' αQED

(
1 + dα√

2MPl

φCDM

)
, (3.85)

where, after the EWPT,

d(−)
α ' 7× 10−16

(
mφ

10−15 eV

) (
xDM
0.5

)−1
, (3.86)

and
d(+)
α ' 3× 10−38

(
mφ

10−15 eV

)
. (3.87)

The dilatonic couplings dme and dα have thus comparable values, both with or without
spontaneous symmetry breaking, which is a distinctive prediction of our model.

Despite the smallness of these dilatonic couplings, there are a few ongoing exper-
iments designed to detect oscillations of fundamental couplings, using, for instance,
atomic clock spectroscopy measurements and resonant-mass detectors [133–141]. For
instance, atomic spectroscopy using dysprosium can probe the dme coupling in the
mass range 10−24 eV . mφ . 10−15 eV, for 10−7 . dme . 10−1. In turn, the
current AURIGA experiment may reach 10−5 . dme , dα . 10−3 in the narrow interval
10−12 eV . mφ . 10−11 eV, whereas the planned DUAL detector intends to achieve,
for 10−12 eV . mφ . 10−11 eV, sensitivity to detect 10−6 . dme , dα . 10−2. From Eqs.
(3.83)-(3.87), we conclude that current technology is not enough to probe our model,
which may nevertheless serve as a motivation to significantly improve the sensitivity
of such experiments.

We should also point out that ultra-light scalars with mass below 10−10 eV can lead
to superradiant instabilities in astrophysical black holes that may lead to distinctive
observational signatures, such as gaps in the mass-spin Regge plot as first noted in
[142]. However, these instabilities should only be able to distinguish our Higgs portal
dark matter candidate from other ultra-light scalars, such as axions and axion-like
particles, if non-gravitational interactions also play a significant dynamical role (see
e.g. Ref. [127]).
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3.4 Cosmological implications of the spontaneous
symmetry breaking

Throughout our analysis, we have assumed that the model exhibits a U(1) symmetry
which, in the case of a negative sign for the coupling between the Higgs and the dark
scalar, is spontaneously broken at the EWPT. The implications of such symmetry
breaking depend on whether it is a global or a local symmetry. The Lagrangian
density is of the form:

L =∂µΦ∂µΦ† + Lint , (3.88)

where Lint is given by Eq. (3.1).
First, let us suppose that the Lagrangian density is invariant under a global U(1)

symmetry, i.e. that the complex dark scalar is invariant under the following transfor-
mation:

Φ→ eiαΦ , (3.89)

where α is a constant parameter. Expanding the kinetic term for Φ = φeiθ/
√

2 and
introducing the rescaled field σ = φ0 θ, we find the following kinetic and interaction
terms between the dark scalar, φ, and the associated Goldstone boson, σ:

∂µΦ∂µΦ† = 1
2

[
∂µφ∂

µφ+ φ2

φ2
0
∂µσ∂

µσ + 2 φ

φ0
∂µσ∂

µσ + ∂µσ∂
µσ

]
. (3.90)

The third term on the right-hand-side of Eq. (3.90) allows for the decay of φ into two
massless σ particles, which could imply the complete evaporation of the dark scalar
condensate. The corresponding decay width is then:

Γφ→σσ = 1
64π

m3
φ

φ2
0
, (3.91)

such that, using the relation between g and λφ in Eq. (3.40),

Γφ→σσ ' 7× 1021
(
xDM
0.5

)−1/2
λ

5/4
φ sec−1 , (3.92)

corresponding to

τφ→σσ ' 10−22
(
xDM
0.5

)1/2
λ
−5/4
φ sec . (3.93)

The field is sufficiently long-lived to account for dark matter if τφ→σσ > tuniv ∼ 4 ×
1017 sec, placing an upper bound on λφ:

λφ < 2× 10−32
(
xDM
0.5

)2/5
, (3.94)
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and thus restricting the viable range for the dark matter mass to:

mφ . 5 eV. (3.95)

Therefore, if the U(1) symmetry were global, there would be a stricter constraint on
the value of λφ, and our dark matter model could not, in particular, explain the 3.5
keV line.

However, we may consider a local U(1) gauge symmetry, where the Lagrangian is
invariant under

Φ→ eiα(x)Φ , (3.96)

which can be achieved by introducing a gauge field and covariant derivative such that:

DµΦ = ∂µΦ− i e′AµΦ, (3.97)

Aµ → Aµ + ∂µα (x)
e′

, (3.98)

where e′ denotes the associated gauge coupling. In this case, expanding the scalar
kinetic term in the unitary gauge, where the Goldstone boson is manifestly absorbed
into the longitudinal component of the “dark photon" gauge field, we get:

DµΦDµΦ† = 1
2∂µφ∂

µφ+ 1
2 e
′2AµA

µ φ2 + 1
2 e
′2 φ0 φAµA

µ + 1
2 e
′2 φ2

0AµA
µ, (3.99)

where the second and the third terms correspond to dark scalar-dark photon interac-
tions and the last term gives the mass of the dark photon, γ′:

mγ′ = e′ φ0 . (3.100)

For mγ′ < mφ/2, the dark scalar may decay into two dark photons with a decay width

Γφ→γ′γ′ '
1

16π

√√√√1−
4m2

γ′

m2
φ

m4
γ′

mφ φ2
0

(
3 + 1

4
m4
φ

m4
γ′
−
m2
φ

m2
γ′

)
. (3.101)

This remains finite even in the limit e′ → 0 and, in fact, it tends to the value in Eq.
(3.91), since in this limit the symmetry is global and the decay into massless Goldstone
bosons is allowed.

On the other hand, for mγ′ > mφ/2, the dark scalar’s decay into dark photon pairs
becomes kinematically forbidden. This requires:

e′ >
√

2λφ , (3.102)

72



3- General Higgs portal scalar field dark matter

which does not pose a significant constraint, given the magnitude of the scalar self-
couplings considered in our analysis. Note that even if this condition is satisfied
the scalar self-coupling is stable against gauge radiative corrections, since δλφ/λφ ∼
e′4/λφ & λφ and the self-coupling is typically very small in the scenarios under
consideration.

It is important to mention that, similarly to the case studied in subsection 3.1.3.2,
before the EWPT, the dark scalar’s oscillations may also lead to the production of dark
photons, through the second term in Eq. (3.99). This leads to an upper bound on the
squared gauge coupling comparable to that obtained for the scalar self-interactions in
Eq. (3.27), and thus nevertheless compatible with the stability condition Eq. (3.102).
The dark photons could, in addition, be thermally produced in the early Universe in
the presence of kinetic mixing with ordinary photons, but since there are no particles
charged under both U(1) gauge groups, such mixing is absent in our model. In fact,
2 ↔ 2 scattering processes involving dark and visible photons are only generated
through the Higgs portal scalar mixing, which yields a dimension-6 operator that is
suppressed with respect to the dark scalar’s effective (visible) photon coupling by
the smallness of the dark U(1) gauge coupling. Hence, within the parametric regime
described above, the dark photons are not significantly produced in the early Universe
and can neither make a significant contribution to the dark matter abundance nor lead
to the condensate’s decay or evaporation.

