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Motivaciones y objetivos

El modelo estandar de la fisica de particulas ha sido comprobado con gran precisién y
describe con éxito las interacciones fuertes y electrodébiles de todas las particulas obser-
vadas actualmente. Con el descubrimiento del bosén de Higgs en el LHC en 2012, se ha
encontrado la ultima pieza del modelo estdandar. ;Pero, esta completa nuestra compren-
sién tedrica de la naturaleza? De hecho, el modelo estandar solo no puede describir varias
observaciones fenomenolégicas, por ejemplo, la existencia de materia oscura. Solo un 5%
de la energia del Universo estd contenido en la materia visible descrita por el modelo es-
téndar. Aproximadamente 25% del contenido de energia del Universo estd compuesto por
materia oscura.

Experimentalmente, solo hemos observado materia oscura gravitacionalmente, por lo
que sabemos que la materia oscura deberia ser eléctricamente neutra y solo deberia tener
un pequeno acoplamiento al modelo estandar. Se ha propuesto una gran cantidad de
candidatos de materia oscura en nuevos modelos de fisica con masas de materia oscura
que van desde 10722 a 10'® GeV. Actualmente existe un amplio programa experimental
para detectar materia oscura de varias maneras: deteccién directa (a través de la disper-
sién de nucleones con la materia oscura), deteccién indirecta (deteccién de los productos
de aniquilacién de la materia oscura) o en colisionadores (a través de la produccién de
particulas de materia oscura en colisiones de particulas del modelo estandar).

El 70 % restante del contenido de energia del Universo se atribuye a energia oscura que
se necesita para explicar la aceleracion observada en la expansion del Universo. La energia
oscura podria ser la contribucién de una constante cosmoldgica, sin embargo, el origen de
esta constante es actualmente desconocido, o la energia oscura podria estar relacionada
con la energia de vacio del modelo estandar. Sin embargo, una estimacion de esta energia
difiere alrededor de 50 érdenes de magnitud con respecto al valor experimental.

Otra pregunta abierta que surge debido al vacio del modelo estandar es el problema
CP fuerte en QCD. Los efectos de QCD topoldgicos y las fases en la matriz de masa
de quarks contribuyen a un término ~ GGWG wv en el Lagrangiano del modelo estdndar.
Experimentalmente, se ha determinado que 6 es menor que 1070, Esta cancelacién de
dos contribuciones independientes provenientes de diferentes sectores (QCD en un lado, la
rotura de CP electrodébil en el otro lado) requiere una explicacion.

Ademas, surge la cuestién fundamental de la asimetria materia-antimateria. Si todos
los procesos respetan la simetria entre particulas y antiparticulas, no se puede explicar el
hecho de que nuestro Universo esta hecho principalmente de materia y no de antimateria.
Bariogenésis, un mecanismo propuesto para generar la asimetria bariénica del Universo,
afirma que los procesos en el Universo temprano favorecieron la creaciéon de particulas
con respecto a la creacién de antiparticulas a través de procesos que violan el nimero
bariénico, una simetria global accidental del modelo estdandar. A pesar de que el modelo
estandar contiene todos los ingredientes para que tenga lugar la bariogénesis, no es capaz
de explicar la asimetria observada.

El modelo estandar contiene otra simetria global accidental, el nimero lepténico. Ademas,
en el limite de fermiones sin masa, el modelo estandar tiene una simetria de sabor global
que solo se rompe con los acoplamientos de Yukawa de los fermiones. Los parametros en el
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modelo estandar que estan relacionados con el sector del sabor, es decir, los acoplamientos
de Yukawa y las mezclas de los fermiones, son parametros ad hoc en el modelo estandar
y sus valores numéricos deben introducirse a mano. Esto parece muy arbitrario y seria
deseable tener una vision méas profunda sobre el origen de estos pardametros. Especialmente
porque observamos una gran jerarquia entre las diferentes masas de fermiénes (empeoradas
por la ligereza de las masas de neutrinos). También surgen preguntas como “;por qué hay
tres generaciones?” y “;por qué la mezcla es en el sector leptonico tan grande cuando solo
observamos pequenos angulos de mezcla en el sector quark?”. Todas estas preguntas con-
stituyen el puzzle del sabor del modelo estandar. Sin embargo, muchas explicaciones del
puzzle del sabor introducen nuevas particulas fisicas que conducen al problema del sabor.
El problema del sabor caracteriza el hecho de que los observables de sabor, especialmente
los procesos que estan muy suprimidos en el modelo estandar debido al mecanismo GIM,
son muy sensibles a las contribuciones de la nueva fisica. En general, no se espera que
el nuevo modelo de fisica muestre el mismo patrén de sabor que el modelo estandar. Sin
embargo, aun no hemos visto ningin signo de nueva fisica en los observables de sabor.

Todas las preguntas abiertas descritas anteriormente requieren nueva fisica mas alld del
modelo estdndar. Junto con el hecho de que el modelo estandar describe solo las interac-
ciones fuertes y electrodébiles, pero no es capaz de incorporar de manera consistente una
teoria cuantica de la gravedad, el SM puede considerarse como una teoria de baja energia.
Sin embargo, la introduccion de fisica mas alla del modelo estandar a una escala mas alta
da lugar al problema de la jerarquia: El mecanismo de Higgs, necesario para introducir
masas para los fermiones y los bosones gauge, también conduce a una particula escalar de
Higgs cuyo valor de esperado en el vacio establece la escala electrodébil. La masa del Higgs,
por otra parte, no estd protegida por ninguna simetria y recibiria grandes contribuciones
de cualquier teoria mas alld del modelo estandar. Por lo tanto, se requiere un significativo
ajuste fino de los parametros para estabilizar la masa a la escala electrodébil.

El sector de los neutrinos estd abriendo precisamente una ventana a algunos de estos
problemas y la fisica més alld del modelo estandar. Los experimentos de oscilacién de
neutrinos han demostrado que los neutrinos son masivos. Incluir un término de masa de
neutrinos en el SM es, en si mismo, una evidencia de fisica nueva, ya que es necesario
introducir nuevas particulas. Ademas, explicar las masas de neutrinos también tiene im-
plicaciones en otras areas de la fisica de particulas. Por ejemplo, cuando se introducen
neutrinos pesados para explicar la ligereza de la masa de los neutrinos a través del mecan-
ismo de seesaw, surgen nuevas fuentes de violacion de CP y del ntimero de leptones que
pueden permitir la bariogénesis a través del mecanismo de leptogénesis. La existencia de
especies adicionales de neutrinos se predice in muchos modelos de nueva fisica. Buscar sus
masas e interacciones es de gran interés para obtener informacién sobre posibles modelos
de nueva fisica. Finalmente, comprender la mezcla y las masas en el sector de los neutrinos
podria ayudar a obtener una comprensién méas profunda del sector del sabor del modelo
estandar.

Esta tesis explora modelos de masa de neutrinos que pueden servir como una ventana a
la nueva fisica relacionando el problema de las masas de neutrinos con las otras preguntas
abiertas del SM. El punto de partida comin de los modelos presentados serd la generacién
de masas de neutrinos. Después de presentar los conceptos basicos de la fisica necesaria
en esta tesis en los capitulos 1 y 2, en el capitulo 3 se presentan las cotas experimentales
a la mezcla de neutrinos adicionales con masas por encima de 10 eV. Para este objetivo,
estudiamos por la primera vez los datos actuales y futuros de la desaparicién de neutri-
nos atmosféricos del experimento IceCube. El capitulo 4 esta dedicado a una realizacién
dindmica de un mecanismo de masa de neutrinos. Para lograr tal modelo, se necesita un
nuevo sector de fisica que contiene un candidato a DM. En el capitulo 5 introducimos un
mecanismo de masa de neutrinos natural y dindmico que puede ser investigado en el LHC.
Finalmente, concluimos en el capitulo 6.



Motivation and goals

The Standard Model of particle physics has been tested to great accuracy and it describes
successfully the strong and electroweak interactions of all currently observed particles.
With the discovery of the Higgs boson at the LHC in 2012, the last missing piece of the
Standard Model has been found. But is our theoretical understanding of nature complete?
In fact, the Standard Model alone cannot describe several phenomenological observations,
for example the existence of Dark Matter. Only 5% of the energy of the Universe is
contained in visible matter described by the Standard Model. Roughly 25% of the energy
budget of the Universe is contained in Dark Matter. Experimentally, we have only observed
Dark Matter gravitionally, hence we know that Dark Matter needs to be electrically neutral
and should only have a small coupling to the Standard Model. The Standard Model alone
lacks a Dark Matter candidate that can explain all observations. A plethora of Dark
Matter candidates in new physics models have been proposed with masses ranging from
10722 to 10'® GeV. A vast experimental program is conducted to detect Dark Matter in
various ways: direct detection (via Dark Matter-nucleon scattering), indirect detection
(detecting the annihilation products of Dark Matter) or at colliders (via the production of
Dark Matter particles in collisions of Standard Model particles).

The remaining 70% of the energy budget of the Universe is attributed to Dark Energy
which is needed to explain the observed accelerated expansion of the Universe. Dark
Energy could be the contribution of a cosmological constant, however the origin of this
constant is presently unknown, or Dark Energy could be related to the vacuum energy of
the Standard Model. Nevertheless, a naive estimate of this energy differs around 50 orders
of magnitude with respect to the experimental value.

Another open question which arises due to the vacuum of the Standard Model is the
strong CP problem in QCD. Topological QCD effects and the phases in the quark mass ma-
trix contribute to a term ~ HGWG‘W in the Standard Model Lagrangian. Experimentally
6 has been constraint to be smaller than 10710, This cancellation of two independent con-
tributions coming from different sectors (QCD on one side, the electroweak CP violation
on the other side) calls for explanation.

Moreover, the very fundamental question of the matter-antimatter asymmetry arises.
If all processes respect the symmetry between particles and antiparticles, the fact that
our Universe is mainly made of matter and not antimatter cannot be explained. Baryo-
genests, a proposed mechanism to generate the baryon asymmetry of the Universe, states
that processes in the early Universe favoured the creation of particles with respect to the
creation of antiparticles through interactions which violate baryon number, an accidental
global symmetry of the Standard Model. Even though the Standard Model contains all
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X 0. Motivation and goals

the ingredients for baryogenesis to take place, it is not able to explain the size of the
asymmetry observed.

The Standard Model contains another accidental global symmetry, lepton number. Fur-
thermore, in the limit of massless fermions the Standard Model has a global flavour sym-
metry which is only broken by the Yukawa couplings of the fermions. The parameters
in the Standard Model which are related to the flavour sector, i.e., the Yukawa couplings
and mixings of the fermions, are ad hoc parameters in the Standard Model and their nu-
merical values need to be introduced by hand. This seems very arbitrary and it would be
desirable to have a deeper insight on the origin of these parameters. Especially because we
observe a large hierarchy between the different fermion masses (worsened by the smallness
of neutrino masses). Also questions like “why are there three generations?” and “why is
the mixing in the lepton sector so large when we only observe small mixing angles in the
quark sector?” arise. All these questions constitute the flavour puzzle of the Standard
Model. However, many explanations of the flavour puzzle introduce new physics particles
which leads to the flavour problem. The flavour problem refers to the issue that flavour
observables, especially processes that are very suppressed in the Standard Model due to
the GIM mechanism, are very sensitive to new physics contributions since one does not
expect generally the new physics model to exhibit the same flavour pattern as the Standard
Model. However, we did not see any sign of new physics in flavour observables yet.

All of the open questions described above call for new physics beyond the Standard
Model. Together with the fact that the Standard Model describes only the strong and
electroweak interactions but it is not able to incorporate in a consistent way a quantum
theory of gravity, the Standard Model can be regarded as a low-energy theory. However,
introducing a beyond the Standard Model theory at a higher scale gives rise to the hierarchy
problem: The Higgs mechanism, needed to introduce masses for the fermions and gauge
bosons, also leads to a scalar Higgs particle whose vacuum expectation value sets the
electroweak scale. The mass of the Higgs on the other hand is not protected by any
symmetry and would receive large contributions from any theory beyond the Standard
Model proportional to that new scale. Hence a strong fine tuning of the parameters is
required to stabilize the mass at the order of the electroweak scale.

The neutrino sector is precisely opening a window to some of these problem and physics
beyond the Standard Model. Neutrino oscillation experiments have demonstrated that
neutrinos are massive. Including a neutrino mass term in the Standard Model is evidence
for new physics itself since new particles need to be introduced. Furthermore, explaining
neutrino masses also has implications in other areas of particle physics. For example when
heavy neutrinos are introduced to explain the smallness of neutrino mass via a seesaw
mechanism, new sources of CP and lepton number violation arise which can enable the
baryogenesis through leptogenesis mechanism. The existence of additional neutrino species
is expected in many extensions accounting for neutrino masses. Probing their masses and
interactions is of great interest to obtain insights in possible new physics models. Finally,
understanding the mixing and masses in the neutrino sector could help to obtain a deeper
understanding of the Standard Model flavour sector.

This thesis explores neutrino mass models which can serve as a window to new physics
by relating the problem of non-vanishing neutrino masses to the other open questions of
the Standard Model. The common starting point of the presented models will be the
generation of neutrino masses. After introducing the basics of the physics needed in this
thesis in chapters 1 and 2, constraints on the mixing of additional neutrinos with masses
above 10 eV are presented in chapter 3. To this aim we studied for the first time present
and future atmospheric neutrino disappearance data of the IceCube experiment assuming
averaged out sterile neutrino oscillations. Chapter 4 is dedicated to a dynamical realisation
of a neutrino mass mechanism. To achieve such a model a new physics sector needed to
be introduced which contains a DM candidate. In chapter 5 we introduce a natural and
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dynamical neutrino mass mechanism. All additional particles are found at the TeV scale
which makes this model testable at the LHC. Finally, we conclude in chapter 6.
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1. The Standard Model

Understanding the laws of nature has always been of great interest to humanity. The
theories and discoveries of many physicists have emerged into the current understanding
of the fundamental structure of matter: everything is made of building blocks called fun-
damental particles which interact via fundamental forces. The mathematical theory which
describes the strong [4,5] and electroweak interactions [6-8] of all currently know particles
is called the Standard Model (SM) of particle physics. In the following we will give a short
overview of the basic ingredients of the SM.

1.1. Gauge structure and particle content

The SM is a renormalisable quantum field theory based on the gauge group Ggy =
SU(3)c x SU(2)r x U(1)y. The strong interactions of quantum chromodynamics (QCD)
are based on the SU(3)c symmetry and are mediated by eight massless vector gauge
bosons associated to this symmetry while the electroweak interactions (EW) are mediated
by the vector gauge bosons associated to SU(2)r, x U(1)y. The eight generators of SU(3)c
T%i=1,...8 and three generators of SU(2);, 77,7 = 1,2,3 are hermitian matrices that
obey the commutation relations

[T°, T = if*Te, [r% 7" =ie7*r" (1.1.1)
where f%¢ and €Y% are the structure constants of the corresponding groups. The La-

grangian describing the pure gauge sector of the SM is

1 1 1
Loauge = —ZTr (GGH) — ZTr (W, WH) — ZBWBW (1.1.2)

where G, Wy, and By, are the field strength tensors of SU(3)c, SU(2)r and U(1l)y
respectively. They are given by

B;W - apBu - aI/By, y (113)
Wi, = 0,W,) — 0,W) + ge?*W* | (1.1.4)
G, = 0,Gl — 9,G., + ¢"fi'mG™ (1.1.5)

with the gauge couplings g and ¢* of SU(2). and SU(3)¢, respectively. The mediators
of SU(2)r, are the three weak isospin bosons Wﬁ, the gluons GZL are the mediators of
SU(3)c, and B, is the hypercharge gauge boson of U(1)y. The field strength tensors for
the non-abelian groups SU(2)y, and SU(3)¢c contain self-interactions of the gauge bosons,
this is not the case for the abelian group U(1)y.



2 1. The Standard Model

Name Particles Quantum Numbers
SUB)e SUR)L UQy
Q" 3 2 s
Quarks

u'y 3 1 %

1
R 3 —3
’ _1

Leptons L 1 2 2

er 1 1 -

Higgs Boson P 1 2 %
Gluons G 8 1 0
Weak gauge bosons w 1 3 0
Hypercharge gauge boson B 1 1 0

Table 1.1.: Quantum numbers of the fermions, the Higgs boson and the gauge bosons under
the Standard model gauge group SU(3)c x SU(2)L x U(1)y.

Apart from the gauge bosons, the SM also contains fermions, i.e., quarks and leptons.
Fermion fields can be written as gauge multiplets with certain transformation properties
under SU(3)c and SU(2), that define their representation under these symmetries. The
transformation properties under U(1)y are given by the hypercharge of the fermions. The
full field content of the SM, including the gauge bosons and the fermions, is given in
Tab. 1.1.

Notice that there is no right-handed neutrino in the SM. The fermions appear in three
copies, called generations/families that have the same gauge charges and only differ by
their masses, as we will see later. Explicitly,

/ U/L C/L t/L / / / / / / / /
QL = dlL ) SIL ) blL , UR = {uRa CR, tR} 7d = {d y SR R} )

I = VéL Z/;ILL V;L I (o / / 1.1.6
L — / ) / ) / , ER = {eRa MR, TR} . ( -4 )
€L Ky 7L

To ensure gauge invariance the covariant derivate needs to be introduced which couples
the fermions ¥ to the gauge fields

Ly =iVDPV (1.1.7)

where
Y AP ey
D=9-igBs —igW's' —ig"¢'T7 (1.1.8)
where ¢’ is the gauge coupling of U(1)y.

1.2. Higgs mechanism

In the Lagrangians of the previous subsection we have not introduced yet mass terms
for neither the fermions nor for the gauge bosons. However, we experimentally observe
that all fermions have mass [9] and that the weak interactions are mediated by massive
gauge bosons [9,10]. In fact, in an unbroken gauge theory the gauge bosons are strictly
massless. Fermion masses also break the SU(2); x U(1)y gauge symmetry, since a mass
term always couples left- to right-handed fields, which are in different representations of
SU(2), and have different hypercharge. To generate mass terms for the gauge bosons of
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SU(2)r, x U(1)y, this symmetry needs to be spontaneously broken down to the electro-
magnetic U(1)em symmetry [11-14]. To achieve this we introduce a complex SU (2), scalar
doublet ® with hyercharge Y = 1/2 (see tab. 1.1)

B = @Z) (1.2.1)

Ly = (D®) (D®) — V(D) (1.2.2)

with Lagrangian

and potential
V(®) = —p20Td 4+ \(@TD)? . (1.2.3)

This scalar field is known as the Higgs field. For g > 0 the minimum of the potential is
not at |®| = 0 but at |®| = u/v2\ = v/v/2, where v is the vacuum expectation value
(vev) of ®. Since all field configurations with |®| = u/v2\ = v/v/2 are equivalent, we
have freedom in the choice of the vacuum. We choose our basis such that

(@) = <v/?@) : (1.2.4)

The unbroken generator is then (73 +Y)(®) = 0 and the electric charge Q of the unbroken
group U(1)em is given by the Gell-Mann—Nishijima formula [15,16]

Q=Ts+Y , (1.2.5)

where T3 is the third component of the weak isospin. In this way we obtain massive weak

gauge bosons but have a massless photon v associated to the unbroken U(1)ep,.
Expanding ® around its minimum in eq. (1.2.2) we obtain the masses for the W* and Z

gauge bosons. The W* bosons (W* = %(W1 T+ iW?)) are electrically charged and have

mass

myy = % . (1.2.6)

The photon 7 and the Z boson are linear combinations of W3 and B

i 3
<Z> _ <Cf)SGW 51n9W> <W ) (1.2.7)

v sinfy  cos Oy B
where the weak mixing angle fy is given by tanfy = ¢'/g and the mass of the Z boson
is mz = gv/(2cosfy ). The massless photon couples with the electric coupling e =

gsinfy = ¢ cos Oy .

From the measured gauge boson masses and couplings we determine the Higgs vev to be
v = 246 GeV, which sets the electroweak scale. The second parameter A in the potential
can be determined from A = M%/(2v?) with the measured value of the Higgs mass My =
125 GeV [9] to be A ~ 0.13.

1.3. Flavour sector

The introduction of the Higgs field also allows to the introduction of fermion mass terms,
which would otherwise break the electroweak symmetry. The Yukawa coupling terms of
the Higgs to the fermions are given by

Ly = —yzljilﬁ@d;_% — yszilLi‘I)Cu;% - y;jf'f@e;% + h.c. (1.3.1)
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where y}] are components of general complex Yukawa matrices and the charge conjugated
Higgs doublet is ®¢ = iT2®*. Once the Higgs field acquires its vev, mass terms for the
fermions are generated with fermion mass matrices my = ysv/ V2.

We will first concentrate on the quark sector and treat the lepton sector later. Since
every complex matrix can be diagonalised by a bi-unitary transformation, we can write

u

mg = Wrm§* W, m, = Vpmdeey) (1.3.2)
where Wi, Wg, Vi and Vg are unitary matrices and mii/af are real diagonal matrices. In
order to go to the basis in which the mass matrices my are diagonal, we need to introduce
the rotated fermion fields

d% = prijdl}%, dZL = WLdele, ’LL% = VR’ijul}% and ulL = VLJ’j’u,lg 5 (133)
and obtain
‘anass = —mjiagELdR — mgiagﬂLuR +h.c. . (1.3.4)

This basis is called the quark mass basis and in this basis the fermion fields d and u have
definite masses.
On the other hand, the weak gauge bosons couple to the fermions in this basis as (from

eq. (1.1.7))

Ly = %W;H/ffv“dz +h.c. = %W: (VLW[T,)ij ah At d + hee. (1.3.5)

=(Vorm)ij

where Vg is the Cabibbo—Kobayashi-Maskawa (CKM) matrix [17, 18], which relates
the mass basis to the weak interaction basis. Since the neutral currents (NC) mediated by
the Z boson couple the same components of the SU(2)y, doublets (and SU(2)y, singlets)
the unitarity matrices Wr, /g, Vi g cancel. The same argument applies to the coupling of
the photon. Hence the Z boson and the photon couplings are flavour diagonal.

