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ABSTRACT

We consider three models that address the nature of dark matter and that are
characterized by the presence of new scalar fields. In one of them, dark matter is
constituted by a particle with identical quantum numbers as the Higgs boson. In
the other two, the stability of dark matter is due to a discrete symmetry that arises
from the spontaneous breaking of a global symmetry. Consequently, both scenarios
contain a Goldstone boson and another particle that mixes with the Higgs boson.
We investigate the phenomenological consequences in cosmology as well as in direct
and indirect dark matter experiments. In particular, we analyze the gamma-ray
spectral features that arise in dark matter annihilations from every scenario, concretely
monochromatic lines, virtual internal bremsstrahlung and gamma-ray boxes. For
the first model, we show that the one-loop annihilation into gamma-rays violates
unitarity and argue that including the so-called Sommerfeld effect solves this problem.
In addition, for the second and third models, we study the contribution of their
Goldstone boson to the radiation density of the Universe as well as its role in dark

matter production during the Early Universe.

ZUSAMMENFASSUNG

Wir untersuchen drei Modelle, die die Beschaffenheit der Dunklen Materie beschreiben
und sich durch die Existenz von neuartigen Skalarfeldern auszeichnen. In einer
dieser Szenarien ist die Dunkle Materie ein Teilchen mit identischen Quantenzahlen
wie das Higgs-Boson, wahrend in den anderen beiden Modellen die Stabilitit des
Dunkle-Materie Teilchens durch eine diskrete Symmetrie garantiert wird, welche
ihren Ursprung in der spontanen Brechung einer globalen Symmetrie hat. Folglich
beinhalten beide Modelle ein Goldstone-Boson und ein weiteres Teilchen welches sich
mit dem Higgs-Boson mischt. Wir untersuchen die phéanomenologischen Konsequenzen
im Gebiet der Kosmologie sowie fiir Experimente zur indirekten und direkten Suche
nach Dunkler Materie. Insbesondere untersuchen wir fiir jedes der Szenarien spektrale
Merkmale der Gammastrahlung, welche in der Annihilation der Dunklen Materie
entsteht; im speziellen betrachten wir monochromatische Linien, Virtuelle Interne
Bremsstrahlung und boxférmige Spektren. Im Falle des ersten Modells zeigen wir dass
die one-loop Annihilation in Gammastrahlung die Unitaritdt der Theorie verletzt, und
wir argumentieren, dass die Beriicksichtigung des sogenannten Sommerfeld-Effekts
dieses Problem 16st. Fiir das zweite und dritte Modell untersuchen wir den Beitrag
des Goldstone-Bosons zur Strahlungsdichte im Universum sowie seine Rolle in der

Produktion der Dunklen Materie in der Anfangsphase des Universums.
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Introduction

The Standard Model (SM) has been spectacularly confirmed at the Large Hadron Collider (LHC).
In particular, we are sure about the existence of the Higgs boson [1,2], which is -to the best of our
knowledge- the first elementary scalar that has been observed. Nevertheless, only a small part of
the Universe is described by the SM. In fact, the nature of so-called dark matter is unknown in
spite of its gravitational effects in the dynamics of galaxies, clusters of galaxies or in the Universe
at large scale (for a review see [3-5]). Because of this, it is reasonable that other scalar particles
exist and that they are closely related to the properties of dark matter. Consequently, in this
thesis we consider some extensions of the Standard Model that address the nature of dark matter
and that are characterized by the presence of new scalar particles.

In analogy to the Higgs boson, it is conceivable that some of these scalar particles belong to
another scalar doublet. In fact, this is not counter-intuitive as each fermionic representation in
the SM is repeated three times. In this work we address this possibility, specifically we study the
Inert Doublet Model (IDM) [6-18], a minimal extension of the SM which consists in introducing
one extra scalar doublet, odd under an unbroken Z; symmetry, with identical gauge quantum
numbers as the SM Higgs. The discrete symmetry ensures the stability of the lightest extra
particle, which could therefore be a candidate for dark matter. In spite of the minimality of the
IDM, its phenomenology is very rich. In this work we particularly focus in the possibility of
detecting signatures of the IDM through the observation of the gamma-rays that are produced
in dark matter annihilations. We will see that -in order to do that properly- we must consider a
non-perturbative effect usually called Sommerfeld enhancement [19/-28].

Even if dark matter is not made of scalar particles, these can still play an important role in its
phenomenology. In this thesis we investigate two models in which scalar particles are closely
related to the stability of dark matter. In general, the latter is likely due to the existence of a
preserved, or very mildly broken, symmetry in the Lagrangian (see [29] for a review of possible
explanations to the dark matter stability). The simplest symmetry that ensures the absolute
stability of the dark matter particle is a discrete Zy symmetry, as in the IDM case. The discrete
symmetry in the Lagrangian could be imposed by hand or could, perhaps more plausibly, arise as
a remnant of the breaking of a global continuous symmetry. Indeed, if a global U(1) symmetry
is spontaneously broken by a scalar field with charge 2 under that symmetry, a discrete Zs
symmetry automatically arises in the Lagrangian [30].

As in the case of the IDM, the phenomenology of these models is very rich. In fact, the
spontaneous breaking of a global continuous symmetry, as is well known, gives rise to massless

Goldstone bosons in the spectrum [31H33]. In this work we show that the Goldstone boson that
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arises in this framework could contribute to the radiation density of the Universe and can mimic
neutrinos in the Cosmic Microwave Background [34,35]. In addition, we argue that the Goldstone
bosons associated to the stability of the dark matter also play a crucial role in the dark matter
production. Moreover, we show that these models predict the existence of a C'P-even scalar
with similar properties to the SM Higgs. In fact, this leads to the interaction of the dark matter
particle with nucleons, thus opening the possibility of detecting signatures of these models in
direct dark matter search experiments. We also discuss the phenomenological implications of
these models in indirect detection experiments.

This thesis consists of four parts. Part [[] which includes chapters[I]and [2] introduces the basics
of dark matter phenomenology. Part [[I, which consists of chapters [3] [4] [5] and [6] discusses the
IDM. Concretly, in chapter [3] we introduce the model. In chapter [4] we discuss the annihilation
of dark matter into photons and show that we must include a non-perturbative effect, which
we address in chapter ] In chapter [6] we discuss the limits on the IDM coming from dark
matter indirect detection experiments with gamma-rays. Subsequently, in part [[TI} consisting
on chapters [9) and [10} we introduce two models in which the stability of dark matter is due
to the spontaneous breaking of a global symmetry. Chapter [J] discusses the conditions under
which the corresponding Goldstone-boson contributes to the radiation density of Universe, and
in chapter using dark matter indirect detection experiments with gamma-rays, limits on these
models are derived. Finally, we conclude this thesis in part

Some parts of this work have been also discussed in separate articles:

[36] Novel Gamma-ray Spectral Features in the Inert doublet Model,
C. Garcia-Cely and A. Ibarra,
JCAP 1309, 025 (2013)

[37] Dark matter production from Goldstone boson interactions and implications
for direct searches and dark radiation,
C. Garcia-Cely, A. Ibarra and E. Molinaro,
JCAP 1311, 061 (2013)

[38] Cosmological and astrophysical signatures of dark matter annihilations into
pseudo-(Goldstone bosons,
C. Garcia-Cely, A. Ibarra and E. Molinaro,
JCAP 1402, 032 (2014)

[39] Sommerfeld Enhanced Gamma-Ray Spectral Features from the Inert doublet
Model,
C. Garcia-Cely, M. Gustafsson and A. Ibarra,
To be submitted
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Chapter 1

Introduction to Dark Matter

Before describing the models under consideration in this thesis, we first introduce the basic
concepts of dark matter phenomenology. In particular, in this chapter we discuss the evidence

that supports the existence of dark matter and describe the properties that this must have.

1.1 Elements of Standard Cosmology

Standard Cosmology is built upon the Cosmological Principle, which states that the Universe at
sufficiently large scales is isotropic and homogeneous. By demanding a solution of the Einstein’s
General Relativity Equations in agreement with this principle, one arrives at the conclusion
that there is a reference frame where the space-time metric takes the so-called Friedmann-
Lemaitre-Robertson-Walker (FLRW) form ﬂ In spherical coordinates t,r, 6, ¢ this metric is

dr?
1— kr2

ds* = dt* — a(t)* ( + r%(sin® 0 + (f>2)> , (1.1)
where k£ = 0,1 or —1 for a flat, positively curved or negatively curved Universe respectively. The
reference frame where the metric takes this particular form is called the comoving frame.

The function a(t) in Eq. is usually called the scale factor and it accounts for the expansion
of the Universe, whose rate is given by the Hubble parameter H = a/a [41].

In order to study the expansion of the Universe it is necessary to consider its energy content,
which -for an isotropic and homogeneous metric- is described by a perfect fluid with energy
density p and pressure p. In general, these quantities receive contributions from different types
of fluids: matter, radiation and dark energy. Matter is constituted by non-relativistic particles
- for instance, baryons or dark matter today- and it is therefore pressureless, that is pp; = 0.
In contrast, radiation is made of relativistic particles like photons or neutrinos and follows the
equation of state pr = % pr. Finally, the nature of dark energy is currently unknown, however
for the sake of simplicity I assume here that this component of the Universe is described by a

cosmological constant A such that pp = —pp = A.

1 . .
For a comprehensive review see, e.g., [40].



Chapter 1 Introduction to Dark Matter

With this, the Einstein’s equations for the FLRW Universe are

> (pi+3H(pi+pi)) =0, (1.2)

sz (1.3)

These expressions are called the Friedmann equations. Here ¢ stands for M, R or A. On the one

H2+7787TG

hand, Eq. is the energy conservation law for a fluid in a FLRW Universe. In fact, one can
assume that this equation holds individually for the matter, the radiation and the dark energy
fluids. If that is the case, one finds that, as the Universe expands, the different densities scale as
par < a(t) ™3, pr o< a(t)™ and pp o< a(t)?. On the other hand, Eq. describes the evolution

of the scale factor a(t). By writing the energy densities in terms of the critical density p.

3H?

6577 14
pe= g 7 (1.4)

one can write Eq. (1.3) as

k
1— O = Qp + Qur + Qn, where =2

d Q=———.
Pc an g a’H?

(1.5)

Notice that if the total density of the Universe equals the critical density, then the Universe is
flat. If it is less or more, then the Universe is negatively or positively curved, respectively. Today
pe = 107°h2 GeV cm ™3, where h ~ 0.7 is the Hubble parameter in units of 100 Km s~! Mpc~!

Since the Universe is expanding, in other words a(t) is increasing, the matter and radiation
densities were much greater in the past. Furthermore, at some point in the Early Universe matter
and radiation were in thermal equilibrium due to the rapid collisions of photons with baryonic
matter. As time passed, the Universe became cooler and less dense, and eventually photons
began a free expansion. Today, these photons -which consequently have a thermal spectrum- are
observed as a Cosmic Microwave Background (CMB) with a temperature of 7' = 2.725K [40)].
The moment when the CMB was formed is called recombination era because at this time electrons
bound in atomic nuclei and consequently the universe became transparent to light.

Using the Stefan-Boltzmann law, which states that p, oc T' 4. one can estimate the radiation
density from the temperature of the CMB. In fact, today Qr h? = 4.15 x 107° [40] . Likewise, a
careful analysis of the small temperature fluctuations in the CMB favors 2, ~ 0 [40] (see also
section . In contrast, a dedicated study of the expansion of Universe with observations of
Type Ia supernovae indicates that Qy; &~ 0.28 [42-45] ,which according to the Friedmann Eq.
implies that Qy ~ 0.72. All this conclusively shows the Universe today is made predominantly of
dark energy and matter. In section [I.2]it is shown that in fact most of the matter content is not
made of baryons -like stars or galaxies- but of a non-baryonic dark matter.

Although today the Universe is dominated by dark energy, at earlier times it was matter-
dominated since pys o< a(t)™3, pr oc a(t)™* and pp o a(t)?. Furthermore, at times even earlier,
the Universe was dominated by radiation. The transition between the last two epochs occurred

shortly before recombination when the temperature of the Universe was about 1¢eV.
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1.2 Experimental Evidence for Dark Matter

In this thesis, we are interested in the temperature dependence of the energy and entropy
densities during the radiation-dominated era. These are given by
n2g, T4 212g, T3

30 ST
where g, stands for the effective number of relativistic degrees of freedom of the thermal plasma

(1.6)

at a particular moment. Every bosonic helicity contributes to g, with a unit, whereas every
fermionic helicity contributes with a factor of 7/8. In addition, Eq. (1.3)) implies that during the

/2 T2 /mpy, where

radiation-dominated epoch, the Hubble parameter was given by H ~ 1.66 gi
we use mp; = G~/2. Here is a good place to mention that along this thesis we only use natural
units.

Two more aspects of Standard Cosmology are Big Bang Nucleosynthesis and the anisotropies
in the CMB. Because they provide direct evidence for the existence of dark matter, we discuss

them in the next section. We also describe the history of radiation in more detail in section

1.2 Experimental Evidence for Dark Matter

In this section we discuss the experimental facts that support the existence of dark matter. We
do not discuss them in the chronological order in which they were discovered or according to
the different scales in which they manifest. Instead, we show first the experimental indications
of a significant amount of non-visible matter in the Universe, and then we discuss the pieces of
evidence that show that such non-visible matter can not be accounted for in the Standard Model

of particle physics.

Virialized Clusters of Galaxies

The first observational evidence for dark matter is often attributed to Fritz Zwicky [46]. In 1933
he applied the virial theorem to estimate the mass of clusters of galaxies and found that in the
Coma Cluster there was about two orders of magnitude more mass than was visually observable.
Here I repeat his argument very succinctly.

Clusters are non-relativistic groups of galaxies that are bound together by the gravitational
force. If Newton’s Law of Gravitation is valid up to this scale and if they have reached a state of
statistical equilibrium in which individual galaxies are moving but there is no further statistical

evolution, then the virial theorem states that
2Ty 4+ (V) =0. (1.7)

If M is the total mass of the cluster, it is possible to write the average kinetic and potential
energy as (T) = M (v?) and (V) = —3GM?(L) respectively, where (v?) is the mass-weighted
average of the square velocity and (1/r) is the corresponding quantity for the inverse separation
of the galaxies. As a result, the virial theorem implies that the mass of a cluster is given by

2(v?)

M= G/ry

(1.8)
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Chapter 1 Introduction to Dark Matter

Now (v?) can be estimated from the Doppler shift of the galaxies or from the X-ray spectrum
of the gas in the cluster. On the other hand, (1/r) can be obtained from measurements of the
angular separation between galaxies in the cluster. Moreover, if the absolute luminosity L of the
cluster is also measured, one can determine the mass-to-light ratio M /L. These estimates have
generally given results of order 300 M /L (see, e.g., [40]), where My and L are the mass and
the absolute luminosity of the Sun. These results are approximately one hundred times greater
than what is expected if the mass of the galaxies is mostly in stars because -in that case- these
should have mass-to-light ratios of order unity in solar units. Based on this argument, Zwicky
inferred that there must be some non-visible form of matter in the Coma cluster. Notice that
using the same argument, one expects that galaxies account for only one percent or less of the

total matter in clusters of galaxies.

Galaxies Rotation Curves

Zwicky noted that a similar method could be applied to single galaxies. Nonetheless, a determina-
tion of (v?) was not feasible at that time because it was not possible to get accurate spectroscopic
measurements from different parts of a given galaxy. This situation changed since the work of
Vera Rubin and her collaborators [47] at end of the 1960’s. They worked with a new sensitive
spectrograph that could measure the velocity curve of spiral galaxies with a greater degree of
accuracy and concluded that most of the mass of these galaxies is also not in luminous stars.
Here I show a simplified version of the argument.

If the matter moving in the disk of a spiral galaxy obeys Newton’s Law of Gravitation, under the
assumption of spherical symmetry, their centripetal acceleration is given by @ = —(v(r)?/r)# =
—(GM (r)/r?)#, where v(r) is the rotational velocity of the stars at a distance r from the center

of the galaxy and M (r) is the mass enclosed within a sphere of radius r. It follows then that

(1.9)

This is a generalization of Kepler’s Third Law which allows to determine the distribution of mass
within spiral galaxies, in analogy to Eq. . In particular, if most of the mass of a spiral galaxy
were in the luminous central regions, then the rotational speeds of stars outside this region would
scale as v(r) o< 1/4/r. Instead, it is observed that v(r) outside the central region is roughly
constant, even beyond the visible disk of the galaxy. This would be expected for a spherical halo
with M (r) o< 7, in which case most of the mass of the galaxy would be in the dark outer parts of

the halo. Thus we find again that there must exist some non-visible form of matter.

Gravitational Lensing

Gravitational lensing is the effect by which light coming from a distant source is bent by
distributions of mass in between the distant object and the observer. There are three types of
gravitational lensing and they are all used in order to infer the existence of dark matter and

study its properties.
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1.2 Experimental Evidence for Dark Matter

1. Strong Lensing: Galaxy clusters are massive enough to significantly bend light coming
from galaxies behind them. Since the effect is determined by the mass distribution, it is
possible to estimate the mass of the clusters for which this effect is observed by measuring the
geometrical distortions. In general, what is obtained is in agreement with mass measurements
based on the virial theorem or X-rays spectroscopy (see below). Furthermore, if the luminosity
is also determined, the resulting mass-to-light ratios are orders of magnitude greater than the
corresponding quantity for visible parts of galaxies, in agreement with observations based on
the virial theorem, and therefore with the existence of non-luminous matter. One remarkable

example of this is given by the galaxy cluster Abell 1689 (see, e.g., [48]).

2. Weak Lensing: Although light is bent by any mass distribution according to general
relativity, this effect seldom forms big arcs or multiple images like in the case of strong lensing.
However, even when the effect is very small, the presence of masses in between the observer
and sources can be detected by analyzing large numbers of sources in order to find coherent
distortions (see, e.g., [40]). These measurements have been used to map out the distribution of
dark matter in many clusters of galaxies. A remarkable example is the bullet cluster, which is

discussed below.

3. Microlensing: As opposed to the cases discussed previously, here the mass of the lens is
too small to produce a visible displacement of light. However, if the massive object is compact
enough the effect of the lensing is observed by an apparent brightening of the source, which can
take place on human time-scales, and therefore detected in order to determine mass distributions.
By using this method in the Milky Way, it has been argued that the dark matter of the halo can
not be composed of massive compact objects -such as planets or brown dwarfs- with masses in
between 1077 Mg, < M < 15 M, [49].

Now, we discuss experimental evidence suggesting that this non-visible matter can not be

made of protons or neutrons.

X-rays from Clusters of Galaxies

Because only baryonic matter can emit light in a cluster of galaxies, it is possible to establish the
ratio of the amount of baryonic dark matter to the total non-relativistic matter by studying its
X-ray emission. Moreover, in these studies, it is assumed that the pressure and the gravitational
force balance each other out. Assuming spherical symmetry, at a distance r from the center, this
can be written as

(pa(r) dr) (g Axr?ppr(r')dr’)

r2

pp(r+dr) —pp(r) = -G : (1.10)

here pp and pp are the density and the pressure of the baryonic dark matter whereas pys is the
total density of the non-relativistic dark matter. Accordingly, the right-hand side of the previous

equation is the force (per unit of area) felt by an infinitesimal portion of the baryonic matter
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Chapter 1 Introduction to Dark Matter

due to the non-relativistic matter enclosed within a radius r. If one assumes that the baryonic
matter behaves as an ideal gas and that its temperature is T, then pp(r) = kpp(r)Ts(r)/mp,
which can be used to write the hydrostatic equilibrium equation ([1.10|) as

d 2 d kpp(r)Ts(r) — drC? .

Now, X-rays coming from clusters of galaxies are produced only by the baryonic matter in their
hot gas. In fact, from the X-ray spectra it is possible to determine the temperature T’z of the
baryons. Moreover, from the luminosity of the X-rays and the temperature it is possible to infer
the baryonic density pp. All this information can be plugged in Eq. to determine the
total density of non-relativistic matter. Using this method it is found that [40] within clusters of
galaxies Qp/Qy; =~ 0.12. Therefore only about 10% percent of the matter in galaxies clusters is

baryonic.

Big Bang Nucleosynthesis

Soon after the formation of protons and neutrons in the Early Universe, these particles were
present in equal amounts because weak interactions allow proton-neutron conversion by means
of the processes n = p+e~ +v,n+v =p+e and n+e" = p+ v. However, when the
temperature of the Universe dropped below approximately 1 MeV, the neutron-proton ratio
started decreasing not only because of the Boltzmann suppression for the neutron density but
also because of the disappearance of the electron-positron pairs. Eventually this conversion of
neutrons into protons was stopped by the formation of heavy nuclei, in which neutrons are stable.
A detailed analysis of how and when these processes took place allows to infer the primordial
abundance of nuclei. In particular, for protons -or hydrogen 'H- it is predicted a primordial
mass abundance of around 75%, and for helium *He a mass abundance of about 25%, along
with small amounts of deuterium 2H, helium 3He and lithium Li. These predictions have been
accurately confirmed by observations [50]. Although the exact value of the initial baryon density
does not affect the overall picture, an accurate measurement of the deuterium-hydrogen ratio
does allow to infer the initial baryon density with great precision. Such measurements imply a
ratio of the baryon density to the critical density of Qg =~ 0.045. This value is much less than
the fraction that all non-relativistic matter contributes to the critical density Qs &~ 0.28, which
can be inferred from studies of galaxies clusters or from the redshift-distance relation of type
Ia supernovae. It is this discrepancy that provided the original evidence for non-baryonic dark

matter in the universe [40].

Anisotropies in the Cosmic Microwave Background (CMB)

At some point in the Early Universe, matter and radiation were in thermal equilibrium due to
the rapid collisions of photons with baryonic matter. As time passed, the Universe became cooler

and less dense, and eventually photons began a free expansion. Today, these photons -which
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1.2 Experimental Evidence for Dark Matter

consequently have a thermal spectrum- are observed as a Cosmic Microwave Background (CMB).
Since these photons originated in the Early Universe, the CMB is highly isotropic. However,
small anisotropies in the CMB were also formed during the Early Universe due to acoustic
oscillations in the primordial plasma. The interactions responsible for these oscillations are the
gravitational and the electromagnetic interactions. Although baryonic matter and dark matter
were both non-relativistic at the time CMB was formed and therefore indistinguishable from a
gravitational point of view, they interacted differently with photons. Hence baryonic and dark
matter had different effects on the acoustic oscillations. Accordingly, the power spectrum of the
CMB anisotropies shows different effects for baryonic matter and dark matter. In particular,
the first peak of the CMB power spectrum -which is the largest- is related mostly to the density
of baryonic matter, whereas the third one is associated mostly to the density of dark matter.
These and other effects in the CMB anisotropies have been investigated by a large number of
experiments. In particular, from the relative heights of the acoustic peaks in the CMB, the
Planck collaboration has determined the following values for the ratios of the baryonic and the

dark matter densities to the critical density [35]
Qph? = 0.02207 + 0.00033 and Qparh? = 0.1196 + 0.0031 . (1.12)

This conclusively shows that the amount of baryonic matter is less than the dark non-baryonic

matter content of the Universe. In fact, dark matter constitutes 84.5% of the total matter.

The Bullet Cluster

The double galaxy cluster 1E0657-558, commonly known as the Bullet Cluster provides one of
the most vivid pieces of evidence for the existence of dark matter, or more precisely, of a form
of matter that does not have non-gravitational interactions with baryonic matter. The bullet
cluster consists of two colliding subclusters, whose major components are galaxies, hot gas and
dark matter [51]. The galaxies -which as argued before account for around one percent of the
total matter- are mostly grouped in the two distinct visible regions. In contrast, using X-rays
techniques, the hot gas is observed in the region in between these two subregions. Finally, using
weak lensing techniques, it is possible to infer that the dark matter also forms two subclusters
that are almost coincident with the galaxies. The interpretation is that two clusters collided. On
the one hand, the hot gas belonging to both clusters slowed much more than the galaxies and the
dark matter due to the electromagnetic interaction among the baryons; on the other hand, the
galaxies due to their smaller density had little chance of close encounters and therefore continued
mostly on their original paths. One therefore concludes that the dark matter continued along its
original path because it interacts weakly with ordinary matter. In particular, the dark matter
component might not interact electromagnetically, which explains why it can not emit light.
Furthermore, although some of the evidence for non-luminous matter can also be interpreted as a
failure of Newton’s Gravitational Law at large scales, the bullet cluster makes this interpretation

unlikely. In fact, at a statistical significance of 8¢, it was found that the spatial offset of the
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center of the total mass from the center of the baryonic mass subregions can not be explained

with a modification of the gravitational force law [51].

1.3 The Dark Matter Particle

Big Bang Nucleosynthesis allows to conclude that most of the matter in the universe can not
be made of baryons, that is, of protons or neutrons. This conclusion is reinforced by studying
the anisotropies in the CMB and by a careful analysis of the Bullet cluster. We conclude that
some other form of matter exists. Although the nature of this new form of matter is currently

unknown, some its properties are well-established:

e [t must be dark. This means that dark matter can not interact significantly with photons,
otherwise we could see dark matter directly in astronomical observations. An immediate

consequence of this is that the new form of matter can not be electrically charged.
e It can not be made of protons or neutrons.

e It must be stable at cosmological scales, otherwise dark matter would not be abundant

today, in contrast with astrophysical and cosmological observations.

e [t must have been cold enough to allow for structure formation in the early universe. Cold
here does not refer to an actual temperature but instead refers to how slow the dark matter
moved at the moment when the first structures started to form. In particular, hot dark
matter candidates -such as neutrinos- have been ruled out because they can not form

large-scale structures in agreement with observations [52].

e As explained above, microlensing observations indicate that a significant amount of dark

matter is not made of massive compact objects such as planets or brown dwarfs.

e Experimental limits on the the scattering cross section between dark matter and ordinary

matter suggest that it is unlikely for dark matter to have color charge (see, e.g., [53]).

All this supports the existence of a particle that is not described in the Standard Model of
particle physics. Such particle must be electrically neutral, colorless, stable on cosmological
scales and massive enough to have been cold during the formation of the first structures in the
Early Universe.