Notice that the spontaneous breaking of a U(1) symmetry can lead to the generation
of cosmic strings at the EWPT. The ratio between the energy density of such cosmic
strings, ρs, and the background density, ρc, reads [65]

ρs
ρc
∼ Gµ ' 10−6

(
φ0

1016 GeV

)2

, (3.103)

where G is Newton’s gravitational constant and µ is the string’s energy per unit length.
Nevertheless, as we reported in Ref. [2], φ0 � 1016 GeV even for very suppressed λφ (for
instance, φ0 is always smaller than 1016 GeV for λφ > 10−66), implying that the ratio
Eq. (3.103) is negligible and that, therefore, this does not pose additional constraints
on the model.

Finally, we note that all the dynamics and predictions of our model could be
achieved, however, by considering only a real scalar field with a Z2 symmetry. Spon-
taneous breaking of such a symmetry then leads to the generation of domain walls at
the EWPT, which could have disastrous consequences for the cosmological dynamics.
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However, it has been argued that a statistical bias in the initial configuration of the
scalar field could effectively yield a preferred minimum and thus make the domain wall
network decay [143]. In particular, according to Ref. [143], inflation itself may produce
such a bias through the quantum fluctuations of the scalar field that become frozen on
super-horizon scales. Since our dark scalar never thermalizes with the ambient cosmic
plasma, such a bias could survive until the EWPT and therefore lead to the destruction
of any domain wall network generated during the phase transition. A detailed study
of the evolution of domain wall networks in the context of the proposed scenario is
beyond the scope of this work, but this nevertheless suggests that a real scalar field,
with no additional undesired degrees of freedom, may yield a consistent cosmological
scenario for dark matter with spontaneous symmetry breaking.

In summary, we conclude that the cosmological consistency of the scenarios with
spontaneous symmetry breaking requires either a complex scalar field transforming
under a gauged U(1) symmetry with sufficiently large gauge coupling or possibly a
real scalar field transforming under a Z2 symmetry.

3.5 Summary

In this chapter we have analyzed the dynamics and the phenomenology of a non-
thermal dark matter candidate corresponding to an oscillating scalar field that, as all
other known elementary particles, acquires mass solely through the Higgs mechanism.
The model assumes an underlying scale invariance of the interactions that is broken
by an unspecified mechanism to yield the electroweak and Planck scales.

The dynamics of the scalar field may be summarized in the following way. During
inflation, the field acquires a Hubble-scale mass through a non-minimal coupling to
gravity that drives the classical field towards the origin, while de Sitter quantum
fluctuations generate a sub-Hubble field value on average. The Hubble scale mass also
suppresses potentially significant cold dark matter isocurvature modes in the CMB
anisotropies spectrum. After inflation, this non-minimal coupling plays no significant
role in the dynamics, which is driven essentially by the scalar potential. After inflation,
the field oscillates in a quartic potential, behaving as dark radiation, until the EWPT.
At this point the field acquires mass through the Higgs mechanism, and starts behaving
as non-relativistic matter.

If the Higgs portal coupling is positive, the dark scalar oscillates about the origin in
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a quadratic potential until the present day, while for a negative coupling it undergoes
spontaneous symmetry breaking and oscillates about a non-vanishing vacuum expecta-
tion value. Whereas in the former case the present dark matter abundance depends on
all model parameters, including the non-minimal coupling to gravity and the scale of
inflation, in the latter scenario it is determined uniquely the the Higgs portal coupling
and the dark scalar’s self-interactions. The suppression of particle production processes
that could lead to the oscillating condensate’s evaporation places strong constraints on
the value of these couplings, and we generically find that the dark scalar’s mass must
lie below the MeV scale. It should be pointed out that the aim of this work is not to
explain the smallness of the dark matter couplings. In fact, in the parametric regime
that we are interested in (g/λ1/4 ∼ 10−3−10−2), both g and λφ are technically natural,
since their relation is not significantly affected by radiative corrections, which makes
them as natural as the electron Yukawa coupling. Nevertheless, small couplings can
be naturally achieved in theories with extra dimensions, as we have shown in chapter
2.

While there are several phenomenological consequences of the Higgs portal inter-
actions of the dark scalar that could allow for its detection, the required suppression
of the latter makes this rather challenging in practice. Possible laboratory signatures
include invisible Higgs decays, dark scalar-photon oscillations and induced oscillations
of the fine structure constant and the electron mass. Indirect astrophysical signatures
are also possible, namely dark matter annihilation or decay into photons. All these
processes could lead to a robust identification of our proposed dark matter candidate,
but unfortunately they lie generically below the reach of current technology, even for
the case with spontaneous breaking that is generically easier to detect experimentally.
An interesting exception is the decay of a 7 keV dark scalar in the case with sponta-
neous symmetry breaking, whose decay into photons may naturally explain 3.5 keV
emission line observed in the GC, the Andromeda galaxy and the Perseus cluster.

In summary, the proposed oscillating scalar field is a viable dark matter candidate
with distinctive observational and experimental signatures, constituting a promising
alternative to WIMPs, which have so far evaded detection. While it is certainly
amongst the “darkest" dark matter candidates available in the literature, there may
already be astrophysical hints for its existence, and we hope that this work may
motivate future technological developments that may allow for testing its implications
in the laboratory.
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4 | Can dark matter drive electroweak
symmetry breaking?

4.1 Motivation

In this chapter we intend to study a scenario where an oscillating scalar field accounting
for dark matter, Φ, drives a non-thermal electroweak symmetry breaking (EWSB).
This possibililty can be accomplished if the reheating temperature, TR, is below ∼ 100
GeV such that the electroweak symmetry is never thermally restored. This requires
a late decay of the inflaton field and, consequently, an early-matter era. Hence, we
consider the case where Φ is coupled to the Higgs field, H, and the effects of self-
interactions and a non-minimal coupling (NMC) to curvature, similar to what we
have done in the previous chapters (see Refs. [2,3]). This chapter is based on Ref. [4].

The relevant Lagrangian density is the following:

− Lint = g2 |Φ|2 |H|2 + λφ |Φ|4 + V (H)− ξR |Φ|2 , (4.1)

where V (H) is the Higgs potential, with the usual "mexican hat" shape, g is the
coupling between the Higgs and the dark scalar, λφ is the dark scalar’s self-coupling, ξ
is a non-minimal coupling of the dark matter field to curvature and R the Ricci scalar.

