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Abstract

The present work focused on the phenomenological study of tree extensions of the standard model:
the Inert Higgs Doublet Model (IHDM), the Scotogenic model, and the Singlet + Triplet Scotogenic
model (STSM). The motivations of these models imply physics beyond the Standard Model where some
of the current open questions in physics can be explained. In all of them, we have considered a freeze-out

scenario where the dark matter candidate is a scalar weak interactive massive particle (WIMP).

The first part of this work is related to the study of the main differences between the IHDM and the
Scotogenic Model. We did a deep study about the dark matter phenomenology in both where we inves-
tigated results that survive to the main theoretical constraints and that can also be a candidate of dark
matter, explaining the total dark matter abundance that exists in the Universe. We have studied a specific
signal at the compact Linear Collider (CLIC) and we investigated the parameters that will contribute to

different values in the cross-section of the Scotogenic Model in comparison with the one of the IHDM.

In the second part, we have reexamined the Singlet + Triplet Scotogenic Model which generalizes the
original idea introduced in the simple Scotogenic model, making its phenomenology viable and substan-
tially richer. The presence of singlet and triplet fermions automatically leads to two oscillation lengths
associated with solar and atmospheric oscillations and leaving a massless neutrino. We did a more de-
tailed phenomenological study of the scalar dark matter candidate updating the main constraints. We
have investigated direct detection of dark matter in the current experiments and we have done an analysis
of indirect probes via gamma-rays. Further, we realized a new collider study with relevant implications

for future Large Hadron Collider (LHC) searches with higher luminosity.
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Resumen

El presente trabajo se centré en el estudio fenomenoldgico de tres modelos que son extensiones del
actual Modelo Estandar: El Imert Higgs Doublet Model, el Scotogenic Model and el Singlet + Triplet
Scotogenic Model. La motivacién de estudiar estos modelos se basa en que pueden explicar algunas de
las preguntas existentes en fisica hoy en dia; todos ellos presentan una particula que serd candidato a
materia oscura y los tultimos dos proponen un mecanismo para dar masa a al menos dos neutrinos. En
todos los modelos hemos considerado la generacion de la abudancia de materia oscura en un escenario
de freeze-out y la particula candidata a materia oscura serd un escalar massivo debilmente interactuante

(WIMP definido por su nombre en inglés).

El primer trabajo estd relacionado con estudiar las principales diferencias entre el Inert Higgs Doiblet
Model and el Scotogenic Model. Hemos realizado un estudio profundo de la materia oscura en ambos,
investigando puntos que sobrevivan a las cotas mas fuertes en fisica y en los actuales experimentos y
también considerando que estos resultados pueden explicar la densidad de materia oscura en el Universo
en su totalidad. Estudiando una senal expecifica en el Compact Linear Collider (CLIC), investigamos los

parametros que contribuirdn a obtener diferentes valores para la seccién eficaz en ambos modelos.

En el segundo trabajo, hemos reexaminado el Singlet + Triplet Scotogenic Model el cual generaliza la
idea introducida en el Scotogenic model simple, haciendo su fenomenologia viable y mucho mas rica. Re-
lalizamos un estudio fenomenolégico detallado de la materia oscura escalar, actualizando las cotas actuales
de los experimentos. Investigamos la deteccién directa de dark matter y la deteccién indirecta via rayos
gamma. Ademads, realizamos un estudio en colisionadores el cual tendra relevantes implicaciones para las

futuras busquedas a alta luminosidad del Large Hadron Collider (LHC definido por su nombre en inglés).
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The dark side of the Universe

“Fvery real story is a never ending story.”
Michael Ende

The Neveren ding Story



CHAPTER 1. THE DARK SIDE OF THE UNIVERSE

To introduce the object of study in this thesis we must to do a review about the history of our Universe
and to give an introduction about the main problems presented in the Standard Model due to the recent
experimental results and astronomical observations.

This chapter will aboard a brief introduction of our early and present Universe and will point the open

questions in physics remarking those that will be approached on this thesis.

1.1 A brief introduction to standard cosmology

1.1.1 The main parameters to understand our story

Over the years, scientists have been interested to determine the matter density of the Universe. One
of the reasons is related to curiosity: find out what the Universe is made of. To understand the story of

our Universe is important to define three main parameters:

The Hubble constant: it is the constant that describes the expansion of the Universe. If we fix two
points in the Universe, these will move away from each other with a velocity that is proportional to their

current distance . The Hubble law is defined as !

7 km
Hy = —-=70
0 r s Mpc
= 15-107% eV (1.1)
A dimensionless parameter h can be written as
H

hi=—— (1.2)

100 4pe

In this way the Hubble “constant” is defined at a current point in time.

The cosmological constant: it describes most of the energy content in the Universe. This energy
is defined through the gravitational Einstein-Hilbert action [28]. The cosmological constant A can also be

related with the Hubble constant through a dimensionless parameter

A

Qp = —.
A 3H?

(1.3)

The matter content of the Universe: Over the years, scientists have been interested to deter-

mining the matter density of the Universe. We also know that the matter content changes with time. We

n this thesis we will considered = ¢ = 1.
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can define

Qpn = —, 14
Pe (14)

Pr
Q. = —, 1.5
Pe (1-5)

where p,, is defined as a mass density, p, as the radiation density and p. as the critical density separating
an expanding from a collapsing Universe with A = 0. Today, we can separate the matter content present
in the Universe. The dimensionless parameter that represent the non-relativistic baryonic matter content
of the Universe is defined as

Pb
Qp = —. 1.6
’ Pec (16)

The remain matter content is dark matter, which we define as Q, = Q,, — .

1.1.2 The dynamics of the Universe expansion

Our isotropic and homogeneous Universe can be described in terms of the Friedman-Lemaitre-Robertson-
Walker (FLRW) metric

d 2
ds® = dt* — a*(t) <1 Tk 5+ r2(d6* + sin@dgbz)) = gudxtda”. (1.7)
—kr
The constant k corresponds to the spatial curvature. If Kk = 0 we have a flat Universe while for £k = —1

and k = +1 we have a negative and positive curvature, respectively.
The Christoffel symbols are used to connect nearby tangent spaces and, in terms of the partial derivatives

of the components of the metric tensor g, can be defined as

PR
Lo = 39" (Govr + 9orw = Guro)s (1.8)

The scale parameter a(t) defined in equation 1.7 controls the expansion of the Universe. More specifically,
as we see in the last section the Hubble parameter can be defined similar to equation 1.1 as H = %7 which
encodes the rate at which the Universe is expanding. Thinking in an Universe dominated by radiation
the Hubble parameter is H = 1.6691/2%, where Mp = 1.22 x 10" [GeV] is Planck’s energy. We can
also define a dimensionless parameter with & = m/T, where m will be the mass parameter of the dark
matter. This yields to

2
H(m) = 1.669,1/2]% — Ha?, (1.9)

where . .
T; 7 T;
o I; 7 L 1.1
! boszo:nsg(T> +8fer%i:onsg<T> ( 0)

is the effective number of relativistic degrees of freedom. These number of degrees of freedom are counted

by a factor g specific for each particle taking into account for example the color, the spin and the anti-
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partcile [28].Here T and T; are the temperture of the plasma in equilibrium and the effective temperture
of each species, respectively. In order to be able to compute the relic density of the dark matter today,
we must compute the time evolution of the number density of dark matter particles. The phase space
distribution function f can describe the occupancy number in phase space for a given particle in kinetic

equilibrium. Also it is different for fermions and bosons [29],

1

f:m7 (1-11)

where the sign (+) corresponds to fermions and the sign (—) corresponds to bosons. E represents the
energy and p the chemical potential. We can integrate part of the phase space and calculate a series of

observables in the Universe defined by the next expressions:

n = @%g/ﬂmfn (1.12)

p==(;P/E@U@M%7 (1.13)
2

p = (Qi)g, / 3g’(|p)f(p)d3p. (1.14)

which represent the number density of particles, the energy density and the pressure, respectively.

An expanding Universe can be defined as a closed system and when it is in thermal equilibrium the

total entropy is conserved
TdS =d(pV) +pdV =d((p+p)V)—Vdp =0, (1.15)

where d((p + p)V) = Vdp and the entropy density s = S/V = (p + p)/T. Since the evolution of the
Universe is isoentropic, the entropy density can be defined as s = S/a®. Applying the last equation

corresponding to the number density of particles [30], we define the yield

n
Y = —, 1.16
é (1.16)
that in the absence of number-changing process, it will become a constant.
The evolution of the entropy density as a function of the temperature is given by
272 -
s="—g.sT" 1.17
15 s (1.17)

where

Gus= Y g(?>3+; > g(?ﬁ)S (1.18)
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is the effective number of relativistic degrees of freedom for entropy. Also the energy density can be

written as

2

p= 20T (1.19)

where g, is given by equation 1.10.
Solving the integral for the number density of particles explicitly for relativistic particles, we get

n= g%g(z&)T?’, (1.20)

where gegr = g for bosons and gegr = (3/4)g for fermions. Here we are considering that E = |p| in the
relativistic limit, and the integrals [~ p?(e? — 1)dp = 2((3) and [, p*(e? + 1)dp = 3¢(3)/2 in terms of
the Riemann’s Zeta functions

In the case of non-relativistic particles, when we solve the integral of the number density of particles we

T 3/2
n=g (n;T) e /T (1.21)

get

For both scenarios we can use equation 1.16 and the Yields at equilibrium as Ye%q for relativistic particles

and Yeﬁg{ for non-relativistic particles will read

Jeft Jeft

45
YR = (3 ~ 0.278 1.22
cdd 271—4 C( )g*Q g*S ’ ( )
45 (m\Y/2 g rm\3/2
varn = (%) () e 1.2
eqq 2774 8 s T e ( 3)

1.1.3 Time evolution of the number density

The Liouville operator is defined as

L=pt— —Tt p7pf—. 1.24
P gen ~ ootV 5 (1.24)

The evolution of the number density operator can be computed by applying the covariant form of the last

operator to the corresponding phase distribution function,

Lif] = Clf], (1.25)

where C[f] is the collisional operator, which takes into account the processes where the number of

particles will change, as decays or annihilations?.

. . . . . dph 2
2For the expression of the Liouville operator we have used the geodesic equation T = ddfz
yn

the equation 1.24 gravity enters by the related connection,I';, connection

= -TL,p°p". In
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In the case of a FRW Universe, where f(z*,p*) = f(t, E), we have

s 0 0 o p 0
L = E& _Fapp p aiE
) , 0
= Eg —Hlpl 5, (1.26)

where H = a/a. If we integrate (1.25) over the momentum space we have

g [Llf] 5 g / Clf] 3
e = —= | —=d°p. 1.2
(27r)3/ E P G5 ) B IP (1.27)
Performing some calculations the last equation reads
dn 9 Clf]
— Hn = —= . 1.2
a T Hn (27r)3/ 1P (1.28)

The collisional operator C[f] also incorporates all number-changing processes that create or deplete par-
ticles in the thermal bath. When there are no number changing dark matter interactions C[f] = 0.

Considering only in annihilation processes [31], Standard Model particles (A, B) can annihilate to form
a pair of dark matter particles labeled as x1, x2, or vice-versa ( i. e. A, B <> x1,x2). The phase space

corresponding to each particle is defined as

9i d3pi
dIl; = , 1.29
(27)3 2F; ( )
from where we can calculate the collision term as
C
(2i)3 /%ﬂ d’p = — [dladllpdlly, dlly,(27)*0(pa + PB — P — Pxo)
[|MX1X2<—>AB|2fX1fX2 - |MAB<—>X1X2‘2fAfB]' (130)

In order to reduce this expression to a more manageable form we can do the following assumptions [18]:

e First we have to consider that the temperature of each species satisfies T; << FE; — p; with p;
the chemical potential. Since they follow the Maxwell-Boltzmann distribution, (1 £+ f) ~ 1 and

statistical mechanical factors in the calculation can be ignored.

e The kinetic equilibrium is maintained in order to have the phase-distribution in terms of the Fermi-

Dirac or the Bose-Einstein forms.
e The Standard Model particles interacting are in thermal equilibrium with the photon bath.

According to the last considerations, assuming no CP violation in the dark matter sector

|MX1X2*>AB|2 = |MAB*>X1X2|2 = |M‘2
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Because of energy conservation in the annihilation process we have £y + Ep = F,, + E,,, thus

_Ea+FEp _Exy tExy
Fafn = FOFE = SR = BT e (1.31)

Due to Standard Model particles are in equilibrium we have

g Clf]
o | CAlarp = —(ov)n? 2, (1.32)
where .
(00) =~ [ dILadllpdIL dL, (2050 + b — b~ b |MEFEEE (1.33)

eq

is the thermally-average cross-section and n.q is the number density of particles in equilibrium. Due

to the initial conditions, this does not corresponds to a well-defined energy and we have to integrate over

to the possible energies that the particles in the thermal bath may have. Extra integrals in the phase
€

space of incident particles with a given function distribution by f{??fr1? will appear. We are left with

the familiar form of the Boltzmann equation,

dn

p +3Hn = —(ov)(n® — nZ,). (1.34)
If the right side of the equation dominates, then n traces its equilibrium value n ~ n.,. However,
when Hn > (ov)n?, then the right-hand-side can be neglected and the resulting differential equation

3

dn/n = —3da/a implies that n o« a~®. This means that the dark matter particles do not annihilate

anymore and their number density decreases only because the scale factor of the Universe increases.

1.1.4 Thermal production of dark matter in the Universe

Particles that are in thermal equilibrium in the early Universe are called thermal relies. These particles
would be decoupled from the primordial plasma at freeze-out®, when the rate of annihilation of dark
matter became smaller than the expansion rate of the Universe. After that, they will remains traveling
in the Universe and depending of the can contribute to the total or partial average dark matter density.
Particles produced by a non-thermal mechanism are known as non-thermal relics and are produced for

example, gravitationally at the end of the inflation.

Freeze-out of relativistic species

Neutrinos are one example of relativistic particles and is important to consider their contribution to

the total amount of dark matter. Since neutrino decouple while they are still relativistic, according to

3Dark matter abundance production can also be considered via freeze-in. After inflation, if the temperature of
the Universe was not high enough for the dark matter particle to be in thermal equilibrium, the initial abundance
of it will be zero. Interaction of particles in the thermal bath will be producing dark matter particles. The
production rate is small, however, these particles do not annihilate or decay due to they are produced out of
equilibrium, building a relic density.
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equation 1.23 we have

Yog ~ o.27sggﬂ. (1.35)

Neutrinos decouple at a few MeV, when the species that were still relativistic are e*, ~, v and 7. The
number of relativistic degrees of freedom is g, = g.s = 10.75. For one neutrino family, the effective
number of degrees of freedom is g.rs = 3¢g/4 = 3/2. With these values we can calculate the relic density

today

>, Yoosoh?
pe

Zi My,
9leV

an? =
(1.36)

Considering the current bound where ). m,, ~ 0.3¢V we can quantify that the total contribution of
neutrinos to the total amount of dark matter is Qh? < 0.003, that is less than the 3% of the total dark

matter density.

Freeze-out of non-relativistic species

Boltzmann equation can be expressed as

g _ _S‘T<O—’U> (Y2 _ Y2 )
dx H(m) eaq
—Xov) , 9
= x<2 >(Y =Y. (1.37)

knowing as a Riccati equation. Here A\ ==~ 0.26(g*8/gi/2)mMp. Now we can define the quantity
Ay =Y — Y., and a dimensionless variable z = m/T. To solve approximately Boltzmann equation,

we can separate the solution in the early and late times.

For early times 1 < x << x; where s is the freeze-out time, the yield follows closely its equilibrium
value, Y =~ Y, and we can assume dAY/dz = 0. We find

dYeq (E2
Ay = -4 ) 1.
Y Yoy 2X(ov) (1.38)

At freeze-out using that for a large enough value of & and considering the non-relativistic yield at equi-

- dY,
librium ¢~ —Y,, we have
’ dx q

(1.39)
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For late times & >> zf, we can assume that Y >> Y, and Ar_ ~ Y,,. We have

dAy  Mov)

dx 2

A% (1.40)

We will integrate this equation from the the freeze-out time up to nowadays. Considering the value for

which the equilibrium Yields has the right value when zy ~ 20 we have

x
Ay =Y = M (1.41)

where the thermally averaged annihilation cross section is expanded as (ov) = a + % In terms of these

results, the relic density can be expressed as

mXYoosoh2
Pc
107 10[GeV]~?
b
a + E
3 x 10~ cm3s!

b
CL+E

Q. =

Q

(1.42)

The expression shows that for larger values of the annihilation cross section, smaller values of the relic
density are obtained. The evolution of this number will depends on both: the annihilation rate and the
expansion rate. When the annihilation rate is much lower than the expansion rate I' << H, the dark
matter particles cannot find each other fast enough compared to the expansion rate and thus fall out of
the equilibrium, Y(z < 2f) ~ Yeq(x) and Y (z # x5) =~ Yeq(xzs). Equation 1.42 can be analyze in some

limiting cases to build intuition of how dark matter number density evolves with time.

1.2 Neutrino Physics

Considering the decays of heavy elements the following reaction is present, A — B+e~ where A and B
are neutral and charged nucleus, respectively. When the distribution of beta particles were measured, the
last result showed that there was a contradiction to the law of conservation of energy. In 1930 Wolfgang
Pauli proposed an hypothesis trying to explain this, arguing that should be another particle involved in
the last reaction in order to the equation be balanced. Considering a new particle called neutrino the
correct energy distribution was obtained. In 1956, there was indirect evidence of this new neutral, spin
1/2 and light particle by Cowan and Reines experiment [32], where they measured the recoil of the nuclei

that a particle emitted after absorbing an electron.
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1.2.1 Neutrino mass problem

Nowadays, we know that neutrinos have mass, nevertheless in the Standard Model neutrinos remain
massless. The non observation of right-handed neutrinos in the experiments keep them apart from the
theory and there is not mass term generated for these particles. The mechanism of how neutrinos acquire
mass is one of the actual open questions presents in physics keeping many physicist proposing and gener-

ating new models and ideas about it.

In 1957, Pontecorvo proposed that neutrinos could oscillate between flavors. In 1960 and 1062, a version
about the idea of Pontecorvo explaining the oscillation mechanism was performed, including only two

neutrino flavors [33, 34]. Supposing the idea that only two neutrino flavors exist, we have

Va) = Uaylvj)
0 inf
s — cos sin (1.43)
—sinf cosf

where the index « and j labels the neutrino mass eigenvalue basis and the electroweak basis, respectively.
if we label the mass eigenvalues as m; and ms, the probability of oscillation from the flavor i to 7 with

i # j, can be written as

2
Pi,; = sin?(20)sin? (AE«: L> . (1.44)

Here F is the energy of the neutrino in the experiment and L is the distance traveled by the neutrino.
According to equation 1.44, the probability of converting one neutrino flavor into another is because there
are not more than one neutrino massless and the square mass difference Am? is different than zero. Con-
sidering three neutrino flavors, equation 1.44 get more complicated but the idea remains, also taking into

account that the probability will depends on the mixing angle between the different neutrino flavors.

One of the neutrino oscillation parameters is the squared mass difference for neutrinos, which is de-

2 — m? Here ¢ and j are labeling different mass eigenvalues for neutrinos. We can define

these masses as mi, mo and ms. Up to now, there are not precise values for each neutrino mass nor

fined as m

an idea of the corresponding ordering which can be defined as normal or inverted hierarchy of neutrino
masses. Normal ordering assumes that neutrino masses increase ordering by the values of my, mo and
mg. Inverted ordering assumes the decreasing ordering ms, m; and mg. The squared mass differences
will control the frequency of the flavor oscillation in the weak basis.