There is a plethora of models of physics beyond the Standard Model that attempt to describe
this particle. An incomplete list of popular models is: sterile neutrinos [54], the sneutrino, the
neutralino and the gravitino in the context of supersymmetric theories [55H59], axion dark matter
models [60-65] , Minimal Dark Matter scenarios [24}66,(67], the Inert Doublet Model [6-18],
Kaluza-Klein dark matter models [68-72] (see [5] for comprenhensive list) . In this work three
models will be discussed, they are introduced in chapters [3] [ and [§] Their common feature is

the presence of additional scalar particles.
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1.3 The Dark Matter Particle

In general, all these models include more new particles besides the one that accounts for the
dark matter. In fact, these new particles -the dark sector- make the dark matter phenomenology
very rich even when the dark sector is intrinsically simple. The additional particles might be

divided in three groups

1. Particles much heavier than the dark matter. In general these particles do not contribute
to the dark matter phenomenology. In fact, in most cases these particles can be integrated
out from the effective theory describing the dark matter. For instance, this is the case of

the heavy supersymmetric particles in the MSSM.

2. Particles slightly heavier than the dark matter particle. These particles strongly influence
the dark matter phenomenology. In this work we concretely study three examples of this:
coannihilations for the production of dark matter in chapters [3] and [7], virtual internal
bremsstrahlung in chapter [4, and finally Sommerfeld enhancement between different pairs

of particles in chapter

3. Light particles. The dark sector may contain particles lighter than the dark matter. For
instance, a distinctive prediction of the models introduced in part [[I]]is the existence of
(pseudo-)Goldstone bosons. These light particles may contribute to the radiation energy

density of the Universe and consequently have been dubbed dark radiation.

In the next chapter we give a general overview of these ideas.
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Chapter 2

The Dark Sector

As mentioned in chapter [I| dark matter models generally include more new particles besides
the one that describes dark matter. The set of all of them constitutes the dark sector. In this
chapter we investigate dark sectors with a Zy symmetry. We also study those with relativistic

particles, which we call dark radiation.

2.1 Stability of Dark Matter and the Symmetries of the Dark Sector

One of the most striking features of the dark matter particle is its long lifetime, longer than
the age of the Universe - about 10'® seconds - and possibly much longer as indicated by the
non-observation of its decay products in cosmic ray experiments 73|, for instance longer than
about 10%° seconds if antiprotons are produced copiously when the dark matter decays. This
observation suggests that the dark matter particle is stable.

As shown in Table in the Standard Model the stability of all the particles can be explained
in terms of a symmetry principle. The photon is stable because it is the massless gauge boson
associated to the exact U(1)em gauge symmetry. Similarly, the electron is stable because it is
the lightest particle with electric charge, and its decay would violate the U(1)ey, symmetry. In
addition, the lightest neutrino is stable because it is the lightest particle with half-integer spin,
and hence Lorentz symmetry - or more precisely quantum angular momentum conservation-
forbids its decay. And finally, the proton is stable because it is the lightest particle with baryonic
number, and therefore U(1)pg symmetry forbids its decay. Likewise, one would expect that the

longevity of the dark matter particle is likely due to the existence of a preserved, or very mildly

Particle Symmetry
Photon Gauged U(1)em
Electron U(1)em
Lightest Neutrino | Lorentz Symmetry
Proton U(1l)s
Dark Matter Zs,U(1)pM, ---

Table 2.1: Symmetries associated to the stability of each particle of the Standard Model.
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broken, symmetry.

Many popular dark matter models rely on this assumption. For instance, in the MSSM the
lightest supersymmetric particle -which is assumed to be a dark matter candidate- is stable due
to R—parity, which for any particle of spin S, lepton number L and baryon number B is given by
R = (—1)?5+3(B=L)_ With this charge assignment all the supersymmetric particles of the MSSM
are odd under R—parity while the SM particles are even. Although this symmetry was originally
introduced to forbid certain interactions that lead to proton decay, it was soon realized that
R—parity guarantees the stability of the lightest supersymmetric particle and therefore provides
a dark matter candidate. Another example is given by Minimal Dark Matter models. Here the
symmetry group is the same of the Standard Model. Nevertheless, an accidental symmetry at
renormalizable level arises when the dark matter belongs to a high SU(2); multiplet. In the
IDM, to be discussed in part [T, the dark matter particle belongs to a gauge multiplet with the
same quantum numbers of the Standard Model scalar, but it is charged under a Zs symmetry
group. For a comprehensive review of similar examples (see, e.g., [29]).

From now on, for the sake of simplicity and because it is the case of the models discussed in

this thesis, we assume that a Zy symmetry ensures the stability of the dark matter.

2.1.1 The Z, Symmetry

The discrete group Zs describes the behavior of even and odd integers under addition. This is a
group operation because the addition of two even numbers or two odd numbers is even and the
addition of an even and odd number is odd. Accordingly, the representations of this group are
also called even and odd. Notice that this group is isomorphic to the set {1, —1} along with the
number multiplication.

The Z5 group is the simplest non-trivial group and in fact it can be used to ensure the absolute
stability of dark matter if all the Standard Model particles are even under this group while
the dark matter particle -and possibly other particles- are odd. Furthermore, it is necessary to
assume that dark matter corresponds to the lightest odd particle because, in that case, the dark

matter can not decay into lighter particles.

2.1.2 Postulated or Derived from First Principles?

This discrete symmetry in the Lagrangian could be imposed by hand. Nevertheless, it is desirable
to give an explanation for the origin of such symmetry. For instance, this symmetry could arise
as a remnant of the breaking of a global continuous symmetry. Indeed, if a global U(1) symmetry
is spontaneously broken by a scalar field with charge 2 in units of the smallest U(1)-charge, a
discrete Z; symmetry automatically arises in the Lagrangian. Moreover, all the fields with even
(odd) charge under the global group will acquire, after the spontaneous symmetry breaking, an
even (odd) discrete charge under the Z; transformation [30]. Therefore, the lightest particle with
odd charge is absolutely stable and a potential candidate for dark matter. This is the case of the
models discussed in this work in part
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2.2 Dark Matter Annihilation in the Early Universe and its
Abundance Today

Although the Zs symmetry in the dark sector forbids the decay of dark matter particles, a pair of
them may annihilate without violating such discrete symmetry. As a consequence, the number of
dark matter particles is not conserved. Nevertheless, as we show in this section, the abundance
of dark matter today does not depend on the initial conditions of the Universe as long as it was
in equilibrium with the rest of particles at some point. When this happens, we say that the dark
matter has been thermally produced [40L[74H77].

2.2.1 Thermal Production of Dark Matter

Dark matter annihilations occurred more often in the Early Universe because its density was
much higher back then. Moreover, the inverse processes also took place when the thermal energy
of ordinary particles was high enough to produce dark matter pairs. Thus, at that point, the dark
matter number density npys was given by the chemical equilibrium conditions of the primordial
plasma, or equivalently, by a Boltzmann distribution, which is proportional to the temperature to
the third power for relativistic particles. Because the comoving volume is inversely proportional
to T3, this means that the dark matter density only changed due to the expansion of the Universe.

However, soon after the temperature dropped below the dark matter mass, it was not possible
for the lighter particles to annihilate into dark matter pairs and consequently the density of dark
matter decreased faster than T23. Moreover, at some point the abundance of dark matter was
so little, that the equilibrium between lighter particles and dark matter did not exist anymore.
This point is called freeze-out. As a matter of fact, since the annihilation rate is proportional to
the density, at some point this became smaller than the expansion rate of the Universe, that is,
the annihilation process stopped being efficient and hence the dark matter density changed again
only due to the expansion of the Universe, and therefore became proportional to 7% as before.
When the Universe became matter dominated, the critical density also became proportional to
T3 and therefore Qpys became constant.

Since Q2pps can be measured very precisely, invoking thermal production of dark matter in a
particular model constrains severely its parameter space. Because of this reason, it is essential to

study such mechanism quantitatively. This can be done by means of the Boltzmann equation.

2.2.2 The Boltzmann Equation

Suppose that there are N particle species, that have an odd charge under the Zs symmetry, and
that each of them has a density equal to n;, where ¢ = 1,...N. The lightest among these particles
corresponds to the dark matter. We now derive the Boltzmann equation that describes the total

density of odd particles n = SN | n;.
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The simplest case. For the sake of illustration, we consider first the case of N = 1 and constant
annihilation cross section ov. Then, the dark matter annihilation rate per particle is given by nowv,
where v is its relative velocity. The number of particles in a comoving volume is na?, and hence
the decrease rate of dark matter particles in such volume is (na®)(nov). Since the thermal plasma
also creates particles at rate G the total rate is d(na®)/dt = —(na®)(nov)+G. Since in equilibrium
this rate is zero we have that G = (n°?)?a30v and consequently d(na®)/dt = —(n? — (n®)?)aowv.
Using the fact that the Hubble parameter is H = a/a, we conclude [74]

d
d—:: +3H n = —ov(n? — (n®)?) . (2.1)

This is the Boltzmann equation for the case when N = 1 and owv is independent of the velocity.
Here n°? is the equilibrium density given by the Boltzmann distribution of a particle of mass M

and g internal degrees of freedom

2
ca - ML p (M) 2.2

where K, (x) is the modified Bessel function of the second kind of nth order.

General case. The general case requires some modifications. If the cross section depends on the
velocity of the dark matter, it is necessary to perform an average over the dark matter velocity,
or equivalently, a thermal average. Furthermore, if there are many particles charged under the

Zy group, it is necessary to introduce an effective annihilation cross section [78]

N .. n?q n 4
o) = X (oG (23)
Z?]:

with

ey B K () (s = (M + Mj)?) (s — (M; — M;)?)o(ij — all)
8T MZM2K (M) 165 (M)

L4

M2T M;
not = 550 g, (TZ> and  n=> nf (2.5)
7

Here g; is the particle internal degrees of freedom. In terms of these quantities, the generalization
of the Boltzmann Eq. (2.1) reads

W 8H 0 = —{oum) (n? — (00 (2:6)

For the models that are considered in this work, we solve the Boltzmann Eq. (2.6) using
micrOMEGASs 3.1 |79]. The solution gives the total density of particles that are charged under
Zo group. All these particles must eventually decay into the dark matter. As a result, n

corresponds to the dark matter density npjs today. From this, the dark matter energy density
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ppm = Mpynpy can be calculated and, if this quantity is divided by the critical density, one
obtains the relic density Qpas.

In general, not all the particles that are charged under the Z5 group should be included in
the Boltzmann equation because the equilibrium densities, given in Eq. , are proportional
to Ko(M;/T) which decays exponentially with the mass. As a consequence, it is a very good
approximation to include only the dark matter and the particles whose mass is similar to dark

matter mass in the Boltzmann equation. These particles are called the coannihilating species.

2.2.3 Instantaneous Freeze-out Approximation

In general, a full integration of the Boltzmann equation is needed in order to calculate the
relic density. Nonetheless, an approximate solution - the so-called instantaneous freeze-out

approximation [80]- can be applied under the following circumstances:
e When the annihilation process is not mediated by resonances.

e When the annihilation process is not close to a kinematical threshold. In other words,
when the total mass of the annihilating particles and the total mass of the annihilation

products are not close to each other.

Then it is possible to identify two regions where the Boltzmann equation can be solved analitically.
On the one hand, at very early times when the temperature was much higher than the dark matter
mass, its density was given by the Boltzmann distribution n®?, because under that circumstance
- as explained before- n°? o« T3  1/a® and n = n® is a solution of Eq. . On the other
hand, for temperatures much smaller than its mass, the density of dark matter deviated from
the equilibrium density, in fact n > n®?. Then, the two conditions from above can be used to
prove [80] that there was transition between the two regions corresponding to the moment when
the dark matter density started deviating from the the equilibrium distribution. This transition
is called the freeze-out. The temperature at which it happened can be estimated by comparing

the annihilation rate with the expansion rate, that is, by solving
~ 1, (2.7)

which implies that the freeze-out temperature Ty implicitly satisfies

0.038gprprmp1Mpa (Tegv)
172
gelwp) V2

xf ~ log ) where xy = Mpn/T}. (2.8)
From the general discussion at the beginning of this section, one expects xy > 1. In fact, typically
xy ~ 20 — 30, and therefore dark mater is non-relativistic at 7.

After the freeze-out, the equilibrium density was much smaller than n in Eq. (2.6). Consequently
2

n? —n®? ~ n? and the resulting expression can be integrated from the freeze-out to the present.
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In fact one obtains that

n(te) = ! !

a(t0)3( G a(tf)3 +f crefrv dt) - ( ) f 0521;3

(2.9)

Recalling that during the radiation-dominated era H = 1.66 gi/ 272 /mp; and that p. =
107°h% GeV cm ™3, one finds that the dark matter relic density is approximately equal to

MDM n(to)

Qpuh? = ——— 2.10
Pl o (2.10)
1.07 x 10°GeV™!  1.02 x 107%" cm?®s™* (2.11)
J(@g) gu(zp) /2 mpy J(wf) gu(4)1/2 '
where J is called post freeze-out annihilation integral and is given by
% (TefiV)

f
Suppose now that there are no coannihilations, resonances or kinematical thresholds. Furthermore,
assume a constant annihilation cross section ov so that the post freeze-out annihilation integral
can be solved. Then Eq. gives the annihilation cross section as a function of the dark
matter abundance. For Qparh? = 0.1196 and g.(zf) ~ 100, one obtains

ov ~ 3 x 10 2%cm3s7 (2.13)

This is the so-called thermal cross section and it is the expected value for the simplest case but
it does not apply in general. Moreover, this cross section is of the same order of magnitude as
the weak interaction cross sections of particles with masses around the electroweak scale. This
supports the hypothesis that dark matter is in fact made of a weakly interacting massive particle
(WIMP). In fact, the thermal production of dark matter is generally associated to WIMPs.

Since at the freeze-out dark matter is non-relativistic, the effective thermal cross section (oegv)
can be expanded in the velocity. In fact,

. 1 g
<U’Jv>:a+6<b—z> -, it oYv=a+b?. (2.14)
X

The first term in this expansion is called the s-wave and the second term the p-wave.
In chapters 3] [7] and [§] we apply the formalism of this section in order to calculate the dark

matter relic abundance for the different models under consideration in this thesis.

2.3 Dark Matter Searches

In spite of its gravitational effects in the dynamics of galaxies, clusters of galaxies or in the
Universe at large scale, dark matter has not been observed on Earth. In this section we describe
some search strategies that are currently pursued in order to achieve that goal. In particular, we
describe direct and indirect dark matter experiments. For others, in particular collider searches,

see [5].
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2.3.1 Direct Detection Experiments

A very promising search strategy of dark matter goes under the name of direct detection (For
a comprehensive review see [5]). This sort of experiments aims at detecting WIMPs through
the observation of their recoil off atomic nuclei [81]. In fact, if the Milky Way dark matter halo
is made of WIMPs, the motion of the earth across the galaxy can produce a flux of WIMPs
sufficiently large so that some of them elastically scatter off nuclei. In fact, those recoils can be
detected by measuring the ionization of atoms struck by the recoiling nucleus, or by counting
the photons emitted by these atoms, or by measuring the vibrations in the crystal lattice of the
detector. Moreover, failing to observe nuclear recoil events excludes regions in the plane direct
detection cross section vs. dark matter mass. As of 2014, the best limits on this plane has been
provided by the LUX collaboration [82]. In chapters [6] and we consider these limits in

order to constrain the parameter space of the models of this thesis.

2.3.2 Indirect Detection Experiments and Photons from Dark Matter Annihilations

Dark matter particles may annihilate without violating the Z, symmetry. As shown in section
this property is essential to understand the thermal production of dark matter in the Early
Universe. In particular, a detailed analysis of dark matter annihilations allows to establish
when their rate became smaller than the expansion rate of the Universe and therefore when
annihilations effectively stopped taking place, leading to the abundance of dark matter that is
observed today.

While annihilations no longer continue on the whole Universe, they may still go on in those
regions where the density of dark matter is relatively large. In fact, searching for the products
of theses annihilations is another promising method to identify dark matter and its properties.
Experiments with this aim are called indirect detection experiments because they do not attempt
to detect dark matter directly but only its annihilation products. For a review see [5].

The general idea goes as follows. Somewhere in the Universe where its density is high, dark
matter annihilates into some particles and these in turn decay producing a flux of photons,
electrons, protons, positrons, antiprotons and/or (anti-)neutrinos. Subsequently, these propagate
from the point where they are produced until they reach the earth. Among all of them, photons
play a significant role because of two reasons. On the one hand, because they propagate basically
unperturbed and hence they directly point to their source. On the other hand, and more
importantly, because the photon spectra typically exhibits spectral features.

The photon flux produced in dark matter annihilations and received at Earth from a given

solid angle in the sky, AQ, is given by

e, 1 (/1 (o) dN/
2= —(— [ JdO B 2.15
dE, 8 (AQ /AQ > M2, Zf: TaE, | (2.15)

where the J-factor is the integral of the squared dark matter density ppays along the line of sight
J=[los dsp% s By the branching ratio into a channel f, and N/ the number of photons per
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annihilation associated to that channel at a particular energy. The second parenthesis includes
the particle physics input, that is, the photon spectrum dN/ /dE. and the cross sections into
gamma-rays of each individual annihilation channel. In contrast, the first parenthesis includes all
the astrophysics information, in particular the distribution of the dark matter whose annihilation
gives rise to gamma-rays. Although other targets can be used, in this thesis we consider only

dark matter annihilations in the center of the Milky Way.

In our galaxy, two popular dark matter distributions are the Einasto profile, favored by recent
N-body simulations [83-85],

pom(r) xexp [-2 ()] (2.16)

a \Ts

with 75 = 20 kpc and o = 0.17 [86,87], as well as the Navarro-Frenk-White (NFW) profile [88,89]

(r) o !
PN S G e L+ (r /)2

(2.17)

with scale radius rs = 21 kpc [90], both profiles normalized to a local dark matter density
ppm (7 = 8.5 kpe) = 0.39 GeV ecm 3 [91-94]. Here we have assumed that the distance from the
earth to the galactic center is 8.5 kpc.

Notice that the gamma-ray flux is proportional to the dark matter annihilation cross section.
This can be expanded on partial waves: ov = a + bv?, because dark matter is non-relativistic
today. As we discussed before, the first term in this expansion is called the s-wave and the second
term the p-wave. If the first term does not vanish, the gamma-ray flux is not suppressed by v2.
In contrast, if the s-wave vanishes, or equivalently if the dark matter annihilates via p-waves,
the flux is suppressed and in general very small. Therefore, the phenomenology of indirect dark
matter detection crucially depends on whether the annihilation proceeds via s-waves or p-waves.

We will see an example of this in chapter

We now discuss the gamma-ray spectra. If dark matter annihilates producing quarks, leptons,
gauge or Higgs bosons, then their hadronization and further decay create a soft featureless
photon spectrum with a cutoff at the kinematical energy limit, which is the dark matter mass.
This spectrum is universal in the sense that it is very similar for almost all the final states and
depends very weakly on the mass (if the energy is normalized with respect to it). Since the
astrophysical background, which is not well understood, is also soft and extends over many orders
of magnitude, it is very difficult to claim a discovery of dark matter based only on signals like

this one.

In contrast, there are at least three known processes that give rise to features in the photon
spectrum which are directly related to dark matter properties, in particular, to its mass. We

show examples of these processes in Fig.
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Figure 2.1: Example of three known processes that lead to spectral features in the photon spectrum:

annihilation into photons (left), VIB (center) and gamma-ray boxes (right).

Monochromatic Lines

The simplest and best known case corresponds to monochromatic lines coming from dark matter
annihilations [10,/72,95-102]. An example of this is shown on Fig. on the left. Indeed, if dark
matter annihilates into a particle of mass m and a photon, conservation of energy-momentum

indicates that the energy of the latter in the center of mass frame is

m2

E, = Mpy (1 - 4M%M> . (2.18)
If the dark matter is a WIMP, this photon shows up as a line in the gamma-ray spectrum.
Moreover, the line coincides with the dark matter mass, provided that this is much greater
than m. Because known astrophysical processes do not produce monochromatic high-energy
gamma-rays, it is practically impossible for the astrophysical background to mimic a signature
like this. As a consequence, this spectral feature is usually considered a smoking-gun evidence of

dark matter.
Since dark matter does not couple to photons directly, unfortunately these processes are
generally loop-suppressed and the expected flux in Eq. is generally small. In this work

and in particular in chapters [4] and [6] we study monochromatic lines in the IDM.

Virtual Internal Bremsstrahlung (VIB)

Although dark matter can not couple to photons directly, it can couple to charged particles,
and these can subsequently emit photons. As a result, dark matter annihilations at tree-level
can produce photons as long as the final state has at least three particles. Accordingly, in this
case there is no loop suppression but there is a phase-space suppression in comparison with the
two-body final state of monochromatic lines.

An example of this sort process is shown in the central part of Fig. Photons emitted
in this way can be classified in two categories: as final state radiation and as virtual internal
bremsstrahlung (VIB) [71,/103-112]. In the former case, photons are emitted from final state
particles, whereas in the second case they are emitted from charged virtual states. We stress

however that these definitions are not completely rigorous because emissions from individual
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Feynman diagrams are not gauge-invariant in general. In fact, when there is VIB, there is
typically final state radiation as well. Nevertheless, the converse is not true, and therefore
speaking of only final state radiation is justified.

In general, final state radiation is dominated by collinear photons and the spectrum is therefore
roughly model independent and characterized by a sharp cut-off at its kinematical end-point.

On the other hand, VIB can produce line-like spectral features under certain circumstances:

e When the three-body state satisfies a symmetry of the initial state that cannot be satisfied
by the two-body final state. For instance, this is the case of Majorana dark matter
annihilation into chiral fermions, where the initial and final state necessarily have different
helicities, and the emission of a photon anti-parallel to the chiral fermions restores the
symmetry of the initial state. Moreover, the kinematics of this process allows only photons
with energies close to the dark matter mass, and therefore in this case the gamma-ray

spectrum presents a bump at its end-point.

e Line-like features in the spectrum can also be produced when the final state consists of
bosons and there is a charged particle in the t-channel whose mass is similar to the one
of the dark matter [105]. In this work and in particular in chapters [4] and [6] we study an
example of VIB for the IDM, where this situation takes place.

Boxes

Likewise, a box-shaped photon spectrum is produced if dark matter annihilates into two interme-
diate neutral scalar particles and then these decay into photons. This can be understood from
the fact that the intermediate particles have a fixed energy in the center of mass, but the photons
that are produced in their decay might have different energies depending on the directions in
which they are emitted with respect to the intermediate particle. From this argument one can
see that that box is centered around half the dark matter mass and its width is determined by
the mass of the intermediate particle.

Moreover, due to the resolution of the gamma-ray instruments, the box spectrum can resemble
a line in certain limits as argued in [113], providing therefore another class of spectral feature.
An example of this sort of processes is shown on Fig. on the right. In chapter we
study an example of gamma-ray boxes. In this particular case, dark matter annihilates into a

pseudo-Goldstone boson which subsequently decays into two photons.

2.4 Dark Radiation

Any relativistic particle in the dark sector that contributes to the radiation density of the Universe
can be called dark radiation. Before discussing this topic in detail, we review the history of

radiation in Standard Cosmology.
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2.4 Dark Radiation

When the temperature of the Universe dropped below the muon mass, only photons, neutrinos,
electrons and positrons were relativistic and therefore only they contributed to the radiation
density of the Universe. Moreover, all these particles were in equilibrium due to electroweak
interactions. In fact, weak processes such as eTe™ = vi kept neutrinos in equilibrium with
the positrons and electrons, which were in turn in equilibrium with photons. Nevertheless, the
neutrinos decoupled from the rest of particles once the weak interactions were no longer efficient

compared to the expansion rate of the Universe. Indeed, the neutrino decoupling happened when

nlejq <JU> vi—ete—

H

~ 1. (2.19)
T=T¢

Here n¢ is the equilibrium density of neutrinos and T¢ is the temperature at which the decoupling
took place. A careful analysis of the previous equation allows to conclude that 7¢ ~ 2 — 3
MeV [404/114-116].

Subsequently, at the end of the neutrino decoupling epoch, when the temperature of the
Universe dropped below the electron mass, positrons could no longer be thermally produced
and therefore disappeared from the thermal bath due to their annihilation with electrons. At
the same time, electrons became gradually non-relativistic and therefore stopped contributing
to the radiation density. These processes led to an increase in the temperature of the photons,
which can be quantified by considering the conservation of the entropy per comoving volume s
during that period of time. This law implies that s o< g, T2 remained constant, where g, stands
for the effective number of relativistic degrees of freedom of the thermal plasma. Every bosonic
helicity contributes to g, with a unit, whereas every fermionic helicity contributes with a factor
of 7/8. As a consequence, the ratio of photon temperatures before and after the positron-electron
annihilation satisfies (see Fig. )

(Tbefore)d _ Gxafter _ _ 2 _ i . (2'20)
Tafter Gxbefore 2+ §(2 + 2) 11

Consequently, the ratio between the neutrino and the photon temperatures after the electron-

positron annihilation is given by

70 4\ 1/3
= = () . (2.21)
T,? 11
Here the superindex 0 refers to times after the electron-positron annihilation, for example to
the recombination era, when the CMB was formed. In Fig. we sketch the processes that the
radiation of the universe underwent when the neutrinos decoupled from the photons and when
the electron-positron pairs annihilated.

