UNIVERSIDAD DE ANTIOQUIA

DOCTORAL THESIS

R bge\“s'\"f )4

UNIVERSIDAD
DE ANTIOQUIA

1803

Fermionic Dark Matter: From models to
collider searches

A thesis submitted in partial fulfilment of the requirements
for the degree of Doctor of Philosophy

in the

Grupo de Fenomenologia de Interacciones Fundamentales (GFIF)
Instituto de Fisica

Author: Amalia BETANCUR RODRIGUEZ

Advisor: Co-Advisor:
Dr. Oscar Alberto ZAPATA Dr. Diego Alejandro Restrepo

February 7, 2019


http://www.udea.edu.co/
http://gfif.udea.edu.co/web/
https://fisica.udea.edu.co/




iii

Declaration of Authorship

I, Amalia BETANCUR RODRIGUEZ, declare that this thesis titled, “Fermionic Dark
Matter: From models to collider searches” and the work presented in it are my own.

This thesis is based on the following works:

¢ Amalia Betancur and Oscar Zapata. “Phenomenology of doublet-triplet fermionic
dark matter in non-standard cosmology and multicomponent dark sectors”.
In: Phys. Rev. D98.9 (2018), p. 095003 arXiv: 1809.04990.

e Amalia Betancur, Robinson Longas, and Oscar Zapata. “Doublet-triplet dark
matter with neutrino masses”. In: Phys. Rev. D96.3 (2017), p. 035011. arXiv:
1708.07641.

e Amalia Betancur et al. “Measuring the mass, width, and couplings of semi- in-

visible resonances with the Matrix Element Method”. In preparation. arXiv:1708.07641






UNIVERSIDAD DE ANTIOQUIA

Abstract

Facultad de Ciencias Exactas y Naturales

Instituto de Fisica
Doctor of Philosophy

Fermionic Dark Matter: From models to collider searches

by Amalia BETANCUR RODRIGUEZ

In this thesis, we investigate from diverse point of views, the dark matter problem.
First, we study the doublet-triplet fermion model, a simple extension of the Stan-
dard Model with an extra Z, symmetry. In this extension, it is possible to have
a dark matter candidate at the electroweak scale that evades current strong direct
detection constraints. We also include a double-triplet scalar in order to generate
neutrino masses at loop-level and to relax the tension on the fermion sector from the
current Higgs diphoton decay measurement. In the second part, we again consider
the doublet-triplet fermion model but this time under a non-standard cosmology
and multi-component dark sectors scenarios. We study restrictions on the model
from collider searches, direct detection, and indirect detection experiments. In the
third part of this work, we study the case of dark matter production at the LHC as
the end product of a short cascade event and we study how to constrain it. We use
the Matrix Element Method in order to show that even with very little information,

it is possible to obtain the value of the most relevant parameters of the event.
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Chapter 1

Introduction

The Large Hadron Collider (LHC) has closed an important chapter in particle physics
with its finding of the Higgs boson by the CMS and ATLAS collaborations. The par-
ticle content of the Standard Model (SM) is now complete, however, some questions
remain unanswered:

e What is the origin of the neutrino masses?
e What is the particle nature of the Dark Matter (DM)?
e What is the origin of the matter anti-matter asymmetry?

The preferred DM candidate is a new particle [1, 2], for instance, a Weakly Interact-
ing Massive Particle (WIMP). The preference on particle DM relies on the fact that
with it is possible to explain the DM behavior at very different scales in the universe,
from stellar formation to BBN and CMB [1, 2]. Many beyond the Standard Model
(BSM) theories have a natural DM as a WIMP, such as the neutralino in Supersym-
metry (SUSY), the lightest Kaluza-Klein particles in models with Universal Extra
Dimension, Little Higgs models, etc [3]. Another approach is, rather than having a
whole new theory, with a slew of particles, symmetries and/or dimensions, just ex-
tend the SM with a few fields and symmetries. These types of models are referred to
as Simple Extensions of the SM. In this category, the DM may be a scalar, fermion or
vector boson. In the scalar sector, some well studied models are the singlet scalar DM
model [4-6], the inert doublet model (IDM) [7, 8] and inert triplet model (ITM) [9-
11]. On the other hand, for fermion models, we have the singlet fermion [12-14], the
singlet-doublet fermion [15-18] and the doublet-triplet fermion [19]. These models
share also the fact that the DM may communicate with the SM through the Higgs
portal, hence becoming even more relevant after the discovery of the Higgs boson
[20].

In the doublet-triplet fermion dark matter (DTFDM) model [19] a vectorlike dou-
blet with Y = —1 and a Majorana triplet are added to the SM, both odd under a Z,
symmetry that stabilizes the DM. The model includes invariant and renormalizable
terms that mix the new fields, and so the particle spectrum contains two charged
fermions and three Majorana fermions, with the lightest Majorana fermion being

the DM candidate. The viable DM regions are the ones featuring masses around the
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electroweak scale and above 1 TeV [19-21]. When the DM particle is mainly doublet
(triplet), the correct relic abundance is explained for DM masses around ~ 1(2.8)
TeV and when the mixing is arbitrary. But when the dark sector is invariant un-
der an SU(2)g symmetry, the abundance can be correctly explained for low masses,
< 100 GeV. Such global symmetry is known to be broken the SM but its breaking
is related to the p parameter. Now, in order to obtain the correct relic density for
the later region, there must be a large splitting between the new charged fermions
and the DM (which suppresses the annihilation channels), this has a direct impact
on the Higgs diphoton decay, and as a result, the model is severely constrained by
the i — 77 measurement of the ATLAS and CMS collaboration [22, 23]. However,
this conclusion can be modified if extra scalar charged particles are added in such a
way that the Higgs diphoton decay is altered.

Taking into account the Higgs diphoton decay rate suppression and considering
that the model fails to account for other evidence of physics beyond the SM, such
as neutrino masses, we consider also an extension that includes a scalar sector, also
odd under the Z; symmetry. In that case, neutrino masses are still exactly zero at
tree-level but are non-vanishing at the one-loop level. The radiative seesaw [24],
a thoroughly studied model, is an extension of the SM with an Inert Doublet and
three generations of a right handed neutrino, all odd under the discrete symmetry.
The model has a viable DM candidate and Majorana neutrino masses are generated
in one particular realization of the Weinberg operator. Other works such as, [25]
have studied models with this feature (DM and radiative neutrino masses in the
same topology) while generating Majorana or Dirac masses. Another work [26],
considered models with viable DM candidates and generating radiative Majorana
neutrino masses in the topologies classified in [27]. For the case of the doublet-
triplet fermion model, if we add both a doublet and a triplet scalars the resulting
model, which corresponds to the T-1-2-F model with &« = —1 in Ref. [26], allows the
generation of radiative neutrino masses through four different topologies, namely,
T-3, T1-1, T1-1I, and T1-III [27]. This model presents the complete set of irreducible
topologies leading to realizations of the Weinberg operator at one loop [27, 28], with
the interesting feature that all of the Z,-odd fields have an active role in the neutrino
mass generation. The model is discussed in Ch. 3, where we show that it is possible
to satisfy constraints coming from & — 77 and direct DM detection. Additionally,
we calculate the neutrino mass-matrix and show that it is compatible with mixing
angle data for sensible values of the relevant Yukawa couplings.

Another possibility in the fermionic sector of the model is to relax the relic den-
sity constraint, in such case the charged fermions may be closer to the DM mass
which leads to a less restrictive suppression on the diphoton decay rate without the
need for a scalar sector to counteract the suppression. There are good reasons to
consider this approach, since, the standard WIMP relic density calculation makes
assumptions of what happens to the universe (and the WIMP) previous to Big Bang
Nucleosynthesis (BBN) that as of today we have no way to probe. If, for instance,
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the entropy of matter-radiation is not conserved previous to BBN, or WIMP decou-
pling does not occur during the radiation dominated era or there is an underlying
mechanism for non-thermal WIMP production, it has been shown that the relic den-
sity can be significantly different than the one from the standard calculation without
necessarily affecting other DM observables [29]. Moreover, there are models that
naturally predict a non-standard cosmology prior to BBN such as gravitino, mod-
uli, thermal inflation, etc [30]. Works such as [30-34] have shown that non-standard
cosmology scenarios may have a big impact in the relic density, thus, generating
abundances that are enhanced or suppressed compared to the standard case. More-
over, in a more recent work a scalar Higgs portal model was studied under different
non-standard scenarios [35]. Taking this into account, we set out to investigate ex-
perimental constraints on the fermionic sector of the model (DTFDM) with DM at
the electroweak scale assuming that the relic abundance arises from a non-standard
cosmology scenario prior to BBN in Ch. 4. In this regard, we look at current con-
straints (and in some cases prospects) for collider, direct detection (DD) and indirect
detection (ID) experiments. We find that some portions of the parameter space are
already ruled out, while in the upcoming years most of the allowed values for the
free parameters will be probed.

Since the discovery of the Higgs boson, the LHC physics programme includes
large efforts to do precision measurements of Higgs physics and to find and con-
strain BSM physics. Both of these require difficult analysis due to the complexity
of the problems. Very often this comes in the form of multivariate analysis such as
boosted decision trees or neural networks [36]. Another type of such methods is
the Matrix Element Method (MEM) which consists on using the knowledge of the
expected physics that gives rise to events in a collider in order to calculate a likeli-
hood that the events were the results of different ansatz of the unknown quantities
(masses, couplings, widths, etc.). The Feynman amplitude of the assumed physics
setup is used to compute the likelihood. The ansatz that yields the highest likeli-
hood is thus the correct value of the unknown quantities. The MEM was developed
at Tevatron for the measurement of the top quark mass, where it proved to be suc-
cessful [37-40]. More recently, it has been used to find the spin and parity of the
Higgs boson [41] and properties of its decay in the four lepton channel [42]. The
method could be used as well to constrain BSM physics discovered at the LHC. In
the case of DM it could prove to be very useful, since, in many models with a DM
candidate, the lightest neutral particle is expected to be accompanied by other parti-
cles, thus the DM could be produced as the end product of a heavier BSM resonance,
none of this could be reconstructed by the detectors. For this reason, in Ch. 5, we use
the MEM to show that in such scenario, it is possible to find the masses, couplings
and width of the new particles assuming that the production arises from two simple
topologies which are the most challenging cases. The method is computationally
involved but we show that with the publicly available package MadWeight [43], it is
feasible to find the likelihood for the different parameters to be constrained and that
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those ansatz which give the highest likelihood are in fact the correct ones.



Chapter 2

Theoretical Background

In this chapter, we give an overview of the SM of particle physics and study the rea-
sons for the need for an extension of the model, such as the neutrino mass and DM
problem. For the DM problem, we focus on weakly interacting massive particles
WIMPs and overview how the relic density is achieved as well as its various detec-
tion mechanism. For neutrinos, we review the evidence for their mass and we focus

on how this could be connected to the DM problem through scotogenic models.

2.1 The Standard Model

The SM of particle physics is the best-known description of the subatomic world.
The model is based on the idea that nature follows certain symmetries, in particular,
the model is based on the local gauge symmetries SU(3)c @ SU(2); ® U(1)y. In the
context of these symmetries three forces of nature are described: the strong, weak
and electromagnetic forces.

The electromagnetic force is perceived in a wide variety of daily life phenomena
from lightning to the proper functioning of the computer used to write this thesis.
The strong and weak forces are more subtle. The strong force is responsible for
holding the protons and neutrons together in the nucleus, and the weak force is
responsible for the decay of a neutron into a proton, a positron and a neutrino. For
the symmetries to be local, mediators of the forces have to exist, these are the 8
gluons, the weak W* and Z bosons, and the photon. But forces act upon matter
and so the SM includes matter fields which are all fermions and are divided into
quarks and leptons, each of them organized into three families or flavors. Only the
quark sectors carry charges under the S U(3)c symmetry group, in fact, they are
organized in triplets whereas the leptons do not carry color, they are singlets. Under
the SU(2) all fermions transform differently according to their chirality, left-handed
fields transform as doublets while right-handed fields are singlets. Additionally,
all matter fields carry hypercharge Y which accounts for the strength of the U(1)y
interaction.

On the other hand, the symmetries of the model, or gauge invariance, impose
that all vector bosons or mediators must be massless, however, this comes in stark
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] Boson \Spin\ ‘

8 gluons | +1 Strong
W+, 7 +1 Weak
0% +1 | Electromagnetic
H 0 Mass origin

TABLE 2.1: Bosonic content of the SM.

| Fermion | SU(B)c®SUQ),®@U(1)y| I | 1o | 1m |

1 ur, CL tL

Quarks (3,2, ¢) < i ) ( st > ( b )
(3,1,%) UR CR tr
(3,1,-3) dr SR br

e G
eptons ( 5) ( e 0 o
(1,1,-1) eR UR TR

TABLE 2.2: Fermionic content of the SM.

contradiction with the observation that the weak interaction is a short-range interac-
tion and hence involves massive vector bosons. The strong force is also short range
due to confinement, which is an entirely different reason. The discrepancy between
the range of the weak interaction and gauge invariance is solved by adding one piece
to the puzzle, the Higgs boson. This is a scalar field that, by acquiring a vacuum ex-
pectation value (v.e.v) breaks spontaneously the SU(2); ® U(1)y and the remaining
symmetry is the U(1)gpm. The spontaneous symmetry breaking (SSB) explains also
why the fermions of the SM have mass, all of them except for the elusive neutrino.
The particle content of the SM is presented in Tables 2.1 and 2.2. In Table 2.2 the
roman numbers I, IT and I1] stand for the family or flavors of the fields.

21.1 The SM Lagrangian

The relevant information about particles and its interactions is encoded in the La-
grangian, in the case of the SM this is:

L= Egauge + ['fermion + EHiggs + Lyukawa- (2-1)

In the following, each of part of the Lagrangian will be explained.
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The gauge Lagrangian

Interactions among gauge bosons are given as follows:

1 1 1
Eguuge = _1(}”?’1/(}“;“/ - EWWVWa;w - EBVB;# (2.2)

where G is the field strength associated to the SU(3)¢ group and is given by

Gy = 0,Gl — 9,G + g f" GGy, (2.3)

where the index a runs from 1 to 8, from the 8 generators of the group, and f*¢ the

structure constants that satisfy

[T°, T"] = if*beTe, (2.4)

and T* are the generators of the group and T* = %ﬂ with A“ the Gell-Mann matrices.
The field associated to the SU(2); group is the W, with its field strength given by:

Wi, = 9, Wi — 9, Wy + gLe™ Wi, (2.5)

In this case a runs from 1 to 3 for the three generators of the group which satisfy
T" = ‘77“ where 0, are the Pauli matrices. The group structure constant for SU(2) is
€™ the completely antisymmetric tensor.

The U(1)y group, unlike the others, is abelian, the associated field is B" and the
field strength is:

By = 3By — 8,B,. (2.6)

The Higgs Lagrangian

As stated before, the Higgs field is the one responsible for the masses of the weak
gauge bosons and the fermion fields through the SSB. To understand how the mech-
anism works, we first define the Higgs field as:

+
H= (;) 2.7)

where the field contains four degrees of freedom (d.o.f) two charged and two neutral
ones. The Higgs Lagrangian is:
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FIGURE 2.1: Behavior of the tree-level potential for the case 2 > 0 in
the top figure and 2 < 0 in the lower figure.

A
Lhiges = (D'H)Y(DyH) — w?H'H — %(H*H)Z. (2.8)

The first term which will be discussed later is the kinetic part of the Lagrangian,
the second and third term are part of the scalar potential, which may have different
behaviors according to the sign of y. As shown in Fig. 2.1 if 4> > 0, the potential

has a minimum at the origin, that is the potential is symmetric. If, on the other hand,
#? < 0 the potential has a minimum away from the origin at (H) = v = _T;ﬂ (and
the origin becomes a local maximum). This is a sign of SSB, which is fundamental
for the masses of the gauge bosons. To understand this, first, we parametrize the
Higgs in the unitary gauge, where the Goldstone bosons are not present, as follows:

0
H= <(M)> . (2.9)
V2

On the other hand, for the kinetic terms in Eq. (2.8), the covariant derivative
is needed to ensure that the theory is invariant under local gauge transformations.
This derivative is defined as:
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.ng

_ 8L

; By — i€ A, G (2.10)

2

In this case the electric charge (the Gell-Man-Nishijima equation) becomes Q = T3 +
Y where T3 is the diagonal generator.

In case of the Higgs, the fourth term on the right is not relevant since it doesn’t
interact through the strong force. On the other hand, the second and third term on
the right may be written as

—i (SLW3 + ¢y YB —iSLWH
(2 'ZL g— V> » [ —8L \/35 ' g (211)

hence the interaction (D¥*H)" (D, H) contains the terms:

1 1 1 1 1
1gLW+W‘02 - ggva(WB)2 - Engyvz BW? + Engyvz W°B — Eg%vzlﬂBz.

all these terms are mass-terms. In the case of the W= fields, the mass can be read
directly. The neutral fields, on the other hand, mix, and so their mass-matrix must
be diagonalized. Taking into account that Y = 1 for the Higgs, we find that the

mass-matrix is:

( —g% —ngy> 2.12)
) ) )
—8L8Y 8y

In order to diagonalize the mass-matrix, the neutral fields must be rotated, which

leads to the new mass-eigenstates:
Z, = cos Qst +sin 6y By, Ay = sin Gwa,’ —cos 6y By,

where 6, is the Weinberg angle which satisfies cosf, = %ng and A, is a massless
field associated with the Electromagnetic interaction, in other words, it is the photon
field. Due to the structure of Eq. (2.12) one field is massless which is precisely the
photon. The masses of the other fields are:

gu My
My = My = ,
w 27 cos 0w

The beauty of SSB is that the Goldstone bosons that are no longer present have
been absorbed by the longitudinal components of the gauge bosons, hence acquiring

mass, and thus fixing the vector boson mass problem.
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It is important to add that Eq. (2.8) gives us much more than bosons mass. First,
it allows a mass for the Higgs field which is my = v/2Av. Second, it also tells us that
the Higgs field interacts with the gauge bosons through three particle vertex (two
vectors and one scalar) and through a four particle vertex (two vectors, two scalars)

and with itself through a three and four particle vertex.

The Fermion and Yukawa Lagrangian

In the case of the fermion sector, the Lagrangian includes the kinetic terms and the
Yukawa interaction which are:

L fermion + Lyuk = Z i¥y"D, Y
lI[:L,ER,Q,MR,dR
— Y LiHIg; — YjQiHug; — Y;jQ;Hdg;, (2.13)

where H = io» H*. Here, the indices i, j indicate family indices, that is, they go from
1-3. The L(Ig) is any of the lepton doublets (singlets) shown in Table 2.2. In a similar
way Q(ug,dr) is any of the Quark doublets (singlets) shown in the same table. In
this case ug(dgr) represents a singlet quark with the highest (lowest) hypercharge of
each family.