The most general parametrization of the neutrino mixing matrix includes three rotations. When CP

violation is allowed, also three unitary phases are added. The following unitary matrix, known as the

10



CHAPTER 1. THE DARK SIDE OF THE UNIVERSE

Pontecorvo-Maki-Nakagawa-Sakata matrix (PMNS)

va) = Uajlvy)
1 0 0 cosfys 0 sinfyze Y
Uy = 0 cosflas  sinfog X 0 1 0
0 —sinfoz cosbas —sinfise™9 0 cosf3
costlip  sinfis 0 egio1/2 0 0
X —sinflis  cosfip 0 | X 0 eiez/2 (1.45)
0 0 1 0 0 1

represents the rotation matrix for a system of three neutrino flavor, where ¢ (for Dirac neutrinos) and

a2 (for majorana neutrinos) are the CP violation phases.

1.2.2 Neutrino mass generation

There are two possibilities for neutrino masses that have been studied extensively. Neutrinos can get
a Dirac mass term or a Majorana mass term [35, 36]. For the charged fermions, only Dirac mass terms
are allowed due to conservation of electric charge. In this thesis we have considered that neutrinos are

Majorana, nevertheless we will give a brief explanation of both scenarios [37].

Dirac masses

In the case of a Dirac mass term, a Dirac neutrino by a four component Dirac spinor v will be written

[ x
- ( s ) (1.46)

where o9 is a Pauli matrix and x and ¢ are the two-component Weyl spinors. Neutrinos can be defined

as

as:

vy, = PLZ/ (147)
vrp = PRI/, (148)

as left-handed and right-handed neutrinos, respectively according to their chirality properties. Here

Prr= %(1 F 75) are the chirality projectors. Hence, in terms of Dirac spinors we have:

P (’5) (1.49)
vr = ( O-QO(b* ) . (150)

11
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Applying the charge conjugation to the field defined in (1.46) we obtain:

Ve =CiT = 20T

= ( ¢*> (1.51)
02X

where the Weyl spinors x and ¢ get exchanged because for Dirac neutrinos the antineutrino does not
coincide with the neutrino (as it happens for Majorana neutrinos), i.e. v # v°.

The Lagrangian mass term for Dirac neutrino masses can be defined as
Lp=-mPoLvg+he. (1.52)

Considering that three families of singlet right-handed neutrinos vg, all of them under the Standard Model

gauge group, with their respective Yukawa coupling are added to the particle content of the Standard
D

Model. The mass term m;’ =Y, (v) where (v) ~ 100 [GeV] is the expectation value for the Higgs boson,

would come from the Lagrangian term after electroweak symmetry breaking as:
[:y = 7YV<U>LI/R, (153)

where Y, is a 3 x 3 matrix. Considering that neutrino masses are the order below ~ eV, the value for
Y, must be below 10~!!, saying that right-handed neutrinos couple very weakly to the rest of matter.
Right-handed neutrinos are not included in the Standard Model spectrum since experiments related with

weak interaction have not detected them.
Majorana masses
The Dirac Lagrangian for any free fermion field which can be either charged or not is

Lp = ~v(iff — m)v, (1.54)

N

where v = (v, vg)T. The mass term can be written in terms of the chiral bispinors. Using the definition

of the adjoint spinor we have
Lpy = —mpvv +...= —mp(VLVR + VRVL) + ... (1.55)

As it was described when we presented the Dirac scenario for neutrino masses, the Lagrangian above is
the one that will be introduced when right-handed neutrinos acquire a Dirac mass term. If the fermion is

neutral, a relation between the bispinors v, and vg can be established and yields into

_ 0% ). (1.56)
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Thus, the mass term in the Dirac Lagrangian will be

m
E(D) = 75171/ + ...

m

= -3 ( VR, + VLvg + h.c ) . (1.57)

Neutral fermions with left and right components relate with v;, = v are known as Majorana spinors [38].
The Majorana mass term annihilates a left-handed neutrino and creates a right-handed antineu-
trino, which means that it changes a particle to an antiparticle. It can be shown that a Majorana particle
with a twin brother of equal mass will describe a Dirac fermion [39]. This is the reason why Majorana
mass term violates lepton number by two units. As we have notice in the Lagrangian, Majorana mass
term are forbidden for charged fermions such as the electron, due to they have non zero electric charge

and U(1) must be invariant.

There are phenomenological implications to the nature of neutrinos. One of these is related with neutri-
noless double beta decay [40] that it is only possible if neutrinos are Majorana. This phenomenon will be
explained later due to the implications that will have to this work.

We will continue our discussion first, listing the mechanisms to give masses to neutrinos. One of the most
popular is known as the seesaw mechanism [39, 41, 42, 43, 44] which can be realized in many possible

ways. Here, we will considered only the ones that are the most important to this work.

Weinberg Operator

Figure 1.1: Weinberg operator. Majorana mass terms give rise when the electroweak symmetry is broken. The dot in the
center represent the new physics that can be introduced at high scales of energy.

Above energies given by a cut off scale A, new physics might appear. The new physics can be explained
by effective operators which are non-renormalizable operators (NRO) that summarizes essential ingredients
of a model. We can assume that there is new physics at a high scale A and it will manifest itself by some
non-renormalizable operator suppressed at energies much lower than A, E << A, by powers of E/A. In

1979 Weinberg postulated a theory to extend the Standard Model and give masses to neutrinos [45]. With

13
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a non-renormalizable interaction between the Higgs field and neutrinos, a Majorana mass term can be
generated. Let’s assume that the form of the Weinberg operator is:
1

OW:A

LiL;éo (1.58)

where L; and L; are lepton doublets and ¢ is the Standard Model Higgs doublet field. After the electroweak
symmetry breaking, through the nonzero vacuum expectation value (vev) of the Higgs (v = 246.22 [GeV]),

Weinberg operator will generate a Majorana mass term for neutrinos,

Ow = s (¢)(6") (1.59)

where (¢°) = % and thus will leads the dependence m,, % The last dependence is in contrast with

the other fermions whose masses are linear to the vev. Due to A is the energy scale where the Weinberg
operator is generated (see figure (1.1)), it can have a high value. This idea can explain the small value of
neutrinos masses, which will be suppressed by A.

There are many different models whose at low scales of energy give rise to the Weinberg operator. At tree

level, there are three posible realizations of the Weinberg operator:
e Type I seesaw [43, 46]
e Type II seesaw [41, 44, 47
e Type III seesaw [48]

The Feynman diagrams for the different types of seesaw mechanism are shown in figure (1.2)

\ 7/
\ fermion singlet #

Figure 1.2: Feynman diagrams for different seesaw mechanism types: (a) seesaw type I, (b) seesaw type II, (c) seesaw type
III..

14
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Type I Seesaw mechanism

Considering that neutrino masses are Majorana masses they will be given by mpvrvi where vy, is
a left-handed neutrino field and v¢ is a right-handed antineutrino field *. Neutrino Majorana masses
violate lepton number conservation and assuming only Higgs doublet fields are present in the Standard
Model, these are forbidden at the renormalisable level by gauge invariance. The type I seesaw mechanism
assumes that these terms are generated effectively when right handed neutrinos are introduced, but are

zero at the beginning. If Y, . is the coupling ¢Lvg, we can write the mass term in the Lagrangian as

1 C
Jo—— ( v e )M < R ) +he. (1.60)
2 VR
where
0
(5 "
mp MR

is the mass matrix for the neutrino, where both Dirac mass term mp and Majorana mass term Mp are
included. if we assume that Mg >> mp, the mass matrix M can be diagonalized and give rise to three

light eigenstates and three heavy eigenstates,

bt — Ty = Yt (1.62)
v DR 2Mp
Mheavy — MR- (163)

In this case we will have pure Majorana neutrinos with mass m, = Y, v. On the other hand, when
Mp = 0 the mass matrix will give three pure Dirac neutrinos. In that case, lepton number conservation
is restored and to get the correct value of neutrino masses the Yukawa coupling will be much smaller (of
order ~ 10712) than the other Yukawa coupling of the Standard Model. Also, pseudo Dirac neutrinos will
be present if M,, <<Y,,v.

Type II seesaw mechanism

In this case of seesaw a scalar triplet, A with hypercharge 1 and under the SU(2), is added. We can
add one Higgs-like triplet field A, composed by three components with charge 0,+1,+2. The Lagrangian
mass term becomes

L=—MI|A? ~ AALAL — p116A¢ + h.c. (1.64)

Integrating out, the heavy triplets generates the Majorana mass operator (LH)? as in the previous case.
As similar as in the case of the seesaw type I, the presence of the last two terms will breaks the lepton

number by two units. After the electroweak symmetry breaking when the Higgs field gets a vev, considering

4Due to Majorana masses are forbidden by electric charge violation, the interaction is possible due to both the
neutrino and antineutrino are electrically neutral.

15
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Ma >> v we have that the mass for the light Standard Model neutrino is

Aapv?
m, =
2Mi

(1.65)

As we can see, the lightness of Standard Model neutrino masses at low energies is explained by the heavy

masses of another field. In this case is the triplet A.

Type III seesaw mechanism

Lepton fields and the Higgs doublet field ¢ will combine to form a fermion triplet. The intermediary
particle must be a fermion triplet 3 as well, which is added to the Standard Model and is a SU(2), triplet

with zero hypercharge. The Lagrangian mass term will be

L£mess = 7?22 — AsSLH + h.c. (1.66)

The mass for the left-handed neutrino will be
2,2

A
m, = Y
2Ms,

(1.67)

which looks similar to the case of the type I seesaw.

1.3 Dark Matter

In this thesis we are considering dark matter as a weakly interactive particle (WIMP). In the
next section we present the main astronomical evidences of dark matter and we give a brief description
about the different dark matter candidates that exist. Also, we present the experimental searches to a

WIMP-like dark matter particle: direct searches, indirect searches and collider searches.

1.3.1 Dark matter motivations

Astrophysical evidence of dark matter is based on gravitational effects that cannot be explained by
just the observed baryonic matter. For example, these gravitational effects can be perceived through the
observation of the deflections of light by gravitational lensing or dynamical effects. One of the ways to
address these problems is the inclusion of more matter that does not emit any light. Another scenario
to solve the problem is related to the modification of Newtonian equations. Nevertheless, with this last
solution the problem is solved only at galactic scales, also leaving problems as reproducing the anisotropies
of the CMB without a solution or explanation.

The elementary particles that compose the actual Standard Model are not candidates to be a sub-dominant

dark matter particle, giving us one reason to extend this model. In order to understand the motivations
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of a dark matter particle, we present the astrophysical and cosmological evidence that indicates that at

least the ~ 27% of the Universe mass density is dark.

Galactic scale

From standard Newtonian gravity we find the relation

v= G]\f(r), (1.68)

where v is the rotation velocity of the objects in the galaxy and M (r) the mass contained within the radio
r. Gauss Law says that the mass M should remains constant assuming that all the mass is concentrated
in the bulge and v o #~/2. Observations of rotation curves of spiral galaxies by Vera Rubin et al. [49, 1]
showed that the circular velocity curve flattens out at large radial distances as we can see in figure (1.3).
Already observations imply M (r) o« r. If a new mass component that satisfy this relation is included the
flatness of rotation curves can be obtained®. Because of that, it is necessary an additional component of
matter of non-interacting particles.

According to rotation curves, we can infer that dark matter mass density distribution is

VELOCITY IN PLANE OF GALAXY (km s)

L L "
0 5 10 15 20 25
DISTANCE FROM NUCLEUS (kpc)

Figure 1.3: 21 Sc rotation curves measured by Vera Rubin et al. [1].

p(r) ~ —. (1.69)

This halo of dark matter can extend up to ten times the size of the galactic disk and contains approximately

an 80% of the total mass of the galaxy.
Galaxy clusters

Dynamical systems. One of the arguments in favor of dark matter and in contradiction to MOND

®Some works by Bosma [50] and van Alba et al [51]. showed that this flatness could not be reproduced by
modifying the relative weight of the diverse galactic components.
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(Modified Newtonian Dynamics) theories is the Bullet Cluster (1E 0657-558) [2]. It consist of two clus-
ters of galaxies that collide. The visible component of the cluster display a characteristic shock wave.
Weak-lensing analyses using data took it by the Hubble Space Telescope have revealed that most of the
mass of the system is displaced from the visible components. The conclusion is that the dark matter
components of the cluster do not interact significantly. In the case of MOND theories, we would expect
that the lensing occur due to the baryonic matter, i.e. in the center where the mass interact not in two

separated areas as is shown in figure (1.4).

Dark matter filaments structure. Observations of luminous matter distribution have shown that it

57 56’

-5558"

6M"58M42° 36° 30° 248 18° 122

Figure 1.4: 500 ks Chandra image of the Bullet cluster. Green contour shown the weak lensing  (the surface mass density
of the lens divided by a scaling constant) reconstruction with the outer contour level at x = 0.16 [2].

follows a filamentary structure at large scale. This feature can be reproduced with numerical simulations
of cold dark matter, which plays an important role in the creation of this filamentary structure, trapping
the luminous matter via gravity interaction. Figure (1.5) shows the existence of a possible dark matter

filament joining the two clusters of the Abell 222/223 supercluster [3].

Motion of galaxy clusters. Assuming that the Coma galaxy cluster is an isolated system, Fritz Zwicky
studied the motion of galaxies on it [52]. A relation between the average velocity of objects with the grav-
itational potential can be established using the virial theorem. The results show that the ratio of mass
to light was much larger than the one expected in comparison with other systems [53]. An explanation
could be related with a large amount of missing mass which can be attributed to dark matter.

Cosmological scale

The determination of the cosmological parameters of the Universe comes from the analysis of the
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Figure 1.5: Dark filamentary structure in the system Abell 222/223 [3]. The image was reconstructed using weak lensing
technics.

Cosmic Microwave Background (CMB) fluctuations made by WMAP [54] and Planck satellites and the
Atacama Cosmology Telescope (ACT) [55]. The data obtained by satellites as the COsmic Background
Explorer (COBE) [56] confirm that we live in a flat Universe, dominated by dark matter and dark energy.

The cosmological abundance of dark matter have been determinated by Planck satellite [20]
Q,h% = 0.1196 £ 0.0031. (1.70)

We can infer that dark matter is responsible of the 26% of the Universe energy density while 69% is by
dark energy.

1.4 Dark matter candidates and searches
One of the main questions about dark matter is what it is made off. Many evidence have shown that
dark matter is a kind of particle that is

e non-baryonic. Recent analysis of the CMB [20] gives information about the values for the cosmo-
logical density of baryons Q,h? = 0.0224240.00014, dark matter Qxh2 =0.11933+£0.00091, matter
Q,,h? = 0.3111 £ 0.00056 and dark energy Q,h? = 0.6889 £ 0.00056. The discrepancy between

and Q,, insinuates that non-baryonic matter (dark matter) will dominate energy and mass density.
e neutral. If dark matter was not neutral, it would scatter light and it would not be dark.
e non-relativistic. Relativistic dark matter (hot dark matter) has inconsistencies with observations.

e very long-lived. If dark matter is not stable, should be a long-lived particle. We know that stable
candidates for dark matter are common in models where an extra symmetry is imposed ensuring the

stability of the lightest particle. Nevertheless, dark matter can be long-lived and decay whenever

19



CHAPTER 1. THE DARK SIDE OF THE UNIVERSE

their lifetime is longer than the age of the Universe. This kind of dark matter, as the gravitino,

feature small couplings.

e collisionless (or not very collisional). A dark matter particle must be very weakly interacting with
baryonic particles. Dark matter self-interactions are not ruled out, but upper limits on o, /m, are
computed to be < 0.3cm?/g [57] coming from observations of the surfaces densities of dark matter
halos and < 0.7 — 1.3cm? /g [58] from observations of the Bullet Cluster.

One of the main candidates proposed in literature in the past are the Standard Model neutrinos. Neutrinos
are particles of the Standard Model that have a very small mass. We know that they are very abundant
in the Universe and interact very feebly, through the electroweak force, with ordinary matter. At the
beginning, scientist believed that neutrinos was the total dark matter of the Universe but many arguments
show that they only contribute to a very small part of it. Neutrino’s thermal relic abundance can be
computed through the study of the neutrino decoupling in the early Universe. When they decoupled,

they are relativistic particles yielding
P

“91ev
Using the current upper bounds of neutrino mass difference [59], we get that Q,h? < 0.003 that is only a

Q,h? (1.71)

small part of the total relic abundance measured by Planck. Also, neutrinos are considered hot dark mat-

ter (relativistic) and leads to a different hierarchy of structure formation inconsistent with observations.

As we mentioned before, in this work we focus on a WIMP dark matter candidate. Other kind of

dark matter candidates to study are:
e Sterile neutrinos [60].

e Axions or axion-like particles [61]

Supersymmetry candidates [62]

Ultra-light dark matter [63].
o WIMPzillas [64].
e Primordial black holes [65].

The parameter space of these possible dark matter candidates and others is described in figure (1.6).

1.4.1 A dark matter particle

WIMPs are considered a good dark matter candidate because they are massive particles that are feeble
interacting and long-lived providing a non-relativistic cold candidate that is compatible with cosmology.
This particle interacts via weak force and its range of mass can arises until the TeV scale. This kind of
particles can be bosons and fermions and are proposed as many candidates coming from extensions of
the Standard Model. Different classes of WIMPs have been studied [66, 67]: one of them corresponds
to the extension of the Standard Model Higgs sector, adding an extra Higgs doublet; another case is the
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Figure 1.6: Interaction cross section versus the mass of different dark matter candidates. Figure from [4].

supersymmetric extension of the Standard Model.

Proposing a WIMP as a dark matter candidate, implies that is necessary a mechanism of its produc-
tion in the early Universe, that be able to explain the current observed dark matter abundance in the
Universe. The freeze-out scenario is the most common mechanism for WIMPs dark matter generation.
If WIMPs interactions are enough efficient, the annihilation rate exceeds the Hubble expansion rate and
the WIMP dark matter is in thermal equilibrium with the primordial thermal bath. When temperature
drops below the dark matter mass, the yield Y, becomes Boltzmann suppressed, i.e. Y, is approximately
constant with time. The WIMP number density decrease while the Universe expands and cools down.
When they cannot self-annihilate anymore nor can they be created by the inverse process, WIMPs would
decoupled from the primordial plasma at freeze-out temperature. Figure 1.7 shown that the dark matter
abundance is inversely proportional to the thermally-average cross-section of dark matter (ov). By solving
the Boltzmann equation we can notice that, in order to get the correct experimental value for the dark
matter relic density ©,h? & 0.12, the value of the thermally-average cross-section is (ov) ~ 10726 cm3s~!
for a WIMP dark matter mass around the 100 [GeV] to the 10 [TeV]. The masses close to the weak scale
that reproduce the correct dark matter abundance of the Universe call this as the “WIMP miracle”.

In order to detect a possible WIMP dark matter three scenarios, illustrated in figure (1.8) of dark matter

detection have been studied: direct detection, indirect detection and collider searches.
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Figure 1.7: Dark matter number density versus x = m/T. The number density of dark matter particles drops until the
freeze out moment when the dark matter would decoupled and its abundance remains stable. Higher dark matter abundance
values are gotten when (ov) decrease. Figure form [5].

1.4.2 Direct searches

The idea of direct searches is measuring the recoil of a nuclei after scattering with a WIMP like dark
matter particle in underground detectors. The mean velocity of WIMPs presumed is similar to that of
galactic objects, i.e. 1073¢ so it expects the recoil kinetic energy to be about tens or hundreds of keV.
For this process we can choose the optimal nuclear target.