Ever since the electron-positron annihilation, only photons and neutrinos have contributed to

the radiation density pOR of the universe, that is, pOR = ppy + pY. Since any radiation density is
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Figure 2.2: Sketch of the processes that the radiation of the universe underwent when the neutrinos went
out of equilibrium with the photons and when the electron-positron pairs annihilated. The
red line represents the relative temperature of the different fluids. The thicker the line, the
higher the relative temperature. At first electrons, positrons, photons and neutrinos were in
equilibrium. Subsequently weak interactions stopped being efficient and neutrinos decoupled.
Afterwards, the electron-positron pairs annihilate, heating the photons with respect to the

neutrinos.

proportional to the temperature to the fourth power and to the effective number of relativistic

degrees of freedom, the total radiation density is given by

7 [ 4N\Y3
0 =p0 1+~ () N, 2.22
pR p’y ( + 8 11 T ) ( )

where the first term on the right hand side is the contribution of the photons and the second
term is the contribution of the neutrinos. Here Nqg is the number of neutrinos species, which
we expect to equal 3. Nonetheless, in the Standard Model of Cosmology this is not the case,
because neutrinos did not decouple instantaneously. In fact, the neutrino decoupling is not
entirely complete by the time of electron-positron annihilation. In spite of that, Eq. can
be used to define Ngg in terms of the total radiation density and the photon density. If the
non-instantaneous neutrino decoupling is accounted for, the predicted value for the effective
number of neutrino species is Neg = 3.046 . By performing a detailed analysis of the CMB from
Planck data, WMAPY polarization data and ground-based observations of high-¢ multipoles
of the power spectrum, the Planck Collaboration has determined that Neg = 3.3670:55 at 95%
C.L. [35].

If there exists a particle that contributes to the radiation density of the universe pgr, the
predicted value for N.g would be different from 3.046. For instance, as mentioned before, a
prediction of the models introduced in part [l11}is the existence of (pseudo-)Goldstone bosons. We

discuss their contribution to Neg and explain their phenomenological consequences in chapter [0]
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Chapter 3

Model | : Dark Matter as an Inert Higgs

3.1 The Inert Doublet Model (IDM)

The IDM is an extension the Standard Model with a colorless SU(2) doublet ¥ with hypercharge
1/2. Furthermore, a discrete Z5 symmetry is postulated so that the Standard Model particles are
even under this group while the extra scalar ¥ is odd. Because this symmetry forbids a coupling
between the SM fermions and W, the extra doublet is called inert. The Lagrangian of the model

1S
Loy D Lo v = Lyukawa + (D, @)1 (DH®) + (D, )1 (DAT) — m20Td — mieTw (3.1)

A (@TR)2 — A (TTW)2 — A3(@T ) (UT) — Ay (T ) (WD) (A5(cI>T\I/)(<I>T\If) + h.c.) ,

1
2
where D, stands for the covariant derivative and ® is Standard Model doublet. We remark that,
due to the Zs symmetry, Lyukawa does not depend on the extra scalar and is therefore identical to
the Yukawa Lagrangian of the Standard Model. In addition, it is assumed that the Zs symmetry
remains unbroken after the electroweak symmetry breaking and consequently that only the Higgs

doublet acquires an expectation value. With these assumptions the doublets can be cast as

[0 G ) mr 3.2
- % ’ - %(HO—F’L’AO) ) ()

where vy, = \/—ETF ~ 246 GeV, G° and G provide the longitudinal components of the of the Z
and W bosons through the Brout-Englert-Higgs mechanism and h is the Standard Model Higgs.
On the other hand, the inert scalars are two additional charged states H*, one CP-neutral state
H° and one CP-odd neutral state A°. Because of the discrete symmetry, the lightest particle

described by the inert doublet is stable. If it is neutral, it is also a dark matter candidate.

3.2 Gauge Interactions

The term in the Lagrangian (3.1)) with the covariant derivatives gives rise to the gauge interactions

between the inert scalars. These can be divided in two: cubic and quartic interactions

(DM\II)T(D“\IJ) D ['Gauge,\ll - »CCubic + »CQuartic (33)
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Particle
. 5 3 1 Feynman Rule
H- | HT | A | - —ie (py° — p5°)
HY | H- || W] - 50— pb®)
AV HT | W - —4 (M® — ph®)
H | A Z | - — o= (P — pb?)
_ ig(2¢?,—1
H™|H" | Z | - (207WW) (Ph* — ph®)
H- |HT|| A A 2i€2 G114
H- | H° A | wt S Guspa
H-| A | 4 | wt = Gpapus
_ 2 2
HO | HO | W= | W %ngm
A0 A W Wt ?’72 Gz i
H- |Ht | W~ | W* ( Zggu:s)m
; 2
H- H+ A 7 ieg 2CW71
o | - ; ) ew, Guszpa
W - 2§7Qu3u4
A | H- || Wt Z 227%,9#3#4
HO HO A A mgﬂ?ﬁ“l
-2
AO AO Z %gwm
_ ie2(2c2,—1)2
H- | H* Z me

Table 3.1: Feynman rules for the gauge interactions of the inert particles according to Eqs. ||

and 1D .

Cubic Gauge Interactions In this case the gauge bosons interact with the inert scalars by

means of gauge currents

Lowpie = JHA, + JLZ, + (J;‘Vl W, + h.c.) , (3.4)
with
Jh = ie(O"HYH™ — HYO"H") (3.5)
Jh = 229 ((—1 +2c3)(OPHYH™ — HTOMH ™) + i A%0" HO — iH08“A0> (3.6)
cw
g _ . _ .
Ty = =3 (0 H=(H" +iA%) — H=0"(H° +iA”)) (3.7)

Quartic Gauge Interactions These are contact interactions between two gauge bosons and two
scalars

Lowrtic = € A APHTH™ + %(1 — 2c% ) Ay ZPHTH
g L 02 02 2 \2 17+ 17—

_|_
40%,
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g? 1. 02 2
+ Gwow <2(H0 +A”) + H+H—)

+ Y s+ ewA) (WRHT (HO —iA%) 4 he.). (3.8)
20W

All the corresponding Feynman rules are listed on Table

3.3 Scalar Interactions and Parameters of the Model

In the Feynman Gauge the scalar potential reads

1
- LScalar = 5 (M}%h2 + M[?[OHO2 + MioAOQ) + M12{+H+H_
A
+ Zl (4vph + b2+ G* +2G7G7) (W2 + G* 4 2G7G7) (3.9)
1 02 1 02 + 77— 2 0170 40
HO
+ o (H*G™ (O + ) (vn + B) + (A = A5)G?) ) + hc.)
AO
+ 5 (H*G™ (i(=Aa+ Xs)(0n + h) + (a + A5)G?) ) + he)
HO% [/ X5+ A+ A A3+ As— A
+ (( 3t 5) (2uhh+h2)+(3+ 1 5>G°2+>\3G+G—)
2 2 2
Y/CSVD VNS YR A3+ Ai+ A
v o <(3 A 5) (20nh 4+ 1) + <3+ s 5) GO? +>\3G+G‘>
2 2 2
HYH- A
+ (X (200h + B2+ G*°) + 2N + M) GHGT) + 5 ((H*G™)? 4 he)
where
1
ME=—2m? My =m3 + 5 Asvj,
1 1
MIQ_IO = m% + 5(/\3 + A4+ )\5)’0;% , Mio = m% + 5()\3 + A4 — /\5)1)]% . (3.10)

The corresponding Feynman rules are listed on Table

The scalar potential is determined by seven independent parameters, which can be the Higgs
boson mass M}, ~ 125 GeV, the vacuum expectation value of the Higgs field, the dark matter
mass Mo and the quartic couplings s, A3, Ay and A5. These parameters are constrained from

the requirement of vacuum stability [117,/118]
M >0, A>0, A3>—20A)7, Az+A—|As| > =20\ \o)2. (3.11)

Besides, the unitarity of the S-matrix for scalar-to-scalar scattering sets upper limits on certain

combinations of couplings [119}|120]

Mo A/ - A)2+ A <8r, AzEAg<8n

Mo Aot/ A2+ A <8m, AzEds <8m (3.12)

B(A1+A2) £ 4/90M — )2+ (203 + A)2 <8, Az 22X £3)s < 8.
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Lastly, it is common to impose also perturbativity on the parameters of the model. This condition
along with the vacuum stability requirement significantly constrain the mass splittings among
the exotic particles. Moreover, for a heavy exotic neutral Higgs (Mpgo > Myy) the splitting
is relatively small and we expect the particles belonging to the extra doublet to have nearly
degenerate masses. This is consistent with the fact that at very high energies electroweak
symmetry breaking effects are negligible and that therefore the members of any SU(2) x U(1)
multiplet should have similar masses. Notice that Ay and A5 determine the mass splittings
between the different inert scalars at tree level. Nevertheless, loops of SM gauge bosons between
the neutral and charged components also give rise to a mass splitting. This effect has been

calculated in [66] and is equal to

M
M+ — Mo = 22 £ 0.36GeV . 3.13
2

Quantum

The scalar potential is indeed Zs symmetric. Moreover, by performing (H°, A°, H') —
(—AO, HY iHT) and A5 — —\; the potential remains invariant. This shows that H% and A° can
be interchanged. We will then assume in what follows, and without loss of generality, that H? is
the dark matter candidate. Due to its similarity to the Standard Model scalar, H is usually
called inert Higgs dark matter.

3.4 Inert Higgs Abundance

The inert scalars interact with the particles of the Standard Model by virtue of the electroweak
interactions and via the scalar potential. The inert Higgs H? is thus a WIMP, which presumably
was in thermal equilibrium with ordinary matter in the early universe until the moment in
which its interaction rate became so small that its abundance remained fixed (see section
. The thermal production has been studied extensively in the literature for the IDM (see
e.g. [8,9,/15,[121,122]). In particular, it has been found that co-annihilations play a significant
role in dark matter production, specially for masses above the electroweak scale. Accordingly,
to calculate the relic abundance -as discussed in section the following Boltzmann equation

must be solved

d
d—qz +3Hn = —(0egv) <n2 - (neq)2) where  n=ngo+ng +ng+ +nyg-, (3.14)

with equilibrium densities given by

M2T M.
n = ML, (Ti) . (3.15)
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Particle
Feynman Rule

1 2 3 4

h HY HY - —ivp (As + A+ As5)

h A0 A0 - —vp ()\3 + M — /\5)

h | HY || H | - —ivp A3
G- | H || HY | - —Zivp (Mg + As)
G| A" || HT | - 30n (A5 — Aa)
GY | HY || A0 | - —ivpAs
HO | HY | HO | HO —6i)g
HO | HY || A0 | A° —2i)s

AV | A0 || A0 | A —6i)g
H° | HY || HT | H~ —2i)s

AV A | HY | H- —2i)g
HY | HY | H | H- —4i )

GO | GO || HO | HO || —i(A3+ X —X5)
Gt | Ga || H* | H° —i)3

h h || H° | HO —i (A3 4+ A+ As5)
GY | GO || A0 | 4O —i (A3 + M+ As)
Gt | G| AY | A° —iA3

h h A° A0 —1 ()\3 + A4 — /\5)
G| g° || HY | H~ —i)3
Gt | G- |HY | H —i (A3 + )

h h || HY | H- —i)3

G| G~ | H* | HY T (A1 —Xs)
G- | h || H | Ht —2i (A +As)
G| G- || A° | Ht —2i (Ad+ As)
G- | h || A° | H (A5 — A1)
G| h || HO | AY —i)s
G- |G- |HT | HT —2i)5
Gt |Gt ||H | H- —2i\s

Table 3.2: Feyman rules for the scalar interactions of the inert particles according to Eq. 1'
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The effective thermal cross section is given by [7§]

(Oeiv) = .Zi<"j”>ﬁniq’ (3.16)
Z,]:
with
. Sz Ky () (s — (M + M;)?)(s — (M; — M;)2)a(ij — all)
<O_z] >: (M;+M;)? Vs (T) J J (317)

BT MZMZ Ko (5 K ()

The observed abundance Qh? = 0.1199 4 0.0027 [123] in the IDM can be reproduced in three

dark matter mass ranges:

e Low-mass regime. For masses in the GeV range below the W boson mass, dark matter
annihilates mostly into light fermions with a rate controlled by the size of the quartic
couplings in order to match the observed abundance of dark matter. In this regime, three
body annihilations of the type HOH® — WW* — W f f’ are also important in some regions

of the parameter space [14].

e Intermediate regime. When the dark matter mass is above My, and below 535 GeV,
the annihilations into weak gauge bosons is so efficient that the dark matter relic density is
smaller than the observed abundance. There is an exception to this for dark matter masses
in between My < Mpo < 150 GeV, if some annihilation diagrams are chosen so that they
can cancel each other out, allowing for a relic density in agreement with observations.
Nevertheless, this region has been ruled out by the XENON100 experiment [15}/124].

e High-Mass Regime. When Myo ~ 535GeV and the quartic couplings vanish, the
annihilation rate into gauge bosons is small enough to match the observed value of the
relic density. It turns out that the effect of non-zero quartic couplings is to increase
the annihilation cross section. Consequently for masses Myo 2 535 GeV, the observed
abundance of dark matter can also be obtained for an appropriated choice of the quartic
couplings. As a consequence of this, the larger the dark matter mass, the larger the
quartic couplings. Likewise, the upper limit on the dark matter is set by the perturbativity
constraint, which is around 58 TeV for quartic couplings of order 4. In this work we do
not consider quartic couplings so large, in fact we consider only \; < 2, for which M < 6
TeV.

In order to illustrate the dark matter production, we perform a scan over the five dimensional
parameter space. For every point we require perturbativity and unitarity, by demanding that
the quartic couplings satisfy Egs. and . For each of the points we then solve
numerically the Boltzmann equation Eq. by using micrOMEGAs 3.1 [79], working under an
implementation of our model made with FeynRules |125], and select only those points for which the
computed relic density is in agreement within 3¢ with the observed value Qpyh? = 0.1199-40.0027.
In Fig. we show the relic abundance obtained from the scan. The orange points correspond
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Figure 3.1: Relic abundance obtained from scanning the parameter space of the IDM. The orange points

correspond to those choices that correctly reproduce the cold dark matter relic abundance.

to those choices that correctly reproduce the cold dark matter relic abundance. In this plot we
can clearly see the low-mass and the high-mass regime. We do not tune any parameter of the
model and as a result in the scan we do not find the intermediate regime.

Dark matter direct and indirect detection experiments as well as collider searches have severely
constrained the IDM in the low-mass regime. Although some regions are still allowed, they
either rely on coannihilation or on resonant effects [17]. We take this as motivation to study the

high-mass regime and in this work we only consider that part of the parameter space.
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Chapter 4

Gamma-Rays from Dark Matter Annihilations
in the IDM

In the high-mass regime of the IDM, dark matter annihilations can produce gamma-rays in three
different ways. On first place, when the gauge and Higgs bosons produced in annihilations decay
and fragment. Secondly, from the VIB process HOH? — W*W~~. And lastly, from the one-loop
processes HOH? — v~ and H'H® — ~Z E In this chapter, we study H°H® — v+ and VIB at
the perturbative level. As we will see, non-perturbative effects must be included in order to
satisfy the requirements from unitarity. These effects will be studied in chapter [5] After that, we
will see that including the process HYH® — v Z in the analysis is straightforward.

4.1 One-loop Annihilation of Inert Scalars into Photons

The invariant amplitude for the process H H? — 4+ can be cast as

~

H()._. Y

Nl
M= Ma3a4€a3 (p3)6a4 (p4) ) (4’1) - %L

HD.-"

~ A

/

where ¢ stands for the photon polarization vectors and the subscripts 3 and 4 refer to the
final state photons, as shown in the figure. As is well known, electromagnetic gauge invariance

severely constrains this amplitude. In fact, M*3% must satisfy the Ward Identities
P30z MP3M = piog, M3 = 0. (4.2)

In the s-wave annihilation limit, both particles of the initial state have the same momentum
(ps + pa)/2 and therefore the tensor M*3*4 depends only on ps and ps. Using this fact, the

transformations properties of M*3%4 under Lorentz transformations and the Ward identities in

'The corresponding study for the low-mass regime of the IDM was done in [10]
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Figure 4.1: Examples of diagrams contributing to (a) Ag, (b) Az and (c) As.

Eq. (4.2)), it is possible to prove that M®3%* must take the form

sz oy
:A<ga3&4_p4 P3 ) 7 (4.3)

Ma3a4
2M%,

s—wave

where A is a complex scalar function of the dark matter mass and the quartic couplings. With a
FeynRules [126] implementation of the IDM for FeynArts [127], we calculated the annihilation
amplitude in the Feynman gauge. In total there are one hundred and forty diagrams
contributing to it, we only show a subset of them in Fig. [£.1 We found that s-wave piece
effectively takes the form indicated in Eq. . Furthermore we deduced an analytical formula
for A.

A careful look of the one-loop Feynman diagrams reveals that the only inert scalars in the
loop propagators are H? and H*. Furthermore, as explicit couplings in the diagrams A4 and
A5 appear only in the combination A\s4 + A5, which equals 2 (M?qo - Mgﬁ) /v? if we neglect the
quantum effects of Eq. . As a result the dependence on these quartic couplings can be
written in terms of Myo and Mg+. A further look shows that the dependence on the other

quartic couplings Ao and A3 can be separated explicitly. As a result we find convenient to write
A as

A= Ao(Mgo, Mg+) + Aa(Mgo, Mg+, A2) + As(Mgo, Mg+, A3) . (4.4)

Since the quartic couplings do not change under gauge transformations, the functions Ag, A2 and
As are gauge-invariant and therefore physically meaningful. In Fig. [4.2] we plot their absolute
values as a function of the dark matter mass, for different choices of the quartic couplings and
the mass splitting between the charged scalar and the dark matter mass. From the plots is clear
that Ayp dominates over As and As, specially for heavy dark matter masses. This implies that

the dependence on Ay and A3 of the annihilation amplitude is subdominant.
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Figure 4.2: Absolute value of the functions Ag, A; and As introduced in Eq. |) for different quartic
couplings combinations. Here ém = My+ — Mpyo. For the continuous lines dm = 0 GeV, for
the dashed lines dm = 1 GeV and for the dotted lines dm = 10 GeV.

As a function of A, the cross section for dark matter annihilation into photons is given by the

expression
Al?
ov (H°H® — L 4.5
( 77) s—wave 327TM£10 ( )
In order to study the dependence with the mass, we plot ov (HHY —~7) |, “in the

left panel of Fig. for three mass splittings, namely ém = Mg+ — Mgo = 0,1 and 10 GeV
in continuous, dashed and dotted lines, respectively. In addition, we show the effect of the
quartic couplings by plotting the annihilation cross section when Ao = A3 = 0 in black, when
Ao = 2, A3 = 0 in pink and finally when Ay = 0, A3 = 2 in magenta. We can see that the cross
sections depend mildly on the quartic couplings Ao and A3 , and depend strongly on the quartic
coupling combination A4 + A5, as expected from Fig. because this combination determines
the mass splitting dm.

When all the quartic couplings vanish, the cross section is a constant function of the dark matter
mass. This behavior can be traced back to the fact that for TeV dark matter Ay o< Mo/ My,
as shown in Fig. Partial-wave unitarity [128] sets an upper bound on the total s-wave cross

section

A1 <1TeV

UU’s—wave 5 M2 M
HO

2
it ) 1.47 x 10" *2cm3/s . (4.6)
HO

Therefore, we are forced to conclude that the one-loop cross section exceeds the upper bound set
by unitarity for extremely large masses. This violation of perturbative unitarity does not appear
when relativistic velocities are considered. This is shown in the right panel of Fig. [1.3] where
it is possible to see that for heavy dark matter with large velocities the cross section goes like

~1 /MEIO as opposed to the non-relativistic case.
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Figure 4.3: Left plot: s-wave cross sections for the one-loop processes HCH? — ~~ for three mass
splittings, namely ém = Mg+ — Mgo = 0,1 and 10 GeV in continuous, dashed and dotted
lines respectively. In addition we show the effect of the quartic couplings Ao and A3 in different
colors. Right plot: One-loop cross sections for different dark matter relative velocities when
ém = 0. Notice that only for v = 0 the cross section is a constant. In the other case, the cross
section goes like ~ 1 /M?Io, as expected from unitarity arguments. Notice that horizontal
scale is different on each plot.

Similar difficulties have been found for neutralino dark matter in the context of the MSSM
196]. In this scenario, one-loop annihilation cross sections into photons are not suppressed by the
dark matter mass but rather by the W boson mass. It has been shown [22] that this anomalous
behavior is alleviated when higher-order effects are included. The same problem arises in IDM.

The origin of the problem and its solution will be studied in chapter

4.2 Virtual Internal Bremsstrahlung (VIB)

The Invariant Amplitude

The annihilation process into W bosons with the associated emission of a photon, H'H? —
W+W ~+, is described in the unitary gauge by the fourteen diagrams shown in Fig. In

general, the invariant amplitude for this process can be cast as

1 H() ........ Vv W
M = Mazasas€™ <p3)€a4 (pa)e™® (p5) ) (4.7) nNY
2 H() ......... Vv W+ A
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where € stands for the spin-1 polarization vectors and ps, ps and p5 are the momenta of the
W, W~ and the photon respectively, as shown in the figure. If p; and ps are the momenta
of the annihilating dark matter particles in the CM frame, their s-wave limit is given by
p1 =p2 =P = (Mpgo,0,0,0). In terms of these variables, the s-wave amplitude can be cast as

g’e

 (p3+p5)as(Ps — Pa)as (P4 + P5)as
((P—p3)? = Mp )((P — pa)? — M)
(PaasP3as — PsasP3as + D5 - (D3 + Pa)Jasas) (P4 + P5)as
pa - ps((P —p3)? — MZ.)
(P3asPas — PsasPias + P5 - (P3 + P4)Jasas) (P3 + P5)ay
p3-ps((P —pa)? — M7,)
D5asGasas T PlasGasas — PsayJosas _ PsayYasasz + D3asJasas — PsaszJosas
P4-Ps P3 - D5
g()\g + A\ + /\5) eMthpé
(4MZ%0 — M?)ps - p3 s - pa
— (P30 PAN — Paas P3N) Jazaa) -

sS—wave 2

Ma3a4a5

(4.8)

_|_

+

[(p50é3 Jasas — P5ay ga3a5) (p?) + p4))\

As is well known, electromagnetic gauge invariance severely constrains this amplitude. In fact,

the previous expression for M®3¢4% gatisfies the Ward Identities
D5as M3 = 0. (4.9)

In order to exploit gauge invariance, we can write the scattering amplitude only as a function of
Mo, A3, Ay and A5 using Eq. , if we neglect the quantum effects of Eq. . Furthermore,
we notice that M depends on Ay and A5 only through the combination Ay + A5. Now, since
gauge transformations do not transform the quartic couplings, M can be separated in two

gauge-invariant pieces
M(Mpo, A3, A+ As5) = Maauge(Mpo) + Mquartic(Mpo, A3, A + As5) (4.10)

where the first term is the scattering amplitude when the quartic couplings are set to zero.

Accordingly, the squared amplitude can be cast as

|M‘2 = ‘-/\/lGauge|2 + |MQuartic|2 +2Re (MGaugeMJ(rQuartic) . (4.11)
The expression for | M|? is very complicated in general. However, in the limit of zero dark matter
velocity, we find that

2

M,
+ 0O <M5V (A + >\5)> : (4.12)
v—0 HO

MMy, As, A+ A5)2| = [M (Mo, g, 0)

v—0

since in the high-mass regime of the IDM My < Mgo, the dependence on Ay + A5 is subdominant.
As a result, it is a good approximation to neglect Ay + A5, especially for dark matter masses

much heavier than the W mass. Interestingly, this effect can be understood in the Feynman
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Figure 4.4: Feynman diagrams contributing to the annihilation process HOH° — W W =~ in the unitary
gauge.

gauge from the Goldstone boson equivalence theorem . In the TeV scale the longitudinal
components of the W bosons are equivalent to the Goldstone bosons G*. Furthermore, in
that regime the vev vy, can be neglected so that cubic interactions are effectively negligible and
the dark matter annihilations into a pair of longitudinal W bosons - or equivalently into a pair
G+ G- can only take place via the quartic coupling A3 (see Table . The further emission of
a photon in order to complete the final state W W =+ does not alter this picture. This shows
why the only quartic coupling on which the VIB spectrum strongly depends is A3 and why the
dependence on Ag + A5 becomes more and more subdominant for higher masses.

Under the approximation A4 + A5 =~ 0 and dropping the label v — 0, we find

6294

oM (g — 1)2(x +ay — 1)2(y —20)2u+ 7+ ay — 2)2

|MGauge |2

o4



4.2 Virtual Internal Bremsstrahlung (VIB)

xﬁ(—u+$+ - 1) +x5<3xi+(2,u—9)x+ —4u2+6> +x4(5xi — (u+20)7%

+2(7p? — 6p + 15)zy — 104> — 6> + 11p — 15) + a3 (5xi — (6p + 25)z7

+2(3p® 4 6 + 25)27% + (40p° — 6647 + 20p — 50)74 — 4(6p + 3p® — 124 + 6 — 5))
+ 22 (3953 — (3 +20)z" + (—16,u2 98+ 50) 2%+ (403 + 2% — 44y — 65)22
+2(12u* — 7203 + 4902 — 2u + 24)x . — 16 — 2445 + 16 + 783 — T62 + 22M)

+ oz — 1) (2d - 82d + (=867 + 8+ 22)2% + 4(104 — 8p — T)a?

+(24p* — 6453 — 2% + 200 + 20)z — 4(12* — 2613 + 14p® — 3 + 2))

— (v — 1)2<£L'j_ — 433 + (—8p® + 4p + 6)z? + 4(4p® — 2p — D)oy

1 24pt — 4043 + 184% — 4p + 2) (4.13)

)

2A2
_ € A3
M2y (s — 12w+ wr — 12(1 - un)?

‘/\/tQuartic‘2

2uat 4+ dpad(zy — 1) + 332(4/135?F +12p2xy — 12uxy + 2y — 120° — 8p® + T — 1)

+x(12p® — 4p + 1) (27 — 3v4 +2) — (120 — 4p + 1) (24 — 1)2] : (4.14)

2¢°g° A3
Mo(zs — D@ +xp — 1)2(1 = pp) (24 — 20) (20 + o + 24 — 2)

2Re (MGaUgeMJ(E)uartic> =
[x4(1 —zy)+a2° (:ri + (3= 12u)xy + 6% + 9 — 4) + 2 (4.%3_ —3(4p+ 3)303r

— 62 — T)ay +124° = 270+ 5) + w(oy — 1)(20% — 1023 + 2(=612 + 9yt + 4y

+ 2442 = 30p +3) — (w4 — 1)?( = 1207 + 121 + 207 — Az — 1)1 : (4.15)
M2 M M2, . . . :
where pj, = =t = 78— and p = 3%~ Notice that the interference term is proportional to p
HO HO

and it is therefore subdominant.

