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Abstract

In this thesis, we extend the singlet-doublet fermion dark matter model (SDFDM) with ad-
ditional Zs—odd real singlet scalars fields and we show that neutrino masses and mixings can be
generated at one-loop level. We discuss the salient features arising from the combination of the
two resulting simplified dark matter models. Also, we examine the sensitivities of dark matter
searches in the SDFDM scenario using Fermi-LAT, CTA, IceCube/DeepCore, LUX, PICO and
LHC with an emphasis on exploring the regions of the parameter space that can account for the
excess of gamma rays from the Galactic Center (GCE). We find that DM particles present in this
model with masses close to ~ 99 GeV and ~ (173 — 190) GeV annihilating predominantly into
the WTW ™ channel and tf channel respectively, provide an acceptable fit to the GCE while being
consistent with different current experimental bounds. We also find that much of the obtained
parameter space can be ruled out by future direct search experiments such as LZ and XENON-1T.
Interestingly, we show that the most recent data by LUX is starting to probe the best fit region in
the SDFDM model. Moreover, we report a master equation for the velocity averaged annihilation
cross section (ov) of DM self-annihilation into two photons in a general model when the DM is its
own antiparticle and whose stability is guaranteed by the Zy symmetry. This master equation is

general and leads to the same results found in the literature for popular dark matter candidates.
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Chapter

Physical problems addressed in this thesis

The physical problems addressed in this thesis are introduced in this chapter. First, the
dark matter (DM) observed in the Universe and the features that support its presence are
explained. Also, the gamma-ray excess found in the galactic center of the Milky Way Galaxy is
discussed in the context of the possible observation of DM annihilation. At the end, the chapter
is focused in the neutrino masses and the possible relation between the DM and neutrino physics

at one-loop level.

1.1 The dark matter in the Universe

It is well established that the DM makes up about 26% of the energy density of the Universe.
It is about six times more abundant than ordinary matter [1]. However, its fundamental nature
remains mysterious. There is not known particle with the properties needed to constitute the DM,
whose identity begs for new physics beyond the standard model (SM). Unveiling which particle
accounts for the majority of the matter in the Universe is a key open question at the interface of
particle physics and cosmology.

Promising candidates for DM particles are weakly interacting massive particles (WIMPs).
These are generally assumed to be at equilibrium in the early Universe, but then freeze-out due to
the rapid expansion of the Universe. If the WIMP masses are in the GeV to TeV range, and the
annihilation cross sections are of order the weak interaction scale, the relic DM density measured
by experiments today arises naturally [2|. In general, there are some experimental facts that
support the DM idea and therefore the structure formation in the Universe [2]. Some of them are

shown in Fig. 1.1 and they will be briefly discussed in the following.

i. Galaxy rotation curves

The rotation curve of a Galaxy (cluster) is the profile of the circular velocity of the stars
(galaxies) around the mass center of the system. It plays an important role because it
is possible to infer the mass distribution of the Galaxy (cluster) after the analysis of this
profile. Historically, the relation between the mass distribution and the rotation curve was
first proposed by Fritz Zwicky in 1937. He analyzed the velocity dispersion of the galaxies
in the Coma cluster, assuming that the outer galaxies were in circular motion around its
mass center. He applied the virial theorem to the Coma cluster in order to estimate its

mass and found that roughly 800 galaxies should exhibit velocities of 80 km /h, however, the
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Structure formation
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Figure 1.1: Some of the most important evidences for Dark Matter.

observed velocity dispersion was approximately 1000 km/h [3]. The problem was known as

the Galaxy rotation problem (for a complete historical discussion see the Ref. [4]). The
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Figure 1.2: Rotation curve of the typical spiral Galaxy M 33 (yellow and blue points with errorbars)
and the predicted one from the distribution of the visible matter (white dashed line). The best fit
model for rotation curve is represented by the continuous white line [5] (Taken from Wikipedia -
Public Domain).

general idea under this problem is that when the Newton mechanics is used to explain the
velocity distribution of the stars and visible gas in a Galaxy, the obtained profile (dashed
white line in Fig. 1.2) does not match with the observed behavior that is measured with
some astrophysical techniques such as mass-to-light ratio ! and the distribution of stars in
the spiral galaxies. This problem is solved if the existence of dark hidden mass is supposed
(dark, because it does not have electromagnetic interactions). Dark hidden mass is present
in the Galaxy with a special distribution which governs its gravitational behavior, giving

the characteristical name of dark matter (DM).

ii. The cosmic microwave background (CMB)

The cosmic microwave background (CMB) is the oldest snapshot of the Universe that we

!The mass-to-light ratio () is the relation between the total mass of a Galaxy and its luminosity. In astrophysics
the reference value is the mass-to-light ratio of the sun, for that reason for big objects dominated by DM have a
big mass-to-light ratio.
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Figure 1.3: Nine Year Microwave Sky The detailed, all-sky picture of the infant Universe created
from nine years of WMAP data. The image reveals 13.77 billion-year-old temperature fluctuations
(shown as color differences) that correspond to the seeds that grew to become the galaxies. The
signal from our Galazy was subtracted using the multi-frequency data. This image shows a temper-
ature range of £200 microKelvin. Credit: NASA / WMAP Science Team WMAP #121238 Image
Caption 9 year WMAP image of background cosmic radiation (2012). (Taken from Wikipedia -
Public Domain).

have. It is the thermal radiation when the Universe was approximate 380.000 years old after
the big bang (2 &~ 1100, T ~ 3000 K). This radiation was generated in a time in the thermal
history of the Universe called recombination or “time of the last scattering”, which was the
time when the electrons and protons formed bound states and created the neutral hydrogen
in the Universe. Consequently, it was the time when the Universe began to be transparent
to the photons because the atoms could not longer absorb the thermal radiation (photon

decoupling). From that moment, photons have been freely propagating.

The CMB was accidentally discovered in 1964 by the American radio astronomers Arno
Penzias and Robert Wilson. For that achievement, they were awarded the Nobel Prize in
1978. This discovery was considered a big test of the big bang theory and the cosmological
lambda cold dark matter model (Lambda-CDM or A-CDM).

In general, the CMB map shown in Fig. 1.3 has a thermal black body spectrum at a temper-
ature of 2.72548 £+ 0.00057 K with a spectral radiance of 160.23 GHz, i.e. in the microwave
range of frequencies. Even more, this spectrum shows tiny temperature fluctuations that
correspond to regions of slightly different densities that were the seeds of all the structures as
the galaxies that are present in the Universe. Theoretically, those temperature fluctuations

are generally expanded in the basis of spherical harmonics (Y,,) as [2, 6]
AT
T = Zal,mnm(eaqs)’ (11)
Im

where 6 and ¢ are the spherical angles on the sky. Using this expansion, it follows that the

two-point function of the coefficients ay,:

* _ 27T(sll/(smrn/
(alma > = W 15

! !
I'm

(1.2)
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determines the power spectrum of temperature D; shown in Fig. 1.4.
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Figure 1.4: Planck 2015 temperature power spectrum [1]. For multipoles | > 30 is show the maxi-
mum likelihood frequency-averaged temperature spectrum. The best-fit, i.e. the ACDM theoretical
spectrum s fitted in the upper panel. Residuals with respect to this model are shown in the lower
panel. The error bars show +o uncertainties.

A careful analysis of the spectrum in Fig. 1.4 shows some special features associated with
the primordial (secondary) anisotropies that occurred before (after) the photon decoupling,
which are associated with the interactions of the background radiation with the hot gas and
the gravitational potentials. Those anisotropies are principally determined by two effects

that can be clearly seen in Fig. 1.3 and Fig. 1.4. Briefly, those are:

e The acoustic oscillation: In the primordial plasma there was a competition between
the photons and baryons. The former tend to erase all the anisotropies and the later
moving at a speed much slower than light tend to collapse to form overdensities. It is
in this way that the peaks of the CMB spectrum correspond to resonances in which the
photons have decoupled from the plasma with a particular mode. Roughly speaking,
the angular scale of the first peak in Fig. 1.4 with [ &~ 200 (=~ 1° in galactic coordinates)
determines the curvature of the Universe. For instance, the latest Planck data combined
with gravitational lensing and baryon acoustic oscillation (BAO) [1] indicate that ) =
0.000 £ 0.005 to 95% confidence level. This means that the Universe is spatially flat
at high precision. The ratio between the second and the first peak determines the
baryon density. For instance, Q,h? = 0.02230 £ 0.00014 [1]. Finally, the third peak
in combination with the first and the second peak can be used to obtain information
about the dark matter density in the Universe, it is Qpy = (0.1197 £ 0.0022) [1].

e The diffusion damping: It is a physical process which reduced density inequalities
(anisotropies) in the early Universe making the CMB more uniform. It happened when
the photons traveled from the hot regions to the cold ones. It is important when the

Boltzmann equation is computed for the CMB, which is not the scope of this work.

10
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iii. Cluster collisions

In 2006 a group of astronomers published other direct empirical proof of the existence of
the DM [7]. They studied the merging of two clusters of galaxies 1E 0657-558 (z = 0.296)
collectively known as the bullet cluster which collision is estimated that happened ~ 100
Mys ago and approximately in the plane determined by the velocities of the galaxies (see
Fig. 1.5). In general, they found that there are two concentrations of galaxies separated by
~ 0.72 Mpc. The right one is moving away at ~ 4700 km s~! and it is creating a bow shock

that gives its famous name of bullet cluster.

56'
56'

57’
57’

-5558'

6"58Mm42° 36° 30° 24° 18° 128 6"58Mm42° 36° 30° 24° 18° 12°

Figure 1.5: The bullet cluster. The green contours are the reconstruction with gravitational lensing
which is proportional to the mass of the system. The white bar represents a distance of 200 kpc at
the location of the cluster. The colored map on the right shows the same image seen in X-ray for
the merging cluster. It was taken with the Chandra satellite after 500 seconds of exposure. Taken

from [7].

This observation is basically the discovery of one system in which the baryonic matter was
separated from the mass center of each cluster involved in the collision. It was inferred
as follows. On the one hand, using gravitational lensing, the astronomers were able to
reconstruct the contours of the mass projected for the system. They are represented by
the green contours in Fig. 1.5. Basically, the gravitational lensing technique measures the
distortion of the images caused by the gravitational deflection of light by the mass of the
clusters and create a profile of the mass distribution inside the clusters itself. On the other
hand, using the Chandra observation of X-rays they were able to see the X-rays emitted by
the baryonic plasma of the system. The centers of the plasma are shown with the plus signs
in the left panel of Fig. 1.5. Yellow and red parts of the image represent the baryonic plasma
which emits the X-rays. Clearly, this hot plasma does not trace the mass distribution found

with the gravitational lensing reconstruction.

As a conclusion, during the merger, the galaxies behave to be almost collisionless and the
hot plasma decouples of mass that is inferred by gravitational lensing. It can be understood
if we think in two clouds of particles that are colliding. Almost all the particles pass through
each other, i.e. they are collisionless and only the particles that represent the baryonic mass
of the system collides. According to this interpretation, the principal component of the
mass of the system does not interact, it is dark (not baryonic) and correspond to the green

contours shown in Fig. 1.5. Note that this observation is in favor of the DM interpretation

11



1.2 How to search for dark matter?

as a particle. Even more, an alternative explanation using theories of Modified Newtonian
Dynamics of the gravity (MOND) does not predict an offset between mass and light and

could fail to explain this observation of the bullet cluster [8].

After this brief discussion of some of the facts that support the dark matter idea, it is important

to describe briefly how to looking for those particles.

1.2

How to search for dark matter?

Direct detection:

The idea of direct detection of DM is based on the fact that DM particle (WIMP) is capable
of collide with nucleons. In general, the cross section o for this interaction will depend on
the naturalness of the DM. In particular, if the cross section depends of the spin of nucleons,
it is called spin-dependent (osp), otherwise, spin-independent (ogr). Until now, among the
experiments for direct detection of DM, the most restrictive is the Large Underground Xenon
experiment (LUX) ? , which is located 1,510 m underground at the Sanford Underground
Laboratory in the Homestake Mine in Lead, South Dakota. It is operated underground to
reduce the noise signal caused by high-energy cosmic rays at the Earth’s surface. It is hoped
that the interaction between DM and the liquid Xenon in the detector generates 175 nm
ultraviolet photons and some electrons. In this case, the photons will be detected by two
arrays of 61 photomultiplier tubes at the top and bottom of the detector. The electrons
generated by the particle interactions drift upwards through the xenon gas by an electric
field and produce electroluminescence photons which are detected by the photomultiplier
tubes. Those two signals commonly called S1 and S2 constitute the observable signal in
the LUX experiment. The last result of the LUX experiment for DM interaction spin-
dependent and spin-independent are shown in Fig. 1.6 and Fig. 1.7 respectively. Not signal

observed for DM is interpreted as an exclusion (region above lines).
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Figure 1.6: LUX upper limits on the WIMP-neutron (left) and -proton (right) elastic SD cross
section at 90% CL. The Observed limit is shown in black with 1o (£20) band in green (yel-

low).

Also, are shown the results from others experiments and the projected sensitivity for the LZ

experiment. Taken from [9].

2http://luxdarkmatter.org/
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Figure 1.7: LUX upper limits on the spin-independent elastic WIMP-nucleon cross section at 90%
CL [10].

strong constraints for all the DM theories based on the WIMP paradigm (Weakly Interacting
Massive Particles). Specifically, all the region above the black line is excluded at 90% CL.

e Indirect detection:

Stable DM particles in the Universe could annihilate and produce a flux of gamma-rays,
cosmic rays, neutrinos and anti-matter which can appear as an excess over the expected
background, which is created by astrophysical features. In general, this flux can be written

as

Anni. Cross Section

dd (ov) AN

ov ‘
dQdE STm?2 dE X / ds PA(7 (5,9)) , (1.3)
N—— TrmX —~— l.o.s \—v—/ )
Diff. Flux Energy Spectrum Dark Matter Distribution

where € is the solid angle of the region of interest, dN/dFE is the energy spectrum (e.g. the
number of particles produced per annihilation), ov is the annihilation cross section, and
p(7 (s,9)) is the DM density which should be integrated over the line of sight (l.o.s) from
the observer to the source. This density is described by a specific profile, for instance, those
shown in Table 1.1, where ps = 0.3 GeV/cm? is the DM density at the sun, ry = 20 kpc is
the scale radius of the halo and R = 8.5 kpc is the distance from the sun to the center of
the Galaxy [11].

Several experiments for indirect detection of DM have been constructed. One of them is the
Fermi Large Area Telescope (Fermi-LAT) which has a particle detector on board the Fermi
gamma-ray space telescope spacecraft launched in 2008 . The searches of this experiment
are focused in numerous exotic and beautiful phenomena, which can generate a lot of energy.

For instance, Supermassive black holes, merging neutron stars, streams of hot gas moving

3http://fermi.gsfc.nasa.gov/

13
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1.3 Dark matter interpretation of the galactic center excess

Profile’s name Profile
X B—n
(0% Ra
mo e () (EEE) T acses e
r re¢+re
(in micrOMEGAS [11])
Navarro-Frenk-White p(r) = po W a=0.17
. 2 r\“
Einasto profile p(r) = poexp | —=% ) - 1 a=0.17
O]

Table 1.1: Mass density profiles for the dark matter in the Galazy.

close to the speed of light, etc. These are some of the marvels that generate gamma-ray
radiation and the telescope is prepared to see it. One of the searches has been concentrated
in the dwarf spheroidal satellite galaxies (dSphs) of the Milky Way Galaxy, which are one
of the most DM dominated objects known. In general, the Fermi-LAT measures the flux
of gamma-rays and reconstructs the signal as an interpretation of DM annihilation. Until
now, the satellite has not seen a DM signal. However, it has presented upper limits on the
thermal velocity averaged annihilation cross section (ov) using some combined analysis [12].
One of the principal results for DM self-annihilation are based on the photons created by
the hadronization of the quarks, for instance, after the process DM DM — ¢gq. The previous
fact gives us a strong constraint in the (ov) and will play an important roll in some of the

analysis in this thesis.

Regarding indirect detection of dark matter, there is currently a puzzle related to the ob-
servation of an excess of gamma-ray with the Fermi-LAT satellite that is one of the topics

addressed in this thesis and for that reason will be briefly described in the next section.

1.3 Dark matter interpretation of the galactic center excess

WIMP particles appear effortlessly in many extensions of the SM that resolve outstanding
theoretical and phenomenological problems which are not necessarily related to the DM puzzle.
In some of these models, WIMPs can be produced in high energy colliders (collider DM searches),
in elastic scatter with nucleons (direct DM searches) or in the annihilation and production of
observable particles in astrophysical environments (indirect DM searches). High-energy photons
in the gammarray (y-ray) frequency constitute the most notable search channel of the latter
category because they can travel almost unperturbed from their sources to the detectors. The
Large Area Telescope on board the Fermi satellite (Fermi-LAT) [13] is the most sensitive y-ray
detector in the range from 20 MeV to 300 GeV [12].

At the bottom of the gravitational well of the Milky Way Galaxy, the Galactic Center (GC)
is expected to be the region displaying the brightest emission of DM annihilations in the ~-ray

sky [14]. However, there are multitude of non-thermal astrophysical sources in that region that

14
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complicate the identification of a tentative DM signal [14]. Observations of the inner few degrees
around the GC with the Fermi-LAT have revealed an excess of y-rays [15-21]. The spectrum of
the Galactic Center excess (GCE) peaks at about 1-3 GeV and its spatial morphology is spherically
symmetric varying with radius r around the GC as 7~27 with v ~ 1.2 which is clearly compatible
with the DM density profile. This emission has been found to extend out in Galactic latitude (b)
up to about |b| < 20° [22-25] and its presence appears to be robust with respect to systematic
uncertainties [21,23-28].

Fig. 1.8 shows the GCE observed for [b| < 2° and Galactic longitude |[| < 2°. This is the
remaining excess after subtracting the Gamma Diffuse Emission of gamma rays (GDE) produced

by cosmic rays that generate pions 7

in collisions with the interstellar gas that latter decay and
produce photons, by cosmic electrons which produce photons by bremsstrahlung emission and
by photons accelerated by Inverse Compton scattering (ICS). Fig. 1.9 shows the complete signal
observed of the Galaxy for |b] > 2° and the remaining GCE after cleaning the map using the best

GDE models.

80

90 70

00

—2°

Galactic latitude (b)

20
10

0

2° 0° —2°
Galactic longitude (1)

Figure 1.8: Residual map or GCE signal for |b,1| < 2°. The counts were summed over the energy
range 300 MeV-10 GeV. The map spans a 7° X 7° region of the sky centred in the Sgr A* position
with a pizel size of 0.1° x 0.1°. Taken from [21].

There is an ongoing and intense debate as to what the origin of this signal is. A tentative
explanation is an unresolved population of ~ 1000 millisecond pulsars (MSPs) [19,21,26,29-36] or
young pulsars [36,37]. Nevertheless, some studies [38-43| have pointed out about the difficulties of
reconciling this hypothesis with the GCE extending out as far as ~ 10° from the GC. On the other
hand, recent works claim that the GCE is not smooth [44,45], and if confirmed, this would lend
support to the MSPs alternative. Another scenario put forward is a series of energetic cosmic-ray
injections in the GC [46,47]. However, if the injected particles are mainly protons, it has been
shown [48] that this scenario is incompatible with the spatial morphology of the GCE in the inner
~ 2° of the Galaxy. In case the burst events contain protons as well as leptons, Ref [49] finds
suitable models that appear fine-tuned.

Despite these astrophysical uncertainties, a DM interpretation of the GCE cannot be ruled

15
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Figure 1.9: Left panels: Counts map a various energies, with the disk cut |b| > 2°. Right panels:
Residual after sustracting the best Gamma Difuse emition model (GDE). Taken from [2/].

out yet [15,17-21,23,26,35,50]. In this context, the spatial morphology of the GCE can be
accommodated with a Navarro-Frenk-White (NFW) profile with a mildly contracted cusp of v ~
1.2, the measured spectrum implies a WIMP mass in the GeV energy range and an interaction
cross section that coincides with the thermal relic cross section.

A recent study of the GCE [24] selected a target region (|b| > 2°) that excluded the core of
the GC. Additionally, the systematic uncertainties in the Galactic diffuse emission were estimated
in a manner that made the low and high energy tails of the spectrum more uncertain than in
previous analyses [21,23,206,50], which focused on a smaller region containing the inner ~ 2° of
the GC. Although it is possible that the greater degree of uncertainty in the tails found by [24] is
due to an intricate overlap of the GCE with the Fermi Bubbles [51,52], it is interesting that this
uncertainty also allows much more freedom for DM models fitting the GCE [53-105].

Significant effort has been made in exploring the properties of DM models that can explain
the GCE while being consistent with other indirect, direct and collider constraints [53—105]. Of

great interest are the properties of minimal supersymmetric extensions of the SM (MSSM) |85,
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Chapter 1. Physical problems addressed in this thesis

94,100, 102-105] that can fit the GCE. When these extensions are studied in light of the GCE
extracted from the region |b| > 2° of the GC, the required neutralino annihilation rates to mainly
the WTW~ and tt channels are found to comply with the LEP or LHC bounds on sfermion
masses. However, we do not restrict ourselves to supersymmetric models. Instead, we take the
approach of studying a simplified DM model in which the DM candidate is a mixture, generated
by the interaction with the Higgs boson, of a SM fermion singlet and the neutral components of an
electroweak doublet vector-like fermion [106—109]. This model, also known as the singlet—doublet
fermion DM (SDFDM) model, is one of the simplest UV realizations of the fermion Higgs portal
[110] with the SM Higgs boson as the mediator between the visible and dark sectors. In fact, the
dark sector of the SDEFDM model (along with the stabilizing discrete symmetry) is part of the
minimal setup expected when the SM is extended by new physics which is to some extent related
to lepton and baryon number conservation [111,112]. While being free of many theoretical biases,
this model allows us to extract maximal phenomenological information from a framework that is
a good representation of the WIMP paradigm [106-109,113—118].Accordingly, the SDFDM model
is set to become one of the models to be implemented in future searches for DM particles at the
LHC [118] and a future 100 TeV hadron collider [112,119].