The direct detection rate of a WIMP x depends on many parameters: the mass of the WIMP-like dark
matter m, and its cross section on the target nuclei o, N, the local halo density py and the velocity
distribution of WIMPs around the galaxy f(v). This differential rate is given by

dR 00 /°° doy N
— = FEr)d 1.72
dER mNmX ) Uf(’l)) dER (’U7 R) Y ( )

min

where my the mass of the nucleus, vmin = /(mnxEr)/2p% is the minimum velocity of the WIMP which
doy N
dEr

elastic scattering [68]. The differential event rate is typically expressed in therms of count/kg/day/keV.

can cause a recoil of energy Er and (v, ER) is the differential cross section for the WIMP-nucleus

The elastic scattering occurs in the extreme non-relativistic limit since the WIMP-nucleon relative speed

is ~ 100 km's~!. We calculate the recoil energy of the nucleon in terms of the scattering angle #* on

the frame of the center of mass 2 .2(1 o
By = M1 = cost) (1.73)
my
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Figure 1.8: Scheme of different types of searches for a WIMP-like dark matter which is valid only in absence of resonances
and coannihilations. The term “now” in indirect searches indicates that the dark matter annihilation is at present and do
not in the early times of the Universe. The figure depicts the interaction between a WIMP x and SM particles. Cross section
for thermal production in the early Universe, for indirect detection and direct detection are related to each other [5]. In the
case of collider searches, the production of new particles which have been interpreted as dark matter particles, is shown.

where pn = mympy/(m, + my) is the WIMP-nucleon reduced mass.

The total event rate is found by integrating the differential event rate over all the possible recoil energies:

Re [ ap,—"o /oo o) 2N (o By, (1.74)
Er mNmX ) dER

where Er is the smallest recoil energy that the detector is capable of measuring. The WIMP-nucleus
differential cross section depends fundamentally on the WIMP-quark interaction strength, calculated from
the microscopic description of the model, in terms of an effective Lagrangian describing the interaction
of quarks and gluons with WIMP-like dark matter candidate. The WIMP-nucleus cross section is then
obtained through the use of the hadronic matrix elements which also can be separated in two contributions,

one spin-independent and other spin-dependent,

d d d
TN _ ( "xN) +< ”XN) | (1.75)
dEp _ \dEg )¢, ' \dEgr )4p

Finally, the total cross section between the WIMP and nucleus is calculated by adding the above spin-

dependent and spin-independent components, using the nuclear waves functions. There will exists a form
factor F(ER) encoding the dependence of the momentum transfer ¢ = /2myFEg, and accounts for the

coherence loss which leads to a suppression in the event rate for heavy nucleons of heavy WIMPs. The
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differential cross section can be expressed as

dUXN o myn

dER - 2/~52 '1)2 (UglFSZI(ER) +a§DFSQD(ER))7 (176)
N

where the cross section at zero momentum transfer have been separated in a spin-independent contribu-
tion oS! and a spin dependent contribution o5P.

Analysing the Lagrangian that describes the interaction of the WIMP with the quarks, we can see the ori-
gin of the different contributions. The contribution to the spin-dependent part of the cross section arises
from the axial-vector couplings while the contribution to the part of spin-independent cross section comes
from the scalar and vector couplings. In this work, since we are considering a WIMP scalar dark matter

candidate, the contribution for the dark matter-nucleus differential cross section will be spin independent.

For WIMP signals, the annual modulation of the recoil rate due to the Earth speed variation is an
experimental signature expected in direct detection experiments. Dark matter has not preference to any
direction of motion with respect to the Galactic rest frame. If we are in the laboratory rest frame, dark
matter velocities will be oriented in the opposite direction to the motion of the Sun and there will be a
wind of dark matter in the solar rest frame (figure (1.9)). Since the Earth moves around the Sun, during
June the Earth will pass towards this wind and an observer will see more high velocity particles. As a

result, the dark matter flux is larger in the summer compared to the winter (for the northern hemisphere ).

DMWind

June |

Figure 1.9: Schematic representation of the orbit of the Earth around the Sun with a relative orientation of the incident
wind of dark matter (figure from [6])).

What determines the sensitivity of the experiment to a WIMP signal is illustrated in figure (1.10).
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We have three important contributions:

e Energy threshold: We notice that, for a given recoil energy Er, we require a minimal velocity of the
WIMPs dark matter. Experiments are sensitive to dark matter interactions above a certain energy
threshold and we only can prove part of the WIMP velocity distribution function, depending on
the dark matter mass. Since the dark matter particles in the halo have a maximum velocity, the

threshold is a limitation to explore dark matter with low mass

e Target: Among many other parameters, the WIMP recoil rate depends on two factors: the total
mass of the detector and the nuclear composition of the detector target. A target will have im-
plications on the experimental sensitivity to light and heavy WIMPs. As a target material, direct
detection experiments usually make use of either Xe (xenon), Ge (germanium), Si (silicon), Na

(sodium), I (iodine) or Ar (argon).

e Background and exposure: it will determine the total sensitivity of the experiment trying to exclude

the background of similar signals to dark matter, pushing the limits to lower scattering cross section.
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Figure 1.10: Illustration of a dark matter direct detection cross section versus the WIMP mass. Left: We can see in the
solid blue and black curves that for low WIMP masses the energy threshold will determine the smallest mass of a WIMP
accessible to a given direct detection experiment. Here the black line is the limit and signal for reference and the blue line
refers to a direct detection experiment with lower energy threshold (colored lines are illustrating the variation of an upper
limit due to changes in the detector). With larger exposure, stronger bounds of the scattering cross section are gotten (green
solid line). Right: Background and exposure impact on the sensitivity. Black curve is a reference curve. Red and green
curves show the impact when the background is discriminated [7].

Until today, direct detection dark matter experiments have improved considerably, especially in the low-
mass range, but dark matter has not been detected yet. The goal for direct detection experiments is to
shield the radioactive background. Since the event rate of dark matter particles is much smaller than the
flux of cosmic rays, they are installed underground to block cosmic muons which will produce neutrons
simulating WIMP signals. Other background sources must be analize as those produced by gamma rays

and neutrinos [7].
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There are many competing experiments trying to detect dark matter with either light or high masses.
CRESST [69, 70], CDMS [71, 72, 73, 74] and SuperCDMS [75, 76, 77] are cryogenic detectors operating
at low temperatures (SMk). There are experiments using noble liquid gas: LUX [78], XENON [79, 80,
81, 82, 83], PandaX-II [84, 85] and Zeplin-IIT [86] uses Xe, while DarkSide [87, 88, 89], ArDM [90, 91],
and WArP [92] are experiments based on Ar as the noble gas that scintillates from particle interaction.
Experiments as PICO [93, 94, 95], that was formed from the merges of PICASSO and COUPP experi-
ments, are searching for galactic dark matter using bubble chambers.

Since our work is focusing in one in particular dark matter mass range, we present a discussion only
about XENONI1T experiment and DAMA [96, 97, 98, 99], that have reported possible detection signals
of dark matter. Other experiments as CDMS-II, CoGeNT [100, 101] and CRESST also report a possible

WIMP-like dark matter detection or some anomalies in the data.

XENON: The experiment started in 2005 at Gran Sasso underground laboratory in Italy. As the
target, the recoil energy that Xenon can achieve is in the order of a few hundred [GeV]. In 2006 the
XENON experiments started with XENON10 [81] where limits of WIMP-nucleon cross sections were set
around 10~*3cm=2 for a WIMP mass of 30 [GeV]. The detector was updated to XENON100 in 2008
with no success in the observation of a dark matter signal above the expected background. Presently,
XENONIT [102, 103] is operative, whose fiducial volume contains 1.3 tonnes of liquid xenon. The project
is being improved to XENONT [12] that utilizes a total of 8.3 tonnes of xenon with a fiducial volume of
4 tonnes.

This dual-phase noble liquid detector works through the scintillation and ionization produced by the par-
ticle interactions inside this noble gas, which is not absorbed by the medium and is extracted from large
volumes of detector material. The interaction of the WIMP with the noble gas creates electron-hole pairs
and a strong electric field is then applied. The electrons are guided towards the part of the detector where
the gas is held in equilibrium and then, electrons produce ionization that leads to another scintillation.
This secondary scintillation is used to discriminate between electron recoil, that is coming typically from
gamma and beta radiation, and nuclear recoil, typically coming from neutrons and WIMPs.

Other experiments as LUX that contains a dual-phase 350 kg of liquid xenon are being improve. The
LUX-Zeplin experiment (LZ) [104], merged from the groups LUX and ZEPLIN, expects to start in 2020.

DAMA: This direct detection experiment [105, 96, 106] is searching for WIMPs located in the galac-
tic halo using radiopure scintillators (Nal, Xe). Between 1996 to 2002 the first generation of detectors
DAMA /Nal [107, 108] were operated, and the second generation, DAMA/LIBRA [99, 109, 110] started
at 2003. DAMA /Nal was conceived to investigate the model independent annual modulation signature
expected for dark matter. Since 1997, the experiment has reported a positive model independent evi-
dence of a cosine-like annual modulation signal that, according to DAMA collaboration, is compatible
with the presence of dark matter particles in the galactic halo [96, 106, 110, 111, 112, 113]. The second
generation experiment DAMA /LIBRA has also confirmed a peculiar annual modulation signal with all

the characteristics of a dark matter-induced signal in the 2-6 keV energy region, at 7.50 level. Including
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the data of both, DAMA /Nal and DAMA/LIBRA experiments, the C.L. increases to 9.3¢0 [106, 110]. The
interpretation of this signal as WIMP-like dark matter evidence has raised many questions. Due to the
non observation of this signal with other experiments, the DAMA collaboration claims that it is not a
straightforward direct comparison with other experiments using different target materials. Many studies
had been made [114, 115, 116] in order to understand the nature of the DAMA annual modulation.

The particle detector experiment ANAIS (Annual modulation with NATI Scintillators) [117, 118] has
adopted the same target material and the same experimental technique than DAMA /LIBRA. The exper-
iment located at the Canfranc Underground Laboratory is taking data since August 2017. The goal of
ANAIS is to confirm or refute the signal detected by DAMA and helps to settle this controversial situation.
The first result threw by ANAIS in March 2019 [119], supports the goal of reaching a 30 sensitivity to
DAMA / LIBRA results considering 5 years of taking data. Additionally, there are several other experi-
ments trying to test the model-independent signal of DAMA. Those are COSINE- 100 [120, 121, 122, 123]
that is using the same target material than DAMA (Nal-TI), DM-Icel7 [124] and KIMS [125].
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Figure 1.11: Spin independent (SI) WIMP-nucleon scattering cross section versus the dark matter mass. The solid
lines represent the upper limits on the SI WIMP-nucleon scattering cross section set by the current leading experiments
including PandaX-II [8], LUX [9], CDMSLite 2015 [10] and CRESST-II [11]. Dashed curves are the projected sensitivity
on the direct detection cross section, whise the ones included are XENONIT [12], PandaX-4T, XENONnT [12], LZ [13],
DARWIN [14], SuperCDMS. The neutrino coherent scattering background curve data [15] (dashed grey orange curve) is
included for comparison [16].

27



CHAPTER 1. THE DARK SIDE OF THE UNIVERSE

1.4.3 Indirect searches

Dark matter particles can be detected indirectly using particles from the space. The idea consist in

searching the annihilation products of WIMPs dark matter into SM particles, such as
X+X—=493 7T, =y, v,p, D, (1.77)

where positrons, neutrinos, anti-protons and anti-nuclei (antimatter) is also produced [126] (see fig-
ure (1.12)). We can search anomalous components in the cosmic radiation if these annihilation are
significant in the dark matter structure contains in our Universe. Is expected that such radiation is pro-
portional to the annihilation or decay rate which depends on the square of the dark matter density in the
case of annihilation and on the dark matter density in the case of decays.

In annihilation process, final states consists typically of a partcile and its antiparticle. Most of these par-
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Figure 1.12: Dark matter annihilation into a pair of quarks or vector boson where the final states are photons, neutrinos
or antimatter [17].

ticles decay fast and the final products of these interactions will be only stable particles. Final states can
consist of e~et and p~ T which can produce a hard e* spectrum while muons also can produce neutri-
nos. Pions, protons and anti-pions, nuclei and anti-nuclei will be present when WIMPs annihilate (decay)
into quarks, gluons and weak gauge bosons. Charged pions produce electrons, positrons and neutrinos,
whereas neutral pions will decay into gamma rays. In the case of 7777, they can decay hadronically to
pions, thus leading to gamma rays flux or produce a neutrinos and e* flux. When the final states are

neutrinos, they will not decay and they will only produce a neutrino spectrum.
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Photon flux from dark matter annihilation

When WIMPs self-annihilate or decay into SM particles, gamma-ray photons would produce a continu-
ous gamma-ray spectrum, called it prompt emission. The prompt comming from primary Gamma-rays
can come from differents kind of annihilation. The annihilation of WIMPs into pair of ~v, vH, vZ or
into a photon plus a neutral state would give rise to a signal of dark matter evidence. This signal

will be a line of gamma-rays that astrophysical sources are unlikely to produce. The signal coming from

monocromatics gamma-rays with energy E, = mpy for vy ( Ey = mpum (1 — ﬁ%i ) for yH and vZ7)
will proceed from the annihilation via loops of charged particles (or some others mediators), so this anni-
hilation channel will be suppressed by O(a?,). Signals at tree level originates when dark matter particles
annihilate into s pair of quarks, leptons, gauge bosons and Higgs boson. The decay or annihilation
of these primary annihilation products will lead to a continuum gamma-rays signal. The spectra for the
different annihilation channels can ve calculated with event generators depending of the model that give
origen to the dark matter particles [127]. A flux of gamma-rays can also arise via internal bremsstrahlung
(IB) whenever WIMPs annihilate into pairs of charged particles. IB consist in the emision of an additional
photon in the final states. It can be separated into Virtual internal bremsstrahlung (VIB), originated by
one of the internal particles in the annihilation diagram of this process [128, 129] and Final state radiation
(FSR) when photons are directly radiated from the external legs. FSP is dominated by collinear photons
(i.e. the final state particles are almost on mass-shell) and it will give rise to a continuum of gamma-rays
which will show a pronounced signal at energies smaller than the mass of the dark matter. Photons
coming from FSP are often the main source for IB. Nevertheless, other interactions can lead VIB as the
dominated process in the signal [128]. Figure (1.13) shown different diagrams to WIMPs annihilation
into a pair charge particle final state. The FSR process is shown in diagrams (a) and (b). VIB, when

photons radiated from virtual charged particles, is shown in (c¢). Secondary emissions of gamma-rays can

N

)
>

Figure 1.13: Different diagrams to WIMPs annihilation into a pair charge particle final state. Diagrams (a) and (b) refers
to FSR process while (c) corresponds to VIB.

be produced in processes as Inverse Compton scattering [130] and Bremsstrahlung [131] giving an extra

contribution of the signal.

Given a solid angle df2 in a given direction the prompt differential gamma-ray flux for annihilating dark

29



CHAPTER 1. THE DARK SIDE OF THE UNIVERSE

matter per unit of energy interval is

dEdQ ~ 47 2 Om2

doy _ 1 (ov) p% (CZVEfo> T, (1.78)

In the case of dark matter annihilations of particles which are non self-conjugated, a factor 1/2 must
be added to the last equation. Parameter m, is the mass of the dark matter particle, ro = 8.5 kpc is
the distance from the Sun to the center of the Milky way [132, 133] and pp = 0.4[GeV]em ™3 the dark
matter density at r,dot. The differential gamma-ray spectrum is given by %B ¢+ and will yield by the
annihilation of dark matter into Standard Model particles f with a branching ratio By. The term J ()

is the astrophysical J-factor given by

I = | (” W”)zdzw). (1.79)

rodot Podot

the J-factor quantifies the integral of the dark matter profile along the line-of-sight (l.o.s) I. The term
p(r) denotes the dark matter density profile as a function of the radius of the Milky Way r and the lLo.s.,

[, as a measure of the Galactic position of the Sun is given by

r(l, ) = \/7“2“0* + 12 = 2r,qotlcost).

The angle v represent the angle pointing to the galactic center and the direction of observation.

Sommerfeld Enhancement

We will consider a scenario where dark matter self-interations by the theory are allowed. Assum-
ing that the annihilation of the dark matter particles into the Standard Model particles is a localized
interaction, if there are not self interactions between the dark matter particles, the annihilation process
looks normal, as in the left part of figure (1.14). With self-interactions of dark matter, the scenario changes
to the right side of figure (1.14). Dark matter particle can interact with itself via long-range force before
the annihilation take place. the figure shown that if we introduce a new scalar A that couples to the
dark matter as Y x A, then the two legs of the diagram can exchange multiples states of A before the hard
annihilation occurs at the origin. This exchange will alters the wave function of the dark matter particles
so the probability of finding them at the annihilation site will depend of the modified wave function in the
presence of an interaction potential. The last effect is known as the Sommerfeld enhancement. Due to it
is not the purpose of this thesis, we will not enter in more details and for a full explanation we strongly

suggest check [18].

There are different experiments searching for gamma-rays in the sky. Indirect gamma-rays signal coming
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Hard Annihilation Sommerfeld Enhancement
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Figure 1.14: Scheme of the annihilation of dark matter without (left) and with (right) considering Sommerfeld enhance-
ment [18].
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from annihilation of dark matter have been explored from the Fermi-Lat telescope. Fermi Gamma-ray
Space Telescope was launched in 2008. With a large field of view of 2.4 sr, it is enables to look at large
portion of the sky in a once. MAGIC, HESS, HAWC and VERITAS telescopes have tested the same
signal at the scale of TeV energies. These experiment can achieve larger effective areas, lower thresholds
and lower background. Gamma-rays originated from the annihilation of dark matter are expected from
targets coming from Galactic and extragalactic dark matter structures as the dark matter halo located
in our galaxy [86] and the Galactic center [134, 135]. Extragalactic dark matter searches are performed
and exploring the cumulative contribution from group of galaxies, the anisotropies in the isotropic diffuse
gamma-ray background (IGRB) [136] and via cross-correlations of the gamma ray signals [137]. HESS
collaboration has observed a strong gamma-ray signal that is coming from the center of the galaxy, consis-
tent with a point source [134]. Dwarfs spheroidal galaxies (dSph) [138, 139] is one of the most investigated
regions for Galactic searches due to the very low background coming from cosmic rays interactions and
because is dominated by dark matter. VERITAS telescope has observed the galactic center [140], a galaxy
cluster [141] and some dwarf spheroidal galaxies [142, 143]. The Fermi-LAT collaboration has realized
many dark matter searches about satellite galaxies [144, 145], IGRB [146], the galactic diffuse [147], clus-
ters of galaxies Ackermann:2010rg, and gamma-ray lines [148, 149, 150].

There have been many claims for dark matter from the public Fermi-LAT data [151, 152]. Neverthe-
less, in all the cases the signals have their origin due to astrophysical [153] or instrumentation reasons.
Best targets to search gamma-rays annihilation signals are dense and/or places where the astrophysical

background is low.

e Galactic center (GC) is a highly dense target but with a lot of background. The GC is maybe
the brightest source of gamma-rays originated from dark matter annihilation. Data collected by
Fermi-LAT shown a bright excess in the region around the GC at energies of 2 [GeV] [154]. At the
beginning, the gamma-ray excess was associated to WIMP dark matter annihilating in the Galactic
halo, with a mass of &~ 50 [GeV]. Currently, gamma-rays emissions source is associated to a stellar
bulge [52, 155] and sub-threshold millisecond pulsar-like point sources [156, 157, 158]. For the other
hand, a gamma-ray emission at 511 KeV originated around the GC has been observed over more

than four decades [159, 160]. The signal is uncorrelated with known astrophysical sources and will
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be indicating the injection of positrons of low energies located in the inner kiloparsec around the
center of our Galaxy. The dark matter interpretation of light dark matter annihilation with masses

around 1 — 100 MeV [161, 162] is has been currently challenged by cosmological arguments [163]

e Dwarf Galaxies) are satellite galaxies of the Milky Way and are considered as dark matter domi-
nated and with low astrophysical background. Dwarf spheroidal galaxies such as Indus II, Reticulum
IT and Tucana III show an excess of gamma-rays [158]. The signal could be an indication of dark
matter annihilation with a mass about 40 — 100 [GeV]. Due to the astrophysical J factor estimates
that for these king of objects the uncertainties are significant, new data coming from Fermi-LAT [25]
and radio searches ATCA/SKA [164] will clarify the origin of the gamma-rays excess in the next

years.

e Galaxy clusters are considered the most massive dark matter structures in the Universe and
are considered good targets for indirect searches of dark matterciteJeltema:2008vu, Pinzke:2011ek.
Numerical simulation predict that galaxy cluster should hots a large population of dark matter
substructures, enhancing the possibility of detect dark matter. Constraints obtained from this
population exclude the thermal cross sections of WIMPs with masses up to 100 [GeV], nevertheless
is affected by a big uncertainty in the modeling. An unknown X-ray line at 3.5 keV has been
reported in galaxy clusters by several groups [165]. One of the possibilities of the origin of this
signal is by an imperfect model of atomic transitions [166] of by phenomena such dark matter

annihilation or axion to photon conversion [167].

