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Abstract

The Standard Model of particle Physics (SM) is a quantum field theory based on
the SU(3). x SU(2), x U(1)y gauge group, which has so far precisely described
strong and electroweak interactions between elementary particles.

We know, however, that the SM cannot be the end of the story, as it is not
able to give a consistent description of gravity. Thus, the SM has to be the low
energy version of a more complete theory. Besides, there are other questions,
both experimental and theoretical ones, which the SM cannot answer that call
for the existence of Physics beyond the Standard Model (BSM).

On the experimental side, the observation of non-baryonic particle dark mat-
ter (DM) in the Universe through its gravitational effects call for an extension
of the SM to include such new states. Additionally, through Big Bang nucle-
osynthesis (BBN) and CMB observations, we know that there is an imbalance
between matter and antimatter. However, even though the SM has all the
necessary ingredients to explain such an asymmetry, it was shown that it can-
not generate the observed imbalance between baryons and antibaryons, such
that BSM Physics is also necessary to explain this fact. Moreover, we have
overwhelming evidence for BSM Physics from the observation of the neutrino
oscillation phenomenon. This is arguably the clearest signal for BSM Physics
from laboratory experiments. Thus, the neutrino sector seems a particularly
greenfield area of investigation in order to find new Physics and to relating
different open problems of the SM.

This thesis focuses on the study of a future neutrino super beam to study
neutrino oscillations and probe for the still unknown parameters characteriz-
ing the neutrino sector, such as CP violation, and the neutrino mass ordering.
Secondly, we study the possibility that the DM is primarily interacting with
neutrinos through the neutrino portal, and that therefore large neutrino de-
tectors acting as observatories might be our best probe to explore the dark
sector. Later on we will consider the possibility that a keV neutrino arising
from the neutrino mass mechanism could be itself the DM. In the third part we
will study the possible relation between the neutrino mass mechanism and the
matter-antimatter asymmetry.



Resumen

El Modelo Estdndar de fisica de particulas (ME) es una teorfa cudntica de
campos basada en el grupo gauge SU(3). x SU(2)r, x U(1)y, que ha descrito
hasta ahora las interacciones fuertes y electroébiles entre particulas elementales
con gran precision.

Sabemos, sin embargo, que el ME no puede ser el final de la historia, ya que
no es capaz de describir consistentemente la gravedad. Por tanto, el ME debe
ser una version a bajas energias de una teoria mas completa. Ademads, hay otras
preguntas, tanto experimentales como tedricas, que el ME no puede responder
y que reclaman la existencia de fisica mds alld del Modelo Esténdar (BSM por
sus siglas en inglés).

Experimentalmente, la observacién de materia oscura no bariénica (MO) en
el Universo a través de sus efectos gravitacionales necesita la extension del ME
para incluir tales estados. Ademds, través de Big Bang nucleosintesis (BBN)
y observaciones del CMB, sabemos que hay un desequilibrio entre materia y
antimateria. Sin embargo, aunque el ME tiene todos los ingredientes necesarios
para explicar esta asimetria, se demostré que no puede generar este desequi-
librio entre bariones y antibariones, por lo que necesitamos fisica BSM para
explicar este hecho. Asi mismo, tenemos evidencia incontestable de la existen-
cia de fisica BSM por la observacién del fenémeno de oscilaciones de neutrinos.
Esta es probablemente la senal mas clara de fisica BSM procedente de exper-
imentos en laboratorio. Por tanto, el sector de los neutrinos parece un campo
particularmente préspero que investigar para encontrar nueva fisica y relacionar
diferentes problemas abiertos del ME.

Esta tesis se enfoca en el estudio de un futuro stper haz de neutrinos para
estudiar oscilaciones y investigar los parametros caracteristicos del sector de
los neutrinos aun desconocidos, como violacién de CP, y el orden de las masas
de los neutrinos. En segundo lugar, estudiamos la posibilidad de que la MO
interaccione principalmente con los neutrinos a través del portal de neutrinos,
y que por tanto grandes detectores de neutrinos actuando como observatorios
puedan ser nuestra mejor baza para explorar el sector oscuro. Posteriormente
consideraremos la posibilidad de que un neutrino de masa del orden del keV
generado por el mecanismo de masas de neutrinos puede ser en si mismo la
MO. En la tercera parte estudiaremos la posible relacién entre el mecanismo de
masas de neutrinos y la asimetria materia-antimateria.



MOTIVACION Y OBJETIVOS

El Modelo Estandar de fisica de particulas (ME) es una teoria cuédn-
tica de campos basada en el grupo gauge SU(3). x SU(2)r x U(1)y,
que ha descrito hasta ahora las interacciones fuertes y electroébiles
entre particulas elementales con gran precision.

Sabemos, sin embargo, que el ME no puede ser el final de la his-
toria, ya que no es capaz de describir consistentemente la gravedad.
Por tanto, el ME debe ser una version a bajas energias de una teoria
mas completa. Ademads, hay otras preguntas, tanto experimentales
como tedricas, que el ME no puede responder y que reclaman la exis-
tencia de fisica mds alld del Modelo Estdndar (BSM por sus siglas en
inglés).

Experimentalmente, la observacién de materia oscura no bariénica
(MO) en el Universo a través de sus efectos gravitacionales, por ejem-
plo, en las curvas de rotacién de las galaxias o sus huellas en el fondo
césmico de microondas (CMB por sus siglas en inglés), necesita la ex-
tensién del ME para incluir tales estados. Esta componente conforma
alrededor del ~ 25% del Universo que observamos hoy en dia.

Uno podria pensar que tenemos una gran comprensién del 5% del
resto de la energia del Universo, correspondiente a su contenido bar-
i6nico, dado nuestro gran éxito en testar el ME y confirmar sus predic-
ciones con extraordinaria precision. Esto no podria estar mds lejos de
la realidad. Efectivamente, a través de Big Bang nucleosintesis (BBN)
y observaciones del CMB, sabemos que hay un desequilibrio entre
materia y antimateria. Sin embargo, aunque el ME tiene todos los
ingredientes necesarios para explicar esta asimetria, se demostré que
no puede generar este desequilibrio entre bariones y antibariones, por
lo que necesitamos fisica BSM para explicar este hecho.

Ademads, tenemos evidencia incontestable de la existencia de fisica
BSM por la observacién del fendmeno de oscilaciones de neutrinos.
Resultados de oscilaciones de neutrinos estdn correctamente descritos
por masas no nulas de los neutrinos, lo cual estd en contra de los
neutrinos sin masa en el ME. Esta es probablemente la sefial més clara
de fisica BSM procedente de experimentos en laboratorio. Ademas, la
existencia de neutrinos masivos introduce otras preguntas en el sector
de los neutrinos, como saber si los neutrinos son Dirac o Majorana,
impulsando grandes esfuerzos experimentales.

Desde un pusto de vista teérico, hay varias preguntas que el ME
no puede responder, mas alld de la inclusién de gravedad en la teoria.
Por un lado tenemos el “problema de CP fuerte”. El término GGWGW,
donde G, es el tensor campo de SU(3), y 6 es una constante adine-
sional, puede estar presente a nivel drbol en el lagrangiano del ME
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y romper CP en las interacciones fuertes. Sin embargo, por medidas
del momento eléctrico dipolar del neutrén, sabemos que 6 < 10710
Resolver el problema de CP fuerte corresponderia a entender por qué
6 es tan pequerio, por ejemplo, a través de una simetria.

Segundo, la masa del bos6n de Higgs se ha medido alrededor de
la escala electrodébil (ED). Sin embargo, a diferencia de las masas
de los fermiones y los bosones gauge, la masa del escalar no esta
protegida por ninguna simetria, de manera que si la nueva fisica (INF)
estd a una escala Anr, la masa del Higgs recibirfa correcciones de
orden A%;;. Por lo tanto, si el ME describe las interacciones entre
particulas hasta la escala de Planck, tendriamos una contribucién a
la masa del Higgs de orden M3, y por tanto el valor observado de
la masa seria consecuencia de un ajuste extremadamente fino entre
diferentes contribuciones. Este es el conocido como “problema de la
jerarquia” y apunta hacia la existencia de NF no lejos de la escala ED
para evitar el ajuste fino tanto como sea posible.

Ademas, el Universo se estd acelerando, lo que significa que hay
una contribucién a su densidad de energia, conocida como energia
oscura, que es constante. Esta es la llamada constante cosmolégica,
A, que podria explicarse a través de la energia del vacio del ME. Sin
embargo, una estimacion de esta contribucién difiere por mas de 50
6rdenes de magnitud del valor medido de A, representanto otro prob-
lema de ajuste fino del ME.

Finalmente, el ME es incapaz de explicar por qué hay tres copias o
familias de fermiones, solo diferenciados por sus masas, que abarcan
unos seis 6rdenes de magnitud. Esto se conoce como el “problema
del sabor”, y empeora con la inclusién de masas de neutrinos para
explicar las oscilaciones de neutrinos. Efectivamente, en este caso las
diferencias de masas abarcan hasta 12 6rdenes de magnitud. Ademés,
el patron de mezcla observado en el sector de los quarks es sorpren-
dentemente diferente al del sector lepténico. Atacar el problema del
sabor generalmente se basa en algtn argumento de simetria para ex-
plicar las masas y mezclas de los fermiones observadas.

El sector de los neutrinos parece un campo particularmente préspero
que investigar para encontrar NF y relacionar diferentes problemas
abiertos del ME. El estudio de las oscilaciones de neutrinos ya nos ha
llevado a la necesidad de incluir nuevos estados para generar masas
de neutrinos ligeras. Sin embargo, sigue habiendo algunas incégni-
tas como el tamafio de la violacién de CP en el sector de los leptones,
un ingrediente neceaario para explicar la asimetria bariénica y que es
muy pequerio en el sector de los quarks, o el orden de los neutrinos,
que implicaria diferentes expectativas en la busqueda del decaimiento
doble beta sin neutrinos (0v2p), demostrando la naturaleza Majorana
de los neutrinos.

Si el mecanismo responsable de las masas de los neutrinos ligeros
introduce nuevos estados alrededor del keV, representaria un buen
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candidato a MO. Por otro lado, los neutrinos podrian conectar el ME
con otros sectores oscuros. En algunos escenarios, los nuevos estados
necesarios para explicar masas de neutrinos son singletes del ME de
tal manera que puede ser un portal entre el ME y MO. Ademas, los es-
tados més pesados que pueden explicar la pequefiez de las masas de
los neutrinos podrian ayudar también en la generacién de la asimetria
bariénica en el Universo temprano.

Por tanto, comprender completamente el sector de los neutrinos
es una pieza fundamental para entender el problema del sabor, dado
que los neutrinos representan una gran proporcion del puzle, a través
de la precisa determinacién de los pardmetros de mezcla lepténicos,
el origen de la MO en el Universo o la generacion de la asimetria
barionica.

La primera parte de esta tesis se enfoca en el estudio de un fu-
turo stiper haz de neutrinos para estudiar oscilaciones y investigar los
pardmetros caracteristicos del sector de los neutrinos aun desconoci-
dos, como violacién de CP, y el orden de las masas de los neutrinos.
En segundo lugar, estudiamos la posibilidad de que la MO interac-
cione principalmente con los neutrinos a través del portal de neutri-
nos, y que por tanto grandes detectores de neutrinos actuando como
observatorios puedan ser nuestra mejor baza para explorar el sector
oscuro. Posteriormente consideraremos la posibilidad de que un neu-
trino de masa del orden del keV generado por el mecanismo de masas
de neutrinos puede ser en si mismo la MO. En la tercera parte estudi-
aremos la posible relacién entre el mecanismo de masas de neutrinos
y la asimetria materia-antimateria.



OVERVIEW AND GOALS

The Standard Model of particle Physics (SM) is a quantum field
theory based on the SU(3). x SU(2); x U(1)y gauge group, which
has so far precisely described strong and electroweak interactions be-
tween elementary particles.

We know, however, that the SM cannot be the end of the story, as it
is not able to give a consistent description of gravity. Thus, the SM has
to be the low energy version of a more complete theory. Besides, there
are other questions, both experimental and theoretical ones, which
the SM cannot answer that call for the existence of Physics beyond
the Standard Model (BSM).

On the experimental side, the observation of non-baryonic particle
dark matter (DM) in the Universe through its gravitational effects,
for example, in the rotation curves of galaxies or its imprint in the
cosmic microwave background (CMB), call for an extension of the SM
to include such new states. This component makes up about ~ 25%
of the Universe we observe today.

One could be led to think that we have a strong understanding of
5% of the energy budget of the Universe, corresponding to its bary-
onic content, given our great success in testing the SM and confirming
its predictions with outstanding accuracy. This could not be further
from true. Indeed, through Big Bang nucleosynthesis (BBN) and CMB
observations, we know that there is an imbalance between matter and
antimatter. However, even though the SM has all the necessary ingre-
dients to explain such an asymmetry, it was shown that it cannot
generate the observed imbalance between baryons and antibaryons,
such that BSM Physics is also necessary to explain this fact.

Moreover, we have overwhelming evidence for BSM Physics from
the observation of the neutrino oscillation phenomenon. Neutrino
oscillation results are nowadays well described by non-zero neutrino
masses, which is at odds with massless neutrinos in the SM. This is
arguably the clearest signal for BSM Physics from laboratory experi-
ments. Additionally, the existence of non-zero light neutrino masses
opens other questions in the neutrino sector, such as whether neu-
trinos are Dirac or Majorana particles, pushing great experimental
efforts.

From a theoretical perspective, there are several questions the SM
cannot address, apart from the inclusion of gravity in the theory. On
the one hand, we have the “strong CP problem”. The term GGWGVV,
where G, is the SU(3). field strength tensor and 6 is a dimension-
less constant, can be present in the SM lagrangian at tree level and
break CP in strong interactions. However, from measurements of the
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neutron electric dipole moment, we know that § < 1071%. Solving the
strong CP problem amounts to understanding why 6 is so small, for
example, through a symmetry argument.

Second, the Higgs boson mass has been measured to be around
the electroweak scale. Nonetheless, unlike fermion and gauge boson
masses, the scalar mass is not protected by any symmetry, such that if
the New Physics (NP) is at a scale Anp, the Higgs mass would receive
corrections of order Alz\,P. Thus, if the SM described particle interac-
tions up to the Planck scale, we would have a contribution to the
Higgs mass of order M3, and thus the observed value of the scalar
mass would be the consequence of an extreme fine tuning between
the different contributions. This is the so-called “hierarchy problem”
and it points to the existence of NP not far from the EW scale to avoid
fine tuning as much as possible.

Moreover, the Universe is accelerating, which means that there is
a contribution to its energy density, dubbed as dark energy, which
is constant. This is the so-called cosmological constant, A, which
could in principle be explained through the vacuum energy of the SM.
However, an estimation of such a contribution differs by more than
50 orders of magnitude from the measured value for A, representing
another fine tuning problem of the SM.

Finally, the SM fails to explain why there are three copies or fami-
lies of fermions, just differing by their masses, which span about six
orders of magnitude. This is known as the “flavour problem”, and
is worsened with the inclusion of light neutrino masses to explain
neutrino oscillations. Indeed, in this case the mass difference could
span up to 12 orders of magnitude. Furthermore, the flavour mixing
pattern observed in the quark sector is strikingly different from the
one in the lepton sector. Tackling the flavour problem generally relies
on some symmetry argument to explain the observed fermion masses
and mixings.

The neutrino sector seems a particularly greenfield area of inves-
tigation in order to find NP and to relating different open problems
of the SM. The study of neutrino oscillations has already led us to
the necessity to include new states in order to generate light neutrino
masses. However, there are still some unknowns such as the size of
CP violation in the lepton sector, a necessary ingredient to explain
the baryon asymmetry and which is too small in the quark sector, or
the neutrino ordering, which would imply different expectations in
the search for neutrinoless double beta decay (0v2) decay, signaling
the Majorana nature of neutrinos.

If the mechanism responsible for light neutrino masses introduces
new states around the keV scale, it would represent a good DM can-
didate. On the other hand, neutrinos could connect the SM and other
dark sectors. Indeed, in some scenarios, the new states needed to
explain neutrino masses are SM singlets such that they can become a
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portal between the SM and DM. Moreover, heavier states which could
explain the smallness of light neutrino masses might also help in the
generation of the baryon asymmetry in the Early Universe.

Therefore, fully understanding the neutrino sector is key to under-
standing the flavour problem, given that neutrinos represent a large
portion of the puzzle, through the precise determination of the lep-
tonic mixing parameters, the origin of the DM in the Universe or the
generation of the baryon asymmetry.

The first part of this thesis focuses on the study of a future neu-
trino super beam to study neutrino oscillations and probe for the
still unknown parameters characterizing the neutrino sector, such as
CP violation, and the neutrino mass ordering. Secondly, we study
the possibility that the DM is primarily interacting with neutrinos
through the neutrino portal, and that therefore large neutrino detec-
tors acting as observatories might be our best probe to explore the
dark sector. Later on we will consider the possibility that a keV neu-
trino arising from the neutrino mass mechanism could be itself the
DM. In the third part we will study the possible relation between the
neutrino mass mechanism and the matter-antimatter asymmetry.
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NEUTRINO PHYSICS



INTRODUCTION

1.1 NEUTRINOS IN THE STANDARD MODEL

The existence of neutrinos was first proposed by Pauli in 1930 in or-
der to fulfill energy-momentum conservation in 8 decays. Although
their interactions were well described by Fermi’s description of weak
interactions, it was not until 1956 when Cowan and Reines exper-
imentally proved the existence of neutrinos taking advantage from
the copious production of neutrinos in a nuclear reactor.

Today, neutrinos are described by the Standard Model (SM) of par-
ticle physics [1-10], which is a quantum field theory based on the
gauge group SU(3). x SU(2)r x U(1)y, where ¢, L and Y denote
colour, left-handed chirality and hypercharge, respectively. The parti-
cle content of the SM consists of three copies or families of fermions
which have the same gauge interactions and only differ by their mass.
Each family can be divided into quarks, particles which are charged
under SU(3)c, and leptons, singlets of SU(3).. The fermionic particle
content of the SM and their charges are summarised in Tab. 1.1, where
the subindexes & and L(R) correspond to the flavour and left(right)-
handed chirality, respectively.

In addition, the SM contains a scalar H, the higgs doublet, which
is a singlet under SU(3)., a doublet of SU(2); and has hypercharge
Y = 1/2. Upon spontaneous symmetry breaking (SSB), the higgs

SU(3). SU2)r U(l)y

Qur = (Uar, dar)” 3 2 1/6
UgR 3 1 2/3
dur 3 1 -1/3

Lop = (Var, la)T 1 2 -1/2
lucR 1 1 -1

Table 1.1: Gauge charges of the SM fermions. The subindex a denotes the
family, being & = ¢, y, 7 for leptons, and u, ¢, tord, s, b for up
and down-type quarks, respectively.
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field acquires a vacuum expectation value (vev), vy, which generates
quark and charged lepton masses, as well as the masses for the W and
Z bosons. Thus, at low energies SU(2); x U(1)y is spontaneously
broken to U(1)gpm. The electric charge, Q, of the SM particles is given
by the relation Q = T3 + Y, where T3 is the third component of the
weak isospin. Notice that given the particle content and their charges,
neutrinos are massless particles in the SM due to gauge and Lorentz
invariance.

Each of the neutrino flavours are defined so that the charge current
(CC) interactions with the W bosons and the charged lepton mass
eigenstates are diagonal. The CC lagrangian reads as

Lcec D _8 2 TaLWVPLVaLW]j + h.c., (1.1)

x=e,u,T

where g is the SU(2); coupling constant. Additionally, neutrinos
have neutral current (NC) interactions with the Z boson

8 7 HP 7 1h
Lne 2 2 cos By a:@z,y,"f LY Vel Sy R (12)

where 6y is the weak mixing angle given by sin® Oy = 1 — m2,/m>.
At low energies, we can integrate out the W and Z bosons to obtain
effective four-fermion interactions, of the form

L5 —2v2Ge Y (B Pelar) (Isry" Prvgr)

wp s (1.3)

where Gr = /2¢%/(8m?,) is the Fermi constant, and similarly with
the NC interaction lagrangian. Thus, we find that Fermi theory of
weak interactions is just the low-energy manifestation of the elec-
troweak theory.

1.2 EVIDENCE FOR NEUTRINO MASSES

On general grounds, if neutrinos are massive particles, the flavour
and mass eigenstates will generally not coincide and will be related

by

n

Var, = Y, (Vi) gi ViLs (1.4)
1

where V, is a unitary matrix which diagonalizes the neutrino mass
matrix and v; are the mass eigenstates. In the following we will as-
sume n = 3, but notice that this does not need to be the case. A sim-
ilar relation can be found for the charged lepton mass matrix, with
another rotation V;. The only physical quantity appears in the CC
interaction lagrangian from Eq. 1.1 and is the combination U = V'V,
which is known as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
mixing matrix [11-15], and is equivalent to the CKM matrix for the
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quark sector. Working in the basis where the flavour and mass eigen-
states for the charged leptons coincide, we then have

3
VaL = 2 uociVi,b (15)
i

The mixing matrix U can be parametrised by three mixing angles,
and, depending on whether neutrinos are Dirac or Majorana particles,
by one or three CP violating phases, respectively, such that

U = R(623,0)R(613,6)R(012,0)Pum, (1.6)

where R (6;;, ) is a rotation matrix in the ij-plane with complex phase
6 and the matrix Py = diag (1,¢®1/2,¢/%2/2) is only present in the case
neutrinos are Majorana particles.

There are different ways to probe for neutrino masses. They can
be divided into direct searches, which directly probe the absolute
neutrino mass, or indirect ones, which study processes that can only
take place if neutrino masses are non-zero.

1.2.1 Kinematic searches for neutrino masses

These searches probe directly the absolute neutrino mass by study-
ing the kinematics of different particle decays. The processes are al-
lowed already in the SM with massless neutrinos, but its rate can be
computed as a function of the neutrino mass and thus, precisely mea-
suring it, can allow to measure a combination of neutrino masses. So
far, no positive signal of non-zero neutrino masses has been found,
and thus only upper bounds on a given combination of neutrino
masses are available. The most significant one comes from the KA-
TRIN experiment [16] which studies the endpoint of the tritium p-
decay spectrum to determine the effective electron neutrino mass,
given by

3
my, = ) |Ueil . (1.7)
1

The reason why KATRIN uses tritium B-decay is because it has one
of the lowest known Q values' of ~ 18 keV, and the experimental sen-
sitivity increases with the ratio m,, /Q, with a denoting the neutrino
flavour in the final state. The latest bound from KATRIN sets the
tirst-ever bound on m,, below the eV scale. In particular, it was found
that m,, < 0.8 eV at 9o% CL. Similarly, bounds on the v, ;) mass can
be obtained studying pion (tau) decay, but the constraints are much
weaker.

The Q value is the difference between the total energy in the initial and final states
of the decay not taking into account the neutrino mass.

13
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Figure 1.1: Feynman diagrams for the double B-decay process (left panel)
and for neutrinoless double B-decay (right panel) where no neu-
trinos are present in the final state.

1.2.2  Neutrinoless double beta decay

Some nuclei with mass and atomic numbers (A, Z), respectively,
can undergo double beta decay into another nuclei with (A,Z + 2),
emitting a pair of electrons and electron antineutrinos. The Feynman
diagram for such a process is depicted in the left panel of Fig. 1.1,
where two neutrons, 1, decay into a proton, p, an electron, e, and an
electron antineutrino, 7., each.

On the other hand, if neutrinos were to be Majorana particles, lep-
ton number would be broken, and then the process on the right panel
of Fig. 1.1 would also be possible. In this case, there would be no an-
tineutrinos in the final state, only the two electrons. This process is
known as neutrinoless double beta (0v28) decay, and is not possible
in the SM. It can be shown that, if Ov2p decay takes place, at least one
of the neutrinos is necessarily of Majorana nature. This is known as
the “Black Box” theorem [17—22].

There has been a great experimental effort to look for this rare pro-
cess using different nuclei and technologies, but we still lack a posi-
tive signal, such that some bounds have been placed on the effective
neutrino Majorana mass, g, which is given by

3
mgg = \ZUémw ’ (18)
1
where we have assumed that any new Physics responsible for the
Majorana nature of neutrinos is heavy enough to be neglected in the
process. Notice that the elements U,; are in general complex and
depend on the Majorana phases a; and ay, such that cancellations
could eventually appear making mgg very small. This can be seen in
Fig. 1.2, taken from Ref. [23], for normal hierarchy (NH) shown as
a red band. In fact, mgg in Fig. 1.2 is represented as bands because
the Majorana phases are completely unkown, such that for a given
Miightest the Majorana phases can take any value between [0, 27T).
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Figure 1.2: Effective Majorana neutrino mass as a function of the lightest
neutrino mass, Myjghtest, Which corresponds to v; for normal hi-
erarchy and to v3 for inverted hierarchy. In the right part of the
plot we have the different nuclei used in the different searches as
a function of their mass number. Taken from Ref. [23].

Experimental searches put bounds on the half life-time of the given
isotope, T{)}’Z, but in order to translate it into a bound on mpp one
needs to take into account the nuclear matrix element for the tran-
sition, MY, which has large uncertainties. Therefore, as (T{%)‘l x
| MO |2ml23ﬁ [24], the final bound on mgg is given as a range taking into
account these uncertainties, as can be seen in Table 1.2 and Fig. 1.2.

1.2.3 Cosmological bounds

Massive neutrinos can have an impact in the evolution of the Uni-
verse. Indeed, if neutrinos are massive particles, they tend to sup-
press the matter power spectrum at small scales by erasing small

Experiment TP/, (x10% years) mpgg (eV)

GERDA [25] > 8.0 <0.12—026

CUORE [26] >15 <0.11—052
KamLAND-Zen [23] > 10.7 < 0.061 — 0.165

Table 1.2: Tf}’z and mgg constraints at 90% CL from some of the most impor-
tant experimental searches, taken from Ref. [27].
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structures because of their large free-streaming distances [28]. Thus,
combining cosmological and astrophysical observations can place an
upper bound on the sum of light neutrino masses, which is nowa-
days?® around [29]

me < 0.2 eV at 95% CL, (1.9)
i

using the Planck 2015 [30] and baryon accoustic osccilations (BAO) [31-
33] datasets.

1.2.4 Neutrino oscillations

The existence of light neutrino masses and mixings is well estab-
lished nowadays thanks to the observation of neutrino oscillations.
This was one of the first experimental evidence for the existence of
physics beyond the SM (BSM), given that neutrinos are exactly mass-
less in the SM.

1.2.4.1 Experimental roadmap towards neutrino oscillations

The first experiment detecting neutrino flavour change was the
Homestake experiment [34] studying neutrinos from the Sun. They
found a smaller number of v, detected through CC interactions com-
pared to the expectation from simulations relying on solar models,
which indicated that either solar models were incomplete or some
aspect in neutrino physics was not understood. Indeed, if neutrinos
oscillate, then it is only natural that the number of v,-events detected
through CC interactions is smaller than what is expected in the ab-
sence of oscillations.

Subsequent experiments, the so-called “gallium” experiments [35-
39], together with water cherenkov detectors like Kamiokande and
later Super-Kamiokande (SK) [40], confirmed the depletion of elec-
tron neutrino events from the Sun and that it actually depended on
the energy of the incoming neutrinos. Finally, the SNO Collabora-
tion [41—44] used heavy water and its capabilities to measure events
through both CC and NC interactions, as well as v, elastic scatter-
ing, to settle the solar neutrino problem. Even if neutrinos oscillated
or underwent flavour change, NC interactions are insensitive to the
particular neutrino flavour, such that a measurement of the solar neu-
trino flux through NC interactions should be in agreement with the
expected flux from simulations in the absence of oscillations, as was
indeed the case.

Assuming a minimal ACDM model. There are degeneracies and correlations with
other parameters, such as the number of relativistic degrees of freedom, N, Ffr such
that the bounds can change depending on the assumptions and on the particular
cosmological model used.
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Apart from studying solar neutrinos, SK was also able to study
the atmospheric neutrino flux arising from cosmic rays entering the
atmosphere. Atmospheric neutrinos are made up of v, neutrinos
coming from pion and muon decay and v.s from muon decay, in
a ratio Ny, /Ny, ~ 2, and have energies at the GeV scale spanning
several orders of magnitude. SK observed as well a depletion of the
measured number of events with respect to simulations assuming
no oscillations which depended on the zenith angle of the incoming
neutrino [45] and on their energy.

There are other neutrino sources that can be studied, namely re-
actor neutrinos and accelerator neutrinos. The advantage of experi-
ments studying these kind of sources is that the neutrino flux is better
understood and under control. Particularly important experiments in
this category are the KamLAND experiment [46], which studied re-
actor neutrinos at a baseline such that it could provide a complemen-
tary determination of the so-called “solar” oscillation parameters and
accelerator neutrino experiments such as MINOS [47] and K2K [48]
which confirmed the v, disappearance observed in SK. Finally, after
the efforts of Double-Chooz [49], RENO [50] and Daya-Bay [51] used
reactor experiments to determine the value of the so-called “reactor”
mixing angle, 013, which was believed at the time to be zero or very
small based on theoretical bias.

These experimental results, with the exception of some anomalous
results, are well described by the PMNS mixing matrix from Eq. (1.6)
and can typically be understood in the context of 2-flavour oscilla-
tions, which we introduce in the following.

1.2.4.2 Vacuum oscillations

The oscillation probability in vacuum for an initial neutrino pro-
duced in a given weak process, |v,), to be detected as another given
flavour eigenstate, |vg), can be heuristically obtained using quantum
mechanical arguments. A given flavour state is a superposition of
mass eigenstates

|Va) Z ~ilvi), (1.10)

which have an energy E = y/m? + p?. The propagation states are the
|v;), such that we have

v (£) ZU* eFt|yy), (1.11)

at any given time . Given that neutrinos are very light, we can as-
sume they are relativistic, such that p; ~ E and t ~ L, with L the
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distance between the source and the detector points. Performing an
expansion we have

3 . ‘mlzL
lva(t)) =2 Y Ugiee 2 |vy). (1.12)

i
The final probability in vacuum is thus given by
P(vy — vg) = [{vp|va(t))|*. (1.13)

Using the same arguments for the oscillation probability for an an-
tineutrino, one just needs to change U* — U, such that the oscillation
probability in vacuum for neutrinos and antineutrinos is

2
) ©) * * i 2 AmifL
P(Va = Vg) = bup — 41 Re [UpUpUyj U, | sin? | —
i>j

(1.14)

+£2) Im |UyUgiU,iUg;| si Am?jL
g m UGl | sin | =
where we have defined the mass-squared difference, Am?]. = m? — m2.