To understand how neutrino masses will be incorporated in a SDFDM model, it is important
to explain briefly the relation between the dark matter and neutrino masses, more specifically,
how to generated neutrino masses from a dark sector. This relation will be described in the next

section.

1.4 Relations between dark matter and the non-zero neutrino

masses

Neutrino physics in a nutshell

Although, neutrinos in the SM are massless, current neutrino oscillation data had established
the non-zero value of neutrino masses, which is a clear indication of new physics beyond the SM.
These neutrino data can be described within the framework of a 3 x 3 mixing matrix U between

the flavor eigenstates v; = (ve, vy, v-) and the mass eigenstates v; = (11,12, v3), such that
) =Y Ugilw) - (1.4)
i

In the case of Dirac neutrinos, the mixing matrix U depends on three mixing angles 012, 613, fo3
and one CP-violating phase §, while in the case of Majorana neutrinos there are two additional
phases [120]. In general, it is convenient to use the parametrization that coincides with the quark
mixing matrix given by

C12€13 $12C13 sige"0
U= | —si2c23 — c12503513€"°  c12c03 — s12503513€”°  sasc13 )

5 i
—C12523 — S12C23513€"  C23C13

512823 — C12C23513€"
where ¢;; = cos);; and s;; = sin 0;;.

17



1.4 Relations between dark matter and the non-zero neutrino masses

In the neutrino oscillation theory, the probability of the transformation of a flavor eigenstates

neutrino v, into another one v in a time ¢ is given by [120]

P(vg — vp;t) = ]Ubje*iEth;j

2, (1.5)

where the energy F; and the momenta p for the eigenstate of mass m; are related by

/ 5 m?
~ 3 -~

There are some important limit cases in which this probability is computed. For instance, when
2

the neutrino mass squared differences Am?j =mj — m? have a hierarchy

m1 < (S)mg < mg  Normal hierarchy NH ()

|Am3, | < [Am3,| ~ [Am3,| = )
m3 <K mip & mo Inverted hierarchy IH .

These hierarchies are good motivated by the fact that the solar neutrino data indicates Am3; =
Am?D ~ 107 eV? for the solution of the solar neutrino problem through the matter neutrino

oscillations (Am% ~ 10710 eV?2 through the vacuum oscillations). Whereas the explanation of the

2

2 o ~ 1073 eV? much larger

atmospheric neutrino oscillations experiments requires Am%Q = Am

than Am%. For a complete list of neutrino oscillation parameters see Table 1.2.

parameter best fit + 1o 20 range 3o range
Am3, [107%eV?] 7.6070 13 7.26-7.99 7.11-8.18
|Am3,| [1073eV?] (NH)  2.487095 2.35-2.59 2.30-2.65
|Am2,| [1073eV?] (IH) 2.3815:00 2.26-2.48 2.20-2.54
sin? f1/107! 3.2340.16 2.92-3.57 2.78-3.75
012 34.6%+1.0 32.7-36.7 31.8-37.8
sin? fa3/10~1 (NH) 5.6710-32 4.13-6.23 3.92 - 6.43
023 48.971 40.0-52.1 38.8-53.3
sin? 03/10~ 1 (IH) 5.7310% 4.32-6.21 4.03-6.40
023 49.2152 41.1-52.0 39.4-53.1
sin? 013/1072 (NH) 2.3440.20 1.95-2.74 1.77-2.94
013 8.840.4 8.0-9.5 7.7-9.9

sin? 613/1072 (IH) 2.4040.19 2.02-2.78 1.83-2.97
013 8.940.4 8.2-9.6 7.8-9.9

§/m (NH) 1347554 0.0-2.0 0.0-2.0

§/m (IH) 1487035  0.0-0.14 & 0.81-2.0  0.0-2.0

Table 1.2:  Neutrino oscillation parameters summary taken from [121]. For Amgl, sin? 03,
sin? @13, and & the upper (lower) row corresponds to normal (inverted) neutrino mass hierarchy.
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Chapter 1. Physical problems addressed in this thesis

How to generate neutrino masses from a dark sector?

In this thesis, it is assumed that the neutrinos of the SM are Majorana particles. In that
case, their so small masses can be understood if there is a new physics beyond the SM as it will
briefly describe in the present section. It have been shown that the lower operator which generates

Majorana neutrino masses is the d = 5 Weinberg operator [122]
1 d=5 (7¢ 17+ Tt
£=3el3 (LQH ) (H Lﬁ) +he., (1.8)

where H = (H+, HO)T is the Higgs doublet, H= iooH*, Lo = (Vor, eaL)T are the left-handed
lepton doublets of the SM with « the flavor number and 0‘55 x 1/A is a model dependent
coefficient that characterize the scale of the new physics. All the models where the neutrinos are
Majorana particles are reduced to this operator or a higher dimensional equivalent (d > 5) when

the new physics is integrated out [123].

At tree level, there are three ways to generate this operator. These are known as type-I, type-II
and type-III see-saw mechanisms when the mediator is a singlet fermion NV, a triplet scalar A or

a triplet fermion X respectively. These three cases are schematically shown in Fig. 1.10.

H \ H H,
H\ 7/ A 4 \H H/
\ 7/ A 4 \ 7/
N N /7 N Y /7
A
|
L L
L L
L L

Figure 1.10: The three realizations of the see-saw mechanism at tree level.

From Eq. (1.8) we can see that the neutrino mass scale is roughly given by m,,, o (H°)2/A,
where (HY) is the vacuum expectation value of the SM Higgs boson. Notice that in order to have

small neutrino masses the A points to the scale of a grand unified theory (GUT).

On the other hand, at one-loop level, when the neutrino masses are generated radiatively, one
additional suppression comes from the loop. In this case, the new physics and consequently the
dark sector could be at the electroweak scale (EW) and the mechanism could be tested with the
current direct, indirect and colliders experiments. This realization of the d = 5 Weinberg operator
is diagrammatically shown in Fig. 1.11. For a complete diagrammatically and systematic study
of the d = 5 Weinberg operator at one-loop level see the Ref. [123]. In particular, in this thesis,
one specific realization of a well-motivated DM model is studied which will be described in the

next chapter.

As a final comment and motivation, it is important to keep in mind that at one-loop level, the
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1.4 Relations between dark matter and the non-zero neutrino masses

Figure 1.11: Schematic realization of the radiative see-saw mechanism at one-loop level. The new
dark sector and consequently the DM particle is circling in the loop.

neutrino masses are approximately given by

My & <}i)>2 % (166772) ) (1.9)

where € expresses symbolically the loop suppression. Therefore, the small neutrino masses are
explained by the loop suppression and by the scale of the new physics. See, for example, the

see-saw radiative model described in [124].
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Chapter

Introduction to the singlet-doublet fermion DM model

The singlet-doublet fermion dark matter model (SDFDM) is introduced in this chapter. Its
features are described in detail focusing in the contributions to the electroweak precision
tests parameters, the Higgs and the Z invisible decays, and its prospects for direct and indirect
detection of dark matter. Also, it is described the implementation of this model and how the dark
matter observables are computed using some high energy tools. At the end, it is shown how to

enlarge the model with new reals scalar singlets in order to have radiative massive neutrinos.

2.1 The SDFDM model

The SDFDM model has been previously studied in [108,109,113,115,116, 118|. The particle
content of the model consists of two SU(2)r-doublets of Weyl fermions ﬁu, R, with opposite
hypercharges and one singlet Weyl fermion N of zero hypercharge. All of them are odd under
one imposed Zs symmetry, under which the SM particles are even. The new particle content is

summarized in Table 2.1. The most general Zs-invariant Lagrangian is given by

L =Lom+ [LKin + MpeaRGRY — SMNNN — Mg e H'RUN — Myeap H*RON +hee| , (2.1)

@) () e

T ~
and H = 1/+/2 (—iG“‘ h+v+ iG‘)) is the SM Higgs doublet with H = ionH*.

In general, this model has four complex parameters (—Mp, My, Ay, Ag) of which three can be

where

chosen reals with a redefinition of the fermion fields N, R; and R,. Therefore, in this work the

three parameters —Mp, My, and A, are chosen to be reals and positives. The last parameter Ay

Symbol | (SU(2)r,U(1)y) | Z2 | Spin
N (1,0) — 12
R,, (2,+1/2) — | 1/2
Ry (2,-1/2) - | 1/2

Table 2.1: New Zy-odd Weyl fermions in the SDFDM model.



2.1 The SDFDM model

can be complex, but it was chosen real in order to avoid CP violation [115].

Expanding the Lagrangian (2.1) is obtained

LD Liin + Mp(RYR2 — R3RY) — AMyNN — Mg(H'R% — H?RY)N — A\ (H'R2 — H?R.L)N + h.c

(R Au(h
— L + Mp (062 + oot = Lary NN 4 20 oy Malh ) oty g o
\/‘ f
A u o
= Lxin + [ngw%* — TMyNN + \d;wLN - ﬁw% N +MD¢L¢R
h 0 of )

Therefore, the Zs-odd fermion spectrum in this model is composed of a charged Dirac fermion
= (@Z)f, ¢§)T with a tree level mass myx+ = —Mp, and three Majorana fermions X? (i =
1,2, 3) that arise from the mixture between the two neutral parts of the SU(2)r, doublets and the

singlet fermion, i.e. between 1?, w%T and N. This spectrum will be discussed in the next section.

2.1.1 Neutral mass spectra

Defining the fermion basis through the vector

EO:<N R} Eg)Tz(N ] w?g)T, (2.4)

the mass terms in the Lagrangian (2.3) can be written as

A
L= = [MD¢%¢O sMNyNN + %U%LN - f¢RTN} +hec
1 Aqu Ay T T
==3 [MNNN_ MDW%IU% ‘H/JOR ¥p) — ﬁW%N‘f‘N?ﬁ%) + %( %' N+ Ny )| +he
— %EOTMXEO +h.c, (2.5)
where
AU AU
M _far Zun
AN V2 V2
MY = | -2 o _mp | 2.6
)\\/5 D (2.6)
WU
— -M 0
\/§ D
By defining
my _ A =1/A2 + \2 tan 3 _2u (2.7)
\/ﬁ 9 U d >’ )\d 9



Chapter 2. Introduction to the singlet-doublet fermion DM model

the neutral fermion mass matrix is given by

My —my cos3 mysin
MX = [ —m, cos 8 0 -Mp |, (2.8)
my Sinﬂ *MD 0

which follow the same convention of the bino-higgsino sector in the neutralino mass matrix of
the minimal supersymmetric standard model (MSSM) [125]. This convention facilitates the com-
parison between the present study and previous analysis regarding the bino-higgsino DM limit of
the MSSM. Such a limiting scenario occurs in the MSSM when the winos are decoupled from the

spectrum and is accommodated within the SDFDM model when my = myzsin Oy (A = g’/ﬁ).

Neutral mass eigenstates

In order to get the physics eigenstates, this mass matrix needs to be diagonalized, in such a
way that the fermion mass eigenstates X = (x{, x9, Xg)T are obtained through the rotation matrix
N' as

N XY
= ) | =N|x}]|=NX, (2.9)
(W) X3
such that
T
N"MXN = Mj, ., (2.10)
with Mﬁiag = Diag(mf, mJ, m¥) and m} being the corresponding physical masses (not mass

ordering is implied). Even more, CP invariance is assumed and therefore N can be chosen real.
By using the neutral Lagrangian (2.5) and the Eq. (2.9) for the rotation, it is possible to get the

following expressions for the masses

A
my =2 MyN{; — MpNa1N3p — == N1 Noj +

N1 N. 2.11
NG 114V31 (2.11)

TTL%( :%MNNfQ—MDNQQN?,Q_ N12N32 (2]2)

A
mX =2 MyN7s — MpNogNss — WNISN% +

The analytical diagonalization of the neutral fermion mass matrix is carried out in Appendix A.1.

N13N3ss3. (2.13)

It is useful and convenient in some analysis to have approximate expressions in the limit of small

fermion mixing (m) < Mp, My). For instance, expanding the analytical expressions for the

Tn [126] was used U instead N. The equivalence is N = U”.
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2.1 The SDFDM model

eigensystem of Eq. (2.10) given in Appendix A.1 up to order m3, the fermion masses are given by

MDSin(Qﬁ)—I—MN 9

my =My + MJQVfM% mA—}—(’)(m;{)
sin(28) + 1
my¥ =Mp + ——"2———m3 + O (m}
2 =Mp+ 500 3 ™ O )
sin(28) — 1
X__ M 2 4y 2.14

Approximate expressions for the mixing matrix are also given in the Appendix A.1.

2.1.2 The interaction Lagrangian

According to the Lagrangian Eq. (2.3), the interaction terms, and the free-fermion Lagrangian

are given by

h 0 of
£ L= 5 (—AdeN Al N) +hee
(Nt fo Stoup B h f -
-1 (NTUH(?MN + R'5"D,Ry + Rig" DMRU> -5 <—)\d¢%N F TN h.c> . (2.15)

where D, is the SM covariant derivative.
Although, this Lagrangian is written in terms of Weyl spinors, in the Appendix A.2 the

Majorana spinors X? and the Dirac spinor X are constructed as

(X{)a Nj; B Xa v .
e <<x?*>d) ) (m E“@’) e (ﬁ*"’) ) <¢;§* -

and it is shown that the interaction Lagrangian in terms of four-component spinors is given by

=— 2 (x~ 0 g_x0 5 30
£Int—_\/§(X W (Na; P, — N3; Pr) X; +h'c)+mXiZ(N2iN2j_N3iN3j)’YXj
2080w — 1\ gy R AX — KO (CAaNaiNy + AuNaiNL) X0 (2.17)
g 2 cos Ow V2 i diV2iiV1 ulV3ilN1j) A5 . (2.

In particular, the interaction of the DM particle XZ-O with the W, Z and h SM gauge boson is

given by
L¥ = —X Wewxx, X2 — cZXiX].X?ZVE’X? — chXinhXioX]Q , (2.18)
where
CWX X, :\% (N2 Pr, — N3i Pr) (2.19)
CIXX; :m(]\f?ﬂ]\%j — N2;Naj) (2:20)
ChX;X; :\;ﬁ(—)\dNQiNlj + AuN3iN1j) (2.21)

which it is in agreement with the Ref. [118].
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Chapter 2. Introduction to the singlet-doublet fermion DM model

As is usually done, we denote the lightest stable particle in our model by x° 2, whose couplings
with the Z and h gauge bosons can explicitly written as [116]

mz)\zv(mio — M3) cos 23

CZ\0\0 = — , (2.22)

2(m§(0 — M2)2 4 \22 (2 sin 28m,oMp + mio + M/%)
_ (MD sin QB + mxo))\Qv
ChxOx° = Ml% + A\202/2 4+ 2My My0 — 3mi0 '

(2.23)

2.2 Invisible decays

This model has a new contribution to the Higgs and Z gauge bosons invisible decay fraction.
Those are given by

4m?2,\ 3/2
mp 0 2 ‘
D(h — x°X%) = == (1 Bap—_" ) |Chy0y0] (2.24)
47 m% XX
and
4m2,\ 3/2
mz 0 9
I(Z — x"\°) = <1 - X ) lez 0,0 (2.25)
67 m? XX

Therefore, in order to do a good and viable study in this model, it is necessary to restrict the
parameter space to all the points that have a BR(h — x°x°) < 0.19 to 20 in accord with the
LCH an ILC prospects [127] and I'(Z — x°x?) < 3 MeV in accord with LEP [125].

2.3 Electroweak precision observables (EWPO)

1% 1%
= iIlvv/(pQ) g“” + iAvv/ p“p”

Figure 2.1: Gauge boson two-point functions.

The SDFM model presents new contributions to the electroweak precision observables (EWPO).
The (V = W,~, Z) gauge bosons two-point functions shown in Fig. 2.1 are modified by the pres-

ence of the new Zs-odd particles circulating in the loop. It gives a new contribution to the

2 Actually, it is the lightest stable Majorana four-component spinor X2, which will be denote as x° for simplicity.
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Peskin-Takeuchi S, T, U parameters [129], which are defined as

s _45°¢ (Tgz(my) —Tz7(0) & —s° Mg, (my) L, (m%) (2.26)
T a m2Z sc m2Z m2Z '
1 /11 11
1 < WV;/(O) B 222(0)> (2.27)
a miy my
452
U == (M (0) = €*155(0) = 25¢ 1M, (0) = s, (0)) (2.28)

with s = sinfy and ¢ = cosfy °. Actually, the only important parameters are S and 7. The U
parameter is not useful in practice because its contribution from most new physics models is very
small. It can be shown that U actually parametrizes the coefficient of a dimension-eight operator,
while S and T can be represented as a dimension-six operator. Something important is that a
charge conjugation symmetry (R, > Rq) in the Lagrangian (2.1) is obtained when A, = |A4| and
this causes a vanishing DM coupling with the Z gauge boson (Na; = N3; in the Eq.(A.24)). Even
more, due to this custodial symmetry, the new contribution to the 1" parameter vanishes for this

particular case.

For the analysis carried out in this work, it has been used the correction AS and AT reported
in the Ref. [108] *. Those are given by

-

AT = 3 [(Vie)? A (M, my) + (Vi) A (M, —my)|
=1
1S ~
-5 Z (ViiVa; + VaiVi)? A (mi, —my) (2.29)
3
1 _
AS = 3 Z (ViiVa; + VQ@‘/lj) (mz, —myj) — F (p, ) , (2.30)
ij=1
where )
A(ml,m2> = WH (O) s (231)
F (my,mg) = 4xTl (0) , (2.32)
1 5. A4
H(O) = W (ml - mQ) In m — 2m1m2
2mym (m i m%); mi oy m—§ , (2.33)
my —mp my

3The definition for the II functions can be found in the Refs. [115] and [108].
4A crosscheck has been done with the Ref. [115].
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() - 1| I A4 _mumg (3m} — 4mymy + 3m3)
242 m3m3 (m? —m2)®
6 6 2,02 (12 2 3,3 2
m3 + mg — 3mims (m7 +m35) + 6mym.
1 2 1772 ( 1 , 2) 2 1, mﬁ; (2.34)
2_ 2 m
(ml m3) 2

These expressions are valid for Dirac particles and for Majorana fermions with an extra factor of

two and with A the cutoff of the loop integral which disappears at the end of the computation.
To be compatible with the parametrization used in the Eq. (2.6), the next identification was

carry out: M — —Mp , p — —2Mpy , a = % , B = % and the Vj; coefficients were

obtained after the diagonalization of the matrix

M 0 B
MX = 0 -M —-av |, (2.35)
—B'v —av —2u

which is the neutral fermion mass matrix obtained in the basis used in the Ref. [108].

Figure 2.2: Contribution to the electric dipole moment (EDM) of a fermions f in the SM.

As a final comment, the contributions to the electric dipole moment (EDM) of the particles
in the SM, which is the process shown in Fig. 2.2 happens when the Yukawa couplings A, A\ are
complex numbers. However, this work is not focused on that direction because the couplings were

chosen as real numbers. Those issues were discussed in the Ref. [115].

2.4 The dark matter abundance QA2

The DM abundance for the SDFDM model can be computed using the standard analysis for
a cold relic density decoupled in the early Universe. In this picture, the evolution of the number
density of the DM particles n,, is governed by the Boltzmann equation |2]
an 2 eq\2 apn
7S +3Hn, = — (ov) [ny — (n$)?] , (2.36)
where H is the Hubble parameter that characterize the Universe’s expansion, ny! is the number
density when the DM particles are in equilibrium, i.e. when the DM particles are not decoupled
in the early Universe and (ov) is the thermal velocity averaged self-annihilation cross section.

The Boltzmann equation can be solved approximately when the temperature dependence of
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101F .
Early Universe
100 e mmimmimme R %

101} RN
102} . Ty
103} “,

104} \,
105} .
106} \
107} 1

Y
108} ., Today |
Vs a

109} o T -
10-10f \

-11 . 1y
10 100 101 102

r=myp/T

ny/ny(z=1)

Figure 2.3: A DM number density illustration which follows the equilibrium density (ny!) to the
point x ¢ (“freeze-out”). After that it remains constant to today.

the (ov) is parameterized as
(ov) =09z ", (2.37)

where oy is the cross section to zero temperature, x = m,o /T and n = 0 corresponds to the s-wave

contribution, n = 1 to the p-wave, etc.