A significant isotropic radio emission between 22 MHz and 1- GHz has been detected by ARCADE-2 [168].
Extra galactic dark matter annihilation [169] is one of the possibles explanation to the signal. Future
measurements of the radio background would clarify the origin of this emission [170] that at present is
unknown.

Concerning the future prospects of dark matter indirect detection through gamma-rays, the next years
will bring a big quantity of big data. New data will allow to identify a signal or exclude many of the main
common dark matter scenarios setting stronger constraints. Ground based telescope as HESS [?] and the

Cherenkov telescope array (CTA) [26] will improve the dark matter searches scenario.

For another scenario, anti-matter particles are not so abundant and the background is less important.
Because of that, they can be an excellent signature of WIMP annihilation even if they are more difficult
to detect than gamma-rays. For example, an excess in the measured rate of the flux of cosmic positrons
over the predicted rate could be due to the product of dark matter annihilations. This kind of signal was
looked by PAMELA [171]. Also, antiprotons may be produced by WIMP annihilation in the galactic halo
and the signal has been explored by the Alpha Magnetic Spectrometer (AMS-02) [172].

32



CHAPTER 1. THE DARK SIDE OF THE UNIVERSE

1.4.4 Collider searches

The possible production of new neutral and weakly interacting particles at colliders might be inter-
preted as dark matter only if they characteristic are sustained by astrophysical observations. In fact,
colliders cannot determine if what they are seeing is the dark matter that surrounds the Universe. Only
direct and indirect reaches can provide a way to confirm whether a potential signal is due to dark mat-
ter [173]. In case that we can produce dark matter at colliders, we will have to comprehend the forces
that connect dark matter to ordinary matter due to, as in indirect searches, dark matter relies upon the

existence of interactions between the colliding to Standard Model particles.

There are many types of colliders in the past and at present that are testing the Standard Model as
well as new physics. These include proton-proton collider as the Large Hadron Collider (LHC), providing
a center of mass energy up to 14 TeV and the Large Electron-Positron collider (LEP) which can provides
stringent measurements of particular interactions types, due to the relatively clean electron beam source.
Collider searches of dark matter are based on the detection of the visible counterpart of the signal, as jets,
photons or charged leptons and dark matter will be manifested as missing energy. Missing traverse energy
or momentum (MET) is the key experimental parameter used to hunt dark matter. The most popular
searches of dark matter at the LHC are referred to as “mono-X” searches and consist of a Standard Model
particle recoiling against the missing energy that was attributed to the weakly or non interacting dark
matter particle. ATLAS and CMS [174, 175, 176, 177, 27, 178, 179, 180, 181] are the leading experiments
searching for these kind of signals at the LHC. To date, strong constraints can be set on the dark matter

parameter space considering that there is not a signal of dark matter yet.
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“I mean, it’s sort of exciting isn’t it? Breaking the rules.”
Hermione Granger

Harry Potter and the Order of the Phoenix
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In the next chapter we will define the different models that we studied in our research. We will
list the main features and the differences between the models and also give some motivations about the
importance of study them. Finally, we will present the main constrains that we considered in our research

in the tree models.

2.1 Inert Higgs Doublet Model

The Inert Higgs Doublet Model (IHDM) includes a second inert Higgs doublet field n. Additionally,
a discrete Zy symmetry is added in order to make the lightest particle of the new field completely stable,
considering a Weakly Interactive Massive Particle (WIMP) as the dark matter particle in a freeze-out
scenario. The new scalar field 7 is odd under Zy symmetry while the Standard Model particles are even.
The new symmetry also avoid Flavor Changing Neutral Currents (FCNC) [182] in the model, forbidding
some interactions terms between 1 and the fermions of the Standard Model.
There are two types of two doublet fields models that satisfy the FCNC conditions:

- Type I, where the Standard Model fermions will only couple to the Higgs doublet ¢. This is the
case of the IHDM.

- Type II, as in the MSSM case ,the up-like fermions will couple to the Higgs doublet ¢ while the

down-like fermions will couple to the inert Higgs doublet 7.

The most general renormalizable scalar potential for IHDM is
Vo= mi¢le+minn+ M(6'6)% + Aa(n™n)? + As(0T0)(n'n) + Aa(8'n)(n'0)
A 2
+ 75 ((6Tm) + (n'9))", (2.1)

where mi, m% and A;_5 will be real. For the other hand, A5 can be a complex parameter that is made
real adding an extra phase ( Apendix A.3) and keeping the potential invariant [183].

To ensure the scalar potential stability, the next conditions are necessary [184]

)\1, Ay > 0; )\3,)\3 + Ay — |)\5| > =24/ A1 Aa. (22)

To choose the lightest neutral particle of the inert doublet field as the dark matter candidate at tree level,

we considered the conditions

A+ < 0, (2.3)
A5 < 0. (24)
In order to calculate tadpole equations we must to evaluating the fields at the vacuum in

oV vl

%lwk =) = o0 ly = () =0, (2.5)
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where 1 can be both, ¢ or . Both the Higgs doublet field ¢ and the inert doublet field n, will transform
under SU(2) as
b= =Uy, U=e7, (2.6)

where & are the respective group generators where we can see three free parameters, «; (j=1,2,3). Due
to we want that Z, symmetry continue unalterable in the vacuum, we fix the unitary gauge and the field

n will not acquire a vacuum expectation value (vev). The expression of the doublet fields in the vacuum

1 (0 1 (.0
<¢>=\/§<U>7 <n>=\/§<0> (2.7)

m? + \ov? =0. (2.8)

are

Tadpole equation obtained is

where we considered that SU(2) x U(1) is broken spontaneously. Here, v = 256 [GeV] as the same value
that the Higgs field acquire in the vacuum. Expanding the fields ¢ and n around the vacuum, we get

¢—< 0 ) (2.9)
w2 ) '

n* 2.10
(mmmmﬁ>' (2.10)

Here, ¢ is the physical Higgs boson Standard Model-like. The gauge bosons G y G* are absent due, as

=
|

we mention before, to we are working in the unitary gauge. For the other hand, we can see four new fields
coming from the inert sector: a neutral scalar CP-even 7ng , a neutral scalar CP-odd n; and two charged
complex scalars n.

Calculating the mass matrix elements at tree level considering the equation (2.8), we get that the physical

mass terms are

mi = 2A\° (2.11)
A
2 _ 2 3,2
mye = my,+ 2V (2.12)
2 2 v?
mnR = 7’7177 + ()\3 + )\4 + )\5) ?, (213)
2 2 v?
mm = 7’77,17 + (Ag + )\4 — )\5) ? (214)
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The next equations can be written If we want to study the dependence of the parameters lambday

(k =3,4,5) and m,, with respect to the physical masses described above

I 2 9 9 \ V2
3T 2 My — My -+ 355 |
2 2 2
N = my. +mg, — 2m¢
4 - '1)2 )
2 2
A o My — My,
5 - ’1)2 B
2 2 v?
My = Myp — ?/\3457 (2.15)

with Asq5 = A3 + Ay + A5 and fixing the mass of the Higgs according to the experimental data mi =125
[GeV].

2.2 The simple Scotogenic Model

The Scotogenic model, introduced by Ernest Ma in 2006 [185] is considered one of the simple models
containing a WIMP-like dark matter particle that can be a scalar or a fermion. The model includes
some of the features of the IHDM as the Zs symmetry to stabilize the dark matter particle and forbids
interactions to produce neutrino masses tree level. Using the particles of the dark sector, neutrino masses
are generated at 1-loop level. The particle content of the model, including the transformations laws

under the new symmetry and their respective quantum numbers are listed in the Table 2.1. The scalar

Standard Model Fermions Scalar
L e 10) N n
SU(2) 2 1 2 1 2
Y -1 -2 1 0 1
Z2 + + + - -
l 1 1 0 0 0

Table 2.1: Particle content and quantum numbers of the model.

sector is composed by one new doublet field n where the respective physical masses were described in
equation (2.14). The fermionic sector is composed by three Majorana neutral heavy fermions N;, with
1 = 1,2,3, all of them odd under Zs. The scalar potential to the Scotogenic model is the one described

by the equation 2.1. New terms of interaction will appear in the Lagrangian
aB N st 1 o Be
Lint C _YN Nan Lﬁ — §N MQBN + h.c. (2.16)

The last one is the Majorana mass term considering M;; as a mass matrix. The terms Yy are the new
yukawa terms and the only interaction couplings between the new fermions N; and the Standard Model

leptons.
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2.2.1 Neutrino mass generation

The term —Yijfﬂ'(ﬁNlj‘% + h.c (é = i02¢") is forbidden due to Zy symmetry and cannot lead to a tree
level neutrino masses. Involving the new scalars and fermions, after symmetry breaking the resulting

formula for the mass of the lightest neutrinos matrix at one loop is

Ny N 2 2 2 2
. Y5 Yﬁi . my., In Mpp \ m;, I my, (2.17)
af = 2 PN 2 _ 2 2 2 _ .2 2 : :
32m m my, my, m my, my,

where m,,,, and m,, are the respectively masses of nr and 7;. Equation 2.17 can be defined as

Mg = (Y NTAYN) 4, (2.18)
where A is defined as
N; m2 m2 m2 m2
A= | L (L) - ——LIn(Z 2.1
3272 {m% Nzt (Nf) m2—NZ \NZ)|’ (2.19)
considering
A O 0
A= 0 Ay, 0 |. (2.20)
0 0 As

Using the Casas-Ibarra parametrization [186], the new yukawa matrix can be written as
YV = VA-1pym, U], (2.21)

where p is an complex orthogonal matrix, U, is the Pontecorvo-Maki-Nakagawa-Sakata matrix and m,, is
the diagonalized neutrino mass matrix. For the Scotogenic model in this research, all the neutrinos will

acquire mass.

2.3 The Singlet 4+ Triplet Scotogenic Model

In this section we will review the Singlet + Triplet Scotogenic Model. This generalization of the
scotogenic model [185] was proposed in [187] and further studied in several papers [188, 189, 190, 191]. In
addition to the SM gauge symmetry there is a discrete Zo symmetry, whose role is to make the lightest
Zo-odd or “dark” particle stable and to ensure the radiative generation of neutrino masses. The SM
particle content is augmented by the inclusion of a Majorana fermion triplet ¥ and a Majorana fermion
singlet F', both odd under the Z, symmetry. Moreover, the model includes a new scalar doublet n —
odd under the Zy symmetry, which does not acquire a vacuum expectation value (VEV) — and a triplet
scalar €2, which allows for the mixing of the neutral parts of the new fermions. This triplet scalar field

has a zero hypercharge and it is even under the Zs symmetry, thus, its neutral component can acquire a
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nonzero VEV. The full particle content of the model is given in Table 2.2, with the corresponding charge

assignment under the different symmetry groups.

Standard Model new fermions new scalars
L e 0] by F n Q

Generations 3 3 1 1 1 1 1
SU(3)c 1 1 1 1 1 1 1
SU(2)L, 2 1 2 3 1 2 3
U(l)y -1 -2 1 0 0 1 0
Ly + + + — — = +

L 1 1 0 0 0 -1 0

Table 2.2: Particle content and quantum numbers of the Singlet + Triplet Scotogenic Model. The charge assignments of
the fields under the global Lepton Number symmetry (L) are also shown.

Taking into account the new fields and symmetries of the model, the relevant terms of the Lagrangian

read

L C -Y*Lyest— Y (Lai)F — YELEST — YoTr [EQ| F

1 . Mo
- M (2 2) - TFFCF +he. (2.22)

where 7 = ioon*. The first Yukawa term Y*? is the standard model interaction for leptons, which we can

assume to be diagonal in flavor (Greek indices stand for family indices).

2.3.1 Scalar sector

The scalar potential V invariant under the SU(2)xU(1) xZs symmetry is

V = —misle+ m%nTn — mT?ZTr (Q'Q)
A A A A
5 (670)" + 5 (n'n)” + 5 (¢7¢) (nn) + A (6"n) (n'e) + 5 [(6n)" + (')
16T QP + pan' Qn

AP (4t tq) 4 A2 O I i
5> (o7e) Tr (2TQ) + T [Tr (QTQ)]" + > (n'n) Tr ('), (2.23)
where we make the conservative assumption that mi, m?] and m3, are all positive, so that the spontaneous
electroweak symmetry breaking will be driven by ¢ and (sub-dominantly) by the neutral component of

Q, while 7 cannot acquire a VEV. Notice that we are using the standard 2 x 2 matrix notation for the

SU(2)y, triplets:
>0 + Q° +
= X = 0
2:(2@ EO), Q:(({f QO). (2.24)

V2

V2
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The other couplings appearing in Eq. 2.23 are constrained by a number of theoretical considerations.
First, they must comply with the condition that the potential is bounded from below in order to have a
stable minimum. This requirement leads to the following conditions [188, 189)
A >0, A >0, AF>0,225)
A3+ VA1 A2 >0, A3+ N — |/\5| + VA2 > 0,(2.26)

AP +4/20A8 >0, AT +1/20008 > 0,(2.27)
V2AAAE + Aay /208 + A2V A0 + A2/ + \/(Ag + \/AlAQ) <A? +2 AlAf;) (Ag + A2A§> > 0.(2.28)

It is worth noticing that while these conditions ensure that V is consistently bounded from below at
the electroweak scale, the running of the RGEs may lead to breaking of the Zy symmetry at some higher
energy scale. Another theory restriction comes from the requirement that the expansion of the potential
VY around its minimum must be perturbatively valid. In order to ensure this we require that the scalar
quartic couplings in Eq. 2.23 are < 1.

As mentioned before, n does not acquire a VEV and therefore the symmetry breaking is driven only

by ¢ and €2, which have non-zero vevs:
(%) = vy, (Q°) =g (2.29)

The fields 1, ¢ and €2 are written as follows

o) o) (2 )
(ng +inr)/V2 ) (ho + v + i) /V2 ) 0 ~(Q0+va)/V2 )
(2.30)

where Q¢ is real and does not contribute to the CP-odd scalar sector. After symmetry breaking there
are three charged scalar fields (only two of which are physical, since one is absorbed by the W boson),
plus three CP-even neutral fields, and one physical CP-odd neutral field (since the other is absorbed by
the Z boson). The VEVs in Eq. 2.29 are restricted by the following tadpole equations or minimization

conditions
ov = vy | —m3 + 1/\ 02— By + E’UQ =0 (2.31)
d¢ o\ M T oMl T e T e ’ '
v, Q 3 2\Q, _
9 - 2maua + A3 v + vy (/\1 9) ,ul) =0,

which we solve for mi and mj.

As for the neutral sector, the mass matrix of the CP-even (and Z;—even) neutral scalars in the basis
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(@0, Qo) reads

(—mi—ﬁ-%)\wi—i-vﬂ( B+ AL 'UQ)) %U()\?UQ —2M1)

M= Lug (Moo — 2111 (= 3mh + 2280 + 103

(2.32)
The lightest of the neutral scalar mass eigenstates is identified with the SM Higgs boson, h° with mass

~ 125 [GeV], while the second state, H is a heavier neutral scalar.

On the other hand, the mass matrix for the charged scalars is given as

%(2)\1035 - 4m35 + vq (4,u1 + )\?’UQ)) \/§u1v¢

M2, =
" V2pu1v 7< — ZmQ —|—)\1 v¢ + A5 UQ)

(2.33)

Note that, while the Z boson gets its longitudinal component only from the Higgs doublet ¢ and not
from the triplet (because 0 is real), the charged Goldstone boson is instead a linear combination of ¢+
and Q1. The VEV of Q will then contribute to the W boson mass, thus leading to an upper limit vq <5
[GeV] [192, 193]:

(9> +97) v3,

N S

g% (v +40v3) . (2.34)

The mass of the new charged scalar bosons will be

(v +v3)
mZy = 2m d’m e (2.35)
2 o Ly 5 1 Lo o
ml. = mi+ 5)\3% + \/iuzﬂg + 5)\” VG- (2.36)

Because of the conservation of the Zy symmetry, the Zs-odd scalar field 7 does not mix with any other

scalar. It proves convenient to write it in terms of its CP-even and CP-odd components:

o _ (nr+inr)
N

The physical masses of the neutral 7 field are easily determined as

1 1 1

mfm = m% + 5()\3 + )\4 + )\5)’1]@ + 5)\21)6 - ﬁﬂQ’l]Q, (237)
1 1 1

m%l = m + 5()\3 + A — As)Ui + 5)\211?2 - ﬁuzvg. (2.38)

2
MR

paragraph, is also responsible for the smallness of neutrino masses. In the limit A5 — 0 lepton number

The difference mz — m , depends only on the parameter A5 which, as we shall see in the next

conservation is restored. Hence, by construction, neutrino masses are “natural”, in ’t Hooft’s sense [194],
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i.e. they are “symmetry-protected”. Moreover, the Zs symmetry conservation also makes the lightest of

the two eigenstates ng ; a viable dark matter candidate, as we will discuss in detail in section 77.

2.3.2 Fermionic sector

Concerning the fermionic sector, the new triplet scalar € allows for a mixing between the singlet and
triplet fermion fields — F and ¥ — through the Yukawa coupling Yq, as shown in Eq. 2.22: The mass

matrix for the new fermions, in the basis (X¢, F') is given as

ME LYQ’UQ
M, = < Ly ﬁM : (2.39)
3 QUQ F

When the neutral part of Q acquires a VEV vq # 0, the diagonalization of the mass matrix Eq. 2.39

leads to eigenstates with the following masses (at tree level):

mi = My, (2.40)
1
My = 3 (Mz + Mp — \/(Mz — Mp)® + 4(2ngg)2> : (2.41)
_ 1 2 9
Mg = 5 Mz +Mp+y/(Ms—Mp)" +4(2Yqve)? |, (2.42)
NG
tan(20) = MZS%U;\}F (2.43)

where @ is the mixing angle between the neutral fermion triplet ¥y and F, My, and Mg are the Majorana
mass terms for the triplet and the singlet, respectively. Although we will not consider this case here, it
is interesting to notice that the lightest neutral eigenstate, x{ or xy may also play the role of the dark

matter [187], for more recent analyses see [190, 191].

2.3.3 Neutrino masses

The previous subsection has been dedicated to the spectrum of the new fermions. Let us now comment
on neutrino masses. By construcion, in the scotogenic approach, the dark matter candidate acts as a
messenger for neutrino mass generation. Since the Zs symmetry is exact, all vertices including new
particles must contain an even number of Zs-odd fields. For this reason neutrinos cannot acquire a
tree-level mass term, their masses arising only at the loop level as portrayed in Fig. 2.1.

The relevant interactions for the generation of neutrino masses arise from equations 2.22 and 2.23.