The CKM matrix is a unitary 3 x 3 matrix and can be parametrised with three angles
012, 613 and 03 and six phases. However, five phases can be removed by rephasing of the
quark fields and hence only one phase is physical. In the standard parametrisation [9] the
CKM matrix is given as

—is
€12€13 512€13 s1ze”!
_ is is
VoM = | —S12023 — c12523513€°  clac23 — s12523513€°  sazciz | (1.3.6)
is is
512823 — C12C23513€"°  —C12523 — $12C23513€"°  C23C13

where s;; = sinb;;, ¢;; = cost;;, and 0 is the complex Dirac CP-phase. This phase is
of special importance as it can induce CP violation, i.e., the violation of the symmetry
between matter and antimatter. Experimentally, the absolute value of the elements of the
CKM matrix are [9]

0.97446 £ 0.00010  0.22452 £ 0.00044  0.00365 == 0.00012
Vahal = [ 0.22438 £0.00044  0.97359700001)  0.04214 £0.00076 | .  (1.3.7)
0.00896 000022 0.04133 4 0.00074  0.999105 + 0.000032

Turning now to the lepton sector. Since there is no right-handed neutrino field in the
SM, neutrinos are strictly massless and the only mass term in the lepton sector is the one
for the charged leptons. Following the same approach as for the quarks we obtain for the
mass term

Ll = —mLrer + hec. (1.3.8)

mass
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and the Lagrangian in the mass basis

Ly = %WJ(W?V,{’)MIZV“VE +he (1.3.9)
for the charged current interaction. Since there is no neutrino mass matrix we can choose
Vi = Wi and hence the lepton mass basis then coincides with the weak interaction basis.

Apart from the gauge symmetry of the SM there are also two accidental global sym-
metries present in the SM. The SM Lagrangian is invariant under the transformation
U — Wel? of the fermion fields, which means the Lagrangian is invariant under global
phase transformations. If the quark fields are transformed, the conserved charge associ-
ated to this global symmetry is baryon number B. Similar arguments apply to the leptons,
where the conserved charge is lepton number L. In fact since there is no lepton mixing in
the SM, the invariance of the Lagrangian under a rephasing of the different lepton fami-
lies leads to three conserved charges which are the individual lepton numbers L., L, L.
However, non-perturbative processes violate the combination B+ L while conserving B— L.
We will come back to this issue in sec. 2.1.3.



2. Open questions in the Standard Model

Despite that the SM successfully describes most of the particle physics experimental
results, there are several indications that it is incomplete. In the following we will discuss
the open questions of the SM calling for new physics explanations related to this work,
i.e., neutrino masses and mixings, the hierarchy problem and the flavour puzzle, and the
need for a Dark Matter candidate.

2.1. Physics of massive neutrinos

The discovery of neutrino oscillations was a milestone for beyond the SM physics. It
is the first laboratory based evidence for new physics, since the phenomenon of neutrino
oscillations can only be explained with massive neutrinos whereas neutrinos are strictly
massless in the SM. It is not possible to introduce a mass term for neutrinos as for the
other fermions, since there are no right-handed neutrinos in the particle content of the SM
(see tab. 1.1). In the following we will first describe the basics of lepton mixing and then
discuss possible neutrino mass generation mechanisms in beyond the SM theories.

Another open question in the SM, the origin of the baryon asymmetry of the Universe,
might be related to the neutrino mass generation mechanism. We introduce the leptoge-
nesis mechanism and, finally, we discuss the current experimental status of searches for
additional neutrino generations.

2.1.1. Lepton mixing

The first hints for neutrino oscillations came from observations of the solar neutrino
flux with radiochemical experiments [19-22] and by the Kamiokande experiment [23-25].
These experiments showed for the first time that the Sun produces neutrinos however the
measured flux was lower than theoretically expected from solar models [26,27]. Evidence
for neutrino oscillations came from the successor of the Kamiokande experiment, Super-
Kamiokande, which measured the atmospheric neutrino flux.! A directional analysis of
the neutrino flux showed that, while the electron neutrino flux was in agreement with the
expected flux without oscillations, there was a deficit in the muon neutrino flux when the
neutrinos had traveled through the Earth [29]. Together with the SNO experiment, which
measured solar neutrinos [30], the Super-Kamiokande experiment was awarded the Nobel
prize in 2015.

In the following we will first introduce the theoretical basis of neutrino oscillations
before we give an overview of the measurements of the leptonic mixing parameters and

Tnitially, this experiment was designed to discover proton decay, and provides the current best bound on
the lifetime of the proton [28].
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the physics involved. Finally, we describe the unknown parameters in the neutrino sector
and experimental prospects.

2.1.1.1. Theoretical basics of neutrino oscillations

Neutrino oscillations describe the effect that, when a neutrino with a certain flavour is
produced in a reaction involving a charged lepton of a given flavour, it might be detected
via its interaction with a charged lepton of a different flavour. This means that the
neutrino can change its flavour during the propagation from production to detection. The
probability that describes the flavour change depends on the difference of the squares of the
neutrino masses. Hence, if neutrino oscillations are observed neutrinos must be massive
and the different neutrino generations must have three different masses. In other words,
massless neutrinos as implemented in the SM, cannot account for the observed neutrino
oscillations. The observation of neutrino oscillations therefore calls for beyond the SM
(BSM) physics.

Taking that neutrinos are massive into account we cannot chose V' = Wi in eq. (1.3.9)
anymore. This means that, also in the lepton sector, a unitary 3 x 3 matrix that relates
the mass basis to the flavour basis arises. This matrix is called the Pontecorvo—Maki—-
Nakagawa—Sakata (PMNS) [31-34] matrix and, similarly to the CKM matrix, can be
parametrised by three angles and at least one phase

UPMNS — 7 py, (2.1.1)

where U is a unitary matrix defined in the parametrisation of eq. (1.3.6) and Py =
diag(e*id’l/ 2 o7id2/2 1) is a diagonal matrix containing the two phases ¢;2. These are
unphysical, i.e., can be rotated away, if neutrinos are Dirac particles. For this reason these
phases do not appear in the quark sector.

A neutrino in the flavour eigenstate v,, @ = e, u, 7, is related to the mass eigenstates
vi, t = 1,2,3, with masses m;, momentum p;, and energy F = ./m? —|—p12 via the PMNS

matrix as 2

3
va) =Y Ui vi) - (2.1.2)
=1

The amplitude of the flavour transition v, — v after distance L and time ¢ is given by
Avoy = plvalt, L)) = UZTi(t, D)Us; | (2.1.3)

where T;(t, L) describes the evolution of the mass eigenstate i. First, we will focus on
vacuum oscillations. In this case T;(t, L) can be obtained from the Schrédinger equation
for v; with mass m;

. d
i lvi(T3)) = mi |vi(T3)) (2.1.4)

with 7; the proper time of v; in its rest frame. The time evolution from eq. (2.1.4) for |v;)
is given by

lvi(1)) = e 7™ |14(0)) . (2.1.5)

Thus T;(t, L) for the amplitude (1;(0)|v;(7;)) is simply T;(¢, L) = e"™i"i. The expression
for m;7; is given in terms of the laboratory frame variables energy FE;, time t, distance L,
and momentum p;

m;T; = Eit —piL . (2.1.6)

2In this section we refer to the PMNS matrix simply as U instead of UPMNS,
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We assume that the initial flavour eigenstate is a mixture of mass eigenstates with sharp
energy F and different momenta. Then the momentum p; associated to mass eigenstate

|v;) with mass m; and energy E is
2
m*
pi=\E2-mi~E— L. (2.1.7)
Substituting this expression in eq. (2.1.6), we arrive at
m2

The factor E(t— L) is an irrelevant phase factor in the time evolution and will cancel when
calculating the oscillation probability by taking the modulus squared of the amplitude. The
time evolution is then given by

T;(L) = exp(—imis%) . (2.1.9)
With this expression eq. (2.1.3) reads
oo L
Ay = Ukie 2B U, | (2.1.10)

The final oscillation probability for (;)a — <;),8 is then given by

Am2,
P = 1A 2:5a —4 * Uy * ) 102 Z]L
(IR | o) <;)B\ 3 ZRe (UniUpiUa;Uf;) sin ( 1B )

- .
1>)
Am?.
* * . 1)
iQéIm (UniUsiUasU%;) sm< 5 L) , (2.1.11)
=]

where Am?j =m? —m]z and the lower sign applies to antineutrinos. An important limiting

case of eq. (2.1.11) to analyse neutrino oscillations is the two-flavour regime, where only
two different neutrino generations play a role. In this case, the mixing matrix with mixing
angle 6 is given by

cosf) siné
U= <—sin0 cos@) (2.1.12)

and the oscillation probability from eq. (2.1.11) reads

Am?2L
Pjﬁﬁzsin2(29)sin2< Z;? > .

(2.1.13)

Notice that in the two flavour regime no CP violation is possible since the mixing matrix
is real.

There are several important implications of eq. (2.1.11). First, notice that neutrino
oscillation experiments are only sensitive to the mass squared differences but not to the
absolute neutrino mass scale. Furthermore, it is useful to express the argument of the
oscillatory term as

m L (k)

A
=1.27Am? (eV)— L
L =1.27Am;; (eV) (GeV) ’ (2.1.14)

Am2.
then for oscillation experiments to be sensitive to the oscillatory term sin? (L;”L) mass

splittings need to satisfy

E (GeV)

Am? (eV?) > T (km).

(2.1.15)
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or the oscillatory term does not develop. If, on the other hand, Am?L/(4E) > 1 the
oscillatory behaviour will average out due to the finite energy resolution and only an
average oscillation probability can be measured, which is independent of Am?.

1
P.p =~ 551112(29) : (2.1.16)

Since the PMNS matrix is complex, Py, and Py, v, are different. However, the
survival probabilities for neutrinos and antineutrinos are equal

Py sva = Prasve (2.1.17)

since this channel is its own T conjugate. The unitarity of the U implies the probability
conservation

Prsva =1=> Poy - (2.1.18)
Bta

An observation of Pyp—vg =+ P55, in vacuum would demonstrate CP violation in the
lepton sector.> The measure for CP violation in the mixing matrix is the Jarlskog invariant
[35]

J = sin 019 cos B2 sin Oag cos a3 cos? O3 sin O3 sin d | (2.1.19)

which is only non-zero if all mixing angles, and the CP phase § is non-zero.
Finally, the oscillation probability is also invariant under a transformation with diagonal
and real phase matrices ¢ and ®

U— e ?Uc?® . (2.1.20)

The phase matrix ¢ can be absorbed in a field redefinition of L’]'—J. This field redefinition is
unphysical since in the Dirac mass term for charged leptons (see eq. (1.3.8)) we can choose
the right-handed charged lepton field to have the same phase such that the phase vanishes
in the mass term. The phase matrix ® can be absorbed in a field redefinition of v/¢ . Similar
as for the charged leptons this phase redefinition is unphysical if a Dirac mass term for the
neutrinos is introduced. Is, however, a Majorana mass term for the neutrinos introduced
which couples T vy, the phases in ¢ are physical and they are called Majorana phases (see
the phases ¢1, @2 introduced in eq. (2.1.1)). Since neutrino oscillations experiments are
not sensitive to Majorana phases we cannot distinguish Dirac from Majorana neutrinos
from the observation of oscillations alone.

The mixing angles 6;; in the 3-flavour regime are well determined by now. In Tab. 2.1
we have collected the global fit results that we will use in this work. In the following we
will describe the measurements of the individual mixing parameters in more detail.

2.1.1.2. Solar neutrinos

The solar parameters 612 and Am3; have been determined from the measurement of solar
neutrinos originating from fusion processes in the Sun, and from reactor experiments. Solar
neutrino energies are few MeV and the distance travelled to the detector is around 108
km. These values suggest sensitivity to a mass splitting of Am2, ~ 10710 eV2. However,
for neutrinos travelling through the Sun, matter effects have to be taken into account. In
the previous section we derived the oscillation probability only in vacuum. In the case
of oscillations in matter the Schrodinger equation in the flavour basis can be written in
matrix form as (we consider the two flavour case ¥, = (v, o))", o = p or 7)

d
i v, = H, 2.1.21
"t (2.1.21)

3Notice that these relations only hold in vacuum, matter effects violate CP and CPT because the matter
background is not CP symmetric.
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Parameter best-fit (+10) 3o range
012 [°] 33.63707% 31.44 — 36.07
613 [°] 8.52701% ¢ 8.551 014 8.07 — 8.98
Oa3 [°] 48. 7718 @ 49.1712 39.3 — 52.4
5 [°] 228152 @ 281159 128 — 390
Amg, [107° eV?] 7.40702 6.80 — 8.02
Am3, [1073 eV?] (NO) 2.51570-035 2.408 — 2.621
Am3, [1073 eV?] (10) —2.48310:032 —2.580 — —2.389

Table 2.1.: The best-fit values and the 30 ranges for the mixing and mass parameters
taken from ref. [36]. There are two minima for 13, 023 and 6. The first one
corresponds to the normal mass ordering whereas the second one corresponds
to the inverted mass ordering. The 30 ranges are given for either ordering.

and the Hamiltonian is

mi
H=U (25“ 1%) Ut (2.1.22)
2F

With this Hamiltonian the neutrino evolution is given by the S-matrix

. —i(m{L/(2E)) 0
i e
S — o iHL _ 7 ( . e_i(mgL/@E))) Ut (2.1.23)

and the oscillation probability is P53 = |Sa/3]2.
In matter a potential V for the neutrinos is generated. It needs to be taken into account
as an additional term in the Schrédinger equation

d
iU =(H+ V)T, . (2.1.24)

The potential arises from the coherent neutral current (NC) interactions for all neutrino
flavours which interact with the Z boson, and just for the electron neutrinos an additional
potential from the charged current (CC) interactions needs to be taken into account. The
CC interactions for energies below the W mass are described by

Mo = \G/g [E(1 = 75)e] [Py (1 — y5)ve] (2.1.25)

where Gp is the Fermi constant Gy = v/2¢g%/(8m%,). The electron bilinear needs to be
averaged over the background, since the electrons in the medium have some distribution
associated to some temperature. For a medium at rest ((v;) = 0) composed by non-
relativistic, non-polarized electrons and no positrons

Ne
(ev'Ppre)y = ?(1, 0,0,0)" (2.1.26)

and

(HSF) = GpV2Neveyo Prve (2.1.27)
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with the electron density N.. Hence an effective potential Voo = G N2 is generated
for electron neutrinos. The NC interactions can be calculated in a similar way

_Gr

<H§ffc> = \@

No Y va0Prva (2.1.28)
(0%

with the neutron density N, with the resulting potential V¢ = —%G rIN,.
Including these potentials in the Hamiltonian from eq. (2.1.22) leads to

0 0 Ve + Vec 0
H=U Ut 2.1.29
(O AQ,EQ) n ( e 0 (2.1.20)

where we defined Am? = m3 —m?. The contribution from V¢ only leads to a phase in

the S-matrix which is irrelevant for neutrino oscillations. Combining both matrices the
Hamiltonian reads

Am? [(—cos20+ A sin 20
H = 4F < sin 26 cos 20 — A> (2.1.30)
with
22GpN.E
A=4+—2——— 2.1.31
AmQ 7 ( )

where the plus sign is for neutrinos and the minus sign for antineutrinos. The dimensionless
parameter A describes the importance of matter effects. The relation between the flavour
eigenstates and the matter eigenstates v;,, is

Ve [ coslp sinbp\ (vim
<Va> B (— sin 6,, cosc9m> (y2m) : (2.1.32)

The effective mixing parameters in matter are

Am? = CAm? | (2.1.33)
sin 260,, = sin260/C, (2.1.34)
C= \/(cos 20 — A)2 +sin? 26 . (2.1.35)
The resulting oscillation probability for electron neutrinos is
Am?2 L
P(ve — v,) = sin? O, sin® (E) . (2.1.36)

If cos260 = A the oscillation probability can be resonantly enhanced. Depending on
the sign of Am? the resonance occurs for neutrinos if Am? > 0 or antineutrinos where
Voo < 0 if Am? < 0. This resonance condition is known as the Mikheyev-Smirnov-
Wolfenstein (MSW) [37-40] resonance. The matter resonance happening in the Sun made
it possible to determine the sign of the mass splitting Am?;.

Experiments like Super-Kamiokande [41] and SNO [42], which measured the solar neu-
trino flux, determined the solar parameters to a high accuracy. Measuring these mixing
parameters with terrestrial neutrino sources requires energies of a few MeV and baselines
around 100 km. These are the energies and baselines characterising the KamLand experi-
ment [43], which uses anti-electron neutrinos coming from surrounding reactors to measure
anti-electron neutrino disappearance.

For the KamLand experiment matter effects do not play a role hence the determined
parameters correspond to their values in vacuum. The results from KamLand confirm the
results from the solar experiments.
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2.1.1.3. Atmospheric neutrinos

Turning now to the atmospheric parameters 623 and Am§2, where the sign of the mass
splitting is currently unknown. These parameters have been determined using atmospheric
neutrinos. Atmospheric neutrinos originate from cosmic ray interactions with the atmo-
sphere which produce a cascade of mesons, mainly pions and kaons. The mesons in turn
decay to muons and electrons

T v (2.1.37)
P e+, (2.1.38)

The initial neutrino flux consists of ve, v, v, and v, with a ratio (ve +7e)/(vy +7,) = 1/2
at low energies.* Atmospheric neutrino energies range from the GeV to the TeV range,
although the flux rapidly decreases for large energies. The distances travelled by atmo-
spheric neutrinos range up to the diameter of the Earth (~ 10* km) for upward going
neutrinos. The Super-Kamiokande experiment measured the v, +7, and v, + 7, fluxes at
different zenith angles, corresponding to different path lengths from production to detec-
tion. No significant discrepancy between the expected and measured number of electron
neutrino events or down-going muon neutrino events was found. However a deficit of up-
going muon neutrinos was observed, which is interpreted as oscillations of muon neutrinos
into tau neutrinos. These results have been confirmed by the IceCube/DeepCore [44] ex-
periments which also measure atmospheric neutrinos. Long baseline experiments such as
K2K [45], T2K [46], Nova [47] and MINOS [48] detect muon neutrinos from accelerators
to measure the muon neutrino survival probability. Their results are compatible with the
results from atmospheric neutrino experiments.

Up to now the octant of @3 is unknown (i.e., if a3 > 45° or 63 < 45°). By studying
the v, survival probability the degeneracy in the octant cannot be resolved, since the
oscillation probability in the two-flavour regime depends on sin?(26,3). A combination of
reactor data with accelerator v, disappearance and v, appearance measurements could
resolve the octant [49,50].

So far the solar and atmospheric neutrino oscillations have been analysed in the two-
flavour approximation. This is possible because, in the solar and atmospheric regimes, the
parameters governing the other type of oscillations are not relevant at leading order. Since
Am3,L/FE is small in the atmospheric regime the solar oscillations have not developed yet,
and since sin?(26;3) is small the atmospheric oscillation leads to a subleading term in the
solar oscillation probability.

2.1.1.4. Reactor neutrinos

The smallest mixing angle 613 has been determined through anti-electron neutrinos
coming from reactors. The Daya Bay [51], RENO [52], and Double Chooz [53] experiments
studied the anti-electron neutrino survival probability with reactor neutrino energies of
E ~ few MeV and baselines of L ~ 1 km. For such values of L/E the solar oscillation has
not yet developed. In this case, the oscillation probability is given by

Am3 L

P =1 — sin2(2013) sin? [ 812 ) | (2.1.39)
4F

where the mass splitting is known from atmospheric neutrino oscillations. The reactor

angle 613 has been determined to be non-zero. This enables the possibility for CP violation

in the lepton sector as all mixing angles have been determined to be non-zero. The result

from reactor experiments have been confirmed by long baseline experiments like T2K [54],
Nova [47,55], and MINOS [48, 56].

4At high energies the Lorentz boost of the muons prevents them from decaying before they reach the
earth.
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Although many neutrino oscillation parameters have been already determined to a good
accuracy, there is still some unknowns in the neutrino sector. We will describe them in
the next section.

2.1.1.5. Unknowns in the neutrino sector

While the error ranges for the mixing angles are rather narrow, the phases are not yet
3

determined by experiments. There is only a weak hint for 6 ~ <& coming from data of
long-baseline experiments in the global oscillation parameter analysis. A measurement of
J is possible in the near future with long baseline experiments like DUNE [57] or T2HK
[58]. The sensitivity to the phase comes from the interference of two contributions to the
oscillation probability. Furthermore, neutrino appearance channels need to be considered
since disappearance channels are the T conjugate of themselves which means they are
also the CP conjugates since CPT is conserved. Since v, are easy to produce the v, —
Ve Or v, — U, channels can be considered. However, to measure the interference term
in the easiest way possible the interfering terms should be of similar magnitude. Since
the atmospheric oscillation in v, — v, is large the desired channel is electron neutrino

appearance. The relevant oscillation probability is
P(Vu — Ve) = ‘QU;?)Uege_iA” sin Agy + 2U;2U€2 sin Aoy }2 R (2140)

with A;; = Am?jL /(4E). With the expressions for the matrix elements and up to second
order in #;3 and Am%l as they are small, the oscillation probability can be written as

Py, = ve) = sin? B3 sin? 2013 sin? Agy + cos? 013 cos? a3 sin? Agy (2.1.41)
+ J,- sin Aoy sin Agy cos(Aszg + 0) (2.1.42)
= Fatm + Psol + -Pint (2143)

where P, Pso describe the terms associated with the atmospheric and solar mass split-
ting. Both terms are small since 613 and Ag; = Am%lL/E are small. P;,; describes the
interference term which depends on ¢ and the reduced Jarlskog invariant J,

J, = 8sin A3 cos B2 sin H13 cos? 013 sin Oa3 cos Has . (2.1.44)

Notice that the interference terms has opposite signs for Am3, > 0 or Am3, < 0. Up to
now the sign of Am3, is unknown, while the sign of Am3; has been determined due to the
matter effects solar neutrinos experience. Hence both a normal neutrino mass ordering
(m1 < mg < m3) and an inverted mass ordering (ms < m; < mg) are compatible with
data. Future long-baseline experiments can provide information on the mass ordering.
Matter effects enable a determination of the mass ordering since forward elastic scattering
can enhance or suppress the oscillation probability depending on the sign of Am%2 (see
eq. (2.1.35)).