The idea of the concept of the relic density is shown in Fig. 2.3. In the early Universe the DM
number density n, is approximately given by ny'. However, with the expansion of the Universe,
the temperature drops below the mass of the DM particle and the reaction rate I'(x°x" «+» SM SM)
gets slower than the expansion of the Universe and the n§! drops exponentially until a point called
“freeze-out" (x5 = m,0/Ty). In this point, the reaction is not fast enough to hold the equilibrium
and the DM particle is decoupled of the SM particles and its density remains constant to today.
In general, the Boltzmann equation can be solved before the “freeze-out" when n, ~ n3! and
after that, when n{! < n, and ny' can be neglected. The complete solution is obtained by using
the matching between last two solutions just at the ‘freeze-out" point. Without entering in more
details, this solution is given by [108§]

zy 0.034pb

Oh? ~ 1) ———— 2.38
D (239)

where the variable ¢ at the “freeze-out" is computed solving the equation

zf+ (n+1)logays ~log [0.038 (n+1) (glg/2> M, my0 00] , (2.39)

with M, = 1.22 x 10! GeV the Planck mass.
These expressions were computed and checked using MICROMEGAS 4.1.8 [130]. A good

agreement was obtained for some special cases of the parameter space where the (ov) is easily
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computed by hand. However, the numerical solution obtained with MICROMEGAS was used
because it takes care of the complete (ov) when the self-annihilation of DM takes place in all
the possible final channels that will be described later. Even more, MICROMEGAS takes care
of difficult regions of the parameter space, for instance, the process of coannihilations and reso-

nances |[131].

2.5 Model’s implementation

300 = e T e
« -« ~ N 4
< QR? < 0.1199 2 PRSI A i
< L < < <<

— Br(h—=x"x")>019 |« Li< o o« oL,
0.0 <<% . << < 4 b
250f =— T'(Z—=x"x")>3MeV| . « T e ]

200 300 400 500 600 700 800

Figure 2.4: Constraints on the SDFDM model in the low mass region for A =1 and tan 8 = —20.
Above the black dashed line: region exclude by LUX (0g1). Yellow: region excluded by EWPO.
Green (Blue): region excluded by the Z (h) invisible decay. The magenta dashed line corresponds
to myo = my/2.

The SDFDM model was implemented in FEYNRULES 2.3 [132] and a crosscheck was done
using the BSM-Toolbox [133] of SARAH [134, 135]. The first step was to reproduce some of the
known results for this model. For that purpose, a benchmark point was taken in order to check
the implementation. For instance, Fig.8 of the Ref. [116] that shows the behavior of the model
for the specific case of A = 1 and tanf = —20. We used the LUX-2013 [136] limits for spin-
independent cross section with nucleons and we assumed that the DM relic density saturates the
Planck measurement Qh? = (0.1199 + 0.0027) [137] at the 3. The results are shown in Fig. 2.4.
There, the region above the black dashed line is excluded by LUX. In the same way, the green
(blue) region is excluded by the Z (H) invisible decay and the yellow region is excluded by the
correction to the EWPO parameters (we disagree with the Ref. [116] by a factor two in the AT

computation, that factor takes into account that DM particles are Majorana fermions). Note that
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Figure 2.5: Self-annihilation channels a tree level in the SDFDM model. The u-channels are not
shown. They were generated using FEYNARTS [138].

the boundary of the region given by the red points reproduces the experimental value of Qh2,

while the remaining white zones have an overabundance of the DM relic density.

2.6 Indirect detection

At tree level, the interaction between the DM and the SM sector is mediated by the W, Z
and H gauge bosons. In this model, DM particle (x") can self-annihilate into ff, ZZ, WHW—
and hh final states through s-channel Higgs and Z boson exchange and into ZZ, WHTW ™ states
via t-channel X? and xT exchange. Annihilation into a mixture of weak gauge bosons Zh is also
possible through the exchange of a y; # X in the t-channel or a Z in the s-channel. Those
annihilation channels are shown in Fig. 2.5. We remark in passing that gamma-ray lines vy and
~vZ can also be produced at one-loop level. Of particular importance for indirect detection studies
in this framework is the fact that since DM annihilations into fermion pairs mediated by the Higgs
are p-wave suppressed and there is not s-wave amplitude, the annihilations produced through the
Z exchange are dominant. We note that the later is also helicity suppressed, which implies that
the main annihilation channel is the ¢ (bb) for a dark matter mass above (below) the top mass,
with (ov) < 10727 em?® 57! for myo < my [116].

In the case of DM particles going into gauge bosons, only those processes in the ¢-channel
are relevant because they do not suffer velocity suppression. Such a non-velocity suppression is
also present in s and ¢ channels for the annihilation into Zh. In contrast, processes in which DM

self-annihilates into Higgs bosons are velocity suppressed.
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2.6.1 Scanning and constraints

In order to see the behavior of the DM observables in this model, the parameter space was

scanned considering the following ranges of model parameters

100 < Mp/GeV < 1000, 10 < My/GeV < 1000,
1074 < A< 10, 1< |tan ] < 60. (2.40)

Essentially, we throw darts into this large space, generating several million random model points,
and for each generated point we computed the DM relic density and the direct and indirect DM
observables using MICROMEGAS 4.1.8 [130] through FEYNRULES 2.3 [132]. Each individual
model is then subjected to a large set of dark matter, precision measurement, and collider con-
straints. In particular, we assume that the DM relic density saturates the Planck measurement
Qh% = (0.1199 £ 0.0027) [137] at the 3o level as we are interested in considering the case where
this model accounts for the majority of DM. The model points are also required to be compatible
with Fermi-LAT ° constraints coming from dwarf spheroidal galaxies [12], as well as LUX [136],
IceCube [139], PICO-2L [140] and PICO-60 [141] limits for spin-independent and spin-dependent
detection studies. Since the SDFM model presents new contributions to the EW precision observ-
ables (EWPO) as was described in the section 2.3, we impose the condition that AT < 0.2 given
that the contribution to S is always negligible [116]. Finally, the limit obtained from searches of
charged vector-like particles by LEP [128] has been taken into account by imposing the condition
Mp > 100 GeV in Eq. (2.40).

In Fig. 2.6, it is shown the total velocity average annihilation cross-section (ov) for the DM
self-annihilation into SM particles including two and three final states. Also, it is shown the
current and strongest Fermi Large Area Telescope (LAT) constraints of DM self-annihilation into
bb quarks and W+ W~ gauge bosons in the dwarf spheroidal galaxies (dSph). It can be seen that
indirect detection does not put strong constraints on the parameter space of the SDFDM model.

All the models are alive with the current indirect detection constraints.

2.7 Direct detection

Regarding direct detection, the Higgs h (Z gauge bosson) exchanging leads to spin-independent
(spin-dependent) DM nucleon scattering (see Fig. 2.7). From Eq. (2.22) is clear that the spin-
dependent (SD) cross section vanishes for cos 28 = 0 or [m,o| = Mp, implying for both cases that
tan 5 = £1. In the same vein, from Eq. (2.23) the spin-independent (SI) cross section vanishes
(i.e. a blind spot as discussed by Ref. [114]) for sin 23 = —m,0/Mp, which using the characteristic
equation of the Appendix (A.1) leads to m,o = My, Mp. Note that og; = 0 if tan 8 < 0 and
only if My > Mp, both og; and ogp can be zero simultaneously.

2.7.1 The spin-independent cross section og;

The DM scattering with the nucleons N (protons and neutrons) is an effective interaction

because nucleons are made of quarks. When the mediator is the Higgs gauge boson, the scalar

5 Fermi Large Area Telescope: http://fermi.gsfc.nasa.gov/.
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2.7 Direct detection
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Figure 2.6: Velocity average annihilation cross-section (ov), generated randomly for a big sam-
ple of the parameters of the SDFDM model that take into account the correct relic density (see
section 2.0.1). The green (black) line is the current constraint of indirect detection for DM self-
annihilation into bb (WTW =) in the dwarf spheroidal galazies (dSph) at 95% C.L [12]. The
gray line represents the prediction of the WIMP paradigm where the (ov) reach the thermal value

10726 em3s 1L,

q/\q ; ;

Figure 2.7: DM inelastic scattering with the quarks that compose the nucleons (protons and neu-
trons).

interaction is spin-independent. In order to compute this scattering is reasonable to think in the

next effective interaction

my My . h _
Lsm D Y~ thaq =[N)(N| Y = thaa| N)(N| = —(N| Y meqq| N)|N)(N|
q q q
_mnfn
v

hNN , (2.41)

where (N|>_, mgqq|N) = mny fn is a QCD form factor, which is experimentally determined [130] [115].
Using this Lagrangian, it is possible to compute the spin-independent cross section (see the Ap-

pendix A.3). It is given by

2 2
”Lr ChX1X1 2 2
ogr = — | —— m 2.42

T ( v ’2Z fN N> ( )
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N0
(my +my0)
for the neutron and my = 0.938 GeV for the proton).

where m, = is the reduced mass of the dark matter-nucleon system (my ~ 0.939 GeV

107 H " ux E
104 == XENON 1T Projected ]
i LZ Projected ]
10" == — -
10! 10° 10°
m,o (GeV)

Figure 2.8: Spin-independent cross section in the SDFDM model in comparison to current and
future direct detection limits. The panel displays current limits from the LUX experiment (black
solid line) [142] and the expected limits from the forthcoming XENON-1T and LZ [1/3] experiments
(blue dashed and green dot-dashed lines).

In Fig. 2.8, it is shown the spin-independent cross sections computed for a big sample of the
parameters of the SDFDM model in Eq. (2.40). Also, it is shown the limits from the LUX-2013
experiment (black solid line) [142] and the expected limits from the forthcoming XENON-1T
and LZ [143]| experiments (blue dashed and green dot-dashed lines). It can be seen that direct
detection rules out some parameters space of this model. However, some of the models are alive

with the current direct detection constraints.

2.7.2 The spin-dependent cross section ogp

As it was said before, when the mediator in the scattering of the DM with nucleons N (protons
and neutrons) is the Z gauge boson, the interaction is spin-dependent. In Fig. 2.9, it is shown the
spin-dependent cross sections computed with MICROMEGAS 4.1.8 [130] through FEYNRULES
2.3 [132]. Each individual model (point) saturates the Planck measurement value for the relic
density Qh? = (0.1199 4 0.0027) [137] at 30 level. In Fig. 2.9, it is also shown the PICO-2L [140]
(green light solid line) and PICO-60 [141]| (magenta solid line) limits, as well as the LZ sensitivity
(green dashed line). The most recent constraints from LUX-2016 [9] (red and blue solid lines) are
also overlaid. It can be seen that direct detection rules out some parameter space of this model.
However, some of the models are alive with the current direct detection constraints, but in the
future, the LZ experiment will rule out or confirm this model.

To finish this chapter, in the next section is described how to enlarge the SDFDM model in

order to have masses for the active neutrinos of the SM.
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Figure 2.9: Spin-dependent cross section in the SDFDM model in comparison to current and
future direct detection limits. The panel shows the PICO-2L [140] (green light solid line) and
PICO-60 [141] (magenta solid line) limits, as well as the LZ sensitivity (green dashed line). The
most recent constraints from LUX [9] (red and blue solid lines) are also overlaid.

2.8 Neutrino masses in the SDFDM model

In view of the lack of signals of new physics in strong production at the LHC, there is a growing
interest in simplified models where the production of new particles is only through electroweak
processes, with lesser constraints from LHC limits. In particular, there are simple SM extensions
with dark matter candidates, such as the singlet scalar dark matter (SSDM) model [144-146],
or the singlet-doublet fermion dark matter (SDFDM) model [106-109, 113, 114]. In this kind of
models, the prospects for signals at LHC are in general limited because of the softness of final
SM particles coming from the small charged to neutral mass gaps of the new particles, which is
usually required to obtain the proper relic density. In this sense, the addition of new particles
motivated for example by neutrino physics could open new detection possibilities, either through
new decay channels or additional mixings which increase the mass gaps.

On those lines, scotogenic models [124], featuring neutrino masses suppressed by the same
mechanism that stabilizes dark matter, have been thoroughly studied with specific predictions in
almost all the current terrestrial and satellite detector experiments (For a review see for exam-
ple [147]). The simplest models correspond to extensions of the inert doublet model [148, 149]
with extra singlet or triplet fermions. Recently, the full list of 35 scotogenic models with neutrino
masses at one-loop [123,150] Y, and at most triplet representations of SU(2), was presented
in [152] (and partially in [153]). The next to simplest scotogenic model is possibly the one where
the role of the singlet fermions is played by singlet scalars and the role of the scalar inert doublet
is played by a vector-like doublet fermion. One additional singlet fermion is required to generate

neutrino masses at one-loop level. This kind of extension of the singlet dark matter model is

5The general realization of the Weinberg operator at two-loops have been undertaken in [151]
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labeled as the model T13A with o = 0 in [152]. The extra fermion, required in order to have
radiative neutrino masses, can be the singlet in the SDFDM model.

In the simplest scotogenic model [124], singlet fermion dark matter is possible but quite re-
stricted by lepton flavor violation (LFV) [154,155]. In contrast, in the present model is shown
that the region of the parameter space, corresponding to fermion dark matter, is well below the
present and near future constraints on Br(u — e7).

On the other hand, when the lightest Zs-odd particle (LOP) is one of the scalar singlets, in
the regions of the parameter space compatible with constraints from LFV, the SDFDM model
has promising signals at colliders, thanks to the electroweak production of fermion doublets and
possible large branchings into charged leptons.

The dark matter phenomenology of both the SSDM and SDFDM models has been extensively
studied in the literature and recently revisited in [115]. In this work both models will be joined
and the possible effect of coannihilations with the scalar singlets for fermion dark matter will be
considered. We will see if these coannihilations tend to increase the relic density of dark matter

and if could modify the viable parameter space of the SDFDM model.

2.8.1 The SDFDM model with reals scalars singlets

When the SDFDM model is extended with a set of real scalar singlets S, of zero hypercharge

and odd under the imposed Z5 symmetry, the most general Zs-invariant Lagrangian is given by

L =Lsyv + MpeayRIRE — SMNNN — hineay RELESy — Mg eap HORUN — Ayeay HU RN + hic
|5 (M3) .5 585 + ASH e HHSaS5 + A5,5SaS354,55) (2.43)

where L; are the lepton doublets and H is the SM Higgs.

In the scalar potential, it is assumed that the M g matrix has only positive entries and (M g)a 5T
)\EEIUQ = 0 for a # 3, which means that S, are mass eigenstates with masses m?ga = (Mg)aa +
MHy? and mg, < MGy

2.8.2 One-loop neutrino masses

In this framework, the new fields N, éu,Rd, S do not carry lepton number so that the only
lepton-number violating terms is the one with coupling h;,. The radiative neutrino mass matrix
is obtained using the realization of the Weinberg operator a one-loop how it was pointed out in
Fig.|5] of the Ref. [150] and as one of the topology T1-iii in [123]|. The computation of the neutrino
mass matrix can be done in the interaction basis as it is shown on the Appendix A.4. However,

it is more illustrative to show the calculation on the basis of mass eigenstates as follows.

After the EWSB, each entry of the neutrino mass matrix have the three fermion contributions
(n = 1,2,3) displayed in Fig. 2.10, each one with divergent parts which must cancel between

them. The neutrino mass matrix in this basis is given by

35



2.8 Neutrino masses in the SDFDM model

>
>

<
<

VL

VL

Figure 2.10: Contributions to the neutrino mass matriz.
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In the limit of p — 0, we have

hiah; )
MY = Z {27:; (N3n)® my,, Bo (0;m2, ,m3.) | (2.44)
n=1

where By is the Passarino Veltman functions given by [156]

d*k 1 1
2 2 _ 2\ 2
Bo (0 = [ Sy e ]~ e o) — 40 ()
(2.45)
with
2 2 2 m? .
Ap (m?) =m ;—lnﬂ—i-’yE +1—1In 2] (2.46)

In order to compute this matrix, two things need to be used. First, the Eq. (2.44), where

=D (Nan)*my, {mzl2 [, [A 41 =1 (m3, /u*)] = mig, [A+1—n(mg, /u*)]] }

n=1 Xn msa
21 2 /02y —m2 1 2,2
S (N, {m 1y g )~ o )}
n=1 my,, — Mg,
3 2 1 2 2 ] 9
=3 (N3a)my, {[A F14n (2)] + el (msg) M, In (an)} | o
n=1 an - mS

and second, the Eq. (2.10), where

NMX

YagNT = MX = > Ny, Ny = (MX)1n, = > Njumy,, = (M¥)33 =0, (2.48)
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Finally, using the Eq. (2.47) and Eq. (2.48) the neutrino mass matrix takes the form

3 2 2 2 2
hiolia 9 ms: In (m ) —mg In (mS )
MY = E J N X Xn o a 2.49
) - 1672 — ( 3”) My min _ m%a ( )
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Chapter

Phenomenology of the SDFDM model with real scalars

singlets

This chapter in based in our work published in PhysRevD.92.013005 (2015)
http://dx.doi.org/10.1103/PhysRevD.92.013005

Abstract

‘ ‘ / hen the singlet-doublet fermion dark matter model is extended with additional Zy—odd

real singlet scalars, neutrino masses and mixings can be generated at one-loop level.
In this work, we discuss the salient features arising from the combination of the two resulting
simplified dark matter models. When the Zs-lightest odd particle is a scalar singlet, Br(u — ev)
could be measurable provided that the singlet-doublet fermion mixing is small enough. In this
scenario, also the new decay channels of vector-like fermions into scalars can generate interesting
leptonic plus missing transverse energy signals at the LHC. On the other hand, in the case of
doublet-like fermion dark matter, scalar coannihilations lead to an increase in the relic density

which allows to lower the bound of doublet-like fermion dark matter.

3.1 Neutrino masses

When we extended the SDFDM model with real scalars singlets we were able to get neutrino
masses using the realization of the Weinberg operator as it was described in the section 2.8.2. In

general, is possible to write the neutrino mass matrix (2.49) as

v hZOéh (07 .
Mij za: 167‘(']2 z_: an (mSaaan) ) (3.1)
- Z hiafAalja (3.2)
_ T
- (hAh )ij ’ (3.3)

with f (m1,mz2) = (m? Inm? — m3 Inm3)/(m? — m3), A = Diag (A1, Ay, A3) and

3

mX'n (msa ’ an) ° (34)

167r


http://dx.doi.org/10.1103/PhysRevD.92.013005

3.1 Neutrino masses

As we described in the Appendix B.1, the flavor structure of the neutrino mass matrix My,
given by Eq. (3.3), allows us to express the Yukawa couplings in terms of the neutrino oscillation
observables (ensuring the proper compatibility with them) through the Casas-Ibarra parametriza-
tion introduced in [157,158]. Thus, by using an arbitrary complex orthogonal rotation matrix R,

the Yukawa couplings h;, are given by

h" =D ;=RD s U', (3.5)

where D /m, = Diag (\/ml,l,\/ml,g,\/m,,g), D ;== = Diag <\/A11, \/A21,~--> and U is the
PMNS [159] neutrino mixing matrix.
Henceforth, we will consider the case of three scalar singlets, a = 1,2,3, where the Yukawa

couplings take the form

B my1Ra1 Uz*l + mu2Ra2Ui*2 + mySRaZ‘)U;E),
hio = T . (3.6)

In the above equation, the 3 x 3 matrix R can be cast in terms of three rotation angles 63, 613, 612,

which are assumed to be real. It is worth mentioning that for the case two scalar singlets a = 1, 2
a viable scenario is also possible with the remarks that one massless neutrino is obtained. To fully
exploit the generality of h;, couplings obtained from (3.6), we stick to the case with three scalar
singlets.

In summary, the set of input parameters of the model are the scalar masses mg,, My, Mp, A,
tan 3, the lightest neutrino mass my1, the three rotation angles present in R and )\gg ' Without
not loss of generality we assume for the latter to be small )\gg < 0.01, except for the case of scalar

dark matter where )\le is set to give the proper relic density.

In order to have an approximate expression for A, in terms of this set of input parameters, it

is possible to use the identity (2.48) to obtain

Ta2 {N321 771}1< [f(msa?mi() - f(mswm?s()] + N??Q m§ [f(msa’ m;() - f(msa,m%»f)]} :

The expression for the matrix elements N321 at O (mg\) are given in the Appendix A.1. Since Ngl

and f(mg,,m¥) — f(mg,,m}) are already O (m3), we can use the leading order values for the

other masses and mixings parameters to obtain

1

Ao ~l6n2 {N§1MN [f(ms,, My) — f(ms,, Mp)] + %MD [f(ms,,m3) — f(ms,, m?)]} +0 (my) -

With the last two approximate formula for masses in (2.14), and the N2, mixing in (A.8), we have

A
2o

Mpcos B+ My sin 3
my

M}, — Mg,

M2 [Mp sin (2 M M?2
p[Mpsin (28) + My] 3 M%) — m?ga log —QD +1
(MP, — MF) (M —mZ, ) ms,

}+Ow@. (3.7)

!The couplings A3 g~s are irrelevant for phenomenological purposes.
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SIM, A\ =5 x 1073

107! 10° 10!

tan 3

Figure 3.1: tan 8 dependence of (a) Ay and (b) Br(u — e7), for the set of input masses in Eq. (3.8)
with A =5 x 1073,

To illustrate the dependence in tan 8 of A,, we consider the following set of input masses (SIM)

compatible with singlet scalar dark matter:

mg, = 6.0 x 10" GeV mg, =8.00 x 10> GeV ms, =1.500 x 10> GeV
my = 1.00 x 102 GeV mp =5.50 x 102 GeV . (3.8)

The results for A = 5 x 1073 are shown in Fig. 3.1(a). For large values of tan 3, the A, are
positive. However, there are specific values of tan 8 for which each A, goes to zero and turns to
negative values, as illustrated by the red lines in the plot. The specific point with § = 7/6 is
depicted by the yellow stars in the figure.