The expression for the neutrino mass matrix is [187, 188, 189

YrvyY
v _ ao ” Bo 2 2 2
af = Z 3972 Zo(ms,,my s, )
o=1,2
v v 2 2 2 2
— Z YaUYﬁvm ( Mg In (mnR> _ Moy In (mm )) (2.44)
- 2 Xo 2 2 2 2 2 2 ’ :
o=1,2 32m M — My, Myo Moy — My, My
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Figure 2.1: “Scotogenic” neutrino masses. After electroweak symmetry breaking the SM-like Higgs acquires a VEV (¢o).

where a and § are generation indices (o, 8 = 1,2,3), m,, are the masses of the X(1),2 fermion fields and

Y, are the new neutrino Yukawa couplings introduced as a 3 X 2 matrix L

Y Vg
YYo= | YE2 YE| V(). (2.45)
ISERY:

The matrix V() is a 2 x 2 orthogonal matrix that diagonalizes the fermionic mass matrix M, given in
Eq. (2.39). As already noticed before, in the limit A5 — 0 the two eigenstates m,,, and m,,, are degenerate,
hence neutrino masses are zero and the lepton number symmetry is restored. This limit would correspond
to an exact cancellation between the nr and 77 loops. The expression Ig(mid,m%mmil) in Eq. 2.44
involves differences of Passarino-Veltman functions By [195], evaluated in the limit of vanishing external
momentum.

We can then rewrite Eq. 2.39 more compactly as:

F T I 7
v YV LT YV> ~ N 246
Mg = Y508 2 Yoo Vo ~ Mp 3 M, (2.46)
where
Ilz 0
F={ 2" . (2.47)
0 5=

This recalls the structure of the standard type-I seesaw neutrino mass relation, with the Dirac mass term
given by Y 'svg and My 1= U£2 where F includes the loop functions. In order to compare with the current
F

determination of neutrino oscillation parameters [59], we will apply a Casas-Ibarra parametrization [186]:

!The new fermions ¥ and F match exactly the minimum set needed to describe neutrino oscillations. Indeed,
if only one of them is present, the neutrino mass matrix would have only one nonzero eigenvalue, hence unable to
account for the solar and atmospheric scales.
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-1
olzjﬁ = Uu\/ mup\/f y (248)

where U, is the lepton mixing matrix, m, are the neutrino masses (whose squared differences are con-
strained as in [59]) and the matrix p is an arbitrary 2 x 3 rotation matrix that can be parametrized
as [187]

_ (0 cos(8) isin(ﬁ)>. (2.49)

0 —sin(8) =cos(B)

An interesting prediction of this model is that the lightest neutrino is massless. This feature is
reminiscent of the “missing partner” nature of this “radiative” seesaw mechanism, in which one of the
“right-handed” fermions is missing (there is only one ¥ and one F'). As a consequence one of the “left”

neutrinos can not pair-off and hence remains massless [39].

2.3.4 Neutrinoless double beta decay

Within the symmetrical parametrisation of the lepton mixing matrix [39] the 0v23 effective mass

parameter can be neatly expressed as [196]
(Mee) = Z Uf)ejmj = |cosb},cos0my + sinf2,cosf;moe®?12 + sinf?,mse? 12| | (2.50)
J

where m; are the three neutrino masses and 6, are the neutrino mixing angles measured in oscillation
experiments. Note that in our case the lightest neutrino is massless (m; = 0), so that there is only one
physical Majorana phase (¢ = ¢12 — ¢13). Since there is currently no restriction on its value, this phase
is a free parameter. Except for this, all other parameters are well measured in oscillation experiments.

We show in Fig. 2.2 the dependence of (m..) on this phase. One sees that, in contrast to the general
case where the three active Majorana neutrinos are massive, here the effective mass parameter describing
the 002 decay amplitude has a lower limit [197, 198].

The pink (light green) band refers to the 30 C.L. region allowed by current oscillation experiments [59]
for normal (inverted) mass ordering. The black lines correspond to the best fit values for both cases. We
also show for comparison the 90% C.L. upper limits (shaded regions) from different experiments: CUORE
((mgpp) < 110—520 [meV]) [199], EXO-200 Phase II (147 — 398 [meV]) [200], GERDA Phase II (120 — 260
[meV]) [201] and KamLAND-Zen (61 — 165 [meV]) [202] experiments. The width of these bands is mainly
a reflection of the uncertainty in the relevant nuclear matrix elements. The black dashed lines represent
the most optimistic future sensitivities for SNO+ Phase II (19 — 46 [meV]) [203], LEGEND (15 — 50
[meV]) [204] and nEXO after 10 years of data taking (5.7 — 17.7 [meV]) [205].

In order to compare, figure (2.3) shows the case where the tree neutrinos have mass. Future sensitivities

are represented with the same code than in the case of figure (2.2).
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Figure 2.2: Effective 0v28 Majorana mass parameter versus the Majorana phase. The pink (light green) band represents
the prediction for the 30 C.L. region allowed by current oscillation experiments for normal (inverted) mass ordering.
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Figure 2.3: Effective 0v28 Majorana mass parameter versus the mass of the lightest neutrino. The purple (blue) dashed
line represent the stronger limit for Cuore (Gerda) experiment. The light cyan band represent the lower and upper limits for
KamLAND-Zen. The vertical line is the limits for KATRIN for 1.1 eV. The pink (light green) band represents the prediction
for the 30 C.L. region allowed by current oscillation experiments for normal (inverted) mass ordering.

2.4 Constraints

The presence of new particles, absent in the Standard Model, will induce departures from the Standard
Model predictions for a number of observables. Throughout our analysis in all the models, we take into

account the following constraints.
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Theoretical constraints As already discussed in Chapter 2, the coupling and mass parameters
appearing in the Lagrangians Eq. 2.16 and Eq. 2.22 are subject to several theoretical constraints. First
of all, we must ensure that the scalar potential is bounded from below, which we do by applying the
conditions summarised in Egs. 2.2 for the Inert Higgs Doublet model and Scotogenic model and Egs. 2.25
for the Singlet + Triplet Scotogenic model. Moreover we must ensure the perturbativity of the couplings,
i.e. the scalar quartic couplings are assumed to be < O(1). Another theoretical consideration concerns
the validity of the Zy parity symmetry which is an essential ingredient of both Scotogenic models. Its
role is indeed twofold: it stabilizes the dark matter candidate g and it justifies the one-loop radiative
seesaw mechanism which gives mass to neutrinos. In the case of the Simple + Triplet Scotogenic model
compared to the simple simple Scotogenic model initially proposed, the spontaneous breaking of the Z,
parity symmetry can be naturally avoided in this extension thanks to the effect on the running of the
couplings in the scalar sector induced by the inclusion of Zs-even scalar triplets. Nevertheless, even if
the scalar potential is Zs-preserving at the electroweak scale, the RGEs running could lead to situations
where the Zs is broken at some higher energy scale [206] [188] (see appendix ?7).

While a thorough analysis of the RGE running is beyond the scope of this thesis, we have not ignored
this restriction. Following the prescriptions in [206] for the Scotogenic model and [188] for the Singlet +
Triplet Scotogenic model we have avoided this problem by fixing the ranges of variation of the relevant
parameters so that the Zy parity symmetry is in principle safe up to some high energy scale. Moreover,
we have checked numerically that m% is positive at all energy scales for the benchmark point in the
analysis of the Scotogenic model at CLIC and for both benchmark points chosen for the collider study in
the Singlet + Triplet Scotogenic model — see Sec. 3.3 and Sec. 4.5, respectively. Finally for the Singlet
+ Triplet Scotogenic model, although experimental constraints place no upper limit on the mass of the
heavy neutral scalar H, we require that its decay width should comply with the perturbative unitarity
condition, i.e. ;—IZ < %

Neutrino oscillation parameters One of the main motivation of all the kind of Scotogenic models
is to provide an explanation to the generation of neutrino masses. To ensure this, throughout our analysis
we require compatibility with the best-fit ranges of the neutrino oscillation parameters. This is enforced
via Eq. 2.48, where the mixing angles and squared mass differences are fixed according to Ref. [59]. For
simplicity, the yet unknown Dirac and Majorana phases in U, are set to zero. We further assume the
currently preferred normal ordering of the light neutrino masses. Interestingly, as already mentioned, the

Singlet 4+ Triplet Scotogenic model predicts the lightest active neutrino to be massless.

Lepton flavour violation Both Scotogenic models could be in principle probed through the ob-
servation of charged lepton flavour violation, for example, at high intensity muon facilities [207, 208].
However, the negative results of charged lepton flavor violation searches can be used to set constraints on
the parameters of the model, in particular on A5 which controls the magnitude of the Yukawa couplings.
We apply the most stringent limits to date on the branching fraction of some of such rare processes, namely
BR(u — ey) < 4.2x10713 [209], BR(u — eee) < 1.x10712 [210], CR(u~, Au — e, Au) < 7x 10713 [211].
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Electroweak precision tests The presence of new physics will affect the gauge boson self-energies,
parameterised by the oblique parameters [212]. The most important constraint is expected from the T
parameter, which is sensitive to the mass splitting between the neutral and charged components of the
scalar fields. For the Singlet + Triplet Scotogenic model due to one of the new fields adquire a vev, we
require consistency with electroweak precision data by requiring vg < 5 [GeV], in order to get a negligible
deviation of the p parameter from one [188], namely we impose —0.00018 < dp < 0.00096 (30). Moreover,

we fix the Higgs VEV v, in order to get the correct mass of the W boson, inside its experimental range.

Invisible decay widths of the Higgs boson In both models, if the new neutral scalar masses
My, are small enough, there can appear new invisible decay channels — at tree level — of the Higgs boson
into the lighter stable particles. In the region of parameters where these new invisible decays are possible
we enforce that BR(h? — inv) < 24% [213]. At the loop level, the decay of the Higgs boson into two
photons may also be modified by its coupling to the charged scalars. We require consistency at the 3o
level, that is 0.62 < BR(R? — 47)/BR(h° — vy)sm < 1.7.

Dipole moments of leptons At the one-loop level the charged scalars present in our model may
also induce sizeable contributions to the magnetic dipole moments of leptons. We have required that
the contributions to the anomalous muon magnetic dipole moment induced by the new physics do not
exceed the allowed discrepancy between the measured value and the one predicted within the SM [213],
Afay) = af® —aSM = 268(63)(43) x 107! . Contributions to the electric dipole moments arise instead
only at the two-loop level, so they are suppressed [214].

Dark matter and cosmological observations In the following, we assume a standard cosmo-
logical scenario, where the dark matter candidate, the scalar ng, was in thermal equilibrium with the
Standard Model particles in the early Universe. If 5y is the only candidate contributing to the cosmologi-
cal dark matter, its relic density must comply with the cosmological limits for cold dark matter derived by
the Planck satellite data [19, 20]: 0.1126 < ©Q,,,,h* < 0.1246 (30 range). Values of 2, h? < 0.1126 are also
allowed, if 7R is a subdominant component of the cosmological dark matter and allowing for the existence
of another candidate. Moreover, our scenario can be tested at direct detection (DD) experiments, which
are meant to probe the nuclear recoil in the scattering of galactic ng off-nuclei inside the detector. We
apply the current most stringent limit on WIMP-nucleon spin-independent (SI) elastic scattering cross
section, which has been set by the XENONIT experiment at LNGS [21].

Colliders Existing searches for new charged particles at colliders such as LEP and LHC, already
set lower limits on their masses in the region below 100 GeV or so [213]. In our analysis we apply the
following limits: my+ > 80 GeV and 122 GeV < mypo < 128 GeV, the latter to take into account numerical

uncertainties.
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Discrimination between the simple
Scotogenic model and the IHDM

“I'm afraid I can’t explain myself, sir. Because I am not myself, you see?”
Lewis Carroll

Alice in Wonderland
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CHAPTER 3. DISCRIMINATION BETWEEN THE SIMPLE SCOTOGENIC MODEL AND
THE IHDM

In the next chapter, we will describe our research in the simple Scotogenic model and the Inert Higgs
Doublet model [215]. In order to analyze a specific signature at the future linear collider (CLIC) we
studied first the dark matter phenomenology content in both models. We wanted to investigate a feasible
benchmark point, capable to explain the total dark matter abundance that exists in the Universe. In the
first section, we will describe the numerical analysis that we made to study the relic abundance, the direct

detection searches, and their respective main results. Later, we will present our study for a specific signal
at CLIC.

3.1 Dark Matter phenomenology

3.1.1 Numerical analysis for the Inert Higgs Scotogenic model and the Sco-

togenic model

We have developed our own python code for the Montercarlo simulation. The models implementation
have done using SARAH 9.3.1. The principal decays of the model and the physical particle spectrum
have been calculated by SPHENO 4.0.3 [216, 217] and FlavourKit [218] with the files generated by
SARAH [219, 220]. Dark matter abundance, and dark matter-nucleon Spin independent cross section at
tree level have been calculated by Micromegas 5.0.2 [221]. We had aleatory run 20000 points where the

ranges of the principal parameters in both models are listed in table 3.1.

Parameter Parameter range Units
A1 [10_8 R 1] -
Ao (1078, 1] -
A3 [10_8 R 1] -
A\ (1078, 1] -
|As] (1075, 1] -
m32 (502 , 7002] (GeV)?
M Ny [103 , 5 x 10?] (GeV)
MN, [103 , 5 x 10?] (GeV)
M N3 [103 , 5 x 10°] (GeV)

Table 3.1: Input parameters used in the numerical scan for the dark matter study with their respective ranges of variation.
All the input of the parameter were considered for the Inert Higgs Doublet model and the Scotogenic model.

3.1.2 Relic density and direct searches

Figures (3.1) and (3.2) show the dark matter abundance versus the dark matter mass of g in the
Scotogenic model and the Inert Higgs Doublet model, respectively. In both the black tiny band represent
the range of relic density for cold dark matter measured by Planck Satellite at 30. The cyan (magenta)
dots are the results falling exactly over the Planck band and can explain the total relic abundance that

exists in the Universe for the Scotogenic model (Inert Higgs Doublet model). For the two models these
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points are located in masses close to 400 — 700 GeV. In the case of the pink (blue) dots, the neutral scalar
nr in the Scotogenic model (Inert Higgs Doublet model) is a subdominant candidate of dark matter and
another dark matter candidate is required. In both, the dark grey points represents the results that are
not allowed by the current limits by XENON1T [21] for WIMP-nucleon spin independent elastic scattering
cross sections which will be explained in the next section. Light grey points depict the results that are
forbidden for any of the constraints listed in section (2.4) as the ones excluded by the relic abundance
scenario.

Lets now describe the plots in both figures. The first drop at ~ 60 GeV correspond to the Z boson gener-
ation when m,,, ~ Mz/2. The second drop is for the Higgs boson generation when m,,,, ~ Mjo/2. Both
annihilation channels are via s-channel. For masses around 90 GeV quartic interactions become important
and nr annihilate into W W™ that is the third drop that appear in the figure. Also, coannihilation of ng
with n; and nT that contribute to lowering relic abundance may appear in all regions of the parameter
space where the splitting between the masses is small. In the case of the simple Scotogenic model, for
scales of energy equivalent to the mass of the lightest fermion N;, dark matter will annihilate into
charge and neutral Standard Model leptons when the propagator is at least one of the new
neutral fermions. That also will contribute to lower the value of dark matter abundance in comparison
with the Inert Higgs Doublet model where the neutral fermions N; are not included. All the Feynman

diagrams contributing to the annihilation and coannihilation of g are in Appendix (D.1).

10' T
10°
107" AN
. 1072 - ~ ':1.'§.°_... §
S 100 4 4';:;’
107
107°
my, [GeV]

Figure 3.1: Relic density QnRh2 vs the mass myp,. Cyan points are falling within the 30 C.L. band measured by
Planck [19, 20] for cold dark matter scenario. Pink points represent the solutions with a relic density allowed by the
experimental results. Light grey dots are excluded for one or more of the constrains mentioned at section 2.4. Dark gray
results are excluded by the current limit of direct searches imposed by XENONI1T [21].

Our dark matter scenario can be proved by direct searches. The Feynman diagrams for direct detection
searches are summarized in figure (3.4). We can notice that the tree level ng-nucleon spin independent
elastic scattering cross section will mediated through the Higgs boson A" and the Z boson when the
mas splitting between ngr and 7; is small. Figure (3.3) shows the results for direct searches at tree level
in the Scotogenic model (up) and the Inert Higgs Doublet model (down). The vertical axis represent

the ng-nucleon spin independent elastic scattering cross section where each point have been weighted
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Figure 3.2: Relic density Q,,Rh2 vs the mass my,,. Magenta points are falling within the 30 C.L. band measured by
Planck [19, 20] for cold dark matter scenario. Blue points represent the solutions with a relic density allowed by the
experimental results. Light grey dots are excluded for one or more of the constrains mentioned at section ??. Dark gray
results are excluded by the current limit of direct searches imposed by XENONIT [21].

by & = Qy,,,/Qplanck- In the horizontal axis we have the mass of nr. The color code is the same used
in figure (3.1) and figure (3.2). Lets analize both plots related with direct searches in both models in
figure (3.3). simple Scotogenic model (Inert Higgs Doublet model): the dark magenta line represent the
recent upper limit set by XENONIT experiment on WIMP-nucleon spin independent elastic scattering
cross section[21]. The results into the dark blue (dark magenta) region are excluded. The non excluded
points that can be considered as the only dark matter candidate fall in the region of masses around
500 — 600 GeV in contrast with the points of masses below 100 GeV that are excluded by XENONI1T.
The interaction of np with the nucleon via the Higgs will be the dominant in the full parameter space due
to the interaction with Z boson will depend of the mass splitting between ng and n;. The vertex with the
Higgs boson is shown in fig. (D.3) where we can notice that there is a strong dependence of the parameter
A345 = A3 + Ay — A5. Contrarily, for some extensions of the Scotogenic model when more particles are
added, the same vertex will count with an extra contribution that will helps to decrease the value of the

nr-nucleon cross section [222].
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Figure 3.3: Up(Down): ng-nucleon spin independent elastic scattering cross section versus the mas of ng for the Scotogenic
model (Inert Higgs Doublet model). Color code displayed on the text. The dark magenta line denotes the upper bound
from XENONI1T [21] .

q q q q

Figure 3.4: Diagrams contributing to the ngr-nuclei elastic scattering at tree level via Higgs exchange on the left and Z
boson exchange on the right.
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3.2 Analysis of the Z; symmetry

One of the main theoretical constrains in the Scotogenic model, is the preservation of the Zs symmetry
to large scales of energy, in order to keep the dark matter particle stable. For analyze it, we have selected
a benchmark point given in table 3.2 that survive all the constrains given in Section 2.4 focus attention on

that it is representing the total dark matter abundance contained in the Universe. The analysis is made

Parameter Value Units
A1 0.259518 -
Ao 0.000041324 -
A3 0.0118591 -
A4 -0.0000396669 -
A5 -0.0000454048 -
m32 274591 (GeV)?
M Ny 1233.51 (GeV)
M Ny 9970.5 (GeV)
M N3 12888.2 (GeV)

Table 3.2: Benchmark point that respects all the constraints considered at section 2.4.

using the renormalization groups equations (Appendix B) for the Scotogenic model where we have made

the following assumptions

- We have started our analysis at the scale of the mass of the last heavy fermion My, = 12888.2 GeV
running first the RGE until the GUT scale. After that, we have go back in the scale of energy until
the mass of the second heavy fermion My, = 9970.5.

- New heavy fermions N;, and the parameter m,, are integrated out in their respective scale of energy.

- Light neutrinos masses, their respecting yukawa couplings and standard model yukawa coupling
will not present large changes among the evolution for the electroweak scale of energy to thel0'6
GeV that represents the Grand Unification Scale (GUT). Neutrino masses are generated at one
loop because of the contribution of the dark sector of the model. Nevertheless, neutrino masses are
generated before than this particles were integrated out because they still having contribution to

low energy physics as is considered in [223].