Since the oscillation probability is invariant under a phase transformation U — e~ ¢Ue!®
(see eq. (2.1.11)), neutrino oscillations do not depend on the Majorana CP-violating phases
and it is not possible to distinguish the Dirac and Majorana cases by the observation
of neutrino oscillation. The Majorana phases only appear in lepton number violating
processes such as in the observable |m..| measured in neutrinoless double beta decay®

> Ueim;

SIn this process two neutrons inside the nucleus decay simultaneously via 8 decays. If the emerging
neutrinos are Majorana particles (i.e. they are their own antiparticles) they can annihilate and only
two electrons are emitted.

|Mee| =

(2.1.45)
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The current upper limit is [mee| < 0.12 — 0.26 eV [59], where the uncertainty comes from
the calculation of the nuclear matrix element.

Also the absolute mass scale myjghtest is currently unknown. Up to now we only have an
upper bound on the sum of neutrino masses » ., m; = 0.12 eV [60] coming from measure-
ments of the total energy density in matter. A small amount of the DM energy density
is also stored in neutrinos which are hot DM (their velocities are large compared to their
mass). The more mass the neutrinos have the less energy density can be stored in cold
DM. Since cold DM enables small structure formation we obtain from observations of the
small structures in the Universe an upper bound on the sum of the neutrino masses.

Another observable is the effective flavour neutrino mass m,, = >, |Uai|?vi. The best
bound is on m,, where the upper bound comes from the process *H — 3He + e + 77 [9)]

my, <2eV . (2.1.46)

The KATRIN experiment is expected to lower the bound on m,, to m,, < 0.25 eV [61] .

2.1.2. Neutrino mass generation mechanisms

In the previous section we have seen that neutrino oscillations are only possible when
neutrinos are massive. However, in the SM neutrinos are massless, hence we can only
accommodate for neutrino masses in beyond the SM theories. Since neutrinos are the only
fermions that do not carry electric charge, there are two possibilities to construct a mass
term for them.

Like quarks and charged leptons neutrinos could have a Dirac mass term which stems
from the Higgs mechanism as already introduced in sec. 1.3

MmpVLVR , (2.1.47)

with the Dirac mass mp = 3,v/v2. We only need to introduce right-handed neutrino
fields which are total singlets under the SM gauge group. This mass term conserves total
lepton number, which is defined as

L)=-L(»)=1. (2.1.48)

Since the neutrino masses are very small we need a Dirac Yukawa coupling of O(10712) to
achieve a neutrino mass of @(0.1 eV). This value is very small compared to the smallest
Yukawa coupling in the SM, the electron Yukawa coupling which is O(107%). This dis-
crepancy in coupling strengths introduces a strong hierarchy between the fermion masses
and hence worsens the flavour puzzle (see sec. 2.2.1).

The second possibility for a neutrino mass term is a Majorana mass term

—7vivr, (2.1.49)

written in Weyl notation, where a Weyl spinor satisfies ¥¢ = iooW*. Note that a Majorana
mass term for the neutrinos breaks SU(2)r, x U(1)y. In order to obtain a Majorana mass
term in a gauge invariant way we introduce a dimension-5-operator [62]

oV (LS ima®)(PiraLy)

= — 2.1.
n n (2.1.50)

that couples one lepton doublet L to one Higgs doublet ® and where 79 is a Pauli matrix.
This term was first introduced by Weinberg and it is non-renormalisable. The scale A in-
dicates the high energy scale at which the new physics is integrated out. After electroweak
symmetry breaking this operator reduces to a Majorana neutrino mass term. To obtain a
neutrino mass of O(0.1 eV) we need A ~ 10** GeV which is close to the Grand Unification
scale.
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Figure 2.1.: Seesaw type I, type II, and type III (from left to right). The mechanisms differ

by the exchanged heavy particle. See text for details.

There are three possibilities for generating the Weinberg operator at tree-level. They

are known as seesaw type I [63-68], seesaw type II [68-72] and seesaw type III [73]. They
differ by the heavy field = that is exchanged (see Fig. 2.1) with mass Mz and coupling Y=.

- Seesaw type I:

Here the leptons and the Higgs doublets are coupled via the exchange of a heavy
right-handed fermion Ny which is a SM singlet. It is then possible to construct
a Majorana mass term for Nr and a Dirac mass term. The relevant Lagrangian
describing neutrino masses reads

L, =MyN{RNg + YNyL®°Ng + hee. . (2.1.51)

After electroweak symmetry breaking the light neutrino masses are generated and

at leading order in % they read

1
my, = ngNU2 : (2.1.52)

Notice that to obtain neutrino masses compatible with data a minimal set of two
Npg need to be introduced.

- Seesaw type II: In this mechanism a heavy scalar SU(2)y, triplet A is exchanged.
The neutrino mass arises from

L, =YALSinALL + h.c. . (2.1.53)

Since A is a SU(2), triplet with hypercharge —1, it also interacts with the Higgs as
well as with the electroweak gauge bosons

LA D Tr(D,A)(DLA)) — (ua®TinAT® + h.c.) . (2.1.54)

From the coupling to the Higgs A obtains an induced vev va = uav?/(v/2M3) on

which the neutrino masses depend (to leading order in %)
A

my = YaL2 4?2 | (2.1.55)

Notice that there are no right-handed neutrinos in the type II seesaw.
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- Seesaw type III:

In this seesaw type, the right-handed fermion from type I is replaced by a SU(2)p,
fermion triplet ¥. The Lagrangian that describes the interactions of X is

Ly = EEZ — YE(ZLq))E — TI'(MZEEC + hc) . (2156)
The neutrino mass term reads (to leading order in %)
1
my, = YETEYEUQ : (2.1.57)

The type I and type III seesaw mechanisms rely on a hierarchy of scales (i.e. the
electroweak scale over the new physics scale Mz) to accommodate small neutrino masses.
Hence in these mechanisms the detection of the additional fermions is experimentally chal-
lenging due to their large mass and their suppressed mixing with the SM neutrinos (with
mixing angle § ~ Yzv/Mz). Furthermore, these models introduce a hierarchy problem
since the new particles introduce large corrections to the Higgs mass. In the type II see-
saw the smallness of the neutrino masses is either achieved by a hierarchy of scales or via
a small dimensionfull parameter ua while keeping Ma at the electroweak scale. Since pa
is the only parameter in the model which breaks lepton number its value can be small,
assuming an approximate lepton number symmetry. In chapter 5 we introduce a model
where we promote ua to a dynamical quantity by identifying it with a vev of a scalar
which breaks the global lepton number symmetry of the SM.

Assuming an approximate lepton number symmetry is also the idea behind another
class of neutrino mass models. These models allow for the possible detection of the extra
fermions, since their masses can then be around the electroweak scale. For example in
the inverse seesaw scenario [74] two species of additional fermions N and NI/% are intro-
duced (see fig. 2.2).5 In the inverse seesaw the neutrino masses come from the following
Lagrangian

—L, =mpVrNr + NeMyNp + +u(NR)¢ Ni + hec., (2.1.58)
which leads to the mass matrix (in the basis (v§, Ng, Np ))
0 mp 0
M=|mb 0o My]|, (2.1.59)
0 MY n

where My is the mass matrix of the heavy neutrinos. The matrix u breaks lepton number,
hence if this symmetry is only mildly broken the neutrino masses are necessarily small.
For p # 0 the light neutrino masses are given by

my, ~mp Myt (M) " mb . (2.1.60)

With TeV-scale right-handed neutrinos and O(1) Yukawa couplings we would need p ~
O(keV) to obtain sub eV neutrino masses. Implementing this dimensionfull parameter
by hand is unsatisfying. In chapter 4 we propose a model where p arises as a dynamical
quantity.

A Majorana mass term also breaks global lepton number symmetry by two units since
a Majorana mass term mixes v and . As already explained in the previous section,
neutrino oscillation experiments are not able to distinguish Dirac neutrinos from Majo-
rana neutrinos. Only a measurement of lepton number breaking observables (for example
the observable |me.| in neutrinoless double beta decay) is a smoking gun for Majorana
neutrinos because this process violates lepton number [68].

5The same idea is also behind the linear [75,76] or double seesaw [74,77-79], which also allow for TeV
scale neutrinos.



18 2. Open questions in the Standard Model
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Figure 2.2.: Inverse seesaw scenario. Two species of right-handed neutrinos Nr and N;%
need to be introduced.

2.1.3. Leptogenesis

Massive neutrinos might also be connected to another open question in the SM, the
baryon asymmetry of the Universe, i.e., the excess of matter over antimatter. Experiments
such as AMS did not find any evidence for antimatter in the Universe and constrained the
ratio of the number of antihelium over helium nuclei in cosmic rays to be [80]

Ni
“He -11.107% . (2.1.61)
NHe

A way to quantify the baryon asymmetry of the universe (BAU) is [9, 60,81, 82]

np —npg npg

~

’ — (8.75+0.23) - 10711 (2.1.62)
0 S 10

Yap =
S

where np and np are the number densities of the (anti-)baryons and s is the entropy at
current time (indicated by the subscript 0). The measurement of Yap comes from the pri-
mordial abundance of light elements [82,83] and from the power spectrum of temperature
fluctuations in the CMB [60]. If the Universe was matter-antimatter symmetric at early
times an asymmetry needs to be generated during the evolution of the Universe. A model
to successfully generate the baryon asymmetry needs to fulfil the Sakharov conditions [84]:

- Baryon number violation: Necessary to evolve from a state without a baryon number
asymmetry to a state with a baryon number asymmetry.

- C and CP violation: Otherwise the processes involving baryons are at precisely the
same rate as the C or CP conjugated processes involving antibaryons and no net
baryon asymmetry would be generated.

- Out of equilibrium process: If processes would be in chemical equilibrium any gen-
erated baryon asymmetry would be immediately erased.

These conditions are fulfilled in the SM. However, a sufficiently large baryon asymmetry
cannot be produced by SM processes alone [85,86]. One of the problems is that the CP
violation coming from the quark sector is not large enough.

A new physics scenario that can successfully generate a sufficient BAU is the leptogenesis
mechanism [87]. In this mechanism heavy sterile neutrinos decay out of equilibrium leading
to a lepton asymmetry followed by a conversion of this lepton asymmetry into a baryon
asymmetry by non-perturbative processes (sphalerons), which are already present in the
SM.

In detail, the lightest heavy neutrino N7 with mass M; decays into a light neutrino and
a Higgs

N & d+ L, (2.1.63)
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where in the early Universe (T' > M;) these processes are in thermal equilibrium. When
the temperature drops below its mass and the lifetime of the neutrino is long enough,
Np decays out of equilibrium. The interference between the tree-level diagram and the
loop-level diagram of the N; decay leads to a non-zero CP asymmetry produced in the
decay of Ny

_ T(Ny — ®L) — T(N{ — @fL)
- T(Ny — ®L) + T(Nf — ®fL)

€ (2.1.64)

which describes the difference in the rate of decays into particles and the rate of decays
into anti-particles normalized by the total decay rate. If the heavy neutrinos are nearly
degenerate in mass, resonance effects from the decay of the next to lightest right-handed
neutrino Ny need to be taken into account. In general, the final lepton asymmetry is a
result of the competition between production processes and washout processes that tend
to erase any generated asymmetry. For a calculation of the produced lepton asymmetry
the decays of the right-handed neutrinos, inverse decays (PL — N), AL = 1 scatterings
of heavy neutrinos involving top quarks (for example ¢ tp — ® — Ni;L) and AL =
2 processes mediated by virtual heavy neutrinos need to be taken into account in the
Boltzmann equation of the right-handed neutrinos [88].

The generated lepton asymmetry is then converted into a baryon asymmetry by sphaleron
processes present in the SM [89-91]. These non-perturbative processes violate B+ L while
conserving B— L. They arise in the electroweak theory where several topologically distinct
energy minima of the field configurations exist, which are not related by continuous gauge
transformations. The different minima have different values of B 4+ L and hence changing
from one minimum to another implies a conversion from a lepton asymmetry to a baryon
asymmetry.

To obtain the resulting baryon asymmetry Np after sphaleron transitions, we need to
calculate the change of number of particles of different species by the various SM processes.
If the processes happen fast compared to the expansion rate of the Universe H, they lead to
an equilibrium state, where the comoving number densities of the participating particles
remain constant. This is described by conditions of chemical equilibrium: The sum of
chemical potentials of all particles entering the interaction, should be zero. For example
the lepton-Higgs interaction term ylijfngbeg% (see eq. (1.3.1)) changes a SU(2)r doublet
lepton into a SU(2)y, singlet lepton and a Higgs. In terms of chemical potentials y;

”e£+“¢_“Li =0. (2.1.65)

The asymmetry in the individual particle number densities can be related to the chemical
potentials via

Ay; =

_ni— g {g@TQMZ-, for fermions (2.1.66)
s

2.T2)1;, for bosons

where g; is the internal number of degrees of freedom. Above the electroweak phase
transition all SM interactions are fast and the Yukawa interactions lead to relations between
the chemical potentials among the fermions and the Higgs. The electroweak sphalerons
conserve B— L so we additionally get Z?:l(3uQi+u i) = 0. Together with the requirement
that the total hypercharge of the plasma vanishes we can solve for the chemical potentials
of the particles. The baryon and lepton asymmetries are the sum over the individual
baryon and lepton number densities Aypg, Ay, respectively. Finally, we arrive at the
resulting baryon asymmetry [90,91]

28
Yap = o Yam-1) (2.1.67)
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Figure 2.3.: Impact of sterile neutrinos on different observables.

in terms of the B — L asymmetry Yap_r)-

This mechanism for leptogenesis based on the out-of-equilibrium decay of the right-
handed neutrinos requires large Majorana neutrino masses > 108 GeV [92](> 10° GeV
when flavour effects are included [93]). There is an alternative leptogenesis scenario allow-
ing for lighter right-handed neutrinos (1-100 GeV scale). The lepton asymmetry in this
case is produced by freeze-in of the sterile states via their CP-violating oscillations [94-96].

2.1.4. Sterile neutrino search

In sec. 2.1.2 we saw that the easiest extension to generate neutrino masses is to add SM
singlet fermions to the particle content. The mass of the right-handed neutrinos is not
related to the electroweak scale and can therefore range over several orders of magnitude.
Constraining the existence of additional neutrino generations is of great interest. In the
following we will give a short overview of the current status of sterile neutrino searches.

Depending on the mass of the sterile neutrino they leave an imprint in different observ-
ables (see fig. 2.3):

- my4 ~ eV: Sterile neutrinos leave an imprint in neutrino oscillations as well as in
cosmological observables.

- my ~ keV: Kinks in the 8 spectrum as well as cosmological observables.

- my ~ MeV: Peaks in the spectrum of electrons in meson decays and direct N4 decay.
- my ~ GeV: Fixed target experiments.

- myg ~ TeV: Collider constraints, precision electroweak and flavour observable.

The current experimental bounds on the mixing between the sterile neutrino and the SM
neutrinos is shown in fig. 2.4 in the |V,4|?>-m4 mass plane (figure from [97]). The mixing
with electron neutrinos |Vi4|? can be constraint from kinks in the 3 spectrum, peaks in
the spectrum of electrons in meson decays (where the meson decays to a sterile neutrino
instead of SM neutrino), or from the decay of Ny to electron-positron pairs in reactor and
accelerator experiments. Constraints on the mixing with muon neutrinos |V,4|? come from
peak searches in the spectrum of muons in meson decays (pion decays for My < 34 MeV
and kaon decays for higher masses), and of the decays of N4 produced in beam dump
experiments and eTe~ collisions. Finally, the mixing with tau neutrinos |V,4|? can be
constrained from Ny decays. For more details on the derivation of the bounds see [97].

The impact of sterile neutrinos in electroweak precision observables has been studied
in [98], where the mixing was constrained to be V4 < 1072

Up to now no positive evidence of sterile neutrinos has been found, but there are sev-
eral anomalies that might point to the existence of sterile neutrinos. The LSND [99] and
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Figure 2.4.: Bounds on sterile mixing matrix element over the mass of the sterile neutrino
from [97].

MiniBooNE [100] experiments found results that cannot be explained within the three-
neutrino framework. The LSND experiment observed an excess of 7, events from a source
of pions decaying at rest while the MiniBooNE experiment observed an excess of electron
like events in both v, and 7, beams. Both results are compatible with v, — v, oscil-
lations at short baselines with a relativly large mass splitting [101]. Furthermore, fluxes
from gallium experiments [102-107] and reactors [108, 109] shown a deficit of v, events
relative to the theoretical expectation. All of these results can be explained with a sterile
neutrino with m4 ~ 1 eV. However, this explanation is not compatible with muon neu-
trino disappearance results v, — v, [110,111]. The discrepancy between electron neutrino
appearance v, — v, data and disappearance data v, — v, is around 4.7¢ [101,112,113].
The MiniBooNE and LSND excesses will be further studied within the Fermilab Short
Baseline programme [114].

In chap. 3 of this work we will focus on sterile neutrinos with larger masses, which
cannot explain the LSND and MiniBooNE result. In fact, in sec. 2.1.4 we present current
constraints on the matrix elements V},4 and V;4 assuming one additional sterile neutrino.

2.2. Flavour physics and the hierarchy problem

Most of the free parameters in the SM are related to the flavour sector. Finding a deeper
insight on the origin to their values and the hierarchies between them is compelling and
would imply physics beyond the SM, since there is no explanation from the SM. Indeed,
the numerical values of the flavour parameters need to be inserted by hand and are rather
ad hoc.

In the past, flavour physics has proven to be a discovery ground for new physics. For
example, the charm quark was predicted [115] before its discovery by the observation
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Figure 2.5.: Comparision of the CKM and PMNS matrix elements and of the fermion
masses (image credit: Hitoshi Murayama).

of the tiny branching ratio (BR) of K — pu and the third generation of quarks was
predicted [17,18] to accommodate for CP violation in kaon mixing.

In the following we will introduce the flavour puzzle and discuss possible explanations
based on symmetries, and review the flavour problem. Many new physics models which
for example propose solutions to the flavour puzzle or explanations for the smallness of
neutrino masses introduce new particles at a high scale. These new particles lead to large
contributions to the Higgs mass which gives rise to the hierarchy problem which we will
also introduce in this section.

2.2.1. Flavour puzzle

Out of the 18 free parameters in the SM, 13 are related to flavour. Inserting the numerical
values of these parameters by hand seems unsatisfactory and we would like to have a
fundamental understanding of the origin of these parameters. In fact, the fermion masses
show a striking hierarchy among the different generations [9]

(me, my, my) = (0.511 MeV, 105.7 MeV, 1776.9 MeV) , (2.2.1)
(M, me, my) = (2.2 MeV, 1.275 GeV, 173.0 GeV) , (2.2.2)
(mg, ms, mp) = (4.7 MeV, 95 MeV, 4.18 GeV) . (2.2.3)

The mixings in the quark and lepton sectors are also very different (e.g., compare eq. (1.3.7)

to tab. 2.1). The difference is even more striking when shown schematically in fig. 2.5.7
Hence questions such as “ Why are there three families of quarks and leptons?”, “Why

do the fermion masses exhibit a strong hierarchical structure spanning several orders of

"The ratio of the mass of the lightest fermion, the neutrino, over the heaviest fermion, the top quark, is
roughly the same as comparing the weight of an ant to a whale.
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magnitude?” and “Why are the mixing angles in the quark sector so different from the ones
in the lepton sector?” arise and call for answers.
Several ideas to explain the different masses and mixings have been proposed:

- Frogatt-Nielsen: This mechanism is based on the assumption of a flavour U(1)rn
symmetry under which the fermions have different charges [116]. A SM singlet S with
U(1)pn charge —1 acquires a vev and breaks the symmetry. The different masses
of the fermions can be realised assuming different orders of the small parameter
€ = (S)/M,, where M, is the scale of flavour symmetry breaking, typically associated
with the mass of extra chiral fermions that have been integrated out. The fermion
mass terms then read £ C VLCI)E”U \Ilg%, where the SM Yukawa couplings are identified
with y;; = V€™ with Y ~ O(1). The masses of the fermions are suppressed
by powers of € depending on their U(1)py charges e %% with Q(¥) = a; and
Q(¥R) = aj. Assuming that the U(1)pn charge differences for the lighter generations
are larger than for the heavier generations leads to smaller masses while all Yukawa
coupling Y;; are the same order of magnitude. The mass ratios are therefore given by
m;/mj = e %+ +bi=bi  The mass hierarchy and the mixing angles can be correctly
reproduced just by assuming different suitable U (1) charges.

- Discrete symmetries: Symmetries were good guidelines to build the SM. The mea-
sured values of the atmospheric and solar mixing angles motivated explanations based
on modelling their values as ratios of integers. A very popular example is tribimaxi-
mal mixing [117] based on the numerology sin? 612 = 1/3,sin? fl3 = 1/2,sin” #13 = 0.
These values can be realised motivated by a discrete symmetry like A4. However,
the measured non-vanishing value of the reactor angle and the deviation from max-
imal atmospheric mixing call for deviations from the exact values predicted by the
discrete symmetries.® A drawback of the discrete symmetry approach might be that
the chosen group is arbitrary and the different mixing patterns in the quark and
lepton sectors are not related to each other from the discrete symmetry alone.”

- Continuous symmetries: An alternative approach to explain the flavour puzzle is
to generate the Yukawa couplings of the fermions through scalar fields that sponta-
neously break the continuous global flavour symmetry present in the SM Lagrangian
with massless fermions [122]

Gri=U@B)g, xUB)uy xUB)py xUB)r, xU3)E, - (2.2.4)

Notice that the Yukawas do not break the complete flavour symmetry but leave out
the accidental global symmetries of the SM: baryon and individual lepton number.
Spontaneous breaking of a global symmetry leads to unwanted massless Goldstone
bosons in the spectrum. A way out is to gauge the flavour symmetry [123,124] where
as an ansatz SU(3)r, x SU(3)Egy,, and SU(3)q, x SU(3)y, x SU(3)p, have been
gauged. Cubic and mixed hypercharge anomalies arise which are cancelled by the
introduction of mirror fermions such that the fermions are vector-like with respect
to the flavour gauge group. The Yukawa terms in the Lagrangian lead to fermion
mass matrices that present a seesaw-like structure and where the SM fermion masses
are inversely proportional to the mirror fermion masses.