It is useful to study the 2-neutrino oscillation case, which is actually
applicable in most experimental searches. In this case, there is only
one effective mixing angle, 6., and one mass-squared difference,

Am?. The appearance probability is given by

2
P(vy — vg) = sin? 20,¢f sin® (AZEL) (1.15)

while the disappearance is just P(vy — vy) = 1 — P(va — vg). In this
context, in order to measure both Am? and 0, F we need to perform
an experiment whose L/E ~ Am?, such that oscillations are observed
at the detector. The amplitude of the oscillation will be controlled by
Sil"l2 296 ff-

1.2.4.3 Matter oscillations

When propagating through a medium like the Earth or the Sun,
neutrinos can potentially interact with the electrons, protons and neu-
trons through elastic coherent interactions, such that their propaga-
tion is different than in vacuum [52]. In particular, for a medium
of unpolarized non-relativistic particles the so-called matter potential
would be given by Acc ~ V2Gpn, for CC interaction of v, with elec-
trons in the media, where 7, is the density of electrons, while for NC
interactions any SM neutrino can have an interaction and it would be
Anc ~ Grny,/+v/2, where n,, is the neutron density. For antineutrinos
we would have A; — —A;.

It is useful to work in the two-flavour approximation, as it already
shows all the interesting physical effects. In this case, neutrino oscilla-
tions in vacuum can be described by just one mass-squared difference,



1.2 EVIDENCE FOR NEUTRINO MASSES

Am?, and a single mixing angle, 6, such that the full hamiltonian in
flavour space with matter effects would be

1 (—Amz c0s20 Am? sin29) (ACC —Anc O )
Hm = — + )
4E \ Am?sin20 Am?cos26 0 —AnNc

(1.16)
where the first part corresponds to vacuum oscillations and the sec-
ond to matter effects. We can add an overall quantity, Ayc — Acc/2,
proportional to the identity, such that the oscillation probability re-
mains invariant. Thus, one needs to solve the following equation to
obtain the oscillation probability

ii Ve| _ —%"Ez cg)529+% ZA%EZ sin 20 ve ) (1.17)
dt \v, A1 sin 20 A c0s 20 — Acc ) \v,
The rotation diagonalizing the hamiltonian from Eq. (1.17) and the
eigenvalues are different from the vacuum ones. In particular we will

have an effective mass-squared difference, A7it?, and mixing angle, 6,
given by

2AccE 2
Am? = Am? \/ sin® 20 + < oy —cos? 29) :

tan 26

2AccE_ 1
Am? cos 20

(1.18)
tan 20 =

From the expression of the effective mixing angle in Eq. (1.18) we can
already observe a completely different feature of oscillations in mat-
ter with respect to the vacuum ones. Even for small mixing angles in
vacuum, and depending on the sign of Am?, for the proper environ-
ment we can have tan20 — oo, such that § = 71/4 and we have max-
imal mixing. This is known as the Mikheyev-Smirnov-Wolfenstein
effect [52, 53]. Thus, matter effects are sensitive to the ordering, i.e.,
the sign of Am?.

1.2.4.4 Status of neutrino oscillations

After the discovery of a non-zero 613 [50, 54—57] the emerging pic-
ture from the last decades of neutrino oscillation searches consoli-
dates a structure for the PMNS matrix describing lepton flavour mix-
ing strikingly different from its CKM counterpart in the quark sec-
tor. This makes the SM flavour puzzle, the question of why fermion
masses span over six orders of magnitude and the mixing for quarks
and leptons is so different, even more intriguing. Far from the hierar-
chical structure described through the tiny mixing angles of the CKM,
large mixing angles characterize the lepton mixing, as can be seen
from the latest determination of oscillation parameters in Tab. 1.3,
taken from Ref. [58] for normal ordering (NO) and inverted ordering
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Best fit point £1c

Normal Ordering Inverted Ordering

sin? 61, 0.30410012 0.3047013
sin’ 63 0.573+4.16 0.57576.016
sin® 15 0.02219+0.00062 0.02238 7000063
5(02) 19774 28226
wA,T;,z 7.4275% 742505
= +2.5174005% —2.4981 0058

Table 1.3: Three neutrino oscillation parameters from a global fit [58]. The
best fit corresponds to NO for which Am%l = Am%l, while for IO
we have Am%l = Am3,.

(I0), depending on the sign of Am3,. The “atmospheric” mixing an-
gle 03 is presently compatible with maximal mixing as well as with
a large but non-maximal value in either the first or the second oc-
tant [58]. Similarly, the “solar” mixing angle 6, is around 33° and
only 013 ~ 8 —9° is relatively small and its value is still compara-
ble in magnitude to the Cabibbo angle, the largest in the CKM. The
large mixing opens the window to the present and next generation of
neutrino oscillation experiments to tackle new questions that could
provide answers to fundamental open problems.

The discovery of the violation of the particle-antiparticle symmetry
in the lepton sector would be extremely suggestive, given that CP vi-
olation is a necessary ingredient to explain the matter over antimatter
excess to which we owe our existence and that the CKM contribution
has been shown to be insufficient [59, 60] for this purpose. Although
present experiments such as T2K [61, 62] and NOvA [63] provided
some initial hints on the potentially CP violating phase ¢, they have
diluted with the latest results [58] such that more precise experiments
are needed to discover CP violation. Similarly, neutrino oscillation
experiments already show some preference for normal ordering with
respect to inverted ordering. This parameter is a fundamental in-
put to combine with the searches for the neutrinoless double beta
decay process in order to probe the Majorana nature of neutrinos. Fi-
nally, present experiments as well as their successors T2HK [64] and
DUNE [65] will also provide even more precise measurements of the
oscillation parameters that could hold the key to discriminate among
different flavour models addressing the flavour puzzle.
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2.1 THE ESS NEUTRINO SUPER-BEAM

The European Spallation Source (ESS) at Lund provides an oppor-
tunity to build a new-generation, long-baseline neutrino oscillation
experiment with an unprecedented neutrino luminosity through an
upgrade of the ESS Linac [66]. Its 2.5 GeV protons would lead to
a rather low energy neutrino flux, between 200 and 600 MeV. This
energy range is very well suited for a water Cerenkov detector of
the MEMPHYS type [67, 68]. In Ref. [66] a greenfield study opti-
mizing the physics reach to leptonic CP violation was performed for
this ESS neutrino Super-Beam facility (ESSnuSB). Interestingly, the
outcome of this optimization, as well as follow-up studies [69—71],
was that the best baseline at which to study the neutrino beam from
the ESS facility at a MEMPHYS-type detector would be between 400
and 600 km. Two candidate mines that could host the detector were
identified: Garpenberg at 540 km and Zinkgruvan at 360 km from
the ESS site. This choice makes the ESSnuSB design unique, as the
neutrino flux observed by the detector mainly corresponds to the sec-
ond maximum of the v, — v, oscillation probability, with a marginal
contribution of events at the first oscillation peak.

For the value of 613 = 8.6° currently preferred [72] by Daya Bay [73]
and RENO [74], the “atmospheric” term of the v, — v, oscillation
probability [75], which is governed by oscillations driven by the large
frequency AmZ, and with an amplitude sin® 263, dominates over the
sub-leading “solar” term driven by Am3, with amplitude sin®20;, at
the first oscillation maximum. Thus, the interference between the
two, which is the only term dependent on the yet unknown CP vi-
olating phase J, will also be a sub-leading contribution to the full
oscillation probability at the first peak and potentially hidden by sys-
tematic uncertainties. Conversely, at the second oscillation maximum
the slower “solar” oscillation has had more time to develop and thus
the CP violating interference term can give a significant contribution
to the oscillation probability, thus increasing the sensitivity to CP vi-
olation [76].

The price to pay in order to observe the oscillation probability at
its second maximum is high. Despite this being the optimal choice
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to maximize the dependence of the oscillation probability on the lep-
tonic CP violating phase, the ratio of the oscillation baseline to the
neutrino energy (L/E) needs to be a factor 3 larger compared to the
first maximum. This implies roughly an order of magnitude less
statistics than if the experiment had been designed at the first peak.
Indeed, the neutrino flux decreases with L=2 from the beam diver-
gence and the neutrino cross section and beam collimation increase
with the neutrino energy. Despite the unprecedented neutrino lu-
minosity from the upgraded ESS linac and the megaton-class MEM-
PHYS detector, only around 100 signal events for each beam polarity
would be accumulated after 10 years data taking (2 years in neutrinos
and 8 years in antineutrinos) at the 540 km Garpenberg baseline (see
Fig. 7 of Ref. [66]). Conversely, the 360 km Zinkgruvan baseline has
a 2.25 times larger neutrino flux. However, the neutrino spectrum for
this baseline is rather centered at the first oscillation minimum while
the first and second peaks are sampled by the high and low energy
tails respectively. Overall this gives similar statistics at the second
oscillation maximum when compared to the Garpenberg option, but
also some additional statistics at the first peak and in between.

For the ESSnuSB the increased dependence on the CP violating
phase of the probability is well worth the loss of precious neutrino
events at the second maximum. Indeed, it could provide unprece-
dented discovery potential to leptonic CP violation or the most pre-
cise measurement of the corresponding phase after discovery, which
could be instrumental in tackling the flavour puzzle. Moreover, as
pointed out in Ref. [76] and as we will elaborate in later sections, this
choice also makes the physics reach much more resilient against un-
expected sources of systematic errors, since the signal, while small,
has a leading dependence on the unknown parameters. Conversely,
statistics will be the bottleneck of the ESSnuSB physics reach and thus
longer periods of data taking would greatly increase its capabilities.

On the other hand, other potential oscillation searches, different
from the CP violation search, will be negatively impacted by the
choice of the second oscillation maximum baseline. In particular the
sensitivity to the octant of 03 is severely reduced by this choice. In-
deed, this measurement mainly relies on the “atmospheric” term of
the oscillation probability, which is leading at the first maximum in-
stead, together with 63 information from reactor measurements and
Am3, and sin® 26,3 from v, disappearance. Similarly the v, disappear-
ance data and hence the precise determination of Am%l and sin? 26,3
are negatively affected by the choice of the second oscillation maxi-
mum. The lack of knowledge on the octant of 6,3 can lead to “octant
degeneracies” [77] that in turn somewhat limit the CP discovery po-
tential of the ESSnuSB [78]. The sensitivity to the mass ordering is
also limited at the ESSnuSB given the small matter effects from the
low energy and short baseline. However, since these matter effects
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are small, the resulting “sign degeneracies” [79] do not compromise
the sensitivity to J of the facility [66, 78].

A very effective and convenient way of increasing both the octant
and mass ordering sensitivity of a neutrino Super Beam experiment
is to combine the signal from the neutrino beam with the huge atmo-
spheric neutrino sample that can be collected at such a detector [8o,
81]. In the case of the ESSnuSB this combination is particularly syner-
gistic. Indeed, the atmospheric neutrino sample can provide not only
significantly increased sensitivity to the octant and the mass order-
ing to solve parametric degeneracies, but also improved precision to
Amél and sin’ 26,3 which is otherwise one of the main drawbacks of
the setup.

In this work we will combine the observation of the ESSnuSB flux
tuned for the second maximum of the v, appearance probability with
the complementary atmospheric neutrino data, more strongly domi-
nated by the first maximum and v, disappearance, and characterized
by stronger matter effects. We will explore how the physics reach of
the facility improves when beam data is considered together with the
atmospheric neutrino sample and then review the optimization of the
ESSnuSB facility using both data sets. Finally, we will discuss which
sources of systematic errors among the ones considered impact the
final sensitivity more significantly.

This paper is organized as follows. In Section 2.2 we discuss the
peculiarities of the neutrino oscillation probability and the appear-
ance of parametric degeneracies when observing at the second oscil-
lation maximum. In Section 2.3 we describe the experimental setup
considered and the details of the numerical simulations performed.
Section 2.4 describes the results of the simulations and in Section 6.6
we present our conclusions and summarize our work.

2.2 MEASUREMENTS AT THE SECOND OSCILLATION PEAK

The determination of the oscillation parameters at beam experi-
ments is, in general, hindered by the appearance of degenerate solu-
tions, cf. e.g., Refs. [82-86]. These degeneracies have been extensively
studied for the experimental setups of T2HK [87-92] and DUNE [65,
87, 91, 93—104] (and also their combination [105, 106]). As stated in
Section 2.1, the L/E range which the ESSnuSB focuses on is differ-
ent from those of other forthcoming experiments," Therefore, here
we will discuss the peculiarities of ESSnuSB and the differences from
other experiments in the determination of the oscillation parameters

The MOMENT proposal [107-110] with L = 150 km can access to the oscillation
probability with similar L/E to the ESSnuSB. The T2HKK proposal [111-121], in
which the first and the second oscillation maxima are measured with two detectors
located at different sites, would also cover the similar L/E range to the ESSnuSB.
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before presenting our numerical results. The v, appearance oscilla-
tion probability in matter is given by [75] (see also [122-124]):

2 ~
} _ A B-L
P(V, = V) = By sin? 2913<]_;1> sin? (;)

:F
2
A AccL
+c%3 sin® 261, 22 sin? cc (2.1)
A 2
~NAx A AccL B-L Az1L
+]A?CB:sm< CZC )sin(jg)cos(:i:é— 321 ),

where A;j; = Amizj/ZE, J = c13sin2615sin20,38in26013, and By =
|Acc F Asz1]. In this expression the only dependence in the CP vi-
olating phase J appears in the last term, which is the interference
between the “atmospheric” oscillation in the first term and the “so-
lar” in the second. Since sin260i3 ~ 0.3 while Ay;L ~ 0.05 at the
first oscillation peak, the “atmospheric” term tends to dominate the
oscillation probability and the interesting CP interference is only sub-
leading. Conversely, at the second oscillation maximum Ay L ~ 0.1
so that the dependence on ¢ of the oscillation probability is much
higher which allows to improve the sensitivity to this parameter [76].
This can be seen in Fig. 2.1 where the change in the probability upon
changing the values of § is much more significant at the second peak
maximum compared to the first.

In Eq. (2.1) the leading dependence on the mass ordering comes
from the “atmospheric” term, as it goes as the inverse of the square
of B+. For E ~ |Am3,|/(2Acc) there will be a resonance which will
produce an enhancement in neutrinos against antineutrinos or vicev-
ersa depending on the mass ordering. For a typical average matter
density of 3.0 g/cm? one finds that the approximate energy for this
resonance to happen is E ~ O(GeV). Given that the peak of the flux
for ESSnuSB happens at E ~ O(100) MeV (see Fig. 2.1), the impor-
tance of the matter effects and hence of the sensitivity to the mass
ordering for this facility is not expected to be significant.

The bi-probability plots [79] shown in Fig. 2.2 help to illustrate the
degeneracy problem at the ESSnuSB experiment. Here all oscillation
parameters other than J, the octant of 613, and the sign of Am%1 are
fixed at the current best fit values [72], and the matter density along
the neutrino baseline is assumed to be constant with an average den-
sity of 3.0 g/cm?>. The baseline length L and the neutrino energies E
are set to L = 540 km (ESS-Garpenberg) and E = {280, 380,480} MeV.
The ellipses show the variation of the appearance probabilities for the
neutrino and antineutrino channels from changes in . The four el-
lipses in each plot correspond to the different choices of the octant
of 6,3 and the mass ordering. When the ellipses overlap sharing the
same region in the P(v, — v,)-P(7, — 7,) plane, the same oscillation
probabilities can be obtained by changing J, the octant of 63 and/or
the mass ordering, implying the existence of degenerate solutions.
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Figure 2.1: Oscillation probabilities for the Zinkgruvan (upper panels) and
Garpenberg (lower panels) baselines as a function of the energy
for neutrinos (left panels) and antineutrinos (right panels). The
red (blue) lines are for normal (inverted) ordering and three dif-
ferent values of 6 = —7/2, 0 and 71/2 are represented by the
dashed, solid and dotted lines respectively. The grey histograms
show the number of events that would be obtained in each en-
ergy bin for a 2/8 time splitting between neutrino/antineutrino
mode if the oscillation probability was 1. Thus, they serve as a
guide of what energies of the oscillation probability would be
well-sampled by the ESSnuSB setup.
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Let us first focus on the middle plot with E = 380 MeV where the
oscillation probabilities are close to the second maximum, |As|/2
~ 3m/2. The centres of the ellipses are located on the CP conserv-
ing line P(v, — v,) = P(¥, — 7.), which reflects the fact that the
matter effect, which could induce an explicit difference between the
neutrino and antineutrino oscillation probabilities unrelated to the
intrinsic CP violation from J, is irrelevant for this energy and base-
line. The major axes of the ellipses extend widely along the diagonal
line orthogonal to the CP conserving line. This means that the CP
violating term proportional to siné in Eq.(2.1) is very relevant in the
oscillation probability for this energy and baseline, leading to the im-
proved CP sensitivity at the second oscillation peak.

The “fake” CP violation effect due to the matter effect separates the
two ellipses with opposite mass ordering at the first oscillation maxi-
mum, where T2HK focuses on, causing the -sign(Am3;) degeneracy
in the CP violation search, cf. the right most plot in Fig. 2.3. Con-
versely, the CP violation search at the second oscillation maximum is
not noticeably affected by the matter effect [78, 125]. Changing the
value of 63, the ellipses almost keep the same shape and move in
parallel along the CP conserving line, which causes the §-03 degen-
eracy [84, 85].

The vertices of the ellipses are located at § = {71/2, —71/2}, where
the oscillation probabilities do not change much with a change of J.
As a consequence, the precision in the determination of é becomes
worse close to the oscillation maxima [126]. In other words, since
the two points with § and 77 — J on an ellipse are close to each other
around § = {7/2, —7t/2}, it is hard to separate them [126]. Although
at the probability level from Fig. 2.2 the expectation would be that this
quasi-degeneracy effect occurs similarly at 6 = 7/2 and § = —7/2,
the numerical simulations we will report in Section 2.4 show that
the ESSnuSB suffers this effect more severely at § = —7m/2 than at
0 = /2. This is due to the significant difference in event rates be-
tween these two points. Indeed, for § = —7/2, the oscillation prob-
ability for neutrinos is enhanced while the antineutrino one is sup-
pressed. Since both the flux and the cross section are also smaller for
antineutrinos, this strongly penalizes the measurement at 6 = —7/2
since the antineutrino sample is essentially lost given that the event
rate at the second oscillation peak is already necessarily small. On
the other hand, at 6 = 7/2, the oscillation probability for neutrinos
is suppressed, but the larger cross section and flux compensate for it
and prevents such a big loss of sensitivity.

In the energy region that the ESSnuSB focuses on, the oscillation
phase changes rapidly. As a consequence, the shape and location of
the ellipses changes very significantly even within the same energy
bin. In Fig. 2.2, we also show the bi-probability plots with E =280 and
480 MeV where the oscillation probabilities are approaching the min-
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Figure 2.2: Bi-probability plots for the ESS-Garpenberg setup L = 540
km. Three plots for three different neutrino energies: E =
{280, 380, 480} MeV from left to right. The four ellipses in each
plot for the different choices of (s%3 = sin? 03, sign[Am%l]): blue
solid for (0.45,+), orange solid for (0.45, —), blue dashed for
(0.55, +), and orange dashed for (0.55, —). The energies E = 380
MeV and E = 480 MeV correspond to the vicinity of the second
oscillation maximum and the first oscillation minimum.

ima, which are also well-covered by the ESSnuSB flux. The ellipses
are not distributed symmetrically to the CP conserving line, which
means that, contrary to the second peak, matter effects do have some
impact on the oscillation probabilities. However, this impact is still
subleading, given the rather low energy, and does not shift the en-
ergies where the extrema are located, cf. Fig. 2.1. As a result, the
two ellipses for the different mass hierarchies are not separated in
the entire energy region.

The drastic shape change of the ellipses when varying the energy
is largely due to the ratio of the sinJ and the cosd terms in the os-
cillation probability, see Eq. (2.1). The sind term is most significant
close to the oscillation peak with |Am3,|L/(4E) ~ 37/2 for E ~ 380
MeV. As the probabilities depart from the maximum, the major axes
of the ellipses start following along the direction of the CP conserving
line, which means that the cosd term increases in importance as we
approach the minima with |Am%,|L/(4E) ~ 7t (right panel of Fig. 2.2)
or |Am3,|L/(4E) ~ 27t (left panel). In the left and the right plots, the
ellipses with different mass orderings intersect each other at points
with different values of J at different energies. Therefore, in principle,
with precise enough measurements at various energies, one could de-
termine the value of § and the sign of Am3,; separately. However, the
oscillations are too fast for the ~ 100 MeV resolution achievable at
these energies with a water Cerenkov detector to resolve and also the
event rate at the second maximum is not large enough to perform a
very fine binning. Thus, it is not possible to track the rapid oscilla-
tions in Fig. 2.1, although some mild sensitivity to the mass ordering
can be achievable.

A large overlap between the two ellipses with different mass order-
ings and different octants at the oscillation maximum (middle panel

27
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Figure 2.3: Bi-probability plots for L = 360 km (ESS-Zinkgruvan). In this
energy range E = 250 — 600 MeV, the oscillation probabilities
experience the second maximum, the first minimum, and the
first maximum.

in Fig. 2.2), where most of the statistics is concentrated, suggests that
the mass ordering sensitivity at the beam experiment is affected by
the octant degeneracy.

The ellipses for different octants barely separate in the entire energy
region, which implies a rather poor sensitivity to 63 in the appear-
ance channel leading to octant degeneracies that can spoil both the
determination of 6 and of the mass ordering at the ESSnuSB. Con-
versely, for experiments focusing on the first maxium the two ellipses
for different octants are more separated [78], cf. the right panel in
Fig. 2.3. Therefore, we will explore the impact of the addition of the
atmospheric neutrino data collected at the far detector of the ESS-
nuSB to the beam data since atmospheric neutrinos can provide both
sensitivity to the 6,3 octant and the mass ordering helping to lift para-
metric degeneracies [80, 81].

The mass ordering sensitivity from an observation of atmospheric
neutrinos comes from the oscillation signals driven by Am3; and the
matter effect (first term in Eq. (2.1)) and therefore, it does not depend
on the value of §. On the other hand, the sensitivity is better for 6,3 in
the second octant than the first octant, since the term is proportional
to sin? 03 [127].

If the shorter baseline L = 360 km (ESS-Zinkgruvan) is instead
considered, the neutrino flux at the high energy tail up to E ~ 600
MeV covers the first oscillation maximum. This situation corresponds
to the bi-probability ellipses presented in the right panel of Fig. 2.3,
which show the same shape and position characteristic of other ex-
periments located at the first oscillation maximum such as T2HK.
The matter effect is not significant enough to completely separate the
two mass orderings. In the relevant energy range (200-600 MeV), the
oscillation probabilities go from the first maximum (right panel) to
the first minimum (middle panels) and to the second maximum (left
panel). The leftmost panel with E = 250 MeV, where the second oscil-
lation peak would be located, looks very similar to that with E = 380
MeV in the case of L = 540 km. The ellipses for the different mass
orderings are separated more clearly in the case of L = 360 km than
L = 540 km in a large energy region, which leads to a slightly better
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sensitivity to the mass ordering even though the baseline is shorter.
From the information at the first oscillation maximum, the ESSnuSB
with L = 360 km also has better sensitivity to 3 than the L = 540 km
option, so that it is expected that the longer baseline option will ben-
efit more from the addition of the atmospheric neutrino data, which
helps to determine 653 and its octant.

2.3 SIMULATION AND EXPERIMENTAL DETAILS

The simulation of the ESSnuSB data has been performed with the
GLOBES software [128, 129]. We have assumed that the neutrino
beam will shine on a near and a far detector to reduce the system-
atic uncertainties [66]. The far detector is a 1 Mt MEMPHYS-like
water Cerenkov detector [68], while the near detector has been as-
sumed to be identical to the far detector in terms of efficiencies and
background rejection capabilities with a fiducial mass of 0.1 kt. The
response of the detectors has been implemented through migration
matrices, both for the signal efficiency and the background rejection
from Ref. [68].

A beam power of 5 MW with 2.5 GeV protons and an exposure of
1.7 x 107 operating seconds per year has been assumed [66]. The
fluxes have been simulated explicitly at 1 km for the near detec-
tor [130], accounting for possible geometrical effects since the source
cannot be considered point-like, as well as for 100 km (and conse-
quently rescaled) for the longer baselines considered for the far de-
tector [66]. The event rate peaks around O(100) MeV energies (see
Fig.2.1), so the dominant contribution to the cross section will be in
the quasi-elastic regime (QE). For the cross section we use the results
from the Genie [131] tune G18_10a_00_000.

We have assumed a total running time of 10 years. Nonetheless, we
will also study the dependence of the physics reach on the relative
running time spent in positive and negative focusing in order to opti-
mize it for the measurement of CP violation. Likewise, although the
preferred location of the far detector for the ESSnuSB is the Garpen-
berg mine at 540 km [66], different baselines, with emphasis in the
alternative Zinkgruvan option at 360 km, will be studied to address
the optimal choice. Finally, we will also study how the CP discovery
potential depends on the total exposure.

Throughout all the simulations we adopt the same treatment of
the systematic errors from Table 2.1 as in Ref. [87]. Unless other-
wise specified, we will assume the “Optimistic” systematics from the
first “Opt.” column in Table 2.1 although we will also show how the
results are affected when the more conservative ones in the second
column “Cons.” are considered instead. All systematics have been in-
troduced as nuisance parameters and the results presented have been
obtained minimizing the x? over all of them. The systematic uncer-
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Systematic uncertainty Optimistic Conservative
Fiducial volume ND 0.2% 0.5%
Fiducial volume FD 1% 2.5%
Flux error v 5% 7.5%
Flux error 7 10% 15%
NC background 5% 7.5%
Cross section x eff. QE 10% 15%
Ratio v, /vyu QE 3.5% 11%

Table 2.1: Systematic uncertainties for a super beam as described in Ref. [87]
for two different scenarios, the “Optimistic” one and the “Conser-
vative” scenario where systematics are larger.

tainties associated to fluxes and cross sections have been assumed to
be fully correlated between near and far detector and uncorrelated be-
tween neutrino and antineutrino components and different flavours.
The uncertainties on the fiducial volumes of the near and far detec-
tors were not assumed to be correlated. Additionally, to account for
the uncertainty in the cross section between the near and far detector,
arising from the different flavour composition of the beam (mainly
v, in the near site and v, for the signal in the far detector), a com-
pletely uncorrelated systematic is included for their ratio (last row of
Table 2.1). Therefore, the x* will be given by

2 2
n n
2 : ~2 ~2 S S
X~ = miny,, (XFD [nsc] + XND [”SC/”SU] + 0.2C + Uzu >/ (2.2)
e Moy

where X%D (X%\,D) corresponds to the far (near) detector and n,. (15,)
are the correlated (uncorrelated) systematic uncertainties.

We have added to the resulting x? a gaussian prior with the central
values and 1o errors from Ref. [72] for “solar” and “reactor” param-
eters. For the “atmospheric” parameters we set a prior on sin” 26,3
and |Am3 | given that the octant for 6,3 and the mass ordering are still
unknown. Since the determination of these two parameters comes
primarily from atmospherics, when adding this sample to the beam
data no prior has been added on 6,3 and Amgl.

The simulation of the atmospheric neutrino sample in MEMPHYS
is the one used in the analysis from Ref. [81] where the neutrino
fluxes at Gran Sasso from Honda calculations [132] were used. This
is a conservative estimate as fluxes become larger at higher geomag-
netic latitudes such as Garpenberg or Zinkgruvan. In the simula-
tion the events are separated between fully and partially contained
events in the detector and stopping from through-going muon events.
The neutral current contamination in each bin was included assum-
ing the same ratio as Super-Kamiokande between neutral-current and



2.4 RESULTS

10 10
L = 360 km — FO L = 540 km — FO
Amj, >0 — S0 Am2, >0 — s0

—150 —100 50 0 50 100 150 —150 —100 —50 0 50 100 150

L =540 km — Fo
Am3 <0

L = 360 km
Am3, <0

o Jf ;
N / N /
30, Ao,

T T i y T T 0 T T T t y T T
—150 —100 50 0 50 100 150 —150 —100 —50 0 50 100 150
a(°) a(°)

Figure 2.4: Significance with which CP conserving values of é can be ex-
cluded for the Zinkgruvan 360 km (left panels) and Garpenberg
540 km (right panels) options. The upper (lower) plots are for
normal (inverted) mass ordering while the red (blue) curves cor-
respond to 03 in the first (second) octant. The dashed lines cor-
respond to the beam data only, while the continuous lines cor-
respond to the results studying events from the beam and from
atmospheric neutrinos. The running time splitting has been as-
sumed to be t,=t; = 5 years.

unoscillated charged-current events [133]. For further details on the
atmospheric sample see [81].

2.4 RESULTS

In Fig. 2.4 we show the impact on the CP discovery potential of the
ESSnuSB before (dashed lines) and after (solid lines) the inclusion of
the atmospheric sample for the Zinkgruvan (360 km) and Garpenberg
(540 km) options in the left and right panels, respectively. The plots
represent the \/Ax? with which CP conserving values of § = 0 or 7
can be disfavoured as a function of the true value of §. We take the
minimum of Ax? between § = 0 and 7. The \/Ax?2 can be interpreted
as the significance for exclusion of CP-conserving values (and hence
evidence for CP violation) as long as the assumptions behind Wilks
theorem hold [134]. Deviations from these assumptions can be sizable
for presently running experiments, but are expected to be smaller for
next generation facilities [135].

Even though the sensitivity of the atmospheric neutrino dataset to
0 is almost negligible, the improvement of the ESSnuSB physics reach

7
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upon its inclusion is quite remarkable. The improvement is gener-
ally larger for the longer 540 km baseline than for the Zinkgruvan
360 km option. This is in line with the expectations discussed in Sec-
tion 2.2 of the atmospheric sample being more complementary to the
beam information at the longer baseline. Indeed, at the second oscil-
lation maximum the v, disappearance oscillation is not sampled as
efficiently as at the first peak and this deteriorates the determination
of the atmospheric oscillation parameters 6,3 and Am3;, which play
an important role in the measurement of . Conversely, the 360 km
baseline has higher statistics and some events also cover the first oscil-
lation maximum such that the atmospheric oscillation information is
less complementary and the gain upon its inclusion is less noticeable.
From these results we can conclude that the ESSnuSB setup combined
with the atmospheric neutrino sample would be able to rule out CP-
conserving values of 6 for ~ 60% (~ 55%) of the possible values of §
at the 50 level regardless of the octant and the mass ordering when
observing at the 540 km (360 km) baseline.