Quark Masses: Let us first consider the Yukawa interaction for quarks, the
third and fourth terms of Eq. (2.13). After expanding the fields, the mass terms

may be written as:
— . — .
Ly D —di My'd}’ — ui Myuk, (2.14)
where diL, and ul are three component vectors, each component corresponds to a

different family. And the mass-matrices M4' and My, are such that:

0 0
(Mg)ij = Yz‘?\ﬁ/ (Mu)ij = Yffﬁ-

We can choose a basis in which one of the matrices, for instance M, is diago-

(2.15)

nal, this is done by re-defining the fields u}1 [44]. However, this process can’t be
done simultaneously for the down-type quark, and so its mass-matrix needs to be
diagonalized in order to find the mass eigenstates, this is done via My’ = HqUq =
S} M,S,Uq with Hy = v/My'My4'". The resulting matrix M, is diagonal, hermitian
and positive-definite, hence, the mass-terms in the Lagrangian become:

Ey D) —HMdd —urMyug, (2.16)
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where di, = Sqd; and dg = SqUgqd} are the mass eigenstates. Though it is good
news that it is possible to diagonalize the mass-matrix M}; we now have gauge in-

teractions that are not necessarily diagonal, this will be seen shortly [45].

Lepton Masses: To study the Yukawa interactions of leptons we must remem-
ber that there are no right-handed neutrinos in the SM and that the left-handed neu-
trinos are massless so, unlike the case of the quarks, for leptons, there is only one
mass-term given by

Ly D —LiMgek, (2.17)
and again, by choosing an appropriate basis, the matrix My, is diagonal.

Fermion-gauge boson interactions The information on fermion-gauge interac-
tions is encoded in the kinetic term. We can consider separately interactions related
to charged gauge bosons, e.g. charged currents, and neutral gauge bosons, e.g. neu-

tral and electromagnetic currents.

Electromagnetic currents: Electromagnetic interactions are of the form:

eQf1"'f, (2.18)

where Q is the charge of the fermion and e = g1 sinf, = gy cosfy. As expected,
neutral fermions do not couple to the photon.

Neutral currents: In the case of the Z gauge boson, the interactions include
three terms, which stems from the fact that the Z boson is a mix of B, and Wﬁ,
and from the fact that the Wf, interaction is proportional to the third component of
the weak isospin 73, which for right handed fields is zero, in this way, the fermion
interactions with Z are of the form:

8Lz, (-3 2 _ Qsjy— u
S=frat (0 —2Qsw) fr — sL—"frRY" fr, (2.19)
Cw Cw

where f; is any of the fermion doublets (left-handed) and f is any of the fermions
singlets (right-handed) and Q is the electric charge. Notice that since the Z in-
teractions does not involve a mix of left-handed and right-handed fields, they are
diagonal, even for the case of the d; and d%, and since they are flavour diagonal,
there are no flavour changing neutral currents (FCNC) in the SM. The interactions
in Eq.(2.19) are sometimes expressed in a different way. Taking into account that a
field fi r = Prr f where PLgr = @ are the usual chirality projection operators,
the interaction with the Z boson is:
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e

2en SW??” (8v —8a)fZy, (2.20)

where gy = 1> — 2 Qs?, and g4 = 7°.
Charged currents in the quark sector: For quarks, charged current interactions
which involve a W* include terms of the following form qdi = ur Vdy, where V is

the Cabibo-Kobayashi-Maskawa (CKM) matrix (defined below), hence, the interac-

tion is:
fﬁw;w'u —P)Vid), (2.21)
where Vj; are elements of the CKM matrix, which is responsible of mixing quark

flavours. The CKM matrix is usually parametrized in terms of angles as following
[46]

Vud Vus Vub
V= Vcd Ves Vcb
Vie Vis Vi
— (5
12 €13 512 €13 S13 €1
= | s . —id13 . —id13
= 12 €23 — C12 523 513 € C12 €23 — 512 523 513 € 523 €13 ’
—is —is
$12823 — C12 €3 513 € B —C1p 823 —S12 03813 € B C3C13

where J;; is the only complex parameter and thus the only source of CP violation.
Also, c;j and s;j stand for cos(6;;) and sin(6;;) which may be defined as that c;;, s;; > 0.

Charged currents in the lepton sector: In the lepton sector, as was shown ear-

lier, interactions are diagonal due to the absence of neutrino masses, that is:
WA (1 — 90)e; (2.22)
23 Y 7 )ei, :

where v; (¢;) refers to any of the neutral (charged) fermions, but without flavour

mixing.

Gauge Boson interactions after SSB:

As we saw earlier, the SSB rotates the gauge eigenstates B, and Wﬁ’ into the mass
eigenstates Z, and A,. Now, we can study how theses mass eigenstates interact
among themselves. Using Egs. (2.2),(2.5), and (2.6) we find that the electroweak
gauge bosons have interactions among themselves which include either three or four
of them. The triple gauge interaction is:
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L5 =—iecotfy (WVVWJ,ZV — WhWrZ W;wvzw/) (2.23)

tie (WWW;AV ~ Wi WrAY — Wi WVFVV) , (2.24)

where FF = d# A¥ — 9" A¥ is the electromagnetic field strength tensor.

On the other hand, the quartic gauge interaction is:

o2

- ZSGW
— 2oty (WiWHZ, 2" — WiZ'W,Z")

P

1 Peotbyy (2 WIWKZ, A — Wi ZHW, A w;AHWVZV)

e (w; WHA, AF — W;AVWVA"> : (2.25)

From (2.23) and (2.25) we find that these interactions always involve at least two
charged bosons.

Quantum Chromodynamics (QCD):

Baryons such as the proton or neutron are bound states of three quarks, whereas
mesons are bound states of a quark and anti-quark pair. To explain the observa-
tions of these non-fundamental particles, it is necessary to introduce a new quantum
number, color, associated with the already mentioned SU(3)c symmetry. Since the
symmetry is respected by nature, all observed states are color singlets, this is known
as the confinement hypothesis, and explains why quarks are not observed as free-
particles [45]. When a quark is created, for instance due to a high energy collision, it

hadronizes, thus forming again a color singlet. The QCD lagrangian is:

-1 v v =0 ®
Locp = (9"Gy — 0 Gh)(9,Gy — 9,Gy) +}f:qf(w#ay — mg)q}

AW A” P
— 8sGa Z‘lf“'m <2> Tr
f p,
2
+ 3 fme(arGy — 0 Gl GLGE — " fuaGLGLGIGE  (226)

where the indices a,b,c,d,e = 1,2,..8 and the indices a = 1,2,3. The first and
second term are kinetic terms for the gluons and quarks respectively. The third terms
shows the interactions of two quarks with a gluon and the two last terms show the
interactions among three and four gluons, similar to that of Eq (2.23) and Eq. (2.25).
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2.2 The Standard Model successes and shortcomings:

The SM is considered one of the most successful theories of nature. Some of its
achievements include (but are not limited to) the prediction of the existence the W=,
Z bosons and gluons. The prediction of the masses of the weak gauge bosons which
are in stark agreement with current measurements and, perhaps the greatest success,
the prediction of the Higgs boson which has been observed at the LHC by the ATLAS
[47] and CMS [48] experiments. However, we now know that the SM cannot be the

final theory. Some of the most convincing experimental evidence are:

o The observation that the universe is made mostly of matter and not anti-matter,
also known as the matter anti-matter asymmetry problem. The evidence for
this comes from several sources such as Big Bang Nucleosynthesis (BBN), the
CMB measurements [49] and the lack of observational evidence that there are
regions in the universe where matter and anti-matter are annihilating. The
measurement of this asymmetry comes from the measurement of the ratio of
the baryon number density to photon number density 7, this number is (at
95 % C.L.) 5.8 x 1071 < 5 < 6.6 x 1071 [50], in a symmetric universe this
number should be about nine orders of magnitude smaller [51] .

e The observation of neutrino oscillations which means that neutrinos change
flavor as they travel. The evidence for this comes from solar, atmospheric, re-
actors and neutrinos produced at colliders in experiments such as KamLAND
Super-Kamiokande, K2K, MINOS, T2K, Double Chooz, Daya Bay, RENO and
Opera collaboration [52]. The oscillation probability is related to the mass,
which implies that neutrinos must have mass that although tiny it is non-zero
with (I m; < (0.3 — 1.3)eV) [53].

e The disagreement between the amount of matter needed to explain the ob-
served gravitational interactions an the number of baryons in the universe.
This discrepancy, also known as the DM problem, in its current form states
that about 80% of the matter content of the universe [54, 55]is an unknown
type of matter. More on this problem below.

2.2.1 The DM problem:

Although there has been an astonishing advance in the understanding of the funda-
mental building blocks of our universe, the 20th century has brought the outstand-
ing discovery that most of the matter content of the universe is unknown to us, this
is what is called DM. The following historical part is mostly based on the discussion
of Ref. [56]. The first evidence of the existence of DM comes from 1933 when the
astronomer Fritz Zwicky studied the Coma cluster, which was one of the most mas-
sive galaxy cluster known at that time. Zwicky inferred the amount of normal matter
by observing the starlight. Additionally, he calculated the total matter of the clus-
ter by observing the motion of individual galaxies. He came to the conclusion that
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FIGURE 2.2: An example of the discrepancy between the observed

rotational curve followed by stars within the galaxy (shown with yel-

low and blue dots with error bars) and the expected rotational curve

according to gravitational laws for the M33 galaxy, from Wikipedia,
Public Domain.

there was a large discrepancy between the two measurements, and so he inferred
that most of the matter was not seen [56, 57]. In 1960 Vera Rubin and Kent Ford
found out that the rotational velocity of stars within 60 galaxies had an unexpected
behavior. As one looks away from the center of a galaxy, the rotational velocity of
starts is supposed to fall because the gravitational pull is weaker. However, Rubin
and Ford found out that the velocity remained almost constant instead. An example
of this discrepancy is shown in Fig. 2.2. Again, the conclusion is that the stars are
experiencing a larger gravitational force due to unseen matter, the DM.

The CMB is the earliest photograph of our universe. When the universe was hot
enough so that no neutral elements could exist, the photons interacted with baryons
and the universe could be modeled as a photon-baryon fluid. At this time, the fluid
oscillated because, due to its mass, it tended to collapse in regions where there was
some overdensity, but due to the charge of the protons the fluid heats up and a pres-
sure is generated which works against the collapse, this becomes a cycle. But once
the universe cools to allow the formation of neutral elements, the gas becomes trans-
parent to photons allowing them to travel freely yet keeping the information of their
place in the cycle right before the last scattering. This is seen today as small vari-
ations in temperature. The variations are thus related to the gravitational potential
wells that became the seeds of structure formation. The problem is that they are too
small (about 30 £ 5 1K), and so, there is not enough time to form the structures seen
today. This implies that a new form of matter must be present, one that is not affected
by electromagnetic interactions, the DM [57]. The best and latest measurement of the
amount of DM comes from the PLANCK satellite measurement of the fluctuations
and the results are ();h? = 0.02237 + 0.00015 and Q4% = 0.1200 £ 0.0012 [58] where
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(), h? is the total baryonic matter density and Q.h? is the total DM density.

There is another earlier indirect evidence that supports the existence of particle
DM, this is Big Bang Nucleosynthesis (BBN) which refers to the formation of light
elements in the early universe. BBN took place at around t ~ 0.1 — 10* sec [59].
During this time, the universe had been cooling very rapidly and now it was pos-
sible for baryons to form and then collide, thus forming elements such as Helium
and Lithium as well as their isotopes. The relevance of this for particle DM goes as
follows: It is possible to predict from the evolution of the universe and the known
nuclear cross sections how much of each of these elements should have been pro-
duced. These predictions depend on the density of baryons, and so observation of
their abundance gives an indirect measurement of this density which is (at 95 % C.L.)
0.021 < Q) h? < 0.024 [60]. On the other hand, the CMB gives a measurement of
the total matter content of the universe. As it turns out, there is a large disagreement
between the baryon and total matter content, thus, another form of matter must be
present in large quantities [59, 61]. Clearly, our universe is mostly filled with DM.
One additional and recent evidence is the observation that in the collisions of galaxy
clusters such as the bullet cluster, the gas from both sides of the collision heats up
and slows down. This is observed using X-ray telescopes. However, using weak
gravitational lensing it is found that most of the matter kept moving unperturbed,
this has put constraints on the self-interaction properties of DM [62]. These are only
some of the strongest evidence of DM, but, it is worth mentioning that there are
more observations and measurements that hint its existence.

What do we know about this elusive type of matter?

e It is non-baryonic. As stated above, this is supported by the fact that the
amount of baryons we have measured, agrees with the formation of light el-
ements, also known as BBN. Moreover, additional baryons would change the
CMB that we see today [63]

o It is stable, at least in cosmological times. If DM could decay with short life-
times, we would not see the amount that we see today. Also, there are stringent
constraints on its width decay coming from cosmic rays, photons and neutri-
nos, which limit its lifetime to be at least 9 orders of magnitude larger than the

age on the universe [64].

e It is neutral or has a very small electric charge. We know this because for one
it has not been seen through telescopes. On the other hand, if it had electric
charge it would couple to the early photon-baryon fluid in the early universe.
This, in turn, would affect the CMB spectrum [63].

e It is cold or non-relativistic at the time of decoupling, this is important for
structure formation. What it is found is that small scale structures formed
before large scale structures. However, if DM was relativistic at time of decou-

pling, it would have prevented small scale structures from forming early on,
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hence creating a disagreement with the current knowledge of the structures in
the universe [55].

Although neutrinos were the first particle DM candidates, it is now known that
they can’t be since they were relativistic when they decoupled, thus violating the
last requirement. All the evidence mentioned above for DM implies that we only
know its effects from gravitational interactions but we want to further understand
its nature. There are theories of how DM works, for instance, a popular one is that
is made of one (or several) particles that we have not detected yet. Among the most
widely studied particles are the WIMPs and the Axion. There are also theories that
include primordial black holes and modified theories of gravity. This work focuses
mostly on WIMPS.

WIMP Relic density

The WIMP DM candidate has been, perhaps, the most studied candidate up to this
date. The reason behind the seeming obsession that particle physicists have with it
is due to the so-called "WIMP miracle", which works in the following way: WIMPs
are in thermal equilibrium in the early universe (as many other SM particles were),
then they decouple from the thermal bath, and due to the nature of their interaction
their cross section must be ~ 3 x 10~26cm3/s, this cross section leads to the right
amount of DM seen today.

Now, to understand how the process works, we first consider a DM particle x
which annihilates through processes such as xx > YY where Y is a SM particle and
my > my. In the early universe, due to the high temperatures (higher than m,),
the process proceeded both in the left and the right direction (hence the arrow in
two directions). However, as the universe cools and the temperature drops below
my the only favoured process is the annihilation of DM particles, and no creation
occurs. On the other hand, the universe is also expanding, and so the number of DM
particles gets diluted which makes it harder for DM particles to find each other and
annihilate. At this point the co-moving number density of WIMPs becomes fixed, a
process known as freeze-out. To study this, the Boltzmann equation must be solved
[65]:

dy

X+ 3Hny = — {0y0) (- n2), (2.27)

where 11y(11y ) is the number density (equilibrium number density) of DM particles,
H is the Hubble constant and (o,»v) is the thermally averaged annihilation cross
section of the DM particles. The term 3Hn, accounts for the dilution due to the
expansion of the universe and the left side accounts for the interaction with other
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particles [66]. An approximate solution to this equation yields the relic density as

1/2
> so [ 45 11
S G ) 22

where s is the entropy today, p. is the critical density, g. are the effective degrees of
freedom, M, is the reduced Planck mass, x = my/ Tr with Tr the temperature at
freeze-out [67].

Though Eq. (2.27) is the most standard form of the Boltzmann equation for relic
density calculation, there are many more forms of it, all model-dependent. For in-
stance, K. Griest and D. Seckel showed in their famous work [68] that there are three

exceptions to the usual relic density calculation, which are:

e Resonances.
e Thresholds.

o Co-annihilations.

Resonances happen when the DM annihilates via an intermediate particle B and
m, ~ mp/2 at this point the cross section spikes due to the pole of the propagator
and the relic abundance gets considerably reduced. Thresholds occur when the DM
mass is smaller than the mass of the particles it is annihilating to. In principle, this
is kinematically forbidden, but the authors found that if the mass difference lies be-
tween 5% and 10%, the annihilation still proceeds, thus affecting the relic abundance.
Co-annihilations occur when the mass of the DM particles is nearly degenerate with
other particles, in this case, it is not only the annihilation of the DM but also the
annihilation of the other particles that set the relic abundance.

DM detection

Since the particle nature of DM is yet to be understood, physicists have put forward

large efforts to uncover it. The most common ways are [57]:
e Direct detection
e Indirect detection
e Production at colliders

Each of the methods will be discussed in this thesis.

Direct detection Direct detection is based on the idea that DM particles are
continuously passing through the Earth, and they might eventually scatter off a nu-
cleus, which will make the nucleus recoil, and consequently the recoil energy could
be measured. To do this, the differential recoil spectrum is calculated as [69]:
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dR . Po
dEg (Er,t) = My g

/ v f(v,t);gR(ER,v) P, (2.29)

where m 4 is the nucleus mass, pp and f(v,t) are astrophysical parameters that de-
pend on the local DM density, the velocity v is defined in the rest frame of the de-
tector, Eg is the recoil energy and Z—g is the differential cross section which depends
both in particle physics and nuclear physics. The recoil energy can be approximated
as:

#%,0%(1 — cos 6*)
Er =
my

, (2.30)

with 6* the scattering angle in the center of mass frame of the detector and i the
nucleon reduced mass. The event rate per kilogram per day is calculated by inte-
grating over all possible velocities, that is [29]:

o ¥ do
Er mNmX dER Umin Uf(v’ t) dER (ER/ U)dvl (231)

R =

The most general form for the differential cross section is:

do m SIp2 SD 12
E — W (UO FSI(ER) +0'0 FSD(ER)) 7 (232)
where py = mniﬂrm"’;x where F(Eg) is the nuclear form factor which determines the

spectrum of the recoil nucleus [70], while SI and SD refers to the spin independent
and spin dependent contribution respectively. In the case of SI, the interaction arises

from scalar-scalar and vector-vector couplings and the cross section is given by:

2
o5 = ap;’;‘ (ZfP + (A+2Z)f", (2.33)
P

the superscript p and n refer to the proton and neutron respectively and f?(") repre-
sent the contributions of the quarks to the mass of the proton (neutron) [29]. Usually
fP ~ f" which renders the SI cross section to be proportional to A% [69]. This depen-
dence generates and enhancement in the cross section compared to that of SD, for

this reason I will focus on the SI interaction. For fermionic DM, one can formulate

an effective Lagrangian, which yields a scalar coupling;:

LD SExXxff, (2.34)
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FIGURE 2.3: Upper limits on SI WIMP-nucleon scattering cross sec-
tion provided at 90% C.L published by the LUX collaboration in [71]

where f refers to a SM fermion, as usual x is the DM and Sr parametrizes the
strength of the effective interaction. In the case of Higgs portal, this interaction arises
from two terms:

Ls =yHxx+)_ Hijg. (2.35)
q

With this information, the transition amplitude for the scattering may be calculated,
which in the case of a Majorana particle is:

2 4
!Mf|2=4><6y"ff (Eyqﬂ’) (2.36)
H

where y, is replaced by —1 Kf Z?W where A is the effective scale of the model. The
transition amplitude then yields the SI cross section:

A2 M2 m?
SI _ hff Ny Z
o=@ x 167tA? mi (M + my)? < 7 fq) ' 237

It is important to note that the model dependent part is mostly included in m, and

Yy (or Aﬂ) Hence, by varying the mass and the couplings, it is possible to calculate
the cross section, and then with 4 dE , the event rate is calculated. The experiments,
on the other hand, measure the event rate and since no evidence on WIMP-nucleus
interaction has been found, the information has so far been used to put constrains
on the DM interaction cross section with the nucleus (such as the one shown in Fig.
2.3).
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Indirect Detection DM halo models predict large densities in the center of
galaxies, this means that in such dense regions, DM particles might find each other
and thus annihilate producing SM particles such as gamma rays, neutrinos, positrons,
etc. For gamma rays, this might happen through direct annihilation or by loop me-
diated annihilation. As a result, we might observe, for instance, an excess of gamma
rays or gamma-ray lines in the center of galaxies. Gamma rays are specially appeal-
ing for DM searches because they travel through the galaxy unperturbed and so they
can give an indication of the location of its source. To calculate the expected flux of
photons we rely on the astrophysics as well as the particle physics nature of DM. If
the DM is a Majorana particle, the flux is given by [72, 73]:

dN, 1

, (0, E) = {oyz0)
’Y(n’ ) <UXXU> dE,y 47TM)2( line of sight

o(n,1)2dl(y), (2.38)

where [ is the path length along the line of sight in the direction n, % is the gamma
ray spectrum that is produced in an annihilation and p(n, ) is the DM density along
the line of sight. For p a density profile is used, the most widely used is the Navarro-
Frenk-White profile [74] with:

o(r) = po ( (r/rs) " (2.39)

1+7/rs)37
This profile fits well N-body simulations of galaxies [75]. Another widely used DM
density profile is the Einasto profile which is [76]:

p(r) = poexp (—i [(:) - 1]) , (2.40)

where py is the local DM density, ; is the scale radius, 7y (not to be confused with the
photon) is usually taken to be 1 due to computer simulations and a=0.17. This profile
is preferred for low mass haloes, such as those of dwarf galaxies [75]. The terms that
are related to particle physics in the flux are (o,5v) and %. The thermally averaged
cross section times velocity might be the same as the one calculated for DM relic
density, although, if there is an s-wave suppression, the (cv) will depend on the
actual velocity of DM which is much lower than the one at freeze out.