3.2 Lepton flavor violation

The size of the lepton flavor violation (LFV) is controlled by the lepton number violating
couplings h;,. From the approximate expression for A, found in the Eq. (3.7) and the analysis
of the previous section, we will show that these couplings are inversely related to the Yukawa
coupling strength A. Since in SDFDM the observed dark matter abundance is typically obtained
for A = 0.1 [114], the lepton flavor observables are not expected to give better constraints than
the obtained from direct detection experiments. Therefore, we will focus our discussion of LEV
in regions of the parameter space where 57 is the dark matter candidate.

It is well known that LFV processes put severe constraints on the LFV couplings and, in
general, on the model’s parameter space. One of the most restrictive LE'V processes is the radiative
muon decay g — ey shown in Fig. 3.2, which in the present model is mediated by same particles
present in the internal lines of the one-loop neutrino mass diagram shown in Fig. 2.10. The

corresponding expression for the branching ratio is computed in the Appendix A.5. It is given by

2
3 aem F M2 /m% k ¢

Br(lu' - e’)/) :Z 167TG2 Z hla(n[l)ga)hﬂa ) (39)

F | a

@
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3.2 Lepton flavor violation

Figure 3.2: p — ey process generated using FEYNARTS [138].

where

23 —622+3x+2+6zlnz

Flz) = 6(z —1)*

(3.10)

With the implementation of the model in the BSM-Toolbox [133] of SARAH [134, 135], we have
crosschecked the one-loop results for both neutrino masses and Br(u — evy). Moreover, with
the SARAH FlavorKit [160], we have also checked that the most restrictive lepton flavor violating
process in the scan is just Br(u — ey). From Egs. (3.2) and (3.5), we obtain

My, = Z hiaAahoa = {U*M‘(jiagUT] . (3.11)
«

Comparing this result with the corresponding combination of couplings in the expression for
Br(p — ev) in Eq. (3.9), we expect that for a set of fixed input masses Br(u — e7y) turns out
to be inversely proportional to A%. This is illustrated in Fig. 3.1(b) for A = 5 x 1073, where the
scatter plot of Br(u — ev) is shown for the same range of tan S values than in Fig. 3.1(a). In
such a case, once h;, are obtained from the Casas-Ibarra parametrization, the specific hierarchy
of A, fixes the several contributions to Br(u — e7y). The dispersion of the points is due to
the 3-0 variation of neutrino oscillation data [121] used in the numerical implementation of the
Casas-Ibarra parametrization, along with the random variation of the parameters of R. The
minimum value of Br(u — e7) around tan 5 = 1 corresponds to the maximum value of A,, while
the maximum values happen at the cancellation points of each A,. In the subsequent analysis,
and for a fixed SIM and A, we allow for cancellations only by two orders of magnitude from the
maximum value of each A,.

The full scan of the input masses up to 2 TeV, with mg, > 5.3 x 10! GeV [115] as the dark
matter candidate, Mp > 1.00 x 102 GeV to satisfy LEP constraints, and 1072 < tan 8 < 102, give
to arise the dark-gray plus light-gray regions in Fig. 3.3. In particular, the A variation for the SIM
with 8 = 7/6, denoted by yellow stars in Fig. 3.1(a), is illustrated with the white dots in Fig. 3.3.
The corresponding dashed line is obtained for the best-fit values of the neutrino oscillation data
and R fixed to the identity. The horizontal dotted line in the plot corresponds to the current
experimental bound for Br(y — ey) < 5.7 x 10713 at 90% CL [161]. The upper part of the light-
gray region is restricted by our imposition to avoid too strong cancellation in A, . We check that
for all the sets of input masses in the random scan, this cancellation region always happens when

tan 8 < 1. In this way, points with tan 8 > 1 are absent from the light-gray region, as labeled in
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Figure 3.3: Br(u — ev) in terms of the Yukawa coupling strength \ for the SIM in Eq. (3.8) with
B = /6, and the general scan described in the text.

Fig. 3.3. For the same reason, in the dark-gray region there are not points with A, < Ag ~ A,
(a # B # 7). We can check for example that points with A; < As < Ag are absent inside the
dark-gray region of Fig. 3.3.

The lower part of the dark-gray region is saturated by the values of Mp = 2TeV, and gives
rise to the lower bound A > 6 x 107°. With our restriction in the cancellation of A, points in
the scan with A < 3 x 1072 can be excluded from the Br(u — ey) limit.

3.3 Collider phenomenology

The LHC phenomenology in the case of the singlet-doublet fermion dark matter was already
analyzed in [115]. They concluded that the recast of the current LHC data is easier to evade,
but the long-run prospects are promising, since the region My, m) < Mp could be probed up to
Mp < 600 — 7.00 x 102 GeV for the 14-TeV run of the LHC with 3.000 x 103 fb~L.

On the other hand, in the case of the singlet scalar dark matter, the main production processes
associated with the new fermions remain the same, but there are new signals from the mediation,
or presence in the final decay chains, of the new scalars. The most promising possibility is the
dilepton plus missing transverse energy signal coming from the production of charged fermions
decaying into leptons and the lightest scalar. This signal can be important when A is not too
large, A < 0.1, and My 2 Mp. For a fixed set of input parameters, the random phases in
the Casas-Ibarra can be chosen to have all the possibilities in the lepton flavor space associated
with the coupling h;1, with ¢ = e, u, 7. In view of that, we will focus in the best scenario where
Br(x*™ — 17 81) ~ 1 (I* = e* or p*). The Feynman diagram for the processes is displayed in
Fig. 3.4.

The mass of the charged Dirac fermion y*, can be constrained from dilepton plus missing
transverse energy searches at the LHC. In [162], this kind of signals was used by the ATLAS col-
laboration to establish bounds on the slepton masses from the search for pp — - =t %0,

where Y are the neutralinos, and the same exclusion is reported for [ = e or p. Purely left-handed
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3.4 Coannihilation

sleptons produced and decaying this way, have been excluded up to masses of about 300 GeV at
95% CL, from the data with integrated luminosity of 20.3 fb~! and the pp collision energy of 8 TeV.
This corresponds to an excluded cross section of 1.4fb at NLO calculated with PROSPINO [163].
In the present model, the charged fermion field may decay in the mode x* — efSl which are
proportional to the Yukawa couplings h;;. Therefore, a similar final state as in the slepton pair

production is obtained through the process pp — xTx~ — (7175151, as can be seen in Fig. 3.4.

0

~<y S
\\

\\

Figure 3.4: Feynman diagram for pp — xTx~ — 1717 S4Sa (Drell-Yan process).

In this case, the excluded cross section of this process can be estimated from:

o(pp = 1T178181) = o(pp — xTx7) x Br(x* — 1751)%, (3.12)

where o(pp — xTx7) is the pair production cross section of charged Dirac fermion, and Br(yx* —
%)) is the branching fraction for y* — I*S; mode.

The pair production of charged Dirac fermions can be calculated in the pure-higgsino limit of
the minimal supersymmetric standard model. The NLO cross section calculated with PROSPINO
is displayed in Fig. 3.5 as a function of the charged Dirac fermion.

For points in the parameter space where the Casas-Ibarra solution is chosen such that Blr(XjE —
I£S1) ~ 1, and assuming the same efficiency as for the dilepton plus missing transverse energy
signal coming from left-sleptons in Eq. (3.12), the charged Dirac fermions of the present model
can be excluded up to 5.10 x 102 GeV, as illustrated in Fig. 3.5.

Note that many points in the scan of Fig. 3.3 with A < 0.1 and featuring mg, < Mp, could be
excluded by this LHC constraint. However, a detailed analysis of the restriction from the Run I

of the LHC, in the full parameter space of the model, is beyond the scope of this work.

3.4 Coannihilation

In this model, the role of the dark matter particle can be played by either the lightest of the
fermions yrop or the lightest of the scalars S7. In the latter case, the present model resembles
the singlet scalar DM model [144-146] as long as the other Zs-odd particles do not contribute to
the total annihilation cross section of S7, namely through to the addition of new (co)annihilation

channels. Therefore, by choosing a non-degenerate mass spectrum and small Yukawa couplings
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Figure 3.5: NLO cross section for the charged Dirac fermion pair production at the LHC with
pp collisions at /s = 8 TeV. The horizontal dashed line for the excluded cross section of 1.41b,
corresponds to the mass about 5.10 x 10> GeV illustrated by the vertical dashed line.

(which is in agreement with neutrino masses) the effects of these particles on dark matter can be
neglected. Hence, we expect that the dark matter phenomenology to be similar to that of the
SSDM [164].

On the other hand, regarding the case of fermion DM, the present model includes the singlet
doublet fermion DM model [106-109,113,114]. In such a scenario, when the dark matter candidate
is mainly singlet (doublet), the relic density is in general rather large (small). In particular, a pure
doublet has the proper relic density for Mp ~ 1TeV [107,114,165] with decreasing values as Mp
decreases. Nonetheless, in the present model, we have the additional possibility of coannihilations
between the Zs-odd scalars and fermions. In this work, we explore at what extent coannihilation
with scalars may allow recovering pure-doublet DM regions with Mp < 1TeV and A < 0.3 while
keeping the proper relic density. Hereafter, we focus in that specific region.

In the simple radiative seesaw model with inert doublet scalar dark matter, the coannihilations
with singlet fermions can enhance rather than reduce the relic density, as shown in [166]. That
work also presented a review of the several models [167-171] where such an enhancement also
occurs. In particular, supersymmetric models where the neutralino is higgsino-like were considered
in [171] and it was shown that slepton coannihilations not only lead to an increase in the relic
density but also to an enhancement in the predicted indirect detection signals. Below, we show
that the singlet scalars can play the role of the sleptons in our generalization of the higgsino-like
dark matter with radiative neutrino masses.

The interactions of the scalars S, are described by the h;q, Aiﬁ terms in Eq. (2.43). It
turns out that Yukawa interactions are suppressed by neutrino masses (hi, < 107%) and the
same occurs for the interaction with the Higgs boson if we impose )\ggl < 1072. In this way, the
coannihilating scalars S, act as parasite degrees of freedom at freeze-out, leading to an increase

of the singlet-doublet fermion relic density.
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Figure 3.6: Regions consistent with the observed relic density for A = 0.3 and tan 3 = 2. The
solid cyan line corresponds to the observed relic density without coannihilations which were shown
to be compatible with the current direct detection bounds from LUX [156] in [11/]. The effect of
the coannihilations with the new scalars is shown for a mass degeneracy of 0.1 to 10% between
the scalars and the DM candidate. The dark-gray region corresponds to coannihilations with one
scalar singlet, while the dark plus light-gray regions correspond to coannihilations with two scalar
singlets.

By following the discussion in [166], the maximum enhancement of the relic density is achieved

when Ag, = (mg, — m{op)/miop becomes negligible. Accordingly, one can write

Q% g0 + s\’ o
a0 z( m ) , (3.13)

where Q% (Q0) denotes the relic density with (without) including S, coannihilations, gs, repre-
sents the total number of internal degrees of freedom related to the scalars participating in the
in the coannihilation process, and gg is the total number of internal degrees of freedom when
Ag, > 1. When the DM particle is pure doublet (Mp ~ 1 TeV and My > Mp), the fermion
masses are my = My, m§,3 ~ m,+ = Mp and therefore go = gy, + gys + g,= = 8. Since each
real scalar has one degree of freedom, we have gg, = 1,2,3 depending on the number of scalars
coannihilating. Thus, it follows that the maximum enhancement is 5 /QY = 1.27, 1.56, 1.89,
respectively. This enhancement results in that, for the present model with doublet-like DM and
A < 0.3, the Mp required to explain the correct relic density lies in the range [0.9, 1.1] TeV instead
of taking a single value as in the SDFDM model. The values inside this range arise due to no
mass-degeneracy between the fermions and scalars. In Fig. 3.6, we show the effect of coannihila-
tions on the relic density > of mfop for a mass degeneracy of 0.1 to 10% between scalar singlets
and the DM candidate and for A = 0.3 and tan = 2. In particular, in the light-gray region,
we plot the coannihilations with two scalars to facilitate the comparison with the results in [171]
for higgsino-like dark matter coannihilating with a right-handed stau (g ~ 2 in their plots). As

expected, the upper limit in the LOP mass is about 20% smaller with respect to the case without

2The relic density is calculated with the BSM-Toolbox chain: SPheno 3.3.6 [172]-MicrOMEGAs 4.1.7 [130, 173].
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coannihilation, and we could expect similar enhancements for indirect DM searches as in [171]
for g = 2. Note that, when Mp, My < 1TeV, the impact of the S, coannihilation is reduced
because, in such case, the dark matter particle is a mixture of singlet and doublet (well-tempered
DM [174]), and the non-negligible splitting among the fermion particles y leads to a non-zero
Boltzmann suppression. We have checked that the same results are obtained when A\ < 0.3.
With regard to DM direct detection in the pure-doublet DM scenario discussed above, it is
not restricted by the current LUX [136] bounds as long as tan 8 > 0. This is due to the existence
of zones, known as blind spots, where the spin-independent cross section vanishes identically and
they occur only for positive values of tan 3 [114]°. In consequence, the recovered pure-doublet

DM regions are still viable in light of the present results of direct searches of dark matter.

#Note that tan 8 > 0 corresponds to tan < 0 in notation of [114].
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Chapter

The Ferm:-LAT gamma-ray excess at the galactic center

in the SDFDM model

This chapter in based in our work published in JCAP03(2016)048
doi.org/10.1088/1475-7516/2016/03/048

Abstract

The singlet-doublet fermion dark matter model (SDFDM) provides a good DM candidate as
well as the possibility of generating neutrino masses radiatively. The search and identifica-
tion of DM require the combined effort of both indirect and direct DM detection experiments in
addition to the LHC. Remarkably, an excess of GeV gamma rays from the Galactic Center (GCE)
has been measured with the Fermi Large Area Telescope (LAT) which appears to be robust with
respect to changes in the diffuse galactic background modeling. Although several astrophysical
explanations have been proposed, DM remains a simple and well-motivated alternative. In this
work, we examine the sensitivities of dark matter searches in the SDFDM scenario using Fermi-
LAT, CTA, IceCube/DeepCore, LUX, PICO and LHC with an emphasis on exploring the regions
of the parameter space that can account for the GCE. We find that DM particles present in this
model with masses close to ~ 99 GeV and ~ (173 — 190) GeV annihilating predominantly into
the WTW = channel and tf channel respectively, provide an acceptable fit to the GCE while being
consistent with different current experimental bounds. We also find that much of the obtained
parameter space can be ruled out by future direct search experiments like LZ and XENON-1T,
in the case of null results by these detectors. Interestingly, we show that the most recent data by
LUX is starting to probe the best fit region in the SDFDM model.

4.1 The Galactic Center excess in a nutshell

As we described in the section 1.3, WIMP particles can self-annihilate and for differents mecha-
nisms (one-loop, hadronization) produce High-energy photons in the gamma-ray (y-ray) frequency.
Those are the most notable searches channel because they can travel almost unperturbed from
their sources to the detectors like the Large Area Telescope on board the Fermsi satellite (Fermi-
LAT) [13], which is the most sensitive v-ray detector in the few GeVs energy range.

The Galactic Center (GC) of the Milky Way Galaxy is expected to be the region displaying

the brightest emission of DM annihilations in the y-ray sky [14]. However, a multitude of non-
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4.2 Good self-annihilation channels in the high region of the SDFDM model

thermal astrophysical sources present in that region complicates the identification of a tentative
DM signal [14]. With all this in mind, observations of the inner few degrees around the GC with
the Fermi-LAT have revealed an excess of y-rays [15-21]. The spectrum of the Galactic Center
excess (GCE) peaks at about 1-3 GeV and its spatial morphology is spherically symmetric varying
with radius r around the GC as r~27 with v ~ 1.2, which is clearly compatible with the DM density
profile. This emission has been found to extend out in Galactic latitude (b) up to about |b| < 20°
[22-25] and its presence appears to be robust with respect to systematic uncertainties [21,23-28|.
The spatial morphology of the GCE can be accommodated with a Navarro-Frenk-White (NFW)
profile with a mildly contracted cusp of 7 ~ 1.2, the measured spectrum implies a WIMP mass in
the GeV energy range and an interaction cross section that coincides with the thermal relic cross
section.

A recent study of the GCE [24] selected a target region (|b| > 2°) that excluded the core of
the GC. Additionally, the systematic uncertainties in the Galactic diffuse emission were estimated
in a manner that made the low and high energy tails of the spectrum more uncertain than in
previous analyses [21,23,206,50], which focused on a smaller region containing the inner ~ 2° of
the GC. Although it is possible that the greater degree of uncertainty in the tails found by [24] is
due to an intricate overlap of the GCE with the Fermi Bubbles [51,52], it is interesting that this
uncertainty also allows much more freedom for DM models fitting the GCE.

In this chapter, we examine the coverage of WIMP parameter space in the SDFDM model
by using mainly indirect and direct DM search techniques in light of the recent detection of the
GCE. We show the set of parameters in the SDFDM model that are compatible with the GCE
while being consistent with current experimental bounds. Following the same methods explained
in Ref. [175] we compute the expected limits in the annihilation cross-section by the Cherenkov
Telescope Array (CTA) and find that observation toward the GC by this instrument will not be
able to confirm this model as an explanation of the GCE. However, we find that the viable models
can be ruled out by future direct search experiments such as LZ and XENON-1T, in the case
of null results by these detectors. Interestingly, we show that the most recent data by LUX is
starting to probe the best fit region in the SDFDM model.

4.2 Good self-annihilation channels in the high region of the SDFDM

model

As it was explained in the section 2.6, in the SDFDM model DM particles (x°) can self-
annihilate into ff, ZZ, WTW ™ and hh final states through s-channel Higgs and Z boson exchange
and into ZZ, WTW ™ states via t-channel X? and y* exchange. Annihilations into a mixture of
weak gauge bosons Zh are also possible through the exchange of a y; # x° in the ¢-channel or a Z
in the s-channel. We remark that gamma-ray lines vy and vZ can also be produced at one-loop
level. However, the velocity averaged annihilation cross section (ov) of the SDEFDM model we
have three principal features for indirect detection. First, at low energy the SDFDM model does
not exhibit high values for the (ov) as it is shown in the left part of Fig. 4.1, second, at the higher
order in scattering theory, the loop suppression leads to small values of the corresponding thermal

cross sections [116], and third, for DM masses bigger than myy, the (ov) exhibit high values as
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it is shown in the right part of Fig. 4.1. This third feature was one of the prime motivations of
the present study. It is clearly shown that the principals channels in the high mass region are the
DM self-annihilation into WTW =, ZZ, tt and Zh.
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Figure 4.1: Left: (ov) generated randomly for a big sample of the parameters of the SDFDM model
(see section 2.6.1). The green (black) line is the current constraint of indirect detection for DM
annihilation into bb (WHW ™) in the dwarf spheroidal galazies (dSph) [12]. The gray line repre-
sent the prediction of the WIMP paradigm where the (ov) reach the thermal value 10726 cm3s 1.
Right: Specific region where the (ov) reaches the thermal value and the specific channels of DM
annihilation.

4.3 Gamma-rays from the Galactic Center

The Galactic y-ray intensity ®(E,b,[) produced in self-annihilations of DM particles, where
b and [ are the Galactic latitude and longitude respectively, can be obtained from the following
relation [176-178]

O(E,,b,1)

247rm OZdefoJbl) (4.1)
which is the product of a term that depends solely on the inherent properties of the DM particle
and an astrophysical factor J(b,1) accounting for the amount of DM in the line of sight. The
former is given in terms of the velocity averaged annihilation cross-section (ow), the differential
7-ray multiplicity per annihilation dNy/dFE.,, the DM mass m,o and the branching ratio By where
f denotes the final state particles resulting from the annihilation. The astrophysical factor can
be drawn as [177,178]

J(b,1) = /00o ds p <\/R% — 25Re cos(b) cos(l) + 52>2 , (4.2)

where the DM density-square is integrated along the line-of-sight s and Rg = 8.25 kpc is the
distance from the solar system to the GC.

The DM halo density p(r) is determined by N-body cosmological simulations, with recent
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studies preferring a generalized NFW profile [179] of the form

p(r) = P (4.3)

E @

where we adopt the scale radius s = 23.1 kpc and the parameters o = 1, § = 3 as default choices.
Recent analyses of the GCE [21,23,24] find a best fit profile inner slope vy ~ 1.2, corresponding to
a mildly contracted DM halo. We normalized the density profile by fixing the local dark matter
p(Re = 8.25 kpc) = 0.36 GeV cm~3. This was done by maximizing the likelihood of microlensing
and dynamical data for the chosen profile slope (see Fig.5 of Ref. [180]).

The v-ray spectra (dNy/dE,) resulting from x° annihilations was generated with the software
package PPPC4DMID [181]. We noticed that for some channels, the interpolation functions
provided by this useful tool are incomplete close to the rest mass thresholds. In such cases, we
instead generated the spectra with the Monte Carlo event generator PYTHIA 8.1 [182] making
sure that these were in agreement with the ones in PPPC4DMID for higher mass ranges.

Because of the quadratic dependence of Eq. 4.1 on the dark matter density, the GC is expected
to be the brightest DM source in the y-ray sky. However, this region also harbors many ~-ray
compact objects and the Galaxy’s most intense diffuse «-ray emission produced by the interaction
of cosmic rays with interstellar material. The impact of these uncertainties in the interpretation
of the GCE is currently not very well understood and is the subject of many recent studies.