Hence, with this ansatz, the flavour puzzle could be solved by a scalar potential
which predicts different scales at which the corresponding flavour group is broken
and by different values of the parameters in the fermion mass terms.

8Such corrections could come from assuming a non-diagonal charged lepton mixing matrix, in particular
0135 ~ 9° can be achieved by assuming a 1-2 mixing in the charged lepton sector of the size of the
Cabbibo angle [118-121].

9In SU (5) Grand Unified Theories the down type Yukawa matrix is related to the charged lepton Yukawa
matrix as Yy ~ Y.L



24 2. Open questions in the Standard Model

A

Figure 2.6.: An example for a FCNC arising in the SM at loop level: BT — KTIt]~.

The observed smallness of neutrino masses contributes to the flavour puzzle. In this
sense, the new physics extensions proposed in chapters 4 and 5 also address the flavour
puzzle as they propose an explanation for the smallness of neutrino masses in comparison
to the other fermion masses.

Most models addressing the flavour puzzle necessarily introduce new particles that mod-
ify the predictions for flavour observables. However, many searches for deviations in those
observables have turned up empty handed. We will address this topic in the next subsec-
tion.

2.2.2. Flavour problem

The flavour problem refers to the non-observation of new physics in flavour observables.°
Flavour observables are very sensitive to new physics contributions since in general new
physics models are not expected to have the same flavour structure as the SM.

First let us discuss flavour physics in the SM. From eq. (1.3.5) we see that the flavour
changing processes are mediated by the W boson, since it couples to the different compo-
nents of the SU(2), doublets. This is due to the off-diagonal generator 7% = 71 +im in the
coupling of the W* boson. The Z boson (and the photon) on the other hand is a mixture
of W3 and B (see eq. 1.2.7) which couples with a diagonal generator and hence it always
couples the same entries of the SU(2)r, doublet. The CKM/PMNS matrices introduced in
egs. (1.3.6, 2.1.1) are only involved in the coupling to the W boson while leaving the rest of
the SM Lagrangian unaffected. Since the couplings of the neutral gauge bosons, the Z and
the photon, are flavour diagonal, there are no flavour changing neutral currents (FCNC)
in the SM at tree-level. This argument does not apply to processes that are generated at
loop level, for example BT — KTI[T]~ transitions (see fig. 2.6). Nevertheless, in the SM,
there is a suppression of FCNC also at loop level due to the Glashow-Iliopoulos-Maiani
(GIM) [115] mechanism. As an example we consider s — d transitions and summing over
the intermediate quarks u, c and ¢t the amplitude is

M(sd — Z) = VuaVii f(mig fmiy) + VeaVea f(mg fmiy) + ViaVief (mi /miy) . (2.2.5)

where f is the loop function that keeps track of the dependence on the quark masses via
the ratio zy = mg, / m%/v. This dependence is crucial, if all up-quark masses would be equal
this function would be factored out which leads to M = 0, since from the unitarity of the
CKM matrix, Vi,qVy + VeaVi + ViaVis = 0. We know that the quark masses are not equal
but due to the hierarchy between them we can neglect all quark masses apart from the
top mass. In this case M ~ ViqV;: f(m?/m3;,), which is suppressed by the product of the

10Recently, deviations in b — sll and b — cvl observables have been observed [125-131]. The discrepancy
to the SM predictions accumulate to 4 — 60 [132-137].
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small CKM matrix elements V4 and Vis. Hence, the suppression of FCNCs in the SM
comes from the unitarity relations of the mixing matrix, which allows us to express the
amplitude of FCNC processes as the small quark mass differences and mixing parameters.
Note that in the case of a non-unitary CKM or PMNS matrix, due to the introduction of
new heavy fermions, FCNC are not necessarily suppressed anymore.

Let us now turn to flavour physics beyond the SM. To account for new physics contri-
butions we consider the SM as an effective field theory (EFT) valid up to some scale A.
All BSM operators will then be suppressed by inverse powers of this scale

L=C +ﬂ+230-+0 L (2.2.6)

where OW is the Weinberg operator, the only gauge invariant dimension 5 operator that
can be built with the SM fields, already introduced in sec. 2.1.2. In general, these higher
dimension operators would induce large effects in processes that are not mediated by tree-
level SM amplitudes like FCNC transitions with AF = 1 and AF = 2. However, up to
now we have not observed any deviations from SM predictions. This pushes the scale of
new physics above the TeV scale [138]. In the case of K 0_K0 mixing, the scale for AS = 2
operators is A > 10? TeV, assuming ¢; = 1. The flavour problem states that if we insist
that the new physics scale should be around a few TeV, then the possible BSM models
should have a non-generic flavour structure. In general one does not expect that a BSM
theory follows the same flavour pattern as the SM.

2.2.3. Hierarchy problem

The expectation that the new physics scale A should not exceed a few TeV comes from
arguments of naturalness. The t’'Hooft definition of naturalness [139] states that a physical
parameter or set of parameters a(u) is allowed to be very small at any energy scale p, only
if the replacement a(u) = 0 would increase the symmetry of the system.

On the other hand it would also be unnatural if two contributions to a physical parameter
cancel to a high accuracy. For example the loop corrections to fermion masses can only
be proportional to the masses themselves since in the limit of vanishing mass a chiral
symmetry is restored. Fermion masses are hence natural and protected by this symmetry.
Similarly, the gauge boson masses are protected. Setting gauge boson masses in a broken
gauge theory to zero restores the gauge symmetry. An issue arises when considering the
mass of a scalar particle, for example the Higgs boson in the SM. Since the Higgs mass is
not protected by any symmetry the loop corrections can be large and proportional to the
new physics scale. Hence to obtain the Higgs mass around the electroweak scale the new
physics scale also needs to be around the electroweak scale or a large fine tuning between
the bare mass parameter and the loop correction needs to be involved. The fact that the
Higgs mass is sensitive to the cutoff scale A of the SM through loop corrections is known as
the hierarchy problem. Chapters 4 and 5 treat new physics models where all new particles
are found at the electroweak scale which means they do not lead to a hierarchy problem.
Furthermore the introduced dimensionfull parameters are technically natural according to
the t’Hooft definition of naturalness. These models also do not contribute to the flavour
problem since the new particles couple flavour diagonal.

2.3. Dark Matter

The SM particles described in the previous sections make up only 5% of the energy
content of the Universe. The remaining energy is stored in dark energy and dark datter
(DM). In this section we will give an overview of the evidence for DM and describe ex-
perimental search strategies for it. Although there is a wealth of DM candidates we will
focus on heavy DM with mass at the TeV scale.
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2.3.1. Experimental evidence

There is plenty of evidence for DM. However, all such evidence comes from gravitational
observations, we have not seen any other interactions of DM so far. We will give a short
overview of the observations.

2.3.1.1. Kinematical observation

The earliest evidence for DM came from the observation of velocity dispersions of galax-
ies within clusters. Zwicky noticed [140] that galaxies of the Coma cluster were moving
far too quickly to be explained by the gravitational potential of the visible cluster mass
only. Using the virial theorem

(V) =-2(T) , (2.3.1)

which relates the average over the total gravitational potential energy V to the time average
over the total kinetic energy 7', one obtains as total gravitational mass M, in the cluster

GMtZot

Mot 0* = SR

(2.3.2)
with the average velocity of the galaxies v and the cluster radius R. Comparing the
obtained value of M to results obtained from observations of luminous matter leads to
the conclusion that clusters also must contain a large non-luminous matter component:
dark matter. This result has been confirmed also for other galaxy clusters [141].

2.3.1.2. Rotation curves

Observations of the orbital velocity of stars in the outer regions of spiral galaxies show
that stars move faster than what would be expected if the galaxies consisted only of the
visible matter [142-144]. Using Newtonian mechanics the orbital velocity is

v(r) =+/GM(r)/(2r) (2.3.3)

where M(r) is the mass enclosed at radius r. For large r one expects that v(r) decreases
like 7~1/2 but observations indicate that v(r) — constant. This means that M(r) o 7.
This result can be explained by the existence of a DM halo that is far more extended than
the observed galactic disk.

2.3.1.3. Gravitational lesing

Mass acts as a source of spacetime curvature. This curvature of spacetime leads to
bending of light rays around massive bodies. In this way light from distant sources passing
through the gravitational field of a massive foreground source can be bent towards the
observer. The distant source will then appear distorted or stretched depending on the mass
distribution of the foreground. Hence from gravitational lensing we obtain information on
the mass of the foreground, even if the foreground does not interact electromagnetically.

The most famous example where DM lensing has been used to determine the amount
of non-luminous matter is the Bullet Cluster [145]. This object consists of two galaxy
clusters that have recently collided (see fig. 2.7). The mass distribution of the clusters has
been inferred from lensing observations (shown in blue) whereas the mass distribution of
luminous matter has been inferred from X-ray emissions and is shown in pink. The offset
between the two distributions indicate that the clusters contains mass which has passed
through the collision unimpeded whereas the luminous matter interacts giving X-rays. The
gas clouds have exerted friction on each other during the collision and decelerated. This
is visible from the observation that the pink areas are closer together than the blue areas.
This observation supports that DM does not necessarily track the behaviour of normal
matter and that it is essentially collisionless with respect to baryons but also with respect
to itself.
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Figure 2.7.: Gravitatonal and X-ray observations of the Bullet cluster mass distributions
from [145].

2.3.1.4. Structure formation

Large scale structures like galaxies or clusters of galaxies, superclusters should reflect
the history of gravitational clustering of matter since the Big Bang. If DM was present in
the early Universe during structure formation it should impact these large scale structures.
Large scale N-body simulations show that the observed large-scale structures could only
have been formed in the presence of a substantial amount of dark matter [146-150]. These
simulations also show that DM needs to be cold and non-dissipative. In this context cold
means that DM needs to be non-relativistic and have a short free-streaming length.

2.3.1.5. Cosmic microwave background & baryon acoustic oscillations

DM also left an imprint on the cosmic microwave background (CMB) which has been
very precisely measured by the Planck satellite [60]. From the scales of anisotropies in the
CMB, cosmological parameters such as the total energy density, the baryonic fraction, and
the dark matter abundance can be determined. After a period of exponential expansion
of space in the early universe (inflation) the Universe had small overdense regions due to
density fluctuations where the DM could gravitationally collapse. The baryons also fall
into these dense regions, but since baryons interact with photons, regular matter starts to
heat up and provides a pressure to support against the gravitational collapse. This causes
an oscillatory “bounce” for overdense regions. At the same time, the Universe expands and
cools down. When the recombination temperature, where protons and electrons combine
to form Hydrogen, is reached the photons are no longer coupled to matter and can free-
stream. Since the CMB is a picture from this recombination, there is a sharp cut-off to
the oscillations. The strength and size of these baryon acoustic oscillations are therefore
imprinted in the CMB spectrum [151]. The relative amplitudes of the oscillations indicate
the ratio of dark matter to regular matter, more baryonic matter means a bigger bounce,
more dark matter means more compression. The results show that the energy density of
DM is around five times larger than the baryonic energy density [60].

2.3.2. Dark matter characteristics

Although we have plenty of evidence for the existence of DM we know only very little
about its nature. We know that DM needs to be massive since we observe its gravitational
influence. DM needs to be dark, which means that it should have a very small coupling
to photons and it needs to be non-dissipative in order to produce the correct structures
in the early Universe. This means that the coupling between ordinary matter and DM
needs to be small otherwise energy would be efficiently transferred from DM to the normal
matter and radiated away as photons, allowing the DM to form disks along with normal
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matter. Thus, DM behaves collisionless with respect to normal matter and the Bullet
Cluster observation shows that it does not couple substantially to itself. Finally, DM must
be produced with the correct observed relic abundance 2, h% = 0.12 [60] today. This also
means that DM must be stable, or at least very long-lived, in order to be still abundant
today.

2.3.3. Weakly interacting massive particles

In the following we will describe the DM production mechanism assuming that dark
matter is a thermally produced WIMP (weakly interacting massive particle), i.e., a species
that was in thermal equilibrium before freezing out and leaving a relic density. In this
case the cosmological evolution of the WIMP number density n,(t) can be described by
the Boltzman equation

ny + 3Hn, = —<o'v>(n3< - niﬂeq) . (2.3.4)

where H is the Hubble rate and the number density n, being given by

dp
ny(T) = / aoahn.T). (2.3.5)
and f,(p,T) the DM distribution function. For the equilibrium number density 7y cq, fy
is replaced by the equilibrium distribution function which to a reasonable approximation
is the Maxwell-Boltzman distribution
2
m T m
Nyeq(T) = 91’72); Ko (%) ; (2.3.6)
where g; is the number of internal degrees of freedom, the DM mass m,, and K> is the
modified Bessel function of second kind. The quantity (ov) is the thermally averaged
pair annihilation cross-section for the process xyx — SM SM. Freeze-out occurs when the
annihilation rate becomes smaller than the expansion rate of the Universe I' = n, (ov) <
H. With the yield Y (t) = n(t)/s to eliminate the linear term in eq. (2.3.4) and the new
variable © = m, /T eq. (2.3.4) reads
dY (z) A

_ 2 2
e (L OB (2.3.7)

where

x({ov)s

Az) = [H(m) L:1 . (2.3.8)

With the expression for the entropy s and the Hubble parameter

8t 2
2 _ 4
~3mz 309 (239)
92 2
5= %g*,sT?’ , (2.3.10)

= A=

V)5 Gus
— (ov)m, Mpy 2.3.11

with the active degrees of freedom g, s in entropy. In general, there is no exact analytical
solution to this equation. Figure 2.8 shows an example of a numerical solution. We can
estimate the behaviour of Y for the limiting cases x > 1 and x < 1. At high temperatures
(x < 1) I' ~T(ov) is much larger than H which means the number density ¥ remains in
thermal equilibrium and follows Y., because the particles are close enough to interact. Due
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to the expansion of the universe the equilibrium number density becomes exponentially
suppressed with e=™x/T_ At low temperatures, when z > 1 and I’ < H the DM particles
can no longer find each other fast enough compared to the expansion rate and fall out
of equilibrium. The equilibrium abundance becomes exponentially suppressed neq ~ ™
whereas Y is approximately constant. The temperature at which this happens is called the
freeze-out temperature z ;. Typically one gets xy ~ 20. After freeze out, Yoy will continue
to decrease according to the Boltzman suppression so that Y > Y,,. For z > 1 eq. (2.3.7)
is then

dY (z) AY?
ST (2.3.12)

This equation can be integrated from freeze out z; with freeze-out abundance Y; until
very late times xo, with abundance Y,,. We get

A 1 -1 Ty
Yo = ( + ) — Y = - (2.3.13)
xp Yy A

since AYy > xy typically. To obtain the fraction of critical density p., contributed by DM
today

Q 2.3.14
. ( )
we use
a(Ty) a(Tp)Tr\?
py = many(To) = myny (TY) (a(T£)> = m, Yoo T} <G(T£)T§ : (2.3.15)
From conservation of entropy
a(Tf)Tf>3 9+(To)
= ~1/30 2.3.16
(som) =y = (2310

with the active degrees of freedom g, in radiation at different temperatures. With the
expression for Yo from eq. (2.3.13) with eq. (2.3.11) the final expression for the relic
density is (assuming also g s ~ g«)

my

Q%2 =25-10%8 )
Tdechngl<UU>

(2.3.17)

If one assumes interaction cross sections of the order of the electroweak one the correct relic
density can be obtained for DM roughly around the electroweak scale. This observation is
called the WIMP miracle. The reason to call it a miracle is that solutions to the hierarchy
problem introduce a neutral SU(2), field which can be a DM candidate. There is a rich
experimental program targeting this parameter space.

2.3.4. Experimental searches

An extensive experimental program is being conducted to detect DM. There is a large
effort, both from the theoretical and experimental side, to exploit and probe the plethora
of DM candidates and models. In the following we will give a short summary of the three
experimental avenues to search for WIMP DM.
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Figure 2.8.: Abundance Y of a WIMP as a function of © = m, /T. The dashed line shows
the equilibrium abundance. Freeze-out occurs when Y does not follow the
equilibrium abundance any more around x; ~ 20.

2.3.4.1. Colliders

Since DM is a stable neutral particle it would manifest itself at colliders as missing
energy. However, a missing energy signal is not necessarily associated to a DM particle,
also any other stable (on collider-scales) neutral particle could be responsible for such a
signal. DM searches are generally based on the observation of the visible counterpart of
the event such as charged leptons, jets, or a photon. For example in mono-jet searches
events with a jet with a high transverse momentum and large missing energy are selected to
suppress the SM background (for recent results by ATLAS and CMS see refs. [152,153]).
If the DM mass is smaller than half of the Higgs mass, constraints from the invisible
branching ratio of the Higgs boson apply (BR(H — inv) < 0.25% at 95% C.L.) [154,155].
In the same way constraints from the invisible decay width of the Z apply for m, < mz/2
with I'(Z — inv) < 499 £+ 1.5 MeV.

2.3.4.2. Indirect detection

The idea behind indirect detection is to search for the products of DM annihilation
using Earth based telescopes like HESS [156], CTA [157] or IceCube [158] or satellites like
Fermi-LAT [159] or AMS [160]. Experiments constrain the DM annihilation cross section
times the DM velocity ov over the DM mass using various annihilation channels.!! Notice
that indirect detection experiments constrain the DM annihilation cross section and the
DM velocity whereas, to obtain the correct relic abundance, the thermally averaged cross

section times velocity at freeze out temperature is relevant. For example, the gamma ray
flux from WIMP annihilation is given by [161]

do ov dN .
dEAQ ~ 8rm2 dE X /l ds  x p*(i(s,Q)) . (2.3.18)
~—— X N .0.8 —
diff. flux energy spectrum DM distribution

line of sight integral

The DM density distribution is not well known and several profiles are considered which
lead to more spiked or cored DM densities towards the center of galaxies.

" Studied annihilation channels include gamma rays, electrons/positrons, neutrinos or (anti-)protons.
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2.3.4.3. Direct detection

Direct detection experiments search for DM scattering off nuclei and hence constrain the
DM-nucleus scattering cross section and, from the kinematics of the scattering, the DM
mass. The observable in these experiments is the nuclear recoil coming from the scattering
of a DM particle. The WIMP-nucleus differential scattering rate is

dR Nrpy [V L .do .
—(E,t) = t)—(v, F)d 2.3.1
a5 B = 0 [ (@) 0, B (23.19)

where N7 is the number of target nuclei per kilogram of the detector, p, the local DM den-
sity (py = 0.3 GeV/cm? [9]), ¥ the velocity of the DM particle relative to the Earth, fg(7,t)
the distribution of velocities of the WIMP in the frame of the Earth. The minimum veloc-
ity required to produce a detectable event at energy F is vmin = /myE/(2u2) and veg is
the local galactic escape velocity. The DM-nucleus reduced mass is pt = mympy/(my+mp)
with nucleus mass my, 3—%(1}, E) is the differential cross section for DM- nucleus scattering.
In order to discriminate signal from background the detectors need the best shielding pos-
sible (to avoid background signals), a low energy threshold to access low DM masses, and
large target mass to increase the scattering rate. Notice that in order to get constraints
in the cross section-DM mass plane assumptions on the velocity distribution, nuclear form
factor, type of DM-nucleon scattering, and local DM density have been made. In fig. 2.9
we show a compilation of the current bounds on spin-independent and spin-dependent
cross sections.
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Figure 2.9.:

Exclusion upper-limits for spin-independent WIMP-nucleon cross section (up-
per plot) and spin-dependent WIMP-nucleon cross-section (lower plots) as-
suming pure proton coupling (left) and pure neutron coupling (right) as of
early 2019 from [162].



3. IceCube bounds on sterile neutrinos
above 10 eV

3.1. Introduction

Over the last 20 years neutrino oscillations have been established as the explanation of
the experimental evidence for neutrino flavour transitions [163,164] with the mixing angles
and mass squared differences measured to high accuracy (see Tab. 3.1 for recent global fit
results of the mass and mixing parameters). The simplest extension of the Standard Model
accommodating neutrino masses is the addition of sterile (right-handed) neutrinos to its
content. The mass of these extra singlets, unlike all other fermions, would not be related
to the Higgs mechanism and the electroweak scale due to their singlet nature. Therefore,
it is vital to probe their existence experimentally at all possible scales.

For instance, short baseline (SBL) experiments like LSND [99] and MiniBOONE [165,
166] as well as reactor experiments combined with a recent reevaluation of their expected
fluxes [108,109] and Gallium source experiments [104, 167, 168] have reported oscillation
results that are consistent with a mass squared difference with a possible fourth neutrino
mass eigenstate of Am?u ~ 1 eV?, although this interpretation is in strong tension with
other searches [105,113]. With an even higher mass, around the keV scale, sterile neutrinos
are a viable dark matter candidate [169,170] that can be probed via their decay to light
neutrinos and X-rays with both stringent constraints [171] and a possible hint at 3.5
keV [172,173], which could come from the decay of such neutrinos. At larger masses,
sterile neutrinos would leave their imprint altering the kinematics of beta decays and
meson decays and can also be probed for at beam dump and collider experiments [97,174].
Even when beyond the reach of collider searches, sterile neutrino mixing can be tested
indirectly via precision electroweak and flavour observables [68,98,175-190].

Through neutrino oscillation data, MINOS [191], IceCube [110], SuperKamiokande [192],
MiniBOONE [193], and CDHS [194], among others, have published limits on the sterile
mixing parameters for mass squared differences in the range Am3, = 0.01 — 10 eVZ.
The impact of sterile neutrino oscillations in this mass range at IceCube has also been
previously discussed in refs. [195-197]. These results have been combined to global analyses
in refs. [105,198-201].