Some experiments look for an excess of gamma rays coming from the center of
our galaxy or from dwarf spheroidal galaxies. The excess might show up as a con-
tinuous broad bump or a line-like feature. The continuous spectra results when DM
annihilates to quarks, Higgs, leptons and gauge bosons, such particles subsequently
decay into pions that later on produce photons [77]. On the other hand, when DM
annihilates to a neutral SM particle (including a photon) and a photon, the result is
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FIGURE 2.4: A slice of the CMS experiment showing the different
detection forms [85].

a mono-crhomatic gamma-ray with energy E, = mX(1 — mi / 4m% M)' No astrophys-
ical source is known to produce this type of line-like spectra [78], thus, this is called
the "smoking gun" of DM annihilation. The gamma-ray photons in the form of a
continuous, as well as line-like excess, are searched by the FERMI-LAT and H.E.S.S
collaborations. The Large Area Telescope (hence the LAT) on board the FERMI satel-
lite is an imaging high-energy gamma-ray telescope that searches for photons in the
range of 20 MeV to 300 GeV [79]. The High Energy Spectroscopic System (H.E.S.S)
is a system of imaging atmospheric Cherenkov telescopes that investigates cosmic
gamma-rays that range from GeV to TeV [80]. The latest results published from both
collaborations in works such as [81-84] provide the most stringent constraints in the
(ov) of DM annihilation to mono-energetic photons and to W+ W~ which will later
be used in this thesis.

DM at the LHC The LHC is the largest and most ambitious experiment built
by mankind. It consists of a ring with a perimeter of 27 km where protons are ac-
celerated near the speed of light. At certain points in the ring two opposite beams
of protons meet and so they collide at a high energy (currently 13 TeV). There are
four main experiments at the LHC that study such collisions, ATLAS, CMS, LHCb
and ALICE. Since there is enough energy from the collision, a myriad of particles is
produced. Some of them are directly detected by the experiments within the LHC,
while others are not, and so their presence must be inferred. As of today, the largest
achievement of the LHC is the discovery of the Higgs boson, the last particle pre-
dicted by the SM to be detected.

Due to the high energies of the accelerator, new beyond the SM (BSM) particles
may be produced and a great effort is being put forth in order to either find them
or put constraints on the parameter space of specific BSM models. To understand
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how this is done, one first must understand how particles are detected, for illus-
tration purposes the CMS experiment will be used as an example. A slice of the
transverse plane of the CMS experiment is shown in Fig. 2.4. The left most point
of the figure is where the collision occurs, after that, particles fly off. The first sen-
sor they encounter in their path is the silicon tracker, where the position of charged
particles is measured, hence the path can be reconstructed. Due to the supercon-
ducting magnetic field of 3.8T (shown as a cross), the path of these charged particles
will be spiral and its curvature gives information about their momentum. The next
layer is the electromagnetic calorimeter, in this part, electrons and photons will be
stopped and this will give information of their initial energy. The following layer
is the hadron calorimeter where particles that interact with the strong force will de-
posit most of its energy. The final layers are part of the muon chambers, only muons
and weakly interacting particles such as neutrinos will fly through this layer. Since
muons are charged their path will bend due to the superconducting magnet, and
their path will be inferred. Neutrinos, on the other hand, leave no signature so ad-
ditional methods must be used in order to deduce their presence and characteristics
such as momentum. For this, the simplest method is the use of the transverse mo-
mentum. Since protons travel along the beam pipe (usually considered the z-axis)
initial momentum in the transverse plane (x — y plane) is zero, due to momentum
conservation the same must be true for the final momentum.

As for DM, if a WIMP particle has some interaction with SM particles and its
mass lies at or below the TeV scale, it might be produced at the LHC, hence, many
searches are focused on either finding it or constraining the parameter space of pop-
ular DM models. Since WIMP DM is only weakly interacting (like neutrinos), it will
not be seen and indirect measurements must be made. Additionally, it is important
to note that in many WIMP models the stability of DM is guaranteed by a new sym-
metry for instance in Supersymmetry this is the R-parity and in many BSM models
is the Z,, symmetry with n = 2 being probably the most popular one. This implies
that DM particles may be produced along with other new particles, very often in
pairs, if that is the case they might be produced back to back and so transverse mo-
mentum conservation will not yield any information. A caveat to this scenario is
when the two WIMPs are accompanied by another particle, in that case, there will
be additional momentum information, which could be for instance coming from ini-
tial state radiation (ISR). Another common BSM possibility is that the DM comes
from the decay of a heavier unstable new particle which yields a visible particle and
missing energy, hence called two-body semi-visible. The left Feynman diagram of
Fig. 2.5 shows such process with p p — A — B¢ where the slashed notation in this
case indicates invisible (e.g. the WIMP). From energy-momentum conservation, it is
clear that only certain values of the parent mass are consistent with the information
provided in the event by the transverse momentum of the visible particle. In this

case, it is convenient to define a transverse mass M7 which is defined as [86]
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M2 = m} + m2 + 2(ErgEre — Pré - P1e), (2.41)
where
E}; = m} + pri. (2.42)

By construction Mt < M4 which means that a histogram of many of these events
will exhibit an endpoint in Mt and that endpoint will be the boundary between the
allowed mass of the parent and the disallowed mass for a particular ansatz of the
mass of the daughter particle. Moreover, it has been shown by [87] that this variable
exhibits a kink, e.g is continuous but not differentiable, at the true daughter mass,
thus both the parent and daughter mass may be found.

A similar situation is depicted on the right side of Fig. 2.5 where two BSM parti-
cles, the parent particles A are produced and each of them decay to a visible particle
B and an invisible particle C. Notice that even though the diagram has two equal
sides with the same particles, their momentums need not be the same (hence the dif-
ferent labels for each equal particle). In such case, the appropriate kinematic variable
is the Cambridge Mr, which is defined as [88]:

M%Z = Min {Max [M%(?Tmf ?TCl)’M%(?TBZ?TCZ)} } ’ (2-43)

V1ot Vg

where the minimization is done over all possible invisible transverse momenta of
C1 and G; such that 7Tc1 + ?Tcz = ?5’?” There are several useful features with
this variable, one, it defines a bound on the parent mass because, by construction
M4 > M7y and two, it exhibits a kink at the truth daughter mass as in the case of
Mrt. Hence, by means of Mt and Mr; it is in principle possible to find both the
parent and daughter (DM) mass for the two aforementioned topologies. However,
it has been shown that the kinks are hard to find unless there is hard ISR, which
requires a loss of statistics. Moreover, if new particles are spotted at the LHC, the
mass will not be the only relevant parameter to be measured. Experimentalists will
probably be interested in other properties such as the width of the parent particle,
chirality of the couplings, spin, etc. For this reason, kinematic variables such as Mr
and Mr; fall short and more complicated calculations will be necessary such as the
MEM.

The MEM is a multivariable analysis which requires a previous knowledge (or
at least an informed guess) of the interaction that leads to the event. With all the
available information, it is then possible to calculate the theoretical differential cross
section for an ansatz of the unknown quantities such as mass, couplings, etc. This is
then used to calculate the likelihood L that the process was produced as a function
of the different hypothesis used for the unknown quantities. A minimization of
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FIGURE 2.5: Feynman diagrams for a two body semi-invisible decay
and double sided semi-invisible decay where the variables inside the
parenthesis represents the particles four-momentum

—In L returns the best fit values of the unknown quantities. The MEM has been
successfully used at Tevatron for the measurement of the top quark mass [89] and
more recently used by both ATLAS and CMS collaboration for measurement of the
properties of the Higgs Boson such as spin and parity [90, 91]. This method will be

presented more in-depth in chapter 5

2.2.2 DM and neutrinos

Neutrinos are the second most abundant SM particles in the universe after photons,
yet they are puzzling and there is still a lot to be learned about them. Their presence
was first inferred in the early part of the 20th century due to the continuous electron
spectrum in B-decays. This could be explained only through the production of a
new particle in the experiment. Later on, Fermi applied this idea to formulate his
beta decay theory [92]. Some years later, Reines and Corwen were able to directly
detect neutrinos through inverse beta decay, this leads to the discovery of the an-
tineutrino [93]. In the 1960s the Lederman- Schwartz-Steinberger experiment lead to
the discovery of the muon neutrino, which showed that they come in flavors just as
the other SM fermions [94].

On the other hand, experiments such as the Homestake experiment started show-
ing the solar neutrino flux was one-third of its expected value [95], the deficiency has
been confirmed by other experiments such as the SNO [96] and Super-Kamiokande
experiment [97]. Additionally, the Super-Kamiokande experiment also gave an in-
dication that there was a shortage of muon neutrinos coming from the atmosphere
[98]. A solution to the discrepancies between the expected and measured flux was
put forward by Pontecorvo in 1957-1958. He suggested that in the path to the detec-
tor, neutrinos were oscillating in a form analogous to the one in the K° - K system,
however, it was only an oscillation between active and sterile neutrinos [99, 100].
However, it was almost a decade later when Maki, Nakagawa, Sakata [101] and
Pontecorvo himself (with a subsequent paper), laid the basis of neutrino oscillations
which proved to be the answer to the deficits [102].
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The probability that a neutrino of flavour a transitions to a neutrino of flavour b
is given by [103]:

34ns )
P(vg = vy, t) = | ) Upe 2|, (2.44)
i=1

where Uj; are the elements of a unitary (3 + n5) x (3 + 1) matrix that rotates from

interaction eigenstates to mass eigenstates and

Am?.L
Api = 4]? , Amy; = mi — my, (2.45)

where L is the distance between the source of neutrinos and the detector and p is an
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FIGURE 2.6: Feynman diagrams as shown in [104] for tree-level real-

izations of the d = 5 Weinberg operator, where the mass is generated

via the exchange of a singlet fermion (type I), a triplet scalar (type II)
and a triplet fermion (type III)

arbitrary index.

As can be seen from Eq. (2.45) in order for neutrinos to oscillate, they must have
mass, which as mentioned before cannot be accounted for in the context of the SM
because with the particle content it is not possible to build a gauge invariant term of
neutrinos with the Higgs field that after SSB yields a mass-term. This is, as of now,
the strongest experimental evidence that the model must be extended.

In order to build an extension, one must take into account that neutrinos are at
least six orders of magnitude lighter than other SM fermions, and so the mechanism
must generate tiny masses. On the other hand, the question of the nature of neutri-
nos remains, are they Dirac or Majorana particles? If they are Dirac particles their
mass term has the form i but that requires a right-handed neutrino which has not
been observed. If they are Majorana particles the mass term has the form ¢7C~ 1.
Note that the second term breaks lepton number by two units, so a Majorana mass
term is evidence of the breaking of a global symmetry U(1).
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Now, since the neutrino mass is so small, it could be generated by physics be-
yond the electroweak scale [27]. In 1979 Weinberg found that at the lowest non-

renormalizable order, the only operator that allowed such term is [27, 105]:
£0=5 = —%ZH*HTET, (2.46)

where A is the suppression scale of the new physics that gives rise to the operator,
and A is a model-dependent coefficient, while H and L are the SM Higgs and lepton
doublets respectively.

At tree-level this mass-term is realized via the exchange of a singlet fermion (the
right handed neutrino), a triplet scalar or a triplet fermion in the type I, II and III
Seesaw mechanism respectively as shown in Fig. 2.6. However, in order to generate
the small mass term with couplings of O(1), the suppression scale must be very
large and so most likely out of reach of current experiments [27].

Another interesting possibility is that the neutrino mass is generated radiatively,
in that case, due to the loop suppression, the scale of the new physics could be the
electroweak scale. In this category, some well-studied models include the Zee model
[106] where a charged scalar singlet and another scalar doublet are introduced. The
problem with this model is that through the interaction of the new doublet with the
leptons it is possible to generate flavor changing neutral currents which are severely
constrained. However, a restricted version, called the Zee-Wolfenstain model where
the leptons do not couple to the second doublet, is ruled out from neutrino physics.

Another well-studied model is the radiative seesaw [28] where the SM is ex-
tended with another scalar doublet that does not acquire a v.e.v (the Inert Dobulet)
and three generations of a right handed neutrino, all particles are odd under a Z,
symmetry. This model has sparked particular interest in the literature because the
new neutral particles participate in the neutrino mass generation while the lightest
neutral one (either fermion or scalar) is stable and so is a DM candidate. Thus, the
model connects two of the most important problems in particles physics and one
gets a solution of the type "two for the price of one". The radiative seesaw is not the
only one to have these interesting aspects, works such as [26, 107-109] have studied
the phenomenology of these types of model with varying particle contents. Ch. 3 is
dedicated to the study of one such model.

woa S HO, A

vy, ;\“YR vy

FIGURE 2.7: Feynman diagram for the radiative seesaw showing that

neutrino mass generation after SSB. The loop is mediated by the right

handed neutrino (Nj), and the neutral CP-even and CP-odd scalars
(H° and AY) [28].
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2.3 Summary

In this Chapter, a short overview of the SM was presented. We then moved to BSM
physics, in particular we review the DM problem where the candidate is a WIMP.
We showed how its relic density is calculated through the solution of the Boltzmann
equation. Furthermore, we show how experiments search for WIMPs. In the case
of direct detection, experiments look for the evidence of a DM interaction with a
heavy nucleus, such as Xenon. In the case of indirect detection, experiments look for
evidence of DM annihilation in regions of high DM density such as the center of the
Milky Way. We also review the case of DM that could be produced at the LHC and
how it could be constrained.

On the other hand, we review the neutrino mass problem and how it could be
solved with a radiative seesaw which connects the solution also to the solution of
the DM problem.



29

Chapter 3

The Doublet Triplet DM with

neutrino masses

As was reviewed in Ch. 2, DM comprises most of the matter-content of the universe,
yet, there is not a DM candidate within the SM. Moreover, in order to keep the sym-
metries of the SM, it is not possible to have massive neutrinos, which goes against
the observation of neutrino mixing. It is possible that the physics that gives rise to
the solution of one problem is also implicated in the solution of the other. It was in
that direction in which the Scotogenic or Radiative Seesaw model was proposed by
E. Ma in [24]. In the model, the Z; symmetry that stabilizes the DM, also forbids
neutrino masses a tree-level, yet, a Majorana mass is generated at the one-loop level
in the topology classified as T-3 in [27] which is a one-loop realization of the d = 5
Weinberg operator. The symmetry is a global discrete symmetry where fields either
transform as odd (charged) or even (uncharged). On the other hand, the Scotogenic
model is a simple extension of the SM with an extra Z;-odd doublet and several
copies of a right-handed neutrino also charged under the symmetry. The DM can-
didate could be either the lightest right-handed neutrino or one of the neutral com-
ponents of the doublet, the CP-even or the CP-odd. Several such Scotogenic models
that connect the WIMP DM candidates and one-loop Majorana masses have also
been proposed. For instance in [26] it was found that by considering fields (fermion
and scalars) transforming as singlets, doublets and triplets under the SU(2) symme-
try, and with all new fields odd under the Z, symmetry, it was possible to construct
35 such models. In this chapter, we consider one such model, classified as T-1-2-F
with & = —1in [26], where a vectorlike doublet with Y = —1 and a Majorana triplet
are added to the SM. Additionally, in the scalar sector, a Y = 1 scalar doublet and a
real triplet are also added. All new fields are odd under a Z; symmetry, while the
SM is even.
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3.1 The Model

We extend the SM by adding an SU(2); vectorlike doublet with Y = —1 and a
Majorana triplet, both odd under a Z, symmetry. These fields can be expressed as

[ ¥ _ [ YR _ (=2 E]

On the other hand, the scalar sector is enlarged by a Z;-odd doublet with Y = 1 and
a Zp-odd real triplet,

Ht 1 Ay V2AT
H — ; , A: —_ . (3.2)
’ <H\f ) 2 ( V2AT —A )

It follows that the most general Z,-invariant Lagrangian of the model is
L= Lsv+ Lr+ Ls+ Ly, (3.3)

where Lg)y is the SM Lagrangian, which comprises the scalar potential of the Higgs
doublet H; as shown in Eq. 2.8. Besides, L refers to the the kinetic and mass terms
of the Z»-odd fermion fields,

_. _ _ . 1 _
Lr = Piy"Dyp — My(Prpr +hec.) + Te[Xpin# D, Er ) — ETr(ZCLMZZL +h.c.), (3.4)

whereas Lg contains the kinetic, mass and self-interaction terms of the the Z,-odd

scalar fields,

A 1 A
Ls = DLl — p3|Ha* = T Ha* + 5 IDuAP — 3 [47] = TTAR. (3.5)
Lastly, £y contains the different interaction terms between the Z,-odd fermion parti-
cles and the SM particles:

L= |—y1HiZS e + yopSeX Hy — L1 XS Hy — pipr Hoer; — fiLLidpr +hec.| — V1.
(3.6)

Here L;; and ey, represent the SM lepton SU(2); doublets and singlets, respectively,
Y1,Y2,Ci, pi and f; are Yukawa couplings controlling the new interactions (i = 1,2, 3).
By field redefinitions we make Mp and v » to be positive whereas My is assumed to
be real [19]. The last term in Eq. (3.6) accounts for the interaction potential,

A
Vi = As|Ha P Hol? 4+ Au | HY Ha P + 22 | (HHa)? + he (3.7)

+ AL Hi [PTr[A%] + Ao Ha P Te[A?] + 1 [H{ AH, + h.c.} ,
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where A5 and p have been taken to be real. This allows us to reduce the parame-
ter space and avoid effects of CP violation which require a further analysis and is

beyond our goal.