- For simplicity, we have not considered the contribution of the evolution of effective field theories as
it is considered in [224], due to the evolution of the model among the different scales of energies is
not the purpose of this thesis.

2

We have calculate the evolution of the parameter m;

RGE is given by

and studied if it become negative. Their respective

3
Dy = 6Aamy, + (4 + 2\)mg +my | 2Te(Y VYY) — S (gf + 395)} —4y My, (YNYNT), o (30)
=1
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Figure (3.5) shows the running of the parameter m,, along the different energy scales, from the mass of
m, until 8 TeV. The initial values for the RGEs of each parameter are given by the benchmark point
shown in table (3.2) considering the points listed before. We can notice that for out benchmark point the
parameter m, will not become negative in any scale of energy and the Z, symmetry is “safe”. Seeing the
equation 3.1 we can notice that one of the main problems will arise from the mass of the heavy fermions N;
and the values of the new yukawa coupling Y~ due to when they are larger than the other parameters that
contribute to the evolution of m,,, the parameter can become negative. This can be controlled considering
the value of A5 not smaller than 10~ in order to keep the yukawa coupling YV smaller enough to do not

present problems to the stability of the Zo symmetry.
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Figure 3.5: Running of the parameter m% versus the scale of energy Q, represented by the solid magenta line. The dashed

lines represent the boundaries for each heavy fermion: N; (blue), No (orange) and N3 (purple) considering the values of the
benchmark point given at table 3.2

3.3 Signatures of the Scotogenic model and the Inert Higgs Dou-
blet model at CLIC

In this section we will analyze the signature given by the cross-section e™e~™ — n7n~, which was
computed by Madgraphb [225] and specializing our code for the CLIC experiment [226]. We will compare
that signature in the Inert Higgs Doublet model and the Scotogenic model

The Feynman diagrams displayed below in Figure 3.6 shows the contributions of each model. In the case
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of the Scotogenic model the third diagram adds an extra contribution to the final value of the cross section

which can be contribute positively or negatively to the final value of the cross section.

FEE R R ]

Figure 3.6: Feynman diagrams for Inert Higgs Doublet model (magenta dashed line) and Scotogenic model (blue dashed
line).

For the analysis we selected a benchmark point (table (3.2)) that survive all the constrains given in
Section 2.4, highlighting the fact to Zo symmetry is preserve up to scales close to the 8 TeV. First, we fix
the parameters that appear in table (3.2) and we have variate randomly only the values of A5 between
1072 — 1 and the heavy fermion N; between 200 — 5000 GeV. We have studied the contribution of the
extra process in the Scotogenic model for the scattering cross section of eTe™ — nTn~ compared with
the cross section value of the same process in the Inert Higgs doublet model.

Figure (3.7) shows the value of the cross section for the signature ete™ — n*n~ at luminosity of 2 [abb]f1
at CLIC [227] for the Inert Higgs Doublet model and the Scotogenic model versus the mass of My,,
considering 2000 points. The blue band represent the cross section value for the Inert Higss Doublet
model where we can notice that because of the heavy fermion Ny is not a particle of the model, its
cross section will not depend of it. The colored points represent the different values of the cross section
ete™ — Ty~ for the simple Scotogenic model. The color bar represent the mass difference between
My, versus Mpy,. We can notice that when the mass difference My, — m,, is large, the contribution
coming from the extra feynman diagram in Scotogenic model is smaller, and the cross section values of
both models are almost the same. The main difference of the cross section value for the model will appear
when the mass difference is close to zero. So far, results show that the difference of the value of the cross
section can reach less than the 30% considering that the maximum value of center-of-mass energy that
CLIC would reach is 3 TeV with a total integrated luminosity of 2 [ab] ! when the mass of N; is smaller
than my,,, .

The cross section can be calculated analytically in order to study the contribution of the extra Feynman

diagram. Using the golden rule given in Appendix C.2, we have

do M |ps|
deost  327(E.)? |p1|’

(3.2)
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Figure 3.7: Cross section values for the two models: blue points are the results obtained for the IHDM model while blue
colored points are the values for the cross section of the Scotogenic model. Color bar represents the mass difference between

N1 and ng.

where the probability of amplitude for the Scotogenic model is

where

Mll =

M22 =

Mz =

My =

Mss =

IM|? = Mi1 + Mao + Mzz — Mag + Mss. (3.3)
¢’ 202 2 2 22 2
1A [4p5(EZ + p; +m?2) — 8pspicos’d] (3.4)
g*cos20,, - ) ) s o o 1\ 2
4cosfy (4E2 — m2)? (4p3(ES + pi +mg) — 8p3picos’d) |4 <2sm0w - 2) +1 (3.5)
26292 1 1
T o 15— [+ pi + mE) — 8pipicosd)] (3.6)
e wW e z

4y V22
E2((Ey+ — E.)? + p} — 4pspicost + 2p7 — M) [
(Eg —|—p%)(2p3p10050 — 2p§) + 4meMNp3plcose}
29Y N c0s(20,,) (2sinf,, — 1/2) 1

2c080y ((E,2 — E¢)? + p3 — 4pspicosh + 2p? — M%) 4(E2 — m2)

2p3p1cost(2pspicos — 2p7) (3.7)

[2p3p10089(2p% — 2pyp3cosh) — (E2 + p?)(2pspicosd — 2p3) + 4MNmep3p10059] . (3.8)
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We have considered P = (E.,0,0,p1), P» = (E.,0,0,—p1), Py = (E,+,pssind, 0, pscosh) and Py =
(Ey+, —ps3sing, 0, —pscosfl) where E, = \/m and F,+ = \/p3+ my+2. A more detailed calculus is
shown in Appendix. C.2.

We can notice that the contribution of the extra particles in equation 3.7 and 3.7 can arise to lower the
final value of equation 3.3 in comparison with the value of the total amplitude for the IHDM. This is an
explanation of why all the numerical results of the cross section in Scotogenic model are smaller than the

results for the IHDM as we see in figure 3.7.
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Dark matter searches at the STSM

“Do you know, I always thought unicorns were fabulous monsters, too? I never saw one
alive before!”
“Well, now that we have seen each other” said the unicorn, “if you’ll believe in me, I'll believe
m You.
Lewis Carroll

Alice’s Adventures in Wonderland and Through the Looking Glass
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In this chapter we collect the results of our analysis of dark matter in the Singlet + Triplet Scotogenic
Model. As already commented before, this model can harbor either fermionic or bosonic WIMP dark
matter. Here we will assume the Zs-odd scalar nr to be the dark matter candidate and investigate
its phenomenology in the freeze-out scenario. For a fermionic dark matter candidate x° [187], detailed
studies of it phenomenology have been presented in Ref. [190, 191]. The case of scalar dark matter has
common features with those of the simple scotogenic constructions [185] as well as the Inert Higgs Doublet
Model [228, 229, 230] that were explained before. We will continue with the analysis of one interested

benchmark point at colliders, confronting the new run of the LHC.

4.1 Numerical analysis

We now confront the model with current (and future) observations associated both with the primordial
cosmological abundance of dark matter, as well as various pheomenological constraints, including the

experimental prospects for direct and indirect dark matter detection.

4.1.1 Parameter scan

We have developed a numerical code using Python, to perform a scan varying randomly the main
free parameters which characterize the model. This code is connected to some public computer tools
used in particle physics in order to examine the constraints on the model parameters and also quantify
the expected sensitivities of future experiments. In particular, our Singlet + Triplet Scotogenic Model
is first implemented in SARAH 4.9.1 [219, 220], which calculates all vertices, mass matrices, tadpole
equations, one-loop corrections for tadpoles and self-energies. The physical particle spectrum and low-
energy observables are computed with SPheno 4.0.3 [216, 217] and FlavorKit [218]. In order to perform
the dark matter analysis, we use Micromegas 5.0.2 [221] to compute the thermal component to the dark
matter relic abundance as well as the dark matter-nucleon scattering cross sections. For the calculation
of the cross sections relevant for the collider analysis, we have used MadGraph5 [225], importing the UFO
files generated with SARAH 4.9.1. Our numerical scan was performed with 60000 points, varying the
input parameters as given in table 4.1. In particular, in the ranges of variation for the values of m% and
|As], the lower limits considered were 100 GeV and 1075 respectively, to ensure good behaviour for the
Zo symmetry [188].

This model has in principle three potentially viable dark matter candidates: ng, n; or xg. In the
following we will fix A5 < 0 so as to ensure nr to be the dark matter candidate. This choice is made for
definiteness, having in mind that the opposite case with A5 > 0 and 7; as the lightest neutral scalar would
also be potentially viable. Notice that the parameters that are not shown in the table are calculated from
the ones displayed. For example, mfb and m, are obtained from the tadpole equations 2.31 and Yy is
calculated via Eq. 2.48. Note that the smallness of neutrino masses does not preclude these Yukawas from
being sizeable, since the neutrino masses are controlled by A5 and they are further suppressed by their

radiative origin.
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’ Parameter ‘ Range ‘
My [5-10%,10%] (GeV)
My, [5-103,10%] (GeV)
m? (1002, 5000%] (GeV?)
12 [1078,5 - 10%] (GeV)
V0 [107°,5] (GeV)

INi|, i =1...4 [1078,1]
A5 [1072,1]
ALl [10758,1]
A2 [1078,1]
Yo [107%, 1]

Table 4.1: Ranges of variation of the input parameters used in the numerical scan.

4.2 Relic density
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Figure 4.1: Relic abundance h? as a function of the ng mass. Blue points denote solutions with viable relic density,
although leading to underabundant dark matter. Cyan points fall within the 30 C.L. cold dark matter measurement by the
Planck collaboration [19, 20]. Grey dots are excluded by at least one of the bounds in Sec. 2.4. Dark grey points are in
conflict with the current limit on WIMP-nucleon SI elastic scattering cross section set by XENONIT [21].

We show in Fig. 4.1 the expected dark matter relic abundance as a function of the mass of the scalar
dark matter candidate nz. The narrow black band depicts the 30 range for cold dark matter derived by
the Planck satellite data [19, 20]. Only for solutions falling exactly in this band (cyan points) the totality

of dark matter can be explained by ng. Blue points refer to solutions where nr would be subdominant,

and another dark matter candidate would be required. Grey points are instead excluded by any of the

60



CHAPTER 4. DARK MATTER SEARCHES AT THE STSM

constraints discussed in Sec. 2.4, mainly by the Planck constraint itself. Dark grey points are solutions in
conflict with the current limit on WIMP-nucleon ST elastic scattering cross section set by XENONI1T [21].
The features appearing in the plot can be explained by looking in detail into the nr annihilation channels.
The first dip on the left depicts the Z-pole, that is where m,,, ~ Mz/2 and the annihilation via s-channel
Z exchange becomes relevant. Similarly, the second depletion of the relic density around m,, ~ 60 GeV
corresponds to efficient annihilations via s-channel Higgs exchange. Notice that it is likely for solutions in
this dip to be in conflict with current collider limits on BR(h? — inv). The latter depletion is more efficient
than the Z-mediated one, which is momentum suppressed. For heavier nr masses, quartic interactions with
gauge bosons become effective and, when kinematically allowed, also two-top final states. Annihilations
of ng into WHW ™ via quartic couplings are particular important at m,,, > 80 GeV thus explaining the
third drop in the relic abundance. Finally, in the range m,,, 2 120 GeV ng can annihilate also into two
Higgs bosons. At even heavier m,, the annihilation cross section drops as ~ m+nR and the relic density
increases proportionally. Eventually, heavy ng mainly annihilate into W+W =, h%° HH. We collect all
the Feynman diagrams contributing to g annihilations and co-annihilations in Appendix D.2. We may
also notice that the relic abundance constraint does not put any bound on the absolute value of the |As]
parameter. On the other hand, cohannihilations with 1; and n* may occur in all regions of the parameter
space with the effect of lowering the relic abundance.

We show in Fig. 4.2 the most relevant branching ratios (at tree level) for the annihilation cross section
of nr into SM final states versus the mass of g, from our numerical scan. Different kinematical regimes
are visible from this figure: below My, nr annihilates predominantly into bb, gluons or 777~ ; when the
quartic coupling with W becomes kinematically accessible, 7z annihilates mainly into W W ~. Similarly,

annihilations into h°h°, HH and Z°Z° become relevant as soon as kinematically open.

10°,

10—1 If

Annihilation branching fraction

1072

Figure 4.2: Main branching fractions of the annihilation cross section of nr into SM final states versus the mass of ng.
Orange points refer to annihilation into bb, dark cyan to 777, blue to gluons, dark red to W+ W~ green to Z°Z° and
magenta to hOh0.
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4.3 Direct detection

Let us discuss now the ng direct detection prospects. The tree-level spin-independent ngr-nucleon
interaction cross section is mediated through the Higgs and the Z portals. The relevant Feynman diagrams
at tree level for this process are the same than in figure (3.4). Since the 7 doublet has nonzero hypercharge,
the nr - nucleon interaction through the Z boson would in general exceed the current constraints from
direct detection experiments. Nevertheless, in most of the solutions, A5 induces a mass splitting between
the CP-odd partner n; and ng such that the interaction through the Z boson is kinematically forbidden,
or leads to inelastic scattering. The ng-nucleon interaction via the Higgs is therefore dominant in most
of the parameter space. As a consequence, the coupling between ng and the Higgs boson (which depends
on the sum A3z + Ay + A5 and on vq, pue and )\g) turns out to be the relevant quantity controlling both
this cross section and the signals at LHC that we will discuss in section 4.5. We show in Fig. 4.3 the
spin-independent ngr-nucleon elastic scattering cross section weighted by & = % versus the ng mass.
The color code of displayed points is the same as in Fig. 4.1. The dark green plain line denotes the most
recent upper bound from XENONIT [21]. Although we only show the most stringent up-to-date limit
from XENONIT, we note that other leading liquid xenon experiments such as LUX [9] and PandaX-II [85]
can also probe the spin-independent dark matter-nucleon elastic scattering cross section for dark matter
heavier than ~ 50 GeV. On the other hand, DarkSide-50 [87] and DEAP-3600 [231] are less competitive
for medium and high-mass WIMPs, because of their higher thresholds and lower exposures. Finally, we
also depict as for comparison the lower limit (dashed orange line) corresponding to the “neutrino floor”
from coherent elastic neutrino-nucleus scattering (CEvNS) [15] and the projected sensitivity for LUX-
ZEPLIN (LZ, green dot-dashed) [22]. Most of the allowed solutions with a relic abundance within the
30 C.L. cold dark matter measurement by the Planck collaboration [19, 20] lie in a tight vertical region
around my,, ~ 500 — 600 GeV. Lighter ng lead to viable dark matter, although under-abundant, hence it

would then require the existence of an additional dark matter candidate.

62



CHAPTER 4. DARK MATTER SEARCHES AT THE STSM

-
.
=
:
.

Figure 4.3: Spin-independent ngr-nucleon elastic scattering cross section versus the ng mass. Colour code as in Fig 4.1.
The dark green line denotes the most recent upper bound from XENONIT [21]. The dashed orange line depicts the lower
limit corresponding to the “neutrino floor” from coherent elastic neutrino-nucleus scattering (CEvNS) [15], while the green
dot-dashed one stands for the projected sensitivity for LZ [22].

4.4 Indirect detection

If ng annihilates into SM products with a cross section near the thermal relic benchmark value, it may
be detected indirectly. Among its annihilation products, gamma-rays are probably the best messengers
since they proceed almost unaffected during their propagation, thus carrying both spectral and spatial
information. First we consider prospects of detecting gamma-rays from 7z annihilations by considering
the continuum spectrum up to the nr mass which originates from decays of the annihilation products.
We consider annihilations into bb, 7t7~ and W+W~ to compare with current limits set by the Fermi
Large Area Telescope (LAT) satellite [23] and HESS telescope [24]. We show in Fig. 4.4 the results of
our numerical scan of the annihilation cross section (weighted by ¢2 and by the correspondent branching
ratio) versus the nr mass, for np annihilating into bb (orange points), 7+7~ (dark cyan) and WW~
(dark red). Grey points are excluded by any of the constraints listed in section 2.4. Points in light red are
solutions with relic abundance falling exactly within the 30 band measured by Planck. In the same figure
we also show the 95% C.L. upper limits currently set by the Fermi-LAT with gamma-ray observations of
Milky Way dwarf spheroidal satellite galaxies (dSphs) based on 6 years of data processed with the Pass 8
event-level analysis [23] (plain lines assuming annihilation into bb (orange), 77~ (dark cyan) and W+~
(dark red)). Moreover we show as a red dot-dashed curve the current upper limit obtained by H.E.S.S.
using Galactic Center (GC) gamma-ray data accumulated over 10 years [24], assuming a W W~ channel

and an Einasto dark matter density profile. Finally, we also depict sensitivity projections for Fermi-LAT
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from a stacked analysis of 60 dSphs and 15 years of data, in the bb channel [25] (dashed orange) and
for CTA, for the Milky way galactic halo target, W™ W~ channel and an Einasto dark matter density
profile [26]. Although current limits lie a couple of orders of magnitude above the predicted signals in this
model, future data from Fermi-LAT and CTA offer promising prospects, eventually allowing one to test
part of the parameter space both in the low (~ 70 GeV) and in the high ( 2 500 GeV) mass regions.

Note that when the ng is non-relativistic, as is the case of annihilations occurring at the current epoch,
its annihilation cross section and hence its indirect detection flux can be affected by a non-perturbative
correction, the Sommerfeld enhancement [232, 233, 234, 235, 236]. This occurs when m,,, > My (Myz)
and np is almost degenerate in mass with n*(n7). The multiple exchange of W (Z) bosons would induce
a long range attractive force, thus leading to an enhancement of the annihilation cross section at low dark
matter velocities, compared to its tree-level value. This process might improve the detection prospects of

the ngr annihilation via gamma-rays for some parameter choices.

1 0_24 =
-25 ~—~—-—_ CT, iy

10 % =~~=I2.GH 500h Einastg 1

10° e

10—35 Lot
102 10°
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Figure 4.4: Predicted nr annihilation cross section into gamma-rays — weighted by the relative abundance — for annihilations
to bb (orange), 7T 7~ (dark cyan) and W+ W~ (dark and light red) final states. The orange, dark cyan and dark red plain
lines refer to the corresponding 95% C.L. upper limits currently set by the Fermi-LAT with gamma-ray observations of
dSphs [23]. The dark red dot-dashed curve is the current upper limit obtained by H.E.S.S. using GC data [24]. We also
compare with sensitivity projections for Fermi-LAT (bb, 60 dSphs and 15 years of data) [25] and for CTA (GC, WTW ™) [26].
See text for more details.

Besides gamma-rays, charged cosmic rays can be used to probe ngr as a dark matter candidate. The
positron fraction measured by PAMELA [237, 238] and more recently by AMS-02 [239, 240], allows us to
place constraints on annihilating WIMPs, which are particularly stringent in the case of annihilations to
the first two generations of charged leptons. In our scenario, light ng annihilate mainly to 7777, as can
be seen from Fig. 4.2. As a result bounds from cosmic positrons are less relevant than those from gamma-
rays. In addition to cosmic-ray positrons, AMS-02 has also provided a high-precision measurement of
the cosmic-ray antiproton spectrum [241]. These can be translated into upper limits on hadronic dark

matter annihilation, which can be a factor of few stronger than those from gamma-ray observations of
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dSphs [242, 243]. Since these results rely on a careful treatment of systematic uncertainties, namely the
antiproton production cross-section, and the modelling of the effect of solar modulation we decided not to
include them here and leave it for a dedicated work. Similarly, searches for anti-deuterium or anti-helium
events could potentially provide a powerful probe of ng annihilations [244, 245, 246, 247], although also

affected by substantial uncertainties.