In this scenario, the NMC term between Φ and R is negative, allowing the dark
scalar to develop a large vev during inflation, which contributes to the Higgs mass
during the same period. Given the interaction between the dark scalar and the Higgs
fields, the minimum of the Higgs potential depends on the amplitude of the dark scalar
field and, when the latter reaches a threshold value, EWSB occurs, as we will discuss
in detail in the following sections.
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4.2 Inflation

During inflation, the relevant Lagrangian for the dynamics of the Higgs and dark scalar
field, assuming they have no significant interactions with the inflaton field, is:

− Linf = g2

4 φ2h2 + λφ
4 φ

4 − ξ

2Rφ
2, (4.2)

where Φ = φ√
2 , H = h√

2 and the Ricci scalar can be written in terms of the Hubble
parameter,

Rinf ' 12H2
inf , (4.3)

where Hinf is defined in Eq. (2.19). Since the interaction term between φ and R has
a negative sign, the dark scalar acquires a vev during inflation, φinf . This can be
computed in the usual way, dV

dφ
= dV

dh
= 0, yielding

φinf =

√√√√12 ξ H2
inf

λφ
, hinf = 0. (4.4)

The dark scalar then provides a large mass to the Higgs field during inflation:

mh = 1√
2
g φinf '

g

λ
1/2
φ

√
6 ξ Hinf . (4.5)

We will see later that g/
√
λφ ∼ 102 if the dark scalar accounts for all dark matter.

The introduction of a scalar singlet with a vev coupled to the Higgs field may stabilize
the potential of the latter during this period. As we have pointed out in subsection
1.2.4, the Higgs self-coupling, λh, becomes negative for energy scales above 1010−1012

GeV [54]. However, the induced Higgs mass during inflation shifts the field value at
which the potential becomes negative towards values & 1010 GeV. In addition, the
presence of the coupling decreases the amplitude of the quantum fluctuations of the
Higgs field. Notice that, as we have seen in subsection 2.2, light fields during inflation
exhibit quantum fluctuations of the order of Hinf ∼ 1012 GeV, (for values of the tensor-
to-scalar ratio not too suppressed). However, if the Higgs is massive during inflation,
its quantum fluctuations are given by [93]:

〈
h2
〉
'
(
Hinf

2π

)2 Hinf

mh

, (4.6)

which, using Eq. (4.5), simplifies to

〈
h2
〉
'
(
Hinf

2π

)2 λ
1/2
φ

g
√

6 ξ , (4.7)
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corresponding to an amplitude of the quantum fluctuations
√
〈h2〉 ∼ 1011 GeV for

r ∼ 10−2. Thus, the coupling between the Higgs and the dark scalar prevents the
former from falling into the putative large field true minimum during inflation.

At the onset of the post-inflationary era, the dark scalar field will start to oscillate
with an amplitude given by Eq. (4.4). We note that the dark scalar is also heavy during
inflation, such that its de Sitter quantum fluctuations, with an amplitude

√
〈δφ2〉 '

0.05 ξ−1/4Hinf [2, 3], have a negligible effect on its expectation value φinf & Hinf , the
latter setting the initial amplitude for field oscillations in the post-inflationary epoch.

4.3 Post-inflationary period

In this model we assume that, after inflation, the inflaton field, χ, does not decay
immediately. Instead, this component evolves like matter, while oscillating about
the minimum of its potential, and an early matter-era dominates the Universe until
reheating occurs. Therefore, there are some significant changes in the dynamics of
the Universe with respect to the usual radiation dominated epoch. The scale factor,
a, evolves in time as amatt ∼ t2/3 and the Ricci scalar has a non-vanishing value,
Rmatt = 3H2, unlike its value during the radiation era (Rrad = 0). The evolution of
the inflaton energy density can be summarized in the following expression:

ρχ (a) = 3H2
end (r) M2

Pl

(
a

aend

)−3
, (4.8)

where the subscript “end" corresponds to the end of inflation. Note that Hend depends
on the inflationary model that we are assuming. Let us consider, for instance, the case
where inflation is driven by a field with a quadratic potential, V (χ) = 1

2 m
2
χ χ

2, where
mχ is the inflaton’s mass. The number of e-folds of inflation, after the observable CMB
scales become super-horizon, is given by:

Ne = − 1
M2

Pl

∫ χend

χ∗

V (χ)
V ′ (χ) dχ, (4.9)

where χend corresponds to the value of the inflaton field at the end of inflation and χ∗
is the value of the inflaton field during inflation, with χ∗ � χend. Solving this integral,
in the particular case where the inflaton has a quadratic potential, the number of
e-folds reads:

Ne '
1

4M2
Pl

χ2
∗. (4.10)
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The slow-roll parameter εχ is defined as

εχ = 1
2 M

2
Pl

(
V ′ (χ)
V (χ)

)2

, (4.11)

and, at the end of inflation, εχend ∼ 1. In the case of the quadratic potential,

εχend = 2M2
Pl

χ2
end

⇒ χ2
end = 2M2

Pl. (4.12)

Therefore, the energy density of the inflaton at the end of inflation can be written
at the expense of the energy density of the inflaton 50 − 60 e-folds before the end of
inflation, when the relevant CMB scales become super-horizon:

ρχ (χend) = V (χend)
V (χ∗)

ρχ (χ∗) , (4.13)

where ρχ (χend) = 3H2
end

M2
pl

and ρχ (χ∗) = 3H2
inf

M2
pl

. From Eqs. (4.10) and (4.12),

V (χend)
V (χ∗)

' 1
2Ne

. (4.14)

Inserting the last expression into Eq. (4.13), the Hubble parameter at the end of
inflation, Hend, is:

Hend = 1√
2Ne

Hinf. (4.15)

Although the quadratic potential is already in some tension with Planck bounds on the
tensor-to-scalar ratio [94], we will consider the above relation with Ne = 60 henceforth
in our discussion, bearing in mind that a different relation between Hend and Hinf may
lead to somewhat different results. Note that this model dependence is nevertheless
degenerate with the unknown value of the tensor-to-scalar ratio, which we take as a
free parameter.