3.1.1 Scalar sector

In order to preserve the Z, symmetry once electroweak symmetry breaking occurs,
a zero vacuum expectation value for H, and A is assumed, along with % > 0, 3 > 0
and p3 > 0. This entails that the trilinear y term in the scalar potential is the only
term responsible for the mixing among the CP-even neutral components as well
as the charged components of the doublet and triplet fields. By parametrizing the
Higgs doublet as H; = (0, (h + v)/v/2)7, with h being the SM Higgs boson and
v = 246 GeV, we have that the CP-even neutral and charged mass matrices in the
basis (HY, A%) and (H*, A*), respectively, read

Moo = ( P ALY g ) Moo — ( RS2 1 )

IO R+ AR —3Hv pA AR

(3.8)

where A; = (A3 4+ A4+ A5) /2 controls the trilinear interaction between the SM Higgs
and HC. The neutral physical states are

H° — si
N e sin(20) = — 10—, (3.9)
A sina  coswa 12 my, — my,
where m%i are the physical masses. For the charged sector the mass eigenstates «;
(with masses my;) are defined as
HT —gj —
_ C(')S,B sin 8 ) sin(2B) = % (3.10)
AT sinf  cosf K2 Wi, — M,

Note that the angles a and B are related due to the  dependence. Finally, A° remains
as the only CP-odd state in the spectrum with a mass given by m%, = p3 + (A3 +
Ay — As5)v? /2.

The set of Z>-odd scalar masses allows expressing some of the parameters in the
scalar potential in terms of them in such a way that the set of 10 free parameters of
this model can be chosen to be

M p0, M, My, My, A2, An, Az, A3, A, 1, (3.11)
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with the quartic couplings subject to the following vacuum stability and perturba-
tivity conditions

Az + VAAy > 0; A3+ Ag — |As| + VA1A > 0; A3+ v/ A1Ap > 0;
4
M+ V/A2ha > 0; A, 25, A < 4755 Ag, Ay < = (3.12)
Thus we can expect that for an appropriate choice of scalar couplings, 771, 772 or A°

can be the lightest particle in the Z;-odd scalar spectrum.

3.1.2 Fermion sector

Since Hj is the only scalar having a non zero vev, the vy, terms in Eq. (3.6) are the
only ones that generate a mixing, in this case between ¢ and X;. The {;, p; and f;
terms represent pure interaction terms: they may induce both new co-annihilation
and lepton flavor violation (LFV) processes and two of them ({; and f;) enter in
the neutrino mass generation. Consequently, the Z;-odd fermion spectrum of the
doublet-triplet DM model (DTDM) model is the one of the DTFDM model [19].
Thus, the neutral (in the basis E° = (29, ¢?, ¢%)T) and the charged (in the basis
Ex = (% ¢x)Tand E; = (X, ¢;)7) fermion mass matrices are given by

My JyvcosB Lyvsinp
1 v2 v2 Ms  yvcosp
Mz = Yo cos B 0 My , Mz: = ) ,
f . yosinf My
pYvsin B My 0
(3.13)
withy = /(y3+y3)/2 and tanB = y>/y1'. It follows that the Z,-odd particle

spectrum of this model includes two charged fermion particles x7-, with masses

My = : [Mlp + My F \/(Mlp — Mg)?2+ 2y27;2J implying that , + > m, +, and three
neutral Majorana states, namely X(l)' Xg and )(g (no mass ordering is implied). Their

masses can be computed from the characteristic equation,

(My, — mﬁ)(mf(? - Mj) + %yzvz(Mlp sin2p +m o) = 0. (3.14)
Clearly, the Z,-odd physical states are a mixture of the triplet and two doublets, with
non zero couplings to the Z and Higgs bosons. On the contrary, in the symmetric
case y; = Y2 (tan B = 1) one of the neutral states is an equal mixture of the doublet
fermions without a triplet component and does not get a mass from the electroweak
symmetry breaking. This means that the neutral spectrum has one pure doublet
state with a mass given by the vector-like mass. This can be easily understood after

INote that these mass matrices are reminiscent of the very well-known neutralino and chargino
mass matrices in the minimal supersymmetric standard model [110].
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considering the similarity transformation M, = O"Mz0, with

Ms, yo 0 1 0 0
M= |y My, 0 [, and o=|[0 5 —-5|. G195
1 1
0 0 —M, 0o L L
Thus we have that x = 1/v2(¢? + ¢%) with myo = | — My|, and the charged eigen-

states degenerate with the other two neutral states, i.e. n,0 = m,+ and m, o = m ;2.

In addition to this, the fermion sector also presents otherxinteres?’;ng featt)lcres, inXthe
symmetric case, namely y; = & 1, it presents a custodial symmetry which ensures
that the contribution of the new fermion fields to the T and U parameters are zero,
and the diagonal coupling of the mass eigenstates to the Z boson vanishes [19, 111].
Moreover, when y; = y» the Lagrangian is also invariant under a global SU(2)r
symmetry. Second, when the condition My < (y?v? — 4Mi) / (4My) is fulfilled (and
all the Z»-odd scalars are heavier than xV), the resulting DM candidate is pure dou-
blet (|myo| < [mqg|, [m,o[) with a vanishing diagonal coupling to the Higgs boson
Syxah at tree level. These features have a profound impact on DM phenomenology
analysis since the direct detection through the Z-boson exchange would be zero at
tree level and the same for the Higgs boson exchange when )((1) is the DM candidate
(see below).

3.2 DM phenomenology

If the lightest Z>-odd particle is electrically neutral, either a fermion or a scalar, it
will play the role of the DM particle. Consequently, two main scenarios emerge ac-
cording to whether the new co-annihilation processes are affecting or not the DM an-
nihilation. For the scenario where the new co-annihilation processes are suppressed
the resulting DM phenomenology will be very much that of doublet-triplet fermion
(doublet-triplet scalar) DM model if the DM particle is a fermion (scalar), with the
Z5-0dd scalars (Z;-odd fermions) not playing any role in the DM annihilation and
detection processes. Since the new co-annihilation channels to be effective demand
large Yukawa couplings (;, fi, pi > 1) or/and that the Z,-odd scalar and fermion
sectors to be mass degenerate, in what follows we will only consider the scenario
where the new co-annihilation processes are inefficient. Moreover, this scenario is in
turn preferred by the bounds coming from lepton flavor processes which, in general,

favor small Yukawa couplings.
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FIGURE 3.1: Possible fermion DM annihilation channels in the early
universe. The annihilation occurs via the exchange of one of the heav-
ier Zy-odd fermions into either neutral or charged weak gauge bosons
as shown. The left panel shows annihilation into charged weak gauge
bosons. The right panel shows DM annihilation into Z bosons via the
exchange of a neutral particle. In both cases, the top figure shows the
t-channel while the bottom one shows the u-channel.

3.2.1 Fermion DM

When the DM particle is a fermion, the model can account for the observed DM relic
abundance in two distinct regions [19-21]: one where the DM candidate lies at the
electroweak scale and one above the TeV scale. The former region results when the
DM particle is x¥, and y; = y» = y, since its diagonal couplings to the Z and Higgs
bosons, vanish at tree level, the DM does not annihilate through the s-channel. Fig.
3.1 shows the possible annihilation channels, that is, - and u-channels with final
state gauge bosons WTW™ and ZZ via the exchange of one of the Z-odd heavier
fermion eigenstates. The annihilation channels are thus suppressed, and relic abun-
dance is satisfied for low DM masses, around 100 GeV but only with large Yukawa
coupling, y 2 1. To understand this last requirement, we may take a look at the

expression for m . if y is small, one of the heavier masses will be nearly degener-

ate with the DM,Xthus making the annihilations very efficient. This possibility may
be considered in a way similar to that of the doublet fermion DM which requires
masses around the TeV scale [16, 112, 113], which is far from the much more appeal-
ing electroweak region. On the other hand, if y ~ 1, the splitting between the neutral

eigenstates is large, annihilation is less efficient and relic abundance is saturated at

ZNote that the charged states (and therefore Xg and Xg) are degenerate when
My + My = 0. (3.16)

That s, all the fermion spectrum but x! is degenerate with a mass givenby My [(1+ y%v?)/(2My)] 1z,
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FIGURE 3.2: The triplet fermion mass as a function of the dark matter

mass for the symmetric case (y1 = y» = y) with x! being the DM par-

ticle. The color code denotes the allowed values of y and the dashed
line corresponds to the points satisfying My, = —Mj,.

masses around 100 GeV. In Figure 3.2 we display the resulting parameter space con-
sistent with the DM relic abundance measured by Planck (p Mm% = 0.1199 + 0.0027
[54] after scanning over the free parameters of the model®. The maximum value for
y is set as a perturbativity condition. Below the minimum value for My ~ 80 GeV
DM annihilations are no longer effective* while beyond ~ 210 GeV they are too ef-
fective. Note also that for any value of the pair y-M, that saturates relic density,
there are two different allowed triplet mass regions, one where My is always nega-
tive (My < —My) and one where it can be either positive or negative but larger than
—My. Inregards to direct detection for this scenario, the dispersion with nuclei is not
possible at tree level because spin-independent interactions rely on Z and/or & me-
diation and neither of them is present at leading order. However, spin-independent
interactions are allowed through loops mediated by the heavier Z;-odd fermions
and gauge bosons and through box diagrams involving gauge bosons and twist-2
operators. The latter contributions have been found to be two orders of magnitude
smaller than the ones leading to an effective Higgs coupling and hence not consid-
ered here. In regards to the former type of diagrams, e.g. the vertex corrections
shown in Fig. 3.3, the loop suppression could, in principle, make the cross sec-
tion out of reach of the current experiment’s sensitivity. However, due to the large
Yukawa couplings required by the relic abundance constraint, the LUX experiment
[118] does place constraints on a portion of the parameter space, as it was shown in
Ref. [20].

3The model was implemented in SARAH-4.4.2 [114] which generates an output to SPheno [115,
116] to obtain the physical spectrum, which was then exported to MictOMEGAS [117] to calculate the
relic abundance.

4To be consistent with collider bounds we have demanded that the lightest charged fermion is
heavier than 93 GeV [20].
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FIGURE 3.3: Diagrams representing the main contribution to the spin-

independent direct detection. The field x represents either a charged

Zy-odd fermion or a heavier neutral one, in which case the mediating
gauge boson is charged or neutral, respectively.

Since there are two allowed triplet mass regions, direct detection places different
constraints in these two regions. To analyze them, we computed the effective h —
XY — x{ coupling using the expressions given in Ref. [20], we then calculated the
spin-independent cross section, and imposed the most recent bound reported by
the LUX experiment [71]. Figure 3.4 shows the allowed parameter space in the y —
Mo plane with the color bar representing the triplet mass My. In the region where
Ms < —100 GeV (left panel), for the lowest My, My can be as low as ~ —1900
GeV, however as My increases, My, becomes heavily restricted very rapidly, to the
point that, for My, around 85 GeV My cannot be less than ~ —500 GeV. Upon further
increasing My, direct detection becomes even more restrictive, leaving only a narrow
strip in the y vs. My plane and with the largest My, being less than 130 GeV, at that
point My ~ —Mz. On the other hand, in the region where My 2 —100 GeV (right
panel), at low values of My, direct detection restricts My to be larger than ~ 120 GeV.
As the dark matter mass increases, negative triplet masses are favored, in fact, the
largest DM mass considered requires My ~ —120 GeV . Notice that in this region all
values of the Yukawa coupling considered, are still viable, in contrast to the former
region where y < 1.8. The direct detection bounds also imply that the splitting
between the DM mass and the next heavier fermion are also constrained by LUX
[71]. Defining &, as (|mx2| - |mx(1]\) / |mX(1J| we find that, in the region where My is
mostly positive, small 6,, are only allowed for low DM mass and low y, for instance,
for 6, < 1 the DM mass must be less than 110 GeV and y less than 1.5 GeV. As
the DM mass increases so must d,,, with the largest allowed value being ~ 1.6. A
similar situation arises in the region where My is always negative, for §,, < 1 the
dark matter mass must be less than 90 GeV, larger DM mass require greater J,,, with
the largest allowed value being 1.8.

For the other DM allowed region, the DM particle, either 7(8 or )(g, is a mixture of
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FIGURE 3.4: Parameter space of the electroweak DM region account-
ing for the observed DM relic abundance and consistent with direct
and indirect searches of DM. In the top row the color bar corresponds
to the allowed values of My, while in the bottom row it corresponds to
the allowed values of d,;, as defined in the text. The region in the left
(right) panels satisfies My, < —M0 (Mg > _m)((f)’ which corresponds
to the region below (above) the dashed line in Fig. 3.2. Solid, dashed
and dotted-dashed lines represent the maximum value for m,0 con-

1
sistent with the Higgs diphoton decay rate reported in Refs. [119],
[120] and [121], respectively (see text for details).

doublet and triplet and is degenerate with one of the charged ones. A mass splitting
is only induced by loop corrections, thus small, hence, coannihilations are very effi-
cient and relic abundance is only satisfied for heavy DM around the TeV scale [20]. If
the DM is mostly doublet, the resulting model is similar to the pure doublet fermion
DM and the lowest mass to saturate the relic abundance is ~ 1 TeV [16, 112, 113],
whereas, for mostly triplet, the lowest mass is ~ 2.8 TeV [9, 107]. Since in this case,
DM particle has a non-vanishing diagonal coupling to the Higgs boson (which in
turn is controlled by y), new DM annihilation channels and DM scattering processes
with nuclei are expected. This means that the DM mass may go beyond a few TeV’s.

Despite being an appealing and promising scenario, the symmetric case in the
low mass region (~ 100 GeV) is severely constrained by the LHC measurement of
the Higgs diphoton decay rate [120, 121]° since the Z,-odd charged states induce the

5From the LHC Run 1, the reported measurements are 1.17 £ 0.27 by ATLAS [122] and 1.14f8:%g by
CMS [123].
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FIGURE 3.5: Feynman diagrams of the Higgs diphoton decay induced

by the Z; odd charged particles. The left diagram (A) shows the con-

tribution from the charged fermions . The two diagrams on the right
(B) show the contribution from the charged scalars.

Higgs decay to photons at one-loop®. In fact, in the DTFDM model, almost all the
the parameter space of this scenario is excluded due to the large suppression on R,
induced by the two Z;-odd charged fermions (such a suppression arises because the
fermion contribution is always positive, that is, opposite in sign to SM contribution,
and sizable due to the large values of ).

Thus, in principle, the same should occur in the DTDM model. However, in the
DTDM model, there are extra charged scalar fields, «1 », that also mediate the Higgs
decay to two photons at one loop and may help to increase R.,,.

To investigate the impact of the new Z,-odd charged scalar we consider the limit
where i < v, which is favoured by electroweak precision observables. The Feyn-
man diagrams contribution from the new charged particles are shown in Fig. 3.5,
this corresponds to a decay ratio that reads [19-21]:

R — ‘1 I 1 A3 Ag (Tm) /\é AS(TKz) i ]/202 AF(TXEE) . AF(TXli) ?
Asm 4mz2, 4m2 Mo — 1M N s ’

(3.17)

where Agy = —6.5 is the SM contribution from charged fermions such as the top

quark and charged gauge bosons, with the loop functions Ar(t) = 277 2[t + (T —
1) arcsin? /7] and As(t) = —1 2(t — f(1)) for T < 1, and 7x = m2/(4m%). It
follows that there are two possibilities in which the scalar contribution may modify
the ratio to yield a result that is in agreement with experimental measurements:

e A sufficiently negative A3, A} that may counteract the positive contribution
from the Z,-odd fermions. However, this possibility is subject to the require-

ment of vacuum stability Eq. (3.12), which demands A3, A} 2 —1.

e A sufficiently positive A3, A} could also yield the correct R, by generating a

®The DM region above TeV scale does not suffer from such difficulties since the Z»-odd charged
fermion lie above the TeV scale and therefore their effect on Higgs diphoton decay rate is negligible.
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FIGURE 3.6: The combination A3 + A} as a function the m 0 for the

set of points that present R, within the experimental 11m1ts The

color bar shows the relation between the charged scalar x; and the

dark matter mass. The left figure corresponds to the region where

My is always negative and the right figure to the regiom where My

is mostly positive. All points satisfy, additionally, perturbativity, vac-

uum stability, relic abundance, direct detection, and electroweak pre-
cision constraints.

negative new physics contribution of order 2, which in turn renders the ob-
served ratio. We checked this possibility but found out that the restriction that
u3 >0, 43 > 0and p3 > 0imposes limits on the allowed values of positive A3
and A%, hence, the correct ratio is not achieved in this way.

To explore the impact on R., we performed a random scan, taking as input points
those that satisfy relic abundance and direct detection constraints. The relevant pa-
rameters are varied as follows:

47
0 < AgAp < — 3

12 < m'h/'?z/mx? < B.0; map0 = my; p <L 0.

)\3,)\3 <4m 12 < mKl,Kz/m 0 < 3.0; (3.18)

The last two conditions, together with m,, —m;,, < 85 GeV, which we checked,

ensure that the new scalars do not give sizable contributions to the electroweak pre-

1

cision observables, namely the S and T parameters. The constraint on the mass-ratio
between the scalar and the DM is imposed to ensure that there are no coannihilation
effects, hence, the expected DM phenomenology is not spoiled. The scan results are
shown in Figure 3.6, with all points satisfying the constraints mentioned above along
with a Higgs diphoton decay rate within experimental limits. The region where My
is mostly positive is shown on the right panel. It is evident from the plot that only
A3+ A4 < 0in order to achieve the correct ratio with the largest Mo at 125 (GeV) and
the ratio between the mass of x; and the DM mass less than 2. The left panel shows
the results for My < LT In this case, there is a narrow region where Az + A% < 0
and my, / Mo > 2 coming from the fact that in that portion of the parameter space

fermion suppression is not as strong and so the scalar enhancement is not essential.
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Again, in this region, the DM mass must be less than 125 (GeV). It is worth men-
tioning that the same results would be obtained for x; — x; in other words, both
charged scalar have the same impact on the decay rate.

A final comment is in order on collider bounds which may constrain up to some
extent the DM symmetric scenario at the electroweak scale. The main production
processes associated with Z;-odd fermions at the LHC are the same as those of the
DTFDM model [19, 20]. Since the Z,-odd scalars are coupled to Z;-odd fermions
through the term controlled by {;, p; and f;, which are assumed small (< 1) in order
to be compatible with LFV bounds, it turns out that 7~ can only decay to xJ via a
virtual W*. Thus, the characteristic signal to be looked for is events with final states
involving leptons and missing transverse momentum. Moreover, for the range of
the DM mass considered, the most sensitive channel is the one with three final state
leptons plus missing transverse momentum, again as in the DTFDM model [19, 20].
The DM production goes as follows:

Xi — )(?W*i — X?ﬁiw,

qq — W** — )(ixgs : (3.19)

Xg,3 — X(l’Z* — x?é*ﬁ.