The Cross Section

The differential cross section for the process HYHY — W+W =+ can be written as

1

d
7 (2m)5J

| M|[*d3(PS), (4.16)
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where M is the scattering amplitude, J the initial flux and d3(PS) the three-body phase-space
factor. These are defined by

J = AE By, where v = %—%22 , (4.17)
d3p3 d®ps d®ps

ds(PS) = &4 —pg — Py — P5) e ot 22 4.18

3(PS) (p1+p2 —p3 —pa 195)2E3 2E, 2E (4.18)

Here the labeling of the momenta is self-explanatory. We are interested in the limit of zero dark
matter velocity, for which F, EFs — Mpgo in the CM frame. Besides, the three-body phase-space

factor after integration of the delta function can be written as

E E
d3(PS) = m*Mzodeydr, where Ty = M—j% and x = M—j% . (4.19)
The ranges for z1 and = are determined by the energy range of the photon and the W+ and are
given by
1 4
O<z<1l-—4p and x+§§ 2—ztx 1—1 . (4.20)
-z

As a result we have

]_ T4+ max 2
12873 /x M

“+min

d(ov)

da . (4.21)

v—0

v—0

Using the previous expressions for the invariant amplitude square, the total differential velocity

weighted annihilation cross section can be cast as

d(ov)

dx

d(ov)w+w-~  d(ov) d(ov)

dx dx

- -

Quartic

(4.22)

Gauge Interference

The expressions for each individual term are rather complicated and are presented in Appendix
Each of them is separately gauge invariant. In the unitary gauge, the part labeled as “gauge”
receives contributions from the diagrams with a charged scalar in the t-channel and generates, in
addition to the usual contribution from final state radiation, a spectral feature [105]. The piece
labeled as “quartic”, on the other hand, receives contributions from the diagrams with the SM
Higgs in the s-channel and leads to a spectrum without distinctive spectral features. Then, the
shape of the differential photon spectrum from VIB essentially depends on the relative weight of
the gauge and the quartic contributions to the cross section, which is in turn determined by the
quartic coupling As.

We show in Fig. the three different contributions in Eq. as a function of x = E, /Mo
in the limit Mo = Mg+ for the cases Mpo=0.5 TeV, 1 TeV and 5 TeV and for different values of
the quartic coupling A3. We also multiply the spectrum by z? to emphasize the spectral structure.

The blue, green and red lines represent, respectively, the gauge, quartic and interference terms,

2We have used CalcHEP [131,/132] for parts of the analytical as well as for numerical computations.
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Figure 4.5: Cross section for the VIB process HCH? — W*W ~~, when the charged scalar is degenerate
in mass with the dark matter particle. The blue, green and red lines correspond, respectively,
to the gauge, quartic and interference terms, the latter in absolute value. The different
darknesses of the lines correspond to varying the absolute value of the quartic coupling |As|
between 0 (darkest lines) and 2 (lightest lines) in intervals of 0.4 (note that for |[A3] = 0 the

quartic and interference terms vanish).

the latter in absolute value. Besides, the darkest lines correspond to |A3| = 0 and the lines
become lighter as |As| is increased in intervals of 0.4, the lightest lines corresponding to |\3| = 2.
The pure gauge part produces a spectrum that depends only on the dark matter mass and that
displays a feature close to the end-point of the spectrum which becomes sharper and sharper as
Mo increases. The quartic part is proportional to )\3 and becomes more and more important as
|A3| increases, eventually dominating over the gauge part for values of x closer and closer to one.
For a dark matter mass Mgo = 0.5 TeV and |A3| = 2 the sharp spectral feature is practically
erased in the total spectrum due to the effect of the final state radiation, however, for large dark

matter masses the sharp spectral feature remains clearly visible even for |Az| = 2.

o7



Chapter 4 Gamma-Rays from Dark Matter Annihilations in the IDM

mHU:mH+:0.5 TeV A3=0 mH0=05 TeV
0.200" 10.200
% 0.100; 1 0.100¢
= 0.050} 10.050¢
=z
Z 0.0207 1 0.020
“ 0.010} 10.010t
0.005} %0\ 0.005
02 04 06 08 00 02 04 06 08
x=E,/mgo X =E,/myo
mH(»zmH+:1 TeV A3=0 mH0:1 TeV
0.200. | | | | 1 0.200!
% 0.100; 1 0.1007
2 0.050} 0.050+
mZ /
Z 0020 0.020 -
. 0.010 1 0.010}
0.005} F\%\ 0.005
00 02 04 06 08 10 02 04 06 08 1.0
X=E7/mH0 X:Ey/mHO
mHo:mH+=5 TeV A3=0 mHO:S TeV
0.200 Al 02000 /
% 0.100; 1 0.100} % ]
3 0.050¢} 0.050! e
=Z
Z 0.020( 0.020 -
“% 0.010; 0.010¢ -
0.005 0.0050

00 02 04 06 08 10 00 02 04 06 08 10

XZE»y/mHO X=Ey/mH0

Figure 4.6: Total multiplicity of the VIB process HOH® — W+W ~~. Left Panel: the charged scalar is
degenerate in mass with the dark matter particle and the different darknesses of the lines
correspond to varying the absolute value of the quartic coupling |A3| between 0 (darkest lines)
and 2 (lightest lines) in intervals of 0.4. Right panel: Az = 0 and (A4 + A5)/2, which controls
the mass splitting between the charged scalar and the dark matter, varies between 0 (darkest

lines) and —2 (lightest lines) in intervals of 0.4.
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4.2 Virtual Internal Bremsstrahlung (VIB)

This behavior can be better appreciated in the left panel of Fig[4.6] where we show the photon
multiplicity from VIB, defined as:

1B
ANW s 1 d(ov)wrw—y (4.23)
dx (UU)W+W7 dx . ‘

As before, we consider Mgzo = Mg+ = 0.5 TeV, 1 TeV and 5 TeV and for different values of
the quartic coupling A3, the darkest line corresponds to |A3z| = 0 and the lightest to |[\3] = 2 and
the intermediate lines correspond to changing A3 in intervals of 0.4.

For completeness, in the right panel of Fig. [£.6] we also analyze the photon multiplicity from
VIB when the neutral and charged exotic Higgs particles are not degenerate in mass. We fixed
A3 = 0 and we changed (A4 + A5)/2 from 0 to —2 in intervals of —0.4, from darkest to lightest;
the mass splitting corresponding to that choice of quartic couplings can be easily derived from
]\4121,+ — M[2{o = —%()\4 + A5)vi. As expected from the previous discussion, the spectrum is quite
insensitive to the mass splitting, as apparent from the plot, especially for large dark matter

masses.
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Chapter 5

Non-Perturbative Effects in Dark Matter
Phenomenology

As shown in section in the high-mass regime of the IDM, the one-loop annihilation into
two photons is described by a cross section that is a constant function of the dark matter mass
when all the quartic couplings vanish. For extremely large masses, this results exceeds the upper
bound set by unitarity. In this chapter we address this problem. In particular, in section
we identify its origin and argue that this anomalous behavior is alleviated when non-perturbative
effects are included.

These effects, as we will see, are associated to long range interactions between the annihilating
dark matter particles. In fact, they are related to the exchange of gauge bosons. While this
exchange is normally described by the interaction between two currents (see Eq. ), for scalar
particles gauge invariance dictates other interactions (see Eq. ) Consequently, including such
non-perturbative effects demands to consider a formalism where gauge invariance requirements
-and particularly the quartic terms from Eq. — are accounted for. Such formalism was
introduced in [20-24] in the context of neutralino dark matter.

This formalism rests upon the following observation. If the velocity of the dark matter is very
small, its dynamics can be described using non-relativistic quantum mechanics. This is however
not the situation for the gauge and the Higgs bosons produced in annihilations if the dark matter
is very heavy, because in that case these particles are all relativistic. This is circumvented by
integrating out these light particles. The resulting effective theory is the non-relativistic limit of
the IDM, which we study in detail in this chapter.

5.1 Origin of the Problem with Perturbative Unitarity

As shown in section the s-wave invariant amplitude for the process HH? — 4+ can be cast

as

M

A geses Z PPN ens(pa) (5.1)
QMIQ{O 3 4

S—wave

where A is a complex scalar function of the dark matter mass and the quartic couplings, and

the subscripts 3 and 4 refer to the final state photons. The dependence on the other quartic
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Figure 5.1: Two dark matter particles exchanging a W boson. This diagram leads to a finite piece that

violates perturbative unitarity.

couplings Ao and A3 can be separated explicitly as
A - AO(MHO,MHJ,-) + AQ(MHO,MHJ,-,)\Q) + Ag(MHD,MH+,)\3). (52)

Since ov (H°H® — ~7) ‘ = |A|?/321M?,, a constant annihilation cross section suggests
that |A| o« Myo. ThisS;swiCerifieed the case for Ay as shown in Fig. [4.2l Consequently, the
problematic part of the annihilation amplitude must be in the diagrams contributing to this
piece of the amplitude. In fact As and As approach constant values for large dark matter masses
as shown in Fig. and therefore they do not lead to any problem with unitarity.

This argument implies that the problem with unitarity arises on diagrams that depend only
on gauge interactions. For instance, one of such diagrams is shown in Fig. 5.1l There, a W
boson is exchanged between the initial state particles. Before analyzing this case carefully, we
consider first a similar but simpler process: the up-scattering of two dark matter particles into
two charged scalars. For simplicity we assume that all the quartic couplings are set to zero. In
that case there are only two Feynman diagrams, which correspond to the exchange of a W boson

in the t and u channels. The resulting tree-level scattering amplitude is given by

2 2
g —s+u -5+t o (( Mpgo
MScattering = (2> (t — M‘%V + u— M%,) — 29 Miw when v — 0. (53)

For dark matter masses much larger than the W mass, this scattering amplitude is thus arbitrarily
large for small velocities. Higher order diagrams are therefore needed to restore partial-wave
unitarity. A similar situation happens in one-loop diagrams when a W is exchanged between the
initial state particles. As an example, we now consider the diagram of Fig. [5.1] assuming again
vanishing quartic couplings. This diagram is divergent, nevertheless it contains a finite piece
which exhibits the anomalous behavior that we want to understand. If ¢ is momentum that runs
through the W propagator and P = (Mgo,0,0,0) is the dark matter momentum in the s-wave

limit, then such finite piece is

2
Ap D 2i(2¢?) (g) (2P),(2P), " T = 64ir’acaM?0 T (5.4)
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where

J= / 2m)* (g2 — M2 ((q — P)2 — Méo) ((q +P)? — Mfzﬂ) o

! /1 d L arcta (MHO < ) (5.6)
= T rctan : .
167r2MH0MW 0 Vv1—=x My /1 -z

Notice that the loop integral is proportional to 1/(MgoMw ), instead of 1/MZ%,, consequently

we find that the corresponding piece of the diagram grows with the dark matter mass

dacgMpo (1
ty oot
0 Mw 0

\/11733 arctan (JZ\\?;I: \/fﬁ) . (5.7)
This result corresponds to a constant contribution to the s-wave cross section according to
ov (H°H® — ~) ‘ = |A|*/327M?%,. Although this is only one piece of an individual
diagram, it is still })oasseible that -after considering the total gauge-invariant amplitude- this
behavior is somehow canceled. However, a posteriori we find that this is not the case, that is, we
find that the s-wave cross section is indeed a constant, leading to a violation of unitarity.

Using similar arguments, it is possible to see that for each W boson that is exchanged in the
initial state one gets a factor that goes like ao Mo /My, as we found in Egs. and . If
Mo 2 My /ag = 2TeV, the perturbative calculation breaks down because higher-order loop
diagrams become more and more important. For these masses and in general in the high-mass
regime of the IDM, the one-loop calculation is not reliable until these effects are taken into
account.

In this chapter, we show how to calculate the non-perturbative effects associated to the
exchange of light bosons between two annihilating dark matter particles for the high-mass regime
of the IDM. To this end, we use the formalism introduced in [20}22,[24], whose starting point
is the following observation. When the dark matter moves slowly, its phenomenology can be
described using non-relativistic quantum mechanics. In contrast, this may not be done with the
gauge and the Higgs bosons produced in annihilations for very heavy dark matter, because in
that case these particles are relativistic. Because of this reason, light particles must be integrated
out of the theory. We will see that this process leads to a non-relativistic potential that describes
the interaction between pairs of dark matter particles and its SU(2), partners. Moreover, since
the dark matter and its partners can annihilate into the gauge and the Higgs bosons, there is
an absorptive -or imaginary- potential that describes how the dark matter pairs disappear, and

therefore the corresponding annihilation rates.

5.2 Non-relativistic Expansion of the Inert Fields

When the inert scalars move slowly, the inert doublet ¥ of Eq. (3.2]) can be expanded in terms of

non-relativistic fields in the following way
1

Hz) = e (e*"MHot(Ho (x) + e”MHot(};o (:c)) , (5.8)
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Az) = WHO(e’iMHot(Ao(x)+e“MH0t(LO(1:)), (5.9)
H(x) = 2]1\4}10(e_iMHOtCHJr(x)—i—e“‘iMHotCL_(x)), (5.10)

where (;(x) is a non-relativistic field that annihilates particles i. Because H™ is a charged field,
it is expanded in terms of the annihilation field associated to particle H™ and the creation field
associated to the antiparticle H~. For the neutral fields H° and A, since they are self-conjugate,
the creation and annihilation fields in each expansion correspond to the same particle. Because
¢i(x) is non-relativistic, its time variations are very small compared to the mass scale, that is,

L dg;

o M 5.11
G dt < Mpo. ( )

As we saw in section [3.3] the mass splitting between the different inert particles is negligible
compared to the dark matter mass. As a result, in this formalism all the non-relativistic fields are
assumed to have the same mass and the corresponding splitting is taken as a perturbation in the
action. With this, the kinetic part of the scalar Lagrangian as a function of the non-relativistic

fields is given by

1 1 1
Lyin = /d4 < (0H")? §(aAO)2 +|0H*|? - §M1210H02 - §M310A02 = M12{+|H+|2>

— /d% [gf ( A% )] (5.12)
2M o ’ ’

with
Cyo 0 0 0 0
0 My —M 0 0
c=| o and  dm¢ = A0 T (5.13)
CH- 0 0 M+ — Mo 0
C-H-‘r 0 O 0 MH+ — MHO

In this formula we also include the mass splitting of Eq. which is due to quantum effects.
Since our goal is to study dark matter annihilations, we must consider pairs H'H°. However, the
exchange of Z and W bosons among the dark matter particles leads to pairs A°A° and H+H~
respectively (see Fig. . As a result, what we do in the following sections is to derive an

0

effective action that describes these pairs, that is, at a given time x” we consider

€10 (@)¢h0 (%)
V2
s(r,y) = | Ca0@a@y) . (5.14)
Y o)
Co+ (@) - (2%, y)

The difference in normalization for the first two components of s(z,y) comes from the fact that

they correspond to states with two identical particles.
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5.3 Integrating out the Relativistic Particles

5.3.1 Gauge Bosons

Before integrating out the gauge bosons, we write their action in a compact way. In the IDM,
the action describing the gauge bosons is the sum of a kinetic term and the interaction term of

the gauge bosons with the scalar particles

SGauge = SGauge,Kin + SGauge,‘Il- (515)

In this chapter we work in the Feynman Gauge, then Sgauge w is given by Egs. (3.3)), (3.4) and
(3.8), whereas the kinetic term is

SGauge,Kin / d'z ( FAFA + FZFZ 4 2PV FW+) + MZZ2 + MWW
5 (047 + (92 —aw—aw+> . (5.16)

As usual F /X/ = 0,V, —0,V,. In order to deal with the gauge bosons collectively, we introduce

A = . (5.17)
W+

Using this, the kinetic term can be written as

Sciasgein = 5 ATB0A = | [ dtadty Al ()0l ) Alw). (5.18)
with
0? 0 0 0
3 0 90+ M3 0 0 @,
(Do) (2, y) = g 0 0 5+ M3, 0 0 (z —vy). (5.19)
0 0 0 0% + M3,
Similarly,
SGauge,\I/ = SCubic+SQuartiC7 (520)
Scubic = JIA= /d4:c JM (2)Au(z) + Jh(x) Z,(2) + (J{f[j_ ()W, (x) + h.c.)) ,  (5.21)
Squrtic = ATQA= [ d'a d'yAl()Qw, 1) A(y). (5.22)
where
Ja Qaa(r) Qaz(z) Qaw(r) Qhy ()
Jz Qaz(z) Qzz(z) Qzw(z) QLw(z) | ()
J = and Q(z,y) = Nz —y), 5.23
- CO Q@) Q) Quwla) 0 ok 2
Jwy+ Qag(r) Qzw(w) 0 Qww ()
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2 71
Qaa= €*HTH, Qzz = gT ((H02 +A") (1 - 2C%V)2H+H_> ;
4CW 2
_ 21
Quz= U2, Quw = (0 AT )
2

Qaw = QZZWH"‘(HO—Z'AO), QZW:—ngH+(HO—iAO).

With this, the total action is
1
SGange = §ATAA +JYA, where A =Ag+20. (5.24)

In order to integrate out the gauge fields, we perform the path integral with respect to A. Notice
that A" is not an independent variable because it is related to A by permuting its third and
fourth components. Moreover, notice that 7.4 = AT 7. Then the path integral is

ZGaugs = / DA e (ZATAATTTA), (5.25)

In order to perform the integration, we consider field oscillations around the stationary value of

the action, that is, around the classical solution, which is given by
Aqg = -A"1T. (5.26)

Consequently, in Eq. (5.25) we make the following replacement A — A+ A.. After some

simplifications one obtains

Zowse = ([ DASNSA) 78718717 (5.27)
The integral in the parenthesis can be performed by means of a change of variables. In fact,

/DA s A — N (DetA) ™7 = Ne 3 Trlosd, (5.28)
where N is an arbitrary constant. As a result,

ZGange = Nt and  Seg = —%jT AT + %Tr log A (5.29)

Our goal now is to simply Seg as much as possible. On the one hand, by expanding A in terms

of @, which is proportional to the gauge coupling constants, one obtains at leading order
A7l =(Ag—-20)7" = Ay - 24,1 0A (5.30)

The second term in the previous equation and each current J are quadratic in the inert fields.

Since in this work we do not consider effective interactions with six legs of inert scalars, we can

assume in Eq. (5.29)) that

TAT =TA1T. (5.31)
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Likewise, we can expand the second term of the effective action in terms of Q. Indeed,

%Tr log A %ﬁ log [Ao(l + 2A51Q)} = %TY [log Ag + log (1 + 2A61Q)}

= % [Tr log Ao +2 Trlog (A Q) — 2 Trlog (451 QA Q). (5.32)

Here the first term only contributes to A and it is therefore irrelevant. The second term is
quadratic in the scalar fields and it accounts for radiative corrections to the mass. After moving

these corrections into the scalar mass terms, we obtain the following effective action

Seff = Seff,1+Seff,27 (533)
1

Ser1 = —5J'AGNT, (5.34)

Stz = —iTrlog(A5'QA;'Q). (5.35)

From this procedure we can clearly see that Seg 1 is the contribution of the cubic gauge terms to
the effective interactions between the scalars once the gauge bosons are integrated out, whereas

Seff,g is associated to the quartic guage interactions.

Coulomb and Yukawa Interactions We now calculate Seg,; in the non-relativistic limit. We

start by noticing that

1
q%+ie 0 0 0
1
B d4q ) 0 5 M2 e 0 0
A Y) = — / 9(@=y) ez 5.36
( O)MV (l’ y) (277')4 0 0 q27]\/}2 — 0 g,U«V ( )
w
1
0 0 0 ?—M3Z, +ic

and hence

g / dtzdlydq .y (TA@)Tau) | T5@)Tzu(y) | 2 (@) Iw-u(y)
off,1 2(2m)* q? + i€ q? — M2 +ic q> — M3, + ie

) . (5.37)

We would like to calculate this action in the non-relativistic limit. To this end, we write each
current as Jy = (J‘O/, Jv), where V is any of the gauge bosons. With this, each term of Eq. 1}

can be written as

2
Rhu) _ R@AG | R@ROE o) o
qQ—M‘%—&-ie q2+M‘2, (q2+M‘2/)(q2—M‘2/+ie) qQ—M‘Q,—i-ie' '

The third term of this equation contains the magnetic interactions between the currents. For
non-relativistic currents, we expect |Jy | < Jg and consequently this term can be neglected. In
addition, the second term is related to retarded effects on the interaction between the currents.

In fact, integrating by parts it can be written as

/d4x d*y diq eiq(m*y)Jg(x)Jg(y) qO2 :/d4xd4yd4q eiq(w*y)j‘g(w)j\(}(y)

- - 5.39
(@ + D) (@ — M2 + ic) (@ + M) (@ — M2 + ic) (5.39)
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Figure 5.2: Feynman diagrams contributing to Vgauge(r).

Because of Eq. 1' we can conclude that |J8| < J‘O/ and therefore retarded effects can be
neglected in the non-relativistic limit as well. In contrast, the first of Eq. (5.38) can not be

neglected and the integration in the momentum space must be done. This is given by

d4q ela(z—y) 0 0 d3q cia(z—y) o—Mv|z—y| . .
_/(277)4(124—MZ/ =0~y )/ CrP @+ MZ  dnlz —y] 6(x” —y°). (5.40)

Consenquently,
d4xd3y 0 0/..0 0 0/,.0 —Mz|z—y|
Seff,1 ~) Sz =y (JA(CU)JA@ yY) + Jz(x)Jz(27, y)e
+ 2 T () I - (xo,y)e*MWM*yl) . (5.41)

Hence, in the non-relativistic limit the first term of Seg,; describes the Coulomb force between
the non-relativistic particles, whereas the other terms describe Yukawa interactions associated to
the exchange of W and Z bosons.

As explained in the previous section, we consider only pairs HOH?, A°A° and HTH~. As a
consequence we limit ourselves to describe interactions corresponding to these pairs of particles.

With this in mind, we write the time-like components of the currents in terms of the non-relativistic

fields of Eq. (5.10)

I o e (=Ca-Cle + ) (5.42)
Ty > [0 26k) (<G Gl + GG ) i (=Canlpo + ol ) (5.43)
‘]I(/)V— - g [_<H* (C;rqo +iCI10) + C}L{Jr (CHU +iCA0)} (5~44)

Here the terms that are omitted are the ones that do not lead to pairs HOH?, A°A° and HYH~.
By plugging these currents in Eq. (5.41)), we obtain

Seta == [ dwd’y s, 9) Viugell@ ~ yl)s(z,9) (5.45)

where s(z,y) was introduced in Eq. (5.14]) and

0 671\4ZT e*MW'r
92 —Mgr 40%‘/ 721\\4/3/7'
e e
Vaauge(r) = = — | "4, 0 22 : (5.46)

o~ Myt o= Mypr (1-2c%,)2e " Mz"

2
2V/2 vz W T 4c?,
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Figure 5.3: Sort of Feynman diagrams contributing to Sego = —i Trlog (Aa 1QA5 1Q).

Absorptive Term In general non-relativistic inert scalars can annihilate into relativistic particles,
in this case into gauge bosons. Since we are integrating out the latter, in the effective theory
the annihilations are described by an imaginary potential -or an absorptive term in the action-
which allows for the disappearance of pairs of non-relativistic particles. We argue here that
the absorptive term comes from S o given in Eq. . We first interpret Seg 2 in terms of
Feynman diagrams by noticing that the matrix Ay ! describes the propagators of the gauge fields,
whereas each Q is a vertex with two gauge fields and two inert scalar fields. Consequently each
term of Seq 2 is a diagram like the one shown in Fig. @ Furthermore, for simplicity we neglect

the mass of the gauge bosons and then we have

Sers = —iTrlog (A;'0A;'Q)
d4q dk eiq(gﬁfy) eik(sz)
(2m)% (2m)% g% + ie k2 +ie

The factor of 4 is the trace over the space-time index of the gauge fields. Since we are interested

= —4i/d4:vd4yd4zd4w Tr[Q(y, 2) Q(w, ). (5.47)

in the imaginary part, we set the gauge bosons in the loop on-shell by performing

= }r — — 2mid (). (5.48)
Furthermore, we carry out the integration over the time-like component of the four-momenta by
noticing that d*q §(¢%) — % when the gauge particles are on-shell. In this way the integration
over the four-momenta can be cast as

/ diq  dk eta(@—y) pik(z—w) Lo )2/ d3q d3k pila—k) (@)

(2m)4 (2m)* ¢% +ie k2 +ie (2m)3(2|q]) (2m)3(2|k|)

_ i, dq Ik Q)
=~ | Qi Gy (@ o+ B

1 aAQ i
_ Qx—y) — _ "
T / (27?)46 87?6

If we plug this into Eq. (5.47)), we obtain

@z —y). (5.49)

Qaa(r) Qaz(z) Qawl(r) Qhw ()

_ b [ d | Qaz(@) Qzz(z) Qzw(x)  Qzw(z)
Swa = g [ AT 0 o) a0 | [ (550

Qaq(r) Qzw(z) 0 Qww ()
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Figure 5.4: Feynman diagrams contributing to Vscalar(r)

Keeping again only the terms that give rise to pairs HOH?, A°A° and H*H~, one obtains

Sera = i /d4:v (QAA(:B)2 +Qzz(2)” +2 Quw(z)® + 2QAZ(x)2)
.4 2 2 \2 2 \4
tg 4 4 4siy (1 — 2cy) (1 —2¢cy) +17—)2
= Z_ 1) (H™H
ot KSSW S SR ) ()

5 5.2 2
N i (2514 N 1) (%% + 4%)’ + <(12csz) n 1) (1% + 4%%) H+H—] . (5.51)
w 1%

This expression is manifestly imaginary and therefore corresponds to an absorptive action as
expected. In terms of the non-relativistic fields of Eq. (5.10)), it can be written as

Seif,2 =2 / d4xd3y 5($7 '!/)TFGauge(S(z;)(|33 - y|)5(xa y) ) (5'52)

where s(z,y) was introduced in Eq. (5.14]) and

a a b
1 2 2 V2
b
IGauge 3272, 5 2 A (5.53)
b b
V2 2 €
4 4 2 \2
1 1-—
a_& T+1 s b:& %‘Fl s
2 23W 2 28W
252, (1 — 2¢2,)2 1—-2¢2)% 1
c:g4 45%[/_1_ W( . W) +( 4W) +=.
iy 4cW 2

Hence the path integral (5.29) after integrating out the gauge bosons is

Zege =N expli [ dad’y s(e,9)! (~Voue (12— 9l) + 2 c0ged® (2~ y) s(ow)}. (550)

5.3.2 The Higgs and the Goldstone Bosons

In the Feynman Gauge, the masses of the Goldstone bosons G* and G from the doublet ® of
Eq. are My, and Myz. These along the Higgs particle are very light compared to the inert
scalars in the high-mass regime of the IDM. Accordingly they must be integrated out. This is
done in exactly the same way as in the previous section. Moreover, this integration is simpler
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because h, G° and G* are scalars as opposed to the gauge bosons which are described by vector
fields. After performing the integration one obtains

ZScalar = ./\/GXP{Z / d4xd3y S(SU, y)T (7‘/Scalar(|m - y‘) + 2irSCalar5(3)(|m - y|)) S(l‘, y) 7} (555)

where Vgcalar arises from the exchange of light scalars between the pairs HOH?, A°A% and HTH~
as shown in Fig. and it is given by

(>\3+)\4+)\5)2 e—Mh’I‘ Lge—Mz’f‘ (>\4+>\5)2 e—MwT
2 2 4 44/2
v 2 2 2
_ h A A3+Aa—A — Ai—A _
Vscalar(r) = _87rrM2 fe Mzr %6 Mpr %6 Mwyr (556)
0
AN Qudds)® e a=Xs)® My A3 o~ Myr
42 42 2 )

Notice that this potential is suppressed by the dark matter mass squared. This is due to the fact
that the cubic interactions -according to the potential of Eq. (3.9)- have dimensionful couplings
proportional to v,zl.