In this study we will consider larger sterile mass squared differences and investigate the
sensitivity to the mixing of the sterile neutrinos to the p and 7 flavours of the presently
released 1 year data, as well as forecasts for 8 years and 20 years, of atmospheric muon
neutrino disappearance data at IceCube. In particular, we will study mass squared dif-
ferences large enough for the sterile-neutrino-driven oscillations to be averaged out at Ice-
Cube energies (Am3, > 100 eV?) for atmospheric neutrinos traveling through the Earth

~
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Parameter best-fit (+10) 3o range
012 [°] 33.63707% 31.44 — 36.07
013 [°] 8.527012 @ 8.551 011 8.07 — 8.98
023 [°] 4877 5 @ 49.1712 39.3 — 52.4
5 [°] 228151 @ 28115 128 — 390
Am2, [107° eV?] 7.407535 6.80 — 8.02
Am3, [1073 eV?] (NO) 2.51570053 2.408 — 2.621
Am3, [107% eV?] (10) —2.48310052 ~2.580 — —2.389

Table 3.1.: The best-fit values and the 30 ranges for the mixing and mass parameters
taken from ref. [36]. There are two minima for 63, 623 and 6. The first one
corresponds to the normal mass ordering whereas the second one corresponds
to the inverted mass ordering. The 30 ranges are given for either ordering.

(L < 12000 km). Such mass squared differences are too big to explain the SBL anomalies
but are compatible with the sterile neutrino interpretation [202] of the upward directed
cosmic ray shower observed by ANITA [203]. These mixings are however ruled out by
cosmological constraints [204] and some non-standard effect suppressing the production
of these sterile neutrinos in the early Universe would be necessary to reconcile the re-
sults [205]. Our results apply for sterile neutrino masses Am?2; > 100 eV2. Note that for
sterile masses above 10 MeV stronger bounds on the active-heavy mixing with muon and
tau neutrinos are present from laboratory experiments where the sterile neutrino could be
detected directly [97].1

SuperKamiokande [192] and DeepCore [206] have already published constraints on the
sterile mixing parameters in the averaged out regime. It should be noted that the en-
ergy threshold of SuperKamiokande is lower than the IceCube one and the averaged
out regime for SuperKamiokande therefore starts at smaller mass squared differences
(Am2, > 107! eV?). The same parameter space has also been probed by experiments
like CHORUS [207] and NOMAD [208] although, instead of analyzing the disappearance
of atmospheric v, and the effect of the matter potential from neutral current interactions
in presence of steriles, they searched for the appearance of v, in a v, beam through vacuum
oscillations. We will compare our results to these current experimental bounds.

This chapter is organized as follows: In section 3.2 we give an overview of the muon
neutrino survival probability when the oscillations driven by the new mass eigenvalues are
averaged out, in section 4.5 we analyse one year of though-going muon data in IceCube
and give forecasts for the 8 years and 20 years sensitivities. Finally, in section 3.4 we
summarise our results and give our concluding remarks.

3.2. Sterile neutrino mixing

Upon the addition of several sterile neutrinos, the flavour eigenstates of the weak inter-
actions |v,) (v =€, pu, 7, 81, S2,...) are related to the neutrino mass eigenstates |v;), with
masses m; (i = 1, 2, 3, 4, 5,...) via the elements U,; of the lepton mixing matrix according
to

Va) = ZU;Z- ;) (3.2.1)

!Electron neutrino-sterile mixing can be constrained for even smaller mass squared differences via kink
searches in 8 spectra of certain isotopes and in neutrinoless double beta decay experiments [97].
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In general, the mixing matrix for n neutrino flavours can be decomposed as the product of
n(n —1)/2 rotations with mixing angles 6;;, with (n—1)(n —2)/2 physical phases J;;. The
usual parametrization is through a series of unitary rotations V;; in the i-j-plane given by

U = V3 Vor Vin Va—1) Votn—1)Vign—1) - - - V3aVaaVia Va3 Vi3 Vi, (3.2.2)
———
=Up
with
cos(0;5), a=0be{ij}
sin(0;;)e? a=1i, b=
(Vij)ab = § —sin(0;)e @4, a=j, b=1i , (3.2.3)

1, a="b ¢ {27]}
0, otherwise

and where Uy has the usual PMNS matrix, U,, as the upper left 3 x 3 block. Note that
we have not included rotations in the purely sterile sector, e.g., Vy5, as such rotations are
unphysical. Written in this fashion, the full mixing matrix takes the block form

B _(l—a ©\ (U, 0\ [((1-a)U, ©
veun= (157 O (% )= (U525 9). s
Here, if the rotations are performed in the order given by Eq. (3.2.2), av is a lower triangular
matrix of the form [209-213]

e 0 0
a=|oue op 0 |, (3.2.5)
Qre Oy Qrp

whose components to leading order in the active-heavy mixing elements are given by

%Z?:4|Uﬁi|2, B=r
apy =2, UglUs, B>7. (3.2.6)
Oa v > ,3

The v, — v, oscillation probability, P, will here be derived and discussed in the case
where the active-heavy mixing angles are small, the corresponding mass squared differences
are large enough for the oscillations to average out, and where the electron neutrinos do
not participate in the oscillations® (i.e., Am3,L/2E < 1 and 6;; = 0). We do so by
considering a basis that is rotated by U relative to the flavour basis. In this basis, the
neutrino oscillation Hamiltonian in matter takes the form

- (Hy 0 (10
H—<O H1>—|—VN0U <0 O)U, (3.2.7)

where Hj is the standard Hamiltonian for p-7 oscillations in vacuum, H; is a diagonal
matrix containing large entries, and Vo = FGrN,,/v/2 (with the upper sign for neutrinos
and the lower sign for anti-neutrinos). The upper left 2 x 2 block describing the v,-v,
oscillations (not including the electron neutrino states) can be treated separately, leading
to the 2 x 2 effective Hamiltonian

Hy = Hy + Wne(1 — aT)(l —a)~ Hy— Wne(a+ oﬂL)

2The oscillation of v, to ve at the energies and baselines that characterize the IceCube data are strongly
suppressed. Indeed, 015 is small and the solar mass squared difference Am3; is too small for the oscilla-
tions with 012 to develop. Finally, 614 has been tightly constrained by electron neutrino disappearance
experiments [105] and would also play a subleading role.
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7Am§1 _COS(2923) sin(2023) 2O‘uu a:‘u
a 4E (Sin(2923) COS(2623) _VNC aT# 20‘7’7’ ’ (3.2.8)

where the ~ represents equality up to a matrix proportional to unity and to leading order
in a. This can be rewritten as

~ Ap, (—cos(26,,) sin(20,,)\*
Ho = 2 (sin(%m))\ cos(20,,) )’ (3.2.9)
where
Am3 2 |Amd ?
A2 = 31 cos(2023) + 2Wne(apuy — arr) | + 1 sin(26023) — 2Wncory|
2F 2F
1 |Am2 ?
sin2(20,,) = A7 ;}Ef”l $in(2023) — 2VNCary| (3.2.10)

and A is a phase factor of modulus one. Rotating back to the flavour basis, the muon
neutrino survival probability is given by

Pu=1—au) <1 — sin?(26,,) sin? (A;];)) + ) 10l (3.2.11)
=4

where the last term is a constant leaking term [214]. Note that, except for the leaking term,
all the sterile neutrino effects are encoded in the matrix «, in particular in the elements
Qs 07, and oy, regardless of how many sterile neutrinos are considered as long as they
are all in the averaged out regime [213]. However, in our analysis of IceCube data we will
allow a free normalization of the events, given the large uncertainties in the atmospheric
neutrino fluxes, thus there will be no sensitivity to the normalization factor (1 —ay,,)?* nor
to the leaking term, which does not depend on energy nor baseline.

At leading order in «, and neglecting Am%l whose effect is negligible at the energies of
the IceCube data sample, the following probability is obtained

P~ 1—VRclar, 2 L2, (3.2.12)

where the overall normalization has also been dropped since we allow a free normal-
ization in the analysis. In order to ease the comparison with existing constraints from
SuperKamiokande [192] and DeepCore [206] and to make use of the nuSQuIDS soft-
ware [215,216] for numerical calculations without approximations, we will now partic-
ularize these expressions for the addition of a single sterile neutrino. With our given
parametrization, we find that

—1d24

U#4 = S94€ and UT4 = C24S534 , (3.2.13)

so that

apy =1—cog ~ |Uu4|2/27 rr =1 —c34 >~ |Ups|?/2, Qrpy = S94834€"024 ~ UT4U;4,
(3.2.14)
and thus
Py~ 1 — Vi3o|Uns 2| Ual* L? (3.2.15)

Therefore, the bounds will essentially follow a hyperbola in the |U, M4|2—]U.,4\2—plane.

Note that, in contrast to IceCube, for the SuperKamiokande and DeepCore energies the
atmospheric oscillation driven by AmZ, is relevant. Thus, the approximate Eq. (3.2.15)
is not valid and the sensitivity mainly stems from the interference between the standard
and sterile oscillations in Eqs. (3.2.10). Therefore, the phase of a,, i.e., d24 in the one
extra sterile neutrino scenario, has an impact on the oscillation probability. Specifically,
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Figure 3.1.: Muon neutrino survival probability using Eq. (3.2.11) as a function of energy.
The blue curve shows the oscillation probability without sterile mixing, while
the magenta solid (dashed) curve shows the probability for |U,4[* = 1071,
|Ur4|? = 0.15, and 24 = 0 (624 = 7). The baseline has been set to the diameter
of the Earth.

it can change the sign of the interference term between the atmospheric and the sterile
terms in the expression for the energy and the mixing angle in matter. As an example
of the impact of the phase, in Figure 3.1 the muon neutrino survival probability as a
function of the energy for |U4|? = 10716, |U4[? = 0.15, L = 1.2 x 10* km, and two
different values of the phase, da4 = 0 (solid line) and d24 = 7 (dashed line) is shown.
As comparison, the muon neutrino disappearance oscillation probability for zero sterile
mixing is also shown. These values of the sterile matrix elements are at the border of
the 90% C.L. region of SuperKamiokande. The sign of the interference term can also be
changed by changing the mass ordering (i.e., the sign of Am%l) or by switching between
neutrinos and antineutrinos (i.e., changing the sign of Vx¢). However, neither IceCube
nor SuperKamiokande or DeepCore can distinguish between neutrinos and antineutrinos
so this dependence is diluted in their data.

Conversely, experiments such as CHORUS and NOMAD explored the same parameter
space but instead exploiting the v, to v, appearance channel with negligible matter effects
leading to

. Am?2, L
Py = 4|U4)?|U 4/ sin® (4;‘71) . (3.2.16)

3.3. Simulation and results

One year of high-energy through-going muons released by the IceCube collaboration [110]
for the last IceCube detector stage with 86 strings will be analyzed. The data sample con-
sists of up-going track events so as to avoid the background from cosmic ray muons giving,
after all cuts, a sample purity better than 99.9%. Hence, the distances the signal neutrinos
travel are of the order of 10* km. The selected events have reconstructed energies between
400 GeV and 20 TeV and cosine of the reconstructed zenith angle between —1 and 0.2.
The sensitivity that a full 8-year IceCube sample would have as well as the prospects for
an exposure equivalent to 20 years of IceCube data will also be forecasted. For our simula-
tions, the neutrino flux computed with the analytic air shower code [217] using the cosmic
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ray flux from HondaGaisser model with Gaissser-Hillas H3a correction [218] together with
the hadronic model QGSJET II-04 [219] have been adopted. We have also verified that our
results do not change significantly under the assumption of different fluxes, such as using
the cosmic ray flux from the poly-gonato model [220,221] or the Zatsepin-Sokolskaya [222]
model updated with measurements by PAMELA [223] together with the hadronic model
SIBYLL2.3, RC1, point-like [224] or QGSJET II-04.

The propagation of the neutrinos was simulated using the nuSQuIDS software [215,216],
where the PREM profile [225] is implemented for the Earth matter density. Since we are
interested in the averaged out regime our simulations were performed with a sterile mass
squared difference of Am?, = 10® eV?, but we have verified that changing this parameter
does not alter the results as long as Am?%; > 100 eV? as expected.

Since neutrino and antineutrino interactions cannot be distinguished on an event basis,
the signal will contain both v, and 7, events. After propagating the flux for every value
of the sterile neutrino parameter, the Monte Carlo provided with the data releas [110] has
been used to compute the expected number of events Ny, ; in every bin of reconstructed
zenith angle.

In order to obtain the expected significance of the bounds on the sterile mixing param-
eters, we adopt a Poisson log-likelihood given by

N
L =— Z |:Nth,i — Nd,i + Nd,i log <Nd7’L >:| , (331)

th,i

%

where the Ny, ; and Ng; are the predicted and observed number of events given a set of
parameters in bin ¢, respectively, and the sum is taken over all the reconstructed zenith
angle bins 3.

The log-likelihood has been maximized for a number of nuisance parameters to include
the effect of possible systematic errors. In particular, the uncertainty in the pion-kaon
ratio of the initial flux (7/k), the efficiency of the digital optical modules (DOMs), and the
overall flux normalization have been considered. Since the observable is energy independent
for large values of the sterile neutrino mass (see Eq. (3.2.15)), only one energy bin has been
considered and the uncertainty in the energy spectrum slope has been neglected, while 40
bins for the reconstructed zenith angle have been adopted. For the pion-kaon ratio a
Gaussian prior with o/, = 0.05 has been adopted and no prior for the DOM efficiency
or the overall flux normalization has been assumed. The standard oscillation parameters
used in the simulations were set to their respective best-fit values from Tab. 3.1. To find
the confidence regions from the log-likelihood differences we assume that the prerequisites
for Wilks” theorem [226] holds so that likelihood ratios can be directly converted to a
confidence level.

In the left panel of Figure 3.2, the 90% C.L. constraints (for 2 degrees of freedom)
obtained for the public 1-year data (pink contours) in the |UM4\2—|UT4|2—plane is presented.
The existing bounds from SuperKamiokande [192] and DeepCore [206] at the same C.L.
are also shown for comparison by the hatched gray area. At 90% C.L. present data prefer
some degree of sterile mixing and we find that zero sterile mixing is disfavoured at 2.3c
(1 degree of freedom®). The preference for non-zero sterile mixing is independent on
the atmospheric sterile neutrino flux adopted in the analysis but its significance varies
between 1.6 and 3.0 ¢ with the different models tested. Given this preference for non-zero
sterile mixing, the current constraints from IceCube do not improve upon the combined
bounds from SuperKamiokande and DeepCore at 90% C.L. In the right panel, the same
information is shown at 99% C.L. In this case, the present l-year data gives an upper
bound that already slightly improves upon the present SuperKamiokande and DeepCore
constraints, ruling out the white region in the plot. We have also checked how these results

3Note that if Uys = 0, the v, survival oscillation probability is insensitive to Usa.
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Figure 3.2.: The left (right) panel shows in pink the constraints at 90% (99%) C.L. for
the sterile mixing elements from the released 1-year data. The cyan region
shows at the same C.L. the forecast for 8 years of IceCube data assum-
ing as true values |Uy|? = 1072, |Unq|> = 0.1, 624 = 0 (marked with a
star). The full (dashed) lines show the bounds for d24 = 0 (d24 = 7). The
solid (dashed) hatched regions are disfavoured by SuperKamiokande [192] and
DeepCore [206] (NOMAD [208]) data at the same C.L.

depend on the binning in energy and zenith angle. We have seen that when the data is
also binned in energy, the case of no active-sterile mixing becomes slightly less disfavoured.
Using different combinations of fluxes and binning, the no-mixing scenario is disfavoured
at between 0.74 and 3.1 o, depending on the combination. In particular, for the case of
10 energy bins and 21 bins in the zenith angle, as presented in ref. [110], the significance
varies between 0.75 and 3.0 0.4

The physics reach of an 8-year run of IceCube data if the present preference for sterile
mixing is maintained is also shown in cyan. In particular, the present best-fit value of
Uua? = 1072, |Upa]® = 0.29 lies in the already disfavoured region by DeepCore and
SuperKamiokande. Due to the hyperbola-shaped degeneracy of the oscillation probability
in the |UM4|2—\UT4|2—plane, there are values of the sterile oscillation parameters that provide
an almost equally good fit without being in tension with the other v, disappearance present
data. Remarkably, theses values of U4 are also compatible with the sterile neutrino
interpretation [202] of the upward directed cosmic ray shower observed by ANITA [203].
Indeed, the sterile neutrino interpretation of the ANITA results requires that the sterile
neutrino mass is between ~ 102 and ~ 10% eV, which would also fall in the averaged out
regime for IceCube studied here. However, all the parameter space preferred by IceCube
at the 90% C.L. is disfavoured by NOMAD [208] with the same significance. Indeed, the
null results in their v, search translates through Eq. (3.2.16) into |U,4|?|Us4|* < 8.3-1075
at the 90% C.L. for Am3; > 100 eV2. Nevertheless, the channel and underlying physics

~

explored to obtain the bounds are very different in the two sets of experiments. While

4 After this work was submitted to the arXiv, a different analysis [101] did not find any preference for non-
zero active-sterile mixing. In particular ref. [101] adopts the same binning as ref. [110] and marginalizes
over fluxes. Since in this case we find that no sterile mixing is disfavoured by only Ax? = 0.56, the
different approaches to the treatment of systematic errors can easily account for the small discrepancy
between the two results.



40 3. IceCube bounds on sterile neutrinos above 10 eV

~—— SK+DC disfavored
NOMAD disfavored
IceCube (8 years forecast)

—— SK+DC disfavored
NOMAD disfavored
—— IceCube (8 years forecast)

0.25F 0.25

IceCube (20 years forecast) IceCube (20 years forecast)

0.2} 0.2
N N
£ 0.15¢ £ 0.15
> >
0.1 0.1
0.05- 0.05
0 : S 0 s
1073 1072 107" 103 1072 107"
2 2
| Uu4 | | U[J4 |

Figure 3.3.: The left (right) panel shows the expected constraints in absence of sterile neu-
trino mixing at 90% (99%) C.L. for the sterile mixing elements from datasets
composed of 8-year (cyan) or 20-year (purple) of IceCube data. The full
(dashed) curves show the bounds for do4 = 0 (024 = 7). The solid (dashed)
gray hatched regions are disfavoured by SuperKamiokande [192] and Deep-
Core [206] (NOMAD [208]) data at the same C.L.

SuperKamiokande, DeepCore and IceCube analyze v, disappearance and the steriles are
probed via their matter effects as shown in Eq. (3.2.15), NOMAD and CHORUS searched
for v, appearance essentially in vacuum through Eq. (3.2.16). Thus, in presence of non-
standard matter effects (also conceivably in the sterile sector) the two results could still
be reconciled if a stronger tension should remain upon including more IceCube data. We
therefore simulate 8 years of IceCube data assuming |Uu4|2 = 1072, |Un4)? = 0.1, and
024 = 0 as the true oscillation parameters. As can be seen in Figure 3.2, the expected
confidence region region shrinks significantly with the additional statistics, while keeping
its shape. In particular, if the values of the sterile neutrino mixing marked by the star
were realized in nature, 8-years of IceCube data would disfavour no sterile mixing around
the 5o level.

The capability of larger IceCube samples to improve the present constraints on sterile
mixing in absence of sterile neutrinos have been also studied. In Figure 3.3, the contours
for 90% (left panel) and 99% C.L. (right panel) expected exclusion limits in the |U,.4|*
|U.-4)*-plane together with the existing bounds from SuperKamiokande and DeepCore are
presented. The bound on ]UM4\2 from 8 years of IceCube would improve over present con-
straints between a factor 1.3 for vanishing values of |U,4|? to around an order of magnitude
for |Ur4|? close to 0.1. Similarly, for |U,4|> ~ 1072, the constraint on |Ur4|? would improve
around a factor 5. In particular, the present best fit for non-zero sterile mixing would be
excluded at high significance (more than 50) and most of the currently preferred parameter
space at 90% C.L. (pink area in the left panel of Figure 3.2) disfavoured. Comparatively,
increasing the statistics up to 20-year of IceCube data yields a more modest improvement
in sensitivity. Remarkably, not even the 20-year scenario would improve over the present
NOMAD limit of |U,4|*|Ur4> < 8.3-1075 at the 90% C.L. Nevertheless, we consider the
two constraints complementary given the different physics probed by each of them.

The effect of the CP-violating phase d24 is also shown. In particular, the solid lines
correspond to do4 = 0 and the dashed lines to do4 = w. As can be seen, IceCube is not very
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sensitive to the sterile phase as oscillations due to the atmospheric mass squared difference
at energies above 100 GeV do not have time to develop. Indeed, from Figure 3.1 the v,
survival probability is essentially 1 in absence of sterile mixing for £ > 100 GeV.

3.4. Summary and conclusions

In this chapter we have presented the current constraints from the public 1-year IceCube
data as well as the expectations of a full 8-year dataset and forecasts for 20 years worth
of statistics to the mixing of sterile neutrinos with the p and 7 flavours. In particular, we
concentrated for the first time on larger masses for the extra neutrinos (Am? > 100 eV?)
than usually explored so that their oscillations are averaged out at IceCube. We find that
the public 1-year IceCube data presents some preference for non-zero sterile mixing in the
averaged out regime that would manifest via neutral-current-induced matter effects in the
v,, disappearance channel. In particular, values of the squared sterile mixing with the
flavour of order 1072 and with the 7 between 107! and 102 are favoured at around 2¢
with respect to no sterile mixing when no binning in energy and 40 bins in zenith angle are
adopted. These mixings are however in strong tension with cosmological constraints [204]
and some non-standard effect suppressing the production of these sterile neutrinos in
the early Universe would be necessary to reconcile these results [205]. Moreover, these
mixings are also in tension with present data from CHORUS [207] and NOMAD [208]
which, however, explore a different channel without matter effects. Thus, in presence of
non-standard matter effects the two results could be potentially reconciled.

We have also studied the sensitivity that 8 years of IceCube data, close to the data that
should be presently available, would have and find that it would be sufficient to either
confirm the present preference or exclude it with high significance (more than 50) and set
stringent constraints improving around an order of magnitude over SuperKamiokande and
DeepCore present bounds in some parts of the parameter space. Since sterile neutrinos at
some mass scale are a general expectation of many extensions of the SM accounting for
neutrino masses, it will be very interesting to explore this part of the parameter space with
averaged out sterile neutrino oscillations using the full data sample collected by IceCube.