This signal has been explored by the CMS Collaboration at /s = 8 TeV [124] and
V/s = 13 TeV [125], and by the ATLAS Collaboration [126], for the case of supersym-
metric charginos and neutralinos, in the limit of Xli, Xg being wino-like with decou-
pled Higgsinos and squarks. When the bounds on the production cross-section are
translated into this model lesser constraints are obtained [20], due in part to the non
wino-like character of Xf, ng which leads to the conclusion that the current LHC re-
sults does not constrain the symmetric scenario at the electroweak scale. However,
the analysis made in Ref. [20] regarding the future reach of the LHC, shows that this
scenario can be completely explored with a luminosity of 300 fb~!.

3.2.2 Scalar DM

With respect to the DM phenomenology of this model, for the case of a heavy A°
(m 40 2 my, ,), we identify three DM scenarios depending on the size of the entries of
the neutral mass matrix: one where the DM is mostly doublet ((Mgo)11 < (Mgo)22
and p < v), one with triplet DM ((Mgo)11 > (Mgo)2 and p < v) and a scenario in
between ((Mgo)11 ~ (Mgo)22 ~ uo). For the first scenario, the DM particle is 17; ~ H°
and the viable DM mass regions are those of the IDM, namely, around the Higgs
funnel region and above 500 GeV [8, 127-132]. In the latter region, the so-called high
mass regime, the lowest DM mass that reproduces the observed relic DM density
is obtained when the interactions of H? with the Higgs are negligible (A345 < 1),
and so the main channels contributing to DM relic abundance are annihilation of
the new charged (neutral) scalars via the t- and u-channels through the exchange of
a neutral (charged) Z;-odd scalar, thus producing gauge bosons. Additionally, the

scalar annihilations mediated by a gauge boson in the s-channel are also present.
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As A, the parameter that mediates the trilinear interaction of HO with the Higgs,
is increased new annihilation channels become available and so in order to saturate
the relic abundance the DM mass must be increased. A similar situation arises for
the mostly triplet scenario (where 77, ~ A® is the DM particle), in the pure gauge
limit, the channels that contribute to the DM relic abundance are similar to those of
the mostly doublet case, except for the fact that gauge interactions are now stronger
which makes annihilations more efficient, as a result, the lowest mass that saturates
the relic density is ~ 1.8 TeV [9-11, 133, 134].

Regarding the mixed scenario, in the pure gauge limit, the DM particle lies be-
tween the above-mentioned cases. If the couplings A and A} are not zero, the DM
mass must be higher to compensate for more annihilation channels available. Fur-
thermore, in this scenario, if the DM particle is mainly triplet and a degenerate mass
spectrum is considered, the constraint on the DM mass would loosened up to 1.1
TeV due to a net increase in the effective degrees of freedom which lowers the ef-
fective cross section. On the contrary, when the mass degeneracy within the triplet
multiplet is lifted due to the mixing with the doublet (through the y term), as well
as the doublet components being heavier, it is harder to saturate the relic density
constraint due to loss of the effective degrees of freedom entering in the thermally
averaged cross section. It is worth noting that this mixed scenario may be signifi-
cantly constrained from electroweak precision measurements.

For the case of a CP-odd DM particle, A° we have the same two viable DM mass
regions of the IDM, but with the condition of having # < v in order to not modify
the expectations in the High mass regime since it requires the coannihilation of A°
with the other two doublet components.

A last comment regarding both fermion and scalar DM is in order. If the model is
considered in the regions of high mass such that mpy > My z, the DM interaction
with the W and Z boson might become long range. This leads to an enhancement
in the annihilation cross section [11], known as the Sommerfeld enhancement, thus
requiring heavier DM to yield the correct relic density. This situation is known to
exist for doublets and even more for triplet extensions of the SM. However, for the
case at hand, the enhancement is not present since the DM mass is of the order of
My and Mz due to the custodial symmetry.

3.3 Neutrino masses

As it was mentioned above, neither of the doublet-triplet mixed scenarios give ac-
count of neutrino masses. This occurs because the new Z,-odd fields do not couple
to the lepton doublet via renormalizable and gauge invariant terms. In other words,
in these models the lepton number (L) is conserved. Nevertheless, from the com-
bination of these models L violating terms are automatically present which lead at
the end to radiative neutrino masses at one-loop level. Hereby the interplay of the
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doublet-triplet scalar and fermion DM models leads automatically to a framework
with massive neutrinos.

In the doublet-triplet scalar (fermion) DM model the trivial lepton number as-
signment L(Hy) = L(A) = 0 (L(X) = L(¢) = 0) guaranteed the L conservation.
However, when both models are combined several new L-violating terms appear. In
particular, by keeping the same L assignment the lepton number is violated in one
unit by each of the Yukawa terms {;, f; and p;”. This in turn means that it is possible
to generate neutrino masses at one-loop level since the seesaw mechanism at tree
level is not operative due to the vanishing vev of H, and A. Depending on which
set of Yukawa couplings are used to build the one-loop neutrino mass diagram we
have four different topologies (displayed in Fig. 3.7) that lead to the three finite re-
alizations of the d = 5 Weinberg operator [27, 28]. Specifically, {; generate c¢) and d)
diagramas whereas f; genererate b) diagram, and both set of couplings enter in dia-
gram a). In both a) and b) diagrams the mixing fermion term y; is mandatory and
for the b) diagram the mixing scalar term y is also required. As electroweak eigen-
states, the fermion triplet enters in each diagram, the scalar doublet is required in
three of them, the same occurs to the triplet scalar while the doublet fermion enters

in only two diagrams.

X X *
\ 0 0c /
] E c
0~ —'= 0 \ ! & ’
A/ - ~ N H "
4 N YR YR
/ \
L | \ e s A
0 0 c ¢
VLi vp o XL VL VLi AP VLj
hy
X
(a) X (b) A
X Va N ,
\ / N L
\ A v/
y - = PR
N
1o 7 < HO H°, W H
/ \ / \
L \ 1 \
Oc 0 c Oc 0 c
Vi 2 XLoovi VLi I XL VLj

FIGURE 3.7: Feynman diagrams leading to one-loop neutrino masses.

For the type a topology there are two Feynman diagrams, one with

charged particles running in the loop and one with neutral particles,
only the neutral one is shown.

7In contrast, if we assign lepton numbers for the fermions such that L(y) = 1 = —L(X) = 1 and all
the new scalar at zero, then lepton number is violated in two units through the y; term and also in two
units by the Majorana-triplet mass term.
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The general expression for the Majorana mass matrix from the all one-loop con-
tributions displayed in Fig. 3.7 can be written as

My =N Gilj + Asfifi + Mg (Gify + fidj), (3.20)
where

1 1
A§ 32722 Zm 0 u1k) [ ZFl(m;h,m o) +SZP1(7’11,72,77120) F1(mi0,mi2)} ,

1 1
Af 167‘[24 Z m 0 Ug,k) [ 21:2(7’11,71,7’” o) +C2F (qurmig)} ’
1 |1 2 2
Aéf = 32? Zsaca Z m 0 ulku?)k |:F1(m772’ ) Fl(m’?l’mxg)}

+spep meki ViiVap [Fl(m,q,m ) — Fl(mxz,mfci)]] , (3.21)
k=1

with U, VL and VR being the rotation matrices for the neutral, charged-left and
charged-right fermions, respectively, and we have used sy and cy as a short-hand
notation for the sine and the cosine of a given scalar mixing angle 6. The loop func-

tions read
2 2 2 2 2 2
m m msInms — m5Inm
Fi(m3,m3) = ———In—%, B (m3,m3) = —1 ! 2 Z, (3.22)
177742 2 2 2 177742 2 2
my—m; 1y mi —mj

Since M, has a null determinant there is only one Majorana phase and the neu-
trino spectrum has one massless neutrino and the two non-zero neutrinos masses
are set by the solar and atmospheric mass scales, e.g. for normal hierarchy m,, = 0,
my, = /Am? and m,, = V/AmZ,... Furthermore, it is possible to parametrize five of
the six Yukawa couplings in terms of the neutrino observables so that there is only
one free parameter. Specifically, for the case of a normal hierarchy and by consid-
ering without loss of generality {; as the free parameter, the most general Yuwawa-
couplings compatible with the neutrino oscillation data are given by

1 / .
fi Af I::i: AlelZ glz — Aéfgi:| , 1= 1, 2, 3, (323)

a1j01

gj= 7AfA - \/A i,y AFA(ViVE = Vi V)2 (Apann — AL + T =23,
(3.24)
where we have defined
A= (Aphg = Afy), = muNPVRVy + i, VAV, (3.25)

In addition, we have used M, = UEMNS M, Uppns and Upyns = VP [135], with
]\7L/ = diag(O, My,, mv3), the matrix V containing the Dirac phase and the neutrino
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mixing angles, and P = diag(1, A, 1) giving account of the Majorana neutrino phase.
For the case of an inverted hierarchy, the parametrization would yield a similar re-
sult which we do not include. In this wayj, it is always possible to correctly reproduce
the neutrino oscillation observables within the DTDM model.

In order to estimate the size of the Yukawa couplings fi .3 and {3 for the elec-
troweak DM region, we have repeated the scan over the parameter space (see Eq.
(4.4)) with 1073 < ¢1 < 1, and assume CP conservation and a normal hierarchy.
As a result, we have found that the Yukawa couplings f123 and {3 can be small as
~ 1073. Since such couplings also control LFV processes, it follows that the corre-
sponding rates can become rather suppressed because they generically involve the
product of two squared Yukawa couplings. Consequently, in the electroweak DM

region, it is also possible to be compatible with the LFV constraints [136, 137].

3.4 Summary

To conclude, we have found that, by enlarging both the fermion and scalar sectors
of the SM with SU(2), doublets and triplets and by imposing a custodial symmetry
on the Yukawa couplings, e.g. y1 = y» = y, of the new fermion fields to the Higgs
doublet, we obtain a fermionic dark matter candidate at the electroweak scale that
may saturate the relic density. In the custodial limit, direct detection is only possible
at the loop-level through spin-independent interactions mediated by /. As a result,
DM at the electroweak scale is still viable. On the other hand, the relic density con-
straint enforces large Yukawa couplings, O(1) as well as large splittings between the
masses of the heavier and lightest odd-sector fermion. This, in turn, results in large
deviations on the Higgs diphoton decay rate due to the newly charged fermions,
which is in tension with experimental results. However, we found that the scalars
might lift the suppression when the sum of the couplings Az + A} < 0, while we
still ensure perturbativity, vacuum stability and that the Lagrangian mass term of
all the scalar fields is positive. Once the effect of the scalars is included, we found
that DM masses between 80 to ~ 125 GeV was consistent with the aforementioned
restrictions. Furthermore, due to the Z, symmetry, neutrino masses are zero at tree
level. Nonetheless, the model generates Majorana neutrino masses at the one-loop
level in all possible topologies of the d = 5 Weinberg operator and at the same time
satisfy restrictions from neutrino physics with Yukawa couplings as low as 10~3.
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Chapter 4

Phenomenology of doublet-triplet
fermionic DM in non-standard
cosmology and multicomponent
dark sectors

In Ch. 3 we saw that the interplay between the doublet-triplet fermion and scalars
could explain DM at the electroweak scale and account for the fact that neutrinos
are massive. Moreover, the scalar particles could relax the strong constraints on the
fermion sector due to the Higgs diphoton decay rate. In this chapter we take a dif-
ferent approach. Since the doublet-triplet fermion (DTF) generates and interesting
WIMP DM from the phenomenological point of view (especially under the custodial
symmetry), we ask if it is possible for the lightest neutral fermion to account for the
DM of the universe while also evading current strong constraints? The answer to
this question turns out to be mostly not. If current direct detection constraints are
considered together with latest R, results by ATLAS [22] and CMS [23] collabo-
rations, the parameter space of the model is highly constrained. This is due to the
high Yukawa couplings required for obtaining the correct relic density constraint.
For this reason, it is worth considering alternative scenarios for this interesting DM

candidate. Two of the several possibilities are:

e The new fermion sector arises in a non-standard cosmology.

e The WIMP is part of a multi-component dark sector.

In both cases the relic density constraint is relaxed, thus broadening the allowed
parameter space of the model. For the non-standard cosmology assumption, it is
worth mentioning that WIMPs decouple from the thermal plasma before BBN oc-
curs and that we have no experimental evidence of conditions previous to BBN. On
the other hand, in Ch. 2 we saw how the WIMP relic density is obtained in the stan-
dard and simplest case. Eq. 2.28 shows the dependence of the relic density with
Ty, the freeze-out temperature, so this temperature is a key parameter in how much
relic density is obtained for a given WIMP candidate. But this temperature depends
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also on whether DM decouples during matter or radiation dominated era [67] in the
standard calculation it is assumed that freeze-out occurs in a radiation dominated
era but it could happen in a matter dominated thus changing the obtained relic den-
sity. Moreover, a late decay of a scalar field that couples to gravity could change the
reheating temperature and could decay into DM particles, either one of them would
affect the WIMP number density [33, 138, 139]. Thus, assumptions about what hap-
pens before and during decoupling of the WIMP that must be made, have an effect
on the WIMP relic density. As a result, in a non-standard cosmology scenario, it is
possible that a WIMP yields just the correct relic density, even though in the standard
scenario is over or underabundant. Interestingly enough, such deviations from the
standard cosmology do not affect the prospects regarding DM detection and BBN
[30]. In light of this, it makes sense to study the DTF model without imposing the
relic constraint, because, again, in non-standard cosmology it is possible to fulfill
this requirement when the right combination of parameters is achieved.

On the other hand, although most DM models assume the candidate is just one
particle, there is no reason to consider this to be the only possibility. The total relic
abundance could be a result of the presence of several DM particles. This is referred
in the literature as multi-component DM. In works such as [140, 141] the total relic
abundance was set by the contribution of a WIMP and the Axion, another well moti-
vated DM particle. Other works have considered the two (or more) candidates to be
WIMPs. For instance in Ref. [142] the case of a two dirac fermions with an additional
U(1)p_ was studied, while works such as [143, 144] considered the DM stability to
arise from a Z, x Z} symmetry. Taking this into consideration, it also makes sense
to study a model where the total relic abundance is not enforced as a constraint, but
rather that is achieved by the interplay of two separate sectors.

For the reasons mentioned above, in this Chapter we consider the DTF model
under the custodial symmetry but without imposing the relic density constraints.
And then we study the impact of collider, direct detection, and indirect detection

experiments on the parameter space of the model.

41 The Model

We now enlarge the SM with the same fermionic sector considered in Ch. 3. The
new interaction Lagrangian of the DTF that is invariant under SU(2); x U(1)y x Z»

is:

L= Lo+ Lr+ L. 4.1)

Here Lr refers to the kinetic and mass terms of the new fermions, which are the same
as those of Eq. 3.3. While £ is:
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Ly = —y1H'SS el + o eX H + hee. (4.2)

From this last term, there is fermion mixing and we obtain the same particle spec-
trum of the fermion sector of Ch. 3. We again focus on the custodial limit scenario
Y1 = y2 = y which ensures no deviations from electroweak precision tests [111], and
that the DM-DM coupling to the Higgs and Z boson is zero at tree-level, as a result,
DD is only possible at loop level.

4.2 Collider Bounds

The LHC is currently running at an outstanding 13 TeV energy and has collected
more than 100 fb~! of data. One of its current goals is to probe BSM models either
by direct production of new particles or by measuring possible deviations from the
SM. In that regard, the parameter space of the DTF model may be constrained by the
ATLAS and CMS experiments.

4.2.1 Higgs diphoton decay

As explained in Ch. 3 the presence of the Zodd fermions may generate large devi-
ation from the results published by ATLAS [22] and CMS [23] collaborations. The
new physics contribution is:

2

! ) (4.3)

1+
Asm

y202 (AF(TXZi) B AF(TXIL))]
X

My —m My Myt

where, Asyy = —6.5 and the loop factor is Ap(t) = 2772[t + (T — 1) arcsin? \/T]
for T < 1 where ©x = m?/(4m%). Since we are not considering the relic density
constraint, the model no longer requiers large Yukawa couplings and large splitting

X
obtain this restriction on the model, we performed a scan of the free parameters of

between m 0 and My and so the strong R, restriction gets relaxed. In order to

as follows:

0.1 <y <35,
—2000 GeV < my < 2000GeV,
75.0 GeV < my < 500 GeV. (4.4)

Additionally, we only considered models where the lightest charged fermion is heav-
ier than 100 GeV in order to satisfy LEP limits [145].

The results are presented in Figs. 4.1 and 4.2 where the parameter space has
been divided into two regions, My < — M0 (left panels) and My > — 1My (right
panels). The scan shows that, considering the ATLAS results, for the region where
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FIGURE 4.1: Scan on the parameter space of the model against R,

for the region where My, < —m 0 (left panels) and the region where

Ms > —M0 (right panels). The solid and dashed horizontal lines

represent the lowest bound at a 20 deviation from the central value

reported by the ATLAS and CMS collaboration respectively, while the
color indicates the value of My.
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FIGURE 4.2: Same as Fig. 4.1 but with the color indicating the value
of the Yukawa coupling.

Ms < — My there are no restrictions on the Yukawa coupling y or on My whereas
in the region My, > —10 the decay rate forbids y values larger than 2.25 and My <
—60 GeV. On the other hand, CMS results yield the severe constraint y < 2.0 for

My < — 1m0 and y < 1.0 for My > —m 0, whereas My, must be less than —92 GeV.

Hence, positive triplet masses are no lori(ger consistent with R, results.

We also consider the impact on the fermion mixing angle from R, (see Fig
4.3). For the region where My < — M0 (left panel) the mixing angle must be small
such that | cosf| < 0.3 (Jcosf| < 0.2) in order to be consistent with ATLAS (CMS)
measurements. Accordingly, in that region the lightest charged fermion is mostly
doublet. On the other hand, the results for the region where My > —m,o (right

panel) show that the lightest charged fermion is mostly triplet, with | cosf| 2 0.94
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(| cos @] = 0.98) for the ATLAS (CMS) restults. A comment regarding this region is
in order, for R., ~ 0.2 the mixing angle exhibits a rather complex behaviour which
is seen as large changes in cosf (from -0.8 to 0.6) right next to a boundary where
cos 6 ~ 0.8. This stems from the fact that at this boundary the triplet mass is chang-
ing sign, thus having an impact on the mixing angle behaviour.

The results for the mixing angle in both region are important because they will
have a direct impact on the production cross section of the heavier fermions at the
LHC, as will be discussed below.

0.60
—-0.08

—0.45
-0.50

—0.80
—0.64

100 200 300 400 500
myo(GeV) m,0(GeV)

FIGURE 4.3: Impact of the cosine of the mixing angle § on the Higgs
diphoton decay rate for the allowed values of the DM mass. The con-
ventions are the same as those of Fig. 4.1.

4.2.2 Constraints from electroweak production searches

Other LHC results that may potentially constrain the DTF model are those search-
ing for electroweak production of neutralinos and charginos in different simplified
SUSY models (with all other SUSY particles decoupled), where the relevant detec-
tion channels are those with several leptons (and missing energy) in the final state.
In the DTF, sz and Xg,B play the role of charginos and heavier neutralinos, respec-
tively, with the same mass degeneracy that characterizes the simplified supersym-
metric scenarios.