Similarly, I'scalar arises from the quartic interactions of the potential in Eq. (3.9) and it is

2 2 2 2
/\§+)\4/\3+%+% )\§+)\4)\3+%—% V223 (A3 + A1)
2 2 2 2
Pscalr = 2o [ M4+ Aads + 5 =5 M+dds+ 3 +3 V2t h) |- (557
0
" V23 (A3 + A\4) V23 (A3 + A1) 203 + 2043 + ]

5.4 Effective Action for Pairs of Inert Particles

Putting together Eqs. (5.12)),(5.54) and (5.55)), one gets the path integral over the non-relativistic
fields of Eq. (5.10]), which reads

Z= /Dg D¢t oexp {i/d% [g(a:)T (ié(m) + i\jﬁ) - 5m<C(9L‘)>} (5.58)

+ Z/d4$d3y 3(11/'7 y)T (_(VGauge + VScalar)(|w - y|) + 2i(FSCa1ar + FScalar)a(g)ﬂx - y|)> S(.’E, y)} )

where
x 20
s1(z,y) Mg(y)
s(z,y) = | s2(z,y) | = Mjg(xo,y) ' .
s3(7,y) Crr () (20, y)

In the previous expression s(z,y), is not a dynamical field. However, we can apply the following
identity to introduce a path integral over it E|

1 = /Ds Ds' Do Dot exp {i/d4xd3y <al(z,y)T (sl(x,y) - gHO(I)CHO(IO’y)) (5.61)

V2
xT 0 xo
W) +o3(2. )" (sa(2,) = G (@) (2, 9)) + h)} :

o) (saley) -

V2
L This identity is a generalization of
dx dp i(z—a)
1= [ —— . 5.60
[ (5.60)
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With this the path integral of Eq. (5.59) can be cast as

Z= / D¢ D¢t Ds Dst Do Dol exp {z / d*x(x)T <i¢(a:) + éj\i(fo) - 5mC((I)> (5.62)

+ Z/d4$d3y |:S($(}, y)T (_(VGauge + VSCalar)(|w - y‘) + 2i(FScalar + FScalar)6(3)(|w - y‘)) S(.’E, y)

* (Ul(f”vy)T <31($,y) - CHU(x)%(xO’y)> +oa(z,y)’ <82(x,y) - W)

+ o, y)! (sa(@,y) — C (2)Ca- (2, ) + hec)] }

The full Lagrangian at this point is quadratic in the non-relativistic fields ¢ and ¢, with
coefficients that depend on the field o(z,y). Therefore, the path integral with respect to these
variables can be performed using elementary methods of path integration. The result is

z = [ pss Do Dot exp{z' [ ety (~oap) K @ wotay) - s(o.y) Ve p)s(ay)

+ oz, y) s(z,y) +s(z,y)o(z,9)}, (5.63)
where
. Vi V?l
K(z,y) =1i0,0 — M, 20y +2om, (5.64)
V(x, y) - (VGauge + VSCalar)(’a: - y‘) - 2Z‘(FSC&Llar + FScalar)(s(g)(‘a2 - y|)7 (565)
with
0 0 0
Sm= [0 My — Myo 0 : (5.66)
0 0 Mg+ — Mo

The stationary value of the action associated to Eq. (5.63)) is given by

o(z,y) =V(z,y)s(z,y) and s(z,y) = K Nz, y)o(z,y). (5.67)

With this it is possible to integrate out the field o(z,y). The final result for the path integral
over the filed s(z,y) that describes the pairs HYH? A°A° and HT H~ in the non-relativistic
limit is

2 2
Z = / Ds Ds' exp {i/d4xd3r st (z,7) (iazo + Ve + Ve _ V(r)+ 2iF5(F)> s(x,f')} . (5.68)
AMyo  Mpgo

Here x is the position of the center of mass and 7 is the relative position vector for the pair of
particles. In addition V (r) is a 3 x 3 potential matrix and I' is a 3 x 3 matrix that characterizes

the tree-level annihilation rates

V(T) = 2 5m + VGaUge (T) + VScalar(T) a‘nd I'= 1_‘Gauge + PScalar . (569)
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5.5 Another Way to Calculate the Annihilation Matrix I

Using the Optical Theorem, in [22] it was proven that the matrix I' can also be calculated by
considering all the possible final states of the light particles that are integrated out. In fact,

r=>»ry, (5.70)
f

where f is any final state in which the pair of dark matter particles or its partners can annihilate
into. For each of them

Nu d a / .. ) *
i = Zap, »/ ( (2 fQE)<2w>4é4 (i 9i = Sy ta) M@ = M GT = )" (5.TD)

where Nyogo = Ngogo = 1/v/2 and Ny— g+ = 1. Also, M (i’ — f) stands for the tree-level

scattering amplitude for the corresponding annihilation process.

Two-body final state processes

For the IDM, in these cases the matrix I'y can be cast as

1 fT f fT f)
ri=——  (vi'vievi'wv 72
f 327TMIQ{O< a VatVg Vg, (5.72)

where VCJ; and st are row vectors, that we report in Table Their interpretation is clear for
final states with gauge bosons: the first vector corresponds to the emission of transverse bosons,
whereas the second vector corresponds to the emission of longitudinal bosons, which -by virtue
of the Equivalence Theorem- is equivalent to the emission of Goldstone bosons in the high-mass
regime.

If we add all the contribution of the two-body final states, we find again the same results of
Eq. and Eq. , which were derived using path-integral methods. That is, we find
CGauge + T'scalars = 2 ¢ L'y, for the states f of Table

’ Final State f ‘ VGf ‘ st ‘
W (5.5 %) (3. 252+ M)
44 <2\/20€V’ 2\/g’2c34,’ Al 12020%/‘/)2> (_)\3 —patds =2 2/\4_)‘5,—%)
vy (0,0, 2¢2) 0,0,0)
VZ (0,0,v2(1 - 2¢},) 22 ) (0,0,0)
hh (0,0,0) (—/\3—2*4%5’ —Aa= M5 _%)

Table 5.1: Row vectors VCJ; and be for calculating I'; using Eq. l) for each two-body final state. For
the case of gauge bosons, they correspond to the emission of transversely and longitudinally
polarized particles, respectively.
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Three-body final state processes and VIB

This method is particularly useful for calculating the contribution from three-body final states.
However, in this case the expression of I'y is more complicated. In this work, we only consider
the process HYH® — WTW ~, since it is the only one playing an important role, specially for
calculating the gamma-ray spectra. We follow section in particular Eqs. (4.17),(4.18]), (4.19)
and , to manipulate the required three-body phase integration of Eq. . In this way,

the matrix I' - differential in the variable - can be written as

4 (Cwews) _ N Njy / M (i W) M (i = W) day. (5.73)

dx 12873

+min

Although p is very small in the high-mass regime of the IDM, we can not neglect it in the last
equation because it regularizes infrared divergences in the different VIB processes. Analytical
expressions for the previous equation can be obtained, but they are in general very long and

because of this we do not report them here.

5.6 The Sommerfeld Effect

Now we show how to include the non-perturbative effects in cross section calculations. Using the
path integral of Eq. (5.68)), it is possible to prove that the s-wave annihilation cross section can
be calculated using the following algorithm [22]:

1. If v is the relative velocity of the initial state particles, the differential equation
g"(r) + Mo <iMHoUZIl - V(T)) g(r)=0 (5.74)

for the 3 x 3 matrix g(r) is solved for two boundary conditions ﬂ At the origin
9(0) = 1, (5.75)

whereas for large values of r, the solution describes the states HOH?, A°A° and H-H™*

according to the mass splitting:

e If the mass splitting dm;;s ;; associated to the inert pair i’ is smaller than the initial
kinetic energy M pov?/4, then there is enough energy to produce on-shell states of the
corresponding pair, and therefore the matrix elements g;; j;/(r) at infinity behave as
an out-going wave, with momentum given according to Eq. by

1 1
Diir = \/MHO (4MHOU2 — 1/“-/7”/(00)) = \/MHO (4:]\41.101)2 -2 .6m¢i/,ii/> (576)

20ther boundary conditions have been considered in the literature (see, e.g., [25,27]). Moreover, in [27] it

was proven that under certain circumstances, other choices for boundary conditions are equivalent to the

prescription described in the present work.
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5.6 The Sommerfeld Effect

The corresponding boundary condition at infinity is
dgii ii1(00)
% = i piir Girr jj'(00) - (5.77)

r

e In the opposite case, that is if dmyy ;v > Mp0v? /4, there is not enough energy to

produce on-shell states of the corresponding pair, and therefore the matrix elements

giir jj' () decays exponentially at infinity. Hence

2. Once the solution is obtained, the oscillating phases of g(r) at large values of r are factorized

by writing it as

g(r) = eV Mpo (Myov?1-26m) g (5.79)

3. Subsequently, the s-wave cross section for the annihilation of the pair (7,7’) into a final
state f is calculated by means of the equation

1

2
3

ov (i’ — f) CANT TS (5.80)

s—wave ’

Notice that d = 1 when the potential in Eq. (5.74) is negligible, and therefore Eqs. (5.71]) and

(5.80) reduce to the standard expressions for calculating the cross section in the s-wave limit.
We are particularly interested in dark matter annihilation, in that case Eq. (5.80]) can be cast

as
s—wave 4M2H0

din M (H°H® = f) +dia M (A°A° — f) + V2di3 M (HYH™ — f)

ov (H'H® — f)

d*qq 454 /
Il W) @m"8* (pie + pize — 2, 0)

2
, (5.81)

where f here stands for any final state of light particles. The quantities di1,d12 and di3 are
therefore interpreted as non-perturbative enhancement factors that account for the long range
interactions between the annihilating dark matter particles due to the exchange of gauge and
Higgs bosons in the non-relativistic limit.

As an example, we show in Fig. the absolute value of di1,d12 and dy3 as a function of the
dark matter mass, for the case in which all the quartic couplings vanish. Observe that including
these factors in the calculation is irrelevant for masses below approximately 2 TeV. However,
once we approach higher values for the dark matter mass, the enhancement factors dramatically
affect the annihilation cross sections, as shown in Eq. . Furthermore, we find a resonant

behavior, in agreement with what was found in [22] for neutralino dark matter.
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Figure 5.5: Absolute value of the Sommerfeld enhancement factors dy1,d12 and di3 as a function of the

dark matter mass when all the quartic couplings vanish.
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Figure 5.6: Cross section for the process HYH — v according to the one-loop calculation (dashed line)
and according to the Born approximation described in Eq. 1} (continuous line).

76
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Annihilation into vy and vZ  According to Table

yo (000 1y (000
e aag(l — 2¢
T=" 100 0], Typ=""220220W0 1o oo, (5.82)

Mizo Miociy

0 01 0 01
using Eq. (5.80]) we then find that
4ra|dy3)? 2raan(1 — 2¢3,)?|dy3|?
0770 _ 0770 _ W
ov (H H %’y’y) =T, ov (H H ﬁvZ) = M, . (5.83)

In [22] it was shown that for very high masses, these cross sections do not violate perturbative
unitarity, in contrast to the one-loop results of chapter [d This implies that the cross sections

scale like 1 /M?{O for large dark matter masses.

5.7 The Born Approximation as the One-loop Result

In this section we study under which circumstances the one-loop calculation of section
matches the results of Eq. , which are obtained using the non-relativistic approach described
previously. In order to do that, notice that in any one-loop calculation the interaction between
the particles is treated perturbatively and corresponds to the first order in the expansion. We
thus show that the calculation of section matches the results obtained with Eq. when
one solves Eq. by performing a perturbative expansion on the potential.

Details of the Born Expansion
The differential equation (5.74) for the Sommerfeld enhancement can be cast as

d? 1
dirg + k‘29(7“) = MgV (r)g(r) with k= §MH0U- (5.84)

A formal solution of this equation is
g(r) = €7 go + kT gl + / dr'h(r — )MoV (*)g(r") | (5.85)
0

where h(r) is a Green’s function of the harmonic oscillator

d*h

2t k2h(r) = 6(r). (5.86)

If the kinetic energy is smaller than the mass splitting, the matrix g(r) admits only out-going
waves for large r. In that case gj = 0 in Eq. (5.85)). Similarly, the only Green’s function h(r) in

agreement with this boundary condition is

1

hr) = 5o (e*0(r) + eo(-)), (5.87)
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and consequently the solution (5.85)) is

1o dr@MWﬂ”mr—rq+e4M““mWh-m)vuqmwy (5.88)
2ik Jo
If the potential is small enough, the previous equation can be solved by expanding in the potential.

The first term of that expansion -the Born approximation- is

MHO / dr (eik(r_rl)G(r — ') 4 e k=g — ’I“)) V(r')e“”/) go- (5.89)
2tk Jo

g(r) = (eikr +

After applying the boundary condition g(0) = 1 and factorizing out the oscillating phase at

r — 00, one finds

d=1—

]wkHO/ dr’sin(kr’)V(r’)eikr/, (5.90)
0

which gives for the 31 component

1 Mo V3 (A4 + As)?
d: e 2T (501
t3lBom Approx. = =5 75 (MW + /2M o (Mp+ — MH0)> <a2 16w M2, (5:91)

Annihilation into Photons under the Born Approximation

Egs. (5.91)) and (5.83)) implies then that

2 ()\4+)\5)2 2
h
7T052 Q2 + 167rMI2_1O

2 MW+\/2MH0(MH+*MHO)

cv(H H® = 47)|Bom Approx. = (5.92)

In Fig. we plot this cross section for different quartic couplings (continuous lines) and
compare it with the one-loop calculation of section (dashed lines). The agreement is very
good, specially for masses in TeV range.

In general, the potential matrix is not small and can not be treated perturbatively. This
happens when the exchange of gauge or Higgs bosons between the initial state particles has
a significant effect. In that case Eq. must be solved numerically in order to obtain the

enhancement factors.
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Chapter 6
Gamma-Ray Spectral Features from the IDM

In this chapter we calculate limits on the IDM, coming from indirect dark matter experiments

with gamma-rays. In order to do that, we include the Sommerfeld Effect.

6.1 Scan over the Parameter Space

In order to study gamma-ray spectra in the high-mass regime of the IDM, we perform a scan
over the five dimensional parameter space of the dark matter sector. More specifically, we let
Mo vary in between 500 GeV and 6 TeV, and the quartic couplings in the range |A\;| < 3. We
do not take larger masses, because in general they lead to thermally-produced dark matter with
quartic couplings larger than three or more, and we do not consider such values in order to
ensure perturbativity. In addition, for every point we impose vacuum stability by requiring
that the quartic couplings satisfy Eq. . For each of the points we then solve numerically
the Boltzmann equations for the relic abundance by means of micrOMEGAs 3.1 [79] and
select only those points for which the result is in agreement within 3o with the observed value
Qpmh? = 0.1199 + 0.0027.

Subsequently, for each point of our scan we numerically solve Eq. and calculate the
enhancement factors dy1,d12 and di3, assuming a dark matter relative velocity of v = 1073. For
the points of the scan we calculate the total annihilation cross section by adding the contribution
from the 2 — 2 annihilation channels, HYH? — W+W~, Z°Z% and hh with (without) Sommerfeld
enhancement and show the results in Fig. in orange (yellow). They are safely below the limits
on the cross section derived in [133] from the PAMELA data on the cosmic antiproton-to-proton
fraction |134] assuming 100% branching fraction into WW and hh. We also show the limits [135]
on the total annihilation cross section coming from gamma-ray searches performed by the HESS
collaboration, assuming a NF'W profile. We see that some of the points of the scan are excluded
by this limit.

In order to assess the effect of the Sommerfeld enhancement, for each point of the scan we
calculate the ratio of the total enhanced cross section to the unenhanced cross section. The
results are shown in Fig. We find that Sommerfeld effect is not negligible.
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Figure 6.1: Total annihilation cross section for the points of the scan. The orange points take into account

the Sommerfeld enhancement, whereas the yellow ones do not. We show the limits from
antiprotons assuming 100% branching fraction into WW (blue line) or hh (green line) [133].
We also show the limits on the total annihilation cross section coming from gamma-
ray searches perfomed by the HESS collaboration (red Line). In addition, we display the
benchmark points of Table
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Figure 6.2: Impact of the Sommerfeld enhancement on the total annihilation cross section for the points
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of the scan. We also show the benchmark points of Table



6.1 Scan over the Parameter Space

Spectrum Benchmarks
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Table 6.1: Gamma-ray differential cross sections (black) for some benchmark points. The contributions
of the VIB, the soft part, and the v and vZ monochromatic lines are in blue, green, magenta
and pink, respectively. The spectra have been convoluted with a Gaussian detector response
characterized by a standard deviation o(F) = 0.1E. The dashed line is the spectra with no

Sommerfeld enhancement.
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In the IDM, the gamma-ray flux (2.15) can be cast as

e, 1 (1 ov dN7

— == —= JdQ) | —— > By—— 6.1

dE, SW(AQ/AQ )(Mgozf: fdx)’ (6.1
where we used x = E,/Mpo and the fact that all the processes proceed via s-waves which imply
that we can safely take (ov) = ov. In addition, the flux has different contributions. On first
place, a soft part consisting on secondary photons from the decay and fragmentation of the gauge
and Higgs bosons that are produced in dark matter annihilations. We calculate this contribution

using PYTHIA 6.4 |136]. Secondly, from the monochromatic photons produced in the processes
HOH? — vy and H'H® — vZ. And lastly, from the VIB photons. As a result we have

AN/ 1 [d(ov)gsy  dov)sy — d(ov)ss
Bf— = —
Xf: ! dx ov dx * dx + dx
M% d(ov)ww
+  2(0v)yy0 (z — 1) + (ov)y26 (:c -1+ 4M12{0> + . T (6.2)

In this expression we include the Sommerfeld enhanced formulas of chapter [l In order to illustrate
each contribution, we show in Table six benchmarks from the scan, and their corresponding
gamma-ray differential cross sections. The contributions of the VIB, the soft part, and the vy
and vZ monochromatic lines are in blue, green, magenta and pink, respectively. The spectra
have been convoluted with a Gaussian detector response characterized by a standard deviation
o(E) =0.1E. We also show the effect of not including the Sommerfeld enhancement as a black
dashed line. The six points were chosen following the next criteria: two points where the lines
dominate, two points where the VIB dominates and two where the soft part is more significant.
Also, in order to make the spectral features more noticeable and to establish gamma-ray limits,

we multiply the differential cross sections by z27.

°® > ®
4 4¢
3r 3r
x< x<
2r 2% 2r @
1F ® 1t ®
5 @ @ @ ®®
ok ‘ ‘ S B ‘ ‘ ‘ ]
0 50 100 150 -1 0 1 2 3
P A3

Figure 6.3: Interplay between the parameters p and x from Eq. 1] See the text for details.
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6.2 Monochromatic Lines and VIB

The relative importance of the VIB signature and the monochromatic lines can be quantified by

introducing the following two quantities

0184“ d(wgl;vwv dx B 2(00)yy + (00)yz + fl 4“ 7d TVWW 1o (6.3)
= 200)yy + (00)yz P (it ¢ dovE (av)S“) i '

Similar variables were also used for analyzing spectral features in dark matter models of heavy
neutralinos [105]. We expect the VIB signature to dominate over the monochromatic lines for large
values of k. Similarly, we expect the combination of the VIB spectrum and the monochromatic
lines to dominate over the soft gamma-ray spectra for large values of p.

In order to study the relation between these two variables precisely we calculate them for
the points of the scan. The results are shown in the left panel of Fig. From this plot, we
can conclude that if the VIB contribution is much greater than the monochromatic lines - for
instance for values of x larger than 3- then the associated spectral feature is lost within the soft
part of the spectrum due to the low values of p. An example of this is benchmark 5. On the
other hand, when the combined spectral feature stands out of the spectrum, the monochromatic
lines are at least as significant as the VIB. Nonetheless, this does not mean that the latter can be
neglected, in fact, as it is apparent from the plot, in most cases the VIB and the monochromatic
lines are of the same order of magnitude.

As shown in section the internal bresmmstrahlung spectrum is composed of a gauge part
-independent of the quartic couplings with a sharp spectral feature- and a featureless quartic
piece proportional to the coupling A3. The former is associated to transverse W bosons, whereas
the latter to the longitudinal ones. A possible explanation for the fact that large values of k
correspond to low values of p is that, for these cases, the VIB signature dominates over the
monochromatic lines because the quartic piece is much greater than both the gauge part and
the lines. Accordingly, there should be no spectral feature in the spectrum. We corroborate this
hypothesis in the right panel of Fig. which shows that large values of k are obtained only
when )3 is correspondingly large, and consequently, when the quartic piece of the VIB spectrum

dominates over the gauge part, erasing the spectral feature.

6.3 H.E.S.S. Limits on the IDM

We now calculate the gamma-ray flux given by Eq. corresponding to the first four benchmark
models of Table [6.1 We do not consider benchmarks 4 and 5 because their overall spectral
feature does not stand out over the soft part. We choose for our study NFW profile [88,89] (see
section . We will compare our predicted flux to the limits recently derived by the H.E.S.S.
collaboration from a search for line-like gamma-ray features in the central part of the Milky Way
halo with energies between ~ 500 GeV and ~ 25 TeV [137], which adopts a complicated search
region with a J-factor given J = 6.4 x 10%4 GeV? cm™ for the NFW profile [135].
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Table 6.2: H.E.S.S. limits on the benchmarks of Table |Q_ll See text for details.

The predicted flux for each benchmark is shown as a blue curve in Table The gamma-ray
data measured by the collaboration with the respective error bars are also shown. In order to
derive limits, we parametrize and fit the background as it was done in [137] and show it in black.
Finally in red (upper lines) we show the total spectrum that would be excluded at a 95 % C.L. if
the annihilation signal is multiplied by the factor that is shown in the upper part of the plots
and that we call ®ypss/P. We also show in red (lower lines) the corresponding signal when
multiplied by that factor. We add that for doing this study the x? method was used.

As apparent from the table, present instruments are not sensitive enough to observe the
spectral of the IDM, unless the annihilation signal is boosted by astrophysical or particle physics
effects by a factor O(10). Future instruments, such as DAMPE [138], GAMMA-400 [139] or
CTA [140] will, however, close in on the signals from the IDM.
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It is important to contrast these limits with the corresponding limits from direct detection.
We calculate the latter following [16,66,/122] and then compare them with the current sensitivity
of the LUX experiment [82] . We show the results in Table We conclude that gamma-ray

limits can do much better than direct detection experiments when the dark matter mass is large.

’ BMP ‘ M (TeV) ‘ Dppgs/P ‘ oLUX/0s1 ‘

1 2.59 9.1 31.9
2 0.84 14.0 103.9
3 0.71 4.6 2.6
4 1.15 19.9 24

Table 6.3: Gamma-ray limits vs. spin independent direct detection limits.
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Chapter 7
Model Il: Dark Matter from a Dirac Fermion

As conjectured in section the stability of the dark matter is very likely due to the existence
of a symmetry in the Lagrangian. The simplest symmetry that ensures the absolute stability of
the dark matter particle is a discrete Zo symmetry, under which all the Standard Model particles
are even while the dark matter particle is odd. The discrete symmetry in the Lagrangian could
be imposed by hand or could arise as a remnant of the breaking of a global symmetry. In fact,
suppose that the global symmetry is described by an U(1) group and that a scalar field with
charge 2 in units of the smallest U(1)—charge acquires a vacuum expectation value, then the
global symmetry is spontaneously broken and a discrete Zo symmetry emerges in the Lagrangian.
Moreover, all the fields with even and odd charges under the global group will acquire, after the
spontaneous symmetry breaking, an even and odd discrete charge under the Z5 transformation,
respectively. Therefore, the lightest particle with odd charge is absolutely stable and a potential
candidate for dark matter.