4.5 Scalar dark matter signatures at the LHC

In this section we confront our scalar dark matter candidate with the latest data from particle colliders,
in particular from the LHC run at /s = 13 TeV. As in any model with a dark matter candidate, the
generic signature to be searched for is missing energy (#r), measured from the total transverse momentum

recoil of the visible particles in the event (see for instance [248, 249]).
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Figure 4.5: Relevant Feynman diagrams for mono-jet production through nrng + j at the LHC; here h, = h° or H.

In the Triplet + Singlet Scotogenic Model typical signatures are 7 + X, where X can be one or two
jets [27, 250], two leptons [251] or one photon [252]. Although all of them are in principle interesting,
we have checked numerically that in our scenario the most promising one is Er+ jet (mono-jet). In the
following we will focus on mono-jet final states, arising from pp — nrnr + ¢ and pp — nrnr + q processes.
Here ones looks for events with one high-pr jet (higher than 100 — 200 GeV in the central region of the
detector, with pseudorapidity |n| < 2.4) and Fr above roughly 200 GeV in the 13 TeV analyses for the
ATLAS and CMS detectors [27, 253]. At leading order, the relevant Higgs-mediated Feynman diagrams
for mono-jet events are shown in Fig. 4.5.

In all cases, the dark matter is produced via the decay of a neutral scalar (h° or H), produced from
its interaction with quarks, or through its effective coupling to gluons. The latter involves a top quark
loop and enters in gluon-gluon fusion (ggF) processes. An important point is that in ggF processes only
the SM-like Higgs doublet couples with fermions. Indeed, since H is mainly a triplet, its coupling with

quarks is suppressed. The interaction vertex between nr and hy is given in Appendix D.3. Note that if
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the mass difference between 7; and 7ng is small, iy should also contribute to the invisible final states. In
this case, n; would subsequently decay to ngr plus soft fermions or jets which are not energetic enough to
be detected. Besides Higgs mediation, the mono-jet signal can proceed also via Z-mediation. Therefore we
also include the contributions shown in Fig. 4.6, which are described as pp — nrnr+g and pp — nrnr+q
processes. Finally, we must mention that in this same scenario of small mass differences, a pair of n; can

also be produced.
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Figure 4.6: Feynman diagrams illustrating Z-mediated production of nrn; + j at the LHC.

4.5.1 Benchmark Points

The constraints previously described in Section 2.4 restrict the parameter space allowed by a vast
array of experimental probes, among which are the relic density, direct detection and indirect detection
analyses. Motivated by these preliminary studies, we now investigate using the CheckMATE 2 collaboration
tools [254, 255, 256, 257, 258] whether the solutions that satisfy all experimental limits in section 2.4 could
lead to detectable dark matter mono-jet signals at LHC 13 TeV. This code allows us to determine whether
or not a given parameter configuration of our model is excluded at 95% C.L. Indeed, for each signal region,
CheckMATE 2 computes the expected number of signal events S after cuts, and directly compare it to the
95% C.L. upper limit Sg;’p, given a signal error AS. The most relevant analysis for our study is Ref. [27].

In this way, we identify two interesting benchmark points which survive the entire set of constraints
described in Section 2.4 and shown in Table 4.2. Values of the relevant parameters and the corresponding
scalar spectrum are summarised. We also show in this table the value of observables obtained in Section
2.4 for each benchmark. The main difference between the two benchmark points is the value of H mass,
which is governed by ps and vg. However, because this heavy scalar is mainly triplet, its coupling with
quarks in the ggF processes is suppressed, so that a significant change in its mass is not expected to lead

to a large variation in the magnitude of the cross sections.

4.5.2 Mono-jet signatures at the LHC /s = 13 TeV

We display in Tab. 4.3 the CheckMATE 2 results for the evaluation in the Zr-+jet channel (correspond-
ing to an integrated luminosity of 36.1fb™" in the /s = 13 TeV analysis) for the two benchmark points
of Tab 4.2. For this study, the cross sections shown in Tab. 4.3 correspond to both contributions to the

final state studied: Z boson (Fig. 4.6) and Higgs-mediated processes (Fig. 4.5), respectively.
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Parameters H Benchmark 1 Benchmark 2 Units
A3 3.64 x 107° —1.64 x 107 -
A\ 7.02 x 1077 —3.290 x 1077 -
A5 —1.8 x 1072 —1.45 x 1072 -
AL -1.32x10°  —7.11x1076
Lo —457x1078%  —1.59x 107! [GeV]
Vo 2.43 x 1074 9.21 x 1071 [GeV]
m? 3678.17 2851.39 [GeV)?
Scalar masses H
Mo, 55.92 49.09 [GeV]
M, 65.04 57.38 [GeV]
mpo 124.68 125.54 [GeV]
my 425.9 834.45 [GeV]
Constraints H
QOh? 0.0107 0.0129 -
BR(hY — inv.) 0.155489 0.12939 -
BR(u — ey) 7.33 x 1072 8.55 x 10732 -
BR(u — eee) 3.75 x 10739 1.01 x 10730 -
CR(p, Au — e, Au) || 3.88x 107% 1.40 x 10729 -
BR(R® — v7y) 0.00226748 0.00212008 -
Aay, 2.18 x 1071 2.15 x 10714 -
oSI 5.953 x 10719 4.862 x 10710 cm?

Quantity | Benchmark 1 | Benchmark 2
o + do [fb] 787.791 1074.62
S+dS 163.241 £6.814 | 421.3+12.784
r 0.220 0.263

Table 4.2: Benchmark points which survive the entire set of constraints described in Section 2.4 and corresponding
parameters relevant to the calculation of diagrams in Fp+jet final states.

Table 4.3: Results obtained with CheckMATE 2 based on the atlas_conf_2017_060 [27] analysis by the ATLAS collaboration,
for LHC data at /s = 13 [TeV].

The main result of Tab. 4.3 is the value of the parameter r

S —1.96AS
595

exp

ﬂ
Il

(4.1)

calculated by CheckMATE 2', which translates into a significant number of signal events after the cuts, S.

! According to algorithm definitions and taking into account experimental errors, a point in parameter space is
considered excluded if the ratio 7 > 1.5. If r < 0.67, the point is classified as compatible with the experimental
results and is kept. Points with 0.67 < r < 1.5 are regarded as “potentially excluded” in view of the systematic
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These specific cuts are implemented by the ATLAS analysis in order to map out the associated regions
of consistent parameter choices, and will be described later.

Our dark matter candidate ng with mass around ~ 50 — 60 [GeV] and chosen to satisfy all theoretical
and experimental constraints of Sec. 2.4 would lead to a signature in the Fr+jet channel in the ATLAS
experiment. For that we require, for both benchmark points, that the leading jet has pr > 250 [GeV]
and |n| < 2.4, separation in the azimuthal plane of A¢(jet, p7**¢) > 0.4 between the missing transverse
momentum direction and each selected jet. The difference between our benchmarks are the ' thresholds.

While for Benchmark 2 a Fr minimum of 500 [GeV] is required, in the other case we take Fr > 600 [GeV].

For larger ng masses we investigate the behaviour of the cross sections at /s = 13 TeV and the
Asz45] to lie in the range [0.02,0.9] and
we fix the other parameters according to Benchmark 1 in Tab. 4.2. We analyse ngngr + j and nrnr + j

projected signal events at /s = 14 TeV. We assume the coupling

separately because the rate of these processes depends on different parameters and we want to analyze

their contributions to the total cross section separately.

In Fig. 4.7 we present the production cross section for Fr+ jet process at LHC /s = 13 (14) TeV.
Using Madgraph5 [225] we simulate events with an initial cut of pJ** > 100 [GeV], according to the
latest analyses in mono-jet searches [260, 261]. Since the relevant processes leading to these events are
mediated by mainly the SM Higgs (left panel) and Z boson (right panel), one has the characteristic peaks
at my, ~ mpo/2 and at m,, ~ mz/2 respectively, providing larger cross sections in these mass ranges.
Therefore, the Higgs boson mediated processes are dominant up to m,, ~ 60 [GeV] and also contribute
in the range ~ [700 — 1400] fb (13 TeV). In addition, Z-mediated processes complements the search for
pp — nrNr+ jet process at the LHC. For this mass range, the cross sections are ~ [190 — 80] fb while,
for dark matter masses between [65 — 200] [GeV], we have ~ [70 — 5] fb, providing a sizeable contribution
to the total mono-jet cross section, which could be within LHC sensitivity. At /s = 14 TeV the cross
section increases by a few fb. These results agree with expectations of other models, such as the Inert
Higgs Doublet Model, whose contributions to this signal are very similar [260]. In summary, one sees that
there are good prospects for probing the mono-jet signal at the LHC for dark matter masses up to ~ 60
[GeV].

There are regions of parameters in which n; and ngr are relatively close in mass, as shown in Figure
4.8. This as required for model consistency, as the mass difference between these particles is intimately
connected with the smallness of neutrino mass as generated in the scotogenic picture. This requires the
violation of lepton number through the value of A5, as seen by Eqs. 2.37 and 2.38. Indeed, if m,,, —m,,
is small we can obtain neutrino mass square differences, as needed to account for neutrino oscillation
data [262]. Moreover, the particles produced from the decay n; — nr+X are not energetic enough to

have the trajectories reconstructed by the detector (soft particles), leading to our 7+ jet final state signal.

As already commented in previous sections, as a result of its small coupling with quarks, the heavy

neutral scalar H does not influence significantly our signal. As shown in Ref. [189], the production cross

and theoretical errors. For more details see [259].
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Figure 4.7: Cross sections of mono-jet signals at LHC /s = 13 (14) TeV. The left panel shows the Higgs boson mediated
events from pp — nrnr+ jet. The maximum value of the cross section is ~ 1400(1800) fb for /s = 13 (14) TeV respectively.
The right panel is the Z-mediated process, pp — nrnr+ jet, with peak contribution ~ 190 (220) fb.

section of H at the LHC is 3 to 5 orders of magnitude smaller than the production of the SM Higgs boson,
independent of the center-of-mass energy. Hence our results for the scalar dark matter jet + missing
energy final states within the Singlet + Triplet Scotogenic Model should also hold within the simple

Scotogenic scenario of [185].
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Figure 4.8: Mass difference m,, — my, as a function of m;, in mono-jet events mediated by the Z boson, pp — nrnr+
jet. The color shades represent values of the cross section in fb.
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Summary and conclusions

The Inert Higgs Doublet Model, the simple Scotogenic Model and the Singlet + Triplet Model are
extensions of the Standard Model, modifying the Higgs sector and in the case of the last two, the fermionic
sector. The models include a Zy symmetry which keeps stable the new neutral particles present in the
models and brings a particle candidate to dark matter able to form the ~ 85% of matter of the Universe.
Further, both Scotogenic Models introduce a mechanism to explain how neutrinos get a tiny mass con-
sistent with the current experiments. Here, dark matter emerges naturally as the mediator of neutrino

mass generation and the Zy symmetry is responsible for the radiative origin of neutrino masses.

In the first part of our work we studied the main resemblances and contrasts between the Inert Higgs
Doublet Model and the simple Scotogenic Model. We have implemented some constraints on the scalar
potential in order to keep both models out from potential destabilization at tree level and at 1 loop. Al-
though in the Scotogenic Model there are two possible dark matter candidates that can be considered, i.e.
scalar or fermionic dark matter, we focus in the lightest neutral scalar as the dark matter particle. Even
if a single particle of dark matter is not necessary to be in agreement with cosmological constraints, the
study of the dark matter phenomenology focus on the possibility that in both models there are parameter
regions where the results can explain the total dark matter abundance that exists in the Universe. These
results are consistent with all the theoretical and experimental constraints imposed. We investigated the
observable given by the cross section for ete™ — ntn~ under the light of the Inert Higgs Doublet Model
and the Scotogenic Model at CLIC, drawing attention to the stability of the dark matter given by the
Zs in the benchmark point chosen. We examined that the extra contribution presented in the Feynman

diagrams of the Scotogenic Model contribute negatively to the final value of the cross section studied. The

71



CHAPTER 5. SUMMARY AND CONCLUSIONS

main difference of the cross section in the different models arise in the mass splitting between N7 and ng.
When the splitting is large enough, the cross section values are practically the same. If the mass splitting
is tiny, the extra contribution in the Scotogenic Model gives a numerical value for the cross section in the
Scotogenic model and the ITHDM such that they can be discriminated. However, in this parameter space,
the stability of the Zy symmetry is not guaranteed. We find that a mass splitting of ~ 30 [GeV] between
ngr and Ny, the value of the cross section in the Scotogenic model decreases around 20% in comparison to
the value of the cross section in the IHDM. Because the mass difference is small, a study of the stability of
the Zs symmetry is necessary. Another interesting result we find is when the mass of Ny is smaller than
the mass of ng. For a mass splitting close to 350 [GeV] the value of the cross section for the Scotogenic
model falls almost a third of the IHDM cross section value. Since we focus on a study of scalar dark

matter, a future study is needed.

In the second part of our work we have reexamined the generalized version of the minimal Singlet +
Triplet Scotogenic Model. We have assumed dark matter to be a scalar WIMP in a freeze-out scenario
and we have presented a full numerical analysis of the signatures expected at dark matter detectors as
well as collider experiments. We have identified the regions of parameters where dark matter predictions
are in agreement with theoretical and experimental constraints, such as those coming from the stability
of the Zs symmetry, Lepton Flavor violation data, neutrino oscillation data, Higgs data, dark matter
relic abundance and direct detection searches. Further, we have presented expectations for near future
direct and indirect detection experiments. In the case of direct searches, we have found that most of the
allowed results that explain the total dark matter abundance in the Universe are located only in a vertical
region for a mass of nr between 500 — 600 [GeV]. It is worth commenting on how the phenomenology
of nr dark matter compares to that of the scalar dark matter in the simple Scotogenic Model [185].
While the two candidates have similar properties, the presence of a scalar triplet in the Singlet 4+ Triplet
Scotogenic Model slightly changes the interaction of ng with the Higgs boson. As a consequence, both
its Higgs-mediated annihilation cross section as well as the nr-nucleon interaction cross section contain a
term dependent on ps and on vg (see the relevant vertex in Appendix D.3). This is nonetheless weighted
by the (small) mixing between h° and H. As a result the nr dark matter phenomenology turns out to be
very similar in both models. The real advantage of the Singlet + Triplet Scotogenic Model comes from
the enlarged viable parameter space, especially at low nr masses, as it avoids the unwanted spontaneous
breaking of the Zo parity symmetry [188]. In the indirect detection results, we have found some interesting
points which could be tested by the future experiments as Fermi-LAT and CTA in two mass region for
nr: ~ 70 [GeV] and > 500. We have examined the collider signatures associated to the mono-jet channel
at the LHC. This signal presents an interesting contribution in comparison with the background of the

experiments at the LHC for a mass of the dark matter up to ~ 60 [GeV].
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Future works

We believe that the following future studies related with our work, are interesting

e In the case of the discrimination of the IHDM with the Scotogenic model, it would be interesting
study some signals at one loop level. If the value of the parameter A5 is small enough to increase
the value of the new yukawa couplings Y, a considerable contribution over the dark matter-
nuclei scattering spin independent cross section in the Scotogenic model would contribute to the
differentiation of both model. Also an study of the same signal, ete~™ — n*n~, considering a

fermionic dark matter scenario would present a prominent result.

e For some studies in indirect searches in the Singlet+Triplet Scotogenic model, we know that ng will
annihilate into gamma rays at one loop level, mediated by the Higgs boson (either h° or Hs). The
contribution can be rather large depending of the coupling of nr with the Higgs or the effective
coupling that will arise from the loop contribution. A detailed work including loop contributions
would be interested to be tested with some experiments as for example the search for spectral lines
in the Fermi-LAT gamma rays observations of the Milky Way halo. Also, as we mentioned during
this thesis, a deep study related to the Sommerfeld enhancement would be important to realize,

which we did not considered because it was beyond the scope of this work.

e Our collider study should encourage future studies at the upcoming high-luminosity run of the LHC
and a better analysis of the electroweak oblique parameters at one loop for the region of masses of
Nr up to 60 GeV.

e In all the models we computed the spin-independent ng-nuclei elastic scattering cross section only

at tree level contributions numerically, using microOMEGAs tool. Some works in literature [263,
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264] suggest that one-loop diagrams with gauge bosons may become relevant in some regions of
parameters, particularly when the mass splitting between the dark particles in the scalar sector
is small and also the value of the quartic couplings. In the case of the last model studied in this
thesis, the Singlet + Triplet Scotogenic Model, the situation is a little different in comparison with
the Inert Higgs Doublet Model for example, because of the scalar sector also includes a new triplet.
In comparison with [263] where the mass splitting is only generated at the loop level, our model
includes mass splittings between the dark scalar sector also at tree level. Nevertheless, in the
case of both the Scotogenic models, loop contributions where the new particles of the dark sector
contributes, would introduce high values to the dark matter-nuclei scattering spin independent cross
section, depending of the smallness of the A5 parameter, increasing the value of the new Yukawas
coupling. An interesting and detailed study where gauge contributions may dominate for some

specific parameter combinations in the Singlet + Triplet Scotogenic Model should be done.
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Notation and conventions

A.1 Spinor conventions

The convention for the Pauli matrices is

0
0 —1
09 =
1 0
1 0
gq =
’ 0 -1

The properties of the Pauli matrices are

[0’1',0']'] = Qieijkak
{0’,‘,0']‘} = _26ij
where i,5 = 1,2,3 and
0 if the is a repeated index.
€ijk = +1 if the permutation of index ijk is even.

—1 if the permutation of index ijk is odd.
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APPENDIX A. NOTATION AND CONVENTIONS

The gamma matrices are defined as the four matrices v* as

{97 = —2¢". (A.7)

We have used the gamma matrices in the Weyl basis, where they have been defined as

0 1
Yo _ 2%X2 (A8)
laxs O
0 —0;
i = A9
gl (Ui 0 ) (A.9)
-1 0
Y5 = V0717273 2 (A.10)
0 layxo

A.2 Useful relations and formulas for gamma matrices

A useful relations between the gamma matrices that we used in this thesis for the calculus of the

scattering amplitud is

(7" = %07mu0- (A.11)

Also, the relations involving contractions of gamma matrices are that we used are

Y = 4laxa, (A.12)
Ay = =297, (A.13)
Ay, = 4g"°, (A.14)
VYAV = 2977 (A.15)
(A.16)

A.3 Redefinition of the fields ¢ and 7

We can notice in equation 2.1 that mi, m% and \;_4 are real because ¢!¢, nn' and (¢n) are real. In
the case of A5 the parameter can be complex. We can add a phase to the doublet fields keeping the scalar

potential unchanged, and getting a real value for As.

We can redefine the fields ¢ and 7, performing the following transformation

o = ¢ =er, (A.17)
77 — ’r]/ = eipﬂn' (A18)
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We can analyze each term of the scalar potential with the new definitions of the fields where we will have

o
n'n
o'
n'e

N efipqs(z,feiqugf,,
— efip"nfeip”n.
N e_i%(ﬁfe“’"n _ epn—pq)(an_
N e—ipnnTeip¢¢ _ €p¢—pnnT¢_

(A.19)

where we can notice that the parameters A\;_4 are not modified because they are real. For A5 we have the

next situation

We can notice that A5 = \se’? and

As ity At
2(<¢’>77)+2(77¢) -

_>

4)
(nfg)? — o) (nTg)2, (A.20)

s [e“’e%(””_””’)(w??)z n e—i9€2i(ﬂ¢—0n)(nT¢)2}

2
% |:e7;(2pn—2p¢,+9) (¢Tn)2 +e—i96i(2p¢—29n—9) (nT¢)2} .