The CMS collaboration has recently published results for such searches at an
energy of \/s = 13 TeV and 35.9 fb~! [146]. For the case of Mo < 500 GeV and
a non-degenerate spectrum, the most sensitive channel is that with three final state
leptons where at least two of them have opposite sign and same flavour. Thus, DM

production proceeds via the following process

j:% Ow*j:_> Ogivl
a1 = W s N T 5

)(8/3 = X2 = X0t
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where the mediators x* and x° are considered to be winos and thus mass degen-
erate, with the neutral fermion decaying 100% via Z boson. To recast the LHC
constraints (and other experimental restrictions that will be discussed below) for
the DTF we implemented the model in SARAH-4.12.3 package [114] whose output
was used with SPheno-4.0.3 [115] in order to obtain the particle spectrum and with
MadGraph5_aMC@NLO to obtain the production cross sections [147].

240

300

260 340
my+ (GeV)

FIGURE 4.4: DM mass versus lightest chargino mass for the regions
where My, < —M0 (left panel) and My, > —M0 (right panel). The
region below the blue dashed line is excluded from CMS electroweak
production while the regions bounded by the blue (green) solid line
represents the exclusion by the ATLAS (CMS) collaboration using
compressed spectra. Points below the solid (dashed) black contour
are excluded by the R, results reported by the ATLAS (CMS) collab-
oration.

Fig. 4.4 shows the constraints from electroweak production, where the excluded
region corresponds to the points below the blue dashed line. Moreover, the points
below the solid and dashed black lines yield a lower diphoton decay ratio than the
one allowed by ATLAS and CMS, respectively. In the region where My > — MMy
(right panel) the diphoton decay ratio restricts the lightest charged and the next-
to-lightest neutral fermions to be mostly doublet. A consequence of this is that the
production cross section is nearly the same even for all values of the allowed Yukawa
coupling and the triplet mass, which means that the boundary of the excluded re-
gion is nearly independent of y and My. Moreover, due to the mixing angle, the pro-
duction cross section resembles that of SUSY Higgsino with all scalars decoupled.
The figure shows that the strongest constraints come mostly from R.,, , except for a
small area where electroweak production cross section is more restrictive. Nonethe-
less, there are no additional restrictions placed on the free parameters My, y and
Ms.

In the region where My, < —1M,a, the diphoton decay rate restricts xJ and xi to
be mostly triplet. The production cross section is large but again independent of y
and My, and so, the region excluded by electroweak production is presented with

only one contour. In this region, due to the larger production cross section, the curve
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is shifted to the left in the m X line and so R, places the strongest constrains for the
whole plain.

4.2.3 Constraints from compressed spectra searches

The ATLAS and CMS collaborations have also published relevant results for the
DTF for the case of compressed spectra [148, 149], i.e., the next-to-lightest fermion is
close in mass to the neutralino DM (<35 GeV) and a mass degeneracy between the
next-to-lightest neutralino and lightest chargino. In that region, the DM production
proceeds via:

X5 = XW = xiad,

a7 = W= = x*x35: (4.6)

)(8,3 — X?Z* — X?E*E*.

The search then focuses on two leptons with opposite sign and same flavour with
soft momentum and large ¥ which is present due to the two DM particles recoiling
against initial state radiation. For this search, small mass splittings are required,
which is motivated in order to ensure DM coannihilations. In the DTF this low mass
splitting is not needed, in fact 0 < m

== o < 140 GeV, however, we may still use

the constraints for small mass splittir:(gs betv)\(/een the next-to-lightest Y= and the DM.
We find that, for the region My, > — M0 where X1i and )(g are mostly triplet, and so
the restrictions resemble those of the ATLAS and CMS collaboration which is shown
with a solid blue and green contour respectively. In terms of the free parameters, we
find that the triplet mass is now restricted to be smaller than ~ —165 GeV, whereas
the Yukawa coupling is not constrained. For the case of My < — 1m0, since Xli X
are mostly doublet, there is a lower production cross section and so the restriction is

negligible.

4.3 DM detection in a non-standard cosmology

In a non-standard cosmology scenario, the late decay of a heavy scalar field could
either increase or decrease the DM relic abundance compared to the standard cal-
culation. Hence, we expect the DTF model to saturate, in one way or another, the
DM relic abundance. Therefore, we look into current experimental constraints com-
ing from direct searches and indirect detection via gamma rays. Since the diphoton
decay is by far more restrictive than production at colliders, in this section we im-
pose the R, restriction coming from ATLAS and when relevant, we present the re-
striction arising in this observable from the CMS experiment and from electroweak
production.

Within the custodial limit scenario, the SI elastic scattering is only achieved at
the loop level since both g,0,0, and g,0,0;, couplings vanish at tree-level. However,
at loop-level there are, in principle, several contributions that could be relevant. As
shown in Ch. 3, there is an effective non-zero x{x}h coupling originating from loops
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mediated by the new heavier fermions and weak gauge bosons, thus allowing for
spin-independent direct detection (see Fig. 3.3). In order to compute the effective
Higgs coupling, we used the results presented in [20]. Additionally, box diagrams
mediated by gauge bosons and twist-2 operators of the form [150, 151]:

) 2)
Lo = g‘sx?ia”vvxoozu + g’gxﬁ](iay )(i0")X° O, 4.7)
My My

where O}, = £G(3uYnu + 9y Ymu — 218w d)q, contribute to the SI cross section.
Additionally, box diagrams mediated by gauge bosons and twist-2 operators [150,
151] contribute to the SI cross section. In principle these two contributions should
be taken into account to obtain a reliable calculation. However, it has been shown
that they are sub-leading by about two orders of magnitude [19] except when the
two contributions arising from the Higgs vertex corrections cancel each other out,
which happens for low values of os; (< 10~ cm?) [151]. Moreover, the authors of
Ref. [150] have shown that when the cancellation happens, two-loop contribution
to an effective scalar interaction with external gluons are of the same order as the
box ones. Since these calculations (boxes from gauge, twist-2 and two-loop) are very
involved and only relevant for the case of specific cancellations, we will not take
them into account for the calculation of the SI cross section. Moreover, they tend to
create a larger suppression of the cross section that is already out of reach of current
experiments. As a result, the restrictions that we will present below from DD are not
strongly affected by this assumption.

In order to obtain the most up to date limits from DD, we calculated the effective
Shyx0 coupling from Ref. [20] and used that to compute the SI cross sections. We
then compared to the current upper limits on the DM-nucleon SI scattering cross
section, where the strongest ones (within the DM mass range we are considering)
are those reported by the XENONI1T collaboration [152]. We also show the projected
sensitivity of DARWIN [153], the most sensitive DD experiment planned for DM at
the electroweak scale. However, the expected SI cross section around the DARWIN
limit must be taken with a grain of salt since sub-leading corrections might change
osy in that region.

In Fig. 4.5 we display the results for the spin-independent cross section as a
function of the DM mass, for the regions My < — M0 (left) and My > — M0 (right).
It follows that XENONT1T restricts the coupling to be less than 1.75 if the lower bound
on R, from ATLAS is imposed. The dashed black line in both panels shows the
CMS lower bound on R, which excludes models even further and for the region
Ms > — M0 imposes y < 1.2. We also checked the impact of DD results on the other
free parameter of the model, My, but we found that they place no further restrictions
on it as shown in the bottom panels of Fig. 4.5. The prospects coming from the
DARWIN experiment correspond to the green solid line, which show that couplings
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FIGURE 4.5: Spin-independent cross section for the regions My, <
—M0 (left) and My > —M0 (right). The blue curve represents the

upper limit imposed by XENONIT [152] while the green curve shows
the projected sensitivity of DARWIN [153]. Points in the region My, <
—MM,yo that are above the red curve are excluded by CMS electroweak

productlon while points in the region My > —m A that are below

the black solid curve are excluded by ATLAS search on compressed

spectra. The color bands indicate the value of the Yukawa coupling

(shown in the top) and the value of the triplet mass (shown in the

bottom). The black dashed line represents the limit when the R,

restriction from CMS is considered. All points satisfy the ATLAS R,
restriction.

as small as 0.5 may be probed. It is worth mentioning that the lower limit on the
SI cross section is due to the cancellation between the two one-loop corrections to
the h )((1) X(l) vertex, hence, in order to have a precise value of ¢g; in this region a more

detailed calculation is necessary.

4.3.1 Indirect detection from dwarf spheroidal galaxies

In regions of high DM density such as dwarf spheroidal galaxies (dSphs) or the cen-
ter of the Milky Way, DM particles may more easily find each other and annihilate
into SM particles. The dSphs are particularly interesting because of their proximity
to the Milky Way;, their high DM to baryon mass-ratio, and their low background,
thus making the DM detection via gamma-rays feasible. The Fermi satellite has



Chapter 4. Phenomenology of doublet-triplet fermionic DM in non-standard

54
cosmology and multicomponent dark sectors
550 102¢
500
1025 12
450 2 430
o el W -
ad > =2 U L (. >
© 350 @ o« : L )
s S % || S
N g S Y 290 T
<1027 ¢ = = 1 aeeen =
) . N L g
\9 250 & 10264 =77
220
10284
150 150
1020 1027
100 200 300 400 500 100 200 300 400 500
m,o(GeV) mo(GeV)

FIGURE 4.6: ID restrictions and prospects coming from the observa-
tion of dSphs of the Fermi satellite applied to the regions My, < —m,,

(left panel) and My > —m 0 (right panel). The blue and green curve

show current limits from the WH W™ channel for 6 years of observa-
tion and 15 dSphs, and the projected sensitivity for 45 dSphs and 15
years of observation, respectively. Points below the black dashed line
are excluded when the CMS experiment R, restriction is considered,
while points left to the red curve on the right panel are excluded from
ATLAS compressed spectra searches, as shown in Sec 4.2.3.

0
1

searched for gamma rays in dSphs founding no deviations from the expected spec-
trum, which has lead to upper limits on the thermally averaged DM annihilation
cross section [154].

For the DTF, the DM annihilation proceeds in the same channels as the ones
in the early Universe, i.e., via t- and u-channel annihilation into WHTW~ and ZZ
bosons. The gauge bosons then decay and produce, for instance, gamma rays that
may be detected as an excess in the spectrum. To obtain the constraints we cal-
culated the thermally averaged cross section using the publicly available package
micrOMEGAS [117] and used this to compare with limits reported in [154].

The results are shown in Fig. 4.6 where all points shown satisfy the ATLAS R,
constraint and DD bounds as explained in previous sections. As can be seen, the
Fermi satellite observation over 15 dSphs imposes stringent limits on the model in a
such a way that a large portion of the DM mass range is ruled out. Moreover, strin-
gent limits on the mass of the next-to-lightest fermion also arise, since such particles
act as the mediators in the ¢- and u-channels of the DM annihilation. For the region
where My < —My0 we find that 86 GeV < Mo < 280 GeV is already ruled out, this
also leads to a restriction on m,+ > 340 GeV for My > 280 GeV. On the other hand,
for the region where My > —M0 we find that the diffuse spectrum requires that
My > 280 GeV, my+ > 300 GeV while My < —230 GeV. We also note that points
that satisfy the R, restriction of the CMS experiment are those with the higher (cv)
this is due to both observables dependence on the mixing angle. For R,, the de-
pendence was already shown in Sec. 4.2. For the diffuse spectrum, the dependence
on cos 6 enters through the vertices of the annihilation channels. In Appendix A this
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dependence is shown for the DM interaction with the W* gauge boson and a Z»-odd
charged fermion. The expected 15 years and 45 dSphs observation will explore the

whole region of the right panel and will leave a very narrow range of m 0 of ~ 80

X
GeV un-explored.

4.3.2 Indirect detection from gamma-ray lines

Another promising detection channel is DM annihilation into two photons within
regions with high DM density. In this case, the photon energies will be closely re-
lated to the DM mass leading to a spectrum exhibiting a sharp peak referred as a
line-like feature [155]. No other astrophysical source is known to produce such fea-
tures, thus, they play an important role in DM searches. In this regard, the Fermi [83]
and H.E.S.S. [82, 84] collaborations have looked for gamma-ray lines coming from
the center of the Milky Way, with no evidence of DM so far. This in turn leads to
constraints on the DM (0v).,, annihilation into photons.

In the DTF, the DM annihilation into two photons is mediated by heavier Z,-
odd fermions interacting with vector and Goldstone bosons. Though the annihila-
tion cross section in this case is loop suppressed, it may be possible to place con-
straints. In order to calculate the constraints on (0v),, we follow the procedure
given in Ref. [156] (the specific calculations we obtain along with the topologies
that contribute are given in the Appendix A). After considering all the restrictions
coming from collider, DD and ID in the diffuse spectrum, our results show that the
Fermi and H.E.S.S. results do not place additional constraints on the model for both
My < —mx
an order of magnitude lower than the most sensitive results which are presented by
the H.E.S.S collaboration in [84]. As a result, this observable does not restrict the

parameter space of the model.

0 and My > —1m,q regions since (00) 4y ~ 1072 cm®/s, which is nearly

4.4 DM detection in multicomponent dark sectors

An interesting possibility that has recently taken momentum is for the DM to be
composed of different sectors, which is a far more general setting than the usual one
DM candidate. For instance, the observed relic density could be the result of WIMP
and Axion particles. In this case, it is possible that the sectors do not communicate,
and so they behave as two completely independent DM particles, without affecting
each other’s relic density and experimental bounds. For this section we will consider
the WIMP DM candidate from the DTF to be part of multicomponent DM, that is,
we obtain experimental bounds for models where the WIMP’s relic density is less
than or equal to the central value reported by the PLANCK collaboration, Opjanck
[58].

Figure 4.7 shows the ratio €

0 = QX? / Oplanck as a function of m 0. For the re-

X X
gion where My < —1Myo, the relic abundance is at most 40% of the observed value
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except for the narrow region where m. o ~ 80 GeV (where annihilation into weak

gauge bosons is kinematically suppres;(éd). On the other hand, in the region where
Ms > — My there are no models that saturate relic density, and so, the DTF accounts
at most 40% of the universe DM content. Where, as explained above, the rest could
come from another particle(s) such as an axion or another WIMP, with the restriction
that there are no additional DM-DM conversion channels. We must add a comment
here, unlike the previous section, we are assuming that the DM arises from a stan-
dard cosmology scenario, in that sense, the relic abundance of the WIMP DM is the
one calculated through the usual method of solving the Boltzman’s equation, thus

we assume that the WIMP relic density obtained by micrOmegas is the correct one.
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FIGURE 4.7: € X0 V8- Mo for My < —m 0 (left panel) and My > —My

(right panel). All points satisfy collider bounds presented in Sec. 4.2.

Now we set out to investigate experimental bounds on the model. For colliders,
the restrictions are the same as those presented in Sec. 4.2 since they are independent
of the DM abundance. On the other hand, DD and ID rates do depend in the local
DM density, and as a result the constraints presented in Sec. 4.3 will be different in
this scenario. To quantify this, we used the parameter €0 [157, 158] to re-scale the
DD and ID observables. For the case of DD, the expected scattering rate will be re-
scaled by €0 which means that the SI cross section is effectively re-scaled to be os; =
€0051— 0 hence, DD constraints are now relaxed. The results are shown in Fig. 4.8
for My < —m X (left panel) and My, > —m A (right panel). The left panel shows that
for models that satisfy the lowest ATLAS hmlt on R,,, DD imposes y < 2.1 while
for models that satisfy lowest CMS limits y < 1.9. On the other hand, in the rlght
panel, for models that satisfy the lowest ATLAS limit on R, DD imposes y <
while for models that satisfy lowest CMS limits y < 0.95 which means that in this
case CMS diphoton decay is more restrictive than DD (even considering DARWIN
prospects).

For indirect detection, the situation is far less restrictive because the thermally
averaged cross section is re-scaled by a factor of ei o thus suppressing it. As a result,
ID does not impose additional constraints on the model.
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FIGURE 4.8: Direct detection results for My < —M0 (left panel) and
My > —m 0 (right panel), the conventions are the same as in Fig. 4.5.

4.5 Summary

To conclude, in this chapter we have considered the DTF model under the custodial
symmetry where the relic abundance is saturated either by a non-standard cosmol-
ogy or due to the presence of other DM particle that does not affect the )((1) relic abun-
dance. Hence we do not impose the relic density constraint and, as a result, the mass
of the heavier charged and neutral fermions may lie close to the DM mass, which lifts
partly the R, restriction. Nonetheless, this observable restricts the triplet mass to
be negative and Yukawa couplings to be less than 2.25 for the case of My > —m,o0.
On the other hand, electroweak production of charginos and neutralinos at the LHC
does not limit the parameter space, when considering CMS restrictions, though it
restricts a few models for the case of My < —m O On the other hand, when ATLAS
results on compressed spectra are considered, we find that My < —165 GeV for the
region My > — M.

Regarding DD and ID for the non-standard cosmology scenario, we found that
XenonlT results demand a Yukawa coupling y < 1.75, whereas the Fermi results
X < 280 GeV except for a

narrow region of 11,0 ~ 80 GeV when My, < m,0. As an aside comment, gamma-

imply that the DM mass is in general restricted to be m

ray line searches do not impose additional restrictions since (o)., is well below the
current experimental sensitivity.

For the scenario of the DM as part of the multi-component dark sectors we found
that DD impose a less severe constraint on the Yukawa coupling (y < 2.2) while

current ID do not have anything to say.
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Chapter 5

The Matrix Element Method
applied to DM at the LHC

The DM problem greatly motivates the current experimental efforts to discover new
BSM physics at the LHC. In many BSM models, dark matter particles are produced
at the LHC as the end products of the cascade decays of heavier particles. Generally
speaking, the longer the cascade, the more information we have in order to measure
particle properties like masses, widths, couplings, etc. Hence, the most challenging
cases are actually the simplest ones, such as the ones illustrated in Fig. 2.5. As ex-
plained in Ch. 2, for the topologies of Fig. 2.5 it is difficult to obtain the mass of the
parent(s) and daughter(s) particle(s) simultaneously using usual kinematic variables
such as endpoints, [159] this happens because there is only one observable endpoint.
Now, in order to perform the endpoint measurement, one can use any one of several
variables, e.g., the transverse mass, Mr, of the parent particle [160, 161], or the trans-
verse momentum, pr, of the visible daughter particle for the case of Fig. 2.5(a), or
the Cambridge My, variable [88, 162], the cotransverse mass Mcr [163], or their 1D
variants [164, 165] for the case of Fig. 2.5(b). However, again, the best one can do is
to obtain a relationship between the mass of the parent and the mass of the daughter
particle, leaving the overall mass scale undetermined. In particular, standard meth-
ods for measuring the W boson mass, such as via properties of the transverse mass
spectra like the Jacobian peak [160, 161], or by determining My / Mz by comparison
with Z boson events [166], are not sufficient in this scenario. One possibility that
has been suggested in the literature to determine the overall mass scale is to go be-
yond the leading order diagrams of Fig. 5.1 and consider hard initial state radiation
(ISR), which provides a kick to the system in the transverse plane. In the presence
of ISR, the functional dependence My (M, ), derived from either My for the case of
Fig. 5.1(a) [87, 167]or from Mr, for the case of Fig. 5.1(b) [164, 168-173] exhibits a
kink at the true value M!™". To understand how this could work, it is important to

see where the kink comes from:

e First, since Mt (Mr,) defines the boundary region where the parent and daugh-
ter mass are consistent with the event, the curve changes event by event. In

some events, it will be flatter and some steeper. But an overlay of many events
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will show the kink at the mass of the daughter that is consistent with the topol-
ogy.

e Second, when the parent particle recoils against ISR, the curve will be flatter
(steeper) for low (high) upstream momentum thus also generating a kink in a

plot of many events.