4. Dark Matter and the elusive Z’ in the
Dynamical Inverse Seesaw scenario

4.1. Introduction

The simplest and most popular mechanism to accommodate the evidence for neutrino
masses and mixings [36,227-231] and to naturally explain their extreme smallness, calls
upon the introduction of right-handed neutrinos through the celebrated Seesaw mech-
anism [63-65, 67, 68, 232]. Its appeal stems from the simplicity of its particle content,
consisting only of the right-handed neutrinos otherwise conspicuously missing from the
Standard Model (SM) ingredients. In the Seesaw mechanism, the smallness of neutrino
masses is explained through the ratio of their Dirac masses and the Majorana mass term
of the extra fermion singlets. Unfortunately, this very same ratio suppresses any phe-
nomenological probe of the existence of this mechanism. Indeed, either the right-handed
neutrino masses would be too large to be reached by our highest energy colliders, or the
Dirac masses, and hence the Yukawa interactions that mediate the right-handed neutrino
phenomenology, would be too small for even our more accurate precision probes through
flavour and precision electroweak observables.

However, a large hierarchy of scales is not the only possibility to naturally explain
the smallness of neutrino masses. Indeed, neutrino masses are protected by the B — L
(Baryon minus Lepton number) global symmetry, otherwise exact in the SM. Thus, if
this symmetry is only mildly broken, neutrino masses will be necessarily suppressed by
the small B — L-breaking parameters. Conversely, the production and detection of the
extra right-handed neutrinos at colliders as well as their indirect effects in flavour and
precision electroweak observables are not protected by the B — L symmetry and therefore
not necessarily suppressed, leading to a much richer and interesting phenomenology. This
is the rationale behind the popular Inverse Seesaw Mechanism [74] (ISS) as well as the
Linear [76,233] and Double Seesaw [74,77-79] variants.

In the presence of right-handed neutrinos, B — L is the only flavour-universal SM quan-
tum number that is not anomalous, besides hypercharge. Therefore, just like the addition
of right-handed neutrinos, a very natural plausible SM extension is the gauging of this
symmetry. In this work these two elements are combined to explore a possible dynamical
origin of the ISS pattern from the spontaneous breaking of the gauged B — L symmetry.

Previous models in the literature have been constructed using the ISS idea or gauging
B — L to explain the smallness of the neutrino masses, see e.g. [234-239]. A minimal model
in which the ISS is realised dynamically and where the smallness of the Lepton Number
Violating (LNV) term is generated at the two-loop level was studied in [240]. Concerning
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U(1)p—r, extensions of the SM with an ISS generation of neutrino masses, several models
have been investigated [241-244]. A common origin of both sterile neutrinos and Dark
Matter (DM) has been proposed in [245,246]. An ISS model which incorporates a keV
sterile neutrino as a DM candidate was constructed in e.g. [247]. Neutrino masses break
B—L, if this symmetry is not gauged and dynamically broken, a massless Goldstone boson,
the Majoron, appears in the spectrum. Such models have been investigated for example
in [245,248].

Interestingly, since the ISS mechanism requires a chiral pattern in the neutrino sector,
the gauging of B — L predicts the existence of extra fermion singlets with non-trivial
charges so as to cancel the anomalies. We find that these extra states may play the role
of DM candidates as thermally produced Weakly Interacting Massive Particles (WIMPs)
(see for instance [249,250] for a review).

Indeed, the extra states would form a dark sector, only connected to the SM via the Z’
gauge boson associated to the B — L symmetry and, more indirectly, through the mixing
of the scalar responsible for the spontaneous symmetry breaking of B — L with the Higgs
boson. For the simplest charge assignment, this dark sector would be constituted by one
heavy Dirac and one massless Weyl fermion with large B — L charges. These large charges
make the Z' couple preferentially to the dark sector rather than to the SM, making it
particularly elusive. In this work the phenomenology associated with this dark sector and
the elusive Z’ is investigated. We find that the heavy Dirac fermion of the dark sector can
be a viable DM candidate with its relic abundance mediated by the elusive Z’. Conversely,
the massless Weyl fermion can be probed through measurements of the relativistic degrees
of freedom in the early Universe. The collider phenomenology of the elusive Z’ is also
investigated and the LHC bounds are derived.

The chapter is structured as follows. In Sec. 4.2 we describe the features of the model,
namely its Lagrangian and particle content. In Sec. 4.3 we analyse the phenomenology
of the DM candidate and its viability. The collider phenomenology of the Z’ boson is
discussed in Sec. 4.4. Finally, in Secs. 4.5 and 4.6 we summarise our results and conclude.

4.2. The model

The usual ISS model consists of the addition of a pair of right-handed SM singlet
fermions (right-handed neutrinos) for each massive active neutrino [74,251-253]. These
extra fermion copies, say Ng and Ny, carry a global Lepton Number (LN) of +1 and —1,
respectively, and this leads to the following mass Lagrangian

— Ligs = LY, HNg + NgMyNp + Njgu Np + hec., (4.2.1)

where Y, is the neutrino Yukawa coupling matrix, H = iocoH* (H being the SM Higgs
doublet) and L is the SM lepton doublet. Moreover, My is a LN conserving matrix, while
the mass matrix p breaks LN explicitly by 2 units.

The right-handed neutrinos can be integrated out, leading to the Weinberg operator [62]
which generates masses for the light, active neutrinos of the form:

my ~ Y, Myt (M) YL (4.2.2)

Having TeV-scale right-handed neutrinos (e.g. motivated by naturalness [254,255]) and
O(1) Yukawa couplings would require o ~ O( keV). In the original ISS formulation [74],
the smallness of this LNV parameter arises from a superstring inspired E6 scenario. Al-
ternative explanations call upon other extensions of the SM such as Supersymmetry and
Grand Unified Theories (see for instance [76,256]). Here a dynamical origin for p will be
instead explored. The p parameter is technically natural: since it is the only parameter
that breaks LN, its running is multiplicative and thus once chosen to be small, it will
remain small at all energy scales.
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To promote the LN breaking parameter p in the ISS scenario to a dynamical quantity,
we choose to gauge the B — L number [257]. The spontaneous breaking of this symmetry
will convey LN breaking, generate neutrino masses via a scalar vev, and give rise to a
massive vector boson, dubbed here Z’. B — L is an accidental symmetry of the SM, and it
is well motivated in theories in which quarks and leptons are unified [258-261]. In unified
theories, the chiral anomalies cancel within each family, provided that SM fermion singlets
with charge +1 are included. In the usual ISS framework, this is not the case due to the
presence of right-handed neutrinos with charges +1 and —1. The triangle anomalies that
do not cancel are those involving three U(1)p_y, vertices, as well as one U(1)p_p, vertex
and gravity. Therefore, to achieve anomaly cancellation for gauged B — L we have to
include additional chiral content to the model with charges that satisfy

Y Qi=0=> QiL-> Qr=0, (4.2.3)
Y QI=0=3 0k -) Q=0 (4.2.4)

where the first and second equation refer to the mixed gravity-U(1)p_z and U(1)%_;
anomalies, respectively. The index 7 runs through all fermions of the model.

In the following subsections we will discuss the fermion and the scalar sectors of the
model in more detail.

4.2.1. The fermion sector

Besides the anomaly constraint, the ISS mechanism can only work with a certain number
of Nr and N, fields (see, e.g., Ref. [262]). We find a phenomenologically interesting and
viable scenario which consists of the following copies of SM fermion singlets and their
respective B — L charges: 3 Ng with charge —1; 3 Nj, with charge +1; 1 xr with charge
+5; 1 x, with charge +4 and 1 w with charge +4' Some of these right-handed neutrinos
allow for a mass term, namely, M N]\T]%LN 7, but to lift the mass of the other sterile fermions
and to generate SM neutrino masses, two extra scalars are introduced. Thus, besides
the Higgs doublet H, the scalar fields ¢ with B — L charge +1 and ¢o with charge +2
are considered. The SM leptons have B — L charge —1, while the quarks have charge
1/3. The scalar and fermion content of the model, related to neutrino mass generation,
is summarised in Table 4.1. The most general Lagrangian in the neutrino sector is then
given by?

—L,=LY,HNg + NEMNNp + ¢paNEYNNR + ¢5(NR) YN + ¢1XL Yaxr + hec.,
(4.2.5)

where the capitalised variables are to be understood as matrices (the indices were omitted).

The singlet fermion spectrum splits into two parts, an ISS sector composed by v, Ng,
and Np, and a dark sector with xz and xr, as can be seen in the following mass matrix
written in the basis (v{, Nr, Nj, X, XR):

0 Y,H 0 0 0
YTH! Yn¢s My | 0 0
M= 0 ML Yoy | 0 0 : (4.2.6)
0 0 0 0 Yy
0 0 0 |Yl¢r 0

ntroducing 2 Ng and 3 Nj as for example in [247] leads to a keV sterile neutrino as a potentially
interesting warm DM candidate [263] in the spectrum due to the mismatch between the number of
Ngr and Nj. However, the relic abundance of this sterile neutrino, if thermally produced via freeze
out, is an order of magnitude too large. Thus, in order to avoid its thermalisation, very small Yukawa
couplings and mixings must be adopted instead.

2Notice that a coupling ¢;wY., xr, while allowed, can always be reabsorbed into d1XL Yy XRr through a
rotation between w and xr..
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Particle $1 | ¢2 | v | NR | N | Xr | X1 | w
U(l)p—r charge | +1 | 42 | =1 | =1 | +1 | +5 | +4 | +4
Multiplicity | 1 | 1 | 3 | 3 | 3 | 1 | 1 | 1

Table 4.1.: Neutral fermions and singlet scalars with their U(1)p_r, charge and their mul-
tiplicity. ¢1,2 are SM singlet scalars while N, N and xg are right-handed
and yr and w are left-handed SM singlet fermions respectively.

The dynamical equivalent of the p parameter can be identified with Y} ¢33. After ¢;
develops a vacuum expectation value (vev) a Dirac fermion x = (xr, xr) and a massless
fermion w are formed in the dark sector. Although the cosmological impact of this extra
relativistic degree of freedom may seem worrisome at first, we will show later that the
contribution to Neg is suppressed as this sector is well secluded from the SM.

To recover a TeV-scale ISS scenario with the correct neutrino masses and O(1) Yukawa
couplings, v9 = ¢ ~ keV < v (where v = H = 246 GeV is the electroweak vev) and
Mp ~ TeV are needed. Moreover, the mass of the B — L gauge boson will be linked to
the vevs of ¢ and ¢2, and hence to lift its mass above the electroweak scale will require
v = ¢1 2 TeV. In particular, we will show that a triple scalar coupling n¢?¢} can induce
a small vy even when v; is large, similar to what occurs in the type-II seesaw [68—71,264].
After the spontaneous symmetry breaking, the particle spectrum would then consist of a
B — L gauge boson, 3 pseudo-Dirac neutrino pairs and a Dirac dark fermion at the TeV
scale, as well as a massless dark fermion. The SM neutrinos would in turn develop small
masses via the ISS in the usual way. Interestingly, both dark fermions only interact with
the SM via the new gauge boson Z’ and via the suppressed mixing of ¢; with the Higgs.
They are also stable and thus the heavy dark fermion is a natural WIMP DM candidate.
Since all new fermions carry B — L charge, they all couple to the Z’, but specially the ones
in the dark sector which have larger B — L charge.

4.2.2. The scalar sector
The scalar potential of the model can be written as

V= ”"LHHULHA (HTH)? + ¢1¢1+—2¢2¢2+ o100+ 2630 (427)

' ﬁwl)(m) + *<¢1¢1><H*H> + 7<¢;¢2><H*H> (6305 + 66).

Both m? 7 and 'm1 are negative, but m2 is positive and large. Then, for suitable values of
the quartic couplings, the vev of ¢, vo, is only induced by the vev of ¢1, v1, through n and
thus it can be made small. With the convention ¢; = (vj + ¢; +ia;)/v/2 and the neutral
component of the complex Higgs field given by HY = (v + h +iGz)/v/2 (where Gz is the
Goldstone associated with the Z boson mass), the minimisation of the potential yields

1 1
m%{ = —5 (AlHU% + )\2va + 2)\HU2) ~ —5 (AlHU% + 2)\H1)2) , (4.2.8)
1 1
mi = —3 <2)\1v% + Mgv? — 4V 200y + )\127J§> ~—— (2)\11)% + )\1HU2) ) (4.2.9)
2 A A
m3 = V2 A V2 g = 22 *[77“1 (4.2.10)
(%) 2 2 (%)

or, equivalently,
V2 mff

mz

vy ~ (4.2.11)

3The analogous term Yy@o - also dynamically generated - contributes to neutrino masses only at the
one-loop level and is therefore typically sub-leading.



4.3. Dark matter phenomenology 47

Clearly, when n — 0 or m3 — oo, the vev of ¢ goes to zero. For example, to obtain
vy ~ O(keV), one could have my ~ 10 TeV, v; ~ 10 TeV, and n ~ 1075 GeV. The

neutral scalar mass matrix is then given by

Av? Agv1v/2 0
ME~ | Mpviv/2 Mol —2nvy | . (4.2.12)
0 V2o i /vV2v

Higgs data constrain the mixing angle between Re(H") and Re(¢Y) to be below ~ 30% [265].
Moreover, since 1 < mo, vy, the mixing between the new scalars is also small. Thus, the
masses of the physical scalars h, ¢ and @9 are approximately

mi = \gv?, mil = \v?, and m?@ =m3/2, (4.2.13)

while the mixing angles a1 and ag between h — 1 and p; — @2, respectively, are

A
tan g ~ I—HL, and tanog ~ 222, (4.2.14)
A1 201 U1
If v ~ TeV and the quartics A\; and A\ are O(1), the mixing o is expected to be small
but non-negligible. A mixing between the Higgs doublet and a scalar singlet can only
diminish the Higgs couplings to SM particles. Concretely, the couplings of the Higgs to

gauge bosons and fermions, relative to the SM couplings, are
KF = Ky = COS /1, (4.2.15)

which is constrained to be cosaj > 0.92 (or equivalently sin ; < 0.39) [266]. Since the
massless fermion does not couple to any scalar, and all other extra particles in the model
are heavy, the modifications to the SM Higgs couplings are the only phenomenological
impact of the model on Higgs physics. The other mixing angle, as, is very small since it is
proportional to the LN breaking vev and thus is related to neutrino masses. Its presence
will induce a mixing between the Higgs and @9, but for the parameters of interest here it
is unobservable.

Besides Higgs physics, the direct production of ¢ at LHC via its mixing with the Higgs
would be possible if it is light enough. Otherwise, loop effects that would change the W
mass bound can also test this scenario imposing sina; < 0.2 for my,, = 800 GeV [265].

Apart from that, the only physical pseudoscalar degree of freedom is

1

2u9a1 — V10 4.2.16
v%+4v§[ 2 1a2] ( )

and its mass is degenerate with the heavy scalar mass, ma ~ my,.

We have built this model in SARAH 4.9 [267-270]. This Mathematica package produces
the model files for SPheno 3.3.8 [271,272] and CalcHep [273] which are then used to
study the DM phenomenology with Micromegas 4.3 [274]. We have used these packages
to compute the results presented in the following sections. Moreover, we will present
analytical estimations to further interpret the numerical results.

4.3. Dark matter phenomenology

As discussed in the previous section, in this dynamical realisation of the ISS mechanism
we have two stable fermions. One of them is a Dirac fermion, x = (xr, xr), which acquires
a mass from ¢1, and therefore is manifest at the TeV scale. The other, w, is massless and
will contribute to the number of relativistic species in the early Universe. First we analyse
if x can yield the observed DM abundance of the Universe.
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Figure 4.1.: DM annihilation channels xx — ff via the Z’ boson and xx — Z'Z’. The
XX — Z'Z' channel opens up when M2, < mi. Since the process xx — @1 —
Z'Z' is velocity suppressed this diagram is typically subleading.

4.3.1. Relic density

In the early Universe, x is in thermal equilibrium with the plasma due to its gauge
interaction with Z’. The relevant part of the Lagrangian is

1
Loy = —gBLXY"(5Pr + 4PL)XZ], + 5Mg,zlgz’ﬂ — MAXX, (4.3.1)

where
My = gBL\/U% + 4’[}% ~ gprv1, and my = val/\/i, (432)

and Ppg 1, are the chirality projectors.
The main annihilation channels of y are xy — ff via the Z’ boson exchange and
XX — Z'Z' - if kinematically allowed (see fig. 4.1).
The annihilation cross section to a fermion species f, at leading order in v, reads:
2 2 4 2
q%, T4 gpr,m
2 1fr, Ir BL™""x 2
+ O (v°), 4.3.3
) 8w (4mi — 42\4'%/)2 + P2 /M%/ ( ) ( )

ovfif = nc(qXL + dxr

see e.g. [275,276], where n. is the color factor of the final state fermion (=1 for leptons),
qx, = 4 and ¢y, = 5 and gy, , are the B — L charges of the left- and right-handed
components of the DM candidate x and of the fermion f, respectively. Moreover, the
partial decay width of the Z’ into a pair of fermions (including the DM, for which f = x)
is given by

, (s (5, ) (5, —5)

ff _
I'y, =ne gpL 247TM%, (4.3.4)

When M2, < mi, the annihilation channel yxy — Z’Z’ is also available. The cross

section for this process (lower diagrams in fig. 4.1) is given by (to leading order in the
relative velocity) [275]

2\ 3/2 2\ —2
v 1 Mg M
2567rm§<M%, mi 2m§<

(SgéL(QXR + QXL)z(QXR - qXL)2mi + ((qXR - qXL)4 + (qXR + qXL)4
—6(qx — @) (axn + ax)?) 9BLMZ) (4.3.5)
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The xX — p1 — Z'Z' (upper right diagram in fig. 4.1) channel is velocity suppressed and
hence typically subleading. Further decay channels like xx — @141 and xx — Z’'¢1 open
when 2m, > my, + Mgy, (Mg, +my,). With my = Y, /v2v1, my, = v Av1, my = geru
and the additional constraint from perturbativity Y, <1 we get only small kinematically
allowed regions which play a subleading role for the relic abundance. The cross section for
the annihilation channel yxy — Z’h° is also subleading due to the mixing angle a1 between
¢1 — h® which is small although non-negligible (cf. Eq. (4.2.14)).

The relic density of x has been computed numerically with Micromegas obtaining also,
for several points of the parameter space, the DM freeze-out temperature at which the
annihilation rate becomes smaller than the Hubble rate ovn, < H. Given the freeze-out
temperature and the annihilation cross sections of Egs. (4.3.3) and (4.3.5), the DM relic
density can thus be estimated by [277]:

_25-10%m,
_T>f<'°~M1%l GOV’

Q. h? (4.3.6)
where g, is the number of degrees of freedom in radiation at the temperature of freeze-out of
the DM (T: )fc'o'), ov is its thermally averaged annihilation cross section and Mp; = 1.2-10%
GeV is the Planck mass. In Sec. 4.5 we will use this estimation of Qxh2 together with its
constraint Qxh2 ~ 0.1186 £ 0.0020 [81,278] to explore the regions of the parameter space
for which the correct DM relic abundance is obtained.

4.3.2. Direct Detection

The same Z’ couplings that contribute to the relic abundance can give rise to signals
in DM direct detection experiments. The DM-SM interactions in the model via the Z’
are either vector-vector or axial-vector interactions. Indeed, the Z’- SM interactions are
vectorial (with the exception of the couplings to neutrinos) while x has different left-
and right-handed charges. The axial-vector interaction does not lead to a signal in direct
detection and the vector-vector interaction leads to a spin-independent cross section [279].

The cross section for coherent elastic scattering on a nucleon is

2 2 2
pp _ PN (9 9BL
=== 4.3.7
T ez, (4.3.7)

where p1,n is the reduced mass of the DM-nucleon system. The strongest bounds on the
spin-independent scattering cross section come from LUX [280] and XENONI1T [281]. The
constraint on the DM-nucleon scattering cross section is O'SD <107 pb for my =1 TeV
and O'?D < 1078 pb for m, = 10 TeV. The experimental bound on the spin-independent
cross section (Eq. (4.3.7)) allows to derive a lower bound on the vev of ¢;:

109\ 1/4
2.2 10}> . (4.3.8)

CeV] > | 222
v [GeV] (U;E’D [pb

This bound pushes the DM mass to be m, 2 TeV. For instance, for gg;, = 0.25 and
mz = 10 TeV, a DM mass m, = 3.8 TeV is required to have U?D ~ 9x10719 pb. In turn,
this bound translates into a lower limit on the vev of ¢1: v1 2 40 TeV (with Y, 2 0.1). Next
generation experiments such as XENONI1T [282] and LZ [283] are expected to improve the
current bounds by an order of magnitude and could test the parameter space of this model,
as it will be discussed in Sec. 4.5.

4.3.3. Indirect Detection

In full generality, the annihilation of x today could lead also to indirect detection signa-
tures, in the form of charged cosmic rays, neutrinos and gamma rays. However, since the
main annihilation channel of x is via the Z’ which couples dominantly to the dark sector,
the bounds from indirect detection searches turn out to be subdominant.
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The strongest experimental bounds come from gamma rays produced through direct
emission from the annihilation of y into 777~. Both the constraints from the Fermi-LAT
Space Telescope (6-year observation of gamma rays from dwarf spheroidal galaxies) [159]
and H.E.S.S. (10-year observation of gamma rays from the Galactic Center) [156] are not
very stringent for the range of DM masses considered here. Indeed, the current experimen-
tal bounds on the velocity-weighted annihilation cross section < ov > (xx — 7777 ) range
from 1072° cm3s™! to 10722 em3s~! for DM masses between 1 and 10 TeV. These values
are more than two orders of magnitude above the values obtained for the regions of the
parameter space in which we obtain the correct relic abundance (notice that the branching
ratio of the DM annihilation to x into 777~ is only about 5%). Future experiments like
CTA [157] could be suited to sensitively address DM masses in the range of interest of this
model (m, 2 1 TeV).