The spontaneous breaking of a global continuous symmetry, as is well known, gives rise to
massless Goldstone bosons in the spectrum [31H33]. While the presence of Goldstone bosons is
usually an unwanted feature in model building, it was recently argued by Weinberg [34] that the
Goldstone boson that arises in this framework could contribute to energy density of th Universe.
More specifically, if the Goldstone bosons are in thermal equilibrium with the Standard Model
particles until the era of muon annihilation, their contribution to the effective number of neutrino
species Neg would be 0.39, in remarkable agreement with the central value obtained in [35] from
combining Planck data, WMAP9 polarization data and ground-based observations of high-/,
which imply Neg = 3.3670:59 at 95% C.L.

In this chapter we introduce these ideas in a particular model and show -as opposed to the
original claim- that the Goldstone bosons associated to the stability of dark matter particle play

a crucial role in the dark matter production. We leave for chapter [J] the discussion of Neg-.

7.1 Description of the Model

We consider the model proposed in [34], where the Standard Model (SM) is extended by one
complex scalar field ¢ and one Dirac fermion field ¢). The new fields are singlets under the SM

gauge group and are charged under a global U(1)py symmetry, namely: U(1)pm(1) = 1 and
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U(1)pm(¢) = 2. Besides, all the SM fields transform trivially under the global symmetry. As a
consequence, the dark sector interacts with the SM fermions only through the Higgs portal. The

corresponding interaction Lagrangian reads:
L = (Du®) (D'D) + 3010 — g (@f @)2
+0u0° 0" + 13670 — Ny (679)" — 1 (@1 @) (6" 9) + Low , (7.1)
where D,, is the covariant derivative, ® is the SM Higgs doublet and

Lom = G180 — Mg — (\gwwc +he). (7.2)

with ¢¢ = CET. In the following we discuss separately the scalar sector and the dark matter

sector.

7.1.1 The Scalar Sector

Both the scalar field ¢ and the neutral component of the Higgs doublet acquire non-zero vacuum
expectation values (vev), which spontaneously break the symmetry group SU(3). x SU(2)w x
U(1)y x [U(1)pm] = U(1)em X Z2. In order to analyze the physical mass spectrum of the theory,
we conveniently parametrize the scalar fields in Eq. as: E|

Gt Vg + P+ in
= (uh+ﬁ+iG0) ) ¢ = T ) (7.3)
V2

where the SM Higgs vev is vy ~ 246 GeV. Then, from the minimization of the scalar potential in
Eq. (7.1) we get the following tree-level relations between the parameters of the Lagrangian and
the vacuum expectation values:

1

1
ué:2<2v%)@+vim), ,ué:f

: (2032 + Vi k) . (7.4)
The neutral C' P-odd component of the Higgs doublet, G, provides the longitudinal polarization
of the Z boson through the Brout-Englert-Higgs mechanism. On the other hand, the pseudo-
scalar field i corresponds to the Goldstone boson that arises from the spontaneous breaking of
the global U(1)py symmetry. Therefore, the physical mass spectrum consists of two C P-even
massive real scalars, denoted by h and p, which are linear combinations of the interaction fields
h and p in Eq. , and a C'P-odd massless scalar 7. The mass matrix of the C'P-even scalars

in the basis of interaction fields (h, ) reads

2o V2 KRV
MS == h Z ) (75)
KUV 2N vy

In contrast to [34], with this parametrization only renormalizable terms in the Lagrangian are necessary to

analyze, at lowest order, the phenomenology of the dark sector.
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where we have used Eq. (7.4). The mass eigenstates h and p are thus obtained by the basis

transformation:

(5)-» ()

with
cosf) sind .
Rs = < Cind cos0> and tan20 = % (7.7)
The masses of the physical states are:
mi = 2X\gvi cos’O + 24 vé sin? @ — K vy vy sin 26, (7.8)
mi = 2X\pvj sin?0 + 24 U?b cos? 0 + Kvp Vg sin 20. (7.9)

In the following, we assume that the C'P-even state h corresponds to the Standard Model Higgs
boson with mj = 125 GeV. Notice that, after the electroweak symmetry breaking, the scalar
sector can be described in terms of three independent unknown parameters, m,, v4 and 6, as well

as the mass and the vev of the Higgs. With this choice, the quartic couplings are unambiguously

given by
m% cos? 6 + m% sin? 4 m,zl sin? 0 + m% cos? 6
Ap = 507 , A = 502 , (7.10)
h é
o (mg —m3) sin 29
2vp V4

The stability of the scalar potential implies the condition 4 Ap Ay — k% > 0, which is automatically

. . . 2 2
satisfied by the previous equations as long as m5 > 0 and mj, > 0.

7.1.2 The Dark Matter Sector

The coupling constant f of the interaction between the Dirac field ¢ and the complex scalar ¢ in
Eq. is in general complex. However, this phase can be absorbed by a redefinition of the
scalar field ¢. As a result, the Lagrangian Eq. conserves C'P and both P and C separately.
Besides, the Dirac field 1 is no longer a mass eigenstate after ® and ¢ acquire non-zero vacuum
expectation values. Indeed, it splits into two new mass-eigenstates, which correspond to the

Majorana fermions:

Y +y° _
N . = N (7.11)

which are C-even and C-odd respectively (see Appendix . In terms of them, the Lagrangian

Y —o°

Yy =

can be cast as

L= o (W " by + % A O — Myiapy — MYy )

N =
1\3\\&/ ~

— 2 ((=sinfh+cosf p) (s — v ) +0 (D + 0 ¢4)) (7.12)
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with M4 = |M £ fug|. Notice that this Lagrangian is invariant under the Z, transformation
4+ — —1p1, which is a remnant of the spontaneously broken U(1)py symmetry. As a result, the
lightest Majorana fermion is stable and, consequently, a dark matter candidate. If the coupling
constant f is positive, the lightest Majorana fermion is 1)_. Without loss of generality, we will
assume that this is the case. Notice that the dark sector contains five unknown parameters,
for example, M_, m,, Ay, 0 and f. Nevertheless, in some instances we will find convenient to
express observables in terms of the following dimensionless quantities:
L) _ My

= e=or (7.13)

In this scenario, not only the dark matter particle survives until today, but also the Goldstone
boson. In fact, all other particles of the dark sector are unstable. On the one hand, 14 decays

into a dark matter particle and a Goldstone boson with a decay rate:

M2 — M2)(My 4+ M_)?

.14
167 Mf,)’r (7.14)

Ly —pom) =

On the other hand, the scalar p decays into * pairs, two Goldstone bosons or SM particles.
Decays into SM particles are negligible since the corresponding decay rate is proportional to
sin? 6, which, as we will see in the next subsection, should be very small. Therefore the relevant

decay widths read:

mi’, cos? 0
Llp—nn) = 30702 (7.15)
¢
f?cos?0 ;o 2\3/2
T = — —4M . 1
(0= vsts) = oo (m) - 4013) (7.16)

7.1.3 Constraints from Invisible Higgs Decays

The enlarged scalar and fermion sectors affect the SM Higgs decay channels. The new decay
modes and the corresponding decay rates are:

3 o 29
L(h—ny) = A7 (7.17)

2
327TU¢

2
2 2
(mh—|—2mp>
r'(h =~ /m} — 4m? 0 — v, sin 0)” sin? 26 7.18
(h—pp) 1287rm%v,2lvq2b mj, — 4m2 (vp, cos 0 — vy sin ) sin® 26, (7.18)
2 sin? 0
T(h o ugpy) = 4 500 (mf —an?

3/2
167Tm% ) '

(7.19)

It is possible to constrain the value of the scalar mixing angle # from the experimental upper
bound on the Higgs boson invisible decay width. Indeed, neglecting for simplicity the h decays
into a pair of p or ¥4, the total decay width of h takes the form:

et = COSQHFIS{%gS +T'(h—nn), (7.20)
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where FIS_II}/égS ~ 4 MeV is the total decay width of the Higgs boson within the Standard Model for

a Higgs boson mass of 125 GeV. Therefore, from Eq. (7.20)) it follows that

Bipy cos?6 SM

r'h— < i
( n 77) 1 — Binv Higgs »

(7.21)
where Biny >~ 20% (see, e.g., [141},|142]) is the conservative experimental upper limit on the
invisible branching ratio of the Higgs boson. Thus, from the expression of the h decay rate into
two Goldstone bosons, Eq. ([7.17)), the following upper limit on tan 6 can be derived [34]:

272 M B o v m
tan @ ¢ Higes < 292%1073 <¢> ~1.6x107°A7 Y2 (”) 22
[tan |<J i = By~ 22 (foaev 61070, "\ Gy )+ (722

where in the last expression it was replaced vy ~ m,/\/2 A4 at leading order in 6.

Including the other two decay processes, Eqs. and ([7.19)), when kinematically allowed,
would reduce the upper bound derived in Eq. by up to 5%. As we will see in section
stronger limits on the scalar mixing angle # can be derived from dark matter direct detection

experiments.

7.2 Dark Matter Relic Abundance

As discussed in section the dark matter relic abundance is obtained by solving the Boltzmann

equation
=+ 3Hn = —(oegv) (n? — (n°)?) | (7.23)

where n = n4 + n_, with ny being the number densities of the (co)annihilating species 11. The

equilibrium densities are

M2T M
0 E (== 7.24
ny D) 2 ( T ) s ( )

where K, (z) is the modified Bessel function of the second kind of nth order. The effective

thermal cross section is given by [78]

i n?qne-q
(Oeiv) = .Ziwjv)n—;]n—;, (7.25)
1,)=
with
g Joany2 LK1 () (s = (M + M;)?) (s — (M; — M;)?)o(ij — all)
(0¥ ) = TN Vs (7) ’ ’ . (7.26)

STMPM? Ky (A ) Ko (52)
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7.2.1 Scan Over the Parameter Space

In order to study the dark matter production mechanism in this model, we perform scans over the
five dimensional parameter space. More specifically, m, and vy vary in the range 200 MeV and
1 TeV, while the dark matter mass, between 1 GeV and 1 TeV. Besides, | tan 6| varies between
zero and the upper limit set by the invisible decay width of the Higgs, given in Eq. , and
f is taken between 1072 and 47. Lastly, for every point we require perturbativity by requiring
that the quartic couplings determined by Eq. are smaller than 47. For each of the points
we then solve numerically the Boltzmann equation Eq. by using micrOMEGAs 3.1 [79],
working under an implementation of our model made with FeynRules [125], and select only those
points for which the computed relic density is in agreement within 3o with the observed value
Qpmh? = 0.1199 + 0.0027.

The results of two different scans, with m, = 500 MeV and 250 GeV, are reported in Figs.|7.1|and
[7.2] respectively, where we show the relative contribution to the relic density of each annihilation
channel. In the former, the dominant annihilation channel is always into a pair of p scalars, when
this is kinematically open, i.e. for r = m,/M_ < 1. Conversely, the annihilation into Goldstone
bosons dominates in the region r > 1. As shown in the upper panel, the coannihilation process
Y_1p4 — np is relevant only in the limit z = M, /M_ ~ 1. For this region of the parameter
space the annihilation of dark matter into the SM sector is always subdominant because either
these channels are kinematically closed or the coupling to SM particles is very small. We show
in Fig. the corresponding plot for the case m, = 250 GeV. In this case, due to the large
scalar mass, annihilation channels into SM fermions and gauge bosons might not be neglected.
In general, channels with SM particles in the final state contribute significantly to the dark
matter relic density only under two circumstances: when the mixing angle 6 is non-negligible, or
when the dark matter annihilation proceeds via resonant s-channel exchange of C'P-even scalars,
that is either p or h. This is manifest in Fig. [7.2] where the Higgs resonance takes place at
M_ =m;/2 = 63 GeV, while the one corresponding to p at M_ =m,/2 ~ 125 GeV.

Limit § <« 1

In the following we focus in the limit § < 1, which is motivated by the measurements of the
invisible Higgs decay width. In this regime, it is enough to consider the (co)annihilation channels
with only 1 or p in the final state. In the first column of Table [7.1] we show these channels and

their corresponding Feynman diagrams. Some comments are in order:

e Not every channel is always kinematically allowed. In particular, ¢_¢_ — pp, Yy — pp
and 1_14 — np are only open if m, < M_, m, < My and m, < (M_ + M) respectively,
or equivalently if » < 1,7 < z and r < 1 + z. Consequently, a threshold effect (see section
associated to the opening of the channel ¢_1_ — pp always takes place when r ~ 1.
Furthermore, if coannihilations are relevant — that is if z ~ 1— a threshold effect appears

also when r ~ 2 and r ~ 1, because of the opening of the channels ¥, 9¥_ — np and
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Yy — pp respectively.

e Yy — mn is always open and exhibits a resonant behavior when the energy of the
initial state approaches the p mass (see section . This effect is more dramatic when
m, > 2M_ —or equivalently when r > 2— because in this case the integration region of
Eq. contains the resonance. However, this effect might also be present when r > 1

because a part of the resonance peak might still be within the integration region.

As a result, when r 2 0.8, a full integration of the Boltzmann equations is needed without any
approximation. In Appendix [B] we show the exact formulas for the cross sections which should
be used in this case. Conversely, when r < 0.8, both resonance and threshold effects can be
safely neglected and a reliable estimate of the cross section can be derived from the so-called
instantaneous freeze-out approximation by expanding in partial waves, as explained in section
In Table we report such expansion, that is, we show the cross sections for each process to
leading order in the relative velocity v of the particles of the initial state, assuming a vanishing

mixing angle 6.

7.2.2 Dark Matter (Co-)Annihilations and the C' and CP Symmetries

As can be seen from Table all the annihilation channels are p-wave suppressed. In contrast,
the coannihilation channels proceed via s-waves and are the dominant annihilation process in the
Early Universe if z ~ 1. This can be understood from C'P conservation.

To this end, we use the standard notation S, L and J for the spin, the orbital and the total
angular momenta with a subscript ¢ or f for the corresponding quantities of the initial or final
state. Then, for the annihilation processes ¥_v¥_ — pp and ¥_1_ — nn, the C'P eigenvalues of
the initial and final states are (—1)X*! and (—1)%/, respectively (as shown in Table . Thus
C P-conservation implies that |Ly — L;| must be an odd number. In addition, since p and n are
scalars, then Jy = Ly. If the s-wave were allowed, that is if L; = 0 or J; = S;, then we could
only have S; = 1 and L; = 0, which is impossible for a pair of Majorana fermions due to the
Pauli exclusion principle (see Eq. ) The only possibility is therefore L; > 1. On the other
hand, for the coannihilation process ¥_1v, — np, the CP eigenvalues of the initial and final
states are (—1)L and (—1)L4 1. We again have J; = Ly and therefore |.J; — L;| must be an odd
number. Consequently, the s-wave is allowed as long as J; = .5; = 1. Finally, we remark that the
process ¥_1_ — pn does not exist, despite C'P is conserved for some values of L;. In fact, in
this process the initial state is C-even whereas the final state is C-odd, hence it is forbidden by
C' conservation (as shown in Table .
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Figure 7.1: Relative contribution of each annihilation channel to the dark matter relic density versus the
degeneracy parameter z (upper panel) and the dark matter mass (lower panel) for m, = 500
MeV. Only the the dark sector contributes to the relic density.
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7.2 Dark Matter Relic Abundance

Process

Cross Section

Annihilation ¢_v¢_ — pp

4,02

OV = 6702

Gpp(Ta Z)

Gop(ry2) = V1 —r2(27r12 + 24192 — 240710

Yy

v- _w_ P ¢_> p - . +8r822 — 268782 + 908r® — 967022 + 1152702
oL Py Ty —1920r° 4 420r2% — 2424rz + 24361
—800722% + 256012z — 176072 + 57622
—11522 + 576)/(6(r? — 4)%(r? — 2)*(z — 1)?)
Annihilation 9¥_v_ — 4,2
vy 7 ov = 1({;.-;\}/[3 G (r, 2)
Gon(r,2) = 2(3rt2t 4 2r123 4 5r122 4 214
Y —— - 0 0 +12r220 4+ 47225 4 8r22% — 8r223 — 127222
Y+ > < +4r?z — 8r? + 1225 — 162° — 82" + 162°
Yo Il —162 4+ 12)/(3(r2 — 4)2(z — 1)2(2 + 1)%)
Annihilation ¥4+ — pp
4,2 1
L P ¢+> o 7 70 = g Cor(:2)
+ e
Y-+ n P
Annihilation ¥4+ — nn
4,2 1
L P w*> o 00 = g5z G (5 2)
Yp—" -+ n iy )
Coannihilation ¢_ — pn
4
’ - ov = WGM(T, 2)
_—T7---- _ _n
/P
T Gpnlr,2) = (=4 1) =12/ (4(s%2 — 22
hy—L - 0 . P onl\T 2 z T Tz — 2

—22 —1)2(r? — 23 — 222

—2)%)

Table 7.1: (Co)annihilation channels of the dark matter particle and the corresponding cross sections

to leading order in the relative velocity v and the mixing angle . The exact expressions are

reported in Appendix
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7.2.3 Dark Matter Coupling Constant in the Coannihilation Limit
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Figure 7.3: Coupling constant f versus dark matter mass for random points of the five dimensional
parameter space (see the text for details). Only the orange points reproduce the observed
relic density. The black line in the lower plot corresponds to the coannihilation limit given in
Eq. . In the right panel we include only the points for which r < 0.8.

For the points that reproduce the correct relic density we expect, in the regime where r < 0.8,
a lower limit on the coupling f as a function of the dark matter mass, corresponding to the
points where z ~ 1, namely to the coannihilation limit. In this case, annihilations are p-wave
suppressed while coannihilations are not. Consequently, in the former case larger values of f are
required in order to reproduce the same total annihilation cross section. The lower limit can be
analytically estimated using that (o.gv) — f4/(327 M?) when z — 1. Then, using Eq. ,

we can solve for f as a function of M_

f

1.07 x 101 Gev =Lz, /!
07 x : 0" GeV Zf Mi/2 ’ (7'27)
g« (2 £)1/2 mpy Qpmh?

z—1

which corresponds to the lower bound on the coupling constant f. We show in Fig. as
cyan points the values of the coupling constant f versus the dark matter mass M_ obtained
from a scan over the five dimensional parameter space following the procedure described before;
the orange points correspond to the subset of points that reproduce the observed relic density
Qpmh? = 0.1199 + 0.0027. In the left plot we include all points, whereas in right plot we
show only those for which » < 0.8. From the latter, it is apparent the correlation between the
coupling and the dark matter mass, as well as the existence of a lower limit on the coupling.
This lower limit is reasonably well reproduced by the analytic expression reported in Eq. ,
calculated for xy = 25 and shown in the plot as a black line, except for the orange points around
M_ =mp/2 ~ 63 GeV, due to the Higgs resonance. In contrast, a correlation does not exist in

the left plot, due to the presence of resonance and threshold effects.
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7.3 Constraints from Direct Detection Experiments

7.3 Constraints from Direct Detection Experiments

In Fig. [7.4] we show the diagrams that are relevant for dark matter direct detection experiments.

Following [143|, we calculate the corresponding WIMP-nucleon scattering cross section

2,4 2 1 1\?
oy n = C? J- iy M2 ( — — | sin?20, (7.28)

Am v} (M_+my)2 \m3  m2

where my denotes the nucleon mass and C' ~ 0.27 79| is a constant that depends on the nucleon
matrix element.

As shown in Fig. [7.4] there is a relative sign between the Higgs and the p particle amplitudes,
which is responsible for the destructive interference term in Eq. . Note that the scattering
cross section has a strong dependence with m, (concretely with m;4) when m, < my,, while it
is independent of m, when m, > my. These two limiting behaviors correspond to the regimes
where the scattering is dominated by the p scalar or by the Higgs boson, respectively. Besides,
the scattering cross section is suppressed when m, ~ my,.

The limits on the scattering cross section of dark matter particles with protons from the LUX
experiment [82] translate into limits on the parameter space of our scenario. In the left panel
of Fig. as black lines we show the bounds on f|sin 26| as a function of m, for various dark
matter masses in between 8 GeV and 1000 GeV; in blue, orange and green we show the bound
for M_ = 8,30 and 1000 GeV respectively. The limits are stronger for dark matter masses close
to 30 GeV, as a result of the larger sensitivity of the LUX experiment to WIMP masses around
this value. Also, the dependence of the cross section with m, described above is reflected in the
bound on f|sin 26|, as apparent from the plot.

For small values of m,, namely smaller than about 6 GeV, masses probed by LUX satisfy
r < 0.8. Hence, if the dark matter was produced thermally, the lower limit on f of Eq. can
be applied in order to get an upper bound on |sinf|. This is shown in Fig. As before, the
left panel shows, as black lines, the upper limits on |sin 6| as a function of m,, for various dark
matter masses between 8 GeV and 1000 GeV; the limits for the concrete masses M_ = 8,30
and 1000 GeV are shown in blue, orange and green, respectively. Besides, in the right panel of
Fig. @, we report the same limits as a function of the dark matter mass for fixed values of m,.
Notice that, above dark matter masses of about 30 GeV, the LUX limits on |sin f| are almost

independent of the dark matter mass. In fact, the green and the orange lines almost coincide.

- % sin 6 % cos 6
v ; v ; -
A P
q—»——>—q q—>———>—q
— 4 050 — M4 5inp
vH vH

Figure 7.4: Relevant Feynman diagrams for dark matter direct detection experiments.
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Figure 7.5: Upper bound on f|sin 26| from LUX current limits on WIMP-nucleon cross sections (see the
text for details).
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Figure 7.6: Same as Fig. but for |sin 6| in the region r < 0.8 (see text for details).

The region around the Higgs resonance in the right panel is not included since Eq. (7.27) does
not apply.

100



Chapter 8

Model Ill: Dark Matter from a Chiral Fermion

As discussed in chapter [7] a plausible scenario for the dark sector consists in postulating a global
U(1) symmetry which is spontaneously broken to a remnant discrete Zy symmetry. In this way,
the lightest particle with odd charge is absolutely stable and a potential candidate for dark
matter. In the same chapter it was shown that the associated Goldstone boson plays a crucial
role in dark matter production. Nevertheless, observing signatures of this model in indirect dark
matter search experiments is challenging since all dark matter annihilation processes are p-wave
suppressed.

In this chapter, we propose a variant of the model, where the Dirac fermion is replaced by
a chiral fermion. We show that, due to the explicit C' and P breaking, dark matter particles
can annihilate in the s-wave, leading to non-negligible signals in indirect detection experiments.
In fact, we consider a pseudo-Goldstone decaying into two photons, and show that under
certain assumptions the corresponding gamma-ray flux from dark matter annihilations displays a
characteristic box-shape spectrum with an intensity that could be at the reach of gamma-ray

telescopes. These decays and the corresponding limits are discussed in chapter [10]

8.1 Description of the Dark Sector

We extend the Standard Model (SM) Lagrangian with one complex scalar field ¢, and one chiral
fermion field, which we assume for concreteness left-handed, 7, (the analysis for a right-handed
field is analogous). These new fields are SM singlets and are charged under a global U(1)pwm
symmetry, namely U(1)pm(¢r) = 1 and U(1)pm(¢) = 2. On the other hand, all the SM fields
transform trivially under the additional global symmetry, which could be exact or nearly exact.

Let us discuss each case separately.

8.1.1 Exact U(1)pm symmetry
If the global symmetry is exact, the interaction Lagrangian is
2 2
L = 2370 — \g (qﬂcp) +udoto — Mg (¢>T¢) — K (qﬂq)) (¢T¢)

b — (\%wwz T h.c.) , (8.1)
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where ® is the SM Higgs doublet. Notice that the complex phase of the coupling constant f
can be absorbed by redefining the scalar field ¢. As a result, C'P is conserved in this model,
while C' and P are explicitly broken. Both the scalar field ¢ and the neutral component of
the Higgs doublet acquire non-zero vacuum expectation values, which spontaneously break the
symmetry group SU(2)w X U(1)y x [U(1)pm] = U(1)em X Z2. In order to analyze the physical
mass spectrum of the theory, we conveniently parametrize the scalar fields in Eq. as:

Gt Vg + P+ in
¢ = (vh+ﬁ+iG0> ’ d) = \/§ 3 (82)
NG

where v, >~ 246 GeV.

Scalar Sector: This sector is identical to the one considered in the model of chapter 7] The
scalar mass spectrum consists of a C'P odd massless scalar 7, which is the Goldstone boson that
arises from the spontaneous breaking of the global U(1)py symmetry, and two C'P even massive
real scalars, denoted by h and p and with mass mj, and m, respectively, which arise from the
mixing of the interaction fields 7 and j by means of an angle 0 [37]. The quartic couplings in the
Lagrangian Eq. can then be related to the masses and the mixing angle in the scalar sector
by:

m,% cos 6 + m% sin? 6 m% sin? 0 + m% cos? 6

202 ’ 2“35 ’
2 2\
ms —ms3) sin 260
o= Mo~ ) : (8.3)
2vp 4

Fermionic Sector: While the scalar potential of this model is identical to the one considered in
chapter [7] the fermionic sector contains significant differences. Indeed, in this model only one
Majorana fermion, which we denote by x, arises after the symmetry breaking. The corresponding

mass-eigenstate and Majorana mass are

X =L+ (Yr)°, My = fug . (8.4)
With these definitions, the part of the Lagrangian involving x can be cast as
i S
Ly = —x7"0ux— —=(oxP “XP, 8.5
X 5 X7 Oux ﬁ(aﬁx RX + ¢ XPLX) , (8.5)

which after electroweak symmetry breaking becomes

1, _ f . _ o
Ly = S 9ux — Myxx) — 5 ((=sin0h + cos Op)xx + inx°x) - (8.6)
From Egs. (8.3) and (8.4), it follows that there are four unknown independent parameters
describing the dark sector, which can be taken as m,, 6, M, and f.

Notice that the Lagrangian in Eq. (8.5]) is invariant under U(1)py upon the field transformations
Y1, — €%, or equivalently, y — e‘io‘75x. On the other hand, after the symmetry breaking,

!This transformation also leaves the Majorana condition x = x¢ invariant.
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8.1 Description of the Dark Sector

and due to the presence of the Majorana mass M,, the Lagrangian is no longer invariant under
the continuous transformation although, as expected, it preserves a remnant discrete symmetry
X — —X- The Majorana field x then describes a stable neutral particle and is therefore a viable

dark matter candidate.