In Ref. [167], it was shown that when there is no ISR, neither single nor pair produc-
tion, which are the cases considered here, have a noticeable kink. Thus, even if the
tirst possibility is still viable, the kink does not appear for these topologies. More-
over, the authors reach the conclusion that these topologies only present a clear kink
when there is hard ISR. The problem is that demanding hard ISR will imply a signif-
icant loss of statistics, which is far from ideal.

On the other hand, measuring other properties such as spin, chirality, and width
of the new particles is important in order to uncover the underlying theory. For this
reason, methods such as the MEM [37, 38, 173]present an interesting possibility to
study events generated by BSM particles at the LHC (or any other collider for that
matter). The method consists of obtaining the probability density function that an
observed event is the result of a hypothetical process. There are several advantages
to this: First, unlike other multivariate analysis used in particle physics, it makes use
of the Feynman amplitude M associated to the hypothesis, second, it takes advan-
tage of all events, thus it uses all the statistics available.

This method has been successfully used by the DO and CDF collaborations in the
measurement of the top quark mass [40, 89, 174] and to discover single production
of top quarks [175, 176]. Moreover, a variation of the method called MELA has
been used by the CMS collaboration to search for the Higgs boson [177] and by both
ATLAS and CMS collaborations to measure its spin-parity [41].

51 The MEM

To understand how the method works, recall that for a given set of kinematic vari-
ables Y, the probability that a given event is decribed by them is :

P(Y € D) = [b Pi(y)dy, (5.1)

where, in this case, y is the set of all the four-momenta of the particles assumed to
be involved in the process, while P;(y) is the probability density function and ® is
the phase space volume, that is ® = [dy. This is just the basic application of a
probability density function. For the case we are concerned which is an event i, and
hypothesis Y, the normalised probabilty is:
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P(Y € ®) / doi(y (5.2)

where 0; is the cross section corresponding to the hypothesis Y. Though some
of the final four-momenta are observed, the integration takes over all possible four-
momenta p;, this is because the true final momenta are not necessarily the same as
the reconstructed final momenta, which is due to detector resolution. To account for
this, a transfer function is introduced, thus:

P(Y € D) / doi(y ) W(y'ly). (5.3)

The transfer function is usually a gaussian or bi-gaussian, however, if the par-
ticle is any of the charged leptons belonging to the first two families, or a photon,
the transfer function is a delta function since the objet reconstruction is very accu-
rate in that case [89]. The probability is usually written in its final form in a more
transparent way as given in [178]:

X X "
rec /dCI) p?i:al dxldxzf(z;)c{fczz)’M(ppar;a)‘Z(gﬁl(pf’;;lal pjlt’?nal)w<prec, ppar)’
(5.4)

where « is the set of the hypothesis tested by the method, p?*" is the partonic four-
momenta while p"* is the reconstructed four-momenta (as explained above). The
delta function is included to ensure energy-momentum conservation and the func-
tions f(x1) and f(x2) are the parton distribution functions (p.d.f) where the mo-
mentum dependence has been replaced by the fractions x1 and x, of the /s of the
process resepectively. With the probability obtained from 5.4 for each event given a
set of hypothesis, a likelihood is obtained as L, = [T~ P(p"*;a), and the best set
of hypothesis « that is in agreement with the events is the one that maximize L. It is
common practice to obtain a minimum rather than a maximum, which is obtained
as

N

Ly = — Y In(P(p";a)) + N / P ), (5.5)

i=1
where the last term is included for cases in which the probability P(p™‘; a) is not
properly normalized [179], this is the so-called “extended likelihood”.
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(A) Single production.

(B) Pair production.

FIGURE 5.1: The event topologies considered in this chapter: (A)
single and (B) pair production of a W-like resonance decaying lep-
tonically.

51.1 MadWeight

The calculation of P(p™; ) is a difficult one. First, it demands integration of the
four-momenta over all the allowed values consistent with energy-momentum con-
servation, that is, from minus to plus infinity. Moreover, since the Feynman ampli-
tude depends on propagators, it peaks for certain values of the momentum, while
the transfer function usually peaks at different momenta. To obtain reliable calcu-
lations that are computationally not too demanding, we used the publicly available
package MadWeight [180]. The package uses MADGRAPH5_aMC@NLO [181] for
the calculation of the Feynman amplitude. In order to perform the integration, Mad-
Weight aligns, when possible, the peaks so that they are in the same direction of in-
tegration, for that it relies on adaptive Monte Carlo integrator VEGAS [182]. The re-
sult of this complicated process is that the user feeds MadWeight with a set of events
and the ansatz values for the set of hypothesis. MadWeight returns the weight of the
event for the hypothesis «, that is P(p"; «) and the associated likelihood.
Throughout the following sections, the application to specific scenarios of the
MEM via MadWeight will be presented. We will apply this to a problem of BSM
physics that involves DM. Our task is to show that it is possible to measure simul-
taneously several unknown parameters. We start by obtaining at least two such
parameters. First, we show how this could be done for the mass and width of a new
resonance while fixing chiralities of the couplings to quarks and leptons. Next, we
find the chiralities while fixing the mass and width. After this, we show that the
method yields good results when attempting to measure four parameters simulta-
neously. To our knowledge, such ambitious use of the method has not been reported

in the literature.

5.2 Formulation of the problem

We begin by considering single production of a new resonance, W+, which decays

semi-invisibly via a two-body decay into a visible SM particle, ¢, and an invisible
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particle, v. For definiteness, we shall take ¢ to be an anti-lepton (positron or an-
timuon) and v to be an invisible particle, which can be a BSM dark matter candidate.
There are good reasons to consider this, since, the idea of measuring two and even
four parameters simultaneously with MEM is an ambitious one, it makes sense to
work with particles that are, in general, well reconstructed by the detector. This, in
turn, allows us to choose the transfer function to be a delta function, as explained
above. The W resonance can be produced singly, as shown in Fig. 5.1(a), or as part
of a WFW~ pair, as in the s-channel' diagram of Fig. 5.1(b). As suggested by our
notation, this setup includes, but is not limited to the SM production of W bosons
decaying leptonically. In particular, the process of Fig. 5.1(a) may refer to the pro-
duction of a charged Higgs scalar [183], a charged slepton in supersymmetry (SUSY)
models with R-parity violation [184, 185], or a new W' heavy gauge boson [186,
187]. Similarly, the process of Fig. 5.1(b) may be interpreted as the pair-production
of (perhaps quarkophobic) charged Higgs bosons [188, 189] or W’ bosons [190], of
charginos [191], Kaluza-Klein leptons [192, 193], or sleptons [194, 195]. However,
for definiteness, in our simulations below we shall assume that the W* are spin-1
particles while £(¢) and v(7) are spin 1/2, as in the SM. We shall parametrize the W
couplings to leptons (quarks) as ngPR + g{PL (g%PR + gZPL), where PLr = (1F75)/2
are the usual chiral projectors.

The (normalized) kinematic distributions of the leptons in the final state will
depend on five model parameters:

{MWI MV/ 1—‘W/ §0q/ (Pf} s (56)

where My (M,) is the mass of the parent (daughter) particle, I'yy is the width of the

parent, and

q l
tan ¢, = g—g, tan g, = g—lz, (5.7)
8L 8L

so that the angles ¢; and ¢, encode the information about the chirality of the W
couplings to quarks and leptons, respectively.

Given this setup, our main goal will be to measure simultaneously several of the
unknown parameters while fixing others. As already discussed in the introduction,
this is not a trivial task. Measuring the mass splitting is relatively straightforward
(see Fig. 5.2 below), but fixing the mass scale and width, for instance, requires subtle
measurements of the relevant kinematic distributions. We shall make use of the
MEM, which is ideally suited for our purposes.

IWe focus on the photon-mediated s-channel diagram for simplicity: since the W is charged, it must
couple to photons, so that the diagram of Fig. 5.1(b) is guaranteed to exist. In principle, there can be
additional ¢- and u-channel pair-production diagrams, but this requires that the W couples to quarks
as well, in which case the single production from Fig. 5.1(a) should dominate. There could also be s-
channel diagrams mediated by Z or other more exotic gauge bosons, but this possibility also involves
additional assumptions. All of those complications can be easily incorporated in the analysis and the
MEM method would still work, but our discussion would become more opaque.
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5.2.1 Initial assumptions

Since we are considering the difficult task of measuring simultaneously the quanti-
ties of Eq.5.6, we will start by taking initial assumptions: First, because the method
is a hypothesis test, we are not considering how to find those events that come from
the topologies of Fig.5.1. Instead, we assume that the events from those topologies,
especially for the case of a BSM scenario, have already been isolated, and they will
be our input events. Thus, our focus will turn to how to test the different hypothesis
for the parameters of Eq.5.6. Second, in order to have more control of the many vari-
ables of the problem, we will approach this only at the parton level. This is a first
approach to the application of MEM for finding simultaneously many parameters,
and thus it has been simplified. In order for our findings to be used at collider exper-
iments, a more thorough approach should be considered. In particular, the method
should be, in the future, applied taking into account the background, hadronic pro-

cesses and full detector simulations.

5.2.2 Single production

We first consider single W production from Fig. 5.1(a). The spin and color averaged

squared matrix element for the process ud — W — fv is given by

4‘Vud’2
3[(5 — M§,)? + (TwMw)?]

x [{(eDA(E0)? + (R*(3R) (pups) (Pap)
+ {(gh)2(80 + (8128} (Pape) (puepy) | (5.8)

(M[?) =

where the parton-level center-of-mass energy squared is § = (p, + p;)? and we have
generalized to the case of arbitrary fermion couplings to the W-like intermediate
resonance. V,,; is the analog of the CKM matrix element, and is the SM CKM matrix
element if we are considering production and decay of the SM W boson. Moreover,
for simplicity, we only consider the initial states # and d in this calculation. If we
take p; to be the momentum of the incident parton with positive z momentum, p, to

be the momentum of the incident parton with negative z momentum, and define

b = fu(x1)fi(x2),

B = fu(x)fi(x1), (5.9)
ki = (p1-pp)(p2-po),
ko = (p1-pv)(p2-Po),

we find that the likelihood for a particular event is proportional to

(Pl + Fz)(kl + kz) + (5.10)
cos 2¢y cos 29, (Fi — F2) (k1 — k2).
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We see that only the second term depends on the helicity of the couplings. As ex-
pected, this term will not contribute in the absence of a longitudinal boost (when
F; = ) or if the lepton is emitted perpendicular to the beamline in the rest frame of
the W (when k; = k;). We also note that ky and k, depend only on p;,, not on p,7, so
when determining the p,r distribution we get no contribution from the second term,
as the contribution from this term from each point with a given value of (p,r, ps.) is
cancelled by the contribution of the term with (p,r, —pe;). So it will be the Py, dis-
tribution rather than the Pyr distribution that will give us sensitivity to the chirality
of couplings, as we will see in more detail below.

In our subsequent analyses we generate events with MADGRAPH5 AMC@NLO
[181] version 2.5.5 for the parameter point with My, = 1000 GeV, M, = 500 GeV,
I'w = 50 GeV at /s = 13 TeV without applying selection criteria (cuts) or detector
simulation to the events. We use MADWEIGHTS5 [43] for computation of the weights
in MEM calculations using é-function transfer functions, and have verified that the
MadWeight results can be reproduced using (5.8), where appropriate.

We note that there are two relevant observables: the transverse momentum Pyp
and the longitudinal momentum P, of the lepton, as the only visible particle in the
final state is the lepton, with fixed (zero) mass. The third momentum degree of
freedom corresponds to an azimuthal angle, which cannot have a non-trivial distri-
bution in the absence of some very unexpected physics (or detector effects) breaking
the azimuthal symmetry.

Measurement of the mass “difference". One quantity, related to the difference
of the squared masses of the W and the v, can be easily measured from the endpoint
of the distribution of the W transverse mass M. In the absence of ISR, this quantity
can also be measured from the kinematic endpoint of the, Pyr (lepton transverse

momentum) distribution, y, as

M2, — M2

2Myy = constant = y. (5.11)

The endpoint, corresponding to the position of the Jacobian peak, is well known to
exist for the case of the SM W [160, 196, 197], so there is no sruprise that it exists
in the case at hand. We note that y, the maximum value of lepton pr is also the
3-momentum of the lepton in the center of mass (CM) frame (still in the absence of
ISR). Eq. (5.11) allows us to fix one of My and M, once we have measured the other.
Thus, in what follows, we shall focus on measuring the orthogonal mass degree of
freedom, i.e., the overall mass scale. From now on we shall always choose the test
masses to satisfy the relation (5.11). In other words, we shall vary one of the two
masses, e.g., My, and then compute the other mass from

My = p+ /2 + M2, (5.12)

In Fig. 5.2, we show the lepton P, distributions in single W production for different
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FIGURE 5.2: Unit-normalized lepton Pyt distributions for single W
production in the limit of I'yy = 0. The invisible particle mass M, =
500 GeV, and the mass of the parent particle is varied as shown.

W masses; My = 800 GeV (green dotted), My = 1000 GeV (red solid), and My =
1200 GeV (blue dashed) in the I'y = 0 limit. The plots were generated using a
Monte Carlo simulation. The mass of the invisible particle is set to M, = 500 GeV.
Here we consider only left-handed fermionic couplings to the W boson. The black
dashed line gives the theoretical prediction for the true lepton Pyr distribution (in
the absence of cuts) which is given by

2
1 do 3 per <2 L p> ) (5.13)

cdpr  4+3p Vm 2

where p = 2M?/ (M3, — M?2). Therefore when the lepton P, reaches its maximum

value, y, the longitudinal momentum p, goes to zero and we obtain the well known
Jacobian peak in the distribution (5.13). In principle, this equation indicates the Pyt
spectrum depends on both My and M, via the quantities p and the endpoint, y.
However in practice, the dependence on p tends to be subtle, so in practical situa-
tions, we may only be able to measure y, and of course, a given value of u corre-
sponds to any My and M, satisfying eq. (5.11). One of the important points of this
work is that in addition to measuring y (from a kinematic endpoint), by utilizing the
MEM, we can simultaneously also obtain (a) the mass scale, i.e., My itself; (b) the
width I'y. On the other hand, if we fix the mass scale and the width, we can obtain
the chirality of the couplings (5.7). Moreover, we find that at least for the case of
single production it is possible to obtain information of all parameters of Eq. 5.6.
Measurement of the mass scale M. The mass scale is notoriously difficult to
measure; even in this very simple topology it cannot be determined from kinematic
endpoint measurements alone (unless we require hard ISR). Instead we have to rely
on subtle effects. The two tools at our disposal are the distributions of the measured
lepton Pyt and Py,. Interestingly, the shapes of both of these distributions encode
information about the mass scale, as illustrated in Fig. 5.3. As seen in the left panel,
the Pr distribution is rather weakly sensitive to the mass scale. However, the right



5.2. Formulation of the problem 67

0.035 0.0030
—— M, =0 GeV, My = 750 GeV
0.030 § M, = 250 GeV, My = 826 GeV 0.0025
—— M, =500 GeV, My = 1000 GeV

—— M, = 1000 GeV, My, = 1443 GeV
—— M, = 2000 GeV, My, = 2410 GeV

— M, =0 GeV, My = 750 GeV

M, = 250 GeV, My, = 826 GeV
M, = 500 GeV, My = 1000 GeV
— M, = 1000 GeV, My = 1443 GeV
—— M, = 2000 GeV, My = 2410 GeV

0.0254
0.0020

0.0204
0.0015
0.0154

0.0010
0.0104

0.005 4 0.0005

0.000 4 0.0000

0 50 100 150 200 250 300 350 400 0 100 200 300 400 500 600 700 800 900 1000

Py (GeV) Py, (GeV)

FIGURE 5.3: Unit-normalized distributions of the lepton transverse
momentum Pr (left) and longitudinal momentum P, (right), for dif-
ferent values of My and I'iy = 0 obtained using analytical expres-
sions and, in the case of P,, pdfs from LHAPDF [198]. The mass M,
of the invisible particle has been fixed from the measurement (5.11).

panel in Fig. 5.3 shows that the longitudinal momentum does contain information
about the mass scale which can potentially be observed.

As a proof of principle, we perform an exercise to find the mass scale by sim-
ply fitting to Py, templates generated for different mass spectra obeying the relation
(5.11). That is, we generate a hundred thousand events for different values of My
and M, while keeping y constant, and find the P, distributions of the leptons. These
distributions will be considered, in a way, the theoretical distribution. We also gener-
ate ten thousand events with My = 1000 GeV and M, = 500 GeV (our study point).
The P,, distributions obtained will be considered the experimental ones. Now that
we have the "theoretical" and "experimental" distributions, we bin the measured P,
distribution and the one from the templates and then we calculate x?. A similar
method has been used by the LIGO collaboration for the case of gravitational waves
[199].

The advantage of the template method is that it avoids the time-consuming in-
tegrations over the invisible momenta, which are needed for the MEM. The result
is shown in Fig. 5.4, where we plot the x?/d.o.f. for several hypothesized values of
M, (with My calculated from (5.12)). The right panel of Fig. 5.4 shows results from
the same exercise, but for the case of dii — W~ — ¢7. The minima of the x? curves
for the case of W' production, shown in the left panel Fig. 5.4, is at M, = 524 GeV.
On the other hand, for the case of W~ production, shown in the right panel Fig. 5.4,
is at M, = 487 GeV. The difference between the results for W and W~ production
could come from the statistical nature of the measurement. Still, both results are
near the true value, M, = 500 GeV this suggests that the template method in princi-
ple works. However, the MEM will be more sensitive, as (1) it uses the correlations
among Pyt and Py, in the data and (2) incorporates the dependence on the remaining
parameters in eq. (5.6), which makes it possible to do a simultaneous measurement of
several parameters.

Measurement of the width I'y. The width effects will manifest themselves in
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FIGURE 5.5: The same as Fig. 5.2, but for fixed My, = 1000 GeV, and
several values of the width I'yy as shown.

two places. First, there will be some smearing of the P;7 endpoint [200] as illustrated
in Fig. 5.5.2 However, the P;r distributions resulting from different choices of My,
M,, and I'yy will be relatively similar provided My and M, give the same position
of the Jacobian peak yu (following eq. (5.11)). Given this criterion, the distributions
will tend to be more similar if the masses and the width satisfy the relation

FW _ 1 + (Mirue/M%ue)z
e 1+ (M,/ My)?

(5.14)

which follows from demanding a similar distribution in the “endpoints” obtained
from “off-shell” W bosons in the different scenarios. Second, the width will also
affect the lepton P, distribution, although to a much smaller extent than the mass
scale.

Simultaneous measurement of the mass scale and the width. In Fig. 5.6, we
examine how well we can simultaneously measure M, and I'iy by determining the
X fit to the one-dimensional Py distribution for the study point with My = 1000

2The same effect would be observed in the My distribution [201].
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FIGURE 5.6: Results from a x? fit to the one-dimensional Py distri-

bution for a data sample of 10,000 events. The fitted parameters are

M, and I'y / My, with My computed from (5.11). The study point

(x) has My, = 1000 GeV, M, = 500 GeV, and I'iy = 50 GeV. The

dashed line marks the flat direction (5.14). The color bar indicates the
)cz/d.o.f. (we used 100 bins).