Figure 2.4 also shows that the gain in CP discovery potential is
much more pronounced in some particular regions of the parameter
space, especially for § < 0 and 603 in the first octant or § > 0 and
the second octant. In these examples the dotted curves for beam
only often show a kink that reduces the slope and the values of §
for which CP violation could be discovered with high significance.
Conversely, the corresponding solid curves with atmospheric data
either do not display the kink or develop it at higher significance so
that the resulting CP-discovery potential is much larger. These kinks
occur due to the presence of an unresolved octant degeneracy at a CP-
conserving value of J that prevents drawing conclusions regarding
CP violation. When atmospheric data is added, the sensitivity to the
octant improves and these degeneracies are either lifted or only show
up at much higher significance.

This situation is illustrated in Fig. 2.5, where the allowed regions at
the Ax?2 = 25 level are shown in the é-sin’ 623 plane. The left (right)
panels assume the true values § = —40° (§ = 150°), sin® 26,3 = 0.418
(sin? 263 = 0.582) and normal ordering. As can be seen, when only
the beam information is taken into account (blue curves), an octant
degeneracy that spreads the allowed region towards CP conserving
values appears. Conversely, the atmospheric data on their own (red
curves) have no capability to determine ¢ at all, but can instead rule
out the wrong octant of 63. Thus, the combination of the two data
sets (black curves) very significantly improves the CP discovery po-
tential of the facility in these areas of parameter space. The dotted
lines correspond to “sign” degeneracies with the opposite mass or-
dering to the one chosen as true value. In the right panel this degen-
eracy is also solved with atmospheric data while for the values of §
and 63 chosen in the left panel a small sign degeneracy remains be-
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Figure 2.5: Allowed regions at Ax?> = 25 for different assumed values of
sin?6; and & represented by the star for a 540 km baseline
(Garpenberg location). The red curves correspond to the atmo-
spheric dataset alone, the blue to the beam-only information and
the black curves to the combination of both. Dotted regions are
allowed with the wrong mass ordering. The running time split-
ting has been assumed to be t,=t; = 5 years.

tween the 4 and 5c level. Notice that an “intrinsic degeneracy” [82]
at 6 ~ 7T — bty also shows up at the 50 level when only the beam
information is taken into account. As for the “sign” degeneracy, the
atmospheric neutrino data is enough to lift it for the parameters cho-
sen in the right panel while a small remnant is present in the left.
In any case, both the “intrinsic” and the “sign” degeneracies appear
at & >~ 71 — Oy, given the comparatively small matter effects for the
setup, and their allowed regions are smaller or comparable to that of
the true solution so that only the “octant”degeneracy plays a signif-
icant role in reducing the CP-discovery potential when atmospheric
data is not exploited to lift it.

In Fig. 2.6 we show how the significance with which the ESSnuSB
would be able to disfavour the wrong octant of 6,3 as a function of
the true value of 6,3 (blue lines). As already anticipated in Section 2.2,
this capability improves dramatically upon the inclusion of the atmo-
spheric neutrino sample (red lines) and thus the potentially danger-
ous “octant” degeneracies are lifted. The curves are almost identi-
cal for both mass orderings and for the Zinkgruvan and Garpenberg
baselines.

The significance with which the ESSnuSB would be able to dis-
favour the wrong mass ordering is shown in Fig. 2.7, where dotted
(solid) lines correspond to beam only data (beam and atmospheric
data). The left (right) panels correspond to the 360 km (540 km) base-
line and upper (lower) panels are for the scenario in which the true
ordering is normal (inverted). As can be seen the ESSnuSB beam
data allows to disfavour the wrong mass ordering at around the
30 (20) level for the 360 km (540 km) baseline for any value of ¢
and the octant. When the atmospheric data is added, the sensitiv-
ity to the wrong ordering is boosted to the 4-50 level or even higher
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Figure 2.6: Significance with which the wrong octant would be disfavoured
as a function of the actual value of 63 with beam-only infor-
mation (blue lines) and including also the atmospheric dataset
(red lines) for the baseline to Garpenberg (L = 540 km) and
normal mass ordering. The running time splitting has been as-
sumed to be f,=t; = 5 years. The results for the Zinkgruvan site
(L = 360 km) and for inverted ordering are very similar. The
vertical line represents the present best fit for 6,3 from [72].

for the particular case of normal ordering and second octant of 623
(sin® B3 = 0.582 from Ref. [72]) for which the signal in atmospheric
neutrinos is enhanced, as expected from Eq.(2.1). For normal order-
ing (upper panels) the inclusion of the atmospheric neutrino data also
change the shape of the curve, in particular a larger increase in the
significance is seen around é = 0 than for other values. This is due
to the solution of the octant degeneracy since, as can be seen in the
middle panel of Fig. 2.2 or the first panel of Fig. 2.3, for § = 0 and
normal ordering the ellipse with opposite octant and ordering has a
significant overlap.

In Fig. 2.8 we analyze the precision with which the ESSnuSB ex-
periment would be able to measure the CP violating phase ¢. In this
figure we assumed the currently preferred option of normal ordering
and second octant of 3. In the upper panels we show the improve-
ment in the 1o allowed region with which § would be constrained
by adding the atmospheric neutrino sample (solid lines) to the beam
information alone (dotted lines). As can be seen, both for the 360 km
(left panel) and 540 km baseline (right panel), the precision with
which ¢ could be determined has a very pronounced shape. For CP
violating values of § around £90°, the 1¢ uncertainty in the measure-
ment peaks leading to the poorest precision, while for é around 0 or
180° the most precise measurements would be achieved.
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Figure 2.7: Significance with which the wrong mass ordering would be dis-
favoured for 0,3 in the first octant (red lines) or second octant
(blue lines) and the true mass ordering being normal (upper
plots) or inverted (lower plots). Dashed lines correspond to the
beam only data while solid lines correspond to the addition of
the atmospheric sample. The left panels correspond to the base-
line to Zinkgruvan while the right ones to the location of the
Garpenberg mine. The running time has been assumed to be
ty=ty = 5 years.

As discussed in Ref. [126], this structure follows from the depen-
dence of the oscillation probability on J shown in Eq.(2.1). At an
oscillation peak |Am3,|L/(4E) = (2n — 1)7t/2 and thus mainly sin
is probed. Since the derivative of sind vanishes at 6 = £90°, the
precision with which § can be determined is worst close to these val-
ues. In order to constrain § around § = £90°, measurements away
from the oscillation maxima to determine cos § would instead be nec-
essary. These off-peak measurements are easier at the Zinkgruvan
360 km baseline since the statistics is higher and also the beam is not
exactly centered at the maximum, while they are very challenging at
Garpenberg since very few events away from the oscillation peak are
expected. This explains why the reconstructed sensitivities around
0 = £90° are much worse in the right panel compared to the left.
Moreover, the double-peak structure that can be seen for § = —90°
for 540 km corresponds to the “intrinsic” degeneracies depicted in
Fig. 2.5 that merge into one bigger allowed region. Since, as seen in
Fig. 2.5, the addition of atmospheric data can lift these degeneracies,
in the solid lines where this information was included the difference
between the two baselines is significantly reduced.
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Figure 2.8: Precision (spread of the 1¢ allowed region) on the determination
of ¢ for the baseline to Zinkgruvan L = 360 km (left panels) and
Garpenberg L = 540 km (right panels) for the current best-fit
parameters [72]. In the upper panels we show the comparison
between the precision obtained with (solid lines) and without
(dashed lines) the atmospheric sample for a running time of 5
years in each focusing. In the lower plots we show the depen-
dence of the precision on the relative running time in each mode,
where t, (t7) corresponds to the time the experiment would run
in neutrino (antineutrino) mode, combining atmospheric and
beam datasets.

Conversely, for § = 0 or 180° the measurement on peak is what
allows to determine ¢ and, since this is better covered at the longer
540 km baseline, the precision is slightly better there. This fact also
translates into the better CP-discovery potential observed for the 540 km
baseline in Fig. 2.4. Since the error in J is smaller around CP-conserving
values, the 540 km option could get closer to these values but still al-
low to claim the discovery of CP violation with high significance.

In the lower panels of Fig. 2.8, the impact of changing the relative
running times in positive focusing (neutrino mode) and negative fo-
cusing (antineutrino mode) is shown. Since off-peak measurements
are required for § = £90°, statistics are crucial and easier to accu-
mulate in neutrino mode, since fluxes and cross sections are larger,
and thus the best precision would be obtained by devoting longer pe-
riods of data taking to positive focusing. Conversely, around § = 0
or 180° the complementarity between the neutrino and antineutrino
samples pays off and more even splits of the running time provide
better sensitivity.
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Figure 2.9: Precision on the measurement of J for a total running time of
10 years when the relative running time in neutrino and antineu-
trino modes is optimized for each value of ¢. This corresponds
to running similar times in neutrino and antineutrino modes
around § = 0,180° and maximizing the neutrino runs around
6 = £90°.

Since the ESSnuSB would be a next-generation facility, its measure-
ment strategy can profit from the previous hints by preceding os-
cillation experiments and adapt the splitting between neutrino and
antineutrino modes depending on what value of § data point to. If
such a strategy is followed and the best splitting between neutrino
and antineutrino modes is adopted for each value of §, the precision
presented in Fig. 2.9 would be obtained. If the mass ordering is con-
firmed to be normal and 6,3 lies in the second octant as present data
prefer, the precision with which the ESSnuSB facility would deter-
mine J ranges from 16° (13°) for 6 ~ —90° to 6° (7°) for 6 ~ 0 or
6 ~ 180° for 540 km (360 km).

From Figs. 2.4 and 2.9 one can conclude that if the experiments pre-
ceding the ESSnuSB do not find any evidence for CP violation, the
best option would be the 540 km baseline and a more or less even
split of the neutrino and antineutrino running times. Indeed, this
choice would minimize the errors with which é would be determined
around CP-conserving values and allow to increase the CP-discovery
potential. On the other hand, if the previous set of experiments deter-
mine ¢ to be close to maximally CP violating, then the best scenario
for the ESSnuSB would be the shorter 360 km baseline and increased
neutrino run time to determine J with the best precision possible.

In Fig. 2.10 we show the impact of individual systematic uncertain-
ties on the fraction of values of J for which CP violation could be
discovered (A)(2 > 25). The sources of uncertainty considered, sum-
marized in Table 2.1, are the flux uncertainties for the signal (é¢s)
and background (6¢g), the cross section systematic (d¢), the neutral
current background (§NCp), and the uncertainty on the ratio of the
electron and muon flavour neutrino cross section (6, /). The plot
shows that the systematic uncertainties that most significantly affect
the performance of the ESSnuSB are the ones related to the back-
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Figure 2.10: Impact of different sources of systematic errors on the fraction
of values of § for which a Ax?> > 25 exclusion of CP conser-
vation would be possible at the Garpenberg mine. The orange
circles correspond to the CP fraction with the “Optimistic” sys-
tematics from Table 2.1, red squares correspond to assuming
that particular uncertainty to be 5 times larger and blue trian-
gles to reducing the uncertainty by a factor of 5.

ground components of the beam, since for these the determination
at the near detector is more challenging. Namely, é¢p, INCp as well
as 60,/ 0y, since the only v, present at the near detector that would
allow to fix this parameter are those from the intrinsic background
contamination of the beam. Among these, the strongest impact on
the sensitivity is due to the cross section ratio since, not only it is
difficult to constrain, but it is also most relevant to the signal at the
far detector, which consists of v.. Indeed, reducing or increasing this
particular source of systematic error has the biggest impact on the
physics reach. The impact is in any event limited, since the main bot-
tleneck to the performance when observing at the second oscillation
peak is statistics. In particular, a reduction of this systematic by a
factor of 5 improves the CP fraction by ~ 2% (no impact for 7) while
the same factor in the opposite direction worsens the sensitivity by
~ 9% (~ 4%).

The importance of these systematic errors in the physics reach is
crucially dependent on the baseline of the experiment. In the left
panel of Fig. 2.11 we show the fraction of all the possible values of §
for which it would be possible to rule out 6 = 0 or § = 180° with a
Ax?* = 25 or higher significance. The upper blue line is for the more
optimistic systematics from Table 2.1 and the lower red one for the
more conservative values. As can be seen, the fraction of values of
0 at which a 5¢ discovery would be possible, peaks between 400 km
and 700 km in both cases. But this peak is much more pronounced
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Figure 2.11: Fraction of values of § for which CP violation could be discov-
ered above 50 for different baselines to the far detector (left
panel) for the two different sets of systematics from Table 2.1.
In the right panel we show the CP fraction for the Garpenberg
(L = 540 km) and Zinkgruvan (L = 360 km) mines, assuming
the current best fit values for the oscillation parameters and the
“Optimistic” systematics for increasing total exposure.

when the more conservative values are assumed for the systematic
uncertainties. Indeed, for larger values of the systematics, the shorter
baselines are strongly penalized since the dependence of the oscilla-
tion probability is subleading around the first peak and easily hidden
by the systematics. Conversely, if very small systematic errors can be
achieved, then the main limiting factor would be statistics and shorter
baselines would perform better. Thus, by measuring at the second os-
cillation maximum the ESSnuSB setup becomes much more resilient
to sources of systematic errors unaccounted for than when observing
only at the first peak.

In the right panel of Fig. 2.11 we show how the fraction of values
of 6 for which CP violation would be discovered at the 50 level by the
ESSnuSB beam and atmospheric data increases with the exposure. As
expected from an observation at the second oscillation peak, statistics
is the main factor controlling the final reach of the experiment. In-
deed, for 5 years data taking the CP fraction is around 46%, by 10
years it increases to 62% and reaches 70% for 20 years of exposure.
The slope only flattens significantly after 25 years.

2.5 CONCLUSIONS

In this paper we have performed an exhaustive analysis of the
physics reach of the ESSnuSB facility exploring its capability to deter-
mine all the presently unknown neutrino oscillation parameters such
as the mass ordering and the octant of 63 but with a focus on the
discovery of leptonic CP violation and a precision measurement of
0, which are the main declared goals of the experiment. For the first
time we combined the atmospheric neutrino sample that would also
be observed at the facility with the beam information and studied
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the complementarity between the two data sets. We studied how the
physics reach of the facility could be optimized by exploring different
baselines and focusing on the two candidate sites of Zinkgruvan at
360 km and Garpenberg at 540 km. We have also explored how the
time split between neutrino and antineutrino modes can be exploited
to improve the physics reach.

We conclude that the inclusion of the atmospheric data set can sig-
nificantly increase the ESSnuSB physics reach. Due to the peculiari-
ties of observing the oscillation probability at the second oscillation
maximum we find that this combination is particularly synergistic.
The atmospheric neutrino sample not only significantly increases the
sensitivity to the mass ordering, like for other similar facilities [80, 81],
but it is also very effective in improving the constraints on Am3; and
3 and its octant. These measurements are especially challenging for
the beam alone when sitting at the second maximum, given the low
statistics, particularly in antineutrinos and in the v, disappearance
channel. However, the determination of ¢ can be affected by correla-
tions with 63 [85] and degeneracies with the wrong octant and thus
the atmospheric information is also crucial to increase the CP discov-
ery potential of the ESSnuSB indirectly. We find this complementarity
is somewhat more pronounced for the longer 540 km baseline since
there the flux is more centered at the second oscillation peak and the
statistics are smaller so it benefits more from the information gained
from the atmospheric neutrino data.

Regarding the optimal baseline, we find the choice is rather depen-
dent of the actual value of 6. For § ~ £90° a precise measurement
needs events away from the oscillation maximum. In this sense the
shorter 360 km baseline is better since the statistics for off-peak events
are higher and this leads to a more precise measurement. Conversely,
if ¢ is close to CP conserving values and the previous set of measure-
ments have not been able to claim the discovery of CP violation, the
longer 540 km baseline would allow to cover a larger part of the pa-
rameter space. Indeed, after 10 years of data taking, the fraction of
values of § for which a 50 discovery would be possible is 56% for
Zinkgruvan and 62% for Garpenberg.

As for the splitting of the data taking time between neutrino and
antineutrino modes, the optimal strategy also depends on the value
of 6. This fact could be exploited since previous and present data at
the time of the measurement should already show a strong prefer-
ence for some part of the parameter space. Thus, the running strat-
egy can be adapted to the situation optimizing the precision with
which this measurement can be performed. In particular we find
again that given the need of going beyond measurements at the peak
for & ~ £90°, statistics is much more relevant and maximizing the
time in neutrino mode translates to the best precision for these val-
ues. Conversely, close to CP-conserving values of J, the information
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from events on-peak is most relevant and the complementarity be-
tween neutrino and antineutrino modes pays off so that a more even
split of the running time would provide the best precision.

Finally we explored the possible bottlenecks for the physics reach
of the facility exploring how it is affected by varying the values of the
different systematic errors considered as well as the total exposure.
As expected, the choice of observing the oscillation probability at its
second maximum significantly reduces the impact of the systematic
errors. We find that around the first oscillation peak the fraction of
values of ¢ for which a 50 discovery is possible is reduced by more
than a factor 2 when considering the more conservative values of Ta-
ble 2.1. On the other hand, at the second peak the reduction is only
by a factor around 1.2. Among the different sources of systematic un-
certainties considered, the most important is the possible difference
in the ratio of the electron to muon neutrino cross sections. This un-
certainty is difficult to constrain from near detector information since
the flux is mainly composed of v, but the far detector signal consists
of v,. Conversely, the observation at the second maximum consider-
ably reduces the number of events and statistics play a much more
relevant role. At the longer 540 km baseline, the fraction of values of
J allowing for a discovery would go from 47% to 62% and 70% for
data taking periods of 5, 10, and 20 years, respectively.
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3.1 WEINBERG OPERATOR

As already mentioned in Section 1.1, neutrinos are exactly mass-
less in the SM. Given the experimental observation of neutrino oscil-
lations, it is clear that we need to include BSM physics in order to
explain this phenomenon. As a starting point, we can use the power-
ful tool of effective field theories (EFT) in order to generate neutrino
masses just with the SM field content and effective operators of di-
mension d > 4.

It can be shown that there is only one d = 5 operator that can be
constructed with the SM field content respecting gauge invariance,
namely the Weinberg operator, given by [136]

1x (. ~0\ (5
LD VN (LEH ) <H+LL> +h.c, (3.1)
where H = ioyH* and the superscript ¢ denotes charge conjugation,
such that ¢ = C{T; A is a new physics scale and x a dimensionless
coupling. Interestingly, after SSB, the consequence of the Weinberg
operator is to generate a Majorana mass term for neutrinos given by

Uiy

My =Ko (3-2)
where vy ~ 246 GeV is the Higgs vev. For neutrino masses around
0.1 eV, and assuming x ~ 1, it is easy to find that the new physics
scale should be A ~ O(10') GeV, near the grand unification (GUT)
scale. Note however that the assumption that ¥ ~ 1 does not need to
hold and therefore the BSM physics scale could span several orders
of magnitude.

Another consequence of the Weinberg operator generating light
neutrino masses is that they are Majorana particles, as the term from
Eq. (3.1) breaks lepton number (L) by AL = 2.

The power of the EFT approach is that, many BSM models gen-
erating Majorana masses for neutrinos will reduce to the Weinberg
operator once we integrate out the new heavy degrees of freedom®.

Exceptions to this can be found, where neutrino masses are generated from d = 7 or
higher-dimensional operators [137].
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Following a bottom-up approach, we can now discuss renormaliz-
able models generating the operator in Eq. (3.1), in particular the
celebrated Seesaw mechanism for neutrino masses.

3.2 THE SEESAW MECHANISM

The most minimal extension we can make to the SM in order to
generate light neutrino masses is the inclusion of right-handed neu-
trinos, so that we write a Yukawa term in the same fashion we do for
the other SM fermions:

L > —L HY,Ng +h.c., (3.3)

where Ny are the right-handed (RH) neutrino fields and Y, isa3 x n
complex Yukawa matrix with n the number of RH neutrinos intro-
duced. Notice however that in order to respect gauge invariance, the
Ng are SM singlets, such that a Majorana mass term for these fields
can be written at the lagrangian level, making the full mass term for
the neutrinos read as

-~ 1._
Liass = —LLHY,Ng — ENICQMNR + h.c., (3-4)

where M is a Majorana mass whose scale is completely free. After
SSB the Higgs develops a vev, we find the following Majorana mass

matrix for the field n; = (VL Nﬁ):

0
Mv = < T mD) ’ (35)
mp M

where mp = vyY,/+/2. Now if there is a large hierarchy between M
and mp, such that M > mp, it is straightforward to block diagonalize
M, and find, in the basis where M is real and diagonal

my, ~ —mDM’lm,TD, Mpeavy ~ M. (3.6)

It is clear that light neutrino masses are tiny because of the large
hierarchy of scales between the EW scale and the Majorana mass
scale M. In particular, for ¥, ~ O(1) and m, ~ 0.1 eV, M sits at
the GUT scale, just as anticipated when studying neutrino masses in
the EFT context with the Weinberg operator from Eq. (3.1). This is
the well known Type-I Seesaw Mechanism [138-141], which is able
to explain the lightness of neutrino masses through a hierarchy of
scales, while keeping natural O(1) Yukawa couplings for the neu-
trinos. However, the mixing between the active and heavy states is
given by tan 0 ~ m pM™1, being very strongly suppressed by the Ma-
jorana mass, making this scenario very difficult to test experimen-
tally. Other examples of models which generate the Weinberg opera-
tor from Eq. (3.1) after integrating out the heavy fields are the Type-
II [142, 143] and Type-1III [144] Seesaw mechanisms, which introduce
an SU(2)y, scalar or fermion triplet, respectively.
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3.3 LOW-SCALE SEESAW MECHANISMS

Although the Type-I Seesaw introduced in Section 3.2 successfully
explains the lightness of neutrino masses, and potentially also the ori-
gin of the matter-antimatter asymmetry in the Universe [145], it also
worsens the Higgs hierarchy problem [146, 147] and is experimentally
out-of-reach given the high scale for the heavy neutrinos. Notice that,
for the small active-heavy mixing expected in the Type-I Seesaw, we
can rewrite m, from Eq. (3.6) as

My ~ —Bmlg, (3.7)

such that if we have Y, ~ O(1) and mp is at the EW scale, 6 needs
to be suppressed at the level of § ~ 1072 in order to explain light
neutrino masses.

Another possibility could be, instead of explaining neutrino masses
through a hierarchy of scales, to explain it through a symmetry which
protects neutrino masses and make them naturally small. This is the
case in the so-called low-scale Seesaw scenarios such as the inverse or
the linear Seesaws [148-151], in which an approximate lepton number
symmetry [152—154] protects light neutrino masses. As an illustrative
example, we can study the case of the inverse Seesaw, but most of the
results in the following will apply as well to any low-scale scenario
in which active-heavy mixing can be large.

In the inverse Seesaw scenario [151] we introduce to the SM parti-
cle content n Dirac singlet neutrinos, N, such that we can write the
following mass term

-~ _ 1.
Emuss D _LLHNR - NLMNNR - ENEVNL + h.C., (38)

where My is a Dirac mass and y is a Majorana mass for N, which
is small given that we are assuming an approximate lepton number
symmetry. In particular, if we assign lepton number +1 to L, N;.
and Ng, it is clear that y “softly” breaks it by AL = 2. Notice that
we could write a Majorana mass for Nr as well, but it would only
contribute at the loop level to light neutrino masses. After SSB, the

Higgs develops a vev and, arranging the fields as (yL N; Nﬁ) , We
find the following mass matrix for neutrinos

0 0 mh
My=|0 u M| (3.9)
mp MN 0

Assuming that My > mp > u, we find that light neutrino masses
are given by

-1
my ~ mpMy'p (MITO mp = 0u”, (3.10)
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where in the last step we have made used of the definition of 6 =
mpMy' as the ratio between the Dirac mass generated from the Higgs
and the heavy singlet neutrino mass. It is thus clear from Eq. (3.10)
that, for an L-breaking term y ~ O(keV), light neutrino masses can
be explained with § ~ 1072. Moreover, in the limit where L is con-
served, u — 0, the active-heavy mixing can still be sizeable, even
though light neutrinos are exactly massless in that limit.

It is clear from this example why low-scale realizations of the See-
saw are very appealing from a phenomenological point of view. Light
neutrino masses can be naturally explained through an approximate
symmetry, allowing to have large active-heavy mixing 60, although
it is nonetheless constrained by precision EW and flavour observ-
ables [155]. Additionally, the new heavy states, which form pseudo-
Dirac pairs with a small mass splitting AM ~ u, can live at the EW
scale or even below, in reach for present and future collider experi-
ments [156-158] to be found. Given the rich phenomenology of low-
scale Seesaws, we will be working in the context of these scenarios in
the following in order to address other open question of the SM.
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INTRODUCTION

The evidence for the existence of dark matter (DM) is overwhelm-
ing, supported by many astrophysical and cosmological observations.
It makes up around 26% of the Universe energy density, being about
5 times more abundant than baryonic matter, and given that the SM
does not have any viable candidate for DM, it constitutes one of the
most clear experimental hints for the existence of BSM Physics. In
the following, we will introduce some of the evidence for DM and
the properties inferred from them.

4.1 EVIDENCE FOR DARK MATTER

Astrophysical and cosmological observations have provided evi-
dence for the existence of vast amounts of a new type of matter in
the Universe that does not emit or absorb light, thus dubbed as dark
matter. Although there are some modifications of Newtonian dynam-
ics, the so-called MOND theories, which could account for some of
the observations, these have proved insufficient when both astrophys-
ical and cosmological probes are taken into account simultaneously.

The first evidence for DM came from the observations of the Coma
cluster by Fritz Zwicky [159] in 1933. From the peculiar motion of
objects in the Coma cluster, the total mass of the cluster could be
inferred, which did not agree with the expectation from the luminous
objects observed. Thus, some kind of non-luminous matter should be
introduced in order to account for the difference in mass.

Later on, in the 7o0s, the idea of some kind of non-luminous mat-
ter took strength with the observation of the rotation curves of spiral
galaxies by Vera Rubin and others [160, 161]. Indeed, naively ap-
plying Gauss law to a spiral galaxy leads to the following relation
between the velocity of bounded objects to the galaxy and their dis-
tance to the galactic centre:

b= /S0, (4.1)

where G is Newton’s constant and M(r) is the mass contained inside
the radius r. In the outskirts of the galaxy, where M does not increase
considerably, we would expect a behaviour like v ~ r~1/2. Instead,
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Figure 4.1: Rotation curve of the spiral galaxy NGC 6503, showing a flat be-
haviour for radius larger than about 3 kpc, taken from Ref. [162].
The dots correspond to the measurements, while the different
curves correspond to the contribution from luminous matter
(dashed line) and DM (dash-dotted line).

what was found was that v remains constant, such that M(r) « r in
Eq. (4.1). This is shown in Fig. 4.1 taken from Ref. [162].

Another strong indication for DM is the paradigmatic example
of the Bullet Cluster, a dynamical system which underwent a colli-
sion, as observed by the Chandra X-ray satellite. Nonetheless, most
of the matter inferred from weak-lensing analyses is displaced from
the visible components. The accepted interpretation is that the dark
matter components of the clusters crossed without interacting signif-
icantly [163, 164].

On cosmological scales, we have the exquisite measurements from
the cosmic microwave background (CMB) performed by WMAP [165]
and later improved by Planck [166]. Indeed, in the ACDM model
for cosmology, DM is the seeder of the structure we observe in our
Universe, playing a fundamental role in structure formation. With-
out the DM component of the Universe, we could not reconcile the
level of anisotropies observed at the epoch of the CMB, at the level
of 6T/T ~ 107>, with the large scale structure observed today. Com-
bining all these measurements, the best determination for the energy
density of DM in the Universe is [166]

Qpah?* = 0.1198 + 0.0012, (4.2)

to be compared with the much smaller baryonic component, Q,h? =
0.02233 4= 0.00015.
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From several observations and also null results in experiments, we
can infer some of the DM properties.

= Non-baryonic: the results inferred from the CMB and Big Bang
Nucleosynthesis (BBN) suggest that only about 5% of the total
energy budget of the Universe is made out of baryonic matter.
Thus, we must conclude that DM is non-baryonic.

= Neutral: DM particles should be neutral or at most milicharged.
Otherwise they would scatter light and thus not be dark. Sev-
eral probes place bounds on the DM electric charge, from CMB
measurementes, which would be affected if DM particles could
scatter off electrons and protons at recombination, to the non-
observation of DM in direct detection experiments.

= Non-relativistic: numerical simulations of structure formation
in the Early Universe show that DM needs to be non-relativistic
(cold) at the epoch of structure formation, in order for it to seed
the large scale structure (LSS) observed. However, simulations
with cold DM lead to too much substructure in DM halos which
have not yet been observed. These results may be accommo-
dated with warm DM, i.e. DM only slightly relativistic such
that it would erase the smallest substructures in better agree-
ment with observations. On the other hand, properly taking
into account the baryon interactions could also explain the dis-
crepancy, as well as some degree of self-interactions giving rise
to DM scatterings.

= Long-lived: DM is a long-lived (if not stable) particle, whose
lifetime should be larger than the age of the Universe. This
is clear from its footprint in the CMB anisotropies, its funda-
mental role in structure formation and its observation from the
gravitational effects on galaxies and clusters nowadays.

= Collisionless: dynamical systems, such as the Bullet Cluster, set
an upper bound to the self-interactions of DM particles, at the
level of o/m < 1.25 cm?/g. Nonetheless, some level of self-
interactions could help reconciling the amount of substructure
observed and the one resulting from simulations, as already
described.