4.3.4. Effective number of neutrino species, N

The presence of the massless fermion w implies a contribution to the number of rela-
tivistic degrees of freedom in the early Universe. In the following, we discuss its contri-
bution to the effective number of neutrino species, Neg, which has been measured to be
NP = 3.04 £0.33 [81]. Since the massless w only interacts with the SM via the Z’, its
contribution to N.g will be washed out through entropy injection to the thermal bath by
the number of relativistic degrees of freedom g¢,(7") at the time of its decoupling:

7o\ ! 1\
= (%) = () )

where T is the freeze-out temperature of w and T}, is the temperature of the neutrino
background. The freeze-out temperature can be estimated when the Hubble expansion
rate of the Universe H = 1.66,/g,T 2 /Mp; overcomes the w interaction rate I' =< ov > n,
leading to:

2.16,/g. M3,
Mpiggy, > 4(q5, +47,)

(TE0)3 (4.3.10)

With the typical values that satisfy the correct DM relic abundance: myz ~ O(10 TeV)
and gpr, ~ 0(0.1) w would therefore freeze out at T ~ 4 GeV, before the QCD phase
transition. Thus, the SM bath will heat significantly after w decouples and the contribution
of the latter to the number of degrees of freedom in radiation will be suppressed:

AN.g ~ 0.026 (4.3.11)

which is one order of magnitude smaller than the current uncertainty on N.g. For gauge
boson masses between 1-50 TeV and gauge couplings between 0.01 and 0.5, ANgg €
[0.02,0.04]. Nevertheless, this deviation from Neg matches the sensitivity expected from
a EUCLID-like survey [284,285] and would be an interesting probe of the model in the
future.

4.4. Collider phenomenology

The new gauge boson can lead to resonant signals at the LHC. Dissimilarly from the
widely studied case of a sequential Z’ boson, where the new boson decays dominantly to
dijets, the elusive Z’ couples more strongly to leptons than to quarks (due to the B — L
number). Furthermore, it has large couplings to the SM singlets, specially x and w which
carry large B — L charges. Thus, typical branching ratios are ~70% invisible (i.e. into SM
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neutrinos and w), ~12% to quarks and ~18% to charged leptons.* LHC Z' — ete™, upu~
resonant searches [286,287] can be easily recast into constraints on the elusive Z’. The
production cross section times branching ratio to dileptons is given by

_ qu ~ _
olpp = Z' = h) = mr(z’ — q7)BR(Z' — (1), (4.4.1)

S

where s is the center of mass energy, I'(Z' — ¢q) is the partial width to ¢g pair given
by Eq. (4.3.4), and Cy, is the ¢g luminosity function obtained here using the parton
distribution function MSTW2008NLO [288]. To have some insight on what to expect, we
compare our Z' with the usual sequential standard model (SSM) Z’, in which all couplings
to fermions are equal to the Z couplings. The dominant production mode is again qg — Z’
though the coupling in our case is mostly vectorial. The main dissimilarity arrives from
the branching ratio to dileptons, as there are many additional fermions charged under the
new gauge group. In summary, only O(1) differences in the gauge coupling bounds are
expected, between the SSM Z’ and our elusive Z'.

4.5. Results

We now combine in fig. 4.2 the constraints coming from DM relic abundance, DM direct
detection experiments and collider searches. We can clearly see the synergy between
these different observables. Since the DM candidate in our model is a thermal WIMP,
the relic abundance constraint puts a lower bound on the gauge coupling, excluding the
blue shaded region in the panels of fig. 4.2. On the other hand, LHC resonant searches
essentially put a lower bound on the mass of the Z’ (red shaded region), while the LUX
direct detection experiment constrains the product gpy, - My from above (orange shaded
region). For reference, we also show the prospects for future direct detection experiments,
namely, XENONIT (orange short-dashed line, projected sensitivity assuming 2¢ - y) and
LZ (orange long-dashed line, projected sensitivity for 1000d of data taking). Finally, if the
gauge coupling is too large, perturbativity will be lost. To estimate this region we adopt
the constraint ggr, * qmax < V27 and being the largest B — L charge qua.x = 5, we obtain
gBL > 0.5 for the non-perturbative region. The white region in these panels represents the
allowed region. We present four different DM masses so as to exemplify the dependence
on my. First, we see that for DM masses at 1 TeV (upper left panel), there is only a tiny
allowed region in which the relic abundance is set via resonant xxY — Z’ — ff annihilation.
For larger masses, the allowed region grows but some amount of enhancement is in any case
needed so that the Z’ mass needs to be around twice the DM mass in order to obtain the
correct relic abundance. For m, above 20 TeV (lower right panel), the allowed parameter
space cannot be fully probed even with generation-2 DM direct detection experiments.

On top of the DM and collider phenomenology discussed here, this model allows for a rich

phenomenology in other sectors. In full analogy to the standard ISS model, the dynamical
ISS mechanism here considered is also capable of generating a large CP asymmetry in
the lepton sector at the TeV scale, thus allowing for a possible explanation of the baryon
asymmetry of the Universe via leptogenesis [289-292].
Moreover, the heavy sterile states typically introduced in ISS scenarios, namely the three
pseudo-Dirac pairs from the states N and NI/% can lead to new contributions to a wide
array of observables [68,175-185,188-190,293-302] such as weak universality, lepton flavour
violating or precision electroweak observables, which allow to constrain the mixing of the
SM neutrinos with the extra heavy pseudo-Dirac pairs to the level of 1072 or even better
for some elements [98,187].

4If the decay channels to the other SM singlets are kinematically accessible, specially into x and into the
Ngr, Nf, pseudo-Dirac pairs, the invisible branching ratio can go up to ~ 87%, making the Z’ even more
elusive and rendering these collider constraints irrelevant with respect to direct DM searches.
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Figure 4.2.: Summary plots of our results. The red region to the left is excluded by LHC
constraints on the Z’ (see text for details), the region above gp;, > 0.5 is
non-perturbative due to ggr, * gmax < V27, In the blue shaded region DM is
overabundant. The orange coloured region is already excluded by direct de-
tection constraints from LUX [280], the short-dashed line indicates the future
constraints from XENONIT [282] (projected sensitivity assuming 2t - y), the
long-dashed line the future constraints from LZ [283] (projected sensitivity for
1000d of data taking).
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4.6. Conclusions

The simplest extension to the SM particle content so as to accommodate the experi-
mental evidence for neutrino masses and mixings is the addition of right-handed neutrinos,
making the neutrino sector more symmetric to its charged lepton and quark counterparts.
In this context, the popular Seesaw mechanism also gives a rationale for the extreme
smallness of these neutrino masses as compared to the rest of the SM fermions through a
hierarchy between two different energy scales: the electroweak scale — at which Dirac neu-
trino masses are induced — and a much larger energy scale tantalizingly close to the Grand
Unification scale at which Lepton Number is explicitly broken by the Majorana mass of
the right-handed neutrinos. On the other hand, this very natural option to explain the
smallness of neutrino masses automatically makes the mass of the Higgs extremely unnat-
ural, given the hierarchy problem that is hence introduced between the electroweak scale
and the heavy Seesaw scale.

The ISS mechanism provides an elegant solution to this tension by lowering the Seesaw
scale close to the electroweak scale, thus avoiding the Higgs hierarchy problem altogether.
In the ISS the smallness of neutrino masses is thus not explained by a strong hierarchy
between these scales but rather by a symmetry argument. Since neutrino masses are
protected by the Lepton Number symmetry, or rather B — L in its non-anomalous version,
if this symmetry is only mildly broken, neutrino masses will be naturally suppressed by
the small parameters breaking this symmetry. In this work, the possibility of breaking this
gauged symmetry dynamically has been explored.

Since the ISS mechanism requires a chiral structure of the extra right-handed neutrinos
under the B — L symmetry, some extra states are predicted for this symmetry to be gauged
due to anomaly cancellation. The minimal such extension requires the addition of three
new fields with large non-trivial B — L charges. Upon the spontaneous breaking of the
B — L symmetry, two of these extra fields become a massive heavy fermion around the
TeV scale while the third remains massless. Given their large charges, the Z’' gauge boson
mediating the B — L symmetry couples preferentially to this new dark sector and much
more weakly to the SM leptons and particularly to quarks, making it rather elusive.

The phenomenology of this new dark sector and the elusive Z’ has been investigated. We
find that the heavy Dirac fermion is a viable DM candidate in some regions of the parameter
space. While the elusive nature of the heavy Z’ makes its search rather challenging at the
LHC, it would also mediate spin-independent direct detection cross sections for the DM
candidate, which place very stringent constraints in the scenario. Given its preference
to couple to the dark sector and its suppressed couplings to quarks, the strong tension
between direct detection searches and the correct relic abundance for Z’ mediated DM
is mildly alleviated and some parts of the parameter space, not far from the resonance,
survive present constraints. Future DM searches by XENONI1T and LZ will be able to
constrain this possibility even further. Finally, the massless dark fermion will contribute to
the amount of relativistic degrees of freedom in the early Universe. While its contribution
to the effective number of neutrinos is too small to be constrained with present data,
future EUCLID-like surveys could reach a sensitivity close to their expected contribution,
making this alternative probe a promising complementary way to test this scenario.



5. Natural and Dynamical Neutrino Mass
Mechanism at the LHC

5.1. Introduction

The presence of non-zero neutrino masses, as inferred by neutrino oscillation experi-
ments, is the only laboratory-based evidence of physics beyond the standard model [163,
164]. Strictly speaking, neutrinos have no mass in the standard model (SM). There is no
unique prescription of how neutrino could become massive. Perhaps the simplest way of
generating neutrino masses is via the seesaw framework. In its naive realizations, seesaw
types I, IT and III [64, 65, 67,68, 70,71,74], a large suppression of the electroweak break-
ing scale provides an explanation for the smallness of neutrino masses. Without a full
underlying framework, like Grand Unified Theories or Supersymmetry, these mechanisms
typically introduce a hierarchy problem due to the large mass gap [255] or rely on very
small (but technically natural [139]) parameters.

In general, the seesaw mechanism generates a small parameter from the ratio of two
disparate physics scales, e.g., electroweak versus Grand Unification scales. Therefore,
when we set the new heavy states to the weak scale (such as done in studies of type II
seesaw at colliders [303,304]), the “seesaw” mechanism is exchanged by a small parameter.
This can be appreciated in a model independent way by writing down schematically the
Weinberg effective operator that generates neutrino masses [62], namely

Ls= %LLHH (5.1.1)

(H and L are the Higgs and lepton doublets) and observing that if A ~ (H) then the Wilson
coeflicient ¢ needs to be tiny in order to obtain sub-electronvolt neutrino masses. We will
show in this Letter that a simple generalization of the type II seesaw can dynamically
generate this small parameter by replacing the seesaw by a chain of seesaws.

More concretely, in type Il seesaw a scalar triplet

_ ot /V2 s+t
A= ( (va + 6 +iag) /2 —6F/V2 > (5.1.2)

obtains its vacuum expectation value (vev) after electroweak symmetry breaking

po v

VA 2 = ——s

A \/i Mi?

where g is a dimensionful lepton number breaking parameter of the scalar potential, v =
246 GeV is the Higgs doublet vev, and Ma is approximately the physical mass of A.
Neutrino masses are given by m, = v/2Yva, with Y being a matrix of Yukawa couplings.

(5.1.3)
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Figure 5.1.: llustration of the generalized type Il seesaw mechanism for neutrino mass
generation.

We can immediately see that the smallness of neutrino masses can only be obtained by
having small Yukawas, large Ma, and/or small ad hoc lepton number breaking parameter
. For instance, if M is accessible at the LHC, say at the TeV scale, and the Yukawas
are taken to be of order 1, we obtain

my
;L_lﬁeV’<Qlev>. (5.1.4)
Since p = 0 restores a symmetry of the Lagrangian, it is not generated by other couplings
due to quantum corrections, thus being technically natural in the t’Hooft sense [139)].
Nevertheless, it is unappealing to have this enormous hierarchy of scales p/v < O(10~1)
put in arbitrarily. As suggested by the considerations made before regarding the Weinberg
operator, this is not exclusive to type II seesaw.

In this Letter we present a generalization of the type Il seesaw scenario which dynami-
cally generates a very low lepton number breaking scale from a small hierarchy. The model
is naturally found at the weak scale, introducing no new fine-tuning neither arbitrarily
small couplings. Our mechanism engenders a rich and vast phenomenology, including de-
viations of SM Higgs couplings, the presence of a massless Majoron, lepton flavor violation
and a smoking gun signature at the LHC which allows to distinguish this model from the
usual type II seesaw.

5.2. The mechanism

The idea simply amounts to replicate the induced vev suppression mechanism with
additional scalar singlets, as shown in Fig. 5.1. In our concrete setup, all mass parameters
are near the electroweak scale and all dimensionless couplings are of similar order, thus
yielding a natural model of neutrino masses accessible at the LHC. We will focus on
a scenario with two extra scalar singlets, as this is the most minimal realization that
successfully implements the mechanism and also exhibits all important phenomenological
features of our framework.

First we require dynamical lepton number breaking. To that end, we promote U(1),
lepton number to a global symmetry in which leptons have charge ieptons = +1/2 (the
normalization has been chosen for convenience) and quarks have no charge. The neutrino
Yukawa coupling

LY = Y (L) ioaAL +h.c. (5.2.1)

(09 is the second Pauli matrix, Y is a matrix of Yukawa couplings in flavor space, and ©
denotes charge conjugation) requires o = —1, forbidding the triple coupling uH ioo ATH.
We introduce the first complex SM singlet scalar S; with lepton number ¢; = +1 so its
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vev may play the role of the lepton number violating parameter u. Then, we generalize
the type II seesaw model by invoking another extra scalar singlet with charge o = 1/3,
allowing for a term S}S3 in the scalar potential. All scalars but the Higgs and Sy have
positive bare mass terms.The crucial point is that when Sy develops a vev spontaneously,
it induces a suppressed vev for Si, which then induces an even smaller vev for A. The
model can easily be generalized for any number N of scalar singlets, see Appendix A.1.
We identify the usual type II seesaw with a IV = 1-step version of the generalized model
in which S; is integrated out. Our model bears similarities with multiple seesaw and
clockwork models (see, for instance, Refs. [305-313]).

As we will see later, a simple 2-step realization can lead to small neutrino masses given
that some quartic couplings and neutrino Yukawas are of order 1072 ~ 10~3 (larger cou-
plings can be obtained in realizations with extra steps). Without further ado, we write
down the scalar potential

m2 2 )\H

A
V=— DHH 4 mA A+ m2S) — 28, + ML ()2 4 22(8,)?
2 2 4 4
2
+ M (S (H) + Mg (So)(H) + | AaH ioo ATHST — gxmsi*sg +h.c. (5.2.2)
AA N A1
+52A% 4 FAAA + 5(81)% 4 M2(S1)(S
4 4 4 (51) 12(51)(52) “incidental” terms

FAga(H)A + Ny A HEAATH + MaAA(S)) + A2aA(Ss),

where the parameters more relevant for the mechanism and the phenomenology are in

the first two lines. Although the quartic couplings on the third and fourth lines are
important for the stability of the potential, they play almost no role otherwise (thus called
“incidental”). The stability of the potential is not a primary concern of this manuscript,
but it is important to note that the quartic couplings A4 and N}, tend to destabilize the
potential, and hence are expected to be small. For more considerations regarding stability
see Appendix A.2. We define the neutral components of the fields as H = (v+h+ia)/v/2,
AY = (va + 6 +ias)/V2 and S; = (v + s; +ia;)/V?2, for j =1,2.

The positive mass terms for A and S; ensure that if Ay = M|, = 0 then the vevs for
these fields are zero. Notice that these two quartic couplings are protected from loop
corrections by accidental global U(1) symmetries. Moreover, A4 and A|, can be made real
by rephasing the scalar singlet fields. As long as va and vy are much smaller than v and
ve, we can obtain the former vevs by treating H and S as background fields. First we
obtain the approximate vevs of H and S5 by setting the other scalar fields to zero, that is,

o 1
272
Then, by replacing H and Ss by their vevs, we can easily calculate the vevs and the
spectrum of the other scalars:

1

Njyvd Aqv?oy
= = : 5.2.4
TTsMmz AT o (5:24)
and

2 1 2
Mj = iAHv ) (5.2.5a)

1
M2 =m? + 5(AlHuz + A\12v2), (5.2.5b)

1

M3 = §A2v§, (5.2.5¢)

1
M3 =mi + 3 [AQAU% + (Aga + )\/HA)U2] . (5.2.5d)
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Mixing Phenomenology

h — so | Higgs observables, direct so production

0 — 81 New LHC signatures, s1 decay modes
h—s1 s1 decay modes
S1 — 89 Irrelevant

Table 5.1.: Sizable scalar mixings and their phenomenological impact.

The physical masses of the scalars are approximately given by the M’s in Eqgs. (5.2.5a-
5.2.5d). Here we see the mechanism at work: A}, induces a suppression from v to vy,
and A4 induces a further suppression from v; to va. It is useful to write these quartics in
terms of the scalar masses and vevs,

Mna 2 va/ keV
=0. 2.
Aa = 0.008 (500 GeV) <v1/ MeV )’ (5:2.6a)

(M1/100 GeV)2(vi/ MeV)
(2}2/10 GeV)3 '

Xy =0.03 (5.2.6b)

Note that these relations do not depend on the number of steps, as long as the perturbation
theory holds.

5.3. Spectrum and mixing phenomenology

The scalar spectrum of this 2-step scenario consists of the 4 aforementioned neutral
scalars (h, §, s1, s2), singly and doubly charged scalars §* and 67", with masses approx-
imately given by Ma, two massive pseudoscalar degrees of freedom (as, a1) with masses
approximately given by Ma and Mj, and two massless Goldstone bosons. One of the
Goldstones is the longitudinal polarization of the Z boson while the other one is a mass-
less Majoron, J [314-316]. We will analyze the Majoron phenomenology in the following
section.

The mixings among the CP even scalars will have important phenomenological impacts
(see Table 5.1 for a summary). The mixings between h — s9, § — s1 and h — $1 are given
by

Aof Vo U
Opo =~ ~ 0.16\ 3.1
"EME M ~0.16 2H(m Gv)ﬁ“’ (5:3.1a)
AA v? _3 (va/ keV
Os1 ~ ——5—>5 ~10 —_— 5.3.1b
T MEoME or) Mev ) 19 (5:3.1b)
)\1HQ}1’U -5

where (4, = (1— M2 /M?2)~!. First, the Higgs mixing with so could in principle be sizable.
Observations of Higgs production and decay modes together with precision electroweak
measurements constrain the mixing angle o with a scalar singlet to be about sinf, <
0.2 — 0.3 for a 200—800 GeV singlet mass [265]. If the scalar is much lighter than the
Higgs, for instance in the region 1 < My < 10 GeV, the constraints on the mixing range
from sin @y < 1073 — 107! [317]. This Higgs-singlet mixing can lead to very interesting
phenomenology, but it is not an exclusive signature of our model. For small values of vs,
the invisible Higgs decay to a pair of Majorons strongly constrains this mixing, as we will
see later.

The mixing between § and sy is quite special, as it leads to drastic deviations from
the usual type II seesaw phenomenology. For 67, a new decay channel may open up,
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scalar Type II Generalized type II | parameters
ot T WEW WHW+s; A, O51
5t (ru, WHZ, Wh, tb WTsq vA, O51
0 vv, WIW~, ZZ, hh h s1 VA, 051
as vu, tt, Zh 7Z s1 va, O51
$1 not present v, qt, WIW =, 27 | va,0s1,0m

Table 5.2.: Typical decay modes in type II seesaw and new modes in the generalized type
II framework. In the last column it is indicated the most relevant parameters
governing the partial widths.
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Figure 5.2.: Branching ratios of 7 (upper panel) and §* (lower panel) as a function of the
triplet vev va for the usual type IT seesaw model (dotted) and our generalized
version (solid) . We considered my = 0.1 eV, as the lightest neutrino mass,
Mg+ = Mg++ =500 GeV, M; =100 GeV, and 057 = 0.005.

0Tt — WHWts; with s; typically decaying to neutrinos (via mixing with &), quarks or
gauge bosons (both via mixing with the Higgs) depending on its mass. Similarly, one can
have 7 — W*s; and 6 — hs;. Another distinctive feature is the possibility of having
sizable visible decays of the pseudoscalar, as — Zsi. Differently from type II seesaw,
these decays are controlled uniquely by the gauge coupling and the mixing angle f51. We
summarize these features in Table 5.2. As can be seen in Fig. 5.2 the new decays can
dominate a large region of parameter space in the generalized type II seesaw (solid lines)
compared to the usual case (dotted lines). As we will see later, these new decays provide
a smoking gun signature at the LHC, not only opening the possibility for discovering the
new particles, but also distinguishing the model from type II seesaw.

Finally, the mixing between the Higgs and s; given in Eq. (5.3.1c), although small, plays
a significant role in the scalar phenomenology. The s; decay to charged fermions, driven
by 61, will compete with the invisible decay to neutrinos, sourced by 651. By analyzing
the ratio of these partial widths (see Appendix A.3. for more details),

Doy 3.1 ((051/1073\% (m, /0.1 eV\? [ keV)”
F51_>ff - NC 9h1/10_5 mf/ GeV VA ’
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we can see that either visible or invisible s; decays can dominate in large natural regions
of the parameter space. In this manuscript we will focus on the latter. Besides, there is
some region of parameter space in which s; decays to b quarks and gives rise to displaced
vertices at the LHC. We will nevertheless refrain from analyzing that possibility here.

5.4. Majoron phenomenology
Before dwelling on the LHC signatures, we will first discuss the Majoron phenomenology.
Although a massless particle in the spectrum may at first seem problematic, its couplings
to standard model fermions are extremely suppressed due to the hierarchy of vevs. The
Majoron field is the linear combination
1 1 V3
J~ — | lviar + loyvaas + —vpaas — 2a ), (5.4.1)
£2’U2 2 v
where /1 = 1 and ¢, = 1/3 are the lepton numbers of the corresponding scalars. It is
straightforward to see that the Majoron has very small couplings to charged fermions
given by

yr va  1.6-107'8 (my/ GeV)(va/ keV)?