We have assumed here the simplest scenario where the Majorana field y transforms as a
singlet of the global symmetry. More complicated scenarios can be constructed with identical
properties regarding the dark matter stability, for example by assuming that the Majorana field
transforms as a doublet of a global symmetry SO(2) = U(1). This scenario is equivalent to the
axion-mediated dark matter model discussed in [144}|145], in which the two components of the

doublet form a Dirac fermion.

8.1.2 Nearly exact U(1)pm symmetry

We consider now the situation in which the global U(1)py is not an exact symmetry of the
Lagrangian. However, we assume that the Lagrangian Eq. still describes to a very good
approximation the phenomenology of the dark sector, i.e., that the U(1)py is a nearly exact
symmetry. In particular, we demand that the stability of the dark matter is not affected by the
explicit breaking of the global symmetry, that is we postulate that Zs is a symmetry of the part
of the Lagrangian that breaks the global U(1)py symmetry explicitly. If this is the case, the 7
particle is a pseudo-Goldstone boson with a mass m, much smaller than the scale at which the
global symmetry spontaneously breaks, namely m, < vs. We can therefore reasonably assume

that m, < m,, and neglect the pseudo-Goldstone mass henceforth.

An important difference of this scenario compared to the one described in subsection (or
in chapter @ is that, when the symmetry is nearly exact, the (massive) pseudo-Goldstone boson

might decay into two photons. Such process is induced by the effective operator
1 pvap
Lepp 2 —ng,e Fuw Fagn (8.7)

where g, is a coupling constant with dimensions of inverse of energy and F),, is the electro-
magnetic field strength tensor. This Lagrangian arises in dark sectors with new chiral fermion
representations charged under the SM group with masses of order A >> vy, that make the global
U(1)pm symmetry anomalous. Consequently, in analogy to the neutral pions in the Standard
Model, an effective coupling between the pseudo-Goldstone boson n and the gauge fields might
be generated by non-perturbative processes involving the new heavy degrees of freedom. For
instance, this happens in axion-mediated dark matter models where the pseudo-Goldstone boson,
the axion, arises from the spontaneous breaking of an anomalous Peccei-Quinn symmetry (see,
e.g., [144,145]). In this work we adopt a phenomenological approach and simply assume that the
operator given in Eq. exists, without specifying the new physics responsible for its origin.
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Chapter 8 Model I1I: Dark Matter from a Chiral Fermion

8.2 Constraints from Direct Searches and the Invisible Higgs Decay
Width

Higgs Decay: The scalar p and the Higgs boson h might decay into two dark matter particles,
two (pseudo-)Goldstone bosons or SM particles. The relevant decay widths for p read

2 .2
T(p—nn) = 35, Mo cos? 6, (8.8)
2 4 3/2
L'(p—xx) = 127 (1 - 7“2> m, cos® 0, (8.9)
' (p — SM particles) = sin®§T°M (Higgs — SM particles) , (8.10)

where r = m,/M,. The corresponding expressions for h are obtained by exchanging cos 6 for
sin @ and m, for my. In addition, the heaviest C'P even scalar can decay into the lightest one
with a phase space suppressed rate (in the same way as explained in subsection . From
these equations and the experimental upper limit on the invisible decay width of the Higgs boson

(see, e.g., [141]), it follows that the mixing angle # is bounded from above by [34]:

M.
tan | < 2.2x 1073 (101’56\/) or flsin20] < 4.4x1073 <1OGXeV> : (8.11)

where in the last expression we have used Eq. (8.4).

Direct Detection Experiments: Direct dark matter searches constrain the same combination of
parameters, f [sin26|. The calculation of the scattering cross section of dark matter off nucleons

is analogous as in section the result being

2 miy My, < 11

2
= in 26)2 8.12
4o (My +mpy)? \m? m%) (f sin260)°, ( )

Ox N

where my denotes the nucleon mass and C' ~ 0.27 79| is a constant that depends on the nucleon
matrix element. In Fig. we show, as black lines, the upper limit on f|sin 26| as a function
of m,, for various dark matter masses between 8 GeV and 1000 GeV from the invisible Higgs
decay width, Eq. , and from the LUX experiment [82], Eq. ; the blue, orange and
green lines correspond to M, = 8,30 and 1000 GeV respectively. It follows from the plot that
for p masses below 10 GeV the bound on f|sin 26| is determined by direct detection experiments,
whereas for m, larger than 100 GeV, by the upper limit on the invisible Higgs decay width
(dominated in this mass range by h — nn).

8.3 Thermal Production of Dark Matter

The thermal production of dark matter is expected to be dominated by annihilation channels
involving the p scalar and the (pseudo-)Goldstone boson, as in the model introduced in chapter

the relevant diagrams are shown in Fig. and the expressions for the corresponding cross
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£ |sin26)
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Figure 8.1: Combined upper limit on f|sin 26| from direct dark matter searches and the invisible Higgs
decay width as a function of the mass of the C'P even dark scalar for various values of the

dark matter mass.

sections are reported in Appendix On the other hand, annihilations into SM particles are
expected to have a fairly suppressed rate, due to the smallness of the mixing angle 8, except
when the dark matter annihilation proceeds via resonant s-channel exchange of C'P even scalars,

that is, either p or h.

These expectations are confirmed by our numerical analysis. We have performed scans over
the four dimensional parameter space spanned by m,, M,, f and 6. More specifically, we have
performed a logarithmic scan of m, between 200 MeV and 1 TeV, M, between 1 GeV and 1 TeV,
f between 1072 and 47 and |tan 6] between 0 and the maximal value allowed by the invisible
decay width of the Higgs, given in Eq. with vy = M,/ f (see Eq. ) We have also
checked that the quartic couplings necessary to produce these parameters, inferred from Eq. ,
are smaller than 47, in order to ensure perturbativity. We have then calculated for each point
the dark matter relic density using micrOMEGAs 3.1 , working under an implementation
of our model made with FeynRules , and we have selected only those points for which
QOpavh? = 0.1199 4 0.0027 within 30. We report the results of one scan in Fig. [8.3] where we show
the relative contribution to the relic density of each annihilation process for the concrete case
m, = 50 GeV. Indeed, the dominant channel is xx — pn, when this is kinematically open, i.e. for
m, < 2M,, while xx — nn dominates when m, > 2M,. It is important to note that for certain
values of m,, threshold effects or resonant effects can have a dramatic impact in the calculation
of the relic density (see section , concretely when m, ~ M,, close to the threshold of the
process XX — pp, or when m, ~ 2M,, close to the threshold of xx — pn and where moreover
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Figure 8.2: Relevant diagrams for dark matter production in the limit § < 1. The process into pn (first

row) proceeds via s-wave, whereas the other ones are p-wave suppressed.

the process xx — nn via the s-channel mediation of p is resonantly enhanced. Resonance effects
are manifest in Fig. at My, = my,/2 =~ 63 GeV and M, =m,/2 ~ 25 GeV, where the Higgs

and p resonances take place, respectively.

In order to determine the precise regions where threshold and resonance effects have an
important impact on the relic density, we have calculated the thermal average of the annihilation
cross sections as a function of r = m,/M,; the result is shown in Fig. for a typical freeze-out
temperature, T ~ M, /20, and for various values of f which, following Egs. and ,
determine the width of p. As apparent from the plot, the threshold and resonant effects are
most relevant in the region 1.5 < r < 3. Furthermore, for » < 1.5 the largest annihilation cross
section corresponds to the process xx — pn, while for » = 3 to xx — nm. Notice that, for a given
coupling f, the upper limit 7 < /87/f must hold from the requirement of perturbativity, as also

reflected in Fig.

In the regions where both resonance and threshold effects are negligible, namely r < 1.5
or r 2 3, the relic abundance can be accurately calculated using the instantaneous freeze-out
approximation [80]. Casting the annihilation cross section in the form ov = a + bv?, according to
Eq.,the relic density can be approximated by

(1.07 x 10° Gev ") 2y

Qpuh? ~ 7 .
g*(acf)/ mpi (a+ 3(b—a/4)/xy)

(8.13)
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Figure 8.3: Relative contribution to the dark matter relic density from various annihilation channels as a
function of the dark matter mass, assuming m, = 50 GeV.

r=my/M,

Figure 8.4: Thermally averaged cross section {(owv) for the annihilation channels xx — pn, nm, pp as a
function of r = m, /M, at the typical freeze-out temperature 7' = M, /20. The resonant

behavior of the annihilation into nn at r = 2 is due to the s-channel mediation of a p, with a
width determined by the coupling constant f.
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8.4 Dark Matter Annihilations and the C P Symmetry

In the regime r < 1.5 the three annihilation processes into dark sector particles xx — pp, nm, pn
and yx — SM SM are all kinematically accessible. The annihilations into pp and nn are, however,
p-wave suppressed and can be safely neglected in the calculation of the relic density. This can be
understood analyzing the C'P of the initial and final states. As in chapter [7] we use the standard
notation S, L and J for the spin, the orbital and the total angular momenta with a subscript ¢
or f for the corresponding quantities of the initial or final state. Then, the C'P eigenvalues of
the initial and final states are (—1)%*! and (—1)’/ (as shown in Table . C'P conservation
thus implies that |Lf — L;| is an odd number. In addition, since p and 7 are scalars, we have
Ji = Ly. If the s-wave were allowed L; = 0 and J; = S;. As a result we could only have S; =1
and L; = 0, which is impossible for a pair of Majorana fermions due to the Pauli exclusion
principle (see Eq. (A.9))). The only possibility is then L; > 1 and hence the cross sections are
p-wave suppressed. Explicitly, they read
FA%V1 =72 (3r* — 8r2 +8) (9r® — 6475 + 200r* — 35272 + 288)

— = 8.14

ov(xx = 1mm) = s s (3+77) (8.15)
1927 M2 (r2 — 4)

which are manifestly velocity suppressed. In contrast, for the annihilation into pn the C'P
eigenvalues of the initial and final states are (—1)%*1 and (—1)%s*! (as shown in Table [A.1)).
We again have J; = L, and therefore |Ji — L;| is an even number. C'P conservation therefore

allows the s-wave channel if J; is even. The corresponding cross section is

f4 2 3
ov(xx — pn) = 62 <1 — 4) . (8.16)
X

Lastly, annihilations into SM particles are p-wave suppressed due to C'P conservation, and are
moreover f-suppressed. Therefore, they can be safely neglected in our analysis.Hence, in the
regime 7 < 1.5 the relevant process for the calculation of the relic density is the annihilation
xX — pn. On the other hand, in the regime r = 3, the only kinematically open channels are
xx — nn and xx — SM SM. Both processes are p-wave suppressed, however the latter has an
additional 0-suppression. Therefore, the dominant annihilation process is in this case into nn
with a cross section given in Eq. (8.15)).

Using Eq. it is then possible to estimate the value of the dark matter coupling f as
function of r and M, (and zy) leading to the observed dark matter abundance Qpyh? ~ 0.12
in the regime r < 1.5 (where the annihilation into pn with a cross section given by Eq.
determines the dark matter freeze-out) and in the regime r 2 3 (where the annihilation into nn
is the relevant one, with cross section given by Eq. ) The coupling reads:
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Figure 8.5: Left plot: value of the coupling constant f required to produce thermally the observed

dark matter abundance for various values of the dark matter mass and the C P-even scalar
mass, expressed as r = m,/M,. The color code denotes r > 3, r < 1.5 and 1.5 < r < 3
for blue, green and red respectively. Besides, the solid (dashed) line shows the maximum
(minimum) values of the coupling predicted by Eq. (8.17)). Right plot: The same as the left
plot, but removing the points with 1.5 < r < 3, to highlight the validity of the approximation

Eq. .
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Figure 8.6: Left plot: allowed regions for the mass and proper lifetime of a pseudo-Goldstone boson

(adapted from Fig. 6-1 of [146] using Eq. (8.18)). Right plot: allowed regions for the mass
and lifetime of a pseudo-Goldstone bosons produced by dark matter annihilations assuming
M, = 500 GeV, compared to the time required to reach the earth from the galactic center.

Here 7 >~ (M, /my) 1o (see text for details).
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1/4 12
xr M )
0-39 (W) (100 éeV) , if r<1.5
f = 2 1/4
(4-1r2)"22 u 12 .
020 (57(931”)1/2(84{7'4) (100 éev) . if >3

To check the validity of our approximations, we have calculated the values of the coupling

(8.17)

constant f versus the dark matter mass M, leading to the observed dark matter abundance in
a scan over the four dimensional parameter space performed as described at the beginning of
this section. The result is shown in Fig. left plot, where we have identified with a color the
value of r corresponding to each point: blue, green and red for r > 3, r < 1.5 and 1.5 < r < 3,
respectively. In the right plot, we have removed the points within the resonant and threshold
region 1.5 < r < 3, clearly showing the existence of two separate bands corresponding to the
regimes r < 1.5 and » > 3. In the former case, the freeze-out is dominated by the s-wave
annihilation channel into pn, whereas in the latter, by the p-wave annihilation into n pairs.
Consequently, in the case of r > 3, larger values of f are required in order to reproduce the
same relic abundance. We also show the lines corresponding to maximum (continuous) and
minimum (dashed) values predicted by Eq. for both » < 1.5 and 7 > 3, assuming xy = 22.
As apparent from the plot, the lines obtained using Eq. describe fairly well each region
except for the points around M, = m;/2 ~ 63 GeV where, due to the existence of the Higgs

resonance, Eq. (8.17) does not apply.

8.5 Signatures of Pseudo-Goldstone Bosons

The signatures of the pseudo-Goldstone bosons in this model crucially depend on their lifetime.
If the pseudo-Goldstone bosons 7 are long-lived, they could have survived until the recombination
era, possibly leaving their footprints in the Cosmic Microwave Background (CMB) in the form of
dark radiation [34,37]. On the other hand, if they are short-lived, we could detect their decay
products after being produced in dark matter annihilations, e.g., in the center of our Galaxy.

The decay rate of 17 into two photons can be straightforwardly calculated from the effective
Lagrangian Eq. , the result being:

2 3

g
L —y7) = =5 — (8.18)

The relevant parameters m,, and g,, or equivalently m,, and the proper lifetime 79 = Br(n —
vy)/T(n — ~v7), are constrained by experimental searches for pseudo-Goldstone bosons. The
allowed values of the pseudo-Goldstone lifetime as a function of the mass are shown in the left
plot of Fig. under the assumption Br(n — vv) = 1 (plot adapted from Fig. 6-1 of |146]). As
apparent from the plot there are two disjoint allowed regions: either the pseudo-Goldstone has a

020

lifetime longer than ~ 10°¥ years or it has a lifetime shorter than one minute.
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In the former case, if we assume that 1 contributes to the radiation density of the Universe at
the time of recombination or at Big Bang Nucleosynthesis, then the pseudo-Goldstone boson
must be present in the Universe also today. On the other hand, for the latter case, if the
pseudo-Goldstone has a lifetime much shorter than the age of the Universe, all the primordial
pseudo-Goldstone bosons must have decayed today. Nevertheless, the model predicts a non-
negligible pseudo-Goldstone production in regions with a high dark matter density, such as the
Milky Way center, from the s-wave annihilations into a pseudo-Goldstone boson and a C'P even
dark scalar, provided this annihilation channel is kinematically open. These pseudo-Goldstone
bosons have an energy of the order of M,, which implies that their lifetime (in the Galactic
frame) is given by 7 ~ (M, /my) 70. In this window m,, 2 10 MeV, hence the lifetime of the
pseudo-Goldstone bosons produced in dark matter annihilations is typically much shorter than
one year, as shown in Fig. right plot, for the particular case M, = 500 GeV, compared to the
lifetime required to reach the earth, shown as a blue line. Therefore, pseudo-Goldstone bosons
decay in flight before reaching the earth producing a gamma-ray flux that could be detected in
gamma-ray telescopes. A similar conclusion holds for other values of the dark matter mass. We

analyze these two possibilities separately in chapters [0] and [I0] respectively.
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Chapter 9

Goldstone Bosons as Dark Radiation and the
Interplay with Direct Searches

In this chapter we assume that the (pseudo-)Goldstone boson is absolutely stable or at least that
it remained stable until the recombination era. If this is the case, it contributed to the radiation

energy density of the Universe when the CMB was formed.

9.1 Contribution of the (Pseudo-)Goldstone Bosons to Ng

Because the (pseudo-)Goldstone bosons are very light particles, they contribute to the radiation
energy density of the Universe. In particular, as pointed out in [34], if they go out of equilibrium
before the annihilation of the et pairs, but after the decoupling of most of the SM fermions,
they might fake extra neutrino species in the measurements of the anisotropies in the cosmic
microwave background (CMB) [35]. This effect can be quantified in terms of the effective number
of neutrino types, Neg, present before the era of recombination.

In analogy to section and following [147], we define Tf; and Tg as the temperature of
the Goldstone bosons at the recombination era and at their decoupling from the thermal bath,
respectively. A similar notation is understood for all the other particles. In terms of these, the
energy density associated to the (pseudo-)Goldstone bosons compared to the photon energy

density is given by
0 0\ 4
Pn_ L) 9.1)
o2\

The factor 1/2 in front is because photons have two helicities states and the (pseudo-)Goldstone
bosons only one. Using this expression and the definition of Neg from Eq. (2.22), it is possible to
conclude that the contribution of the (pseudo-)Goldstone bosons to Neg is

4 (TO\*
ANy = - <T%) : (9.2)

In the present scenario we expect the massless scalars to be very weakly interacting with the

SM particles, in fact even more than neutrinos. Therefore, they must decouple at a temperature
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Figure 9.1: Sketch of the processes that the radiation of the universe underwent when the
(pseudo-)Goldstone bosons went out of equilibrium. The red line represents the
relative temperature of the different fluids. The thicker the line, the higher the

relative temperature. See Fig. for comparison.

T > Td, with T¢ ~ 2 — 3 MeV [40,[114116], which in turn implies that the ratio T; /T, today is
the same as it was at T because neutrinos and Goldstone bosons have been decoupled from the
thermal bath ever since the temperature dropped below T¢. Moreover, the temperature of the
neutrinos and the Goldstone bosons are not the same at T¢ because in between the Goldstone
boson and neutrino decoupling epochs, the thermal bath underwent a reheating process due to
the annihilations of some of the fermions in the plasma. These processes are sketched in Fig. [9.1

The difference in temperature can be quantified by considering the conservation of the entropy
per comoving volume during that period of time. This implies that g, 7% remained constant,
where g, stands for the effective number of relativistic degrees of freedom. As a consequence of

all this, we have

3
T77$) _ (%)3 _ Gxafter (9 3)
Tz(/) T, T4 g*before7
Withﬂ Grafter = 43/4 = 10.75 (see Fig. . In this work we assume that the Goldstone bosons
decouple just before muon annihilation. As a result gipefore = 57/4, which from Eq. (9.2)

corresponds to an effective number of neutrinos Neg — 3 = (4/7)(43/57)*/3 ~ 0.39 [34]. This is
consistent within 1o with the recent experimental data [35], Neg = 3.36 + 0.34.

'This results is strictly valid under the assumption that the neutrinos decouple instantaneously and that at T
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9.2 Boltzmann Equations for Dark Radiation

Figure 9.2: Relevant Feynman diagrams for Goldstone boson annihilation into SM fermions.

9.2 Boltzmann Equations for Dark Radiation

In order to analyze carefully the conditions under which the Goldstone bosons decouple from the
thermal bath, we consider the Boltzmann equation describing the evolution in the early Universe
of the Goldstone boson number density, n,. We assume for simplicity that the p scalar and the
dark matter are no longer present in the thermal bath at the decoupling of the Goldstone. If

that is the case, the evolution of n, is described by

dn .
L 3Hn, = =3 (00),, (n2 - (men?) (9.4)
f

where the sum runs over the fermions that are in equilibrium the thermal bath. Besides,
npl = T3/7? is the number density of a massless (real) scalar and H ~ 1.66+/g.(T) T?/mp is
the expansion rate of the Universe. This equation is valid under the assumptions that the SM
fermions in Eq. are always in thermal equilibrium and that the Goldstone bosons remain in
kinetic equilibrium right after the decoupling [78], due to elastic scatterings. Moreover, we use
the Boltzmann energy distribution for all the interacting particles, which is a good approximation
for temperatures T' < 3my, my being the mass of the fermions produced in Goldstone boson
annihilations.

The thermal averaged annihilation cross section (ov),, , ;7 is given by (see e.g. [78]):

O oss = g5 |, om = 1) sVEEL (VS/T) ds, (9.5)
my
with [
2.2 (1—4m?/s o2 s2 (m? —m? 2—i—m2m2 (m Fh—mhF)2
olm — 1) = "4" I G ' >,<9-6)

ST (k) (s R4 TR ) (5 - mi) 4 Thm3)

where I'j, , is the decay width of the scalar particle mediating the s-channel annihilation cross

section.

the e* pairs are essentially massless [148].

“Notice that in the definition a factor 1/2 should be introduced to avoid double counting of the initial
particle states. On the other hand, the collision term in the Boltzmann equations (9.4)) must be multiplied by 2
because of the annihilation of a pair of n’s. Therefore, the definitions and are consistent.
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Figure 9.3: Lower limit on |sin 6| for fixed values of A\, (continuous lines) corresponding to Goldstone
boson decoupling at T~ m,,. Upper limit on |sin | for fixed values of A\, (dashed lines)
given by the constraints on the Higgs boson invisible decay width. The thick dashed black
curve is obtained using the analytic expression reported in Eq. .

The departure from equilibrium, in this case the decoupling of 77 from the plasma, according to
Eq. li takes place roughly at the temperature T,;l at which the following condition is satisfied:

ny’ Zf<m}>rm%ff
H

=1. (9.7)
T:T;,i

Using the previous expression, we can calculate the minimum value of |x| or, equivalently, | sin 6|
(see Eq. (7.10))), for which n decouples from the thermal bath at temperature Tg' ~ my,. Notice
that since the cross section is proportional to the squared mass of the fermion, it is enough

to consider only the annihilation into u* pairs in (9.7)).

We report in Fig. the full numerical calculation of the lower limit of |sin 6|, for fixed values
of the quartic coupling Ay (continuous lines). We also show the corresponding upper bound
derived from the invisible decay width of the Higgs boson (dashed lines). We can see from this
plot that there are three different regimes according to the value of the p mass. It turns out,

that for each of them it is possible to find approximate analytical expressions.
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9.2 Boltzmann Equations for Dark Radiation

Regime I: m, 2 4 GeV

In this regime, the values of the center of mass energy contributing to the integral are always
much smaller the masses of the scalar particles which mediate the annihilation. As a result we
can neglect s in the denominator of . Furthermore, if the decay width of the p scalar can
be neglected with respect to the other terms in Eq. , then the thermal annihilation cross

section into u™ u~ in Eq. (9.5) is approximately:

2 2Tt 0o
AT, w8 K (w) dw . (9.8)

agv +,- =
(T st 1287Tm%m;1) 2my /T

Taking T = T¢ ~ m,, in the previous equation, then the requirement of having a scalar dark
radiation component, Eq. (9.7)), implies
mj m?

12 72"
mpy My

Kl 2 (9.9)
This condition was derived for the first time in [34] and used to estimate a lower bound on ||
for m, =~ 500 MeV. Finally, from relation (7.10)) we can express the condition above as a lower
limit on the scalar mixing angle 8. Namely, in this mass range for p we have

Isind] > 1.3 x 1077\, /2 (mp>3 . (9.10)
~ ¢ 0.1 GeV

Such values of the mixing angle are excluded by the present collider constraints on the invisible
decay width of the Higgs boson derived previously, Eq. .

In contrast, if the terms that depend on I', dominate in the numerator of , that is if
s < I'ym, for the values of s that contribute to the integral, then the annihilation cross section

is described by

2 2 00
K m, L', / 4
_ = K d
<O-U>7777—>M+,U 1287rm,% (mh mp) 2m,. /T w 1(’[1)) w

_ ﬁ(W)z(MY/:J wh Ky (w) dw (9.11)

1287rm% my, 167 mu/T

where in the last term we replaced, at leading order in 6, I'y ~ Ay m,/(167). We assume for
simplicity My 2 2 GeV. Notice that in this case, the annihilation cross section, for fixed Ay, does
not depend on m,.

The corresponding lower limits in || and |sin 6| now result:

2x10°  mj ) 4\ -3/2 mp
‘H‘ z A¢) m1/2 m3/2 y ‘ Sin 0‘ 2 2.8 x 10 )\¢ ((”(}é\f) . (912)
Pl I

Combining the previous bound with the upper limit given by the invisible decay width of
the Higgs, we get that the two bounds are consistent only for a non-perturbative value of A4.
Therefore, we conclude that the Goldstone bosons cannot play the role of a dark radiation for

m, 2, 4 GeV, regardless of the value of T',.
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Regime Il: 2m, S m, < 4 GeV

In this mass range the thermal annihilation cross section is resonantly enhanced due to the fact
that the annihilation proceeds via s-channel (see Fig.|9.2]) and the typical center of mass energies
contributing to the integral in (9.5)) are close to the p mass. In particular, in the case of a narrow

resonance, that is (I)/m,)? < 1, we can safely approximate

1 r,m,

1 2
T 5o m2)? + T2m2 — (s —my3). (9.13)

p

In this case the integral in (9.5)) is easily computed and we obtain an analytic expression of the

averaged annihilation cross section in the given mass range:

K2 mi m? 4mi 3/2
S Thilr Ki(m,)T
Vbt 256 TS miT, m2 10m/T)
K2 mi m% 4m?2 3/2
= BT e (2T K (my,)T). 9.14
16 T m;ll Ao ml% 1(my/T) ( )

As we did above, we impose T = T ~ m,, and we derive the minimum value of x for which the
Goldstone bosons may contribute to the effective number of relativistic neutrinos. Indeed, taking
into account Eq. (9.14)) we obtain

241/2 241/2
mj, A mj A _4+1/2
Mpp My Mp/ My Mpp My

with F(w) = w (w? —4)3/* K1 (w)'/2. In the second inequality we report the least stringent bound,
which corresponds to m, = 5.0m, ~ 525 MeV, where the function F'(m,/m,) is maximized.
The corresponding lower bound of |sin 6| is independent of the quartic coupling Ay and is given
by

VE My
V2my,mpy F(m,/my) my,

where the minimum is obtained at m, = 3.7m,, ~ 390 MeV. We report in Fig. [0.3] the limit on

|sinf| > 17 > 3x 1079, (9.16)

| sin | obtained using the analytic expression of the thermal annihilation cross section given in
Eq. (9.14]) (thick dashed line). We can see that the analytic expression describes precisely the

numerical lower bound.