4.3 DARK MATTER PRODUCTION THROUGH FREEZE-OUT

In this section we present the generalities of arguably the most
simple DM production mechanism, the freeze-out of a massive non-
relativistic species, largely based on Ref. [167].
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Let us assume that DM has some interaction with SM particles
strong enough so that processes that create and destroy DM, such as
2 to 2 processes like DM DM <+ SM SM are in thermal equilibrium
in the primeval plasma. The equation governing the DM number
density is

dn 2 2

I +3Hn = — (0v) (n — neq> , (4-3)
where 1 is the DM number density, H is the Hubble expansion rate,
(ov) is the thermally averaged cross section and 7, is the equilibrium
density. We can rewrite Eq. (4.3) in terms of the yield, defined as
Y = n/s, which is a constant over the expansion of the Universe if
there are no interactions. Exchanging also the dependence on the
temperature by x = m /T, we arrive at

x dY r Y \?2
Y. dax — HI\Y ) ~ 1y, (4-4)
Eq X Eq
where it is clear that when annihilations are not effective, with I' =
n (ov) < H, they freeze-out and the DM yield remains constant. In

the non-relativistic regime we are interested in, namely x > 3, the
equilibrium yield is given by

_ 45 N2 g 5 s
eq_ﬁ( > 2 (4.5)

with g the species internal degrees of freedom and g.s the entropy
relativistic degrees of freedom given by

T\> 7 T\
85 = Z &'(T) +§ Z 8i <T> (4.6)

i=bosons i=fermions

8

It is useful to consider the approximation of instantaneous freeze-out
in order to understand the basics of the mechanism. In this case,
when annihilations are no longer effective, at x = x 7, DM will instan-
taneously decouple from the plasma. Rewriting Eq. (4.4) in terms of
A =Y — Y, and assuming an s-wave annihilation cross section such
that (cv) ~ 0y, we find

AN dYy

dx — dx
where A ~ 0.026mppMp;09 with mpys the DM mass and we are as-
suming a radiation dominated Universe with g,s ~ 100. For 1 < x <
xf, Y closely tracks the equilibrium yield, such that A,dA/dx ~ 0,

and we get, at Xf,

AxT2A(A +2Ye), (4.7)

5

where we have used dY,;/dx ~ —Y,; around xy. Now for x > x¢, Ye,
is negligible, such that we need to solve

dA _
i —Ax"2A2, (4.9)
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Figure 4.2: Freeze-out of a massive particle species in the Early Universe.
The dashed lines correspond to the actual yield for different an-
nihilation cross sections while the solid line corresponds to the
equilibrium density. This figure was taken from Ref. [167].

between x = Xf and x — oo. The yield today, Y, is then

i
Yoo ~ ———, .
and the relic density would be given by
2
Qpuh* = W, (4.11)
c

where sg is the entropy density today and p. the critical density. It can
be shown that, very generally, x; ~ 15 — 20 [167], such that substitut-
ing numerical factors in Eq. (4.11), we get Qpuh? ~ 10*10(7()’ 1 Gev2,
from which it is clear that the smaller the annihilation cross sec-
tion is, the greater the final relic density becomes, as can be seen
in Fig. 4.2. In order to recover the observed relic density, we find
an annihilation cross section of DM with SM particles of the order
of oy ~ 107! GeV~2, which is the size one would expect for a typi-
cal weak-interaction process, with (0v) ~ G#m3,,,, for a DM particle
around the GeV scale. This is the so-called “WIMP miracle”, as it was
found that, on very general grounds, we could explain the DM in the
Universe with an interaction whose strength is similar to that of weak
interactions in the SM, and it has driven most of the experimental ex-
pectations in the DM community for the past 20 years.

Indeed, if there is a dominant interaction between DM and some
SM species responsible for its production through freeze-out, then it
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Figure 4.3: Depiction of the different processes involved in the production
through freeze-out, direct and indirect detection experiments,
and the DM production at colliders.

can potentially be found through this same interaction in experimen-
tal searches. In Fig. 4.3 a sketch of the different possibilities and the
particular process being probed are shown, following the different
arrows.

Direct detection experiments take advantage of the presence of DM
in the galactic halo which can elastically scatter off nuclei or electrons
in a terrestrial detector. In Fig. 4.4 a summary of the main direct
detection experiment results is shown together with some prospects
for future searches. In these experiments, the maximum recoil energy
for the test particle expected is

2
My M

Emax o DM ,02 , 12

R 7(%3 m)2 DM (4.12)

where vpy is the DM velocity today, which is vppr ~ 1073, and m is
the mass of the test particle, either nucleons or electrons in most direct
detection experiments. From these expression it is clear why most of
the direct detection experiment results are on the DM-nucleon cross
section, as protons and nucleons are more massive than electrons and
therefore the recoil energy larger, being more easily probed experi-
mentally. However, given the null results of direct detection experi-
ments, a great effort has also been done to probe the DM interactions
with electrons, as in the case of the Xenon1iT experiment [168]. In-
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Figure 4.4: Summary plot with the most relevant direct detection results at
90% C.L. taken from Ref. [169]. The yellow region corresponds
to the so-called neutrino floor from different neutrino sources.
The right panel shows the same bounds and prospects zooming
in the range of DM masses.

deed, if the DM mass were not to be at the O(GeV) scale but rather
below, the recoil energy for nucleons would be suppressed by the ra-
tio mppt/ Maucteon @and thus it would be much more difficult to search
for, so that studying electron recoils for lighter DM masses is better.

On the other hand, the same process responsible for the DM pro-
duction through freeze-out, its annihilation into SM particles, can
happen today in high DM-density regions of the Universe such as
the galactic centre or dwarf spheroidal galaxies producing a large flux
of energetic particles, including gamma rays, cosmic rays [170] and
neutrino. In particular gamma ray searches are very useful as these
particles are not deflected by magnetic fields and attenuate very lit-
tle over galactic distances. Nonetheless, apart from the annihilation
cross section, we need some astrophysical input for these searches,
encoded in the so-called J-factor

]5/ 05HdldQ, (4.13)
AQ) Jlos

where ppy is the DM density distribution, and the integral is over a
solid angle, A}, and along the line-of-sight, “los”. Thus, a particular
profile for the DM distribution needs to be assumed for these indi-
rect searches, which is typically the Navarro-Frenk-White (NFW) pro-
file [171]. The most stringent constraints on DM annihilation to SM
particles come from the Fermi-LAT telescope [172], shown in Fig. 4.5.
Bounds to other annihilation channels such as 777~ have also been
obtained by using measurements of dwarf galaxies and not finding
any positive signal of DM annihilation. There is, however, an excess
in the signal when looking for DM in the galactic centre, but given
the large astrophysical backgrounds in this region of the galaxy, we
still lack a conclusive insight about the origin of this excess.

Finally, colliders like the Large Hadron Collider (LHC) can also
look for DM. Indeed, from Fig. 4.5 we could have two SM particles
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Figure 4.5: Upper bound on the annihilation cross section of DM into a pair
of b quark-antiquark. The dashed gray line corresponds to the
target thermal relic cross section needed to produce DM through

freeze-out. Taken from Ref. [172].

interacting and producing DM in the detector, which would eventu-
ally escape. In this case DM could be searched for through missing

energy or studying displaced vertices [173].
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5.1 WHERE COULD DARK MATTER BE HIDING?

The unknown origin of neutrino masses and mixing together with
the existence of the DM component of the Universe constitute our
most significant experimental evidence for physics beyond the SM
and therefore the best windows to explore new physics. Neutrinos
and DM also share an elusive nature with very weak interactions with
the other SM particles. Indeed, neutrinos only participate in the weak
interactions of the SM while all direct and indirect searches for DM
interactions with the SM, other than gravity, are so far negative or
inconclusive. A tantalising avenue of investigation is the possibility
of a stronger connection between these two sectors. In this case, the
best way to probe DM would be through the neutrino sector.

Several works have investigated the phenomenology of a dominant
interaction between the neutrino and DM sectors and the possibility
to probe DM through neutrinos both via its cosmological implica-
tions [174-187] as well as through indirect searches [187-191]. In the
presence of this interaction, DM would no longer be collisionless, but
able to scatter with neutrinos in the Early Universe, affecting matter
density fluctuations. Moreover, the power spectrum would show a
suppression at small scales [182, 183, 187] or even an oscillatory pat-
tern [176-178, 181]. Indirect detection searches for DM annihilating to
neutrinos in the galactic centre have also been performed at neutrino
detectors and used to constrain neutrino-DM interactions [187-189].
The propagation of neutrinos through DM halos could be modified
as well, leading to dips in supernova neutrino spectra due to resonant
interactions with DM [192, 193], or affect the spectrum or isotropy of
the high energy cosmic neutrinos observed by IceCube [194-196].

However, it is not straightforward to envision a scenario in which
the neutrino-DM interactions dominate the DM phenomenology. In-
deed, gauge invariance dictates that the interactions of the LH SM
neutrinos with DM will be equal to those of their charged lepton
counterparts in the SU(2);, doublets. In this case, the best windows
to DM would instead be the charged leptons rather than the more
elusive neutrinos.
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In the following, we will investigate some gauge-invariant SM ex-
tensions that lead to sizeable neutrino-DM interactions, exploring if
neutrino probes could dominate our sensitivity to the dark sector.
This is actually a rather natural possibility. In fact, if DM does not
participate in any of the SM gauge interactions, the natural expecta-
tion is that the strongest connection to DM will be via singlets of the
SM gauge group. Indeed, if non-singlet fields were involved instead,
the dimensionality of the operators linking the two sectors would
have to increase in order to comply with gauge invariance. This rea-
soning leads to the three well-known SM portals to the dark sector:
the “gauge boson portal” [197], the “Higgs portal” [198], and the
“neutrino portal” [190, 199, 200]. The neutrino portal includes the
addition of RH neutrinos Nr, which makes this option particularly
appealing in connection to the evidence of neutrino masses and mix-
ing from neutrino oscillations.

Since the neutrino portal relies on the mixing between Ny and the
light SM neutrinos to connect the neutrino and DM sectors, this mix-
ing needs to be sizeable. As already mentioned in Chapter 3, in mod-
els with an approximate lepton number (L) symmetry such as the lin-
ear [149, 150] or inverse [151] Seesaw mechanisms, neutrino masses
are suppressed by the small L-breaking parameters while light neu-
trino mixing with Ng is unsuppressed. In the present study, we will
assume relatively large mixing angles noting that they can be com-
patible with neutrino masses, but we will not specify a concrete neu-
trino mass generation mechanism, since these small lepton number
violating parameters, and hence light neutrino masses, will have no
significant impact on the phenomenology related to DM.

We will consider fermionic DM and, more specifically, Dirac DM,
which has the richest phenomenology when interacting with SM neu-
trinos. Indeed, the dominant term in the annihilation cross section
to neutrinos is not velocity suppressed, and DM annihilations there-
fore lead to interesting signatures in indirect searches. Alternative
scenarios with a Majorana, scalar, or vector DM candidate will lead
to a velocity-dependent annihilation cross section to neutrinos [187].
While such possibilities are viable, they are difficult to probe exper-
imentally at neutrino detectors. This is due to the fact that the DM
velocity in the halo today is vpa, = 1073¢ [201], which significantly
reduces the annihilation rate to neutrinos.

In Section 5.2, we summarise relevant experimental searches for
DM and constraints coming from cosmology. In Section 5.3, we con-
sider the simplest gauge-invariant scenario, in which DM is coupled
directly to the full SM lepton doublet. In this case, as expected, the
charged lepton probes tend to dominate the constraints on the DM
parameter space. Further, in Section 5.4, we introduce the neutrino
portal involving one new Dirac sterile neutrino N, which will com-
municate with the dark sector. We present two realisations of the
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neutrino portal, for scalar [202—205] and vector [206] interactions be-
tween the DM and N in Sections 5.5 and 5.6, respectively. For both of
them, we investigate the parameter space, demonstrating that current
and future neutrino experiments have the dominant role in constrain-
ing it.

5.2 CONSTRAINTS ON INTERACTIONS OF DM WITH SM PARTI-
CLES

In the next sections, we will explore the parameter space of differ-
ent possible gauge-invariant ways to realise interactions of neutrinos
with DM. For each realisation, we will investigate whether it is pos-
sible for these neutrino-DM interactions to play a dominant role in
the DM phenomenology. In particular, we will address whether or
not the DM relic abundance can be achieved via the neutrino-DM
interactions and/or if indirect DM searches via its annihilation into
neutrinos (probed at neutrino detectors) can be the dominant test of
the model parameter space. We will use the observables presented
in this section to place constraints on the parameter space of each
scenario.

5.2.1 Indirect detection searches for DM annihilation to neutrinos

DM annihilating in high density regions such as the Milky Way can
generate a significant monochromatic flux of neutrinos with energy
E, = m,, where m, is the DM mass. This flux is proportional to
the integral of the DM density squared along the line of sight and
can be searched for in neutrino detectors such as Super-Kamiokande
(SK) [40] or Borexino [207].

Several analyses that use neutrino detectors to probe the DM pa-
rameter space have been performed in the literature [187-189, 191,
208-211]. For small DM masses in the range 2 — 17 MeV, we can ex-
ploit the upper bound on the monochromatic antineutrino flux set
by Borexino [212] and convert it to a conservative upper bound of
{00,y £ 10722 —1072Y cm®/s on the thermally averaged annihilation
cross section ¢ multiplied by the relative velocity v, of DM parti-
cles, as discussed in Ref. [187]. Likewise, between 10 and 200 MeV,
SK can place an upper bound of (cv,) < 1072 — 1072 cm3/s (de-
pending on the DM mass) [187]. For DM with a mass between
1 GeV and 10 TeV annihilating in the galactic centre, the SK collab-
oration has performed a dedicated analysis and set an upper bound
of (cv,) ~ 1072* — 10722 cm®/s [209]. We will also consider the gen-
eral upper bound on (cv,) derived in Ref. [188] by calculating the
cosmic diffuse neutrino signal from DM annihilations in all halos in
the Universe and comparing it to the measured atmospheric neutrino
background by Fréjus [213], AMANDA [214], and SK. This bound
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applies to m, in the range between 100 MeV and 100 TeV and ex-
cludes (0v,) = 1072 — 107! cm®/s (depending on m,). As argued in
Ref. [188], this bound could be improved by one or even two orders of
magnitude with dedicated analyses by existing neutrino experiments
such as SK.

The next generation experiment Hyper-Kamiokande (HK) [92] will
be sensitive to approximately one order of magnitude smaller cross
sections in this mass range. Indeed, with a 187 kton fiducial mass and
an exposure time of 10 years, HK could probe the parameter space al-
most down to the relic density cross section ((¢v,) = 3 x 10726 cm?®/s
[215]). Possible improvements such as additional mass from a second
tank together with Gd doping for background reduction would allow
to probe beyond this value [210]. Similarly, the ESSUSB project [66] en-
visions a 500 kton fiducial water detector, MEMPHYS [67], that would
have slightly better sensitivity than HK from the additional fiducial
mass. Similarly, future DM and neutrino detectors such as DAR-
WIN [216] and DUNE [65] will be able to further constrain the DM
annihilation cross section to neutrinos. DARWIN will set stronger
bounds for DM masses between 100 MeV and 1 GeV [217], while
DUNE will be able to exclude thermal DM masses between 25 and
100 MeV [211].

Competitive constraints from DM annihilations in the Sun to neu-
trinos, or other SM particles that decay to neutrinos, have also been
derived by neutrino detectors such as SK [218] and IceCube [219].
These exploit the higher DM concentration expected in the solar inte-
rior since it could capture DM particles from the halo via scatterings.
In all the realisations under study we explore the connection between
the DM and neutrino sectors with very suppressed interactions with
the rest of the SM, in particular with quarks. Thus, in these scenarios,
the Sun does not accrete DM particles effectively and the constraints
from these searches do not apply.

5.2.2 Indirect detection searches for DM annihilation to charged leptons

DM interactions with charged leptons will always be present either
at tree level, if DM couples to the full doublet, or at loop level in
the neutrino portal scenarios. Therefore, we will take into account
indirect detection searches for DM annihilations to charged leptons
from the Fermi satellite [220], as well as from their imprint in the
cosmic microwave background (CMB) as observed by Planck [166,
221].

5.2.3 Direct detection searches

DM will not couple directly to the quarks in any of the scenar-
ios that we will discuss. Nevertheless, such couplings will arise at
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loop level in a similar way to the DM-charged lepton interactions.
As we will see, bounds from direct detection experiments, such as
XENON1T [222], are so stringent that they will still constrain the
parameter space for large DM masses. Recently, direct detection of
sub-GeV DM via scattering off electrons has gained significant atten-
tion [169, 223—225]. We have also considered this process and found
it to be sub-leading with respect to other relevant constraints.

5.2.4 Constraints from cosmology

If DM remains in thermal equilibrium with neutrinos during Big
Bang nucleosynthesis (BBN), it can spoil its predictions [226, 227].
Similarly, the effective number of neutrinos, as constrained by CMB
measurements, would be affected if DM remained in equilibrium af-
ter neutrinos decoupled from the photon plasma [228-230]. Thus, to
avoid these two effects, we will not consider DM masses m, < 10 MeV.
Moreover, neutrino-DM interactions can also have an effect in the for-
mation of large scale structures (LSS) since, as DM particles scatter off
neutrinos, they diffuse out and erase small scale perturbations. This
effect leads to a suppression of the amount of small scale structures
today. By comparing LSS predictions to observations, one can set an
upper bound on the strength of the elastic scattering between DM
and neutrinos [181, 231]. Nevertheless, for the models we are pre-
senting in this work, the mixing between the sterile and SM neutrino
suppresses the neutrino-DM elastic scattering and, consequently, its
effect on LSS constrains regions of the parameter space already ruled
out by CMB and BBN constraints [187].

5.3 COUPLING TO THE FULL LEPTON DOUBLET

In this section, we will study the simplest scenario, in which the
neutrino-DM interaction arises from a direct coupling to the full SM
SU(2) lepton doublet. In order to avoid specifying the nature of the
mediator, we will adopt an effective field theory approach, simply
adding a d = 6, 4-fermion interaction.

5.3.1  Model

Since the 4-fermion operator needs to involve two LH SM lepton
doublets L, = (vur,%ur)’, & = e, 1,7, its Lorentz structure is fixed
to be LT/)/"L,X. For definiteness we will assume a vector structure for
the DM part. An axial coupling would instead lead to a velocity-
suppressed DM annihilation cross section to neutrinos for both DM
relic abundance and indirect searches. The cross section for DM anni-
hilation to charged leptons would however have an additional term
only suppressed by the lepton mass, and thus, it would tend to dom-
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inate over the annihilation cross section to neutrinos. Therefore, we
will not consider this option in what follows.
The Lagrangian describing the neutrino-DM interaction is thus given

by

Ca
A2
where yx is a Dirac fermion DM particle, and flavour diagonal cou-
plings c,/A? between DM and the lepton doublets have been as-
sumed in order to avoid new sources of flavour violation. For the ef-
fective description to be consistent we will require that A%/c, > m3.
The simplest UV completion which leads to the d = 6 operator in
Eq. (5.1) is via the exchange of a new heavy vector boson that couples
both to x and L,.

The Lagrangian in Eq. (5.1) implies that, in this naive gauge-invariant
scenario, the coupling between the SM neutrinos and DM will be ac-
companied by a DM-charged lepton coupling of the same strength.
Therefore, the strongest constraints on this model will typically come
from indirect searches for DM annihilations to charged leptons. The
DM relic abundance will also be set by its annihilation into leptons, ei-
ther neutrinos or charged leptons, with the annihilation cross section

given by
cam? m?2 m2
o (1) 1 6o

where m, is the lepton mass for the different « flavour.

L= Lo+ X (id —my) X + 5XYuXLa¥"La, (5.1)

5.3.2 Results

In Fig. 5.1, we show regions in the parameter space of the DM
mass m, and the new physics scale A excluded by different exper-
iments. The blue line corresponds to the correct DM relic density
Qpmh? = 0.1193 + 0.0009 [166] obtained through the thermal freeze-
out mechanism. This line has been computed with micrOMEGAs [232].
In the upper hatched region, the DM-lepton interaction would be too
weak, leading to overclosure of the Universe (Qpvh? > 0.12). In
the region below the blue line, the relic density is smaller than the
observed DM abundance. If there are additional production mecha-
nisms contributing to the DM density, this region is also viable.

The constraints from indirect DM searches outlined in Section 5.2
are shown as different shaded regions. The light green (Planck [166,
221]) and orange (Fermi satellite [220]) regions correspond to the
bounds from DM annihilation to charged leptons described in Sec-
tion 5.2.2. The remaining shaded regions correspond to the con-
straints from DM annihilation to neutrinos as searched for in neu-
trino detectors and summarised in Section 5.2.1. In the upper-left
panel of Fig. 5.1, we show in different colours the bounds coming
from different neutrino experiments. The SK analyses [187, 209] are
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Figure 5.1: Constraints on the DM mass m, and the new physics scale A.

The upper and bottom-left panels correspond to couplings to
only one of the lepton doublets (electron, muon, or tau), while
the bottom-right panel corresponds to all three couplings be-
ing of equal strength. Along the blue line we recover the cor-
rect DM relic abundance from thermal freeze-out. The coloured
shaded regions are excluded by different experiments, while the
hatched areas correspond to prospective sensitivities of future ex-
periments. The lower bound m, 2 10 MeV is set by observations
of the CMB and BBN. See text for further details.
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shown in red while the Borexino bounds [212] are displayed in yel-
low. The pink colour corresponds to the bounds from [208] obtained
by combining the atmospheric neutrino data." The dark red hatched
region corresponds to prospective sensitivity of experiments on DM-
electron scattering [224], while the blue, black, and green hatched
regions correspond to prospects from different neutrino experiments
as described in Section 5.2.1. In the following panels and in the rest
of the paper we show all present indirect detection constraints from
neutrino experiments in pink colour.

As can be seen in Fig. 5.1, the strongest constraints come from
DM annihilation to charged leptons as probed by Fermi-LAT [220]
for xx = t7t, p*u~ and from Planck [166, 221] for xx — (¢,
¢ = e, u, T. The latter are in agreement with the results of Ref. [233],
where, in particular, the dimension 6 operator given in Eq. (5.1) has
been analysed. Indirect searches at neutrino detectors will always
play a sub-leading role as long as annihilation to charged leptons
is possible. Indeed, present constraints from DM annihilation to
charged leptons are strong enough to rule out the entire allowed re-
gion of the parameter space that could lead to the correct DM relic
density as long as the coupling to electrons is sizeable. However,
if DM dominantly couples to the heavier lepton generations, allowed
windows open up for m, < m, () (see the upper-right and bottom-
left panels of Fig. 5.1). In this case, the DM relic density would be set
by its annihilation to neutrinos, and the most relevant present con-
straints come from the results of SK and Borexino. The prospects for
HK and DUNE would be very promising in these scenarios, allow-
ing to probe most of the parameter space up to and beyond where
the relic density is entirely explained by freeze-out based on neutrino
interactions.

Regarding the constraints that could be set by the DM effects in the
spectrum or isotropy of high energy cosmic neutrinos as observed by
IceCube [194], these would lie in the region of the parameter space
already excluded by the number of relativistic degrees of freedom in
the early Universe [228—230].

From Fig. 5.1 it is clear that, as long as light DM couples to the
electron doublet, this option for a neutrino-DM coupling is mostly
ruled out by DM-electron interactions. However, if the DM coupling
to L. is negligible and DM dominantly couples to L, and/or L, the
viable part of parameter space with m, < m, (m:) can be probed by
the neutrino experiments.

5.4 COUPLING VIA THE NEUTRINO PORTAL

Given the results of the previous section, we will now explore
whether the neutrino portal option is able to lead to a rich neutrino-

1 “F+A+SK" in the corresponding legend stands for Fréjus + AMANDA + SK.
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DM phenomenology without being in conflict with indirect searches
involving charged leptons. The first necessary ingredient is to have
sizeable mixing between the SM neutrinos and the new sterile neutri-
nos that will mediate the DM interaction. Therefore, the sterile-light
neutrino mixing should not scale with the light neutrino masses, un-
like in the canonical Seesaw mechanism. Therefore, we will instead
attribute the smallness of neutrino masses to an approximate lepton
number (or B — L) symmetry rather than to a hierarchy of scales be-
tween the Dirac and Majorana masses. The new singlets will thus
form pseudo-Dirac pairs since lepton number violation will necessar-
ily be very small to account for the lightness of SM neutrinos. This is
the case for instance in the popular “inverse” [151] and “linear” [149,
150] Seesaw mechanisms based on such a symmetry.

As a simplifying assumption we will here consider the addition
of only one (pseudo-)Dirac sterile neutrino that will serve as portal
between the SM neutrinos and DM. Neglecting this small lepton num-
ber violation, the couplings between the SM and the new Dirac singlet
neutrino are given by

L= Lo+ N (id —mn) N — AL HNg, (53)

where N is the Dirac sterile neutrino and H = i, H*, with H being
the Higgs doublet.
Electroweak symmetry breaking gives rise to the neutrino Dirac
mass term
(Var, NL) MyNg +h.c., (5.4)

where M, = (A,v, my)T is the neutrino mass matrix and v = (H") =
174 GeV is the Higgs vacuum expectation value (vev). Diagonalising
MVMi with a 4 X 4 unitary matrix U,

ut M, M} U = diag (n3, m3, m3,m3), (5.5)

we find the mass of the heavy neutrino to be

my = \/m%\]—i—Z]/\,XPZ)Z. (56)
14

As expected, the lepton number symmetry forbids light neutrino
masses. In order to account for neutrino masses, small breaking of
this symmetry via terms such as  N.N¢ (inverse Seesaw), or A}, L, HN¢
(linear Seesaw) can be added. Since these small parameters would
have negligible impact in the phenomenology of neutrino-DM inter-
actions, we will not consider them in what follows.

The neutrino mixing matrix U, which relates LH flavour neutrino
fields and the neutrino fields with definite masses as

<V“L> =Uu (ViL> , a=eut, =123, (5.7)
Np V4L,
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U= (u”"' u"“*) : (5.8)
Usi U

The upper-left 3 x 3 block U,; would correspond to the Pontecorvo-
Maki-Nakagawa—-Sakata (PMNS) matrix once the small lepton number-
breaking terms that induce neutrino masses are taken into account.
Note that this matrix, being a 3 x 3 sub-block of a larger unitary ma-
trix will, in general, not be unitary. The upper-right 3 x 1 block U4
describes the mixing between the active flavour neutrinos and the LH
component of the heavy neutrino with mass m,4. The last row of the
matrix U specifies the admixture of each vj, j = 1,2,3,4, in the LH
sterile neutrino N;. As we will see in what follows, the DM-related
phenomenology is driven by the mixing of active-heavy mixing ma-
trix elements U,y. We will use the unitarity deviations of the PMINS
matrix to constrain these mixings [155]. The mixing elements of inter-
est are given by

has the form

0, 1 3 y & )
Up= e Uy= o, Y U = Y |Unal?
VIE L0 T VI L [0 ; i ; :

(5.9)
with 6, = A,v/my. Note that, even though the SM neutrino masses
have been neglected, the mixing with the extra singlet neutrino that
will act as portal can still be sizeable. For definiteness we will fix
the mixing to the different flavours to their 1¢ limit from Ref. [155],
namely:

|6.] =0.031, |6, =0.011, [6;|=0.044. (5.10)

In the following sections, we will explore two possible ways in
which these Dirac neutrinos could couple to the dark sector and be-
come portals between it and the SM neutrinos.

5.5 NEUTRINO PORTAL WITH A SCALAR MEDIATOR

In this first example, we will assume that DM is composed of a
new fermion, singlet under the SM gauge group, and that a new
scalar mediates the Dirac neutrino-DM interactions.

5.5.1  Model

The Lagrangian of the model we will consider is given by
L =Lesv+ x (id —my) x + N (id —my) N +0,5*9"S
- [AaEHNR —}—X(yLNL —|—yRNR)S—|—h.C.] (5.11)
— u5ISI* = As[SI* — Asu|S|PH'H,

where yx is a Dirac fermion DM candidate and S is a complex scalar.
The fields x and S form the dark sector of the model (they are SM



5.5 NEUTRINO PORTAL WITH A SCALAR MEDIATOR

singlets), while N serves as a mediator between the dark sector and
SM. The Lagrangian in Eq. (5.11) respects a global U(1); lepton num-
ber symmetry under which L,, N, and S* have the same charge and
which protects the SM neutrino masses. Moreover, the Lagrangian
respects a global U(1)p dark symmetry, under which x and S have
equal charges. This preserved symmetry ensures the stability of x, if
my, < mg, where m% = ‘ué + Agyv? is the mass squared of the scalar
S. For my > mg, the roles of x and S would change, and S would
be a DM candidate. While this possibility is perfectly viable, it is
more difficult to probe at neutrino detectors, as the DM annihilation
cross section to neutrinos is velocity-suppressed. In what follows we
assume that m, < mg and focus on fermionic DM.

This model was previously considered in Refs. [203, 205]. However,
we will go beyond these works by performing a comprehensive anal-
ysis of the sensitivity of neutrino experiments to the parameter space
of this model.

We will limit ourselves to the case in which DM is lighter than the
heavy neutrino,? i.e., m, < my. This is the so-called direct annihila-
tion regime [234], since DM annihilates through the mediator directly
to SM particles. As intended, the only channel for DM annihilation
at tree level is the one into light neutrinos. This process occurs via a
diagram involving a t-channel exchange of the scalar mediator S. In
the opposite regime, which is usually referred to as secluded [234],
DM annihilates to heavy neutrinos, which subsequently decay. The
phenomenology of this regime has been studied in Refs. [235-238].

Neglecting velocity-suppressed terms, we find the following ther-
mally averaged cross section for DM annihilation to neutrinos:

2

]/% 3 2 ’ X
<‘77)7>N327T<i:zl|usi’> (

2
m2 + m3)

v 2 ’ my
" 3m ( 2 1 ) (m2 +m2)?

S

m

(5.12)

The product y; /Y, |6«|? controls (¢v,) and, in order to allow for suf-
ficient annihilation to reproduce the observed relic density, it cannot
be too small. The value of the coupling y; is limited by the require-
ment of perturbativity. We will restrict ourselves to y; < 4. Since
the coupling yr does not enter Eq. (5.12), and thus, does not affect the
tree-level neutrino-DM interactions, in what follows we set it to zero
for simplicity. Regarding the mixing parameters 0,, the bounds on
them depend on the mass of the heavy neutrino. For definiteness we
will assume that the heavy neutrino has a mass above the electroweak
scale. At this scale the bounds on heavy neutrino mixing derived

Otherwise the xxX — ;U4 or xX — v4V4 channels would dominate the annihilation
cross section and only sub-dominant DM interactions with the 3 light SM neutrinos
v; would be allowed.
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Figure 5.2: Thermally averaged annihilation cross section multiplied by the
relative velocity for xx — vv. We have fixed mg = 3m,, 0, =
0.031, 9# = 0z =0, and varied y; between 0.1 and 4.

in the global analysis of flavour and electroweak precision data per-
formed in Ref. [155] apply. If smaller masses were instead considered,
more stringent constraints from collider and beam-dump searches
and, eventually, production in meson and beta decays could poten-
tially apply [157] (see discussion in Section 5.6.3). In any case, all
the observables relevant to DM phenomenology have a sub-leading
dependence on my4. We also consider the case where the coupling
Asy = 0, ensuring the neutrino portal regime. In Refs. [203, 205], the
radiative generation of the |S|>H'H operator was considered and its
effects on mg as well as on the invisible width of the Higgs boson
were found to be negligible.

In Fig. 5.2, we show the region of the parameter for which the
correct thermal relic abundance is obtained. This region spans DM
masses up to 100 GeV for |6,| = 0.031, 0y, = 0 = 0, and y between
0.1 and 47t while keeping mg = 3m, as a benchmark.

Annihilation of DM into charged lepton-antilepton pairs £/~ (¢ =
e, 1, T), proceeds via the one-loop diagrams3 shown in Fig. 5.3 (in
unitary gauge).