At some point, the inflaton decays and reheats the Universe, establishing the
beginning of the radiation-dominated epoch. This scenario resembles the so-called
Polonyi problem found in many supergravity models (see, for e.g., Refs. [144–146]).
We assume that the inflaton transfers all its energy density into Standard Model
degrees of freedom at a reheating temperature TR:

ρχ (aR) = π2

30 g∗R T
4
R, (4.16)

where g∗R is the number of relativistic degrees of freedom at reheating. The reheating
temperature must be above ∼ 10 MeV, as the Universe must be radiation-dominated
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during Big Bang nucleosynthesis (BBN). We will consider the case where reheating
does not restore the electroweak symmetry, such that electroweak symmetry breaking
is controlled by the dynamics of the dark matter scalar field, i.e, TR . 80 GeV. It is
important to note that before reheating there is no notion of temperature, since the
inflaton has not yet decayed. Using Eqs. (4.8) and (4.16), the number of e-folds from
inflation until reheating, NR, reads:

NR = −1
3 ln

(
2Ne

π2

90

)
− 1

3 ln (g∗R)− 4
3 ln (TR) + 2

3 ln (Hinf (r)) + 2
3 ln (MPl)

' 46 + 1
3 ln

(
g−1
∗R

(
TR

GeV

)−4 ( r

0.01

))
, (4.17)

where we used Ne = 60.
The interesting feature of this model is that the dark scalar will control a non-

thermal EWSB. From Eq. (4.1), it is easy to see that the minimum of the Higgs
potential occurs at

|h| =
√

v2 − g2 φ2

2λh
. (4.18)

EWSB then takes place when the amplitude of the field becomes smaller then the
value:

φc =
√

2λh
v
g
, (4.19)

and that, in a few e-folds, the Higgs field should attain its final vev |h| = v. In the
following subsections, we will study the dynamics of the dark scalar when reheating
occurs after or before EWSB. Note, however, that NR (Eq. (4.17)) is determined
solely by r and TR, being independent of when EWSB takes place. Hence, our model
exhibits five free parameters: r, ξ, g, λφ and TR.

4.3.1 Reheating after electroweak symmetry breaking

The first scenario we study is the one where reheating occurs after EWSB, as illustrated
in Fig. 4.1. Before EWSB, the quartic term dominates the energy density of the
dark scalar, since φ ∝ a−1, while R ∝ H ∝ a−3/2, i.e, the NMC term decays more
rapidly. Hence, the dark scalar behaves like radiation until EWSB and, at this point,
we assume that the quadratic term of the dark scalar’s potential takes over, which
imposes constraints on our model, as we will consider in detail in subsection 4.4.
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Today

End of inflation

EWSB

Reheating

𝑵𝑬𝑾

𝑵𝑹

Dark radiation

CDM

𝑵𝒆~𝟓𝟎 − 𝟔𝟎

Figure 4.1: Time scale of the events: in this scenario, reheating occurs after EWSB.
The dark scalar behaves like dark radiation until EWSB and like CDM afterwards.
NR corresponds to the number of e-folds from inflation until reheating and NEW is the
number of e-folds from inflation until EWSB.

Therefore, the dark scalar exhibits two behaviors:
φrad (a) = φinf

(
a

aend

)−1
, aend < a < ac

φDM (a) = φc
(
a
ac

)−3/2
, a > ac

, (4.20)

where ac is the scale factor at which the EWSB takes place. At EWSB, we have:

φc = φinf

(
ac
aend

)−1
(4.21)

and, therefore, the number of e-folds from inflation until EWSB, NEW , is given by

NEW = ln (φinf )− ln (φc)

' 27 + ln
√ξ g√

λφ

(
r

0.01

)1/2
 . (4.22)

Once reheating occurs, the Universe enters the usual radiation-dominated epoch.
Thus, we can now consider a temperature and the number of dark matter particles in
a comoving volume, nφ/s, becomes constant. The dark scalar amplitude is, then:

φ (aR) = φc

(
aR
ac

)−3/2

= φc e
− 3

2 (NR−NEW ). (4.23)

where

NR−NEW = 20.7− 1
3 ln (g∗R)− 4

3 ln
(
TR

GeV

)
− 1

6 ln
(

r

0.01

)
− ln

√ξ g√
λφ

 . (4.24)
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Introducing the last equation into Eq. (4.23), the amplitude of the field at reheating
becomes:

φR ≡ φ (aR) = 3.2× 10−14 φc
√
g∗R

(
r

0.01

)1/4 ( TR
GeV

)2
√ξ g√

λφ

3/2

= 4× 10−12√g∗R
(

r

0.01

)1/4 ( TR
GeV

)2
√ξ g1/3√

λφ

3/2

GeV. (4.25)

The number of particles in a comoving volume at TR is, then:(
nφ
s

)
R

= 1
2 mφ φ

2
R

45
2π2

1
g∗R

1
T 3
R

, (4.26)

where mφ stands for the dark scalar mass once the electroweak symmetry is broken
and is given by:

mφ = 1√
2
g v. (4.27)

The present dark matter abundance then reads:

Ωφ,0 = mφ

3H2
0 M

2
Pl

(
nφ
s

)
R
s0

=
m2
φ

6H2
0 M

2
Pl

φ2
R

g∗0
g∗R

(
T0

TR

)3
, (4.28)

where g∗0, T0 and H0 are the present values of the number of relativistic degrees of
freedom, CMB temperature and Hubble parameter, respectively.

Replacing Eq. (4.25) into the last expression, using Eq. (4.27) and fixing Ωφ,0 =
0.26, we get a relation between g and λφ:

g ' 4× 102
(

TR
10 GeV

)−1/3 ( r

0.01

)−1/6
ξ−1/2 λ

1/2
φ , (4.29)

which depends only on ξ, r and TR.

4.3.2 Reheating before electroweak symmetry breaking

The second putative scenario is the case where reheating occurs before EWSB, as
illustrated in Fig. 4.2. Since the number of e-folds from inflation until reheating
does not depend on when EWSB takes place (only depends on the inflaton and its
decay into Standard Model particles), NR is given by Eq. (4.17). In turn, NEW only
depends on φinf and φc and, therefore, it was computed already in Eq. (4.22). The
difference between this and the previous scenario is that NEW should be larger than
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Today

End of inflation

Reheating

EWSB

𝑵𝑹

𝑵𝑬𝑾Dark radiation

CDM

𝑵𝒆~𝟓𝟎 − 𝟔𝟎

Figure 4.2: Time scale of the events: in this putative scenario, reheating occurs
before EWSB. The dark scalar behaves like dark radiation until EWSB and like CDM
afterwards. NR corresponds to the number of e-folds from inflation until reheating
and NEW is the number of e-folds from inflation until EWSB.

NR. The dark scalar behaves like dark radiation from reheating until EWSB, and after
which nφ/s becomes constant. From reheating onwards, the Universe enters the usual
radiation-dominated epoch and R = 0.