There are also large uncertainties associated with the predicted signal from DM self-annihilations
in the GC. The DM distribution in the innermost region of our Galaxy is poorly constrained by
numerical DM-only simulations and kinematic measurements of Milky Way constituents. In prin-
ciple, ordinary matter is expected to affect the inner dark matter profile obtained from simulations
at a certain level. The DM density could be either flattened by star burst activity that ejects
baryonic material from the inner region or steepened through adiabatic contraction. Indeed, de-
pending on the assumed DM distribution, different estimates of the expected y-ray emission can
differ by a factor of up to ~ 50 (see Ref. [14,183]).

Dwarf spheroidal galaxies (dSph) of the Milky Way are generally thought to be much simpler
targets for indirect DM detection. Although their J(b,[) factor is orders of magnitude lower than
that of the GC, they contain a much cleaner y-ray background. Reference [12] shows that the null
detection of vy-ray emission from such objects imposes strong constraints on the properties of DM
models. In the next sections, we will discuss the effects of these limits on the DM interpretation
of the GCE.

Here we entertain the possibility that the SDFDM model can account for the GCE while
being consistent with a variety of experimental limits on DM. This is accomplished by following
closely the procedure developed in Ref. |24] and expanded upon in Ref. [103,104]|. In summary,
the v-ray fluxes obtained from our model scans are compared to the GCE data made available in
Ref. |24]. In that work, the systematic and statistical uncertainties in the Galactic diffuse emission
model were provided in the form of a covariance matrix X;;, which we use here to the full extent
(we refer the reader to the aforementioned article for details on the statistical formalism and the
implementation of the x? function). As was done in Refs. [103,104], we modified the covariance

matrix to also account for theoretical uncertainties in the y-ray spectra generation. Namely, we
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rewrite X;; as

178

Yij — X + 5ijd20'2 (4.4)

where 0;; is the Kronecker delta, d; are the measured photon fluxes and o, = 10% is the adopted
theoretical uncertainty [103,104].

For each of the SDFDM models, we calculate the corresponding x? (or p-value) and make sure
that these are consistent with the null Fermi-LAT detection of y-rays in dSphs. As recommended
in the 3FGL catalog article [184], a given source spectral model is rejected when its associated
p-value is less than 1073, This is the same as to say that for 24 — 4 degrees of freedom (d.o.f),
model points having a x? > 45.37 are considered bad fits to the GCE. In all relevant figures, we

incorporate the 95% upper limits on the value of (ov) as extracted from Ref. [12].

4.4 Numerical analysis

Having identified the main annihilation channels and established the procedure to calculate
the ~v-ray fluxes, we moved to explore the regions of the parameter space that can account for
the Fermi GeV excess. Namely, in this section, we determine the regions that are compatible
with current constraints coming from colliders, electroweak phase transition (EWPT), indirect
and direct DM searches, and then assess them in light of the quality of the fit to the GCE.

For this analysis we used the random general scan described in the section 2.6.1, where each
individual model saturates the Planck measurement Qh? = (0.1199 +0.0027) [137] at the 3 o level
for the relic density. Even more, all the models are also required to be compatible with Fermi-LAT
constraints coming from dwarf spheroidal galaxies [12], as well as LUX [136], IceCube [139], PICO-
2L [140] and PICO-60 [141] limits for spin-independent and spin-dependent detection studies,
EW precision observables (EWPO) [108], [116] and searches of charged vector-like particles by
LEP [128].

4.4.1 Results

Fig. 4.2 displays the viable models in the planes (My, m,0), (Mp, m,0), (A, m,0) and (| tan 3],
m,0), along with the corresponding x? values obtained from a fit to the GCE. Since the fit tends
to be worse for large values of m,o, we only considered DM masses below 500 GeV. Furthermore,
as it was discussed in Sec. 4.2, we only studied models with m,0 above the W gauge boson mass.
It is convenient to split the results of our scan into two different regions (DM mass ranges): one
in which m,o is below the top mass (Region I) and a second one in which m,o is larger than the
mass of the top quark (Region II).

The viable models belonging to Region I are characterized for having My ~ Mp ~ m,po,
that is, the DM particle is a mixture of singlet and doublet states (well-tempered DM [114,174]).
The non-observation of direct detection signals constrains the Yukawa coupling to small values
(y < 0.2). We note that this limit excludes the MSSM value A ~ 0.24. However, |tan /3| is not
constrained to a specific value or range. Regarding Region II, our analysis shows that My ~ m,o
while Mp 2 m,o. For y < 0.3 the DM particle should be again well tempered (Mp ~ My)
whereas for larger values of y we have that Mp is larger than Mpy. In this case, the upper bound

y < 5 comes from the Planck measurement of the DM relic density.
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Figure 4.2: Two-dimensional projection of the x> values of our fit, showing each one of the four
free parameters in the SDEDM model (My, Mp, X and |tan 3|) versus the dark matter mass
(myo0). In the bottom left panel the black line represents the supersymmetry value X ~ 0.24, while
the cyan and magenta vertical lines in all panels represent the W boson mass and the top quark
mass, respectively. Model points able to fit the GCE are those having a x? < 45.37 for 24 —4 d.o.f.

The viable solutions to the GCE found in Region I feature the following parameters: My ~ 105
GeV, Mp ~ 120 GeV, A ~ 0.12 and |tan 3| ~ 9 which generates a DM mass of ~ 99 GeV with a
x? value of 45.3. For these parameters the dark matter annihilates mostly into W+W~. While

for the Region II we found that the viable solutions correspond to the sample:

166 < My /GeV < 197,

236 < Mp/GeV < 988,

0.25 <\ < 1.60,

1.87 < tan 8 < 19.6, (4.5)

which leads to a DM mass in the range (173—190) GeV with (ov);z/{ov) > 0.9 and (ov)ww /{ov) <
0.1. The fact that x°x°® — tf dominates, via s-channel exchange of a Z, is reflected in the required
values for y, because it controls the coupling cz,0,0 whenever |tan 3 # 1|. Note also that, since

tan 8 > 0 and tan 8 # 1, the SI and SD cross sections respectively can not be zero (no blind spot
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Figure 4.3: The present velocity averaged annihilation cross-section as a function of the dark
matter mass in comparison to current indirect detection limits in different channels. The 95%
C.L gamma-ray upper limits from dSphs are extracted from Ref. [12]. The CTA limits correspond
to future 100 hr of v-rays observations of the GC' and assume a generalized NF'W profile with an
imner slope of v = 1.2. The star is the best-fitting model obtained from our scan. Vertical lines
and color code are the same as in Fig. 4.2.

occurs). This means that the hypothesis of the SDFDM model being an explanation of the GCE
can be probed in future experiments (see next section). Concerning the best x? obtained, we have
obtained the value 38.0 which is represented by the white star in Fig. 4.3 and Fig. 4.4.

Overall, the two sets of models capable of explaining GCE have DM particles x° with masses
around 99 GeV and 173 — 190 GeV annihilating into W+ W~ and tt, respectively'. As explained
above, all of our solutions saturate the thermal relic density, making them also consistent with

cosmological constraints on dark matter.

4.4.2 Probing the viable solutions with future observations

The velocity averaged annihilation cross-section as a function of the dark matter mass in
comparison to current indirect detection limits in different channels along with the y? values found
in a fit to the GCE are shown in Fig. 4.3. Note that current upper limits from dSphs [12] do not
presently constrain any of the viable points. This is a consequence of the imposed requirement
that models must comply with the observed DM relic density. Once this condition is applied, it
generally restricts the parameter space of the SDFDM model to have a (ov) less than ~ 2 x 10726
cm3s1.

Future dSphs analyses with the Fermi-LAT telescope will benefit from larger statistics and

!The fact that the DM should annihilate into W+ W ™ and ¢t in order to explain the GCE is in accordance with
what was stated in Ref. [185].
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potential discoveries of new ultra-faint dwarfs. At low energies, the point spread function (PSF)
sensitivity for the LAT instrument increases approximately as the square-root of the observation
time, while at high energies, the PSF increases roughly linearly with time. The ~-ray bounds
reported in Ref. [12] used 6 years of PASS8 Fermi data taken from 15 dwarf spheroidals. Thus, we
can conservatively estimate that with 15 years of Ferm: data and 3 times more dSphs discovered
(45 dSphs) in the next few years, the LAT constraints will improve by a factor of (v/15/v/6) x3 ~ 5
compared to the current ones.

As can be seen in Fig. 4.3, the 15 years Fermi-LAT forecast in the W+W ™~ channel indicates
that future dSphs observations will be in significant tension with the set of favored models found
in Region I. Although the Fermi collaboration have not yet released equivalent limits for ¢t final
states, these should be comparable at the percentage level [181] with those in the bb channel. We
thus use the latest limits accordingly, and show that Fermi-LAT dwarfs will also have the ability
to test our ¢t solution (Region II). However, here an important remark is in order. As discussed
in Ref. [186], astrophysical uncertainties in the DM parameters can affect the expected v-ray
emission in a manner that makes the annihilation cross-section uncertain by a factor of ~ 5 up
and down. Hence, both of our solutions could in principle still escape future Fermi-LAT dwarfs
limits if astrophysical uncertainties are taken into consideration. Also, as there is likely to be at
least some millisecond pulsar contribution, the actual (ov) could be correspondingly lower and so
even harder to detect.

Using the method presented in Ref. [175], we compute the 95% confidence level upper limits
on the annihilation cross section that will be achievable with the upcoming ground-based v-ray
observatory CTA [187|, assuming annihilation into W W~ and ¢f channels and the halo model
described earlier in this paper. These limits use the 28 spatial bin morphological analysis and
include a systematic uncertainty of 1% and the effects of the galactic diffuse emission. We find
the 95% confidence level upper limits by first calculating the best fit annihilation cross section,
and then correctly increasing the cross section until —21n £ increases by 2.71 whilst profiling over
the remaining signal model parameters. These limits are shown in Figure 4.3, and show that
observations towards the GC by CTA will be unable to confirm or exclude the SDFDM model as
an explanation of the GCE.

The SDFDM model can also be tested through direct dark matter detection searches. This
results from either the spin-independent (SI) or spin-dependent (SD) scattering of the x" particle
off a target nucleus. Fig. 4.4 displays the predicted SI and SD cross sections for our model set
together with several present and anticipated experimental constraints. Namely, we overlaid the
upper limits from the LUX experiment, and the expected limits from XENON-1T and LZ [143].
As can be seen, these future experiments, in particular, LZ, will be able to cut deeply into the
model set and confirm or rule out the DM explanation of the GCE if it is the only extended source
emitting high energy photons in the GC. We also note that available constraints from IceCube are
just on the edge of probing the set of models that could account for the excess. In fact, the most
recent limits on the spin-dependent WIMP-nucleon elastic cross-section from LUX [9] have begun
to disfavor the best-fit region. This is per se, a great example of the importance of a combined

effort of different search techniques in the quest for dark matter.

56



Chapter 4. The Fermi-LAT gamma-ray excess at the galactic center in the SDFDM
model

T st 4 |00
, —  PICO-2L (proton) 55
PICO-60 (proton)
50 — LUX (proton) || 50
. — LUX — LUX (neutron)
: -- XENONITR M, . — crowrw) I By
v L2 - Lo -- 1z
¢ ¥¢ Best x? 20 CH L ‘. 77 Ve Best x* E 40
10 NS I I I I T T a2 RV S i T T
100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
m. o (GeV) m. o (GeV)

Figure 4.4: Spin-independent ogr (left) and spin-dependent osp (right) direct detection cross
sections in the SDFDM model in comparison to current and future direct detection limits. The left
panel displays current limits from the LUX experiment (black solid line) and the expected limits
from the forthcoming XENON-1T and LZ [1/3] experiments (blue dashed and green dot-dashed
lines). The right panel shows the IceCube limits in the W W™ channel (black solid line) from null
observations of the sun, the PICO-2L [1/0] (green light solid line) and PICO-60 [1/1] (yellow solid
line) limits as well as the LZ sensitivity (green dashed line). The most recent constraints from
LUX [9] (red and blue solid lines) are also overlaid. The star is the best-fitting model obtained
from our scan. Vertical lines and color code are the same as in Fig. 4.2.
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Chapter

Dark matter annihilation into two photons

After the freeze-out of the DM, its annihilation continuous but in smaller rate, principally
in regions where its concentration is so high, for instance, the center of the Milky Way
Galaxy. Therefore, exists the possibility to measure this annihilation in flux that reaches the
earth. However, to measure this flux is so challenging because it is typically much smaller than
the background flux generated by others astrophysical processes. Is in this way that one strategy
to identify DM signals is to search for gamma-ray spectral features as gamma-ray lines, which are
generated directly by the DM annihilation into photons. Fortunately, in the case of the center
of the Milky Way Galaxy, DM particles are expected to be very non-relativistic (v ~ 1073) thus
generating monoenergetic photons in the annihilation process that are qualitatively very different
from the ones expected from the known astrophysical background. It is in this way that searches for
gamma-ray spectral features could be competitive for example with direct-detection experiments.
With this motivation, in this chapter, we compute the cross sections for DM annihilation into two
photons for a general model where DM is its own antiparticle and whose stability is guaranteed
by the Z symmetry. We accomplish this by carefully classifying all possible one-loop diagrams
and reading off the interaction of the DM with the possible mediators from them. Our approach
is general and leads to the same results found in the literature for popular dark matter candidates
such as neutralino dark matter, minimal dark matter scenarios and Kaluza-Klein dark matter
(work in process). The final goal of this chapter is to develop this general scheme that could be

useful in the future for indirect-detection studies.

5.1 General properties of the annihilation process DM DM — vy

In order to systematically study DM annihilations into two photons, we will assume that the

DM model satisfies the following conditions:
(i) DM is its own antiparticle and its stability is guaranteed by a Zs symmetry.
(ii) DM is electrically neutral.

(iii) As in the SM, additional neutral particles, including the DM, do not couple to two photons

at tree level.

(iv) In a cubic vertex, photons couple to particles belonging to the same field. The contribution
of possible FCNC is thus neglected.



5.1 General properties of the annihilation process DM DM — v~

(v) DM has spin zero, one-half or one.
(vi) The underlying DM theory is renormalizable.
(vii) CP is conserved.

According to condition (i) and (v), DM must be a real scalar, a Majorana fermion or a real
vector field. For each of them, the amplitude for the process DMDM — ~~ has a complicated
Lorentz structure. However, exploiting the fact that we are only interested in non-relativistic DM,
we will show that all the information can be specified by some form factors depending on the spin
of the DM.

In the following, DM is the DM field, p; and o; (with i = 3,4) stand for the momentum and the
helicity of the final state photons in the annihilation process, and €¢; = €(p;, 0;) is the corresponding
polarization vector. Moreover, we assume vanishing DM relative velocity, v = 0, and hence both

particles of the initial state have the same four-momentum p = (mpn,0,0,0) = (ps + pa)/2.

5.1.1 Scalar DM

In this case, the annihilation amplitude can be cast as Mg = M*”e} €}, . The tensor M
depends only on p3 and p4 and satisfies p3, M"” = py, M* = 0 according to the Ward identities.
Using this, the property ¢; - p; = 0 and the fact that two scalar particles at rest form a CP-even

state, it can be shown that

pat'ps”\ .
MS = B (—g/“/ + Qm%M> €3u€4,u, (51)

where B is a scalar function. In terms of this, the cross section reads (see the Appendix B.2)

1B*
ov (DMDM — ~v) =

= 5.2
327Tm2DM (5:2)

Hence, for spin-zero DM, our goal is to calculate B.

5.1.2 Majorana DM

In this case, we first write the annihilation amplitude as vpM* uges, €;,. That is, MH is
the amplitude after stripping out the spinors of the DM particles in the initial state (accordingly,
it has spinor indices). This object has more information than we actually need because we are
only interested in initial states with total spin zero. This is because two fermions at rest (i.e.
with zero orbital angular momentum) and with total spin one form a totally symmetric state,
which is banned for identical particles. Following Refs. [188,189], we can obtain the amplitude

corresponding to the spin-zero initial configuration as

1
My = ——=Tr {M" (p+ mpm) 7’} €1, - (5.3)

V2

Similar to the scalar case, gauge invariance and CP conservation restrict the annihilation ampli-

tude. Taking into account that two Majorana particles with no orbital angular momentum form

60



Chapter 5. Dark matter annihilation into two photons

a CP-odd state, we must have

B
Mp = 02 eaﬁuyp3ap4ﬁ€§,u€jh/ : (54)
DM
where B is a scalar function', which can be used to calculate the cross section by means of Eq (5.2)

with an extra factor of 1/4 due to the spin-average of fermions.

5.1.3 Vector DM

In this case, both the initial and final state particles are vector bosons and we can write
the amplitude as My = M, uousui€) €575 €** . Assuming at CP-even initial state, as pointed
out in Ref. [190], from gauge invariance and Bose statistics it follows that this object can be

decomposed as

BQ — 86 Bl 82 82
MHIB2B3H4 — 9 ( T pglpprPM + 5 g“l “2;0“3]9“4 _ 5 gﬂ1u3pg2pu4 + 5 g“l u4pg2pu3
Mpm mMpm mpm mpm

+

Ba Bg 1
gltwspglpM - — gﬂ2u4p§1p#3 + 5 g#3u4p§1pg2 _ 581 9#1#29%#4
mMpm mMpm Mpm
+ By (ghiksghara 4 gHika ghaps)

—
t
ot

N’

Hence, our goal is to calculate the function By, By and Bg (we use this notation to keep the
conventions of Ref. [190] for decomposing the amplitude). In terms of these, the corresponding

cross section is given by

1

oV = ———%
57612,

[31B1]% + 12|Ba|? + 4|Bs|*> — 4Re (B1(Bs + Bg))] - (5.6)

As a closing remark, we would like to comment on the field corresponding to the DM in this
case. We can not describe spin-1 DM by the gauge boson associated to a local symmetry. This
is because an ordinary gauge field can not be charged under a Zs symmetry, as the latter would
be explicitly broken. To see this, consider one of the essential ingredients for establishing a local
symmetry: the covariant derivate 9, + igA,. The whole object must transform in the same way
under the Zy symmetry, if this is preserved. However, its first term is even, while the second one
would be odd if we used the gauge field to describe DM, according to condition (i). The condition
of renormalizability (vi) then implies that we can only use real massive vector fields for our spin-1
DM.

5.2 Classification of the diagrams

Conditions (i)-(vi) allow us to classify all diagrams leading to DM annihilation into photons.

Eventually, from this classification, we will write down the interaction Lagrangians that give rise

!The overall factor in Eq. (5.4) has been chosen for convenience. In terms of helicities, Eq. (5.4) reads My =
B 03doy 4. Similarly, Eq. (5.1) reads Mg = B03doy0,. Both of them show that the helicities of the final state
particles must equal. This can be understood from the fact that the total angular momentum is zero when the DM
relative velocity is zero. For scalar particles, this is because there is no spin. For Majorana particles, that follows
from the fact that the spin-one state is not possible, as explained above.
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PO

T1 T2 T3
T4 T5 T6

Figure 5.1: Topologies of one-loop diagrams with four external legs.

’Particle Zy U(1l)em Line ‘

DM -1 0 I
d(DM*) -1 1 —
) 1 1 —_—
¢° 1 0 N

Table 5.1: Generic particle content.

to those processes. Let us first notice that condition (ii) implies that DM does not annihilate
into two photons at tree level. Moreover, as a consequence of requirement (vi), the corresponding
one-loop amplitude must be finite.

Notice that every one-loop diagram must take the form of one of the topologies shown in
Fig. 5.1, which we enumerated for later convenience. From condition (i), we also know that each
diagram must have a Zs line starting and ending at the DM particles in the initial state. Moreover,
since conditions (ii) and (iii) forbid the radiation of photons from neutral particles in the diagrams,
the fields running in the loop must have electric charge. This means that in addition to the Zs
line, there is closed line in each diagram carrying electric charge.

According to condition (iv), the electric charge loop is associated to only one field, which we
generically call ® if it is charged under the Zs symmetry or ¢ in the opposite case. For the sake
of simplicity, we assume that the electric charge of these fields is equal to the electron charge,
however our discussion can be straightforwardly generalized to an arbitrary charge. We would
like to remark that even though there must be one of these fields in each diagram, we are not
restricting ourselves to this minimal content. In fact, there could be many of these fields in a
given DM theory. Moreover, as we will see later, some diagrams have neutral particles that are
even under the Z5 symmetry and that we generically call ¢°.

All these fields and their quantum numbers are summarized in Table 5.1, where we also show
how we will represent them in Feynman diagrams. In particular, lines associated to the Zj

symmetry are in cyan, whereas, as usual, those associated to the electric charge have an arrow.

62



Chapter 5. Dark matter annihilation into two photons

With this assignments, we just proved that every one-loop diagram have a cyan line with its ends
in the DM particles in the initial state as well as a loop carrying an arrow.

Using this observation, we can take each topology in Fig. 5.1 and assign fields to its lines by
following the next procedure. First, we consider all the possible permutations of the external legs.
Second, we draw the lines carrying the Zs and the electric charge quantum numbers. Finally, we
discard the diagrams that violate one of the conditions stated above. In particular, according to
the requirements (ii) and (iii), we will disregard diagrams whose initial legs radiate photons or
have neutral particles directly coupled to two photons. Interestingly, this procedure determines

the vertices between the DM and the mediators involved in the annihilation process.

Topology ‘ Diagrams Interactions

DM 7 DM

N

DM v DM

DM Y

T1

DM

DM v DM v

DM ot DM DM*
Ly= L=
DM o DM DM~
><>< DM Y DM v
o33 Y
T2 L=
DM M=

DM Y

DM 2 DM DM

DM 9 DM DM~

DM
L= Ly=

M+
DAL DM

Table 5.2: Topologies 1, 2 and 3.