The dominant contribution comes from the first and second dia-
grams, while the contribution from the last diagram is suppressed by

3 The Feynman diagrams in this article are produced with the TikZ-Feynman package
[239]-
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Figure 5.3: One-loop diagrams (in unitary gauge) contributing to annihila-
tion of DM into charged lepton-antilepton pairs l4lg, a,f =
e, 1, T. The indices i and j run from 1 to 4.

the small Yukawa couplings of the charged leptons. The first diagram
leads to the following effective operator:

2

LD —ﬂswriTXW”PRXE’YVPL%, (5.13)
W

where g is the weak coupling constant. Neglecting external momenta,
the effective coupling agw is given by

2 i mg
asw = ’US4‘ uzx4u;4(47_[)2G<mz>, (5.14)
4

where the loop function G(x) reads

_x—1-logx

-, N2
4 <1 — x)

The second diagram in Fig. 5.3 leads to the following effective inter-
action of DM with the Z boson:

G(x) (5.15)

LD —ay XY'PRXZy, (5.16)

cos Oy

where 6y is the Weinberg angle and az is the effective coupling,
which in the limit of zero external momenta is given by

2 o Yi ms
az = |Usl? (1 - [Usl?) (47-()2G (nﬁ) ‘ (5.17)
These contributions have been also computed using a combination
of packages: FeynRules [240, 241] to produce a model file, FeynArts [242]
for generating the diagrams and FormCalc [243] for computing their
numerical contributions. For numerical evaluation of the Passarino-
Veltman functions we have used LoopTools [243]. We have also con-
sidered the limit of zero external momenta, which effectively corre-
sponds to the limit of small DM and charged lepton masses, and
confronted the analytical results obtained in this approximation us-
ing the package ANT [244] with the LoopTools results. For DM masses
between 1 MeV and 100 GeV that we are interested in, the approxima-
tion works very well. The availability of analytical expressions allows
for an easier exploration of the parameter space.
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Figure 5.4: Thermally averaged annihilation cross section multiplied by the
relative velocity for DM annihilation into eTe™, p*p~, and 777"
We have fixed mg = 3m,, my = 400 GeV, y; = 1, 6, = 0.031,
and 6, = 0. The left panel provides comparison with (cv;) for
DM annihilation into neutrinos assuming the same set of model
parameters. The right panel displays the indirect detection con-
straints coming from Planck and Fermi-LAT. The lower bound
my 2, 10 MeV is set by observations of the CMB and BBN. See
text for further details.

In Fig. 5.4, we present the cross sections for annihilation of DM
into ete”, uyTu~, and 777t~ for benchmark values of the model pa-
rameters. We fix mg = 3m,, my = 400 GeV, y; = 1, 6, = 0.031, and
8, = 0. As can be seen from the left panel, the annihilation cross sec-
tions to charged leptons are several orders of magnitude smaller than
the cross section for DM annihilation into neutrinos. The difference
in the cross sections becomes smaller when the DM mass approaches
mz /2, and the cross sections for xx — ¢*¢~ exhibit a resonant be-
haviour due to the second diagram in Fig. 5.3. In the right panel,
we show the indirect detection constraints from Planck [166, 221] and
Fermi-LAT [220]. Note that those constraints assume a 100% annihi-
lation rate into a single SM channel. Even for y; = 47 the resulting
annihilation cross sections into charged leptons are well below the
experimental constraints. Thus, the considered realisation of the neu-
trino portal does provide an example of a gauge-invariant model in
which the neutrino-DM interactions dominate DM phenomenology.

At one-loop level DM also interacts with quarks via diagrams in-
volving Z and h, which are analogous to those in Fig. 5.3. The cor-
responding effective DM-nucleon spin-independent scattering cross
section reads [205]

B (ZH+(A=2) )
T A? !

On (5.18)

where i, is the reduced mass of the nucleon, A is the total number
of nucleons in a nuclei, Z is the number of protons,

Graz

3 fn= N (5.19)

fp = (4sin® Oy — 1)
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with az given in Eq. (5.17), and Gr being the Fermi constant. The
radiative coupling of DM to the Higgs, xx/, would also give a con-
tribution to direct detection searches. This contribution is however
suppressed by the small quark Yukawa couplings. Direct detection
of a SM singlet fermion DM candidate at one loop has been recently
studied in detail in [245]. Moreover, an interesting example, which
also provides radiative generation of neutrino masses, has been pre-
sented in [246].

The most stringent constraint on DM-nucleon spin-independent
cross section for m, 2 10 GeV comes from XENON1T [222]. As
we will see in the next subsection, this constraint is strong enough
to probe the loop-suppressed scattering process if the value of the
coupling y;, is sufficiently large. We have also considered DM scat-
tering off electrons and found that the corresponding cross section is
much smaller than the projected sensitivities of silicon, germanium,
and xenon experiments derived in Ref. [224]. Thus, DM-electron scat-
tering cannot provide an additional probe of the considered neutrino
portal model.

5.5.2  Results

In this subsection, we explore the parameter space to find regions
that satisfy all direct and indirect detection constraints and in which
the DM phenomenology could be dominated by its interactions with
SM neutrinos. We show our results in the m,-mg plane to determine
the masses of the DM and the dark scalar that are presently allowed
and could lead to the correct relic abundance (see Fig. 5.5).

In Fig. 5.5 the triangular region mg < m, is forbidden by DM stabil-
ity. Along the blue line(s) computed with micrOMEGAs,* the DM relic
density matches the observed value Qpy/i? = 0.1193 + 0.0009 [166].
Above this line (the upper hatched region), the DM relic density is
bigger than the measured value, i.e., DM overcloses the Universe. Be-
low this line, the relic abundance would be smaller than the observed
value. However, if there is an additional production mechanism, the
relic abundance could also be compatible with this region.

As can be seen in the figure indirect searches for annihilation to
neutrinos, together with direct detection bounds by XENON1T for
large DM masses, are the only probes that are presently constraining
the allowed parameter space. The prospects to explore the remaining
allowed regions through annihilation to neutrinos are very promising.
In particular DUNE would be able to detect the neutrino signal in
the range 25 — 100 MeV if the DM abundance is entirely due to this
process.

4 We have implemented the effective DM couplings to the Z boson and to the charged
leptons via exchange of the W boson (see Fig. 5.3) to the FeynRules model file.
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Figure 5.5: Constraints on the DM mass 1,

text for further details.

102 107! 10° 10! 10?
m, [GeV]

and the dark scalar mass mg.
We have fixed 6, = 0.031, 0, = 0; 6, = 0.011, 6, = 0; and
0: = 0.044, Gg,y = 0 (from top to bottom), considering y; =
1 and 47r. Along the blue line the DM relic density matches
the observed value. The coloured shaded regions are excluded
by different experiments, while the hatched areas correspond to
prospective sensitivities of future experiments. The lower bound
my 2, 10 MeV is set by observations of the CMB and BBN. See
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Figure 5.6: Values of the DM mass m, and the coupling y; required to re-
produce the observed relic abundance. We have fixed mg = 0.04,
0.2, 1, and 5 GeV, and have considered the representative case
of 6, = 0.031, while keeping 6, = 0. Along (above) the blue
lines the DM relic density matches (is less than) the observed
value. The lower bound m, 2 10 MeV is set by observations of
the CMB and BBN.

In Fig. 5.6, we fix mg to several representative values, namely mg =
0.04,0.2, 1, and 5 GeV, and show the lines corresponding to the correct
relic abundance in the m,-y; plane. These results have been obtained
with micrOMEGAs. Small values of y; are ruled out since they do not
lead to efficient DM annihilation. As can be seen, a lighter dark scalar
allows for smaller values of y;. For mgs 2 500 MeV, the values of
yr 2 1 are required to yield the observed relic density.

Overall, the cosmologically allowed parameter space of the model
is already constrained by the current neutrino detectors as well as
XENON1T.> Moreover, the next generation of neutrino experiments,
in particular DUNE, will be able to probe thermal MeV fermion DM
in the considered scenario.

56 NEUTRINO PORTAL WITH A VECTOR MEDIATOR

In this second example, we will again assume that DM is composed
of a new Dirac fermion, this time coupled to a new massive vector

For my > 5 GeV, DARWIN will have a better sensitivity to spin-independent DM-
nucleon cross section than that of XENON1T [216]. However, for y; = 47, these
masses are already ruled by XENON1T, while for y; = 1, they are not allowed by
the relic abundance constraint.
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boson. The Dirac singlet neutrino will also interact with this boson
so as to provide the neutrino-DM interaction.

5.6.1 Model

The Lagrangian of the model is given by
L =Lsy+x(id —m,c)x%—ﬁ(ia —my)N

+ [g’ﬁW”XRZ;I + g’ﬁL'yVNLZ; — /\afaHNR + h.C.}

— iz;vz’w + %m%/Z;,Z'”, (5.20)
where x is a Dirac fermion DM candidate, Z’ is a new vector boson
mediating the interaction between neutrinos and DM, and N is the
Dirac sterile neutrino connecting the dark and visible sectors through
its mixing with the active neutrinos. This Lagrangian could for in-
stance describe a new U(1)' gauge symmetry spontaneously broken
by the vev of a scalar SM singlet charged under it, that would induce
masses for the Z’ as well as for the heavy neutrino N and the DM.
The particular mechanism is not relevant for the rest of the discus-
sion and will not be elaborated further. We will also assume there is
an additional conserved charge (e.g., a Z, symmetry) not shared be-
tween the neutrino and the DM that prevents their mixing. Note that
in order to keep the Lagrangian in Eq. (5.20) anomaly free without
introducing new fields, the simplest option is to couple the LH part
of the Dirac sterile neutrino and the RH part of the DM to the new
gauge boson with the same coupling g’.

As in the previous scenario, we will assume that the DM mass
my, < my so that the dominant DM annihilation channel is to the
three light SM neutrinos. This is a tree-level process and its cross
section is given by

2

(Z ‘Usl|2> (47”2—"1%/)2

2
~S 0y )
87 \ olopit (4m2 — m%,)?

Note however that, for myz < my, the tree-level DM annihilation
to a pair of Z’ bosons is allowed. When this channel is open, it will
dominate over the direct annihilation into neutrinos, since the latter
is suppressed by neutrino mixing. This is the so-called secluded anni-
hilation regime [234], which we do not consider in the present study.

In this scenario, as can be seen from Fig. 5.7, the correct relic abun-
dance can be obtained purely from annihilation to the SM neutrinos
for values of the new gauge coupling g’ between 0.1 and 47, and
DM masses in the 0.01 — 100 GeV range. In this figure, we have fixed
mz = 3my, |6.| = 0.031, and 6, = 6, = 0 as benchmark values.

‘ oq_

(ovp) =

(5.21)
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Figure 5.7: Thermally averaged annihilation cross section multiplied by the
relative velocity for xY — vv. We have fixed my = 3m,, 6, =
0.031, 6]4 = 0; = 0, and varied g’ between 0.1 and 4.

A direct coupling between the Z’ boson and the charged leptons
will also be induced through the loop diagrams in Fig. 5.8. Neglecting
external momenta for the charged leptons, the effective vertex from
the first loop diagram is given by

LD —awg/E'yVPLKﬁZ;, (5.22)
where R )
* g m4

aw = |Us4|2U,X4U s . (5.23)
P (4m)2 2m2,

5.6.2  Mixing with the Z boson

Since the neutrino mass eigenstates have components that couple
both to the Z and the Z’, mixing between the two gauge bosons
will be induced at loop level [197] through the second diagram in
Fig. 5.8. The kinetic and mass mixings are described by the effective
Lagrangian

sine
2

L7 =— 23, 2" + 5m2Z;Z". (5.24)
Notice that these two terms could be present already at the Lagrangian
level after gauge symmetry breaking. These would represent addi-
tional free parameters of the Lagrangian. However, these parameters
do not contribute to the neutrino portal of interest here. Conversely,
the neutrino mixing required for the neutrino portal does induce the
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Figure 5.8: One-loop diagrams contributing to the coupling of the Z’ boson
to charged leptons (left) and to kinetic and mass mixing between
the Z' and Z bosons (right).

Z-7' mixing at the loop level. Barring fine-tuned cancellations be-
tween the allowed free parameters at the Lagrangian level and the
loop-induced contributions from neutrino mixing, the minimum con-
tribution present in our set-up will be the latter. We will therefore set
the tree-level parameters to zero and require that the loop-induced
contributions are below the present experimental constraints on Z-Z'
mixing. We find the following results for the mixing parameters:

2

2 18 2 2y, 2

= 1 _ )

om (47I)2g cos Oy |Usal* (1= [Usal*) 13 f1, (5.25)
. 2

sSIne = /L’us4|2 (1 _ ’us4|2) fZ, (526)

(47‘[)2g cos Oy

where f; and f, are functions of x = m%/p?, namely,

fi(x) = 112{4x2 (1 - x_1)3 coth™ (1 — 2x) +2x — x log (x)

3 -1/2
—24/x <4 — x—1> arctan <<4x — 1> ) }, (5.27)

fa(x) = —3662{4 (2x —3+x7?) coth™ (1 —2x) + 4+ x 2log (x)
—2¢/x71(4—x71) (2 + x*1> arctan ((4x - 1)_1/2> }
(5.28)

For the purposes of this work p* ~ m%, and thus, f; and f, will only
depend on the ratio of the masses of the heavy neutrino and the DM
particle. Following Ref. [247], we first diagonalise the kinetic term
through a non-unitary transformation and then perform a rotation
to diagonalise the mass term. The mass eigenstates Z; and Z, have
masses given by

2 sec’e

Z127 9

(m% + m%, — 26m*sine F A), (5.29)
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where

A = sgn (m%, — m% (1 — 2sin?€) — 26m* sine)

X \/mé + m%, + 40m* — 4 (m% + m%,) dm? sine — 2mim%, (1 — 2sin? €)
(5-30)
From Eq. (5.29), one can easily verify that in the limit of small mass
and kinetic mixing, i.e., dm? — 0 and sine — 0, the masses m 7, — Mgz

and myz, — my. After the full diagonalisation, we can write the Z and
Z' in terms of the mass eigenstates Z; and Z; as follows:

Z, = (cos¢ —tanesin¢) Zy, — (sing + tanecos ) Zoy, (5.31)
Z,, = sece (sin§ Zy, +cos§ Zoy) (5.32)
where ¢ is the angle related to the mass diagonalisation, which is

defined through

2cose (m% sine — om?)

tan (28) = (5.33)

m2, —m?% (1 —2sin*€) — 26m?sine
The two angles ¢ and € will control the phenomenology associated
to the Z-Z' mixing and consequently, the possible Z’' couplings to
fermions.

The loop-induced kinetic mixing parameter € depends solely on the
ratio x ~ mi/ m)zc, providing the coupling ¢’ and the element Uy of
the neutrino mixing matrix are fixed (see Egs. (5.26) and (5.28)), and
increases with it. Fixing |6, = 0.031 and 6, = 0, we find that for
x = 4, which is the lowest value preventing the xx — viv4, 1 =1,2,3,
channels, and ¢’ = 1 (47), the mixing parameter | sine€| is of order of
1076 (10°). For values of x as large as 10* and ¢’ = 1 (47), the value
of | sin €| does not exceed approximately 107> (10~4).

Generally, these values can be probed in beam dump and fixed
target experiments searching for visible decay products (electrons and
muons) of the Z, boson with mass between approximately 1 MeV
and 1 GeV (see, e.g., [248, 249]). However, in the considered model
the Z, decays mostly invisibly, either to a pair of the SM neutrinos
or, if it is heavy enough, to a pair of DM particles, while its decays to
charged leptons are suppressed. Thus, the bounds from fixed target
experiments will not apply in this case. The supernova constraints
cover nearly the same Z, masses, but a different range of € ~ 1010 —
1077 [248], which thus are also avoided. For larger Z, masses, up to
100 GeV, collider experiments place the best constraints on € ~ 1074 —
1073 (see, e.g., Ref. [249]). There exist also collider searchers for Z,
decaying invisibly, which constrain € < 1072 for mz, < 8 GeV [250].
These collider constraints are above the values of the loop-induced
kinetic mixing parameter in our model. Finally, the much weaker
constraint from the invisible Z; width, € < 0.03 [251], is also evaded.
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Figure 5.9: Thermally averaged annihilation cross section multiplied by the
relative velocity for DM annihilation into eTe™, p*p~, and 777"
We have fixed my : mz, : my =1:3:6,¢ =1,6, = 0031,
and 6, = 0. The left panel provides comparison with (cv;) for
DM annihilation into neutrinos assuming the same set of model
parameters. The right panel displays the indirect detection con-
straints coming from Planck and Fermi-LAT. The lower bound
my 2, 10 MeV is set by observations of the CMB and BBN. See
text for further details.

Together with the first diagram in Fig. 5.8, the size of § and € will
determine how relevant the DM annihilation to a pair of charged lep-
tons is. We find that the tree-level annihilation to neutrinos dominates
over that to charged leptons. In Fig. 5.9, we show a particular exam-
ple of this behaviour for my = 2myz,, mz, = 3m,, g’ =1, |6,| = 0.031,
and 0, = 0r = 0. It is clear from this figure that the annihilation to
charged leptons is unconstrained by current experimental searches.
Note that the Planck and Fermi-LAT constraints shown in the right
panel of Fig. 5.9 assume a 100% annihilation rate into a single SM
channel.

5.6.3 Results

The allowed region of the parameter space in the m,-mz, plane that
satisfy cosmological, indirect and direct detection constraints for this
model are presented in Fig. 5.10 for ¢’ = 1 and 47, setting 6, # 0
one at a time and keeping two other mixing angles fixed to zero.
For definiteness, in the figure we set my = 2mz,. Notice that this
choice is not relevant for the interaction between the SM neutrinos
and DM and only plays a role in the loop-induced processes that are
sub-dominant. Nevertheless, if the Z, originates from a new U(1)’
gauge group, its mass my,, as well as that of the Dirac neutrino my,
are generated after the breaking of the symmetry. Thus, the natural
expectation is that my4 is not much heavier than myz, as long as the
new gauge coupling ¢’ is O(1). Hence, unlike for the scalar example,
it is not appropriate to set my to a value above the electroweak scale
while exploring (sub-)GeV Z; boson masses.
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Figure 5.10: Constraints on the DM mass m, and m 7y Along the blue lines,

computed with micrOMEGAs, the DM relic density matches the
observed value. The coloured shaded regions are excluded by
different experiments. The lower bound m, 2 10 MeV is set by
observations of the CMB and BBN. See text for further details.
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Below the electroweak scale constraints on the neutrino mixing pa-
rameters 6, are a priori much more stringent [157]. However, in the
model under investigation the heavy neutrino decays mostly invisibly
to either a SM neutrino and the Z, (if my > mz,), or a SM neutrino
and a pair of the DM particles (if my < my,), assuming ¢’ = 1. This
implies that the existing collider and beam dump constraints® should
be rescaled with the corresponding branching ratios and become even
weaker than the non-unitarity constraints imposed previously for the
scalar realisation. The bounds from peak searches in leptonic decays
of pions and kaons will however apply, since they rely entirely on the
kinematics of a two-body decay. Thus, the non-unitarity constraints
actually dominate down to my ~ mg ~ 0.5 GeV, where my is the
kaon mass. In the region my ~ 0.01 — 0.4 GeV, the bounds on U,
and U4 from peak searches are very stringent. We do not display
them explicitly in Fig. 5.10, because they are m4-dependent, while all
the constraints shown in the figures have an extremely sub-leading
dependence on my, as outlined above. Thus, Fig. 5.10 is to be inter-
preted as generally valid for any neutrino mass my > my.

The blue line was calculated with micrOMEGAs and represents the
DM and vector boson masses that will produce the correct relic abun-
dance in a thermal scenario, while the masses in the upper hatched
area would generate too much DM. A key difference with respect
to the previous model is that here the DM annihilation cross sec-
tion to neutrinos proceeds via an s-channel and thus is enhanced for
mgz, ~ 2m,, as can be seen from Eq. (5.21). This explains the second
branch of the blue line below the resonant condition in the panels
with ¢’ = 1. A line where the relic abundance can be obtained be-
low myz, = 2m, also occurs for g’ = 47 but, since the cross section
is larger, the relic abundance is achieved for m, > 100 GeV, which is
ruled out by XENON1T. This resonant effect also explains the shape
of the indirect detection constraints which follow the same trend.

Similar to the previous model in Section 5.5, the direct detection
constraints from XENON1T become relevant at large DM masses for
¢’ = 47t. However, even for values of the gauge coupling this large,
we have checked that direct detection constraints from the elastic DM
scattering off electrons are negligible.

The complementarity between cosmological observables, DM, and
neutrino experiments allows us to set very strong bounds on the DM
and Z, masses for this particular realisation, ruling out significant
portions of the parameter space. There are still allowed regions for
larger values of the gauge coupling consistent with a thermal DM
candidate that yields the observed DM relic abundance. However, fu-
ture neutrino experiments such as DUNE will be able to probe down

If the heavy neutrino decays before reaching the detector, the constraints from beam
dump experiments will not apply at all.
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Figure 5.11: Values of the DM mass 1, and the coupling ¢’ required to re-
produce the observed relic abundance. We have fixed mz, =
0.04, 0.2, 1, and 5 GeV, and have considered the representative
case of 6, = 0.031, while keeping 6, = 0. Along (above) the
blue lines the DM relic density matches (is less than) the ob-
served value. We do not consider m, > myz, to ensure the
neutrino portal regime. The lower bound m, 2 10 MeV is set
by observations of the CMB and BBN.

to the value for which the correct relic abundance is obtained in some
parts of the parameter space.

It is worth noticing that the sensitivity of present and future neu-
trino detectors to DM annihilations into neutrinos is largely indepen-
dent of the flavour to which the sterile neutrino dominantly couples.
Indeed, regardless of the original flavour composition produced by
the DM annihilations, neutrino oscillations will tend to populate all
flavours with similar fractions when the flux arrives to the detec-
tor. The main differences between the three rows in Fig. 5.10 are
due to the different magnitude of the mixing allowed to the differ-
ent flavours, with more stringent constraints applying for the mixing
with muon neutrinos.

Finally, in Fig. 5.11, we fix mz, to several values, namely, mz, = 0.04,
0.2, 1, and 5 GeV, and show the lines corresponding to the correct relic
abundance in the m,-g’ plane. These results were obtained using
micrOMEGAs. Small values of ¢’ are ruled out except for DM masses
in the proximity of the resonance, i.e., when m, ~ mz,/2. As can be
seen from this figure, a lighter dark vector boson allows for smaller
values of g’. For mz, 2 1 GeV, values of ¢’ > 1 are required to yield

~

the observed relic density, except for the resonance region. The dip
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towards m, ~ mz, corresponds to opening of new DM annihilation
channels at tree level.

5.7 CONCLUSIONS

Despite the tremendous improvement over the last years in the sen-
sitivity of direct, indirect and collider searches for dark matter, its
discovery still eludes us. An interesting possibility is that its interac-
tions with SM particles happen dominantly with the neutrino sector.
This option would not only explain our failure to detect any DM in-
teractions (except gravitational) so far, it would also connect our two
present experimental signals of physics beyond the SM. Indeed, a
rich phenomenology that would stem from the connection of these
two sectors has been explored and discussed in the literature. SU(2)
gauge invariance would naively dictate that neutrinos share all their
interactions with their charged lepton counterparts, which are much
easier to detect. We have therefore explored whether a dominant
neutrino-DM interaction is allowed in simple gauge-invariant mod-
els without conflicting with searches through charged leptons.

We first explored the simplest scenario, in which DM couples to the
full lepton doublet. We verified that, as long as the DM is heavier than
the charged lepton(s) it couples to, the bounds from DM annihilation
to charged leptons preclude neutrino-DM couplings sizeable enough
to be probed, even ruling out all of the parameter space that would
not lead to overclosure of the Universe. Alternatively, if DM couples
to T (4) and is lighter than the charged lepton, its phenomenology
is dominated by the interaction with neutrinos. This region is con-
strained by present neutrino detectors and will be fully probed for
certain DM masses by future experiments.

We have then explored the option of the neutrino portal to DM
and showed, as an example, two specific realisations with scalar and
vector couplings, respectively. In the neutrino portal DM couples di-
rectly to new heavy neutrinos. Indeed, their singlet nature makes
them natural candidates to probe the dark sector since they are al-
lowed to interact with it via relevant or marginal operators. These
right-handed neutrinos are also a natural addition to the SM particle
content so as to account for the evidence for neutrino masses and
mixings. The mixing between the SM neutrinos and the new singlets
will induce neutrino-DM interactions at tree level, but DM-charged
lepton couplings only at loop level.

In the two realisations explored we find that it is indeed possible
for neutrino detectors to place the most stringent and competitive
bounds through searches for DM annihilations to neutrinos. Present
searches at Super-Kamiokande, Fréjus, or Borexino are ruling out
large areas of the parameter space. Interestingly, future projects such
as Hyper-Kamiokande, MEMPHYS, DARWIN, or DUNE will be able
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to probe the cross section very close and beyond the value required
to explain the DM abundance solely by annihilation to SM neutri-
nos. These new searches will effectively cover most of the parameter
space, probing if the right-handed singlet fermions that can explain
the origin of neutrino masses also represent our best window to the
discovery of the dark matter sector.
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6.1 INTRODUCTION

A significant and intriguing tension between local, late-time deter-
minations of the Hubble rate and its preferred value when measured
from early Universe probes persists. Analyses from type-la super-
novae and strong lensing consistently favor values of Hy significantly
larger than those determined from the CMB and baryon acoustic os-
cillations data. A tension at the level of 4 — 6 ¢ [252, 253], depending
on the specific assumptions, exists between the Planck value from
the CMB spectrum [166] and the one obtained by the SH(ES col-
laboration [254] from supernovae measurements. Among the many
different solutions proposed [255], those that also address another
open problem are particularly appealing. For instance, the authors
of Refs. [256, 257] have proposed that a light Majoron contributing
to ANggt and decaying to neutrinos after BBN may alleviate the dis-
crepant determinations of Hp. This scenario would thus link the so-
lution to the Hubble tension to the origin of neutrino masses and
mixings.

Indeed, neutrino masses and mixings as required by the obser-
vation of the neutrino oscillation phenomenon, can be naturally ac-
counted for through the Weinberg operator [136]. This operator vio-
lates L by two units. Thus, if this breaking is dynamical, the Majoron,
the Goldstone boson associated to the spontaneous symmetry break-
ing of Lepton number, would be intimately linked to the origin of
neutrino masses and mixings.

In this work we investigate a dynamical origin for the small Lep-
ton number breaking of the inverse Seesaw scenario. Several con-
structions based on dynamical Lepton number breaking have been
explored in the past [258—268]. We consider a Seesaw-like mecha-
nism in the scalar sector so that a small vacuum expectation value is
naturally induced for the scalar with Lepton number two [260]. Thus,
neutrino masses will be proportional to this small parameter. The dy-
namical symmetry breaking will also imply the presence of a Majoron
with the potential of alleviating the Hubble tension.

Furthermore, inverse Seesaw realizations may also lead to sterile
neutrinos at the few keV scale which are good DM candidates [269—
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271]. While production via mixing [272] is ruled out' by the strin-
gent constraints from searches of X-ray lines [276], the correct DM
relic abundance could be achieved from the decay of heavier states
instead [269—271, 277-281]. After investigating this possibility, we
find that the couplings of the scalars to neutrinos can lead to both
the correct DM relic abundance through freeze-in via decays and the
necessary Majoron population so as to alleviate the Hubble tension.

In Section 6.2 we introduce the particle content and Lagrangian of
the inverse Seesaw model with dynamical breaking of L considered.
In Section 6.3 we discuss the dark matter production mechanism as
well as its phenomenology and constraints in the parameter space.
In Section 6.4 we analyze the conditions under which also the Hub-
ble tension can be alleviated as proposed in Refs. [256, 257]. Finally,
in Section 6.5 we discuss and summarize the allowed regions of the
parameter space..

6.2 THE MODEL

The simplest extension of the SM particle content to account for the
neutrino masses and mixing evidence is the addition of fermion sin-
glets, i.e. right-handed neutrinos. Furthermore, if a large Majorana
mass is also included for the right-handed neutrinos, the smallness
of neutrino masses is naturally explained through the hierarchy be-
tween this mass and the electroweak scale via the celebrated canonical
type-I Seesaw [138-141]. Conversely, a Majorana mass significantly
above the electroweak scale destabilizes the Higgs mass, worsening
the electroweak hierarchy problem [146, 147] and greatly hinders the
testability of the mechanism.

It is therefore appealing to consider low-scale alternatives to the

canonical Seesaw mechanism. This option was investigated in Refs. [152—

154, 282] showing that the smallness of neutrino masses can also
be naturally explained by an approximate Lepton number symme-
try. Two types of fermion singlets may be included according to their
L assignment. The first option is Dirac pairs with L = 1 for which,
in the limit of exact L, only the right-handed component may have a
Yukawa coupling to the active SM neutrinos. The second option is Ma-
jorana sterile neutrinos with L = 0 which, for exact L symmetry, do
not couple to any other fermion. At this level, three neutrinos remain
massless. When the L symmetry is slightly broken, small neutrino
masses can be induced, the Dirac neutrinos may split into pseudo-
Dirac pairs, and additional suppressed couplings are allowed.
Following this principle, we extend the SM particle content with
Dirac pairs with their corresponding right and left-handed compo-
nents Ng and Ni. At least two of these pairs are required to repro-
duce the correct neutrino masses and mixings (in this case with the

1 Except in the presence of a sizable Lepton number asymmetry [273-275].
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lightest neutrino massless). We also consider one Majorana sterile
neutrino 7n;. The L violation that will induce the standard neutrino
masses will be dynamical and originated through two scalars ¢ and
¢2. All the new states are singlets of the SM gauge group and their
Lepton number charge assignment L is given in Table 6.1.

State | N R N L | nL (P1 (Pz

L 1 1 0 1 2

Table 6.1: New fermions and scalars with their charge under Lepton number.
¢1,2 are SM singlet scalars while Ny is right-handed and Ny, and
ny, are left-handed SM singlet fermions.

According to this assignment the Lagrangian of the model can be
parametrized as:

. — 1— 1 —
LDO—LHY,Ng — Ny MNg — ENLQDZYLLNE — ENfQQDZYRRNR

1_ _ .
— EnL‘usanL — N1 Yisn§ — NegiYrsn§ +hec. + V(1 ¢, H),
(6.2.1)

where L} are the SM lepton doublets and H the Higgs doublet.