The amplitude of the field at reheating is different from the previous scenario:

φR = φinf

(
aR
aend

)−1
= φinf e

−NR , (4.30)

and now we have a defined temperature and can write the amplitude of the field as a
function of the temperature:

φrad (T ) = φR
T

TR

(
g∗T
g∗R

)1/3

. (4.31)

This can be used to compute the temperature at which EWSB occurs, Tc:

Tc = φc
φR

TR

(
g∗c
g∗R

)−1/3

. (4.32)

At Tc the dark scalar stops holding the Higgs at the origin. Notice, however, that Tc
must be smaller than the usual TEW ∼ 80 GeV, so that the dark scalar can control the
EWSB and the latter is not restored by thermal effects. By doing the same procedure
as in the previous subsection, since nφ/s is constant as soon the field starts to behave
like CDM, the present dark matter abundance is:

Ωφ,0 =
m2
φ

6H2
0 M

2
Pl

φ2
c

g∗0
g∗c

(
T0

Tc

)3
. (4.33)

83



4- Can dark matter drive electroweak symmetry breaking?

Once the electroweak symmetry is broken, the dark scalar mass is mφ =
(
1/
√

2
)
g v,

as we have seen in Eq. (4.27). In turn, φc =
√

2λh v/g, as stated in Eq. (4.19).
Introducing these two quantities in Eq. (4.33), and solving for Tc, we get:

Tc =
(

2λh v4

12H2
0 M

2
Pl

)1/3 (
g∗0
g∗c

)1/3
T0

Ω1/3
φ,0
∼ 7× 105

(
g∗0
g∗c

)1/3

GeV, (4.34)

where we have fixed Ωφ,0 = 0.26.
Hence, from Eq. (4.34), we may conclude that, for reheating to occur before EWSB,

Tc must be well above TEW ∼ 80 GeV. This is not consistent with our reasoning
given that, at that temperature, the Higgs thermal mass is still sufficiently large
to hold the latter at the origin, such that EWSB does not occur at Tc as assumed
and, consequently, the dark scalar remains massless and behaves as dark radiation, as
opposed to our starting assumption. In the remainder of this chapter, we will thus
focus only on the case where reheating occurs after EWSB, given that in this scenario
the dark scalar, in addition to being a viable dark matter candidate, can also control
a non-thermal EWSB.

4.4 Model constraints

As stated, this model assumes that inflation is driven by some field, χ. Therefore, we
have to ensure that the dark scalar is sub-dominant during inflation:

V (φinf ) < 3H2
infM

2
Pl. (4.35)

During inflation, the amplitude of the field is given by Eq. (4.4), and its energy density
is dominated by the quartic and NMC terms:

V (φinf ) '
λφ
4 φ

4
inf −

ξ

2 Rφ
2
inf

' −122

4 ξ2 H
4

λφ
. (4.36)

Using Eqs. (4.35) and (4.36),∣∣∣∣∣−122

4 ξ2 H
4

λφ

∣∣∣∣∣ < 3H2
infM

2
Pl ⇒ φinf <

MPl√
ξ
, (4.37)

preventing the dark scalar from affecting the dynamics of inflation.
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4- Can dark matter drive electroweak symmetry breaking?

Moreover, we assume that the field starts to behave like CDM at EWSB. This
means that the quadratic term has to dominate over the quartic term at EWSB, that
is, g2 v2 φ2

c/ (λφ φ4
c) > 1, which translates into the following condition:

g4 > 2λhλφ. (4.38)

Furthermore, radiative corrections to the quartic coupling from the Higgs-portal cou-
pling sould be small, unless we accept some degree of fine-tuning:

δλφ ∼
g4

16π2 < λφ. (4.39)

From the experimental point of view, the Higgs may decay into dark scalar pairs with
a decay width

Γh→φφ '
1

8π
g4v2

4mh

, (4.40)

leading to a Higgs branching ratio to invisible particles, Br (Γh→inv) (we assume
Γh→inv = Γh→φφ) :

Br (Γh→inv) = Γh→inv
Γh + Γh→inv

. (4.41)

Current limits from the LHC establish an upper bound for the branching ratio [124]:

Br (Γh→inv) < 0.23. (4.42)

Using Γh = 4.07× 10−3 GeV [108], the branching ratio as function of the dark scalar
mass is

Br (Γh→inv) '
m4
φ

8× 105 +m4
φ

, (4.43)

corresponding to an upper bound on g:

g < 0.13, (4.44)

which translates into an upper bound mφ . 22.6 GeV. In addition, we should impose
constraints on the model to avoid the evaporation of the condensate and its consequent
thermalization into a WIMP-like candidate.

4.4.1 Condensate evaporation

The dark scalar provides mass to the Higgs field for the period before EWSB. Since
φ is oscillating, this could induce oscillations of the Higgs mass, given that the latter
depends on the dark scalar field, which could constitute a problem: ifmh <

√
3λφ φrad,
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Higgs production by the oscillating condensate is possible and this may destroy the
condensate. However, there are ways of evading this scenario.

One of them is to provide initial conditions to the field so that its absolute value,
and hence the Higgs mass, does not oscillate. To do so, we can introduce a mechanism
similar to the Affleck-Dine mechanism [147], making the field oscillate in the complex
plane such that its modulus does not (significantly) oscillate. In this way, the condition

mh >
√

3λφ φrad (4.45)

is always satisfied. For this we need to introduce angular momentum in field space,
which can be accomplished by introducing terms in the potential that depend also on
the phase of the dark scalar field. One possibility is that the interaction term between
the field and the curvature depends on the value of the field, and not on its absolute
value. Other possibilities are non-renormalizable terms in the dark scalar’s potential.
This violates explicitly the global U (1) symmetry but the Z2 symmetry remains
intact, avoiding the dark scalar decay. Notice that these are natural possibilities, since
gravitational interactions do not, in principle, respect global symmetries, so that U (1)
violating terms arising from gravitational interactions should in general be present.
Therefore, we may consider the following potential:

V (φ) = −ξ R
(
φ2 + h.c.

)
+ 1
M4

Pl

(
c φn+4 + h.c.

)
+ λφ |Φ|4 + g2 |Φ|2 |H|2 , n > 4,

(4.46)
where c is an O (1) constant and n is an integer. Note that the non-minimal coupling
term disappears when reheating occurs and the non-renormalizable term becomes
suppressed with time faster than φ4. Since the value of Ricci scalar during inflation
differs from its value at the end of inflation, the phase of φ at the minimum is different
during and after inflation, thus making the dark scalar oscillate in the complex plane.
This prevents |φ| from oscillating significantly, such that the Higgs never becomes light
enough to be produced.

Another way of solving the problem is to couple the Higgs field to the inflaton, χ,
with an interaction term of the form

g2
h χ

2 |H|2, (4.47)

where gh is the Higgs coupling to the inflaton. Notice that when reheating occurs and
the Universe enters a radiation-dominated epoch, χ vanishes. In addition, the dark
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matter field continues to control the EWSB, since the inflaton, behaving like matter,
decays with a−3/2, more rapidly than the dark scalar, which decays with a−1.