In order to keep the Lagrangian invariant, we rewrite A5 as

A — Age2ilPo—pn), (A.21)

where 0 = 2(py — py) is the global phase that was added. Now all the parameters in the Scalar potential

given in equation 2.1 are defined real.
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Theoretical constraints

Here we will present the renormalization group equations (RGEs) for both, the Scotogenic models
that were computed first in [224] and for the Singlet + Triplet Scotogenic model. We have used them for
the analysis of the Zy symmetry.

For simplicity, we have defined the differential operator D = 1671'2”%.

B.1 Renormalization group equations for the Scotogenic model

We have used the abbreviations T = Tr (Y,{Y, + 3Y]Y, + 3V Yd>, Ty=Tr (YJ}QYJY; +3YIY, VY, + 3y vy] Yd),
Ty = Tr (YNTYN), Tuy = Tr (YNTYNYNTYN) and T' = Tr (YNTYNYJYE). The RGEs for the gauge
couplings are

Dyg; = big; (B.1)

with b = (7, =3, —7). The RGEs for the yukawa couplings in the standard model are

(3 3 17 9
Dy, =Y, _§YJYu - §YdTYd +7T - Eg% - 193 - 89:*%} ; (B.2)
(3 3 15 9
DY, = Yy |2YViY,—2YIV, +T— —g? - 242 — 842 B.3
d d B atd =5ty + 1291 492 93| » (B.3)
(3 1 15 9
DY, = Y. 51{;1@ + 5YNTYN + T — Zg% — 493] . (B.4)
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For the new yukawa couplings and the Majorana mass matrix, we have

DYV

3 1 3, 9
vy [QYNTYN + S YIYe+ T = ot - 493} , (B.5)

4

DM = [(YMYN) M4 M (YNYM)T (B.6)

For the quartic scalar coupling we have

DA = 1207 4402 + 4030 + 203 +2)2 + % (91 + 29195 + 393)

— 3M\(g% +3¢g3) +ANT — 4Ty, (B.7)
DXy = 1202 +4X02 + 40304 + 203 +2)2 + % (91 + 29195 + 393)

— 3Xa(g? 4 3¢2) + 4\ T — 4Ty, (B.8)
DAz = 2(A1+X2) Bz + Aa) + 423 + 207 + 2% + Z (91 — 29795 + 393)

— 33 (g7 +393) +2Xs(T + Ty) — 4T, (B.9)
DAy = 2(A\1+X2) M+ 83y + 427 +8)2 + 3¢%¢5

— 20(97 +393) + 2M(T + Tw) + 4T, (B.10)
DAs = A5 [2(A1 4+ A2) +8X3 + 1204 — 3(¢F + 393) +2(T + Tw)] - (B.11)

For the scalar mass parameters the RGEs are

3
Dmj = 6Aim +2(2Xs + Ag)my + m} [2T - 5(gf + 395)} , (B.12)
3
3
Dmi = 6lym; +2(2X3 + Ag)m;, +m. {2T — 5(g% + 393)] —4y M, (YNYNT) L (B3)

=1

B.2 Renormalization group equations for the Singlet + Triplet

Scotogenic model

The RGEs for the gauge couplings are the same than in equation B.1 but for this model b =

(%7 7%a 77)

For the Yukawa couplings of the Standard Model, the RGEs are

3 af
DYs = -2 ( — YY1, + YY) Yd)

1
+ [3me(vav] ) + 3me (vay)) + me(ovl) - 8g3 - Tg2— %g

3 op
DY = S (= YaviYa + Yav]Va)

u

500 5} yob (B.14)
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1
+ (31 (vax]) +me (vav)) + o (vevd) - %gi ~ 79 - 893) V"
DY, = %Y YiYo+ 5 (Y YF) vi+ Z(YEYZ") Yye
n (3Tr (Yde) 43Ty (YUYJ) n Tr<YeYj) - %gf . %gg)}f;ﬁ

9 , 9,

(B.15)

(B.16)

) 1 a 3
DYE = [( Yol + 5 (vovg) + 2 (vivi) - oof 492)] v 5 (VIveye) 4 2 (veve ) ve

1 3 9 33
DY = [fY 2 (Y Y*) (YY) R
= [glYel + (Yr¥r ) + 5 (Yols 209 T 14

1
DYy = 5YQ( — 1295 + 12[Yo|* + 2(YFY;) + (YZYS))

2 a
g Y, +
2] b 2

The RGEs for the quartic scalar couplings are
DA = + gt 4 2 i 2M1 = 99201 + 1222 + 402 4+ 4h3hy + 222
L= T 9091 T+ 09192+4g2 911 9951 + 1207 + 4A3 + 43y + 2)]
+ 222 + 30 + 120 T (YaY] ) + T (V) + 120 (v

—12Tr (Yde YY) ) ATy (Y;ijeyg) — 12Tr(YuYJYqu)

27 9 9 4 9
DAy = +roog;* + Eglg2 + 492 Gha — 9g5Ng + 1202 +4X2 + 4X3\y + 2)2

+2X2 4 3(A))% + 4x (YFY;:) - 4(YFYF*) - 4(YFyg) (yzy;)

2
+ 6 (YEYE*) - 5(YEY§)
27 4 9 9 2 2 2
D3 = +TOO 10 492 gl A3 — 9953 + 6A1 A3 + 62 A3 + 45 + 21 My

+ 2000 + 202 202 4+ 3APA? 4 2) (YFY;;) - 4(YFY; Y;YF*) 43 (YEYE*)

—gig5 +

- 2<YEYJY6YZ*) + 6A3Tr(YdeT ) + 2)\3Tr(YeYJ ) + 6A3Tr(yuyj)
9 9
DAy = +2930 — 298Aa — 9g3A + 2 A + 2ada + 8ods + 4] + 843 + 24 (YFY;>
+ 4<YFYJY6Y;) 3\ (YEYE*) _9 (YEYteYg) + 6A4Tr(Yde ) 20Ty (YSYJ>
+ 6>\4Tr(YuYJ)
9 2 2 * *
DAs = =207 As — 9933 + 221k + 2ok + 8hads + 12045 + 25 (YFYF) +3)5 (YEYE)
4 65 Tr (Yde ) 422 Tr (Yng ) 4 65 Tr (YUYJ )
9
Q_ N
DAY = +3¢; oM 171 5 92
+ AT (Y] ) + 22T (VoY) ) + 602 (YY)

DAF = 2(1108)? — 126328 + 393 + AT Yol — 4Yal* + O + (AD)?)
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1 @
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DA = +3g5 + AAsAT + 2007 — 10 giAy - —92)\9 + 62X + TOATAT + 4(A]))?

208 (VY ) + 4Yal? (= 2(YeYi ) - (YEYZ> A7) 308 (YY) (B.27)
The respective RGEs for the trilinear scalar couplings are

9 21
— a1 — = g2 + 20 + A1+ 220 + 2 (Yo 2 + 6 T (YaY] ) + 2 Tr (VoY)
10 2

+ 6M1Tr(YuYJ ) (B.28)

Dy =

9 21 . w (v (e
Dpta = +2\pn = 15932 = 5-g3Ha + 2hapiz + ANz + 212 (YeYF ) + Yo Mi (YeYs ) + YoMz (Ve )

10
25 (205 (Ve ¥z ) + 2Ms (VY3 ) + oY) + 32 (Va3 ) (B.29)

For the new fermion mass terms the RGEs are

DMy = 2My (YFY;) + 6Y2Z M3 + 3My Yo 2 (B.30)

DMy, = 2Y2 M + Mg( —12¢2 + |Yo|* + (YEYZ*;)) (B.31)
Finally, the RGEs for the scalar mass terms are

9 9

"7 10 2
+6m2Tr (Ydyj ) + 2m2Tr (YSYJ) +6m2Tr (YUYJ ) (B.32)
9 9
Dmfl = 1Oglm — §g2m + 6)\2m — 4)\3m¢ — 2)\4m¢ 3/\572771?) +3u3
+ 2(m37 - 2|MF|2) (YFY;) + 3(m$7 - 2|M2|2) (YEYE*) (B.33)
Dm2 = —2 (2/\Qm — 2APm2 + 6gim?, — BATmE, + 12 + 3 — 2|Yo|? <2MEM§ + m‘é)
COMpMsYa? — 2Yo M (2MFY§‘ + YQM§)> (B.34)
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Computation of the cross section and decay

rate

C.1 Decay rate and cross section

There are particles, like the muons that will decay due to they are not stable. The decay rate I' is the
probability that the muon decay per time [265]. We can define

dN = -—I'Ndt
N(t) N(0)exp —T't. (C.1)

as number of muons at a given time ¢, where NT'dt of them will decay at ¢t. The life media is defined as

T==. (C.2)

| =

Branching ratios, that are the fraction of all particles of the given type that decay depending of each

mode, are defined as

_ J
B(A— BB) = FtBtBl’ (C.3)

that is the probability that the particle A decay in the particle B. All the sum of the branching ratios
will be equal to 1.
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When a particle suffer a scattering, the trajectory of it will change. Considering a beam of incoming

particles whit luminosity Lu, the number of particles per unit of time scattered into a solid angle will be

dN = Ludo = Ludod)

do 1 dN

Than means that the cross section per luminosity is interpreted as the event rate.

Considering two particles involve in a scattering process, where A and B are the incoming particles

and C and D the outcoming, the transition amplitude is
T = —iNANgNcNp(27)*6™ (pp + pe — pa — pp)|Mal?. (C.5)

where Nx with (X=AB,C,D) is N = \/‘7_1 with V the volume where the process happens. Considering

the last definitions, the transition rate per volume unit is defined as

(2m)*
V4

W= 8 (pp + pc — pa — pp) | Mal*. (C.6)

where in order to get the event rate we have to multiply the last equation by the number of final states.

In the case of the differential cross section do considering equations C.1 and C.6, we have
w
dO" = E X Pfinal (C?)
3

where papa) is the density number of the final states. Because }ng)f; is the number of states per particle in

a volume V where E is the energy of the particle, we have that the differential cross section is redefine as

2m)* s Vdipc Vd®pp
§*(pc + pp — pa — pB)|Mal| ((27)32E¢) ((27)32Ep)’

Ludo = ( (C.8)

V4
For the calculus of the differential cross section we do some considerations
e the number outcoming particles is two.

e the number of incoming particles that are traveling is |v4|2E4/V while the number of target
particles is 2Eg/V,

e the incoming flux is given by
2E 4 2Ep

F=al=7

)

and we have

B |Mal?
o 4EAEB|VA|2

d*pc pp

d
7 27)32EC (21)32E

(2m)*6W (pc + pp — pa — pB) ( (C.9)
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that is the golden rule for scattering where Ma is the scattering amplitude that must be calculated [265].

In the case of the decay rate of one particle going to others, we have the golden rule for decays

[Mal*

ma

&Ppp  dPpc &*pn

dr = :
21)32Ep (2m)32Ec " (27)32E,,

2m)*6W (pa — pp — pc — ... — - pa)] (C.10)

C.2 Scattering amplitude for the Scotogenic model

Here we will calculate scattering amplitude for the signature e™e~™ — 55~ for the Inert Higgs
Doublet Model and the Scotogenic model. For the process in both models, the Feynman diagrams involve
are display in figure (3.6). For simplicity, we have excluded higgs contributions due to it will be smaller
than others contributions and we only considered the extra contribution of Nj.

Considering the center of mass frame, the respective momentum of each particle will be

P, = (E,0,0,pl) (C.11)

Py = (E»,0,0,—pl) (C.12)

P; = (FE3,p3sind, 0, pscosh) (C.13)

Py = (E4,—pssinb, 0, —pscosh) (C.14)

(C.15)

Due to linear momentum conservation the energy for each particle involve in the process is

Ey = /p?+m? (C.16)

By = \/p}+m? (C.17)

E3s = /p3+m3 (C.18)

Er = \Joi+m? (C.19)
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For \/s = Ey + Ey = E3 + Ey4, we can find that p; = /7 —m2 and p3 = i*mw

The contributions involved in the scattering amplitude when we consider ¢ = p3 — p; are

(Py— P3) - Py = EqFy — E3F7 + 2p3picost,

(Py — P3) - Py = EqFy — E3F5 + 2p3picost),

Py Py = EyEy + pi,

(Py— Py)- (Py— Py) = (By — E3)* — 4p3

q-Py=(Ps— Py)- P, = E3Ey — E1E; — pgpycost + p3,
q-Py=(Ps— Py)- P, = E3sEy — E\Ey + pspicos — p?,
(Py— Ps)-q= (B4 — E3)(E3 — Ey) — 2p3 + 2psp1 cosh.

FOTEleQZEEaHdE3=E4:E

n+ We can rewrite the equations above as

(Py — Ps) - Py = 2p3pcos,

(Py — P3) - Py = 2p3pcosd,

P, - Py = E? 4 p3,

(Py — P3) - (Py — P3) = —4p3

q-Py=(Ps—Py)- P, = E,+ E. — E} — pspicost + p1,
q-Py=(P;—Py) P, =E+E. — E? + p3picosf — p3,
(Py — Ps) - q = —2p3 + 2p3picosh.

With all the last assumptions the scattering amplitude is

2

e
Miotar]* = 15 [4p3(EZ 4 pi +m?) — 8p3picos®d]
4 2
g*cos(20y) B 9 9 ) 1
+ 4cosfy (4E2 — m2)* Aps(Ee +pi+me) | 4{ 2sinfh = 2 1
4 2
g*cos(20y,) 22 2 . 1
+ Teos0u (AE2 — m2)* —8pspicos O | 4 | 2sinfy, — 3 +1
4e2g? cos(26y,) 1 9, 0 o 5 s 9 o
4pi(E -8 0
+ E. costy 4EZ2—m?2 [4p3 (2 + pi + me) — 8pspicos™d]
4Y]%,e2
- 2 0(2 0 — 2p?
E3((E,+> — E.)? + p3 — 4pspicost + 2p7 — MY)) [2p3p1cosf(2pspi cos P1)
— (B3 + p})(2pspicost) — 2p3) + mMy4pspi cost]
n 4Yn g%cos(20y ) (2sinfy, — 1/2) 1

2080 (B, +2 — Ee)? + p3 — 4pspicost + 2p7 — MY) 4E2 — m?
(B2 4 2)(2pamrcost) + Mymqdpsprcosd],
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where using the golden rule we will have

do o |Mtotal‘2 |p3|
dcost  32m(E.)? |p1| (C.35)

Considering p; = \/§ —m?2 and p3 = |/ — m% + the final expression will be

s _ 2
do Miotal|® V4 Mt (C.36)

dcost)  32m(E.)? m2

S
2
Taking into account that the mass of the electron is much smaller than the mass of the other particles,

we can consider that m, — 0. The final expression will be

s _ 2
do  |Mioral* V1~ M (C.37)

dcos  32m(E,)? Vi

where for the scattering amplitude we have

2

e
Miotar]* = 15 [4p3(EZ 4 p3) — 8p3picos’d]
e
4 2
g*cos(26y) ) 1
- c0s9W2(4E§ —m2)? (B + v = Spfpicos’d) { sinfl, — 2
4
g*cos(20y)
+ cosl 2(4E2 o mg)z [pg(Eg +p%) - 8p§p%00829]
4e2g? cos(20,, 1
+ E co(sﬁ ) 4E2 — m2 [4p§(E3 +pi) — 81’?,??(70529]
2Y2e?
- m[(mmco&? — pi)(—2pspicost)
N N e
— (B2 +pi —meMy) + 2p3(EZ + pi)]
4Y N g2cos(20y ) (2sinfy, — 1/2) 1 5
2p- 0 — 0
+ cos0w(q2N _ Mlz\l) A2 — mg[ pap1cos(0)(pT — p1pscost)
— (E%+4p? — 2m.My)(2pspicost) + 2p3(E2 + p1)], (C.38)

where ¢3; = E2+ + E? — 2E,+ E, + p3 + p? — 2p3prcos(h).
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Feynman Rules

Here we will present the main Feynman diagrams presented in both models wich will contribute to

the correct cosmological relic density.

D.1 Feynman diagrams for relic density in the Scotogenic model

Assuming that ng is the dark matter of the Scotogenic model, we present the Feynman diagrams to

determine the relic density. The figure D.1 show the dark matter annihilation and coannihilation channels.
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Figure D.1: Annihilation and coannihilation diagrams contributing to the relic abundance of ng.
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D.2 Feynman diagrams for relic density in the Singlet + Triplet

model

Here we present some of the main Feynman diagrams of the Singlet+Triplet Scotogenic model, relevant
to determine the cosmological relic density, assuming that ng is the dark matter. Fig. D.2 shows the main
dark matter annihilation and coannihilation channels. Besides the standard s-wave annihilation into
quarks and gauge bosons, mediated by the SM-like Higgs boson, coannihilations with both ng and n*
are possible. These can be mediated either by the Z° boson, or also by the new fermions x,. These
channels can lead to both charged or neutral leptons in the final state, and involve the contribution of
the new Yukawas described in Section 2.3. Notice that these processes are not present in the simple
scotogenic constructions [185] nor in the case of the Inert Higgs Doublet Model [189]. Diagrams with

quartic interactions will appear when kinematically allowed, starting at m,,, 2 80 [GeV].
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Figure D.2: Relevant annihilation and coannihilation diagrams contributing to the relic abundance of ng.
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D.3 Relevant Feynman rules in direct searches of dark matter

Figure D.3 shows the most important Feynman rules for the relevant scalar dark-matter-physics
interactions in the Scotogenic model and the Singlet + Triplet Scotogenic Model. These are important
for all the signatures studied in Chapter 4, like the nr-nucleon spin-independent elastic scattering and for
the searches in the Er+jet channel at the LHC.

In contrast to the simple Scotogenic Model, the interaction vertex with the Higgs is not fully deter-
mined by Asys, as it contains an extra contribution dependent on )\2 and pg, involving the heavy neutral
scalar H, although weighted by its mixing with A". Instead, the interaction vertex with the Z° boson

depends on the quadrimomenta p)*, p/'" and on the electroweak couplings g; and gs.

IR
/
/
/
/
/
/
/
/
1
__________ (\ = 1(5(—2)\21)9 +2V202) Zf5 — (N3 + A+ As)vg Zih)
T N
\
\
\
\
\
\
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nr
/
/
/
/
/
/
/
/ 1 ,
’VV\AMW\ = 5(—91 sin Ow — g2 cos Ow ) (—pp® + pit)
Z \
\
\
\
\
\
\
MR

Figure D.3: Relevant nr interaction vertices. All particle momenta are considered as incoming. In the interaction with
neutral scalars, Z,ﬁ and Z,f‘; are entries of the mixing matrix that diagonalizes the mass matrix in Eq. 2.32 (k = 1 refers
to the Standard Model Higgs h° and k = 2 to the heavy scalar H). We can notice that in the simple Scotogenic model the
contribution with the Higgs only depends of the parameters A345. In the interaction with the Z° boson, g1 and go are the
electroweak coupling constants associated to the SM groups U(1)y and SU(2)r,, respectively.
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D.4 Relevant Feynman rules in the Inert Higgs Doublet Model
and the Scotogenic Model

D.4.1 Goldstone-Gauge and new fermions N; interactions

Here we present the relevant Feynman rules that we used to calculate the scattering cross section in
the Inert Higgs Doublet Model and the Scotogenic Model. We are considering g = %T}’ -Q fsin29w and
gf; = %Tf, where the values of T]? and @y are listed in table D.1 for each fermion

D.4.2 Propagators in Electroweak Theory

Field | 1 Ir v | ur | dp | ur | dr | ¢t | ¢°
1 1 1 1 1 1
T3 ) 0 bl 2 2 0 0 2 2
1 1 1 1 2 1 1 1
Y —3 -1 “2| & 6 30 T3] 3 2
Q | | 1 0 3| -3| 3| -3 1| 0

Table D.1: Particle content and quantum numbers of the Singlet + Triplet Scotogenic Model. The charge assignments of
the fields under the global Lepton Number symmetry (L) are also shown.
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