6.2.1  Scalar potential

Since we want to explore a dynamical breaking of L, we also con-
sider a Seesaw-like mechanism in the scalar sector to avoid hierar-
chy problems and account for the smallness of the L-violating vev
in a technically natural way. To this end, we mimic the type-II See-
saw [142, 143, 283, 284] and assume that the vev of ¢, will be induced
by that of ¢ as in Ref. [260]. In particular, the scalar potential is given

by
mH t AH (ot
V=_"HH+ (H H)* + 4’1<P1+ ¢2¢2+ (4’14’1)

+7(¢3‘¢z)+7(¢1¢)( )+7(<P2¢)( H)

A
+ 57 (@191 (@392) — 1(9195 + 97°92).
(6.2.2)

If both m%, and m? are negative but m3 is positive and large, then
the vev of ¢, vy, is only induced by the vev of ¢1, vy, through 7
and can be made naturally small. Indeed, notice that in the limit
n — 0 together with Y7, — 0 and Ygs — 0, the Lagrangian would
be invariant under a separate U(1) transformation of ¢, different
from L. Thus, these three parameters are protected by an additional
symmetry and very small values for them are natural in the 't Hooft
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sense. Parametrising the scalars as ¢; = (v; + ¢;)e’%/% /+/2 and H =
(vg + h)/+/2 in the unitary gauge, the minimisation conditions read
as

1 2AH0% + A pvd
m%{ = _E (ZAHU%I + AlHU% + )\ZH'U%) ~ — ( H H2 1H 1) ,
1 2M0% 4+ Ago?
ﬂ’l% = —5 (2/\10% + AlHU% + /\120% — 4\61’]02> ~ — ( 171 5 1H H) ,
1 22102 2nv?
m% = —— 2/\22)% + )lev% + )LZHU%_I — \fﬂvl ~ \[’701,
2 (%) (%)
(6.2.3)
and thus S
21v
vy ~ Z L (6.2.4)

m
2
where we have assumed v, < v1, vy. From Eq. (6.2.4) we can see that

indeed v is induced from the vev v; and suppressed by # so that
v; — 0if 7 — 0 or my — oco. The scalar mass matrix in the basis

(h 1 4)2), in the v; — 0 limit reads

/\HU%—[ %AlelvH 0

M? ~ | LAy porop Ao? —V2nv1 |, (6.2.5)
2
0 —V2nv; \'/7;;2

so that the masses of the physical scalars /1, ¢; and ¢, are approxi-
mately?

mﬁ ~ /\HU%{, m%m ~ /\10%, mfpz ~ m%/Z, (6.2.6)
for small mixed quartic couplings. The mixing angles a1y and a1
between h — @1 and ¢1 — ¢, are, respectively,

MHU10H

tan (2« ~
( 1H) /\1’()% — )\H’(’)H

, and tan(20¢12)24%. (6.2.7)
1

The physical pseudoscalars are given by

1
] = ———— (141 +2v2a7), m% =0,
\/ 0% + 403
1 (6.2.8)
A= ——— (—20pa1 + v1a2), mi‘ ~ mfpz,

\/ v + 403

where | is the Goldstone boson associated to the breaking of L, that is,
the Majoron, and therefore massless from the scalar potential. Since
L is expected to be broken from gravity effects [285], we will assume
that a Majoron mass of the order of the eV scale is induced by them.
The mixing angle B between a; — a5 is:

(%)
tan (28) ~ 4—. (6.2.9)

U1
2 We use the same notation for the mass and flavour CP-even scalar eigenstates for

brevity as mixing angles are typically small.
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6.2.2 Neutrino masses

When all the scalars develop their vevs, vy, v1 and v, respectively,
the neutrino mass matrix takes the inverse Seesaw form:

0 0 0 mp

T T

M = 0 Hss s VR; (6.2.10)
0 wyrs pu M
mb urs M ugr

where we have defined mp = vyY,/V?2, ULL = v YL/ V2, URR =
YRR/ V2, p1s = 01Y1s/V/2 and pgs = ©v1Yrs/V/2, arranging the
states as (VL n. N Nf{) From now on we will work in the basis

where M is diagonal. The approximate expressions for the flavour
states in terms of the mass eigenstates are:

* x o — — 1 * .
vy ~ Uv; — 6 (P‘lef‘ssl +M 1;4Rs> vy + EG (N; —iN_),

_ 1 _ .
np= Vssll’l{seTuvi + Vs + ﬁ,u{sM ! (N4 +iN-)

1 4 .
+—sprsM T (N —iN-),
V2 (6.2.11)
~ T ) Tp*,* ., —1 -1
Ny~ —0'Uv; + <9 O uispss — M ]/iRs) Vg
1

5 (Ne —iN-),

1 .
Ni ~ —M‘lyLSw; + — (N4 +iN-),

V2

where v;, v4, Ny and N_ are the mass eigenstates with masses

mv,- =~ UTG (,uLL - ]/lLsV;sll/l[]js> GTUI my, = Uss,

1
My o\ M2+ mymp 5 (e + rR),

withi = 1,2,3, 0 = mpM~! characterizing the mixing between the
active flavours v, and the heavy states N1, and U the unitary matrix
diagonalising the light neutrino mass matrix after the block diago-
nalisation. We have assumed that M > mp > pu. In particular, we
will assume that M is somewhat above the electroweak scale and that
it controls the scale of the pseudo-Dirac pairs N+. The splitting of
the pseudo-Dirac pairs is only through the Majorana masses 11, and
urr. We will also assume that y; is at the keV scale and is the main
contribution to m,,, the dark matter candidate mass. For a summary
of the approximate ranges of all the model parameters to correctly re-
produce neutrino masses and mixings, the DM relic abundace and to
improve on the Hubble tension see Table 6.2 where we sumarize our

(6.2.12)
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findings of the following sections. According to these values, all the
i parameters have been treated as a perturbation in the expressions
above and the results are to leading order in perturbation theory. Fur-
thermore, we have also approximated the results to leading order in
to simplify the expressions. Notice that U, the rotation diagonalising
the light neutrino mass matrix, m,,, corresponds to the PMNS mixing
matrix at leading order.

6.3 DARK MATTER

The Majorana fermion singlet ny, with its L = 0 charge assignment,
can only mix with the other neutrinos via L-violating, and therefore
suppressed, parameters. Furthermore, its allowed interactions with
Ni and Np are via ¢ through the Y, and Ygs; parameters respec-
tively. These two parameters, together with 7, are all protected by an
additional symmetry. Indeed, setting the three of them to zero a new
U(1) transformation for ¢, independent from L, becomes a symme-
try of the Lagrangian. We will therefore consistently assume small
values for these three parameters. As previously discussed, a small
value of 7 guarantees that the induced vev v, will be suppressed and
thus naturally explain the smallness of neutrino masses. Small val-
ues for Yrs and Yg, in turn imply that interactions and decays of np
are very suppressed, making it an ideal DM candidate via freeze-in
production. In this way, the same symmetry behind the smallness of
neutrino masses also guarantees DM stability in a natural way. In
the following we will discuss the production mechanism as well as
the main constraints from it and other observations on the parameter
space of the model.

6.3.1  Dark matter production

The DM candidate in our model is the mass eigenstate v4 which
is approximately aligned with the fermion singlet n; with only sup-
pressed mixings with the rest of the interaction eigenstates given the
approximate L symmetry, as shown in Eq. (6.2.11). While the active
flavour eigenstates v; do contain an admixture of the DM candidate
vy as given by Eq. (6.2.11), processes that produce v; such as decays
of the Z and W or of the heavy neutrinos N via their Yukawa in-
teractions with the Higgs, will not contribute to the production of
v4 beyond the standard Dodelson-Widrow mechanism [272]. Indeed,
the active flavour eigenstates v; are already in thermal equilibrium in
the early Universe and additional contributions such as these will not
modify their abundance. In other words, the thermal masses of the ac-
tive neutrinos vy, are very relevant in the early Universe and dominate
over the keV-scale mass of vy, suppressing the mixing [286]. That is,
the interaction eigenstates are approximately the effective mass eigen-
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states [287]. Therefore, in this regime, it is more convenient to work

in a mixed basis with N together with 7, and 7i;: the “incomplete”

flavour states vy and nj at energies below my, . In this intermediate
basis the original interaction eigenstates read:

9*
vp ~ U + Ny —iN_),
L L \/§< + )
nL:ﬁL—’_\/»‘uLs (N++iN*) fVRs (NJr_iN*)/
. - . 1 .
Ny ~ —0T0p — M~ tupsiiy + W(N* —iN_),
Ni ~ M Yy + Ny +iN_
HisnL ﬁ( + )-
(6.3.1)

Since 711, does not share the relevant contributions to the thermal
masses with 77, it is through processes in which 71, is produced where
contributions to the final DM abundance of v4 beyond the Dodelson-
Widrow mechanism can be achieved. The main interactions of 7} are
with the heavy pseudo-Dirac pairs N+ and the new scalar particles
via the couplings Yr; and Ygs. Thus, given the smallness of Y7 and
Ygs, the main production channel for DM is through freeze-in [288]
decays of the heavy neutrinos to a DM state and S, with S = ¢;(3), A, ]
any of the physical scalar degrees of freedom. We find that the total
dark matter production rate is

Iy = ZF(Ni—>q)2+ﬁL)+F(Ni—>A+ﬁL)
i=+

~|—1“(Nl-—>q)1+ﬁL)+I“(NZ-—>]+ﬁL),

2 2\ 2
_ HLs HR 2, 2 My,
16”{ ( 01 > <1 " V%z> AR (1 - m%;) O(my = mqvl)]
2 )
n <mm> <1 +V§RV2LS>
v2M HILHRs

m2 2
ClZ ( 2 ) ®(mN - m(Pz)
2 m ’
+c3 <1 — m%,) O(my —ma)| ¢,
(6.3.2)

N
where © is the Heaviside step function and c¢1» = cosay; and cg =
cos . We have made the approximation my, ~ my_ = my. If the
heavy neutrinos thermalize with the SM plasma, which happens for
all the values of & we will consider, the relic density is given by

/5 405 Is,
Qy4h2 ~ my4Mpl 74T h2 (633)
T 8migy = (mn) mN p?

where Mp;, = 1.22-10" GeV is the Planck mass, s’ and oY are the
present entropy density and critical energy density respectively, h is
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the present Hubble constant expressed in units of 100 km s~ "Mpc ™
and g.(my) is the number of radiation degrees of freedom during
the N; decays, which we approximate as g.(my) = 106.75 for my 2,
100 GeV. This expression can be simplified to study the analytical
scaling of the relic density in two opposing limits of the following
ratio

URs
. 6.3.
" (6.3.4)

Nevertheless the full expression of the relic density has been taken
into account in the numerical results. Assuming small » < 1 and that
the decay width is dominated by the | and ¢; final states, the relic
abundance scales as

2 —5\ 2
) B my, \3 [ Uss \2 (10
O (r < 1) _0'13<10ke\7) (106) < 0

y (150GeV> <2oocev>2
MmN U1

where we have neglected the scalar masses with respect to my and
approximated cg ~ c1» ~ 1 as well as written pis in terms of Uy ~
Ours/my,, the mixing between the DM candidate v4 and the active
neutrinos vy, with & = e, 1, T (see Eq. (6.2.11)) for which strong con-
straints exist from X-ray searches.

In the opposite limit r > 1 and assuming dominant decays to ¢
and A, again neglecting their masses with respect to my;, the relic
density scales approximately as

Qult(r > 1) =0.11 <1L03)2 (15’11:2\/)3 (o.ggév)z (1%0:46>2

y (103’)6 (120GeV>3 <MeV)2
0 my U2

In Fig. 6.1 we show the allowed regions of the parameter space al-
lowed by the X-ray searches and Lyman-« forest constraints on neu-
trino DM as well as the values of ugs/ s for which the correct relic
abundance would be obtained for different values of §. The param-
eter 0 represents the mixing between the active neutrinos and the
heaviest mass eigenstates and can be bounded to be § < 1072 from
flavour and electroweak precision tests of the unitarity of the PMNS
matrix [155]. As can be seen, for values of 6 close to the current
upper bound in Fig. 6.1, a sizable hierarchy of about four orders of
magnitude between s and s would be needed in order to obtain
the correct relic abundance through pgs. Indeed, the stringent X-ray
constraints require sufficiently suppressed active neutrino-DM mix-
ing, which is mainly3 dominated by ;. Conversely, this hierarchy is

r

(6.3.5)

(6.3.6)

Notice that from Eq. (6.2.11) there is also a contribution to U4 from pgs. This
contribution is suppressed by the ratio ~ m,, /my with respect to the one from pp.
Therefore, the dominant contribution is always jis for the parameter space shown
in Fig. 6.1 even for the largest values of r depicted.
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Figure 6.1: Available parameter space allowing to reproduce the correct DM
relic abundance for & = 1072,1073. The y-axis is the mixing
angle between the dark matter mass eigenstate and the SM neu-
trino flavour eigenstates and the x-axis the dark matter mass.
Black dashed lines represents the correct relic density for a fixed
ratio prs/prs. The three blue shaded regions dubbed “X-ray”
represent respectively, from left to right, constraints from XMM-
Newton [289], NuSTAR [276] and INTEGRAL [290] on spectral
photon lines generated by decaying dark matter. The grey re-
gion corresponds to Lyman-« constraints from the matter power
spectrum on light free-streaming dark matter particles, estimated
from [291]. The red region represents the parameter space for
which the dark matter lifetime is shorter than the age of the
Universe, estimated using Eq. (6.3.9). In this figure we fixed
my = 150 GeV, my, = my = 50 GeV, v1 = 200 GeV, m,, < my,
vy =1 MeV, ugr = 10 keV.

avoided for smaller values of 0. This choice may be considered more
natural, since there is no reason for a significant hierarchy among
these parameters from the charge assignments of the fields. However,
a lower bound on 6 can be extrated from the requirement of pertur-
bative unitarity for the Yukawa coupling Y7; by the relation

6 ~25.10"" <1>1/2 (Go )1/2 <Mev)1/2,
YLL 0.05 eV (%)

implying that for v; < 1 GeV, 0 has to be larger than O(107°) to
ensure perturbativity for Yz;. Moreover, small values of 6 would
reduce the testability of this region of the parameter space, at least
through unitarity constraints of the PMNS matrix or direct searches
of the heavy neutrinos at colliders. In this regime, the dominant phe-
nomenology of the model would rather correspond to DM searches
via X-rays as well as through cosmology from its impact on the Hy
tension and contributions to ANgg.

(6.3.7)

6.3.2 Dark matter decay vy — v; + 7y

Sterile-neutrino like dark matter can decay into a neutrino and
a photon producing a monochromatic spectral line. The dark mat-
ter mixing with active neutrinos, as given by Eq. (6.2.11), is con-
strained by the International Gamma-Ray Astrophysics Laboratory
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(INTEGRAL) [290] by looking for DM decaying in the Milky Way
halo, as well as from NuSTAR [276] and XMM-Newton [289]. These
constraints correspond to the blue regions in Fig. 6.1.

6.3.3 Dark Matter lifetime

Notice that, apart from the usual decay channels to three light neu-
trinos or a neutrino and an X-ray photon, DM may also decay to a
Majoron and a light neutrino. Thus, the associated lifetime of the
DM needs to be larger than the age of the Universe. The decay rate
is given by

2
m Ls HLL
[(va—= ] +v) = 12265 (93;:512) ) (6.3.8)

which gives

I'(vg — ]‘|‘Vi)71 ~ 08 ( V1 )2 (10 keV)
Tuniverse N 200 GeV my,

y (0.05 ev>2 <10—6>2
my, uoc4 .

The stability condition 7, =T (v4a — | + vi)_l > Tuniverse €xcludes the
parameter space corresponding to the red region depicted in Fig. 6.1.

Nonetheless, notice that the constraints on the mixing from X-ray
searches are always stronger than those from the DM lifetime.

(6.3.9)

6.3.4 Constraints from the power spectrum and Lyman-u

Light dark matter candidates carrying a non-negligible amount of
kinetic energy can alter ACDM predictions of the matter power spec-
trum which are probed on the smallest physical scales, i.e. largest
Fourier wavenumbers k ~ (0.1 — 10)1 Mpc ™, by the so-called Lyman-
« forest. Constraints from Lyman-« on such DM candidates are typ-
ically given in terms of a lower bound for the Warm Dark Matter
(WDM) mass [292—298]

MwpM 2, m];g];lf‘/[ = (1.9 —5.3) keV at 95% C.L., (6.3.10)

In our scenario the DM density is generated from the decay of non-
relativistic heavy neutrinos thermalized with the SM plasma. The
effect of the resulting non-thermal phase space distribution on the
matter power spectrum has been studied in various works [271, 277,
299-302]. The Lyman-a constraints on our DM candidate can be ex-
pressed, following the procedure of [291], as

Ly—a \ 4/3 1/3
106.75
my, = 7.5 keV (mWDM> <)) , (6.3.11)

~ 3 keV Qus(my
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where g,5(T) is the temperature-dependent effective number of en-
tropy degrees of freedom. This constraint is represented by the grey
band in Fig. 6.1 for the reference value m%}f/{ = 3 keV but can be
straightforwardly translated to a different value using Eq. (6.3.11).

6.4 THE HUBBLE TENSION

The solution proposed in Refs. [256, 257] to alleviate the present
Hubble tension contains two key ingredients. The first is a contri-
bution to ANBPN ~ 0.4 that should already be present during Big
Bang Nucleosynthesis. The second ingredient is an interaction rate
between the Majoron and neutrinos that would exceed the Hubble
rate between the BBN and CMB epochs. Thus, Majorons will ther-
malize with neutrinos for temperatures close to the Majoron mass
T ~ mj by decay and inverse decay processes 7;v; <+ . After becom-
ing non-relativistic, Majorons would subsequently decay into neutri-
nos, resulting in a slight increase of AN,¢. In addition to this extra late
radiation component, Majoron-neutrino interactions cause a damping
of the neutrino free streaming by suppressing their anisotropic stress
and therefore affect the determination of the Hubble constant from
the CMB.

6.4.1  Majoron contribution to AN,y

Since the scalar ¢; mixes with the SM Higgs and also couples to
the Majoron, the latter will be produced both from interactions with
SM fermionic states i mediated by virtual ¢, as well as from ¢; de-
cays when it is present in the bath through the following couplings,
respectively:

Legt =~ m (0uJo" Jpyp) — n;:, sin(a11) P19Y. (6.4.1)
Such couplings allow to maintain Majorons thermalized with the SM
plasma until the freeze-out temperature Tro below which the Ma-
joron population decouples from the thermal bath and behaves as
background radiation, potentially leading to a contribution to AN
that can alleviate the Hubble tension. Both scatterings and (inverse)
decays can allow the light scalars to thermalize and are investigated
in the following.

» Thermalization via scattering: in order to estimate the freeze-
out temperature in this case, one can compare the expansion
rate of the Universe to the typical momentum-exchange rate
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Figure 6.2:
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Parameter space allowing to alleviate the Hubble tension (white).
The blue region corresponds to values than cannot alleviate sub-
stantially the Hubble tension, while the green area represents
BBN constraints on AN estimated in Ref. [257]. The orange
region is excluded by constraints from ATLAS [303] on Higgs
invisible decay as detailed in Sec. 6.4.3. The dashed purple
line is determined from the (inverse) decay thermalization crit-
era of Eq. (6.4.7) and the dash-dotted purple line corresponds to
me, < TE&' with TES obtained from Eq. (6.4.4). The purple re-
gion represents the parameter space beyond the range of validity
of the analysis described in Sec. 6.4.1 to determine the contribu-
tion to ANgg and for which a more elaborated estimate should
be performed.
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induced by the coupling from Eq. (6.4.1). For the process (1) +
P(2) — J(3) + J(4) such rate can be expressed as

o0 /4 &P p1) fa (7
b = e ELf1(P1) f2(P2)
Ot Igpsyy g(2”)3ZEi

x| Agys 11> (270)*6* (p1 + p2 — p3s — pa),

(6.4.2)

where we follow the notations and conventions from the appen-
dices of Ref. [264]. In the relativistic limit, this quantity can be
estimated as

3oy 1557g(5) A e

~ T, (6.4.3)
4
O |y 448y, mg,

By comparing this quantity to the rate of energy loss induced
by the Hubble expansion we can estimate the freeze-out temper-
ature as being

m 4/5 10025\ %/°
TSRt ~ 0,067 GeV | — 2 bkl B 4.
ro == 0067 Ge (500MeV> (AlH) (6-4-4)

As argued in Ref. [304], such an estimate of the freeze-out
temperature is rather reliable given the large temperature de-
pendence of Eq. (6.4.3), which makes the expression derived
in Eq. (6.4.4) relatively insensitive to numerical corrections of
O(1 -10).

Thermalization via (inverse) decay: a population of ¢; could
also be produced by inverse decay of SM fermions . Given
the fact that 'y, ;7 > T'y, 5y, if the @1 production rate induced
by inverse decay is sizable enough to ensure ¢; thermalization
with the SM plasma, the Majorons | should thermalize as well.
Once the scalars ¢1 become non-relativistic and their abundance
is exponentially suppressed, that we estimate to be around z =
Mg, /T ~ 5, thermal equilibrium with the SM plasma is lost and
the population of | also freezes-out. As the coupling between
the scalar ¢ and ¥ is proportional to my, this process would
be relevant for our parameter range mostly when the ¢; decay
channel to muons is open, i.e. for m, > 2m,. The decay width
of ¢ to a pair of SM fermions is given by

mﬁ, 4:7’”%0 3/2
Ty g = Cpsin(a1y) =—sm <1—> (6.4.5)
1oy = Oy 1H ¢ ’ 4-5
1 g2\ 7,
where cy is a colour factor. As detailed in [264], the Boltzmann
equation relevant for ¢; production by (inverse) decays can be

expressed in term of the yield Y, = ny, /s

dYy, _ Tyogy Ki(2) [
dz H(z)z Ky(z)

Yo1(z) — Yp(2)] , (6.4.6)
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where z = m,, /T. qu,q(z) is the thermal-equilibrium expected
value of the yield and Kj»(z) are modified Bessel functions of
the second kind. The values of the coupling ¢1 — ¥ allowing to
reach thermal equilibrium at z = 5 are given by the condition

Yy (2) Ki(2)

Yoo Bz Ko(2) s (6.4.7)

M\ my 2 /500 MeV >
(3 x 10—5> (w) ( e, ) ~
This condition has been checked numerically and yields a rather
conservative constraint on the parameter Ayy. For larger cou-
plings than the benchmark point of Eq. (6.4.7), a ] population
would thermalize with SM fermions and freeze-out at Tro =~
mg, /5.

In the parameter space for which the condition of Eq. (6.4.7) is satis-
tied, the (inverse) decay processes are more efficient than scatterings
to maintain thermal equilibrium. The resulting contribution to AN
is [264]
us(m) )4/3 649
s (TFO) ’ .

with g.s(my) ~ 17.6. The AN, range found in [256, 257] that allevi-
ates the Hubble tension is between 0.2 and 0.5, with a preferred value
of 0.37. In Fig. 6.2 we depict the values of Ay and m,, that would
lead to such a contribution bounded by the blue line corresponding
to ANgg = 0.2 and the green line corresponding to ANy = 0.5. The
white region represents the parameter space that allows to alleviate
the Hubble tension. We emphasize that the boundaries of this white
region of parameter space might be subject to small corrections given
the order of magnitude estimate presented in this section. Neverthe-
less, a region with 0.2 < AN < 0.5 will be present in that area, since
we verified that at least one of the two processes analyzed would al-
low Majorons to thermalize down to the temperature required. In
particular, in Fig. 6.2, in the region between 2m, < m,, < 700 MeV
the (inverse) decays of ¢; allow them to thermalize with the SM bath
and Majorons as long as A1y is above the dashed purple line. Hence,
the vertical boundaries from the green and blue areas correspond to
when we estimate that ¢; becomes Boltzmann-suppressed and de-
couples so that also the Majorons freeze-out with 0.2 < ANy < 0.5.
Conversely, in the white triangle below the dashed purple line, scat-
terings with SM fermions are able to keep the Majorons in equilib-
rium instead with a final contribution to AN, in the same range. In
some areas of the parameter space both processes may be relevant
simultaneously but such a detailed analysis is beyond the scope of
this work and should not lead to sizable deviations from Fig. 6.2.

ANeff ~ (.29 <
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6.4.2 Majoron interactions with neutrinos

The authors of Ref. [257] define an effective width normalized such
that for T 2 1 Majorons do thermalize with the active neutrinos as
required to alleviate the Hubble tension:

B Ay 2/0.1eV
Feff == (4 « 10_14> < m] > ’ (6.4.9)

where A, is the dimensionless Majoron-neutrino coupling;:

1. .
LD 57\1/1]171‘751/11 (6.4.10)
In our setup this parameter corresponds to
A, = sin ﬁmvi , (6.4.11)
(%]

where we have neglected the contribution from pjs to m,,. In this
approximation

m, \2 (200 GeV\? (0.3 eV
Teff =52 (0.0SeV) ( 0 ) < m, ) (64.12)

The best fit for I'e¢s found in Ref. [257] depends slightly on the number
of active neutrinos interacting with the Majoron. Indeed, notice from
Eq. (6.4.11) that A, is proportional to the neutrino mass. Thus, if
the lightest neutrino is very light or massless, for instance if only
two Ng-Ny, pairs are considered, its coupling to the Majoron would
be negligible. In particular the best fit changes from I'e = 67.6 to
Fer = 59.9 when 2 or 3 neutrinos are considered to interact with
the Majoron respectively. The dependence of I'e with ANPPN was
found to be stronger. Indeed, the best fit I'. = 67.6 corresponding
to ANBPN = 0.37 jumped to T = 678 for ANEEN = 0.48, although
this larger contribution to NE2N significantly worsened the fit. In all
cases the best fit for the Majoron mass was m; ~ 0.3 eV. The preferred
values of AN&?N = 0.37 and I'e¢t ~ 60 can easily be achieved as shown
in Fig. 6.2 and Eq. (6.4.12).

6.4.3 Constraints from Higgs invisible decay

A coupling between the Higgs and the light scalars ], ¢; is gener-
ated via mixing from the kinetic terms of ¢; and the Ay term of the
scalar potential as

. h . A
LD sm(qu)v—1 (ayjar ]) — %Hthq)%. (6.4.13)

Via these couplings, the Higgs can decay invisibly to a Majoron or ¢4
pair with a decay rate

1 v?
Thiny = rh—>g01g01 + l—|h—>]] = @/\%Hmii/ (6414)
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where we replaced the mixing angle a1y by its analytical approxima-
tion in the limit of small mixing. The invisible branching ratio of
the Higgs is constrained to be B(h — inv) < 0.11(0.19) from AT-
LAS [303] (CMS [305]) which translates into

Mg < APEEAS ~ 0,014 (6.4.15)

65 SUMMARY OF THE AVAILABLE PARAMETER SPACE

Taking into account all the constraints discussed in the previous
sections, we sketch in Tab. 6.2 the ranges for the parameters of the
model in which all conditions may be satisfied so that the correct
neutrino masses and mixings and dark matter relic density can be
recovered together with an improvement of the Hubble tension.

Neutrino masses are controlled by the product 6%y;;. The param-
eter 0 represents the mixing between the active neutrinos and the
heavy pseudo-Dirac pairs and is bounded to be § < 10~2 from tests
of the PMNS unitarity via precision electroweak and flavour observ-
ables [155]. Conversely, if 6 is too small, the heavy pseudo-Dirac
pairs, which populate the DM abundance via their decays, would not
thermalize. This fixes the range for this parameter between roughly
10~* and 10~2. We have shown in Fig. 6.1 that the correct relic abun-
dance can be obtained for 8 = 102, 1073, but it can also be recovered
for smaller values of 6. The parameter 11 should then correspond to
my, /6%, with values in the keV to MeV range. The value of 3y in turn
comes from the breaking of L by two units of the vev of ¢, v>. Thus,
assuming order one Yukawas, v; and pr will have a similar range
as reflected in Tab. 6.2. Finally, v; is induced by the vev of ¢y, vy,
through the # cubic coupling so that v, ~ 5ot/ m%pz. The most natural
choice for these parameters is to assume that v; and m,, are close
to the electroweak scale, so as to avoid hierarchy problems. Thus,
the suppression in v, stems from the relative smallness of #, since
this parameter is protected by the additional U(1) symmetry which
is gained when this parameter together with prs and pgs are set to
zero.

Regarding the generation and properties of DM, the most strin-
gent constraint is on the parameter ;. Indeed, the mixing of DM
with the active neutrinos U4 ~ 0urs/m,, induces its decay to X-rays,
for which stringent limits exist as shown in Fig. 6.1. In particular,
for m,, ~ 10 keV, uy, is constrained to be between the eV and keV
scales, depending on the value of 6. On the other hand, the DM relic
abundance is controlled by s and pgs and a value around 1 keV is
required. Thus, as shown in Fig. 6.1, either g, is significantly larger
than prs, or 6 < 10~%. In addition, the DM abundance is induced by
the decay of the heavy neutrinos to DM and some scalar degree of
freedom. Therefore, the mass of the heavy neutrinos my should not
be much higher than the TeV scale to avoid further suppressing the
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Parameter My, my M, Mg, v1 (GeV)
(keV) (GeV) (GeV) (GeV)

Range  [10,10%] [10%,10%] [107%,1]  [10,10%]  [1,10%]

Parameter v, n Hab 0 AMH

Range keV-MeV keV-MeV keV-MeV  [104,1072][1074,1072]

Table 6.2: Order of magnitude for the allowed range of some relevant pa-
rameters allowing to simultaneously explain neutrino masses, the
dark matter relic abundance and alleviate the Hubble tension. The
subindices for y,; are a,b = L, R, s.

DM relic abundance. For large 6, these neutrinos could be searched
for at colliders.

Finally, in order to alleviate the Hubble tension two main ingre-
dients are necessary. The first is a sufficient contribution to AN
from the freeze-out of the Majorons. The main parameters control-
ling this are the mass of ¢1, m,, and its coupling to the Higgs A1y.
Indeed, the Majoron is mainly aligned with the angular component
of ¢1 and it can be kept in thermal equilibrium most efficiently via the
mixing of ¢; with the Higgs. In order to reach ANy ~ 0.4, the Ma-
joron must decouple roughly with the muons, which can happen for
mgy, < 1 GeV, as shown in Fig. 6.2. Regarding the coupling, the lack
of evidence for an invisible Higgs decay at LHC requires A1y < 0.01.
On the other hand, A1y > 107 is necessary to keep the Majorons in
thermal equilibrium until sufficiently late times. The second ingredi-
ent required to alleviate the Hubble tension is a coupling between the
Majoron and the active neutrinos that allows them to thermalize after
BBN and a Majoron mass around the eV scale so that it will decay to
neutrinos and contribute to AN, at CMB. This decay width depends
on the ratio of the neutrino masses over vy, as well as on the mass of
the Majoron itself and the correct value is obtained for v; ~ 100 GeV
for my ~ 1 eV.