The contribution of the inflaton term to the Higgs mass is

mh = 1√
2
gh χ. (4.48)

We have to ensure that (see Eq. (4.45))

1√
2
gh χc >

√
3λφ φc, (4.49)

which imposes an upper bound on gh. The inflaton’s amplitude at EWSB, χc, is

χc = χend

(
φc
φinf

)3/2

, (4.50)

where χend is the inflaton’s amplitude at the end of inflation. Introducing the last
expression into Eq. (4.49) and using the relation between g and λφ, the lower limit on
gh is:

gh & 2
(

r

10−4

)2/3 ( TR
10 GeV

)−1/6 (χend
MPl

)−1
ξ5/4

(
Hend

Hinf

√
Ne

)3/2

. (4.51)

Notice that smaller values of r, corresponding to lower inflationary scales, allow for
lower couplings gh. Also, note that the Higgs mass receives two oscillating contribu-
tions to its mass, from φ and χ. However, since they will not, in general, be in phase,
the Higgs mass should not oscillate significantly thus preventing its production.

The Universe is still in a matter-dominated era at EWSB if the reheating period
occurs after that. The Hubble parameter can be computed using the expression for
the inflaton’s energy density given in Eq. (4.8):

H2
c = ρχ (ac)

3M2
Pl

=
H2
inf

2Ne

e−3NEW . (4.52)

Provided that there is no thermal bath at EWSB, the only possible channel for the
condensate evaporation is the perturbative production of φ-particles by the oscillating
background condensate. The dark scalar behaves like radiation until EWSB and the
condensate decay width is given by [2, 3]:

Γφ→δφδφ ' 4× 10−2 λ
3/2
φ φrad, (4.53)
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where, at EWSB, φrad = φc . Condensate evaporation is avoided if the following
condition holds

Γφ→δφδφ
H

∣∣∣∣∣
c

< 1. (4.54)

Note that, after EWSB, this production channel is blocked (see Refs. [2,3]). Therefore,
from Eq. (4.54) we find that

g < 6× 10−13
(

r

0.01

)−1/2
ξ−3/2 λ

−3/2
φ , (4.55)

and using the relation between g and λφ (Eq. (4.29)), the upper bound on g reads (for
Ne = 60):

g < 0.06
(

TR
10 GeV

)−1/4 ( r

0.01

)−1/4
ξ−3/4. (4.56)

4.5 Results

In this subsection we summarize our results, taking into account all the different
constraints analyzed earlier. We present the results for the regions in the (λφ, g) plane
where all model constraints are satisfied, namely Eqs. (4.37) - (4.39) and (4.55). We
choose to represent the results for values of the tensor-to-scalar ratio r = 10−2 and
non-minimal coupling ξ = 0.1, 1, as illustrated in Fig. 4.3.

In Fig. 4.3, we can see that there is a window where our model can explain dark
matter, for masses larger than the ones we found in the scenarios of the previous
chapters. For instance, we can see that g ∼ 10−2 is allowed, which corresponds to
mφ ∼ 1 GeV. We may conclude that an early matter-era blocks light masses, mainly
because we do not want our dark matter candidate to affect the dynamics of inflation.

In fact, it is possible to get an analytic expression for the window of possible values
for g and λφ, taking into account the intersections with the “forbidden” regions. Hence,
since we do not want that the dark scalar affects inflation (Eq. (4.37)) and using the
relation between the Higgs portal and the dark scalar self-interactions couplings (Eq.
(4.29)), the constraint on g becomes

g > 103
(

TR
10 GeV

)−1/3 ( r

0.01

)−1/6
ξ1/2 Hinf

MPl

, (4.57)

which translates into

mφ > 3
(

TR
10 GeV

)−1/3 ( r

0.01

)1/3
ξ1/2 GeV. (4.58)
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Figure 4.3: Regions in the (λφ, g) plane where the constraints in Eqs. (4.37) - (4.39)
and Eq. (4.55) are satisfied, for r = 10−2 and ξ = 0.1, 1. The red band encompasses
the values of g and corresponding λφ that can account for the present dark matter
abundance, if φ makes up all the dark matter, for 10 MeV < TR < 80 GeV (the upper
line in the red band corresponds to TR = 10 MeV and the lower line corresponds to
TR = 80 GeV). The excluded regions correspond to fine-tuned models (dark gray),
super-Planckian dark scalar vevs during inflation, i.e, φinf > MPl/

√
ξ, (blue) and

scenarios where the dark scalar behaves as dark radiation and not as dark matter
at or after EWSB (yellow). The dashed purple line yields the current experimental
limit on the branching ratio of the Higgs invisible decays, Brinv . 0.23, and the green
region in the upper right corner corresponds to scenarios for which the condensate
evaporates.
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In turn, requiring that the field behaves like CDM at EWSB (Eq. (4.38)), and using
the relation between couplings (Eq. (4.29)), we find a lower bound on g:

g >

√
2λh

4× 102

(
TR

10 GeV

)1/3 ( r

0.01

)1/6
ξ1/2, (4.59)

and, consequently, a lower bound on the mass

mφ & 0.2
(

TR
10 GeV

)1/3 ( r

0.01

)1/6
ξ1/2 GeV. (4.60)

The fine-tuning constraint allows only Higgs portal couplings below the following
threshold

g <
(16π2)1/2

4× 102

(
TR

10 GeV

)1/3 ( r

0.01

)1/6
ξ1/2, (4.61)

imposing an upper bound on the mass:

mφ . 6
(

TR
10 GeV

)1/3 ( r

0.01

)1/6
ξ1/2 GeV. (4.62)

Taking into account all these restrictions, together with the bound coming from the
condensate evaporation, Eq. (4.56), and knowing beforehand the region that the LHC
is already able to probe, Eq. (4.44), we can build a plot and check the possible values
for masses, predicted by our model, for r = 10−2 and r = 10−4, and non-minimal
coupling ξ = 0.1, 1, 10. This is illustrated in Fig. 4.4.

From Fig. 4.4 we may conclude that our model predicts masses for the dark scalar
in the range of 1 − 8 GeV, depending on the values of the tensor-to-scalar ratio and
non-minimal coupling chosen.

For instance, for mφ ' 6 GeV, this provides Br (Γh→inv) ' 2 × 10−3, which might
be probed in the LHC in the near future, given that this is not too far from the current
experimental limit (Eq. (4.42)). However, notice that large values of the NMC are
only allowed for lower values of r.