To illustrate the previous procedure, let us first discuss topologies 1, 2 and 3. The correspond-

63



5.2 Classification of the diagrams

ing diagrams are in Table 5.2. None of them violates any of our conditions (i)-(vi). In fact, they

all arise in the one-loop calculation as long as the interaction vertices listed in front exist. These

are
DM DM+
ﬁl = ) E? = )
DM DM~
DM o* oF v
L3 = ) Ly = (5 -7)
DM ¢~ DM ME
Topology Diagrams Interactions

DM DM

Violates(iii)
DM
r\l\N\N\‘ DM &
‘ @’
o & Lo
DM ot
w DM
DM 7 b 7
T4
Violates (ii)
DM 7 M "

DM

DM o DM

: : Violates(iii)
DM, g DM g

Tb

Violates (ii)

Table 5.3: Topologies 4 and 5.

A similar discussion applies to topologies 4, 5 and 6. The corresponding diagrams are shown
in Tables 5.3 and 5.4. In front of each diagram, we write either the interaction vertices that

these diagrams require or if it must be discarded because it violates one of the conditions stated
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Chapter 5. Dark matter annihilation into two photons

Topology Diagrams Interactions

DM v

Violates (ii)

!
,\/\/\/\/\/ J 10 (]57
E\< L= ¢ L=—" N

DM '\/\/\Z\' DM oy

T6 Violates(iii)

DM v DM v

Violates (ii)

Table 5.4: Topology 6.

above. Interestingly, all the viable diagrams that can be constructed out of topologies 4, 5 and
6 correspond to s-channel diagrams involving a neutral particle ¢°, which couples to the DM at
tree-level and that subsequently decays into two photons via a loop of charged particles. Hence,
for these particular topologies, our problem is reduced to calculating the off-shell decay of ¢°. We
will discuss this more in detail in Sec. 5.3.2. Here, we just mention that for that to be possible

we need the interactions responsible for the production

DM
0
;= LA
DM
as well as those associated to the decay
¢~ ; s
L7 :—/\¢ ANAN,T (5.9)
¢ o

0
£6 :L

We arrive to conclusion that, in any DM model satisfying conditions (i)-(vi), the annihilation
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5.3 Calculation of the amplitude

into two photons has an amplitude that can be split into two pieces

B=B +B
Topologies
1,2 and 3

(5.10)

s-channel

On the one hand, the first term includes diagrams associated to topologies 1, 2 and 3, which
must be calculated by means of the vertices in Eq. (5.7). On the other hand, the second term is
associated to a DM pair exchanging a neutral particle in the s-channel which subsequently decays
into photons. Such amplitude requires the vertices in Eq. (5.8) or Eq. (5.9).

Before closing this section, we would like to remark that even though the total annihilation
amplitude is gauge invariant, that is not necessarily the case of each piece in Eq. (5.10). Hence,
we have to carefully specify a gauge for our one-loop amplitude. Conditions (i)-(vi) also set
restrictions on this matter. For fermions or scalars, condition (iv) just demands that no FCNC
are present. However, for gauge bosons, the situation is more involved because photons could
couple to Goldstone and gauge bosons in the same cubic vertex. For instance, vertices such as
v GT W™ are present in linear Re gauges of the SM such as the Feynman gauge (Here, G is
the Goldstone boson associated to the W™ boson). Nevertheless, as pointed out in Ref. [188], in
non-linear gauges, condition (ii) is satisfied because such vertices are absent [191]. We refer the
reader to appendix B.4 for a detailed discussion. Here, we just mention that we will always work
in one of those non-linear gauges.

We can now write down explicitly each of the Lagrangians in Egs. (5.7), (5.8) and (5.9), and

calculate the corresponding amplitudes. This is the subject of the following section.

5.3 Calculation of the amplitude

5.3.1 Topologies 1, 2 and 3

DM field Mediators . o o . oM -
DM ¢ ‘ @ DM DM DM o
S | S g1 DM ®*¢ DM? (g2 O + g5 ¢¢*)
Real scalar | F F DM ® (g1 Pr, + g1rPR) ¢ 0
V | S | i¢"(g11DMD,®* + 912D, DM®*) DM?(go ®®* + g3 ¢ 0*")
S F ¢DM (g1.Pr + 91r Pr) ®*
Majorana F S ®*DM (g1 P + g1rPRr) ¢ 0
\Y F DM¢*y, (g1 PL + g1rPr) ®*
S S 191 DM“(DH<I)*¢ — @*Du(b) DMuDM“ (g2 PD* + g3 0% )
Real vector —
F | F ®DM* 7y, (91 PL + 91rRPR) ¢ 0

Table 5.5: General interactions.

In this section, we calculate the form factors B associated to topologies 1, 2 and 3, which lead

to the diagrams shown in Table 5.2. To that end, we must specify the spin of both the DM and the
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Chapter 5. Dark matter annihilation into two photons

mediators, or equivalently, what sort of fields they are, so that we can construct their Lagrangian.

Let us start with the DM field. Condition (v) implies that DM must be a real scalar, a
Majorana fermion or a real vector field. With respect to the mediators, we will assume that ®
is either a complex scalar (S) or a fermionic field (F). Since it is charged under Z3, we do not
consider the possibility of ® as a vector boson. Charged spin-1 particles can only be described in
a renormalizable way by means of a non-abelian gauge boson, which must not be charged under

a Zy symmetry, as explained above.

Additionally, we will assume that ¢ is a scalar (S), a fermion (F) or a gauge boson (V). Note
that Goldstone bosons - which are necessary in the non-linear Feynman gauge- are included in
this list. Also, notice that the Padded—Popov ghosts are not considered here because if they arose
in topologies 1, 2 or 3, DM would directly couple to them, that is, DM would be a gauge boson, a
Goldstone particle or a scalar field acquiring a vev; all of which is forbidden by the Zs symmetry
(See Appendix B.4 for more details about Ghosts in the non-linear gauge). We will see later that
ghosts must nevertheless be considered for topologies 4 and 5, which involve s-channel mediators.

We discuss now the interaction Lagrangians.

Interactions of DM field DM with the charged mediators ® and ¢

If we restrict to the previous possibilities, for each of them we can write down the most
general Lagrangian associated to the interaction vertices of Eq. (5.7). We show this in Table 5.5,
where the letters S, F and V specify the nature of each field, and stand schematically for scalar
, fermionic and vector, respectively. Furthermore, in each case we use generic couplings whose
subindex corresponds to the Lagrangian they belong to. Notice that we did not write down the
Lagrangians £4 of Eq.(5.7). This is because gauge invariance demands that these interactions can

only arise from the covariant derivative associated to the photon gauge field.

Interactions of the charged mediators ® and ¢ with photons

For scalar and fermions, that is trivial as they are described by the usual expressions

L Scatar = Du¢*D'¢+ D@ DHE — m7 ¢* ¢ — mz P, (5.11)
Mediators

EFermz‘om’c = Z(ﬁ@gﬁ + ZE@‘I) — Mgy PP — Mo PP . (5.12)
ediators

where D = 0 —ieA is the electromagnetic covariant derivative and A is the photon field. The case
of the vector mediators ¢* is more complicated. As mentioned above, they must be described
by a massive gauge field. Hence, a general approach here is not possible because different gauge
groups might lead to different charged vector boson interactions. For concreteness, from now on
we will assume that the vector mediator reassembles the W™ boson of the SM. This assumption
is not so restrictive as it allows to study DM with electroweak quantum number as well as other
scenarios where DM interacts with other gauge bosons arising from larger gauge symmetries such

as W’ bosons in left-right symmetric theories (See e.g. Ref. [192,193]) or 3-3-1 scenarios (See e.g.
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5.3 Calculation of the amplitude

Ref. [194]). Therefore, the vector boson Lagrangian is given by

1
£ veror =5 (D™, — Dyo*,) (DH¢” — DV ¢F) +m2 ¢*¢,, — ie ' §,¢%, + L. (5.13)
ediator

where F' is the electromagnetic field strength and dL is the piece of the interaction obtained by

the gauge-fixing procedure in the Feynman non-linear gauge (see Appendix B.4 for details)

0L =—e*AlAY$* ¢y + ie A ($,0" 6%, — %0 dy) . (5.14)

Massive vector fields come with Goldstone bosons and ghosts. While the latter are not relevant
for topologies 1, 2 and 3, the former must be taken into account here. If we were to perform the
calculation in any of the usual R, gauges, we would have to also introduce interactions between the
Goldstone bosons, the charged vector fields and the photons. Nevertheless, the Goldstone bosons
decouple from the gauge field in the non-linear gauge and therefore in that case the relevant piece

of their Lagrangian for our purposes is simply given by Eq. (5.11) (with ¢ as the Goldstone boson).

We are now ready to calculate the B factors for each scenario of Table 5.5. To that end,
by means of FEYNRULES [132,195], we implement the Lagrangians quoted in this table as well
as those of Egs. (5.11),(5.12) and (5.13) in FEYNARTS [138] and FORMCALC [196]. Then, we
calculate the amplitude for the process DMDM— ~7 in each case and have FORMCALC to reduce

their tensor integrals to scalar Passarino-Veltman functions.

Unfortunately, for relative DM velocities approaching zero, i.e. v — 0, the previous algorithm
for reducing the tensor integrals in the amplitude to scalar functions leads to numerical inestabili-
ties and even breaks down for v = 0. This pathological behavior is well-understood and stems from
the assumption that the external momenta in the annihilation process are linearly independent.
Following [197], we reduce the integrals dropping such assumption. For a detailed description
of this procedure, we refer the reader to Appendix B.3.3. Specifically, this algorithm reduces
the four-point function to three-point functions. Later, we used the PACKAGE-X [198] to reduce
all the remaining coefficients tensor Cy, Cpy, Cpvp, - - -, to the scalar Passarino Veltman Cy [156].
Usually, the results are given in terms of Cy which can be given in terms of the dilogarithm Lis

functions. However, in the case of Cj, the notation is more compact and readable.

In Sec. 5.1, based on general considerations such as Lorentz and gauge invariance, we argued
that the annihilation amplitude can be cast as shown in Egs. (5.1), (5.4) and (5.5). Using the
previous procedure, we explicitly corroborate that. Furthermore, for a given set of interactions
L1, Lo and L3, we can decompose each form factor in terms of Passarino-Veltman functions of

two and three points describe in the Appendix B.3. Concretely,
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Chapter 5. Dark matter annihilation into two photons

[e% 00(0,1,—1,7“;,7‘;,7"%) 00(0,1,—1,7‘%,7“(21),7“3))
Topologies 7 |1 2 (r2 —r2)(1 412 —1r2) T 2,2
1,2 and 3 e ¢ e e (_T«p + 7“¢> (1 —Te T 7“¢>>

+ x4 C’0 (0745057‘3577035,7035) + 5 CO (0,4,0,7‘%,7}%,7“(%)
+ Te (B0(47T§57T2) - BO(lv 7%)77“3)))
+ 7 (B0(4,r(21>, r2) — By(1, 7121),7“35))

+as (Bo(—1,73,73) —30(1,r§>,r§,))], (5.15)

where 14 = mg/mpm, re = mae/mpm and z; are dimensionless coefficients for different
combinations of mediators. The same expression holds for By, By and Bg in the case of vector
DM. The goal of this work is to compute all the z; coefficients for each model (work in process).

In this thesis, as an illustration, we only will apply this schema to two particular examples in the
Sec. 5.4.

5.3.2 Topologies associated to s-channels

Mediators L 2
DM field DM | Mediator ¢° | o | 9 -
DM S 96¢0 ¢*¢
Real scal CP-even g5 P DM? CP-even F 96¢0° ¢
eal scalar CPoodd 0 v 960763,
— — —
. CP-even 950" DMDM Gh | ge¢" (¢ ¢+ ¢ )
Majorana - —
CP-odd 950" DM~y DM S 0
CP-even g5¢°DM,,DM* CP-odd | F ig6d° dy50
Real vector
CP-odd 0 \Y 0
h ; 0 (7= 71 .«
Table 5.6: Interactions of DM with neutral G 1959 <¢ -9 9 )

mediators. Table 5.7: Interaction among neutral and

charge mediators.

As for previous topologies, we must first specify the nature of the particles involved in the
annihilation diagram. Tables 5.3 and 5.4 clearly show that the particle in the s-channel is a boson
electrically neutral and even under the Zs symmetry. In Appendix B.4, we prove that if the
particle on the s-channel is a massive gauge boson, its contribution to the annihilation vanishes
in the Landau gauge, and only the corresponding (massless) Goldstone boson must be taken into
account. Thus, without loss of generality, we will only consider the possibility of a scalar particle
on the s-channel. Furthermore, because we are assuming that CP is conserved, we can classify
the the possible s-channel diagrams according to the CP-parity of the scalar mediator.

Using this, we divide the problem in two parts. On the one hand, we describe how the DM

couples to the neutral mediator. This information is carried by the Lagrangian L5 of Eq. (5.8),
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5.3 Calculation of the amplitude

which we write in Table 5.6 for each type of DM. On the other hand, we describe the off-shell
decay of the mediator. This is done by means of the Lagrangian Lg of Eq.(5.9), which we specify
in Table 5.7 for all the possible charged mediators. Notice that £7 vanishes?. In contrast to case
of topologies 1, 2 or 3, here we do need to take into account the presence of Ghosts because a
scalar particle can interact with them if it also couples to charged gauge bosons. Notice that for
each charged gauge boson, there are two Ghosts, as shown in the Table.

Combining the information on Tables 5.6 and 5.7, we can calculate the annihilation amplitude
for any s-channel process. We discuss the case the Higgs and the Z boson as s-channel mediators.
They are very important not only because they arise in many DM models but also because we know
their couplings to SM particles and consequently their contribution to the annihilation amplitudes

can be calculated precisely.

o ¢V as the Higgs boson. If SM scalar doublet is given by

G+
H = wthiic® | (5.16)
V2

the relevant couplings of Table 5.7 are

3
=

T fOI“ ¢ == G+,
—2L for ¢ = any SM fermion, (5.17)
g6 = 9.
T 4 for g = W,
miy

for the ghosts of WT.

e

For scalar DM annihilating into photons via the Higgs on the s-channel, we found that the
B factor is given by

g5¢
Bly i mj, (1= iy fw) —4mpy Y QF Npmyry (L— (7 — 1) ff)  (5.18)
s-channel f

loop of GT

loop of SM fermions

1
4m2DM — m}% +ilpmy,

+ 8m12,v (1 — (7"12/(/ — 2)fW) —Qm%v (1 - T‘IQ/Vfw)

loop of W+ loop of ghosts

where we scale the fermions contribution with their electric charge and number of colors,
Ty =mg/mpm, Tw = mw /mpwu, and introduce a common way of expressing the Passarino-
Veltman function

fo=-2Co(0,4,0,75,73,73) . (5.19)

2This only true if we demand that the charged particles in £7 belong to the same field. We do that because we
want to satisfy condition (iv) for closing the loop. If we drop this requirement, £7 does not vanish. For instance,
if the particle in the s-channel is the Higgs boson, vertices such as hWW G~ would contribute to the annihilation
into photons because the vertex W+ G~y exists in general (for clearer picture, see the second row of Table 5.4). As
discussed previously, in order to avoid these situations, we work in the non-linear Feynman gauge where the latter
vertex does not exist.
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Chapter 5. Dark matter annihilation into two photons

Moreover, if we define
A?(Tw) =—(2+ 37“124/) —-3(2- ’I“‘Z/V)T%Vfw, A;L/Z(rf) = 27“? (1 — (7“]% — 1)ff) ,  (5.20)

and notice that am? = —a(dmdy; — mi + ilpmy) + dam?y + O(a?), Eq. (5.19) can be

cast in a more compact form

2miygse [ Q3 Ny Alo(ry) + Ab(rw)| g4

B = , L (1= fw)a.21)
M s-channel 7T/U(47,n12)1\/[ - m% + Zrhmh) ™ ( w X

In the following section, we will see that in realistic models the last term typically cancels

with another one coming from topologies 2 and 3.

Notice that if the CP-even scalar ¢° is not the Higgs itself but a neutral particle that mixes
with the Higgs and inherits its couplings to the SM particles, we can use the previous
expressions for calculating the decay amplitude (obviously, only after adding other possible

contributions not present in the SM).

e ¢ as the Z boson. For scalar and vector DM, the amplitude vanishes. For Majorana
DM, as explained above, the vector boson Z itself does not contribute to the amplitude in
the Landau gauge but we have to to account for its Goldstone boson G° contribution to
annihilation process. In that case, while ghosts give zero, SM fermions running in the loop

give

4V2 g5 amy > Q% Ny r3fy gsampm
Béy = it =2 — > EQINsTIf5,22)
7

2 2 :
s-channel 7-[-1)(4'rn[)1\/[ — Mo + il qo mgo)

where we took gs = £my/v with a negative sign for the charged leptons, the down, strange
and bottom quarks, and a positive sign for the up, charm and top quarks. In the last equation

we used the fact that the Goldstone boson is massless in the Landau gauge.

5.4 Two concrete examples

This general framework is currently in process. For that reason, we only will apply this general
scheme to the particular case of the scalar DM involved in the extension of the SDFDM model
with reals scalars singlets described by the Lagrangian 2.43. In this case, this model is mapped
to the specific general models SFF and SSS described before in the Table: 5.5. Those correspond

respectively to the specific scalar DM models:
1. Scalar DM with a vector-like fermion X (SFF)

This model was study previously in the Literature for the case of SM’s right-handed leptons
(see e.g. Ref. [199]). In this case, the dark sector interaction with the SM is carry out by the
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Y Y
) Moy Mo
X4 Yf fa YX xXs  fy
- - S }:{ =
DM f 0 DM y DM f Y
DM y DM Y DM Y
Tl g( ‘‘‘‘‘ M 55555 ,;M
4 %
fA Xy 1A f vX XA ¥
DM X Y M X 0% —D’I\; f y

Figure 5.2: Feynman diagrams for DMDM — ~~ generated with FEYNARTS [158].

Lagrangian *
L= —(yXfaDM + h.c.) (5.23)

In this case, the diagrams are classified in the topology 1 (boxes). Those are shown in Fig. 5.2.

The type of mediator, as well as the relevant couplings, are

Mediator Type Mass DM Couplings
f Fermion ¢  mpumry g1L =0
X Fermion ¢ mpmMmTre JgirR =Y

The only non-vanishing coefficients x; are:

r1=241R
4r3(1—r3)
x9 =2r3(1 — 12 + 12 ay= ¢
2 o ot 75) IR 4 - g1R

4r2 (1 — ®2
e — 7"<1>( )

x3 =2r5(1 —7r3 — 12 =
3 o ) ¢)91R 5 1+r§,—r§>

3L = —hmeabﬁﬁL?Sa in the extension of the SDFDM model with real scalars singlts S, for left-handed SM
leptons (Eq. (2.43)).

72



Chapter 5. Dark matter annihilation into two photons

Therefore, after using the master equation (5.15), this procedure gives

2 1—7r2 472 292
B:ay{2+|: 2 2)2 ¢ CO( 171>O7ﬂ¢a7‘<1>774¢)

s 14+ 7“<1> —TyT — T¢>
l—ri—r3 2 4r2(1 —r
2 9 X 7 Co(=1,1,0;73,72,73) + Mco(zl,o,o;rg,rg,ri)
1—r¢+r¢ 7"(1) l—i—rq, S
4rg (1 —
+7r¢( Tq))CO(‘l 0,0; T<I>7T<Inrd>)} (5.25)
1+7r ¢ Ty

which, according to Eq. (5.2), it corresponds to a cross section

82
oV = (5.26)
32mmip

In agreement with the results of the literature [199].

2. Singlet scalar DM (SSS)

DM v < DM
N G+ ~
N AN
NP DM~ G+/‘I”\/\/V
N v \ S L7 |
/.\ |G+
7 \ / N |
/// S~ /// G~ \‘/\/\/\-’ /7
, G -
DM 0% DM ) ‘DM
T2 T3
DM Y DM Y DM
\\ Gt /’/\/«/ \\ f \\
N - | \ /’l
»---el o - f
7 | //
// G = 4 f //
DM DM /DM
Y Y

Figure 5.3: Feynman diagrams for DMDM — ~~ generated with FEYNARTS [138].