6.6 CONCLUSIONS

Extending the Standard Model particle content with right-handed
neutrinos is arguably the simplest extension able to account for the
evidence of neutrino masses and mixings. In order to also provide a
natural explanation to the smallness of neutrino masses, two options
emerge. In the canonical, high-scale type-I Seesaw the ratio between
the electroweak scale and the large Majorana mass provides naturally
the required suppression. Conversely, in low-scale realizations, such
as the linear or inverse Seesaw, the Lepton number L symmetry that
protects neutrino masses is instead exploited. If this symmetry is ap-
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proximate and only broken by small parameters, these will also nat-
urally suppress the generation of neutrino masses. These low-scale
realizations have the twofold advantage of enhancing the relevant
phenomenological impact of the model and hence its testability, as
well as avoiding a contribution to the Higgs hierarchy problem.

We have explored the possibility that the small breaking of the L
symmetry in the inverse Seesaw is dynamical. Its smallness emerges
from a Seesaw-like structure in the scalar sector in which the vev of
the L = 2 scalar responsible for neutrino masses is only indirectly in-
duced by a vev around the electroweak scale, as in the type-II Seesaw.
The parameter linking the two is small in a technically natural way
since it is protected by an additional symmetry.

This spontaneous breaking of L in turn leads to the existence of a
Majoron. We have explored the parameter space and conclude that
this Majoron may contribute to the number of relativistic degrees of
freedom in the early Universe as well as couple to the active neutri-
nos with the required values as to significantly alleviate the Hubble
tension. This possibility is mainly constrained by the invisible decay
of the Higgs, since the Majoron production critically depends on the
mixing between the new scalar that breaks the L symmetry and the
Higgs. Nevertheless, an order of magnitude smaller mixings than
presently allowed by LHC constraints would still allow for a solution
to the Hubble tension.

Among the new neutrinos introduced in low-scale Seesaws, two op-
tions exist due to the approximate L symmetry. The first are pseudo-
Dirac pairs in which the left-handed component has a sizable mixing
with the active neutrinos. The second are Majorana sterile neutri-
nos with couplings suppressed by the L-breaking parameters. For
keV-scale masses, these Majorana sterile neutrinos may be sufficiently
stable to be good dark matter candidates. While production via mix-
ing through the Dodelson-Widrow mechanism is excluded by X-ray
searches, we have shown that the correct relic abundance may be ob-
tained for appropriate values of the model parameters via the freeze-
in decays of the heavier pseudo-Dirac pairs to the new scalars and
dark matter. These same couplings also control the mixing of the
active neutrinos with dark matter as well as with the heavy pseudo-
Dirac pairs. The main constraints on these mixings come from searches
of the dark matter decays to X-rays and from unitarity tests of the
PMNS mixing matrix from precision electroweak and flavour observ-
ables respectively. While the combination of these two probes rules
out significant parts of the allowed parameter space, the correct relic
abundance can still be obtained from the parameter that controls
the mixing of dark matter with the right-handed component of the
pseudo-Dirac pair. This mixing is more difficult to constrain, since
the SM active neutrinos mainly mix to the left-handed component.
Two possibilities are then viable. If the mixing between the active
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neutrinos and the heavy pseudo-Dirac pairs is sizable, close to their
PMNS unitarity constraints, then the parameter that controls the dark
matter-right-handed neutrino mixing needs to be significant. This
implies a hierarchy of four or five orders of magnitude with respect
to the mixing with the left-handed component, which may be con-
sidered fine-tuned. Conversely, if the two couplings are similar, the
mixing of the heavy neutrinos with the active states needs to be very
suppressed, reducing the testability of the model through PMNS uni-
tarity deviations and, eventually, direct production at colliders.

Finally, the heavy pseudo-Dirac pairs could possibly explain the
baryon asymmetry of the Universe through the ARS baryogenesis
via leptogenesis mechanism [287, 306—316]. While we have assumed
that the heavy pseudo-Dirac neutrinos thermalize, the ARS leptoge-
nesis mechanism requires that at least some of them do not reach
thermal equilibrium. This could be an option, since we only require
one of them to thermalize in order to populate the DM abundance
via its decays. Moreover, the correct DM density might also be ob-
tained without thermalization of the heavy pseudo-Dirac pairs. This
possibility together with the impact of the additional interactions of
the heavy pseudo-Dirac pairs in the context of leptogenesis would be
an interesting extension of the present study.

To summarize, we have shown that the SM extension considered
with a dynamical breaking of the L symmetry characterizing the in-
verse Seesaw, is able to account simultaneously for the observed neu-
trino masses and mixings in a natural way as well as to provide a
dark matter candidate with the correct relic abundance and alleviate
the present Hubble tension between CMB and supernovae observa-
tions. The main constraints on the allowed parameter space come
from unitarity tests of the PMNS mixing matrix through precision
electroweak and flavour observables, searches for invisible Higgs de-
cays at the LHC and X-ray searches for this decay mode of the sterile
neutrino dark matter candidate.
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INTRODUCTION

The origin of the baryon asymmetry (BAU), or in rather philosoph-
ical terms, the question of why we are here, is one of the most intrigu-
ing open questions in Particle Physics and Cosmology today. It has
been inferred comparing observations of primordial element abun-
dances and the CMB with predictions from Big Bang Nucleosynthesis
and the CDM model [166] to be

ny—n

Ygbs = b ~ (8.59+0.08) x 10~ (7.0.1)

s

The only antimatter we observe is either created on Earth in acceler-
ators or is present as antiprotons in cosmic rays, produced through
interactions of protons with the interstellar medium through, for ex-
ample, the following reaction: p +p — 3p + p [317].

One could argue that there might be big regions of the Universe
filled with antimatter and we just happen to live in a domain of mat-
ter. However, if this was the case, one would expect annihilation at
the boundaries of the matter-antimatter domains, producing a diffuse
gamma ray background, which has not been observed, such that on
scales larger than about 100 Mpc to 1 Gpc the Universe consists only
of matter [318].

Thus, we can conclude that the amount of antimatter in our Uni-
verse is negligible with respect to the matter abundance according to
all observations. The next step would be to consider how the Uni-
verse came to become matter dominated, when in principle from the
SM we expect to produce similar amounts of matter and antimatter
in the Early Universe. We could attribute this asymmetry to some
“initial conditions” with which the Universe was born, but according
to the concordance ACDM model for Cosmology, in order to solve
the “horizon” and “flatness” problems, we need a period of inflation
before the radiaton domination era.

The “horizon” problem is the question of why are the CMB tem-
perature fluctuations we observe so uniform, if in principle they were
not causally connected at the time of recombination in order for them
to be in equilibrium. On the other hand, solving the “flatness” prob-
lem would mean understanding why the curvature of the Universe,
which could in principle dominate the energy budget of the Universe
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today, is so small. These two problems are solved by an initial ex-
ponential expansion of the Universe, known as an inflationary pe-
riod [319]. Now if the Universe started with some initial baryon
asymmetry, an inflationary period would wash-out this asymmetry,
restoring a matter-symmetric Universe by the end of inflation, and
thus a dynamical mechanism to generate the observed matter asym-
metry is still required.

7.1 SAKHAROV’'S CONDITIONS

In order to dynamically generate any baryon asymmetry three con-
ditions need to be met, the so-called Sakharov’s conditions [320, 321]:
baryon number (B) violation, C and CP violation, and out of equilib-
rium conditions [167].

= B violation: indeed in order to produce a baryon asymmetry
from a symmetric initial condition, we need interactions which
violate baryon number such that more baryons than antibaryons
can be produced. Otherwise only initial baryon asymmetric con-
ditions could explain the asymmetry.

= C and CP violation: even if we had B-violating interactions, if
the rate for these interactions is the same for particle and an-
tiparticle, meaning C and CP conservation, we would produce
the same amount of baryons and antibaryons such as the net
baryon number would be zero.

= Out of equilibrium conditions: from CPT invariance, the mass
for particle and antiparticle are the same, and in thermal equi-
librium any chemical potential related to a non-conserved quan-
tum number vanishes, such that baryons and antibaryons would
share the same distribution and thus the number density, n;, =
ng. In other words, if thermal equilibrium holds at temper-
ature T, then the system is stationary and described by p =
e~ /T [317] with H the hamiltonian of the system. The evolu-

tion of the baryon number operator B is just B(t) = ¢! B(0)e~ 7.
The mean baryon number for such a system is
(B(t)); =Tr [e’H/TethB(O)eth] : (7.1.1)

Using the fact that H is invariant under ® = CPT while B is
odd [317], we arrive at

(B()), = Tr [@*1@(7{”3@)} — —(B(t)),,  (71.2)
such that no net baryon asymmetry can be generated in thermal
equilibrium.

Once we know the basic ingredients needed to generate the BAU, the

first question we need to answer is if the SM can explain the matter-
antimatter asymmetry.
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7.2 CAN THE SM GENERATE THE BAU?

In this section we will investigate if the SM of Particle Physics can
generate the BAU or if we need BSM physics to explain it. We will
revisit each one of the conditions in the context of the SM.

= B violation: baryon and lepton number are accidental symme-
tries of the SM at the lagrangian level. However, at the quantum
level they are broken, such that their divergence is [322, 323]"

2

Ay = Negyae “Wils,  (r2)
where Wy, is a background SU(2),, field strength tensor and
N = 3 is the number of fermion generations. Notice that the
divergence of both currents are anomalous, such that B 4 L is
as well, but the combination B — L is anomaly free. Integrating
Eq. (7.2.1) one finds that any process changing baryon or lepton
number is related to the change in the Chern-Simmons number
by [323]

AB = AL = N¢ANcs, (7.2.2)

where N¢g is defined as
Ncs = /d371<0(7),

2 1
Kt — 157,5;41400 <AﬁapAf; + 3eabcAﬁA2Ag> , (7.2.3)

1

The Chern-Simmons number labels the infinite number of de-
generate vacuum configurations of the SU(2); theory, which
are separated by a potential barrier. Baryon and lepton number
violation takes place when transitioning from one vacuum to an-
other, either by quantum tunneling or through thermal fluctua-
tions over the barrier at non-zero temperature. This is skectched
in Fig. 7.1, where both the quantum tunneling and the thermal
fluctuations are depicted by an I and an S, respectively. A tran-
sition from one vacuum to a contiguous one produces a change
in baryon number of 3 units given that N, = 3.

At zero temperature, the rate per volume for such transitions is
approximately given by [324]

I o T

— ~ e & ~ e , 2.
v (7.2.4)
such that this transitions are very suppressed and not expected

to happen. However, things are different at finite temperature.

1 In the following we are considering just the SU(2)| part of the electroweak theory.
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Figure 7.1: Depiction of the barrier separating the different vacua, the instan-

ton tunnelling path, denoted as I, and the sphaleron solution, S,
at the top of the barrier. The vertical axes denotes the free en-
ergy, F, and the horizontal one the field configurations. The in-
teger numbers correspond to different Chern-Simmons number
labelling the vacua.

Indeed, at temperatures below the EW scale the sphaleron solu-
tion can be found, which corresponds to classical solutions in
tield space that sit at the top of the barrier between vacua as
depicted in Fig. 7.1. The rate for these transitions is exponen-
tially suppressed as well?, but for temperatures above the EW
scale, SU(2) x U(1)y symmetry is restored and the potential
barrier between different vacua disappears, thus allowing for
transitions from one vacua to another and thus for efficient B
and L violation, with a rate given by

g~ 9Koc%\,T, (7.2.5)

where x ~ 18 [325] and ay = ¢2>/4m. Thus, comparing to
the Hubble rate of expansion, H ~ T?/ Mp;, where Mp; is the
Planck mass, we see that B-violating interactions are in thermal
equilibrium from T ~ 10'3 GeV down to the EW scale.

C and CP violation: these are broken in the SM by weak interac-
tions. Indeed, from the CC interaction lagrangian in the quark
sector we have

£o>-5 Zﬁa (VCKM)M; ’)’}IPLd‘BW; +h.c, (7.2.6)
\/§ (X‘B

2 In this case the suppression goes like I'/V ~ e

~Ev/T where Egp ~ 47v/g [317].
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where Vg is the CKM quark mixing matrix. Under a C trans-
formation [317], the lagrangian in Eq. (7.2.6) becomes

£o>-4ya, (Vekm) op 7" PrdgW,, + h.c., (7.2.7)
\/E ap

such that weak interactions break C (and also P) maximally.
Now the lagrangian would be invariant under CP if there were
no complex parameters, but Vg is a 3 x 3 unitary matrix such
that under CP the lagrangian changes to

L[ = _\% Y tta (Vi) up V' PLAW, +hc,  (728)
B

and thus there is CP violation as well in quark weak interactions
in the SM model.

= Out of equilibrium conditions: the SM contains the Higgs scalar
doublet, which gives a mass to the weak gauge bosons and
the SM fermions (except neutrinos) when it develops a vev, vg.
However, at temperature significantly larger than the EW scale,
the SU(2); x U(1)y symmetry is restored. Hence, at some crit-
ical temperature, T = T, there was a phase transition in which
the Higgs developed its vev. The order of the phase transition
depends on the behaviour of vy around T.. If it has a strong dis-
continuity, then it is a first order phase transition, which would
allow to have the out of equilibrium conditions necessary for
baryogenesis. In this case, bubbles of true vacuum, vy, would
form and expand in the Early Universe coexisting with regions
of symmetric phase. Taking into account quantum corrections
for the Higgs potential [317], we can study the behaviour of the
phase transition and determine if it is strongly first order.

In principle the SM might satisfy all three Sakharov’s conditions, such
that we could explain the baryon asymmetry without requiring new
Physics. Thus, using the CP violation in the quark sector, B + L violat-
ing interactions in the Early Universe and the phase transition in the
scalar sector we could generate the BAU. These are the basics of the
so-called electroweak baryogenesis (EWBG) mechanism [326, 327].
Once the first order phase transition is triggered, bubbles of true
vaccum would nucleate and expand. The bubble wall will separate
the symmetric phase, where B + L violating transitions are in ther-
mal equilibrium, from the broken phase, where sphalerons are in-
effective. Incoming particles from the symmetric phase will reflect
from the bubble wall when interacting with it. If there is CP viola-
tion, the reflection rate for particle and antiparticle will be different,
thus generating a net baryon asymmetry inside the bubble wall. The
opposite asymmetry generated outside, in the symmetric phase, will
be erased by sphaleron transitions such that, as the bubble expands

111



112

INTRODUCTION

l - a@ a Symmetric phase
Broken /
phase T v=_0
— v#£0 — (s)
# Lo

]_"(b) € (g

sph

qg < -

Figure 7.2: Depiction of a bubble of true vacuum expanding in the Early Uni-
verse during the first order phase transition taken from Ref. [328].
Quarks and antiquarks interact with the bubble wall with a rate
different due to CP violation, generating a net baryon asymme-
try inside the bubbles. The opposite asymmetry generated in the
symmetric phase will be erased through B + L violating transi-
tions. As the bubbles expand and sphalerons freeze-out inside
them, a final non-zero baryon asymmetry will survive until to-
day.

and sphalerons freeze-out inside it, a final non-zero contribution will
remain until today. This is schematically depicted in Fig. 7.2 taken
from Ref. [328].

Unfortunately, it was shown that there is not enough CP viola-
tion in the quark sector, measured by the Jarlskog invariant [329],
to generate the BAU [59, 60, 330], and given current measurements
of the Higgs mass [331, 332] the phase transition is just a smooth
crossover [333]. Thus, we need BSM physics to explain the origin of
the matter-antimatter asymmetry of the Universe.

7.3 LEPTOGENESIS

Given that we need new Physics in order to explain the origin of
neutrino masses as discussed in Section 3, an interesting question
would be if it is possible to generate the BAU taking advantage of the
neutrino mass mechanism. Indeed, recalling the lagrangian for the
Type-1 Seesaw where we included n heavy RH neutrinos

-~ 1.
ﬁmass — _LLHYVNR — EN}:{MNR + h.C., (7.3.1)
where in the Seesaw limit we had M > mp = vyY,/v/2 after SSB, we
can check that there are n(n — 1) phases in the lagrangian [334] that
could violate CP. Thus, we have potentially more relevant sources of
CP violation and thus could in principle generate a larger BAU than
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Figure 7.3: Relevant diagrams for the L and CP violating decay of a heavy
neutrino, Nj, into a lepton I/, and a higgs doublet component, H.
The loop level diagrams are necessary in order for the decay to
be CP violating. Taken from Ref. [336].

in the SM. Regarding the out of equilibrium conditions, we can take
advantage of the inclusion of some heavy states, the neutrinos with
mass O(M), to fulfill them. Indeed, these states can in principle be
in thermal equilibrium in the Early Universe, but at some T < M
the heavy neutrinos become out of equilibrium and their decays into
leptons, which can violate CP and also L given their Majorana nature,
can generate a lepton asymmetry which in turn can be converted to
a baryon one through B + L violating effects. In particular, if M is
above the EW scale such that the heavy neutrinos decay before SSB,
then the final baryon asymmetry in terms of the lepton asymmetry
generated through the N decays is [335]

28
S—— 3.
B 51 (7.3-2)

Thus, in principle we could start generating a lepton asymmetry3
through the decays of the heavy neutrinos in the Early Universe, that
would then be converted through B + L violating transitions into a
baryon one. This mechanism is known as baryogenesis via leptogen-
esis, and was first proposed in Ref. [145]. In particular, in order for
CP violation to be present, one needs to take into account the inter-
ference between the tree and one-loop level decay diagrams for the
heavy neutrinos, shown in Fig. 7.3.

Although vanilla leptogenesis through the out of equilibrium de-
cay of very heavy neutrinos can indeed explain the observed BAU,
it is very difficult to probe, as these new states cannot be produced
in a collider in any near future, and the CP violation necessary for
the generation of the BAU cannot be probed in low energy phenom-
ena such as neutrino oscillations or 0v2f decay except in some very
particular examples [337-340]. There are, however, some alternatives
such as the interesting example of leptogenesis via oscillations [287,
306, 307, 312, 315] in which the new states are never in thermal equi-
librium due to rather small Yukawa couplings, that can nonetheless
be probed in future experiments for heavy neutrino masses at the
O(GeV) scale [312].

Given that B — L is conserved, one actually needs to generate an antilepton asym-
metry in order to generate a baryon one, as is also apparent from the minus sign in

Eq. (7.3.2).
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7-4 ELECTROWEAK BARYOGENESIS AND NEUTRINO MASSES

It is interesting to consider the minimal ingredients we need to
add to the SM in order for EWBG to work. As already discussed, the
SM lacks enough CP violation in the quark sector and the Higgs itself
does not trigger a first order phase transition. An extension of the SM
scalar sector could make EWBG [327, 341—344] viable. In particular,
new scalars could induce a strong first order phase transition [345-
350] at the EW scale and also contribute with new sources of CP
violation. In this case, all the interesting physics would be around
O(100) GeV, at the reach of the Large Hadron Collider (LHC) [351—
356]. However, new sources of CP violation induce electric dipole mo-
ments, which are very tightly constrained [357]. Thus, EWBG mod-
els usually rely on some dark sector to avoid them (see for example
Refs. [358—360]).

Given that the experimental evidence for neutrino masses from the
observation of the neutrino oscillation phenomenon [41, 45, 49, 50,
54, 361] is also at odds with the SM, it represents another main win-
dow to new physics. It is therefore interesting to consider whether
new sources of CP violation from the neutrino mass mechanism can
generate the observed BAU. The lepton number protection present
in the inverse or linear variants of the Seesaw mechanism does allow
for rather large Yukawa couplings and consequently larger mixing
between the new heavy states and the active neutrinos than in the
case of the Type-I Seesaw, leading to more interesting phenomenol-
ogy. Therefore, they also naturally possess all the ingredients for
EWBG to work: the large neutrino Yukawa couplings can be a source
of the CP violation and an extra singlet scalar can generate the heavy
neutrino masses around the EW scale and induce the first order phase
transition, while avoiding bounds from electric dipole moments. Vari-
ants of this idea, but in the context of a type-I Seesaw without the ap-
proximate lepton number symmetry, were studied in Refs. [342, 362,
363].

In the following we will investigate the viability of EWBG in the
context of low-scale Seesaw mechanisms in which neutrino masses
are generated from a soft breaking of lepton number. The heavy neu-
trinos will thus be arranged in (pseudo-)Dirac pairs. In particular,
we will explore the possibility to have all the new physics at the EW
scale. A new scalar singlet, which can be responsible for the required
strong first order phase transition, will also induce the Dirac mass of
the heavy neutrinos. With these ingredients, a CP asymmetry in the
SM neutrinos may be produced through reflections and transmissions
with the bubble wall. The imbalance between neutrinos and antineu-
trinos will then be converted into a baryon asymmetry through B + L
violating processes in the unbroken phase. The generated net baryon
number then enters the broken phase as the bubbles expand, where
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sphalerons are no longer efficient and baryon number is frozen out.

This scenario was originally proposed in Ref. [364]. We will revisit

its results and reconsider some of the assumptions made in Ref. [364].

In particular, we will study the impact of different wall profiles in the
final BAU and also investigate the inclusion of wash-out and flavour
effects.
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8.1 NEUTRINO MASS GENERATION AND CP VIOLATION

In this section we specify the particle content of the model and
the parametrization we will adopt. We also discuss the source of CP
violation arising from the neutrino mass generation mechanism. The
SM is simply extended by three singlet Dirac neutrinos and a scalar
singlet:

£ =—L AY,Ng — N¢YNNg + hc.— V <<p*<p, H*H) , (8.11)

where ¢ is the singlet scalar and H is the Higgs doublet, L; is the
lepton doublet and Ng(;) is the right(left)-handed component of the
new Dirac neutrinos. Y, and Yy are 3 x 3 Yukawa matrices. The
manifest lepton number symmetry of the Lagrangian will then be
broken by either (or both) a Majorana mass for N;, (as in the inverse
Seesaw scenarios) or a Yukawa coupling between L; and Nf (as in
the linear Seesaw realizations) so as to generate the small neutrino
masses. Notice that the symmetry can also be broken by a Majorana
mas term for N, however the contribution to light neutrino masses
arises at the one loop level [365-367]. We will remain agnostic as
to the specifics of the lepton-number-violating contribution responsi-
ble for the observed neutrino masses, and in what follows, we will
neglect these small perturbations on the underlying lepton-number-
conserving structure. We only remark that the 3 x 3 Majorana mass
matrix for Ny and the 3 x 3 Yukawa coupling between L; and Nj con-
tain enough degrees of freedom so as to reproduce the correct pattern
of neutrino masses and mixings regardless of the values of Y, or Yy.
Thus, no conditions on Y, or Yy can be derived from neutrino oscil-
lation data. The last term in Eq. (8.1.1) refers to the scalar potential,
which couples the Higgs doublet to the singlet scalar and can induce
the strong first order phase transition [348-350].

After spontaneous symmetry breaking (SSB), we will assume that
both the SM Higgs field and the singlet scalar develop a vacuum
expectation value (vev), vy and vy, respectively, which generate the
following Dirac mass terms for the neutrino states:

Linass = —VrmpNg — NLMNNR + h.c., (8.1.2)
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where we have defined mp = vyY,/V2 and My = UpYN. As dis-
cussed above, lepton number conservation ensures that the three
heavy neutrinos N; have Dirac masses while the three light neutri-
nos v; remain massless even for large values of mp and a low My
scale’. The mixing between the heavy neutrinos and the active states
is given by the ratio between the Dirac masses

0 = mpMy!, (8.1.3)

and can thus be sizable. There is only one source of CP violation not
suppressed by the generally smaller charged lepton Yukawas [334,
364], which is associated to the following basis invariant [329, 368,

369]
ocp = ImTr {M;]MNmBmDM}L\]MNM;r\,MNmEmDm’LDmD} . (8.1.3)

In the basis where My is real and diagonal with eigenvalues M;, one
finds [364]

dcp = MIMZM3(M] — M3)(M3 — M3) (M3 — M?)

Im [(9*9)12(9+9)23(9+9)31] . (8.1.5)

Notice that the CP invariant is suppressed by the sixth power of 6,
hence the importance of ensuring large mixing and the reason to con-
sider low scale seesaw realizations in this context that decouple its
size from the smallness of neutrino masses. Nevertheless, constraints
from precision electroweak and flavour observables exist [155, 370—
377] on the combination 68%. Indeed, 06* represents the coefficient
of the only dimension 6 operator obtained at tree level> when inte-
grating out the heavy neutrino degrees of freedom [378]. The d = 6
operator physically leads to deviations from unitarity of the PMINS
mixing matrix given the non-negligible mixing with the heavy states.
These constraints will represent the main limiting factor to the final
baryon asymmetry that we will compute in the next sections.

In general, the Dirac mass matrix mp can be parametrized through
a bi-unitary transformation as

mp = Uymg Vi, (8.1.6)

where m, is a diagonal matrix with positive real entries m,; and U]
and Vg are 3 x 3 unitary matrices.

Their light masses will instead be tied to the small lepton number breaking parame-
ters of the inverse or linear seesaw that can be safely neglected for the generation of
baryon asymmetry.

And therefore the least suppressed effective operator in the absence of the Weinberg
dimension 5 operator [136], which is only induced by the smaller lepton number-
violating parameters.
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The physical degrees of freedom of Vi can be parametrized by
three mixing angles and one CP violating phase in complete analogy
to the CKM matrix. With this parametrization:

Scp = (mG, —m3 )(mg —mj )(mg —m3)

8.1.
(M2 — MZ)(MZ — M2)(ME — M2)], ®17)

where
] = Im(VRiaVR*i/SVE]‘aVR]'ﬁ) (818)

is the usual Jarlskog rephasing invariant with « # B and i # j. In or-
der to estimate the maximum size of the baryon number asymmetry
achievable, in the following sections we will set | = 1. This choice
fixes the matrix Vi.

From Eq. (8.1.7), a significant hierarchy in the values of m,, is also
desirable so as to maximize dcp. An advantageous choice is to set
one of the three m, to zero while the other two differ by a factor
/2. Their maximum allowed size will be determined by the existing
bounds on the product

00" = Uymy VM2 VrmyUf (8.1.9)

mentioned above. These constraints are significantly flavour-dependent
(see e.g. Ref [155]) and, from Eq. (8.1.9), the flavour structure is con-
trolled by the degrees of freedom in U;. However, the charged lepton
Yukawas imply a stronger suppression as a source of CP violation for
baryogenesis compared to that of the neutrinos, so we will neglect
them in the rest of this work. Hence, the transformation U;, which
is part of the PMNS lepton mixing matrix, becomes unphysical in
this limit and can be absorbed in a field redefinition. Thus, the most
meaningful constraint that can be derived from 06" on my, is through
Tr[00'] < 0.007 [155] at 20, since this quantity does not depend on
u.

For the sake of definiteness, we will set U; = I and choose m;, =
mgy_/ V2 and my, = 0. This choice for m,, implies that the neutrino
Yukawa couplings to the second and third heavy states have the same
magnitude. Additionally, it makes the coupling to the muon to van-
ish, for which the bounds on 68" are the most stringent [155, 376,
377]. Therefore, the matrix mp now depends on a single parame-
ter, m;_. Note, however, that rotations of this particular choice with
other values of U; would be completely equivalent. In other words,
all the “flavour” indices in this work will not necessarily correspond
to the electron, muon or tau flavours, since their masses have been
neglected.

In the following sections we will present results as a function of
the remaining free parameters of the model. Namely, the three diag-
onal entries of My (M;) which correspond to leading order with the
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Figure 8.1: Sketch of the reflection of N off a bubble whose wall width
is oy to 7 and its subsequent conversion to baryons through
shpaleron processes. If there is CP violation, the reflected vy,
will be different to the 7, and thus a baryon asymmetry can be
generated.

physical masses of the three heavy Dirac neutrinos, as well as m,_, re-
specting the constraints on Tr[00'] through Eq. (8.1.9) for the different
values of M; considered.

8.2 GENERATION OF A CP ASYMMETRY

In the presence of the new scalar singlet, a strong first order phase
transition is possible [348—350]. Depending on the parameters of the
scalar sector and its couplings to fermions, bubbles of a given width
ow will start nucleating at the temperature T, and expand at a veloc-
ity vw. Neutrinos travelling from the unbroken phase towards the
bubble wall will be reflected by the wall as depicted in Fig. 8.1. In the
presence of CP violation, the reflection rate for neutrinos and antineu-
trinos will be different, generating an asymmetry in vy, which will
subsequently be converted to a baryon asymmetry through sphaleron
transitions. In the following we will assume that the phase transi-
tion is sufficiently strong. Consequently, the sphaleron rate will be
suppressed inside the bubbles, such that any baryon asymmetry gen-
erated in the symmetric phase will be preserved after entering the
regions of true vacuum.

We will devote the rest of this section to describe the generation of
the CP asymmetry through reflections and transmissions of neutrinos
in the bubble wall. We assume that the bubbles are sufficiently large
such that their surface can be described as a plane and gravitational
effects can be neglected [379]. We closely follow the method devel-
oped in Refs. [344, 380] to solve the Dirac equation for the different
neutrino species. An asymmetry may be induced through the depen-
dence of their mass matrix on the direction perpendicular to the wall,
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z. The z-dependence of the mass matrix arises solely from the change

in the value of the scalar vevs from the unbroken to the broken phase.

Performing a boost to the wall rest frame, only the dependence in
the spatial dimension z is relevant. The formal solution to the Dirac
equation can be written as [380]

N =B (;Z;) ® Xs, (8.2.1)

where E is the energy of the state and we have separated the chirality

T
states (L = (VL NL) and R = Ng) and the spin state ;. Spin
is conserved upon reflection or transmission, such that o3xs = sxs.
Using this ansatz we find that the chirality states satisfy

(isd: + O(z)) (;8) =0, Qz)= <Mi>+ —fi(z)) (8.2.2)

where M(z) = (mD(z) MN(Z)>T and we generally denote with E
diagonal submatrices of the appropriate dimension with the energy
of the corresponding states. The formal solution to Eq. (8.2.2) at a
position z can be expressed as

L(z) _ eé Jo Q(z")dz' L(0) s
(R(z)) P ) <R<o>> ’ 623

where P denotes the z-ordered product and z = 0 is the position
where the bubble wall starts in the unbroken phase. Given that the
mass matrix only varies within the bubble wall, but is constant inside
or outside the bubble, we can simplify the previous expression to

L(z) \ _ igyz—ow)p [, W o)) [ L(0) ,
(R(z)) e ><R<o>>’ o2

with the constant matrix

E - My
= , 8.2.
Qo (Mg E ) (8.2.5)

where My = M(z > dy) is the mass matrix in the broken phase.