4.6 Summary

In this chapter, we have analyzed the possibility of an oscillating scalar field, ac-
counting for all the dark matter in the Universe, driving a non-thermal spontaneous
breaking of the electroweak symmetry. The dark scalar is coupled to the Higgs field
through a standard “Higgs-portal" biquadratic term, has no bare mass terms due to
an underlying scale invariance of the theory, and has a negative non-minimal coupling
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Figure 4.4: Allowed values for the dar scalar mass as a function of the reheating
tempeature, for 10 MeV < TR < 80 GeV and considering different values for the non-
minimal coupling to curvature ξ and tensor-to-scalar ratio r.

to curvature. The latter, in particular, allows the dark scalar to develop a large
expectation value during inflation. This holds the Higgs field at the origin both during
and after inflation, until the dark scalar’s oscillation amplitude drops below a critical
value at which EWSB takes place. This prevents, in particular, the Higgs field from
falling into the putative global minimum at large field values during inflation, ensuring
at least the metastability of the electroweak vacuum.

The proposed scenario assumes a late decay of the inflaton field, such that re-
heating does not restore the electroweak symmetry, while the reheating temperature
is still large enough to ensure a successful primordial nucleosynthesis8. Therefore,
the Universe is still dominated by the inflaton field for a parametrically long period
after inflation, while it oscillates about the minimum of its potential and behaves as a
pressureless fluid. In fact, we have shown that consistent scenarios require reheating to
occur only after EWSB, such that the latter occurs in the inflaton matter-dominated
epoch essentially in vacuum.

Compared to other scenarios of scalar field dark matter where the Higgs is the
only source of mass for the dark scalar field [1–3], we have shown that this allows
for larger Higgs-portal couplings and hence dark scalar masses, since there are no

8We note that such low reheating temperatures require non-thermal baryogenesis scenarios such
as e.g. the Affleck-Dine mechanism [147,148].
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thermalized particles in the Universe that could lead to an efficient evaporation of
the scalar condensate until EWSB takes place. The dark scalar’s oscillations, while it
behaves as dark radiation, could themselves lead to particle production, but this can
either be kinematically blocked in the case of Higgs production or made less efficient
by the faster expansion of the Universe in a matter-dominated regime, as compared
to the standard radiation epoch.

Overall, we have concluded that consistent scenarios where the dark scalar (1)
does not affect the inflationary dynamics, (2) has technically natural values for its
self-coupling (i.e. requiring no fine tuning), and (3) starts behaving as cold dark
matter after it breaks the electroweak symmetry, require dark scalar masses in the
few GeV range, unless inflation occurs much below the grand unification scale. This
looks promising from the experimental perspective, since it allows for Higgs invisible
branching ratios . 10−3, which may be within the reach of colliders in a hopefully not
too distant future.

We thus reply “Yes, it can" to the fundamental question posed in this work and
hope that testing this idea may shed a new light on the nature of dark matter and on
its role in the cosmic history.

92
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Dark matter constitutes almost 27% of the matter-energy content of the Universe,
with evidence arising from different analysis, such as the galaxy rotation curves, the
CMB anisotropies and the case of the Bullet Cluster, as depicted in subsection 1.4.1.
Although its origin and nature remain unknown, there is a plethora of models that
try to explain what dark matter is made of. Most of these dark matter candidates are
WIMPs, a set of particles produced thermally in the early Universe and, despite the
vast number of ongoing experiments that try to catch them, WIMPs have evaded
observations so far. Maybe it is time to search for another type of dark matter
candidate and present an alternative to the WIMP paradigm.

With this idea in mind, in this thesis, we propose an alternative dark matter can-
didate: an oscillating scalar field that acquires its mass through the Higgs mechanism.
Although the connection between dark matter and the Higgs is not novel, since in the
literature we can find several models that explore this link, our idea has a different
feature: due to very feeble interactions with the Higgs, the oscillating scalar field
behaves like a scalar condensate that is never in thermal equilibrium during all of its
cosmic history, making it different from a WIMP. The present work elaborates on the
dynamics and phenomenology of such dark matter candidate.

Hence, in chapter 2, we have considered a simple model, where the oscillating scalar
field has negligible self-interactions. The field remains massless until the electroweak
phase transition, where the Higgs field acquires its vev and provides mass to our
dark matter candidate. We were able to find a relation between its mass and initial
amplitude of oscillations that can account for the observed dark matter abundance.
We have then described the dynamics of the dark scalar during inflation, which sets the
initial conditions for the post-inflationary evolution and we have presented particular
realizations of a weak coupling between the dark scalar and Higgs fields leading to
the required field mass to account for dark matter, considering firstly the case of non-
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renormalizable operators and then a bulk scalar field in the Randall-Sundrum scenario
for a warped extra-dimension. Since the coupling to the Higgs is so small, g ∼ 10−16,
this dark matter candidate may be very difficult to find in a near future.

In chapter 3, we have extended the model introduced previously by including a
quartic term in the field’s potential accounting for its self-interactions. We have studied
the dark scalar field dynamics from the inflationary period to the electroweak phase
transition. We have analyzed separately the cases where the Higgs portal coupling
is positive and negative, and computed the present dark matter abundance in both
scenarios. Assuming that this candidate accounts for all dark matter, we have obtained
a relation between the Higgs portal coupling, g, and the self-interactions coupling, λφ.
In addition, we have explored the phenomenology of these scenarios, discussing possible
astrophysical signatures and experiments that could test them in the laboratory. In
particular, we have shown that there is a promising case for detecting this dark scalar:
a 7 keV dark scalar may decay into photons, which naturally explains the observed
galactic and extra-galactic 3.5 keV X-ray line.

Finally, in chapter 4, we have analyzed the possibility that an oscillating scalar field,
accounting for dark matter and coupled to the Higgs boson, controls a non-thermal
electroweak symmetry breaking. We have assumed a late decay of the inflaton field,
which leads to an early-matter era. In addition, the dark scalar acquires a vev during
inflation, which contributes to the Higgs mass during the same period. The minimum
of the Higgs is then controlled by the dark scalar field and the electroweak symmetry
breaking takes place when the amplitude of the latter falls below a critical value. We
have studied the cases where reheating occurs after or before the electroweak symmetry
breaking and found that this model provides a dark matter candidate heavier than
the ones considered in the previous chapters, making it more likely to be detected in
laboratory experiments.