In this case the DM is the scalar field, singlet under SU(2)r. Then, the only non-trivial
interaction of DM with the SM takes place via the so-called Higgs portal £ = —Ay DM?H'H >
AgDM?(GHG~ +vh) *. Hence, there are two mediators. First, GT, which gives rise to diagrams
with topologies 2 and 3. Second, the Higgs boson, which acts as a mediator on the s-channel (see

Fig.5.3). The type of mediator, as well as the relevant couplings, are

Mediator Type Mass DM Couplings
Gt Scalar ¢  mpumTw g3 = \i
h CP-even ¢ mp, gs = Agv

i = —)\leeabﬁaHbe in the Lagrangian (2.43).
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5.4 Two concrete examples

The contribution of the Higgs boson was already calculated and reported in Eq. (5.21). The
contribution of GT from topologies 2 and 3 can be computed using Eq. 5.15 with the only non-
vanishing coefficients x1 = g3 and x4 = 2r%,g3. Therefore, after using the master equation (5.15)

and the Higgs s-channel 5.21, this procedure gives

A
B = N (142 o0, 4,0, R rh) 4 B
= s-channel
loops of G7: +
2m2DMa Al 5 h .
- NyQ7A +A : 5.07
m (4miyyy — mj, +iCpmy) zf: 7Q5A2(7y) 1(w) (5.27)
which, according to Eq. (5.2), corresponds to a cross section
2
2 2142
Mo Agy ) N .
= Ny AL jy(rp) + AL (r : 5.28
S (g — ) ) | 2 O N1 Al A1) (5.28)

in agreement with the results of the literature (see the Ref. [200]). As in the previous example,
it helps us to check that our general scheme is working properly and it can be applied to a large

number of models that fulfill the conditions 5.1. This work is currently in process...
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Conclusions

We have combined the singlet-doublet fermion dark matter (SDFDM) and the singlet scalar
dark matter (SSDM) models into a framework that generates radiative neutrino masses taking
care that the required lepton number violation only happens if the scalars are real. We have then
explored the novel features of the final model in flavor physics, collider searches, and dark matter

related experiments. The most notable conclusions after assembling these models were:

i. In the case of SSDM, the singlet-doublet fermion mixing cannot be too small in order to
be compatible with lepton flavor violating (LF'V) observables like Br(y — e7y), while in the

case of fermion dark matter the LF'V constraints are automatically satisfied.

ii. The presence of new decay channels for the next to lightest odd particle opens the possibility
of new signals at the LHC. In particular, when the singlet scalar is the lightest odd-particle
and the singlet-like Majorana fermion is heavier than the charged Dirac fermion, the pro-
duction of the later yields dilepton plus missing transverse energy signals. For large enough
et or pT branchings, these signals could exclude charged Dirac fermion masses of order

500 GeV in the Run I of the LHC.

iii. The effect of coannihilations with the scalar singlets was studied in the case of doublet-like
fermion dark matter. In that case, it is possible to obtain the observed dark matter relic

density with lower values of the mass for the lightest odd dark matter particle.

In a second stage, we have entertained the possibility of finding model points in the SDFDM
model (without scalars) that can explain the y-ray excess in the galactic center (GCE) while being
in agreement with a multitude of different direct and indirect dark matter detection constraints.

We found two viable regions:

i. DM particles with masses of ~ 99 GeV annihilating mainly into W gauge bosons with

branching ratios greater than ~ 70%.

ii. DM particle with mass in the range ~ (173 — 190) GeV annihilating predominantly into the
tt channel with branching ratios greater than ~ 90%.

The analysis of the vy-ray excess assumed that the dark matter is made entirely out of the lightest
stable particle x° of the SDFDM model. Despite this being a very restrictive assumption, we
have demonstrated that there exist models capable of accounting for the GeV excess that can be
fully tested by the forthcoming XENON-1T and LZ experiments as well as by future Fermi-LAT
observations in dwarf galaxies. Interestingly, the most recent limits presented by LUX-2016 are

able to probe a fraction of the good fitting models to the GCE found in this work. We also showed



Conclusions

through realistic calculations of CTA performance when observing the GC that this instrument
will not have the ability to confirm the SDFDM model if it is causing the GCE.

As a final stage of this work, we have created a general framework in order to describe the dark
matter self-annihilation into two photons. The principal conclusion is that we computed a master
equation for this cross section in a general model when the dark matter is its own antiparticle
and whose stability is guaranteed by the Z5 symmetry. This approach is general and leads to the
same results found in the literature for popular dark matter candidates such as singlet scalar dark
matter, neutralino dark matter, minimal dark matter scenarios and Kaluza-Klein dark matter,
i. e. we developed a general scheme to compute the prospects for gamma-ray spectral features
as gamma-ray lines in a general model that could be useful in the future for indirect-detection

studies.
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Appendix

Details: SDFDM model

A.1 Analytical formulas for masses and mixing matrix of neutral

fermions

The characteristic equation of the mass matrix (2.8) is [114]":

2
(Mglcia ) - M%) My — <M§ia ) + %mi |:<Mé<1a ) + Mp Sin261| =0
g 7 &) (2 &) (2
The solutions to the cubic equation in (M é‘iag) _are:
(22
M M M
my =z + —3N : my =21 + TN : my =z3 + —3N :
where
1/3 1/3
2 3 2 3
B T B S S
Zl_<2+ 4+2> +(2 4+27>
__Aa a4 49
29 5 + 1 P
R N £ ]
T2 4z
1
P=-3 X — (M +m3)
2 1
q= —2771\4]3V — My (M3 +m3) + [MyMp —m3sin(268)Mp] .

Notice that ¢*/4 + p®/27 < 0 and therefore, we have three real masses m} (i = 1,

Expanding the eigensystem in Eq. (2.10) by assuming that Ni; # 0, we have

. (A

(A.3)

2,3).

!The analytical formulas for the neutralino masses and the neutralino mixing matrix was analyzed in [201].



A.1 Analytical formulas for masses and mixing matrix of neutral fermions

No; Ns;
M3 + M = — (M} —m}
21N, BUN (M7 +)
No; N
MY, —m) 2 B~
(May i )Nu 2N, 12
Ny, N3;
M 0ty - )N,
where
~1/2
Ny \ 2 N\
Ny = |1
1z +<N11> +<N11

Using the matrix MX given in the Eq. (2.8), we get the ratios

No; mycos B Mp [mX(My —mY) + m3 cos %]
Ny; - m¥ mY  my(m}sinf + Mp cos 3)
N3 [mX(My —m)) +m3 cos 2]

Ny m(mYsin B + Mp cos 3)

A.1.1 Approximate mixing matrix

(A.4)

By using the analytical expressions for the mixing ratios of Eq. (A.5) with the approximate

eigenvalues (2.14) in Eq. (A.4), we obtain

[M? + M3, +2Mp My sin(28)] m3

N121 =1- (M%_MJQV)Q +O(m§\)
o [sin(28) +1]m3 4

Nip = 2 (My — MD)2 +0 (m/\)
o [sin(28) — Um3 4

Ni3 = 2 (Mp + MN)2 + O (m/\) .

m3 (sin SMp + cos BMy)?

N2 — + 0O (mi
TR
N2, 1 m3 (sin B + cos B) [cos BMy — sinf (My — 2Mp)] Lo (m‘f\)
2 AMp (My — Mp)
N2, 1 N m3 (cos B — sin B) [sin B (2Mp + ]\241\/) + cos SMy] Lo (mz){) ‘
2 4Mp (Mp + M)
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Appendix A. Details: SDFDM model

. 2
1
2
1
2

_ [Mysin = (My — 2Mp) cos ] (cos Bt sinf) s\ 5 (1)
4Mp (MN - MD)

_ [Mysin 3+ (My +2Mp) cos 5]2((3085 —sinf) m3 + O (m}). (A.8)
4Mp (My + Mp)

In particular, with Eq. (2.14) and the expressions for N2, the identity (2.48) is satisfied up to
terms of order O (m‘){)

A.2 The interaction Lagrangian

In the SDEFDM model we have the next interaction terms (see the Eq. 2.15)

i _ ~ ~ h t
L=2 (RLUMD#Rd + Rior DuRu> - (—Adng LN h.c) , (A.9)

where the field N and the doublets Ry, Eu defined in the Eq. 2.2 are constructed of Weyl spinors.

In terms of four-components Dirac spinors constructed with the two-components Weyl spinors

@/J%}E and N as
0 =+ _ N
o0 (;%) ot (%) N = (NT> , (A.10)

this Lagrangian can be cast as

_ _ h
L =TilpU; + Upi Py — = (—)\

(Y —Ut
U, =( L), U= OR (A.12)
\IIL \IIR

are the SU(2)-doublets of Dirac fermions, with U9 = P00 = (¢%,0)7, ¥, = PLU~ = (¢v;,0)7,
\IJ% = PrU0 = (O,?,Z)%T)T and ‘I’E = PrUT = (0,¢ET)T. Therefore, taking the covariant deriva-
tive [202]

JNPLUO 4 )\, NPpu° + h.c) , (A.11)

where

g ; 1 wEoveawl)
D =" (9 +igWiu(2) + ig'yB, (@) = 7" (%HM ( ! M> |

V2, —Wﬁ’ —zngM(x)> (A.13)
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in the Eq. (A.11), we get explicitly that

_ _ 1 Wi Vew) 1
Ui PV =Rginy* (8 +ig— ( 3”> Y —
Vow, —wp 2

3 T 0
= (\Tl% @E) (8 —|—Zg1 <\/‘YW {2:;?) —ig';Bu(m)> (;Ijj)
= (v
9

Bu(@) Ry

0530y + Tiduy) — [ VI WADY 4 V2 AW, B + VU WU, — B I, }

+35 (094" B, VY + W "B, VT)

— (D909 + Ty igvy) — % (LA W00 + hc] = & (W)W — Wy W]

/
g = = _
+§ (A" Bu Yy, + U BT

= (V0ig 09 + Uid¥;) — —= (U "W, 1Y + hec)

9
V2

1
**[ Y gWS — ' Bu)¥y — U v (gW; + g'B,) ¥ |

)V
= (D@0} + VU igl;) —

g _
\/5 ( L’YHWM\IJL =+ hC)
1]- g - 2cos? Oy — 1 _
—— (Wl Z, ) 0Y) — 0 AH ) Z,+2A, |
2{ Ly <cos9W H L L <g( cos Oy > utze “) L}
9 (53— 0 9 30 30
= (D2ig0y + VU ig¥) — ﬁ(\IJLfy“WM\IIL—i—h.c) -3 OSH\IILZ\IJL
2co8? 0w —1\ =_ , - _ _
We used the SM relations [202]
Z 0 —sinf w3
gsinfy =g cosby =e A“ = C?S W TR I (A.15)
" sinfy  cos Oy B,
Analogously
T 30 450 o Gt g (30 9 50 0
WoipWy = (VRid¥y + V5idV}) + 7 (UEAy*W, U} +he) + Teosg Y YAS
2cos? Oy — 1Y - - o

Now, replacing the Eq. (A.14) and Eq. (A.16) in the Eq. (A.11) we have

£ = (V2w + Vv + Wyiguh + Vhidv)

I (B W — Wyt 9 (39 299 _ O 70
- (¥ v, — v v hec) — —— (V;2V; —ULZU
ﬂ( LWV — U +he) 2c0s9( 0709 — 0% 70Y)
2cos? Oy —1\ ,=_ , - _ o
+9 ( “Deosty ) (U] 20; — TL2TE) — (U e AU, + Uhe ATT)
h —~ 0 - 0
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Therefore, the interaction Lagrangian in the SDFDM model is given by

I (I, — Y 9 (30 7940 4 3O, 70
Lyt = -7 (T W09 —BEWE +he) — P (B9 299 + 9%,20Y9)
2cos? Oy —1\ -, - o L
g < " 2cosby ) (O 2V, +0p203) — (P edV; + TledV))
h —~ -
Y (_)\dN‘I’% + A NUY + h.c) . (A.18)

Finally, we constructed the Majorana spinors XZ-0 and the Dirac spinor X+ as

0 N;; 29 5 T
X0 = ((x&)c;) - ( Tﬂl_,rﬂ()) X+ = < ’fFaTd> - <1/’£T> , (A.19)
(Xi ) Nﬁ:' j X R

where we used the Eq. (2.4). Thus, we can know explicitly the Dirac spinors U9 , and \IleER that
we constructed in order to get the Eq. (A.18). Those are

1

+
0
U = AN P X+ Up = _+|=PrX*. (A.20)
0 (U5
Therefore, replacing these spinors in the Eq. (A.18), we get
9 - 9 3
Ling = — E(X W (N2i P, — N3;Pr) X{ +h.c) + mXiDZ (NaiNaj — N3iNs;) 7° X7
2cos2 Oy — 1\ —_ _ — _ 1. =9 0

i.e. the interaction of the DM with de W, Z and h SM gauge boson is given by

LX e = —X_V/l//CWXXiXZO — CZXinZ“X?'y“'fXJQ — ChX;X; hXZQX]Q (A.22)
where
CWXX, :% (Nyi P — Ni;Pp) (A.23)
CZXX; Zmu\f:ﬁ]\%j — N;Naj) (A.24)
ChX, X, :\}5(_)‘dN2iN1j + AuN3iNyj) . (A.25)
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P4 X

N N

Figure A.1: Scalar elastic scattering with nucleons.

A.3 Spin-independent cross section in the SDFDM model

The amplitude of the process shown in Fig. A.1 is
_ imn fn
M :u(837p3)u(817p1) v

B _Z.imeN

iAF(p1 — p3)ichx, x, U(s4, pa)u(sz, p2)

chxyx, Ar(p1 — p3)u(s3, p3)u(s, p1)u(sa, pa)u(se, p2) (A.26)

therefore,

2
my

I/\/ll2

Z (Ussps Usipr) (USspsustT Z (Ussps Usps) (17454174U82102)Jr
1,3 $2.4

ChX1X1 Ap(p1 —

(=
<meN
(™

2
chx, x, Ar(p1 — > E (UsgpsUsypy sy py Ussps ) E (s ypyUsypy UsypyUsaps)

51,3 §2,4
mny fN ?
- e ARy = ps) ) T (B, + ma) (B, + m) | Te (g, + myo) (9, + miyo)]
my fn
= < vf chx, X, Ar(p1 — P3)> (4p1 - p3 + 4my) <4p2 P4+ 4mio) : (A.27)
Now, if we do the approximation of p; — 0, we get
2 16f%c? mim?
MmN JN 1 NChx,x, N0
2 — Z |M‘2 ( f ChX1X, 2> 16m?\;mio = 21 14 X . (A.QB)
m2 v?m}

Therefore, it means that for an elastic scattering, the differential cross section is given by

2 2 4.2
dﬁ MP ~ 1 16fNChX1X1mNmX0 _ m? ChX1X1 2f (A.29)
Q) 64772 6472 (my —i—miO)Q v?my 4w\ vm3 Ry

2 92 . .. MNTLy0
where s = (En + Ey0)° = (my + my0)® in the limit of zero-momentum and m, = ——=—
(my +my0)
is the reduced mass of the system. Finally, integrating in the solid angle, the spin-independent

cross section a tree level is given by

m2 C 2
osp = —" ( th?) fzzvm?v (A.30)

™ vmy,
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A.4 One-loop neutrino masses in

By using the Feynman rules for Weyl spinors
one-loop shown in A.2

the interaction basis

we have the diagrams for neutrino masses at

HO (NT)4 (NT) HO HO N® N, HO

yk g ky ( %)a A )\( %)a
v W pik |WH)a G0 T
(VL)a S (vp)” (VL)a S (vp)®

Figure A.2: One-loop neutrino mass in the interaction basis

The results from the Refs. [123,203] adapted to

M”—zzh h; )\2/ d'k
i - ' vya U (27‘(‘)4

“3/ <§4]§

v thahjocUZMN 2 2 2 2
Mw Za: (477)2 P‘u Ja (MD7 Mp, My,
where

our case imply that (A\g = Yz Ay — YRr)

iSF (k, Mp) PrSF (k, MN) PriSF (k, Mp) Ar (k + p,ms,)

iSp (k MD) PrSp (k MN) PriSp (k MD) Afp (k+p,mg )

(A.31)

m3) + \gMp Iy (Mp, Mp, My, m3,)], (A.32)

2 2 2 .2 _(477)2 / d'k k?
O Mo MRS o 0 ) (- )
2 2 2 2 _(477)2 d*k 1 o
I4 (MD’ MD’ MN,ms) = i / (277)4 (k,Q ~ m%)2 (k2 B M]2V) (k;2 ~ m2S ) . (A&d)
After integration
M} M (2Mp — M —m3, )
J4 (MIQ)7M%7M]2\[,m%) = _{[(MJQV_M%)I()mQ —M%) - 2(M2 _M2)2 (m2 _M2)2 IHM%
N D D
B M3 In M% - mg Inmg,
2 2
2 (m¥, — M) (Mg — MR)™  2(m} —mg,) (Mp —m3,)
. M }
2 (M} — Mp) (mé, —Mp) |
L (Mp, Mp, My, m%) =
M§ In (MJQV/M%) . mg (m% /Mp) B 1
2 2 2 )
(M3 — M) (M3 —m3,)*  (m3, —MB) (ME—m%)"  (m}, —M3)" (M3 — MB)
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or
I (M3, Mp, M3, m%) = — [ (Mp — Mym3, )mMp M2 n M2,
) bl bl 2
(MF = MB)* (m3, = MB)*  (m3, — M) (M} — MF)
mga In m?ga 1

_.I_ —
(V% — ) (M3 — i, )? (%, — M) (M3, — M)

In the Ref. [204] only the contribution proportional to A, is considered in the limit My — 0 2,

M3, M}, (2Mp, —m3,)
Mg(mg—Mg) 2M3, (m S—M,%)

Jy (M%vM%aMJQ\hm%') = - { [_ ] IHM%

N mg Inmg B M?2
om? (M3 —m3)" 2Mp (m3, — Mp)

Sa
I 1 N (QM%—mga) lnM,%—i— m%a lnm%a B
(m%—Mp)  2(m — M3)? 2(ME—m2 )" 2(m
i w%—%q , o tumd 1}
= 1+ o= | In M7 + < -
(m%—M%){ 2 (m§ — Mp) Plo(Mp-mi) 2
B 1 { m% lanj m?% lnmg +1}
2(mg — Mp) | (mg—Mp) (Mp—mg)
. 2, In (M3 /3,
2 (m% — Mp) (mg — Mp)
_ 1 [1 m% In (Ml%/m?9 )]
2 (M7 —m3) (Mp —mg)

So that

v hiahja ()\ v )
M= =2 Yom2 (M3, —

A.5 u — ey process in the SDFDM model with real scalars singlets

The g — ey process in this model is shown in Fig. 3.2. In general, the radiative decay
fi(p1) = fa(p2)v(q), where, ¢ = p1 — p2, f1 has a mass m; and f, has a mass mg was computed
in the Ref. [205]. Here, we adapt their analysis to our model.

We take the fermions on shell, i.e. p2 = m? and p3 = m3 and they are represented by spinors
u1 and us, which satisfy the relations Prur = miuy and UgPa = mals. The amplitude for the
decay is given by ee,(q)M*, where €,(¢) is the outgoing photon polarization and e is the electric

charge of the electron. We know that the gauge invariance implies that g, M* must be zero.

lnx

e

Nimg_ozlnz = limg—o —
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Therefore, M* has the form

MH* = fbg(pQ)(iO"uyqy(O'LPL + O'RPR))ul (pl) , (A.36)
and the partial width for the process fi — fory is given by

(mf —m3)*(lor|” + |or|?)

=
167rm§’

. (A.37)

With all this in mind, our work is determinate the o and the op factors in this model and use
the general Eq. (A.37) for the partial width of this process.

In general, for a Yukawa Lagrangian
EYukawa = BF(L’LPL + R1PR)fl + B*?z(L:PR + R;kPL)Fa (A38)

where the fermions f; have charge () = e, the boson B have charge @5 and the fermions f; have
interaction with the boson B and fermion F' with arbitrary dimensionless numerical coefficients

L; and R;, the o1, and og factors are given by

oy, :Qf(pkl + ko + Uk3) + QB(pE1 + )\EQ + UEg) (A.BQ)
or =Q (N1 + pka + Cks) + Qp(Mk1 + pka + Cks), (A.40)
where
A=LjLy ki =mi(ci +di + f) k1 =mi(—e +di+ f)
p =R5R; ko = ma(ca + da + f) ko = mo(—Co +do + f)
¢ =L3Ry ks = mp(c1 + ¢2) ks = mp(—a+ ¢ +¢)
v =R5L; . (A.41)

or, and or in SDFDM model

For our specify case, the Yukawa Lagrangian included in the Eq. 2.43 is given by
LIEDM — hineLitvpSa + h.c = Sa~ [hia Prle; + So€ilhia PRIV - (A.42)

Therefore, we can do the next identification with the Lagrangian A.38

B—+S, | R —0 R = hin | @B =0
F—y~ | Li = hio | L7 =0 Qr=1
fi— e

Replacing these factors in the Eq. (A.39) and Eq. (A.40) we get that

3
o1, =ehaghiami(ci +di + f) = ehaghiami(c1 + 5d)

3
OR :ehgahlamg(@ + do + f) = ehgahlamg(@ + id) ~0. (A.43)
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A.5 p — ey process in the SDFDM model with real scalars singlets

In the last equation, the relations d; = dy = 2f = d, and m; = m,, > ma = m, were used.
According with the Ref. [205], the parameters ¢; = ¢ and d; = d are related with the loop

integrals as follows

+3d 7 m2—5m—2+ rlnzx 7 1[2% —622+3z+2+6xlnz
C —_ = = —_
2 16m2m% | 12(z —1)3  2(z — 1)* 16m2m2, 2 6(x —1)% ’
(A.44)
where x = m%/mi
Finally, putting all this in the Eq. (A.43) we get the relations
iehaoh 1
or, _ 20 Moy 1a;n“fF(x)
16m2my, 2
or ~0, (A.45)
where
3 2 2
-6 3 2+6xl M
o P e s e s with  x= L (A.46)
6(x —1)% mg.
Branching (u — ey)
Putting the Eq. (A.45) into the Eq. (A.37) we get
(m? —m2)? o milop?  mb | ehighoa F(x)|
N=—————(lo] ) —(— = = |55 (A.47)
16mm3 167 167 |1672myg 2
Therefore, the branching ratio for this process is given by
miz ehlahga F(:L’) 2
Br(p — ev) I(p — ev) 16m 16772m?% 2 31 (e 1 |F(@)hiaha ?
r (& = = - | - ) |7 = =
a 7 I'(p — every,) GQsz 4G% \ 47 ) 167 m?ga
19273
2
3 Qlem, F($)h1ah2a
= A .48
4 167TG% Z m% ( )
o «
In general, for a complex Yukawa coupling h;, we have,
3 a F(Mp/mi,) |
Br(p — ey) == ——= hia————>2%h} (A.49)
416mG% Za: “ m?ga «
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Appendix E

General details

B.1 Casas-Ibarra parametrization
It is known that when the structure of neutrino mass matrix has the form
MY =Y,IAY,, (B.1)

we are able to find the Yukawa couplings Y, [157,158]. In this section, we do a summary of how

they are obtained.