Regime lll: m, Sm, < 2m,

In this case, at T' = Tgl ~ m,, a fraction of the Goldstone bosons might have enough kinetic energy
to produce p particles. Consequently, the latter are still present in the thermal bath and the
Boltzmann equation , strictly speaking, is not appropriate to describe the 1 decoupling. In
order to account for that effect, the cross section in Eq. should also include annihilation of p

scalars into u* pairs. Nevertheless, such process is phase space suppressed at these temperatures
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and as a result we can still use Eq. (9.7) to estimate a lower bound of the quartic coupling k.

Under this assumption, the thermal annihilation cross section is independent of m, and takes

the form:
(00 ot~ = 1;;2% /;H/T w' Ky (w) dw (9.17)
and
k| > n% ~ 5x 1073, (9.18)
|sing] > 8x107* (1ovcfev> = 5.7 x 10702, (0.1m(§ev> . (9.19)

Notice that in this case the lower limit on |sin | is compatible with the corresponding upper
bound obtained from the invisible decay width of the Higgs boson, Eq. (7.22]).

9.3 Interplay with Direct Detection Limits

Model Il  The results derived in section can be applied to find the regions of the parameter
space that allow for Goldstone bosons as dark radiation and that are compatible with the negative
searches of present dark matter direct detection experiments. On the one hand, the requirement
of producing the correct Neg, together with the requirement of perturbativity A\, < 4, gives a
lower limit on |sin 6| as a function of m,, cf. Fig. On the other hand, for thermally produced
dark matter particles, the LUX experiment sets an upper limit on |sinf| as a function of m,, as
long as m, S 0.8 M_, cf. Fig. Therefore, only some windows for |sin 6| are allowed from the
requirement of Goldstone as dark radiation and the non-observation of a signal at LUX.

For illustration, we show this window in Fig. for a dark matter mass of 25 GeV, highlighting
the values of m, where both limits coincide (dashed lines), which define the allowed (white) and
excluded regions (gray).

By applying the same procedure we calculate the allowed regions of m, (red thick lines) for
dark matter masses in the range 10 GeV and 1000 GeV; the result is shown in Fig. where
we shaded in light red the areas excluded by LUX. For comparison we also show in dark red the
regions excluded by the XENON100 experiment. The cyan area, m, > 4 GeV, corresponds to
the regime I discussed in section for which it is not possible to have dark radiation due to
the upper bound on 6 from the invisible Higgs decay width. Again, close to the Higgs boson

resonance (gray band) the limits previously derived do not apply.
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Figure 9.4: Allowed region of m, (white areas) consistent with both the dark radiation hypothesis
and the LUX limits for a dark matter mass of 25 GeV.
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Figure 9.5: Excluded regions of m,, as a function of the dark matter mass for Model II under
the hypothesis of Goldstone bosons as dark radiation and thermally produced dark
matter. The dotted and dashed lines are the projected bounds from the final phase
of the LUX and XENONI1T experiments, respectively. We do not include in the

analysis the Higgs resonance region (gray band).

120



9.3 Interplay with Direct Detection Limits

10.0F
sol Higgs invisible decay width
/

~ 2.0r [
> XENONIT | &
<) \
~ 1.0f
£

0.5+

0.2}

10 20 50 100 200 500 1000
M, (GeV)

Figure 9.6: Excluded regions for Model III in the long-lived pseudo-Goldstone scenario from the
LUX experiment and the invisible Higgs decay width, under the assumption that the
dark matter particle was thermally produced and that the pseudo-Goldstone boson
contributes to the effective number of neutrino species before recombination. The
dotted and dashed lines are the projected bounds from the final phase of the LUX
and XENONI1T experiments, respectively. We do not include in the analysis the

Higgs resonance region (blue band).

For dark matter masses larger than 100 GeV, dark radiation is allowed for 0.5 GeV S m, <
0.9 GeV. This case corresponds to the regime II for which Goldstone annihilation into p* pairs
is resonantly enhanced, thus allowing for |sin 6| values that can evade the LUX bound, for any
dark matter mass. This region is shown in the plot as the “throat” at 0.5 GeV <m, < 0.9 GeV.
Besides, for M_ < 19 GeV the upper bound on m, given by direct detection disappears, making
masses as large as 4 GeV possible. We also report in Fig. [9.5] the corresponding prospects for the
direct detection experiments LUX (final phase) and XENONIT [150]. It is remarkable that
a large part of the parameter space will be probed by these two experiments. In the former case,
dark matter masses larger than about 25 GeV could be excluded, whereas in the latter it would

be possible to exclude masses even as low as 15 GeV.

Model Il As for Model II, we search for allowed windows of |sin | and translate them into
allowed regions in the plane m, and M,. The allowed regions are shown in Fig. being the
pink areas excluded by the LUX experiment and the cyan area by the upper limit on |f| from
the invisible Higgs decay width. Notice that close to the Higgs boson resonance (blue band) the
limits previously derived do not apply and therefore we remove that region from our analysis.

We also report in Fig. the corresponding prospects for the direct detection experiments
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LUX (final phase) |149] and XENONIT [150]. For M, 2 100 GeV, dark radiation is possible
if 0.6 GeV S m, S 1 GeV. It is remarkable that a significant portion of the parameter space
will be probed both by the LUX (final phase) and XENONIT experiments. For the former case,
M, 2 25 GeV might be probed, while for the latter it would be possible to probe dark matter

masses as low as 15 GeV.
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Chapter 10

Gamma-Ray Spectral Features from Short-lived
Pseudo-Goldstone Bosons

The scenario introduced in chapter[8] which we called model III, predicts that dark matter particles
might be annihilating in the center of our galaxy with a non-negligible rate, concretely through
the s-wave process xx — np, if kinematically allowed. This is in contrast to model II, which was
introduced in chapter [7] where all the annihilation channels are p-wave suppressed. Therefore,
model ITT might lead to observable signatures in indirect dark matter search experiments. We

discuss such signatures in this chapter.

10.1 Gamma-Ray Boxes

Following the discussion in Section and to allow kinematically this annihilation process, we
will assume in what follows that r < 1.5.

The pseudo-Goldstone bosons produced in the annihilations xx — pn decay in flight into two
photons well before reaching the earth, as follows from Fig. [8.6] thus generating a gamma-ray
flux with a characteristic spectrum. In the center of mass frame of the annihilating dark matter

particles, the energies of the p and pseudo-Goldstone bosons are

m2 — m2 m2 — m2
E,= M, <1 - M) and  E,= M, (1 - M) . (10.1)
whereas the energy of the photons is
m2
E(a) = n (10.2)

B} M
2E, (1 —cosay/l — 7;;”)

where « is the angle between the pseudo-Goldstone boson and the emitted photons in the
annihilation frame. In the rest frame of the pseudo-scalar n the photons are emitted isotropically,
therefore the energy distribution in the galactic frame displays a characteristic box-shaped
spectrum [113], centered at E. = (E(0) + E(n))/2 and with width AE = E(0) — E(x), which

are given by

1 M 2 2
ECZEW%X< —T> and  AE = E%—m%zMX<1—2>, (10.3)
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where we assume that m, < m, and r = m,/M,. Namely, the center of the box is located at
half the energy of the pseudo-Goldstone boson, whereas the width is given by its momentum.
Besides, the dark C'P even scalar decays p — nn thus producing another contribution to the
gamma-ray flux from the subsequent decay n — ~~. This contribution arises at lower energies,
where the background is stronger, and therefore will be neglected in our analysis. The relevant

part of the photon spectrum is then:

dN, 2 1 1

and the gamma-ray flux given by Eq. (2.15) is

d®y _ (ov(xx — pn)) dNy 1
_ — | A T 10.5
O 87 M)% dE, AQ Jao ( )

10.2 Fermi-LAT Limits on Model Il

The dark matter coupling f can then be constrained from searches of a box feature in the
cosmic gamma-ray energy spectrum. We use the limits derived in [113] (intermediate approach),
based on observations by the Fermi-LAT of the gamma ray flux from the galactic center. Those
limits, derived assuming dark matter annihilation into two scalar particles of the same mass, can
be appropriately adapted to our model by replacing {(ov) — (o(xx — pn)v)(1 —r2/4)?/2 and
mpMm — Mx(l — 1"2/4).

We report in Fig. the upper bound on f, normalized to the values of f which allow for
thermal production of dark matter, given in Eq. . In the plot we assume Br(n — vy) =1,
xy = 20 and we vary r between 0.1 and 1.5 (gray area). Furthermore, we highlight in blue,
orange and green the bound for » = 0.1, 1 and 1.5 respectively. The blue shaded area corresponds
to the Higgs boson resonance, around which Eq. does not apply for sizable values of the
mixing angle #. We then conclude that, under the assumption of thermal dark matter production
and of the pseudo-Goldstone boson decaying dominantly into a pair of photons, dark matter

masses below ~ 55 GeV are excluded by the Fermi data.
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Figure 10.1: Upper bound on the coupling constant f as a function of the dark matter mass from

the negative searches of gamma-ray boxes in the Fermi-LAT data, normalized to the

value required to thermally produce the dark matter particles. We assume in the plot

Br(n — vvy) =1, zy = 20 and vary r between 0.1 and 1.5 (gray area). We do not include in
the analysis the Higgs resonance region (blue band).
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Figure 10.2: Contours with the upper limit on the absolute value of the mixing angle |0| in the short-lived

pseudo-Goldstone scenario from the LUX experiment and the Higgs invisible decay width,

under the assumption that the dark matter particle was thermally produced. The areas

shaded in cyan are excluded by searches of gamma-ray boxes assuming Br(n — yv) = 0.6

and 1. We do not include in the analysis the threshold and resonance regions (dark blue

bands).
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We summarize in Fig. the impact of the various limits on the parameter space of this
scenario under the assumption that the dark matter population in our Universe was thermally
produced. Under this assumption the dark matter coupling f is determined by Eq. and
hence the parameter space of the model is spanned by the three parameters M,, m, and . We
show in the m,-M, plane the upper limit on |f| (black lines) inferred from the LUX results and
the invisible Higgs decay width (see Fig. . Namely, points within a given region can not have a
value of the mixing angle larger than the one indicated by the corresponding label (the interior of
a given region is specified by the shaded contour). Besides, the excluded regions from gamma-ray
box searches are shown in cyan for the branching ratios Br(n — vv) = 0.6 and 1. Lastly, we
remove the resonance and threshold regions, shown as dark blue bands, where the dark matter
coupling f cannot be univocally determined. It is remarkable that the combination of both
direct and indirect detection experiments can probe, and possibly exclude, a large portion of the
parameter space of the model for light C'P even dark scalars, concretely when m, < 1.5M,. On
the other hand, when m, 2 3M, the kinematically accessible dark matter annihilation channels
are all p-wave suppressed leading to no observable signature in indirect dark matter searches.
In this region of the parameter space, however, signals could be detected in direct dark matter

searches or in the invisible Higgs decay width.
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Conclusions

The high-mass regime of the IDM was studied, namely for dark matter masses greater than
500 GeV. This scenario is our model I. In particular, we calculated the contribution to the
gamma-ray spectrum coming from dark matter annihilations into vy and vZ . It was found
that the corresponding one-loop cross sections violate perturbative unitarity. The origin of
this anomaly was to found to be related to the long-range interaction that arises between the
annihilation particles due to the exchange of gauge bosons. We argued that the proper solution
to this problem is to account for this effect by multiplying the annihilation amplitude by the
so-called Sommerfeld enhancement factors. We developed a formalism in order to calculate this
in a gauge-invariant manner. Furthermore, it was shown that besides monochromatic photons,
the gamma-ray spectra of dark matter annihilations also include virtual internal bremsstrahlung
features coming from the process H'H? — W+W ~~, which naturally emerge in the high-mass
regime of the IDM. Subsequently, we constructed a series of benchmark points exhibiting an
overall spectral feature with an intensity which is one order of magnitude below the H.E.S.S.
limits on this class of photon line-like signatures. The benchmarks are compatible with all
theoretical and experimental constraints on the IDM. Future searches for gamma-ray spectral
features by DAMPE, GAMMA-400 or CTA will continue closing in on the parameter space of
the inert doublet dark matter model.

Likewise, two more dark matter scenarios, called model II and III, were studied. In both of
them, the stability of the dark matter particle is attributed to the residual Z, symmetry that
arises from the spontaneous breaking of a global U(1) symmetry. We argued that the scalar
sector responsible for the symmetry breaking plays a central role in the thermal production of
dark matter.

The key difference between both scenarios is that in model II dark matter annihilations
proceed via p-waves, whereas for model III annihilations into the C'P even dark scalar and the
(pseudo-)Goldstone boson proceed in the s-wave. Furthermore, we argued that the existence of a
s-wave annihilation channel is due to the explicit C' and P breaking induced by a chiral fermion
in model III.

The dark sector in these models communicate with the Standard Model via the Higgs portal.
As a result, after the spontaneous breaking of the electroweak symmetry and the dark global
U(1) symmetry, a mixing term arises between the Standard Model Higgs boson and the dark
sector C'P-even scalar. The Higgs phenomenology is accordingly modified and in particular the
invisible Higgs decay width, since new decay channels into dark sector particles are possible.

Besides, the mixing induces the scattering of dark matter particles with nucleons, thus opening
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the possibility of observing signatures of this model in direct dark matter search experiments.
Working under the reasonable assumption that the dark matter particle was thermally produced
in the early Universe, we found a stringent upper limit on the mixing angle as a function of the
mass of the dark C'P-even scalar from the negative searches by the LUX experiment.

The massless Goldstone boson predicted by this model is, as recently remarked by Weinberg,
an excellent candidate of dark radiation that could account for the exotic contribution to the
effective number of neutrinos hinted by various experiments, provided the Goldstone bosons were
in thermal equilibrium with the Standard Model particles until the era of muon annihilation. We
reevaluated, using the exact expression of the thermal annihilation cross section into g+ pu~, the
values of the model parameters necessary to reproduce the central value of Nog. We then derived
a lower limit on the mixing angle as a function of the mass of the dark CP-even scalar from the
requirement of perturbativity of the quartic couplings of the model. Lastly, we combined the
upper limit on the mixing angle which follows from the LUX experiment with the lower limit
imposed by the requirement of dark radiation and we found large regions of the parameter space
where both requirements are incompatible. The final phase of LUX and the future XENON1T
experiment will continue closing in on the parameter space of the model and will be able to rule
out the possibility that the Goldstone boson contributes sizably to Neg if the dark matter mass
is larger than ~ 25 GeV.

Subsequently, we focused on the case in which the global U(1) symmetry is not exact, hence
the Goldstone boson is massive and decays into two photons. The mass and lifetime of the
pseudo-Goldstone boson are constrained by various experiments. There are at present two allowed
windows, one with a lifetime longer than ~ 10%° years and one with a lifetime shorter than one
minute. We analyzed the experimental signatures of the pseudo-Goldstone bosons in those two
windows and analyzed the interplay with the limits from thermal production, the invisible Higgs
decay width and direct dark matter searches. In the former scenario, the pseudo-Goldstone
boson is a candidate of dark radiation, as in the case of exact U(1) symmetry. On the other
hand, in the latter scenario, for model III, s-wave dark matter annihilations in the galactic center
produce, if kinematically allowed, an intense gamma-ray flux displaying a box-shaped spectrum.
We determined the limits on this scenario from the Fermi-LAT data and found that, if the
C P-even scalar is much lighter than the dark matter, gamma-ray measurements exclude dark
matter masses below 220 GeV (120 GeV) when Br(n — vv) =1 (0.6).
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Appendix A

Dark Matter (Co-)Annihilations and the C, P
and C' P Symmetries

In order to study dark matter (co-)annihilations, in this Appendix we consider how pair of
particles transform under parity and charge conjugation. Suppose that 1 and 2 are particles with
the sh same spin but not necessarily identical. A two-particle state |12) with definite orbital

angular momentum L and total spin S is given by

12)= | O e oo\ (1, pa)al (pr, 1) (pa,02)0 (A1)
~ ] (21)3V2E; (27)3 5E, o102 \P1 P2)01(P1, 01)03(P2, 02)190), .

where o; and p; are the spin along a particular direction and the three-momentum of the
particle ¢ and a;-r (pi,0;) is the corresponding annihilation operator. Likewise, X(I;faz (p1,p2) is

the wave-function associated to the state |12).

Transformation under P : Suppose that the P—parity of the particle i is A\;p, that is, that
Paj-(p, o)P~1 = )\Z-paj(—p, o). Then the action of P under the pair of particles 1 and 2 is given
by

d*py d>ps
P|12>=A1PA2P/(2W)3 3T () 2E2x§f@(—p1,—pz)ai(pl,al)ag(pz,az)!()), (A.2)
hence
P12) = A pap(—1)1112). (A.3)

When the particle 2 is the antiparticle of 1, that is if 2 = 1, the P—parities are related to each
other [151]. In fact, it is well-known that \;p = (—1)F'\p, where F is 1 for fermions and 0 for

bosons. As a result

PIT) = (~1)EHF)11). (A.4)

Transformation under C':  Suppose that the C'—parity of the particle i is A;c. Then

C[12) = Aichac|T12). (A.5)
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State | ¢ | P CcP
p, HY 1 1 1
n, AY -1 1 -1
(' 1 7 7
Ut -1 i —1
X Broken | Broken 1
pp, mm , H'HO, A°A° 1 (=" | (=n*
np, HO A0 -1 (_1)L (_1)L+1
bithy 1 (—1)L+L | (—1)E+!
baths 1 [(uF ] (—F
XX Broken | Broken | (—1)f+!
/7 (S [ (C)FT [ (—5

Table A.1: C, P and C'P phases of the self-conjugate particles and the two-particle states of the

models considered in this work. Here f is any fermion of the Stadanrd Model.

It is well-known that the C-parity phases satisfy A\;p = Afp [151]. In particular, if the particle 2
is the antiparticle of 1, then C|11) = |[11). Now, under the exchange of the particles 1 and 2 the

wave-function transforms as

X5, (p1,p2) = (=) 5N (2, 1) (A.6)

This expression, Eq. and the Pauli exclusion principle can be used to prove that

21) = (~1)F+512), (AT)
and therefore

C11) = (=1)E+9)11). (A.8)
Another consequence of Eq. is that a pair of identical particles must satisfy

(-5 =1. (A.9)

For example, a pair of Majorana fermions in the s-wave state must have total spin zero. If the

particle 1 is self conjugate, the last two equations also imply that
C|11) = |11). (A.10)

The same relation holds when the particle 1 is self-conjugate.

All the previous expressions can be used to calculate the transformations properties under C,
P and CP of the self-conjugate particles and the two-particle states of the models considered in
this work. This is shown in table [A.1l
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Appendix B

Cross Sections

Model |

Here we consider expressions for the VIB process H'H? — WTW~~. The total differential

velocity weighted annihilation cross section can be cast as

d(ov)w+w-~  d(ov) d(ov) d(ov)
dz  dx + dx ' + ’ (B-1)
Gauge Quartic Interference
with
d(ov) L e?gt (B.2)
- 3M2 (1 —924)3 :
dx Gauge 12873 M 70 (1 — 2p)

o 2 — 4x + 622 — 423 + 2* — 10p + 162 — 20220 + 823 + 16p? — 20xu® + 182242 — 8 + Sxp®
(2—2—4p)? (1 — 22+ 22 —4p + 6zp — 220 + 4p? — daxp?)
14 2% —4p + 6p°
22(1 — p)
1

+M<x4 =212 (1) 23 ) (1 e )

) 2(1—)(1 - p)(1 — 2u)A(2)

—22(1 — 2p)? (1 —Ap+ 6u2) +(1—2p)? (1 —dp+ G;ﬂ) )B(:z:)

1
a4l —z—2m)

(xﬁ —225(1 —2p)(4 — p) — 22 (—12 4 53p — T1p% + 2443)

—423(9 — 57y + 13612 — 14243 + 52ut) — 222(1 — 21)%(—14 + 54p — 87> + 4643)

—da(—1 +2u)3(=3 + 8 — 13p% 4+ 6p3) +4(1 — 2u)* (1 — 2 + 3;3)) C(x)} , (B.3)
d(ov) B 32e* M7 oA3
- 2
dx Quartic 12873 <4M]?10 - M}%)

y {_ (1—x> (1—2362—4#4-12#2) Az) + (1_55_2“> (1 —4M+12u2) B(x)} ;

' (B.4)
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_ 16%gPhap [_3 (1 _p
Interference 1287T3 (4M2 0 M2) x
N ot — 23(7 = 13p) — 152(1 — 2u)® + 6(1 — 2u)* + 222 (8 — 31 + 30u?) B(e)
(2 -z —4p)(1 = 2p)(1 -z — 2p)

r (L o) (B )+ (2= Gt )
+< 2 -z —4p)(1—2p)(1 — x — 2p) )C( >] : (B.5)

) Alz)

where
Ay =J1- 2 Bla) = 1ogﬁfigﬂ, C(fﬂ)Zlog[;:zjjg;i:jﬂ'
Model Il

Here we report the (co)annihilation cross sections of ¢4 for an arbitrary center of mass-energy

in the limit 6 = 0. We introduce for convenience the following notation

2
I 2
w:]\f, u(r,w) = (z —1)2 ((é) r —|—(r —w2) ) . (B.6)
In terms of these variables, the cross sections are given by
f4

o(p_tp —mm)(w) =

w2—w?422-2
log (“4 %)
(z—1) (w2 +222 -2

64m M2 w? (w? — 4) u(r, w)

) (47“4 <2w2 +42% — 20223 + 823 + 22227 — whs + 6wz — 82 — 4)
+ 4r?w? (—2w2 — 42 +20%2% — 823 — 2?2 + Wz — 6w?z + 82 + 4)
+ u(r,w)(z — 1) (w4 + 621+ 823 +4 (2w2 - 3) 22 +8 (w2 — 3) z— 10))

4w? (—riw? + 4rtz + 4r%0? — 42022 + u(r,w)2? — 2u(r, w)z + u(r, w))
(z—1)

(z + 1)*u(r, w) (et 1)4u(r, w)]w1 B

+

, B.7
w? —w?— 2242 w? + 22 (B7)

f4
647 M2 w? (w? — 4)
w241
log (5= )
(z — 1) (2r* — 3r2w? + w?)

o(Y_y— — pp)(w) =

<6r6(z +7) — 2t <—5w2 + 5w?z + 82 + 88)

72 (<170 4 64w + 5wz + 32072 — 322 + 82) + w? (w! + 16w? - 32) (1 - z))
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4w? (=3r%w + 122 + 5r? + w? — w?2) (3r2w + 722 4+ 5r? + w? — w?2)
(-~ 02 (7% — w2y

=y 1oy [ 2
w1:\/§+\/§,

f4
64w M2 (w2 — (2 — 1)2) (w2 — (2 +1)2)

[_ 47"2(z U (Ti—;(jz__l)%Q - 2) log [(1 — w%) (1"2 —w? - w% + 1)}

e N G

_ _ B.8
2r2 —w? +w? 4+ 1 w?+1 (B-8)

o(—thy — pn)(w) =

r2—w?2—w2+1
Zlog( o ) 4 2 4.2 4 4 2 4 2 2 2 2.2
— L <2r6—5rw +4r®z° + 8r%z + 4r* 4+ 4rcw” — 2r°w” — 2rewz
w?(w? = 12)
Sriw?(w? — (z+ 1))  2(z+1)%(r? — 422)
2 2 6 2.3 2.2 2 1
—4rew‘z —w 78w2716w278wz>+ w4(z—1)2 — w%—rQ—i—w?—l
w%:r2w2+r2z2—r2—w4+w2+w222+<w22—7‘2)\/(w2—1)2+z4—2(w2+1)22
2 (7“2 —4) (2 + 1)2 2w (B.9)
w% -1 2_r2w2+r2z27r27w4+w2+w2z27(44)277'2)\/(w271)2+z472(w2+1)22 ’ ’
1= 202
1 w
o(Y+4 = m)(w) = o(Y—t— =) { : (B.10)
r%%,z%%
1 w
o(V44 = pp)(w) = ?U(¢—¢— — pp) > - (B.11)
r—)%,z%é

Model 111

Here we report the annihilation cross sections of y for an arbitrary center of mass energy /s in

the limit § = 0. We introduce for convenience the notation

VS o
MX MX

xz ‘5’1

and we define the functions

(r2 — 2)* (—4 + t2)

Kpy(t) = vV —4+12, Kpy(r,t) = ,

t2
Koplrt) = \/(~4r2 +12) (~4+2).
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In terms of these definitions, the annihilation cross sections are the following:

o (Km,(t) (r4t2 — 422 - 4t4) — 2t (—r4 422 4 t4)) log (;gﬁg)

a(xx—nn) |
647 M2t (12— 4) (1292 + (12 — r2)°)
£ (P K () 2 (204 = 31 4 #4) log (e
o (XX - p77) = P\’ ,
32 M2t4 (2 — 4)
f4
o(xx—pp) =

1287 M2 2 (12 — 4)

2K,p(r,t) (9% (t* — 2) 4 0 (80 — 48t%) + r (3t* 4 16t* — 32) + 1672 (t* 4 4) — 4t* (¢ +8))
(r2 —2)? (14 — 42 + £2)
4 (187% + 107" (12 — 8) + 7% (= 11" + 16£> + 32) + 1* (t* + 16t* — 32)) log (t”TZKPP(”)))

12—2r24+K,,(rt)
2rd — 3r2t2 4 4
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