As a final note, this work has shown that dark matter, as the known particles
in the Standard Model, may acquire mass through the Higgs mechanism, despite
its hidden/sequestered nature. It has demonstrated, in addition, that the Higgs
portal can offer alternative dark matter candidates to the thermal WIMPs typically
considered in the literature, and that the properties of dark matter can also be used
to probe the mechanism behind inflation in the early Universe. We thus hope that our
work motivates further exploration of the different possibilities presented and other
potentially related scenarios.
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A | Effects of the reheating period
in the ultra-light Higgs Por-
tal scalar field dark matter sce-
nario

Despite the mass of the dark matter field vanishing in the radiation-era before elec-
troweak symmetry breaking, one must check whether the reheating period can affect
the results presented in subsection 2.2. During this period,

m2
φ

H2 = 3c V (χ)
V (χ) + 1

2 χ̇
2 + ρR

, (A.1)

where ρR corresponds to the radiation energy density. Since during inflation we have
m2
φ/H

2 ' 3c ∼ 1, the dark matter field will be overdamped (or at most critically
damped), mφ . H, in the post-inflationary eras, as we mentioned above, and we do
not expect the dark matter field to oscillate during reheating. Nevertheless, before
the radiation era, where m2

φ/H
2 ∼ V (χ)/ρR � 1, there may be a period of inflaton

matter-domination, where the latter oscillates about the minimum of its potential
but has not yet decayed significantly. Neglecting ρR in the equation above, we have
m2
φ/H

2 = 3c/2, and it is easy to check that during this period the field amplitude
decays as tα, where

α = 1
2

−1 +
√

1− 8
3c
 . (A.2)

Thus, the field does not oscillate in this period for c < 3/8, which corresponds to
mφ . 1.1Hinf during inflation, which is compatible with the Planck bounds on CMB
isocurvature modes. For example, for c = 1/3, we have α = −1/3, such that the field
amplitude will decay as a−1/2, implying that the inflaton-dominated matter era may
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last for a few e-folds without significantly decreasing the dark matter field amplitude.
The duration of this era is, of course, model-dependent, and we note that there are
scenarios where this era is, in fact, absent and the slow-roll regime is immediately
followed by radiation-domination, such as when the inflaton has a quartic potential or
in warm inflation scenarios (see e.g. Ref. [149]).

The interactions between the inflaton and the φ field may also lead to the production
of φ-particles during reheating. We expect this to be a negligible process in general
due to the non-renormalizable nature of the interactions, since close to the minimum
of the inflaton potential at χ0, we have:

L = c
V (χ)φ2

M2
P

= c

2
m2
χ

M2
P

χ2φ2 + . . . ≡ g2χ2φ2 + . . . (A.3)

where m2
χ = V ′′(χ0) is the inflaton mass at the minimum and we assumed a vanish-

ing vacuum energy. If this mass coincides with the inflaton mass during inflation,
m2
χ = 3ηH2

inf , taking into account the amplitude and tilt of the primordial curvature
spectrum, this yields an effective coupling:

g2 ∼ 10−12
(

η

0.01

)(
r

0.01

)
. (A.4)

This coupling may be even more suppressed if the inflaton mass at the minimum is
considerably smaller than its value during inflation. It is thus not hard to envisage
scenarios where the inflaton couples more strongly to Standard Model particles such
that only a negligible fraction of the inflaton’s energy is converted into φ-particles
during reheating, ensuring a sufficiently long radiation-dominated era.

One may nevertheless ask whether such particles could contribute to the present
dark matter abundance. Due to their extremely small coupling to Standard Model
particles (as we described in the previous sections) and to the inflaton, φ-particles
never thermalize in the cosmic history, so that their final abundance is set entirely
by their initial abundance, i.e. by the inflaton decay χ → φφ. Their initial number
density is thus (following Ref. [150]):

nφi = Bφnχ = 2Bφ
π2 g∗
30

T 4
R

mχ

, (A.5)

where TR is the reheating temperature, assuming instantaneous reheating in the worst-
case scenario, and Bφ is the branching ratio of inflaton decays into dark matter
particles. The latter may be relativistic when produced if the φ mass is already
considerably smaller than the inflaton mass, such that they have initial momentum
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pφi ∼ mχ/2. As they are always decoupled from the cosmic plasma, their momentum
simply redshifts with expansion by a factor e−Ne , where Ne denotes the number of
e-folds of expansion after inflation. Taking mφ ∼

√
ηHinf ∼ 1012 GeV and Ne ' 60,

we obtain a present momentum pφ0 ∼ 10−5 eV, which is comparable to the present
mass of the dark matter particles in the range of interest to our scenario. This means
that the dark matter particles should only be mildly relativistic today, Eφ0 ∼ mφ.
Then:

Ωφ0 '
mφnφ0

3H2
0M

2
P

= mφs0

3H0M2
P

(
nφi
si

)
' 0.01Bφ

(
mφ

10−5 eV

)(
TR

1015 GeV

)(
mχ

1012 GeV

)−1
,

(A.6)
where we have used that nφ/s remains constant for a decoupled species. We thus
see that, due to the smallness of their mass, φ-particles from the inflaton decay
generically give a negligible contribution to the present dark matter abundance, even
if the branching ratio is not too suppressed.

In summary, we do not expect the reheating period to considerably modify our
analysis in general in chapter 2, so that we may neglect its effects in computing the
present dark matter abundance.
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B | Effects of the non-minimal cou-
pling to gravity on an oscillat-
ing scalar field

Consider a homogeneous scalar field φ that is oscillating about the minimum of a
potential V (φ) much faster than Hubble expansion, i.e. in the regime where the
effective field mass mφ � H. In this regime we then have that:

d

dt
〈φφ̇〉 = 〈φ̇2〉+ 〈φφ̈〉 = 〈φ̇2〉 − 〈V ′(φ)φ〉 = 0 , (B.1)

in a stationary configuration for quantities averaged over the oscillating period, where
we have used the equation of motion φ̈ = −V ′(φ) discarding the sub-leading effects of
expansion. We thus obtain the virial theorem:

〈φ̇2〉 = 〈φV ′ (φ)〉

= n〈V (φ)〉, (B.2)

where the second line is valid for a potential of the form V (φ) ∼ φn. Since R ∼ H2 �
m2
φ and φ̇ ∼ mφφ, we may discard the terms that include R or H explicitly in the

expressions for the field’s energy density and pressure given in Eq. (3.11), assuming
ξ . 1. We may then write these quantities approximately as:

ρφ '
φ̇2

2 + V (φ) ,

pφ '
1
2 φ̇

2 − V (φ)− 4ξ
(
φ̇2 − φV ′ (φ)

)
. (B.3)

It is easy to check, using the virial relation (B.2), that the term proportional to ξ
vanishes on average, thus yielding the usual expressions for the energy density and
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pressure of a homogeneous scalar field in minimally-coupled general relativity. This
leads to the following equation of state parameter w:

w ≡ p

ρ

' n− 2
n+ 2 . (B.4)

Also, for mφ � H, the field’s equation of motion reads

φ̈+ 3Hφ̇+ V ′ (φ) = 0 , (B.5)

and, multiplying both sides by φ̇, we obtain the standard continuity equation:

d

dt

(1
2 φ̇

2 + V (φ)
)

+ 3Hφ̇2 = ρ̇φ + 3H(ρφ + pφ) = 0 . (B.6)

Hence, the non-minimal coupling to gravity ξ does not affect the field’s dynamics and
properties in an underdamped regime.
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