First of all, we know that the PMNS matrix U diagonalize the neutrino mass matrix, such
that UTMYU = diag(my1, my2, my3) = Dy, and second, we will work in the basis in which the
matrix A is diagonal, such that, A = Dj = diag(A1, Az, A3). Therefore

Dy, =U"MYU =UTY,JAY,U = UMY, DAY, U =U"Y,) D xD Y, U. (B.2)

Multiplying by D ST to both sides, we get

DDy s =1 = (DU D] [PustoUD, ]

T
- [D Y UD \/F] [D Y UD \/F} . (B.3)
In general, the last equation means that
[D\/KY,,UD\/E} =R, (B.4)

is a 3x3 complex orthogonal rotation matrix characterized by three angles (Euler-angles: 619, 013, 623).

Therefore, the Yukawa matrix Y, is given by

Y, =D ;5=RD /7 U", (B.5)
or
(Y ) _V ml/lRalUi*l + \/mVZROéZUi*Q + \/mV3ROl3U;:<3 (B 6)

VAaq

For the particular case of models with two particles circulating in the loop with associated



B.2 Velocity averaged annihilation cross section (ov)

Ay and Ay matrix elements (for instance, two scalar singlets in the SDFDM model), R can be

specified in terms of a single parameter [157,158] as

1 cosf sinf
R=|0 —sinf cosb |, (B.7)
0 0 1

and therefore

_/mgcosBUL + /mEsin U

Y, ) )
(¥,)ai :—\/mg sin QU + /mf cos U ‘ (B.5)

Vi

B.2 Velocity averaged annihilation cross section (ov)

p1 p2

Figure B.1: Two particles scattering in the center of mass frame.

It is known that for an scattering shown in Fig. B.1 the differential scattering cross section in

the center of mass frame is given by

M2, (B.9)

do _ 1 (s — (m3 + ma)?) (s — (mg — ma)?) 1/2
dQ  64n2s (s — (m1 +m2)?) (s — (m1 —m2)?)

The annihilation cross section o(s), for WIMPs of mass m; = ma = m into to final states
with masses m3 and my is given in terms of the dimensional factor ¥ which depend of the the

variables s, m, mg and my as [206]

1 \/W m? \/ (ms + my)? \/ (m3 — my)?
- 1- 1— = (s; . (B.10
o(s) 32mm?2 S \/; s s (s;m,ma,m3). ( )

where Y(s;m,mg, m3) is given in terms of the matrix element M by

Q1 g p—
X(s;m, ma, mg) = ZTTZZ > IMP = /MWP fermionic WIMPs (B.11)
8384 13,74
Q [ —
:/ZTF%MF :/‘LTM/H2 bosonic WIMPs , (B.12)
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Appendix B. General details

where initial spins states s3, s4 are averaged over the fermionic WIMPs, and polarization rs, r4 of
the final states bosons are summed over. The integral in the solid angles has an extra factor of
1/2 if the two final state particles are identical, for example xx — 7. We will use this expression
in order to compute the velocity averaged annihilation cross section (ov) for the DM annihilation

into vy and vZ.

(ov,) for DM annihilation into v~y

For the case of DM annihilation into two photons, x°x = yy: m1 = mgo = m, m3 = my = 0,
s = (p1+p2)? = p +p3+2p1 - p2 = 4m3(1 + (v,/2)?) with v, the relative velocity of the DM

particles in the initial state. The scattering cross section (B.10) is

M2 (1 — f - O(U,‘})) , (B.13)

(o) =2

where we show the s-wave and p-wave contribution explicitly. In the limit of zero velocity we have
the s-wave contribution

1
327m?

M2 (B.14)

<UUT> ‘ s-wave —

NOTA: The natural units of (ov,) are E~2. In order to change to international unit system (MKS)

we use next the relations:

107 Bem =1fermi (fm) = 5.068 GeV ™! — 107*cm? = 2.56 GeV 2
1 sec =3 x 10*%m

he =197.3 MeV fm = 197.3 x 1073GeV10~ Bem = 197.3 x 107°GeV cm

therefore, if we wan to to change the units of the (ov,), we need to multiply for the factor:
(197.3 x 1071%GeV cm)?(3 x 108 x 10%cm/sec).

B.3 Passarino-Veltman One-loop integrals

P1 D2
\\ q+ky &

meo

q AM

my

/ q+kn-1 %

PN PN-1

Figure B.2: General One-loop diagram. LOOPTOOLS’s convention [196].
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B.3 Passarino-Veltman One-loop integrals

The n-point tensor integral in the LOOPTOOLS’s convention [196] is given by:

4—D
TN kz — H /dD qu “.q/LP 7 B.15
mene ) =55 e G R - g g R g

with

I2(1—e)l(1+¢)

T 29 D=4-2. (B.16)

e =

The momenta k; that appear in the denominators are related to the external momenta p; as

p1 =k1 p2 = ko — k1 pN = kn —kn_1
N

k1 =p1 ko = p1+ p2 kn = Zpi. (B.17)
i—1

In general, the LOOPTOOLS notation for the n-point integrals is: A =T, B =T? C = T2 and
D = T*. Therefore, regarding to the Eq. (B.15) we have that

2 pt=P p L
An: A — dPg—2 B.18
0; Ay (m?) i7TD/2TF/ q[qQ “m2]’ ( )
4—D 1'(] Qg
Be:B.-B 2 2 2:N/dD 1 Qs v B.19
03 B By (2 m1m2) =2 b7 | U g k] o

CO; Cu; Cuu; C,ul/p (pip%v (pl + p2)27 m%, m%7 m%)
_ pt=P /qu L qus 4udvs QuQvdp (B.20)
inD/2pp [¢? = mi)[(q + k1)* — m3][(q + ka2)? — m3]’
Do; Dy Dyws Dywps Dywpo (P%,Pgapgapi (p1 +P2)27 (p2 +p3)2, m%, m%, mg, mi)
_ pt=P / P L Qs 4uvs GuGv 90 Qulvdpdo
iwP2rp [¢? — m3[(q + k1)? — m3][(q + k2)? — m3][(q + k3)? —m3]’

(B.21)

which are shown in Fig. B.3.

B.3.1 Tensor Coefficients

The integrals with a tensor structure can be reduced to integrals multiplied by linear combi-
nations of Lorentz-covariant tensors constructed from the metric tensor g,, and a linearly inde-
pendent set of the momenta [156] !. LOOPTOOLS provides not the tensor integrals themselves,
but the coefficients of these Lorentz-covariant tensors. It works in a basis formed from g,, and

the momenta k;, which are the sums of the external momenta p; (see Eq. (B.3)) [207], with the

IThe choice of this basis is not unique. For example, LooPTooLs chooses the basis of the k; momenta instead
the external momenta p;.
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my
p p
m
mso
J41 P2
mo
mq ms
My
Da P3

Figure B.3: A, B, C and D point functions.

advantage that in this basis the tensor-coefficient functions are totally symmetric in their indices.

For the integrals up to the four-point function the decomposition reads explicitly as

B, = Fk1,B1,

B, = 9uvBoo + k1,k1.B11

2
Cp = k1C1 + kguCo = Y kiyCi,
=1

2
C,uzx = g,ul/COO + Z kiukjucij >
3,j=1
2 2
C;wp = Z(gw/kip + gupki,u + gupkiV)COOi + Z ki,ukjuképcijﬁ )
=1 1,5,0=1

3
Dp=> kiD;,
=1

3
D;w = g,ul/DOO + Z kiukjuDij )

ij=1
3 3
Duup = Z(guukip + gllpkiu + g,upkill)DOOi + Z kiukjukﬁpDijZ )
i1 igl=1

Duupa = (guugpa + GupYvo + guagl/p)DOOOO
3

+ Z (g,uukipkja + gupkiukja + gupkiukjcr
ij—1
+ Guokivkjp + Guokipkip + gpokiukiv) Dooij

3
+ Z EipkjvkepkmoDijom -

i,J,6,m=1
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B.3 Passarino-Veltman One-loop integrals

Of all scalar and tensor-coefficient functions, only Ay, By, Bi, Boo, Bi1, Booi, Bii1, By, the C
coefficients with at least two indices zero, and the D coefficients with at least four indices zero are
actually UV divergent [196].

B.3.2 Conventions for the Momenta

A large source of mistakes is the way of specifying the momentums in the one-loop integrals.
The prime error in this respect is the confusion of the external momenta p; with the momenta k;
appearing in the denominators, which are the sums of the p; (see Eq. (B.3)). It is important to

realize that LooPTOOLS functions like C7 and Ci12 are the coefficients respectively of k1, and

kluklkapa not of Pip and P1uP1vD2p-

B.3.3 (C and D reduction to scalar integrals

The original Passarino-Veltman squema [156] is based in the assumption of independent ex-
ternal momenta p;. When the momenta are linearly dependent the Gram Determinant of the
momenta goes to zero and the Passarino-Veltmann scheme breaks down. In that case, we can deal
with this problem reducing the n-point integrals to a linear combination of (n — 1)-point integrals

as we will describe.

In general, the n-point scalar integral is:

Tév(ki) :W/qu 1
in P/ 2rp [ —mil[(g + k1)? —m3] - [(q + kn-1)* — m3]
:U’4_D D 1
=5 | ¢l B.22
i7TD/27"F/ (]]\7147\72-"]\7]\77 ( )
with
Ni =(q + ki—1)? = m?, i=1,---N  k=0. (B.23)

In the case of degeneration in the momenta, Ti¥(k;) can be expanded by Tp' ~'(k;) in the next

form:

N =D ) N
TN = | D dD _ 'TN_l ¥ B.24
" ;Oéz (iTrD/ZTF/ quNQ"'NilNi+1~-NN> ;az o (4) ( )

In order to know the necessary condition to find the «; coefficients we can use the Eq. (B.22) and
(B.24). In means that we have to fulfill

N
1 o Qo an > et @iV

NiN;Ny  NeN;-— Ny ' NNz Ny

. + — s
NiNaNg---Nny_1  NoNi---Npy
(B.25)
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therefore

N N N N N
L= 3" iy = " aila® + 2qukly + K2y —m?) = 2 3 a0 +20, > aikly + 3 aa(kE, —md).

i=1 i=1 i=1 i=1 i=1
(B.26)

Now, in order to satisfy this condition for all momenta g,, we have to guarantee the next three

relations:
N N

Z o = 0 Z O(il{?z;l =0 Z Oé,'(k,?_l — mzz) =1. (B.Q?)
i=1 i=1

In particular, the second condition guaranteed that

ook + agks + agks - -anyky_1=0. (B.28)

If the set of momenta {k1,ko---kn_1} are (N — 1) linear independent, we will have the trivial
solution a; = 0 for all i. Now, in order to don’t have the trivial solution, the k; momenta must
be linearly dependent as the preliminary condition when the Passarino-Veltman scheme breaks

down.

The last scheme is general for reduce an n-point integral to a (n — 1)-point integral. We will
focus in the particular case of N = 3 and N = 4. For N = 3, the C scalar integral can be reduced
to B (N = 2) if you satisfied the next three relations

ZO@:O — ar+as+a3=0 (B.29)

N
Y ki1 =0 — ook + agky = agpr + as(pr +p2) =0
i=1

(p — p3 +p3)

= aopi +as(p +p1 - p2) = copt + a3 . =0 (B.30)
N
Z a2 —mH =1 =  —aym? + as(k} —m3) + az(k —m3)
=1
= —aym? + as(pt —m3) + az(p3 —m3) =1, (B.31)
which are summary in the next system of equation:
1 1 1 aq 0
0 i - p3)/2| [az|=]0 (B.32)
—mi (pf—m3)  (p§—m3) as 1

Explicitly, according to the Eq. (B.24)

4-D 4-D 4-D
v D Q1 1 D Q2 w D a3 .
T3 — d I B LR B.33
’ <mD/2rp/ qN2N3> i <mD/2rr/ qN1N3> i <iwD/2rr/ qN1N2> B
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B.3 Passarino-Veltman One-loop integrals

or equivalent:

00(17 2’ 3) 20{330(1, 2) + OQBO(]-: 3) + a1B0(27 3)
=a12B0(1,2) + a13B0(1, 3) + a23Bp(2,3) , (B.34)

where C(i, j, k) means the three-point functions with denominator N;N; Nj. The same for B(i, j).

Notice that we change the notation for the coefficients «; in order to get a more compact notation.

Analogously, for N = 4, the D scalar integrals can be reduced to C' (N = 3) scalar integrals

and the coefficient can be found solving the next matrix equation

1 1 1 1 934 0
0 rt (= p3 +p5)/2 (i + i —pd)/2 aa [ _ |0
0 (—pi—-p3+p3)/2 (—pi+p3+p3)/2 (—PI—p3+PE+18)/2]| | caa of’
—m pi —m3 p:—m3 pi—m3 o123 1
(B.35)

with ps = p1 + p2 and pg = p2 + p3. The scalar reduction in this case is

Do(l, 2,3, 4) = 0412300(1, 2, 3) + a124C()<1, 2, 4) + 0413400(1, 3, 4) + 0423400(2, 3, 4) . (B.36>

For the case of tensor reduction we have to take care that LOOPTOOLS works in the base of
the k; momenta as we described in the Sec. B.3.1. We are interested only in the reduction of the
four-point integrals D,,, D,,,D,,,, to three-point functions, because in general the three, two and

one-point functions have analytically representation that we are able to find.

For D,, tensor we have

_ D qu
D“_/d N —m?l(q+ k) — m3)[(q + k2)2 — m3[(q + ka)? —m4] /d TRIEIMH H J[4]
=a123/qu[1]El2}i[3] +a124/qu[1 + 234/ v M[4]

(B.37)

=D

We omit the factor -
imD/ 2
continue, we have to take some care with the last integral. It does not have the canonical definition

in the last equation in order to have a more compact notation. To

of the three point functions because the first propagator has an external momenta k; = p;. In

order to have the canonical definition, we can do a simple change of variable ¢ + k1 — q/

D u D du
/ T ‘/ T e — vl B2)? — mdll(g + k) — ]
:/dD (qu — k1p)
N2 —m3la + (ko — k)2 — m[(q + (ks — k1))2 — m]]
=Cu(2,3,4) — k1,C0(2,3,4) (B.38)

where the tilde means that we have to take care of the last shift in the propagator’s momenta.
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Replacing the Eq. (B.38) in the Eq. (B.37) and using the definition of the C), tensor, we have

Dy =a123C,(1,2,3) + 0124C,(1,2,4) + a134Cu(1, 3, 4) + s (éu(2, 3,4) — k1,Co(2,3, 4)) .
(B.39)

Finally, using the definition of the tensor coefficients given in the Sec. B.3.1 we have that

D” =193 (k‘l‘uCl(l, 2, 3) + kQuCQ(l, 2, 3)) + (124 (leC’l(l, 2, 4) + k3HC2(1’ 2, 4))
+134 (kQ#Cl(l, 3, 4) + kguCQ(l, 3, 4))
Fos ((]{ZQM — k1) C1(2,3,4) + (ks — k1,)C(2,3,4) — k1u00(2,3,4)> . (B.40)

But for definition D,, = kq,D1 + kg, D2 + k3, D3, therefore, doing the matching in the momenta

k;, we have the relation between the coefficients tensor of D and C functions
Do =a123C0 + a124Co + a134Cp + 231Co

D1 =a193C1 + a124C1 + 0 % a34C1 — i34 (C'o +C1 + é2>

Dy =a193C% + 0 % 12401 + a134C1 + a234Cy
D3 =0 * a123C] + 124C 4 134C + 934C (B.41)

where we included the scalar reduction for Dy found before and a more compact notation a;;xC; =
aijkCl(z‘jk).
Analogically, for D,,, tensor reduction we found

Doo =a123C00 + a124Co0 + 134Co0 + 231Co0

D11 =a123C11 + a124C11 + 0% a134C1 + a3q (C'o +2C +2Co + C11 + 2Cha + 622)
D13 =0123C12 4 0 % a124C22 4 0 % a134Ca2 — o34 (él +Cn + ém)

D13 =0 % a123C12 + a124C12 + 0 % a134C22 — 234 (612 +Cs + C~'22>

Day =a123C + 0% a124C1 + 134011 + a23aChy
D3 =0 % 123C9 + 0 % a124C1 + 134012 + a234C1o

D33 =0 % 193092 + 12402 + 134C + a234Cha (B.42)

and for Dyg; tensor reduction we found

Dgo1 =a123C001 + 124Co01 + 0 * 134Coo — 234 (éoo + Coo1 + C~Y002>

Doz =a123C002 + 0 * a124Coo1 + @134Co01 + 234Co01

Doos =0 * a123C00 + 1124Co02 + 134Co02 + 234Co02 - (B.43)

For another and complete reduction of the tensor n-point Té\l’ integrals but in another base,

P
see the Ref. [197]|. For us, that scheme is not useful because we are working in the base of the
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B.4 Non-linear R¢ gauges

momenta k;, that is not the base used in that work.

B.4 Non-linear R, gauges

B.4.1 Charged gauge bosons

In order to calculate the annihilation amplitude, we assume that the underlying model meets
conditions (i)-(vi). The third one in particular is not satisfied by W boson in ordinary Re gauges,

because of the presence of the interaction
L=eMyG W "A,+h.c (B.44)

The solution to this problem is to work in a different gauge. The gauge fixing term in the ordinary
Feynman gauge is given by L = —f*f with f = 9,W ™ — imyG™T . If we work instead with
f=0,W —imyGT +ieA,WT#, we clearly cancel the interaction term in Eq. (B.44). In fact,
this procedure replaces such term by the following interactions between the W bosons and the
photons

0L = —e*AFAYW W, +ieAH(WFO"W, — W, 0"W,). (B.45)

This is the so-called Feynman non-linear gauge. The new gauge fixing term gives rise to the
following interactions between the Faddeev—Popov ghosts associated to the W boson and pho-
tons [208]

L= —ieA, (e ¢ —0,ete) —ieA, (€T0,c” —T Ouct) — A, A (Tt +ete™) . (B.46)

only present in the Feynman non-linear gauge

Even though the expressions reported here are those associated to the W boson, they can be
generalized to any charged gauge boson by rescaling the electric charge. Because of that, for
arbitrary vector charged mediators ¢, we assume that terms like Eq. (B.44) are not present, and
include Eq. (B.45) to their interactions with photons. Furthermore, we describe the corresponding
ghosts by means of Eq. (B.46).

B.4.2 Neutral gauge bosons in the s-channel

In this appendix, we show that when DM annihilates into two photons via a massive gauge
boson in the s-channel, the corresponding amplitude can be calculated by considering only the
associated Goldstone boson in the Landau gauge. This has been used in Ref. [209] in order to
calculate the contribution of the process q¢g — Z* — 77 to the SM background for a diphoton
signal. Here we generalize their arguments to an arbitrary neutral gauge boson and apply them

to DM annihilations.

Let us start by considering the off-shell decay of a vector particle into two photons ¢** (k) —
Y(q)v"(¢"). After stripping the polarization vectors, the most general decay amplitude, compat-
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ible with Bose statistics and Lorentz invariance, is given by

MO = Cy(¢"g"" + M g"P) + Co kP g + Cs pPq” "
+ Cye”(q—q)a + (C’5kpem’o‘ﬂ + C’6(q”(—:“”aﬁ — q’“e”paﬁ) qaqp), (BAT)

where C; are scalar functions. This expression can be simplified further in the center-of-mass

frame. First, there the photons move with opposite three-momentum and consequently their

polarization vectors not only satisfy q-e¢ = 0 and ¢’ - ¢ = 0 but also ¢ - ¢ = 0 and ¢ - € = 0.

This makes C7, C3 and Cg irrelevant once MP* is contracted with the polarization vectors. In

addition, for the same reason, {k,q — ¢/, €, €'} is an orthogonal basis in the center-of-mass frame,
* _Ix * Ik

which can be used to prove that’ e?” Y6 (=)o = —kPe of €,€,9a453/q - ¢, and consequently

that Cy can be absorbed into Cs. We conclude that the amplitude is determined by
MPHY — P (Cg gH + Cyetves qaq’ﬁ> ) (B.48)

This is just a restatement of the Landau—Yang theorem [210,211]. If the gauge boson is on
its mass-shell, its polarization vector e(k) satisfies k - €(k) = 0 and, according to the previous
equation, the decay amplitude vanishes. Furthermore, on an arbitrary R gauge (linear or not),

the amplitude for the process DMDM — ¢ — ~7 is proportional to

k2 _ 2)(0 nz C/Waﬁa’)*’*
= Dkoky Mﬁul’e*e’*:fkg( P )\ T )Y (g
o kR = em?, e k% —&m2,

When the vector particle is on-shell, this expression vanishes as expected from the Landau—Yang
theorem. Most importantly, in the Landau gauge, £ = 0, the expression vanishes even off-shell.
The decay of the gauge bosons into two photons is thus given only by the Goldstone boson
contribution. Since the latter is a massless scalar, we can calculate the annihilation amplitude by

applying the results presented in Sec. 5.3.2.

2Notice that this relation might not be true in an arbitrary frame because the photon polarization vectors are
not true four-vectors (for instance, their zero component vanishes in any frame).
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