GeV, M, = 500 GeV, and I'ly = 50 GeV, which is indicated on the plot with the X
symbol, again, we used the template method previously explained. The dashed line
marks the relatively flat direction in the x? which is described by eq. (5.14). Notice
then that it is possible to find the flat direction, yet it is not possible to find the actual
value using x2.

On the other hand, as explained in the previous two sections, one can apply the
MEM to obtain a measurement of a single parameter, for example the mass scale,
as shown in the left panel of Fig. 5.7, or of the width, I'yy, as shown in the right
panel of Fig. 5.7. In either case, one has to make an ansatz for the second parameter,
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FIGURE 5.7: One-dimensional scan in M, for a fixed width of 5% and

My given by eq. (5.12) (left) and a one-dimensional scan in I'yy with

My and M, fixed (right), for the W sample, where the likelihood
has been calculated using 10,000 events.

the width, and the mass scale, respectively. The ansatz may or may not be correct,
which motivates the simultaneous measurement of the two parameters, as shown in
Fig. 5.8. The input values of the parameters were My = 1000 GeV, M, = 500 GeV,
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the width, T'yy, of the heavy resonance with the MEM method for

W (left) and W (right) production. The x (+) marks the input val-

ues (the result from the fit). The dashed line represents the rela-

tion (5.14). Contours represent the negative log likelihood from 1,000
events.

which results in ¢ = 375 GeV. The W width was 5% of its mass, i.e., I'y = 50 GeV,
and we only considered left-handed couplings, i.e., gk = gk = 0°

Measurement of the chirality of the couplings. Having measured the two
masses and the width, we want to show that if we know those parameters, it is
possible to measure the chirality of the couplings. Fig. 5.9 shows a simultaneous fit
to the chirality of the couplings to quarks and leptons, for fixed My = 1000 GeV
and I'iy = 50 GeV (the nominal values measured in Fig. 5.8). As one would expect
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FIGURE 5.9: Left: A fit to the chirality of the quark and lepton cou-
plings to the heavy resonance. The input study point has My, = 1000
GeV, I'y = 50 GeV, ¢y = 0, and ¢; = 0. Contours represent the
negative log likelihood from 1,000 events. Right: Lepton P, distribu-
tions for different chiralities, obtained from analytic expressions and
LHAPDF pdfs [198] for My = 1000 GeV and I'y = 0.

5In practice, the chiralities should also be measurements. We note that in the case when the BSM
signal of Fig. 5.1(a) is due to a W’ gauge boson decaying to a SM neutrino, the chirality of the couplings
can in principle also be determined by studying the W — W interference effects in the My distribution
[202].
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from eq. (5.10), contour lines in the left plot of Fig. 5.9 are given by
cos(2¢y) cos(2¢,) = constant. (5.15)

Fig. 5.9 reveals that the chirality of the couplings can be measured very well (up to
the degeneracy described by eq. (5.15)). This is because the Py, distribution is very
sensitive to the chirality, as shown in the right panel of Fig. 5.9, where we plot the P,
distribution for the correct mass spectrum and the correct I'yy, but for three different
choices of the couplings: ¢, = ¢, = 0" (blue); ¢, = ¢, = 45 (green); and ¢, = 0’
and ¢, = 90" (red). The lesson to be learned here is that one should not attempt
to do mass measurements from the shapes of the kinematic distributions unless one
is sure about the chiralities of the couplings; if the chiralities are a priori unknown,
then one should fit the masses, widths and chiralities simultaneously [203]. Table 5.1
summarizes the main dependences of the parameters (5.6) on the two observables
Pyr and Py,.

Pyt | Py,
1 | mass splitting | v | ~
2 mass scale ~ |V
3 width ~ |~
4 chirality X |V

TABLE 5.1: The extent to which various observables depend on the
input parameters (5.6). v (~, X) indicates strong (weak, no or almost
no) dependence.

Simultaneous measurement of all parameters. After the preliminary exercises
shown in the previous sections, we now attempt to simultaneously measure the rel-
evant parameters (5.6) using the MEM.

As already shown in egs. (5.10) and (5.15), we cannot extract the individual chi-
ralities ¢, and ¢, but only the relative chirality ¢y

cos(2¢;) cos(2¢,) + 1
5 .

cos’ Prel = (5.16)

As for the remaining three parameters, M,, My, and I'yy, they will all share a com-
mon source of uncertainty coming from the overall mass scale, causing their mea-
sured values to be highly correlated. In order to reduce the covariance between the
parameters being measured, we choose to reparametrize them in terms of the daugh-
ter mass M,, the parent mass parameter y from eq. (5.11), and the width parameter

Y,

MZ
v=TIw (1 + M%I,) , (5.17)

which appears in eq. (5.14).
From egs. (5.11) and (5.17) we see that when M, = 0, 2u and <y are identically
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FIGURE 5.10: Simultaneous measurement of all four parameters: the
daughter particle mass M, (blue), the parent particle mass param-
eter u defined in (5.11) (orange), the parent particle width parame-
ter v defined in (5.17) (green), and the relative chirality ¢, defined
in (5.16) (black). We show normalized distributions of the measured
values for each parameter over 100 samples of 1000 events each, us-
ing MEM. The input values for our study point were M, = 500 GeV,
My = 1000 GeV, T'yy = 50 GeV and cos? ¢,; = 0.5, which translates
into 2y = 750 GeV and v = 62.5 GeV.

equal to My and I'yy respectively. With this choice, we expect that 2y and y will be
measured relatively well, while the mass scale uncertainty will only be manifested
in the determination of M,.

These expectations are confirmed in Fig. 5.10, which shows the results from our
simultaneous measurement of the four parameters M,, 2y, 7y and cos? @,. For our
purpose, we use simulated data samples of 1000 events each, and in each case we
find the “measured" values of M,, 2y, v, and c08? Prel by maximizing the likelihood
(??). Fig. 5.10 shows the unit-normalized distributions of the measured values of
each parameter from 100 such pseudo-experiments.

The sample mean and the standard deviation of the measured values (with the

true values quoted in parentheses) are as follows

M, = 495 =+ 42 GeV (500 GeV) (5.18)

2u = 750 + 4 GeV (750 GeV) (5.19)

v =622465GeV (62.5 GeV) (5.20)

082 Pre = 0.499 + 0.045 (0.5) (5.21)

We see that the mass difference y is very well constrained, while the measurement
of the mass scale M, is less precise, as expected from the toy exercises performed in
the lead-up to this analysis.

The case of pair production. Now let us consider pair production as in the
second diagram of Fig. 5.1. We generate qj — WTW~ — 2¢ + MET events using
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MADGRAPH5_aMC@NLO at /s = 13 TeV, again without cuts or detector simula-
tion. We set My = 1000 GeV, M, = 500 GeV, and I'yy to 5% of the parent mass. For
simplicity we keep only the s-channel diagram as t and u-channels are more model-
dependent. Also we do not include the Z-boson in the s-channel diagram because of
the presence of W’-like particle which may not participate in the weak interaction.

As in Fig. 5.2, the mass “splitting" between the W and the v can be easily mea-
sured, this time from the endpoint of the distribution of Mr; instead of Mt [88]. The
same combination of masses (5.11) will be constrained.

In analogy to Fig. 5.5, in Fig. 5.11 we show the Mr; distribution for several values
of the width, I'y, illustrating the smearing of the kinematic endpoint. The figure
suggests that there is sensitivity to the width, but the measurement is challenging
since the effect is concentrated in the region near the endpoint, M, ~ 950 — 1200
GeV. We point out that the above measurements can also be performed using the
Mcr variable [163] — it similarly has a well defined kinematic endpoint, which will
be partially smeared by the width effects.

w4, Ty =100GeV) 7Ty =20 GeV)
L + isa
7Ty, =50 GeV) 7Ty, =50 GeV)

5

- 4
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— I'y =50 GeV 1 & 2t
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FIGURE 5.11: The same as Fig. 5.5, but for the case of pair production,

where we study the M, distribution instead of Pr. In the lower panel

we show the bin-by-bin ratio of the number of events for different
widths, normalized to the case of I')y = 50 GeV.

Just like the case of single production, for the measurement of the mass scale
one cannot rely on endpoint measurements alone, and needs to utilize the shapes
of the relevant kinematic distributions. Fig. 5.12 depicts several variables whose
distributions show sensitivity to the overall mass scale.

Just like in Fig. 5.3, we only consider mass spectra which obey the relation (5.11)
and therefore satisfy the measured Mr; (or Mcr) kinematic endpoint. More specif-
ically, we vary the mass M, of the invisible particle as shown in each panel, then
choose the parent mass My from eq. (5.12). The main effect of the mass scale is to
provide a different boost of the parent particles: lighter (heavier) W’s will be pro-
duced with a higher (lower) boost. While the parent boost itself is unobservable,
its effects are reflected in the kinematic distributions of the visible decay products.
For example, when the W’s are highly boosted, we would expect the leptons to be
back to back, and have a large invariant mass, as well as higher (on average) values

of their transverse and longitudinal momenta. These expectations are confirmed by
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FIGURE 5.12: The same as Fig. 5.3, but for the case of pair produc-
tion. We showcase several variables whose distributions are sensi-
tive to the overall mass scale: the dilepton invariant mass m,, (up-
per left), the transverse lepton momentum Pyr (upper right), the
larger of the two longitudinal lepton momenta (in absolute value),
max(|Py,|, |P;,|) (lower left), and the other longitudinal lepton mo-
mentum with its sign chosen as sgn(Py,P;,) min(|Py,|, |Pp,|) (lower
right).

Fig. 5.12, in which we show distributions of the dilepton invariant mass m, (upper
left panel), the transverse lepton momentum P, (upper right panel), and the lon-
gitudinal lepton momenta (lower two panels). We note that the boost effect is seen
better in the distribution of the larger of the two longitudinal lepton momenta (in
absolute value), max(|Ps.|, |Ps,|), which is shown in the lower left panel. The other
longitudinal lepton momentum, min(|Py,|, |P;,|), is then plotted in the lower right
panel, with the sign chosen so that it is positive (negative) when the two longitudinal
lepton momenta have equal (opposite) signs.

Fig. 5.12 demonstrates that the kinematic distributions of the visible particles in
principle do contain information about the mass scale, which can then be extracted
from a fit to those (one-dimensional) distributions, as was done in Fig. 5.4. However,
the MEM will have better sensitivity, as it takes into account the correlations among
the different variables.

Parameter measurements in the case of pair production. In analogy to single
production, we now apply the MEM method to measure simultaneously the mass
scale and the width (Fig. 5.13) and the chirality of the lepton couplings (Fig. 5.14).
As expected, the MEM method is quite successful in determining simultaneously
two of the parameters in (5.6). In particular, the + symbol in Fig. 5.13 denotes the
result from our fit, which is close to the input parameter values (marked with x). In
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production, i.e. the second diagram in Fig. 5.1. Contours represent

the negative log likelihood from 500 events. The x (+) marks the
input values (the result from the fit).
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FIGURE 5.14: A fit to the chirality of the lepton couplings in the
case of pair production as in the second diagram of Fig. 5.1 using
600 events. In the left panel, the couplings were chosen to be purely
chiral, ¢, = 0, while in the right panel they were vectorlike, ¢, = 45°.

Fig. 5.14, a minimum of the negative log-likelihood distribution is always found at
the true input value for the chirality (marked with a vertical dotted line). Note that in
general, the chirality is determined only up to a two-fold ambiguity, ¢, — 7/2 — ¢y,
reflecting the symmetry of the underlying amplitude.

The results displayed in Figs. 5.13 and 5.14 demonstrate the power of the MEM
method for parameter measurements in the challenging event topologies of Fig. 5.1,
thus generalizing and strengthening the conclusions from the previous studies per-
formed in Refs. [180, 204, 205].

5.3 Summary

In this chapter, we have presented methods to measure masses, widths, and chirali-
ties of couplings, especially for the case of simple topologies where little information
is available.

In particular, we showed that with our application of the MEM and under our

assumptions, it is possible to simultaneously measure and obtain a value that is
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very close, for (a) the mass scale and the width of the decaying resonance, (b) the
chiralities of the couplings (up to a degeneracy). We applied this for the case of
single and pair production of W’s. Moreover, by analyzing sets of 100 events in
single production, we were able to obtain a close value for the parameters v, u, M,
and ¢,,; simultaneously, to our knowledge, this has never been done before. We also
show how the only two observables Py, and P;r depend on the parameters of Eq.
5.6. For the mass scale we find that it is strongly dependent on P,, while weakly
dependent on P, whereas the width has a subtle dependence on both observables.
In the case of chiralities, we find that it only depends on P;,, which tell us that one
should only fit them once the mass scale and mass splittings are known. In order
to be certain that all these conclusions are applicable to the case of the LHC (or
any other hadron collider), a more realistic approximation should be taken, that is,
one should include events at the hadron level, background events, and full detector

reconstruction.
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Chapter 6

Conclusions

In this thesis, we have focused on the DM problem, how it could be solved and how
it can be constrained.

In Chapter 3 we presented a simple extension of the SM where we enlarge the
fermion sector with a Majorana triplet and a vector-like doublet while the scalar
sector is extended with an inert doublet and a real triplet. All the new fields are
odd under an additional Z, symmetry while the SM fields are even. This global
symmetry renders the DM stable and ensures that neutrino masses are zero at tree-
level. The model’s DM candidate is the lightest neutral scalar or fermion. In the case
of scalar DM, the phenomenology is similar to that of the inert doublet or the inert
triplet, as long as u < v, which is favored by EWPT. In the case of fermionic DM,
when the custodial limit is considered, it is possible to have DM candidates with
masses ~ 100 GeV. This scenario is appealing due to the prospects of being probed
by future experiments, while also evading constraints from DD due to the absence of
SIand SD interactions at tree level. Nonetheless, the fermionic sector generates large
suppression on the Higgs diphoton decay rate, thus being in disagreement with the
values measured by ATLAS and CMS. Nonetheless, the scalar sector may enhance
the decay rate as long as the sum of the couplings of the charged scalars to the Higgs
are smaller than zero. Additionally, the interaction of the new particles with the
SM fields generates Majorana neutrino masses at the one-loop level. In the model,
all possible realizations of the 4 = 5 Weinberg operator are present, and we show
that it is possible to satisfy neutrino physics while also having sensible values of the
Yukawa couplings related to the one loop neutrino masses.

In Chapter 4 we consider only the fermion sector of the previous model. In this
case, we study the model both under a non-standard cosmology scenario and mul-
ticomponent dark sector scenario. By doing this, we depart from the relic density
constraint and we study how the model’s free parameters are constrained with dif-
ferent experiment. First, we focus on constraints from electroweak production at
colliders and the measurement of the Higgs diphoton decay rate. We find that the
later is by far the most restrictive of the two observables. Then, for each scenario
(non-standard cosmology and multicomponent dark matter) we study the restric-
tions arising from DD and ID in the diffuse and line-like spectrum. For the case

of non-standard cosmology, we find that DD imposes limits only on the Yukawa
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coupling y, while ID in the diffuse spectrum leads to strong constraints on the DM
mass. On the other hand, the (¢ v),, of the model is currently out of reach of the
experiments that look for gamma-ray lines. For the case of multi-component DM,
we found that currently the model is only constrained by DD.

In Chapter 5 we consider the problem of DM at the LHC. We focus on the case of
W’ which then decays to a heavy v (the DM) and a SM charged lepton, this for single
and pair production. Because there are only two significant observables, Py, and
Pyr, it is difficult to determine many parameters simultaneously that are relevant
to the underlying theory just using kinematics. Hence, under initial assumptions,
we use the MEM to simultaneously measure the mass of the DM and the width of
the W/, while we assume we know the chiralities of the couplings and then we use
to method to find the chiralities, while we assume we know the DM mass and the
width. For mass and width, we find that the method yields a value that is very close
to the input value for both single and pair production, while the mass of the W’
can be obtained through kinematics, all under our initial assumptions. On the other
hand, we show that the MEM can be used to simultaneously measure the chiralities
of the W’ couplings up to a degeneracy, under our initial assumptions. We also show
that, under our assumptions, it is possible to measure simultaneously M,, y, v and
cos? @re1. In order for this method to be applied to the LHC for our particular BSM
scenario, a more realistic approximation should be taken, that is, one should include

events at the hadron level, background events, and full detector reconstruction.



79

Appendix A

Calculation of (0v)-, for the DTF
model

In this appendix we give show the explicit calculation to obtain the thermally av-
eraged cross section for the annihilation of DM in the DTF model into two photons
(e.g. gamma-ray lines). The procedure was obtained with the results presented in
Ref. [206].

The thermally averaged cross section is given by

1 isp
- 432mtm?,)
Xi

(ov) (A1)

where B = By + Bs. Here By and Bs denote the contributions coming from the
charged gauge bosons (W) and scalars (Goldstone bosons, S) running in the loop,
respectively (see Fig. A.1). They read

B u < Co (O/ 1,-1, rgven/ rgven/ rgdd) Co (0, 1,-1, ngd, ngd, ngen)
i = 1
T (r%dd - rgven) (1 + r(z)dd - rgven) (rgven - r(z)dd) (1 - r%dd + rgven)
(A.2)
CO (0/ 4/ 0/ rgven/ rgven/ rgven) CO (0’ 4’ 0’ rgdd’ r<2)dd’ r(ZJdd)
T 2 2 X 2 2 :
(1 + rodd - reven) (1 - rodd + reven)

Here Teven(odd) = Meven(odd)/ M 0 with the label even (odd) indicating that the particle
is Z, even (odd) and Co(r%, r%, r%,ri, r%, 1’%) is the usual Passarino-Veltman function
[207]. In the case of the charged Goldstone boson the mass e, = mpy. On the
other hand, the factors x; are different depending if the mediator is a scalar or a
vector boson:

Scalars

X1 :\/Ergven (rgven - rgdd - 1) (g%s + g%{s)/ (A-3)
X2 :\/Ergven (rgven - rgdd - 1) (g%s + g%{s) + 4\/Erodd (rgven - rgdd - 1) (gLS gRS)/
x3 =0,

X4 = — 2\6rodd(70dd(g%s + g%?s) + ZgLngS)'



80 Appendix A. Calculation of (0v),, for the DTF model
B T (VAVAVAVAV V! E— VN

FIGURE A.1: Topologies that lead to the annihilation of DM into

two photons. The external straight lines represent the DM particles,

whereas the internal ones represent a charged Z, odd fermion (shown

with a cyan solid line), gauge boson or Goldstone boson (shown with

a black solid line). The external wavy lines represent the photons (the
gamma-rays).

where gr; = grs = —ycosf/ /2 for the lightest Z>-odd charged fermion and grs =
grs = ysinf/ /2 for the heaviest Z-odd charged fermion.

Vector Bosons

X1 =2V2((Feven +4 2a — Taven (1 + Toga)) (8100 + &Reo)» (A4)
— 8 7odd(1 = Teven + Todd)8Lw SRw,

X2 = = 2V2(r23q(=3 = Fven + Toga) (8w + 8Rw) + 8 Todd 81w SRw).

X3 =8 V2(=1 4 1iven) (8T + 8ka)s

¥y =4 V2 road (Fodd (8T + 8Rw) — 4 81w 8Rw),

where g1, = grw = —g1.5in0/2 for the lightest Z,-odd charged fermion and g7, =
SRw = —81 cos 0/2 for the heaviest Z>-odd charged fermion.
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