G = —— =
Iif \/5621121) 52 (1)2/10 GGV) ’
oA 5-1072 (m, /0.1 eV)
w = V2y, = s 4.2
GJ \/>y 627}2 62 (02/10 GeV) (5 )

easily avoiding constraints from neutrinoless double beta decay with Majoron emission
Gy < (0.8 —1.6) x 1077 [318], as well as astrophysical bounds G je. < 4.3 x 10713 [319].
Although a thermalized Majoron would contribute to increase the effective number of
relativistic degrees of freedom by 4/7, the tiny coupling in this scenario leads to very little
Majoron production in the early universe.

A stringent bound on the Higgs-so mixing comes from Higgs decaying invisibly to a
pair of Majorons [320]. It is straightforward to obtain the approximate constraint (see e.g.

Ref. [321]),

10 GeV ] [4.2 MeV 0.22 (54.3)

where I'j, is the Higgs total width and BRy iy is its invisible branching ratio. The
Higgs total width has only been measured indirectly, via comparison between on-shell
and off-shell Higgs production, yielding the model-dependent bound I’?LXP < 13 MeV
at 95% C.L. [322]. The Higgs invisible branching ratio has been bounded to be below
0.22 [154,323]. This strong bound on 62 could be alleviated by raising vy to the TeV.

9h2<15-103|: v2 H Ty BRusin |

5.5. Collider phenomenology

In this section, we study the collider phenomenology for the generalised type II seesaw
model. The leading production channels for this framework remain the same as in the
usual type II, , the charged Higgs states will be dominantly produced in pairs via s-
channel electroweak boson exchange, leading primarily to associated production of double
and single charged Higgs bosons 6+%7, followed by double charged Higgs pair production
ot+t5——1.  Although these two production channels do not present differences in rate
between the standard type II seesaw and our new model construction, their corresponding
decays display new relevant phenomenological signatures. The § — s; mixing engenders
new interaction terms from the triplet kinetic term

£ > Tr[(D,A) DA, (5.5.1)

!We have checked that producing one triplet scalar in association with s; is typically sub-leading, as it is
suppressed by the small mixing 6s51. Thus, these production modes will be disregarded here.
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Figure 5.3.: Luminosity required to observe pp — §7*§F as a function of Ma at 20 (red
full) and 50 (blue dashed) confidence level. We assume M; = 100 GeV and
VA = 1075 GeV.

making the decays 6** — W*W*s; and 6% — W#s; available. Note that these partial
widths do not present any va suppression, instead it depends only on gauge couplings,
being equally large in a wide range of parameter space va ~ 1077 — 107! GeV, distinctly
from the usual type 11, see Fig. 5.2.

Therefore, the pp — §++6T production channel not only reveals the triplet structure
nature of 6** and 6+ [303,304], but can also differentiate our construction from the usual
type II model. To explore this phenomenology, we analyse the pp — §*+6T production
at the /s = 13 TeV LHC, focusing on the trilepton plus missing energy signature, with
two same flavor and same sign leptons, etfetuT + Er and ptpute™ + Fp. The leptons
arise from the W-boson decays and relevant extra sources of missing energy follow from
the dominant s; decay, s; — vi.

Our model is implemented in FeynRules [324] and the signal sample is generated with
MadGraph5 [325]. A Next-to-leading order QCD K-factor of 1.25 has been applied [326].
To obtain a robust simulation of the background components, that display large fake rates,
our simulation follows the recent 13 TeV CMS study [327]. Although CMS targets a heavy
neutral Majorana lepton N, it presents a set of search regions for the high mass regime
mpy > myy, leading to a more sizable -, that also applies to our model.

In this analysis, jets are defined with the anti-kr clustering algorithm with R = 0.4,
prj > 25 GeV and |n;| < 2.4 via Fastjet [328]. Events with one or more b-jets are vetoed
with 70% b-tagging efficiency and 1% mistag rate. Electrons and muons are defined with
Ine] < 2.4 and the three leptons must satisfy ppy > 55,15,10 GeV. Finally, the events
are divided in bins associated to three observables: i) the trilepton mass system msy;
i1) minimum invariant mass of all opposite sign leptons mg}gls,; and 7i1) transverse mass

mp = \/ 2pre (1 — cos ¢), where pry corresponds to the lepton which is not used in the
myiye calculation and ¢ is the azimuthal angle between pry and prp**®.

Using the CMS background estimate, we perfom a binned log-likelihood analysis based
on the CL4 method [329], exploring all search regions with e*e*uT 4+ Fr and p*puteT +
P displayed by Ref. [327]. In Fig. 5.3, we present the luminosity required to observe
pp — 67T as a function of Ma at 20 (red full) and 50 (blue dashed) confidence level.
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At the high-luminositiy LHC, £ = 3 ab™!, we can discover charged Higgses at 50 level up
to Ma = 300 GeV and exclude it at 20 level up to Ma = 400 GeV.

A final comment is in order regarding two phenomenological aspects beyond the ones
discussed so far. First, our model may also induce lepton flavor violation processes, very
similar to the usual type II seesaw scenario [330]. Second, although the model does not
have enough CP violation, adding a second SU(2) triplet scalar [331] may lead to successful
leptogenesis. The study of such possibilities is beyond the scope of this manuscript.

5.6. Conclusions

In this chapter we have proposed a generalization of type II seesaw in which lepton num-
ber is broken dynamically and no hierarchy problem neither arbitrarily small parameters
are present. The rich phenomenology of the model includes deviations of standard Higgs
couplings, the presence of a massless neutral pseudoscalar and more importantly a novel
smoking gun signature at the LHC. This distinctive new signature may reveal the triplet
nature of the charged scalars and at the same time disentangle the framework from the
usual type II seesaw model.



6. Summary and conclusions

We have evidence that the Standard Model is not complete and that a more fundamen-
tal underlying theory remains to be unveiled. Models which explain several beyond the
Standard Model indications instead of focusing on just one are particular appealing in this
context.

In this work we studied possible connections between the open questions of the Standard
Model: the quest for neutrino masses and mixings, the hierarchy problem, and the evidence
for Dark Matter. The starting point was the origin of neutrino masses. In this sense
neutrinos can serve as a window to new physics. The simplest addition to the Standard
Model to explain neutrino masses is the introduction of right-handed neutrinos. Probing
their mass scale and interactions is of great interest to obtain insight on the underlying
physics. In chapter 3 we made a step towards this by analysing for the first time IceCube
data for muon neutrino disappearance with large masses for sterile neutrinos such that
their oscillations are averaged out. The 1-year of public data of atmospheric neutrino
disappearance showed a mild preference (around 20) for non-zero sterile mixing. The
preferred values of the mixing matrix elements squared for the mixing with muon flavour
is around ~ 1072 and for the mixing with tau flavour between 107! — 1072, We also
studied the sensitivity of 8-years of IceCube data, close to the data that should be presently
available, assuming no sterile neutrino mixing. Forecasted 8 and 20 years of IceCube data
can improve by one order of magnitude in some regions of parameter space over current
constraints by Super-Kamiokande and DeepCore. In particular, 8 years of data are enough
to confirm or exclude the present preference for non-zero mixing.

Such rather large sterile mixing is in general not expected in models which explain
the smallness of neutrino masses via a suppression of a new scale much higher than the
electroweak. This is for case for instance of the type I seesaw and other models where
the mixing of the sterile neutrinos with the active neutrinos is suppressed by the same
hierarchy of scales. Alternatively, the smallness of neutrino masses can also be explained
via an an approximate lepton number symmetry. Neutrino masses are protected by the
accidental global baryon-lepton number symmetry of the Standard Model, if this symmetry
is only mildly broken, the neutrino masses will be proportional to this small parameter.
An advantage of these models is that the phenomenology of the additional right-handed
neutrinos is not suppressed by this small parameter. In chapter 4 we introduced a model
where we gauged the accidental baryon-lepton number symmetry of the Standard Model
to obtain a dynamical realisation of this small parameter which we identified with the
vacuum expectation value of the scalar which breaks baryon-lepton number. Gauging the
symmetry calls for the introduction of additional fermions, one of them is a viable Dark
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Matter candidate. The other additional fermion remains massless and gives a contribution
to the effective number of relativistic degrees of freedom in the early Universe. The scalars
needed to break the symmetry can introduce deviations in Higgs observables due to mixing
with the Standard Model Higgs. Furthermore, the massive gauge boson can be searched
for at colliders. Hence this model can be probed in various ways from colliders (with
Higgs observables and search for a massive gauge boson at the TeV scale), Dark Matter
experiments, cosmology, and via the search for heavy neutrinos with their mixing with the
active neutrinos.

Similar to this gauged baryon-lepton number model the generalised type II seesaw model
introduced in chapter 5 seeks to explain the striking smallness of the neutrino masses in
a dynamical way without introducing a hierarchy problem. All introduced new particles
have a mass around the electroweak scale without requiring fine-tuning and arbitrarily
small parameters. This model presents a smoking gun signature at the LHC that allows to
distinguish our model from the usual type II seesaw scenario. Furthermore, the presence
of a massless Goldstone boson and deviations of standard model Higgs couplings, arise,
which allows this model to be probed in various ways.

In summary, we studied the relation of neutrino mass models with other open questions
of the Standard Model. We found interesting connections between a model which explains
neutrino masses and at the same time gives a good Dark Matter candidate, and a model
which provides an explanation for neutrino masses without introducing a hierarchy prob-
lem. Both new physics extensions also address the flavour puzzle by providing a rationale
for the smallness of neutrino masses. Future experiments as well as data from current
experiments can probe these models.

These studies can provide a first step to build theories which can link various open ques-
tions of the Standard Model at the same time. More data from complementary avenues
(collider experiments, low-energy experiments, flavour observables, astrophysics, and cos-
mology) will open the way towards an understanding of a fundamental underlying theory
in, hopefully, the near future.



Resultados y conclusiénes

Tenemos evidencia de que el modelo estandar no esté completo y que queda por descubrir
una teoria subyacente mas fundamental. Los modelos que explican varias indicaciones mas
alla del modelo estandar en lugar de enfocarse solo en una son particularmente atractivos
en este contexto.

En este trabajo, estudiamos las posibles conexiones entre distintas preguntas abiertas
del modelo estandar: la busqueda de masas y mezclas de neutrinos, la evidencia de la
materia oscura y el puzzle del sabor. El punto de partida fue el origen de las masas de
neutrinos. En este sentido, los neutrinos pueden servir como una ventana a la nueva fisica.
La incorporacién més simple al modelo estandar para explicar las masas de neutrinos es la
introduccién de neutrinos dextréginos. Es de gran interés comprobar su escala de masa e
interacciones para obtener una idea de las posibles extensiones del modelo estandar. En el
capitulo 3 dimos un paso en esta direccién al analizar por primera vez los datos de IceCube
para la desaparicién del neutrino muén con masas grandes para los neutrinos estériles, de
modo que sus oscilaciones se promedian. Los datos publicos de desapariciéon de neutrinos
atmosféricos mostraron una preferencia leve (alrededor de 20) para la mezcla estéril. Los
valores de los elementos de matriz de mezcla al cuadrado que mejor explican los datos son
alrededor de ~ 1072 para mezcla con el muén y entre 107! — 1072 para la mezcla con el
tau. También estudiamos la sensibilidad que 8 anos de datos de IceCube tendrian a la
mezcla de neutrinos esteriles. Los datos pronosticados de 8 y 20 anos de IceCube pueden
mejorar en un orden de magnitud en algunas regiones del espacio de parametros sobre
las cotas actuales de Super-Kamiokande y DeepCore. En particular, 8 afios de datos son
suficientes para confirmar o excluir la preferencia actual por la mezcla distinta de cero.

En general, los modelos que explican la pequenez de las masas de neutrinos mediante
una supresién de la escala electrodébil, por ejemplo en el seesaw de tipo I, predicen una
mezcla muy pequena con los neutrinos estériles ya que en estos modelos la mezcla de los
neutrinos estériles con los neutrinos activos se suprime por la misma jerarquia de escalas.
Alternativamente, la pequeniez de las masas también puede explicarse a través de un una
simetria lepténica aproximada. Las masas de neutrinos estdn protegidas por la simetria
B-L global accidental del modelo estandar, si esta simetria se rompe levemente, las masas
de neutrinos seran proporcionales a este pequeinio parametro. Una ventaja de estos mode-
los es que la fenomenologia de los neutrinos dextréginos adicionales no se suprime con este
pequeno pardmetro. En el capitulo 4, presentamos un modelo en el que hacemos gauge
la simetria B-L accidental del modelo estandar para obtener una realizaciéon dindmica de
este pequefio parametro que identificamos con el valor esperado en el vacio del escalar que
rompe B-L. Hacer gauge la simetria exige la introduccién de fermiones adicionales, uno de
ellos es un candidato viable a la materia oscura. El otro fermién adicional permanece sin
masa y contribuye a la cantidad efectiva de grados de libertad relativistas en el Universo
primitivo. Los escalares necesarios para romper la simetria pueden introducir desviaciones
en los observables de Higgs debido a la mezcla con el Higgs del modelo estandar. Ademas,
el bosén de gauge masivo se puede buscar en los colisionadores. Por lo tanto, este mod-
elo puede ser buscado de varias maneras: en colisionadores (con observables de Higgs y
bisqueda de un bosén masivo a la escala TeV), experimentos con materia oscura, cos-
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mologia y mediante la bisqueda de neutrinos pesados con su mezcla con los neutrinos
activos.

De manera similar a este modelo B-L gauge, el modelo de generalizado seesaw tipo II
introducido en el capitulo 5 busca explicar la sorprendente pequenez de las masas de neu-
trinos de una manera dindmica sin introducir un problema de jerarquia. Todas las nuevas
particulas introducidas tienen una masa alrededor de la escala electrodébil sin requerir
ajustes finos y parametros arbitrariamente pequenos. Este modelo presenta una senal car-
acteristica en el LHC que permite distinguir nuestro modelo del escenario de seesaw tipo I1
habitual. Ademsds, surgen otros aspectos fenomenolégicos interesantes del modelo, como
la presencia de un bosén Goldstone sin masa y las desviaciones del modelo estandar de los
acoplamientos de Higgs, que permiten probar este modelo de varias maneras.

En resumen, estudiamos la relacién de modelos de masa de neutrinos con otras preguntas
abiertas del modelo estanda. Encontramos conexiones interesantes entre un modelo que
explica las masas de neutrinos y, al mismo tiempo, ofrece un buen candidato a materia
oscura, y un modelo que explica las masas de neutrinos sin introducir un problema de
jerarquia. Esto dos modelos también se relacionan con el puzzle del sabor proporcionando
una explicacion a la pequenez de las masas de los neutrinos. Los experimentos futuros, asi
como los datos de los experimentos actuales, pueden testar estos modelos.

Estos estadios pueden proporcionar un primer paso para construir teorias que puedan
vincular varias preguntas abiertas del modelo estandar al mismo tiempo. Maés datos de
avenidas complementarias (experimentos de colisionadores, experimentos de baja energia,
observables de sabor, y astrofisica y cosmologia) pueden abrir el camino hacia la compren-
sién de la teoria fundamental subyacente.



Appendix

A. Supplemental Material for chapter 5
A.1. n-step generalized type Il seesaw

Here we present the generalization of our framework for an arbitrary number of scalar
singlets n. We define the following scalar bilinears,

B;=S!S;, Ba=Tr(ATA), By =H'H, (A1)

which allow to write the scalar potential in a compact form

m2 Al.n—1 m2 all A
_ H 2 n ©» 2

all
)\/
+ > App BB + 2 Tr(ATAATA) + Xy \HTAATH

P' >

n—1
2
+ [MHTioyATHST — 3 > X SiSh +he|. (A.2)
=1

The notation in the sum of the first term of the second line indicates that permutations of
Ay should not be taken (to avoid double counting). Without loss of generality, all A;Z 1
and A4 can be made real by rephasing the scalar singlet fields. The masses and vevs in

the n-step realization are approximately given by

1
m%{ = 5)\]{’02 + )\n[-[’l)i7 (Aga)
1
m2 = 5)\nv,21 + Mg, (A.3Db)
vi:%7 fori:l,...,ﬂ—l, (A?)C)
i
Aaviog
s = 2, (A.3d)
1
M]% — 5)\HU27 (A3e)
1
MP =mj + S (Ninv? + Ninvy), i=1,...n—1, (A.3f)
1
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1
M3Z =mi + 3 [(Anavs + (Aga + Nga)v?] . (A.3h)

These expressions should hold in the regime, v; < v;11, that is,

2
V?
e= X 3;\212 < 1. (A.4)
3

In fact, it is straightforward to show that as long as Eq. (A.4) is satisfied, for any number
n of scalar singlet fields, the vev of s;, j < n, is simply given by

. k

_ ey )‘;'+k,j+k+1 v2 ’ A

vj = H 3 e Up. (A.5)
k=0 Jt+k

If, for simplicity, one takes all \}; = A" and M; = M, then we obtain a simplified expression,

N2\ K »
n n—
vy = <3M2> v K = (377 —1)/2. (A.6)
We can clearly identify the parametric suppression X responsible for making v; < wv,.
For instance, if ¢ = 0.01 and n = 3 we obtain v; ~ 10~ %v,. Note that the expressions
for the mixing angles defined in Egs. (5.3.1a-5.3.1¢) are valid for any n, and thus the
phenomenological considerations regarding Higgs couplings, Majoron physics and LHC
signatures will still apply.

A.2. Stability of the scalar potential
Although a complete study on the stability of the scalar potential are not the main
focus of this Letter, we provide here sufficient conditions for the stability. The key point
is that the quartic couplings A4 and A}, (or any A}, ; in the n-step scenario) can always
yield negative contributions to the potential when the values of the fields go to infinity,
independently of their sign. As these couplings are the core of the generalized type II
seesaw mechanism, it is important to understand how to control these contribution so
that the potential is bounded from below. Although a full analysis of the stability would
be very complicated, specially in the n-step scenario, we can still derive useful sufficient
conditions to have stability. The idea is to split the scalar potential into pieces that will
isolate each Aj, or A4,
V=Vi+Vio+...4+4W (A.7)

and require each piece to be independently positive. For now we will focus on n=2-steps
and generalize the method in the end.
The first piece deals with A4. We define

Va=Mp(S1)(H) + MaA(S1) (A.8)
4 Aga(H)A + ()\AHTiagATHSf +h c.>

and require it to be positive. By performing an SU (2) rotation on the field one can always

write [332]
. a 0 ceP
ZUQA = < 0 beqja ) ; H= ( deify > 9 (Ag)

and S; = R;e'®. Then, it is straightforward to obtain

Aga >0, Aa > 0, (A.10a)
Mg >0, Aal? < MbAna. (A.10b)
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Now, we handle |, by defining
_ A2
Vig = Z(Sz) + A12(51)(S2)
2 *
— <3 128755 + h. c.) , (A.11)

and requiring Vio > 0. This yields
9
A2 >0, A>0, |Myl*< TR (A.12)

We still have to deal with seven quartic couplings. First note that A, Aop, and Asa
need to be positive, as there is no other quartic left that can compensate for a negative
contribution to the potential sourced by these couplings. The remaining parameters, Aa,
Ny, Ama and XA, essentially define a usual type II seesaw potential and the stability
conditions for that case are known [332]. The requirements for these seven quartics can
be summarized as

i) A >0, Ay >0, Xogg >0, Aga > 0, (A.13a)
i) Aa+ My >0, 2204 + XNy >0, (A.13b)

(
(
(iii) 2Nga + /Ax(Aa + Xy) >0, (A.13c)
(iv) 2XNgar/Aa + Ny + (228 + Na)V Ar > 0. (A.13d)

We emphasize that if inequalities (A.10), (A.12), and (A.13) are all satisfied, then the
potential is stable.
The generalization to more n-steps is now straightforward. By defining

Ait1

Vigrr = == F0159i41)% + i1 (S7S:) (S5 1 Sie1)
- <§)\;7i+155‘553+1 +h c.> , (A.14)
and requiring V; ;41 > 0 we obtain
Aiir1 >0, Aip1 >0, NP < %Ai,mml (A.15)

for i = 1..n — 1. Again, there are no quartic couplings left to compensate for A; or A\;a,
which demands
i >0, ig >0, ia>0, i=1.n. (A.lG)

These conditions are by no means necessary, but only sufficient for having stability in the
n-step realization.

A.3. Partial widths

We present in this Appendix the partial widths for the novel decay channels of some of
the extra scalars in the generalized type II seesaw framework. In the case of ¢, we will have
three new channels: § — hsi, § — hhsy, and § — hsys;. As the latter is suppressed by
v?, we will safely neglect it in the remainder. The partial widths for the first two channels
are

2

v .
['(0 — hsy) ~ m(é%)\A cos(2051) — A1 sin(26s1))?,

M .
I'(0 — hhsy) ~ 8192A7T3 (224 cos(2051) — A1 sin(2651))?,
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where we have neglected the phase space factor by assuming M; +2M}p, < Ma. The phase
space for 2-body decay can easily be incorporated by multiplying the partial width by

55_)]1 = \/1 — + . (A.17)
S1 M2 M4

The decay width ratios with respect to the leptonic channel, § — vv + vv, are approxi-
mately given by

L6 — hsi] \2 vy v?
—_1 — NA 20
I'6 — vv + oo > m2 M2
L6 — hhsi] N0
L0 —vv+ow] 51202 %, m2

In the case of the single-charged scalar 6, the additional channel §* — W™s; is the
most relevant. Its decay width is given by

sin?(051) M3, s

B(SJM

L[6T — Wtsy] = cos’n

8T v2

with

2 [y 2AMP+ M) (MP - My)?
B+ 1 Ve + i .
5+ 5+

The ratio with the leptonic channel is approximately

L[6T — Wts] 9 vi M3,
———————— ~ 2s5i —= .
Lot — ¢+v] S (961)m2 v?

vi
For s1, we have the decay into charged fermions and neutrinos

2
my

I[s; — ff] = NCT;? sin? 0,151, (A.18a)
M 2

Ils;1 = vv| = ﬁ% sin? 051, (A.18Db)
A

where N, is the number of colors and 3; = (1 — 4mfc /M?)3/2. We do not present the
analytic expressions for the new 3-body decay channel 7+ — WTWTsy, as it is not
particularly illuminating.
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