The reflection coefficient from an incident right-handed neutrino,
Ng, to a left-handed one, v; (N), can be simply obtained by impos-
ing a suitable boundary condition. Namely, that at z = dw all states
travel towards the inside of the bubble (see Fig. 8.1). The matrix Qp
needs to be diagonalized to find the basis of propagating states in-
side the bubble so as to set this boundary condition. This can be
done through the following series of transformations:

Z/[Z 0 E —Mo ur 0 _ E _Md (826)
o Vi) \Mmf - ) \o W M —E )T T

121



122

V ELECTROWEAK BARYOGENESIS

where U} (VR) is a unitary matrix which diagonalizes Mo M (MIM,)

T

such that M, = (0 Md> and Mj is the diagonal 3 x 3 matrix with
the heavy Dirac neutrino mass eigenvalues. Finally, we can do a sec-
ond transformation W to rotate Q to its diagonal form

E 0 0 E 0 0
wllo B M |W=|0 E—-M3 0 ,
0 My -E 0 0 —/E2— M3
(8.2.7)
with
1 0 0
W=|0 cosh® sinh® |, tanh20 =E'M,. (8.2.8)

0 sinh® cosh®

Performing these rotations, we can now impose the boundary con-
dition at z = dw and obtain the reflection coefficient, R*, as L(0) =
RUR(0). The results for antiparticles (R") are found by replacing
M — M* and U (Vr) — U] (V}). Following a similar procedure
and setting the appropriate boundary condition3, we can also calcu-
late the transmission coefficient from a state inside the bubble to a
left-handed neutrino in the unbroken phase, T Note that the su-
perscript on the reflection and transmission coefficients denotes the
position of the initial state in those processes, either the unbroken
phase (“u”) or the broken phase (“b”).

Now we can calculate the CP asymmetry generated by reflections
or transmissions induced in the SM neutrino sector as

AR"(Ngi = via) = R = [Rul?,
b
AT (% = via) = TGl = [Tul®,

T
where [ = <Vz' Ni) is a propagation eigenstate (either massless,

(8.2.9)

v;, or massive, N;) inside the bubble which travels from the broken
to the unbroken phase. As an example, the CP asymmetries both
for reflection and transmission to v; are presented in Fig. 8.2 for a
benchmark point. Notice that the reflection from N to vy, is possible
for any energy (see left panel), while the transmission from massive
states to vy, is only possible when the energy is larger than its mass
(see right panel). Moreover, as the mass threshold is overcome, the
reflection and transmission from massless states are suppressed.

Following Ref. [381], performing an expansion of the z-ordered
product in Eq. (8.2.4), it can be shown that the reflection asymmetry
for a particular vy, to first non-trivial order goes like

Y AR (Ng; — via) ~ / Y F(2)md Im(Viia Vi Viia Vijg), (8:2.10)
i Zijp

3 Namely, that at z = 0 there are no states propagating towards the broken phase.
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Figure 8.2: CP asymmetries from the reflection of states from the unbroken
phase off the bubble wall (left panel) and transmission of states
from the broken to the symmetric phase (right panel). Here we
have used the FLOR profile defined in Eq. (8.2.12). M;, M; and
M3 are set to 60, 70 and 8o GeV respectively while mp has been
fixed as discussed at the end of Section 8.1. The energy depen-
dence has been normalized to T, here chosen to be 20 GeV, but
it has no actual impact on the computation of the transmission
and reflection coefficients. The heavy-active mixing has been set
to Tr[007] = 0.045.

where m,_ are the eigenvalues of mp in the broken phase, f is a func-
tion of the masses which depends on the position z and the last term
is the Jarlskog rephasing invariant defined in Eq. (8.1.8). When sum-

ming over all final neutrino states vy,, the expected Glashow-Iliopoulos—

Maiani (GIM) suppression with the differences of the squared masses
is found.

Although our main interest is the asymmetry generated in v;, as
they are charged under SU(2); and therefore source sphaleron pro-
cesses, asymmetries in Ny and N are also generated through this
mechanism and they may play a relevant role in the BAU generation
as we will discuss in the next sections.

8.2.1  Vacuum expectation value profiles

The dependence of the mass matrix M (z) on the position z comes
solely from the change of the scalar vevs along the bubble wall. It
is important to note from Eq. (8.2.4) that the Higgs vev, vy(z), and
the one from the singlet scalar, v¢(z), need to have a different spatial
dependence in order for the particle and antiparticle rates to be differ-
ent. Otherwise, one could rotate Q(z) everywhere to the basis where
it is diagonal, finding R' = (R")*, such that AR" = 0, and the same
applies to the transmission coefficients. In particular, the authors in
Ref. [364] made the following choice

0, z<Z0
ou(z) ) vp(z)
i B 0<z<dyw , % = H(z), (8.2.11)
1, z > Oy
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Figure 8.3: Profile for the vev of the scalars in the bubble wall. The left panel
shows the FLOR profile from Eq. (8.2.12) while the right panel
corresponds to the second set of profiles from Eq. (8.2.13) with
smooth and continuous functions for different values of ¢.

where #(z) is the Heaviside step function. We refer to this choice as
the Hernandez-Rius (HR) profile. In Eq. (8.2.11) vy ~ 246 GeV and v
are the vevs for the Higgs and singlet scalar in the broken phase, re-
spectively. In the following we will explore v in the range between 2
and 10 TeV. Thus, barring a strong hierarchy among the scalar poten-
tial quartic couplings whose study is beyond the scope of this work,
we expect the mixing between the higgs and the scalar singlet to be
below 10%, in agreement with present LHC constraints [305]. It is im-
portant to notice that different wall profiles will result in different val-
ues of the heavy-active mixing 6 inside the bubble wall and translate
to very different sizes for the CP invariant given in Eq. (8.1.5) along
the bubble wall. In fact, even though the relative size between vpy(z)
and vy4(z) changes within the bubble wall, the HR profile is rather
conservative and tends to produce a small CP asymmetry because
the mixing 6 in the wall is always smaller than that at the broken
phase where strong constrains apply [155].

We have thus gone beyond Ref. [364] and studied two particular
sets of profiles, which are depicted in Fig. 8.3. The first one follows
Ref. [364], but assigning the profiles to the opposite scalars so as to
have larger mixing 6 inside the wall with respect to the broken phase,
namely

2) z | * =0

U (Z . ’04) z -

oy H(z), 0 5 0<z<dw (8.2.12)
1, z > Oy

We dub this choice as the “Fernandez-Lépez-Ota-Rosauro” (FLOR)
profile and we will investigate it in detail in the following sections.
The second profile we have studied is a smoothed variant of the FLOR
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profile, parametrizing the dependence on z with hyperbolic tangents:

m;;(j) _ % [1 + tanh (Cz - (5{5? 5W/2>] '

%(Z) = 1 [1 + tanh <52_5W/2ﬂ .
U¢ 2 (Sw

(8.2.13)

We have checked that the particular realization for the profiles from
Eq. (8.2.13), although slightly reducing the final BAU, gives very sim-
ilar results to the FLOR profile. We will study the dependence of
the generated BAU on the ¢ parameter, controlling the steepness of
the profile for the Higgs vev, at the end of Section 8.4 and leave an
in-depth study of the scalar potential and the vev profiles for future
work.

8.3 DIFFUSION EQUATIONS

The subsequent evolution of the CP asymmetry generated by the
interactions with the bubble walls and its eventual conversion into a
baryon number asymmetry will be governed by the diffusion equa-
tions of the different particle species. In principle, all particle species
and possible interactions between them should be taken into account,
but there are some approximations that can help to simplify the de-
scription and make the problem more tractable while providing a
good estimation of the baryon asymmetry generated. A fully detailed
study of the diffusion equations is beyond the scope of this work, and
thus we limit our discussion to two simplified cases which nonethe-
less contain the relevant physical ingredients, closely following the
analysis of Ref. [382].

The first case we study contains the most minimal set of diffusion
equations, where we only follow the total baryon and lepton num-
ber densities, neglecting all possible wash-out effects and tracking the
conversion from lepton to baryon number via the weak sphaleron pro-
cesses that provide the necessary baryon number violation. We will
refer to this as the vanilla scenario, which was studied in Ref. [364]
for the HR profile.

In the second case, we introduce the effect of partial wash-out of the
asymmetry generated in the different flavours as a further refinement.
In particular, we include the wash-out from the Yukawa interaction
between SM and RH neutrinos, which, for some regions of parameter
space, may dominate over the sphaleron rate [382]. In this case, we
will need to follow the asymmetries in the different neutrino species
separately, which can prevent the strong cancellation which appears
in the total CP asymmetry when summing over all flavour contri-
butions. This cancellation among the different flavour contributions
originates from the GIM mechanism, as outlined in Eq. (8.2.10). It is
depicted both for the reflection and transmission coefficients in an ex-
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Figure 8.4: CP asymmetries in the reflection and transmission of Ng; (left
panel) and Nj (right panel), respectively, into the T-flavour neu-
trino or the combination of e + p flavours. In magenta we have
the sum of the two asymmetries, which tend to cancel each other.
Here we have used the FLOR profile defined in Eq. (8.2.12). M,
M, and M3 are set to 100, 110 and 120 GeV respectively while
mp has been fixed as discussed at the end of Section 8.1. The
heavy-active mixing has been set to Tr[08] = 0.007 [155]. The
energy dependence has been normalized to T, here chosen to
be 50 GeV, but it has no actual impact on the computation of the
transmission and reflection coefficients.

ample shown in Fig. 8.4, where we plot separately the CP asymmetry
storedinv; and v, = v, + vy as well as the total asymmetry. As can
be seen from the figure, the total asymmetry is strongly suppressed
as a consequence of the cancellation between the two contributions
with the different flavours, which could be prevented through the
flavour-dependent wash-out effect. We will refer to this case as the
flavoured scenario.

8.3.1  Vanilla scenario

The minimal set of the diffusion equations we consider is [364]

Dpd*np — vwd.ng — 3TsH (—z)ng — TsH(—z)ny =0,
DLagi’lL — Z)Waan — FS}[(—z)nL — 31“5}[(—2)113 = «ij,,BZ(S(z),
(8.3.1)

where we only follow the evolution of total baryon (np) and lep-
ton number (1) asymmetries and their conversion through weak
sphaleron processes. In Eq. (8.3.1), Dp(y) is the diffusion constant for
baryons (leptons) which we estimate following Ref. [382], vy is the
wall velocity, I's = 9Koc?,vT is the sphaleron rate with x ~ 18 [325] and
aw the weak coupling constant and we have neglected the bubble
width. The CP current generated through reflections and transmis-
sions of neutrinos, j,, can be computed from the coefficients derived
in the previous sections convoluted with the corresponding distribu-
tion functions for each species:
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- _ 1 &p Doy P25 o s
o= 32 | G AT 0 w6

(8.3.2)

AR"(Ngi = Via) |Zﬂ|fi”(P?)}/

where p%. € (—o0,0] and p. € [0,00) are the momentum perpendic-
ular to the bubble wall for transmissions and reflections, respectively.

The gamma factor v = 1/4/1 — v3, comes from boosting to the wall

rest frame where AT? and AR" are computed. The energy of the

particle i in the broken phase is defined as E! = \/ p3+ (pb)2 +m?
with pr the transverse momentum and m; the physical mass of the
particle, while the energy in the unbroken phase is given by E} =

p7 + (p)?, since all the particles are massless. The distribution

function fl.b(”) for an initial state with index i in the broken (unbro-
ken) phase is the Fermi-Dirac distribution boosted to the wall rest
frame:

1 1

bpby — Uy — )
fl (pl) 1 —{—e%(E?*vagi)/ fl (pl) 1 —|—e%(Elyivalz‘i)

(8.3.3)

Finally, ¢; parametrizes the persistence length of the current in the
vicinity of the wall and is estimated in Ref. [382] as . ~ 6D v;, where
v; is the mean velocity of the reflected and transmitted particles. In
the following, we will conservatively estimate the generated BAU
assuming ¢ ~ Dy, although our survey over the points of interest in
the parameter space shows that v; ~ 0.6 — 0.8 and we do not obtain
any values below 0.4.

In order to solve Eq. (8.3.1), a set of boundary conditions needs to
be imposed. In particular, the asymmetry in the number densities
should vanish far from the wall when z — —oco and become constant
as z — oo inside the broken phase. Additionally, by integrating once
and twice the diffusion equations given in Eq. (8.3.1), we find the
following continuity equations along the bubble wall:

D;o,n; — vwni[ =0, fori =B,L, (8.3.4)

and
Dgng|” =0, DL”Lli_ = CLjv, (8.3.5)

respectively. This means that the lepton number density presents a
discontinuity between z = 0~ and z = 0" due to the injected CP
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asymmetry in the SM neutrinos. The solutions of the diffusion equa-
tions Eq. (8.3.1) can be expressed as

7

{ Byeh1z 4+ Byeh?, 7 <0
ng =

B, z>0
(8.3.6)
Lieh? + Lref?, z <0
np = ’
L, z>0

where k; > 0 are the solutions to the following cubic equation:

DD k* — vy (Dg + D1 )k* + [v3, — Ts(3DL + Dg)] k + 4owT's = 0.
(8.3.7)
The constants Bip, Lip, B, and L are determined using Eq. (8.3.1),
(8.3.4), and (8.3.5). B corresponds to the baryon number asymmetry
in the broken phase, which we find to be

B CsowGrjy
D?kqka(Dgky + Dgky — o)’

(8.3.8)

where we observe, as expected, that the baryon number is propor-
tional to the injected lepton asymmetry and that the proportionality
constant depends on the sphaleron rate, the expansion velocity of the
bubble wall, and the diffusion of particles in the symmetric phase.
The final asymmetry, Y, will be given by

B

Yp = —=
B S(Tc)/

(8.3.9)
where s(T.) is the entropy density at the temperature T.. A solution
to the diffusion equations can be found in Fig. 8.5 for a benchmark
parameter point. In Fig. 8.5 we can see how a baryon asymmetry
np is slowly generated approaching the bubble wall (z — 0) and is
then frozen out at a given value inside the bubble (z — o0) where
sphalerons are no longer effective.

8.3.2  Flavoured scenario

A potentially relevant effect not considered in Eq. (8.3.1) are the
(flavour-dependent) wash-out processes. The most important contri-
bution from the SM charged leptons would be that of the tau Yukawa
coupling to the Higgs boson. Nonetheless, the rate of this interaction
is still smaller than the sphaleron rate [382]:

r r
TT ~0.28apY? < TS = 9K04?N, (8.3.10)

where Y ~ 0.01 is the SM tau Yukawa coupling. Thus, we will
neglect these contributions.
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Figure 8.5: Evolution of lepton and baryon number asymmetries as they
transition from the symmetric phase (z — —o0) to the broken
phase (z — ©0). The masses of the heavy neutrinos in this case
are M; = 60 GeV, M, = 70 GeV and M3 = 80 GeV while mp
has been fixed as discussed at the end of Section 8.1. The heavy-
active mixing has been set to Tr[08T] = 0.045. The final BAU
found for this particular point is Yz ~ Y5 /3.

However, the neutrino Yukawa couplings may also mediate wash-
out processes and are naturally sizable in the low-scale Seesaw sce-
narios assumed in this work. In particular, the SM neutrino flavour
eigenstates may annihilate with the massless Ng; in the symmetric
phase to third generation quarks via an s-channel Higgs exchange,
washing out the CP asymmetry stored in v;,. The rate for these inter-
actions is given by [382]

Frns, 1 2M?
T~ e (YE+Y§)\(YV)M|2~0-0024IGM\27I;, (8.3.11)

where Y;(Y}) is the top (bottom) Yukawa coupling, and we have re-
placed the neutrino Yukawa coupling with the heavy-active neutrino
mixing 6,; defined in Eq. (8.1.3) and the Dirac mass M; of a heavy
neutrino Ng;. From Eq. (8.3.11) and given the present bounds on
the mixing [155] at 20, it is possible to have I'y,.,, > I's for heavy
Dirac neutrinos with masses M; 2 200 GeV. Therefore, the possible
wash-out between vy, <+ Ng; can, in principle, play an important
role in the parameter regions with large My. Furthermore, a sizable
CP invariant from Eq. (8.1.5) requires some hierarchy in the mixing
6, making it thus necessary to consider the different flavours with
different wash-out rates. Taking the wash-out effect due to Y, into
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account, the extended set of flavour-dependent diffusion equations
we consider is the following

Dgagl’lg — Uwazng — 31—'5.7'[(—2)713 — FS}[(— ) (l’lye + TZVT) = 0,
D1 92n,, — vwd.ny, — 3TsH (—z)npg — TsH(—2) (ny, +ny.)

1

_Fvae (2”1/8 - an) - erVe < nVL - > gL]Vea 5 Z)’

Dro*n,. — vyd.ny, — 3TsH(—2)ng — TsH(—z) (n,, +ny,)

1 1
_FN]I/T <2nl/7 - nN1> - FNQVT <2nV7 - nN2> ]Vra (S(Z>’

1
DRlagan — UWaZan + erVc <2nve — 1’lN1>
1 .
AN ( 51 =1y | =GRy 9:0(2),
5 1
DRZaZnNz — vwaanz =+ erVe Enve —nn,

1 .
+FN2VT <2n1/-; - nNz) - ng]Nzazé(Z)l

(8.3.12)
where the current j,, of the CP asymmetry in vy, is defined as Eq. (8.3.2)
but without taking the sum over the flavour index «.

There are also source terms for the Ng, jn;, arising from reflections
and transmissions, that can be computed similarly to the ones for
v, and may also become relevant since they are linked to the active
neutrino CP asymmetry through the potentially sizable Yukawa inter-
actions of Eq. (8.3.11). We estimate the diffusion constants for the RH
neutrinos as

Dgil ~ max {Yf, Yﬁ,} (4m) 72T (8.3.13)

following Ref. [362]. Therefore, if the Yukawa coupling between
the heavy neutrinos and the singlet scalar Yy dominates the diffu-
sion constants4, DR2(3) ~ Dg, M;{]l/ M?\lZ(B)‘ Thus, the smallest diffu-
sion constant is the one of the heaviest neutrino Ng3, while the Ng3
Yukawa couplings to the SM flavour eigenstates are equal in size to
those of Ngy (see discussion after Eq. (8.1.8)). Therefore, the impact
of the evolution of Ng3 in the flavour eigenstates will be smaller than
that of Nro and is expected, in any case, to be between the results
of the following two simplified cases. In the first case we simply
neglect its influence altogether, while in the second scenario we over-
estimate it by assuming that the diffusion constant for Ng3 is the same
as for Ngp. Both limiting cases are conveniently described by the re-
duced set of Egs. (8.3.12). In particular, when Ng3 is assumed to have
the same diffusion coefficient as Ny, it is only necessary to replace
jN, = jN, + jN; in the source term and (1/2n,, —nn,) — (1ny, — nn;,)

4 This happens in the parameter space of interest as long as Yy 2 0.04 for the lightest
heavy neutrino Ngj.
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Figure 8.6: Evolution of the number densities for baryons and v, and v, from
the symmetric phase (z — —oo) to the broken phase (z — o) in
the flavoured scenario. The masses of the heavy neutrinos in
this particular case are M; = 80 GeV, My = 90 GeV and M3 =
160 GeV while mp has been fixed as discussed at the end of
Section 8.1. The heavy-active mixing has been set to Tr[801] =
0.007 [155]. The final BAU found for this particular point is Yp ~
2 x Yg¥s.

in the wash-out terms. An additional equation following the v, den-
sity has not been considered since, as outlined in the discussion af-
ter Eq. (8.1.8), we chose m; = diag(de/\@, 0,m,. ), and hence no
asymmetry is generated in v,. Notice that the neutrino flavours in
Egs. (8.3.12) are only labels and do not necessarily correspond to the
actual electron, u or T flavours as discussed at the end of Section 8.1.

In Fig. 8.6 we show the solution of the diffusion equations for the
different particle densities for a benchmark parameter point. As ex-
pected, even though the injected asymmetries for the different neu-
trino flavours tend to cancel due to the GIM mechanism, the different
wash-out rates from interactions with the RH singlet neutrinos par-
tially prevent the cancellation and thus a larger asymmetry than in
the vanilla case may be generated.

8.4 RESULTS

In this section, we parametrize the mass matrix so as to maxi-
mize the invariant from Eq. (8.1.7) as discussed at the end of Sec-
tion 8.1, leaving only one free parameter, m; , which can be con-
strained through the bounds on heavy neutrino mixing [155]. In
Fig. 8.7 we present contours of constant baryon yield, Yg, generated
in the vanilla scenario as a function of the mass of the lightest singlet
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Figure 8.7: Resulting baryon asymmetry as a function of the Yukawa cou-
pling v, and the smallest heavy neutrino mass M; in the vanilla
case for two different temperatures of the phase transition, T, =
100 GeV (left panel) and T, = 20 GeV (right panel). The masses
of the other two heavy neutrinos are My = M; + 10 GeV and
M3 = M, + 10 GeV while mp has been fixed as discussed at
the end of Section 8.1. Along the green line the observed BAU
is reproduced. The value of Tr [06'] is represented by the color
bar legend, while the current bound for this quantity is repre-
sented with the two magenta lines for Tr [06'] = 0.007 [155] and
Tr [667] = 0.045 taking into account or not the invisible width of
the Z, respectively.

neutrino M; and the Yukawa coupling y, = v/2m,_/vy, using the
FLOR profile. The other two heavy neutrino masses have been fixed
to My = My + 10 GeV and M3 = M, + 10 GeV. We show our results
for two cases with different temperatures T.. The colour shading in-
dicates the value of the neutrino mixing Tr[06"], while the magenta
lines correspond to the 2¢- bounds from electroweak precision and
flavour observables including (not including) the invisible decay of
the Z boson [155]: Tr[061] = 0.007 (Tr[067] = 0.045).

As expected, larger v, and lighter My translate into larger heavy-
active mixing, enhancing the final CP asymmetry and consequently
the final Yg. Given the strong constraints from precision electroweak
and flavour observables imposing Tr[06t] < 0.007, in both cases the
final BAU falls short by two or three orders of magnitude. Thus, even
though the FLOR profile maximizes neutrino mixing along the wall
width, the bounds on this mixing today are too stringent to generate
the observed baryon asymmetry. Therefore, we conclude that it is
not possible to explain the matter-antimatter asymmetry within the
vanilla scenario unless the constraints on the heavy-active neutrino
mixing in the broken phase can somehow be evaded.

A possibility in this direction would be that the singlet heavy neu-
trinos couple to some other dark species, making their decays in-
visible. Moreover, for heavy neutrino masses below the mass of
the Z boson, Mz, the bounds on the mixing would be relaxed to
Tr[06%] ~ 0.045 since one of the most stringent constraints, the one
stemming from the invisible width of the Z, would also be avoided.
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Figure 8.8: Generated baryon asymmetry if the invisible decay of the Z bo-
son does not apply to the bounds on neutrino mixing. In this
case the singlet neutrinos need to be lighter than the Z, favoring
lower temperatures for the phase transition. The different mass
ranges are My € [40 GeV, Mz], My € [M; + 2.5 GeV, Myz] and
M; € [M; + 2.5 GeV, M|, scanned in steps of 2.5 GeV, while
mp has been fixed as discussed at the end of Section 8.1. The
heavy-active mixing has been set to Tr[00"] = 0.045.

In this case, for low temperatures of the phase transition such as
T. = 20 GeV, it is indeed possible to generate the observed asym-
metry, as can be seen in the right panel of Fig. 8.7. This is further
confirmed in Fig. 8.8, where we scan over the three heavy neutrino
masses assuming M; < Mz. As can be observed in the figure, the
BAU can be explained in some small regions of parameter space for
T. = 20 GeV. Finally, to highlight the effect of the vev profile as-
sumed, we scanned over the same parameter space for the HR profile
of Ref. [364]. We find that the BAU generated is typically suppressed
by about 2 — 3 orders of magnitude with respect to the one obtained
with the FLOR profile.

In Fig. 8.9 we present our results on the final BAU generated in
the flavoured scenario where we include the wash-out effect due to
the interaction between v; and Ni. We show contours of Yy as a
function of M; and y, while the colour gradation indicates the value
of Tr[#0']. The bound on the mixing at 2¢ from electroweak preci-
sion and flavour observables is shown as a magenta contour [155].
As expected, in contrast to the results for the vanilla scenario shown
in Fig. 8.7, introducing the flavour effects prevents the GIM cancella-
tion found when summing over different species, and thus the baryon
asymmetry can potentially be explained within present bounds. More-
over, for the regions of parameter space with some hierarchy in the
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Figure 8.9: Resulting baryon asymmetry as a function of the Yukawa cou-
pling v, and the smallest heavy neutrino mass M; in the
flavoured scenario for T, = 100 GeV (left panel) and T, = 50 GeV
(right panel). The masses of the other two heavy neutrinos are
My = M; +10 GeV and M3z = M, + 10 GeV. Along the green line
the observed BAU is reproduced. The value of Tr [06"] is repre-
sented by the color bar legend, while the bound for this quantity
is represented with the magenta line for Tr [#6'] = 0.007 [155].

RH neutrino spectrum and hence in their diffusion constants, the
corresponding GIM cancellation in the RH sector asymmetry is also
prevented. This asymmetry can also be converted into a SM neu-
trino asymmetry and then to a baryon one through the Yukawa and
sphaleron processes, respectively. Thus, flavour effects enhance the
final baryon asymmetry in a two-fold way, and a baryon asymmetry
significantly larger than that in the vanilla scenario is obtained, as
shown in Fig. 8.9 (to be compared with Fig. 8.7).

Indeed, in Fig. 8.10 in which the three heavy neutrino masses are
scanned over a large range of values, we find that most sample points
can reproduce or exceed the observed BAU. The main contribution to
the BAU actually stems from the injection of the particle asymmetry
in the Ny sector. Since its diffusion coefficients are much larger be-
cause of its weaker interactions, they may more efficiently induce
asymmetries in the other species. In general, the asymmetry be-
comes larger for larger T, because particles in the broken phase suffer
from Boltzmann suppression, thus explaining why for T, = 50 GeV
the asymmetry does not increase for larger M; while it does for
T, = 100 GeV. As mentioned at the end of Section 8.3, we have also an-
alyzed the case in which Ngj is taken into account with its diffusion
constant taken to be equal to that of Nry, which is an overestimation
of its importance. This is depicted by the magenta dots in Fig. 8.10,
for which the generated BAU is reduced with respect to the blue dots
in which the role of Nr3 was neglected. Indeed, the asymmetries gen-
erated in the N, analogously to the ones generated for v, tend to
cancel each other through the GIM mechanism when a sum over all
possible states is performed. The actual contribution of Nr3 with its
corresponding diffusion constant would yield a result lying between
the two limits corresponding to the magenta and blue points. Finally,
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Figure 8.10: Final BAU generated in the flavoured scenario for different
masses of the singlet neutrinos and two temperatures for the
phase transition, T, = 100 GeV (left panel) and T, = 50 GeV
(right panel). The mass ranges are M; € [80,400] GeV, M, €
[M1 + 10,400] GeV and M3 € [M2+ 10,400] GeV, scanned in
steps of 20 GeV, while mp has been fixed as discussed at the
end of Section 8.1. For the blue dots the contribution of Ng3 has
been neglected as in Eq. (8.3.12), while the magenta points over-
estimate its importance, as described at the end of Section 8.3.2.
The heavy-active mixing has been set to Tr[00'] = 0.007 [155].
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we have estimated the impact of some effects we did not incorporate
in our analysis, such as the inclusion of possible decoherence within
the bubble wall or of thermal masses, and conclude that, for the pa-
rameters studied here, they can induce O(1) corrections that would
not modify our conclusions.

It is interesting to point out that, even though Fig. 8.10 shows that,
within the approximations performed, the present constraints allow
for a generation of a BAU up to 2 orders of magnitude larger than
the observed one, we choose the neutrino Yukawa couplings so as
to maximize the relevant CP invariant throughout this study. More-
over, the final BAU scales with three powers of 8", as can be seen in
Eq. (8.1.5). Thus, improving our present constraints on 06" by about
a factor 5 could potentially allow to probe the whole parameter space
for the setup and make it testable at the LHC and future collider
experiments [156—-158, 383-387].

Finally, we show in Fig. 8.11 the final BAU for a benchmark point
with M; = 80 GeV, M, = 90 GeV, and M3 = 100 GeV, using the
profiles from Eq. (8.2.13) as a function of the ¢ parameter controlling
the steepness of the Higgs vev within the wall. As can be noted,
when using the kink profiles a slightly larger baryon asymmetry is
generated with respect to the one obtained using the FLOR profile
(blue star) when ¢ is large. However, as ¢ becomes smaller and the
z-dependence of both profiles is more similar, the generated BAU
starts shrinking until it becomes zero when vy (z)/vy — vy(z)/ vy,
as expected.
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Figure 8.11: Generated Yp as a function of ¢ as defined in Eq. (8.2.13) for
a benchmark point. The blue star corresponds to the asymme-
try generated using the FLOR profile, while the green triangle
points towards the limiting case in which both vev profiles have
the same shape where no asymmetry is generated. The masses
of the heavy neutrinos in this particular case are M; = 80 GeV,
M; = 90 GeV and M3 = 100 GeV while mp has been fixed as
discussed at the end of Section 8.1. The heavy-active mixing
has been set to Tr[00%] = 0.007 [155].
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8.5 CONCLUSIONS

The origin of the matter-antimatter asymmetry in the Universe is
still an open question in particle physics and cosmology. Several
interesting possibilities have been proposed and developed in the lit-
erature to explain this unbalance. Among them, leptogenesis and
electroweak baryogenesis are particularly compelling.

Leptogenesis models have the appeal of connecting the generation
of the baryon asymmetry with the mechanisms explaining neutrino
masses, thus linking two experimental indications of new physics.
However, there are only few examples where these scenarios can be
probed at present or near future facilities, rendering the mechanism
essentially untestable in most cases. Conversely, electroweak baryoge-
nesis scenarios aim to explain the asymmetry through physics around
the electroweak scale, which possibly relate to the Higgs hierarchy
problem, making them much more testable, to the extent that mea-
surements of electric dipole moments rule out many options. To
avoid such constraints, it is typically necessary to include a dark sec-
tor with new sources of CP violation which generate the observed
BAU while evading the tight EDM bounds.

In this work we have studied the possibility that the mechanism
responsible for neutrino masses also helps in the production of the
BAU within the context of electroweak baryogenesis. Indeed, low
scale realizations of the Seesaw mechanism such as the inverse or
linear realizations, not only naturally explain the origin of tiny neu-
trino masses through an approximate lepton number symmetry, but
are also testable since they allow for new heavy neutrinos at the elec-
troweak scale with a sizeable mixing with their active partners. It
is therefore tantalizing to explore the role of these new states and
sources of CP violation at the electroweak scale in electroweak baryo-
genesis, particularly because the neutrino sector naturally avoids the
problematic EDM constraints.

This idea was first studied in Ref. [364], which was the starting
point of our analysis that we expanded in several aspects, such as
the impact of the vev profiles and the inclusion of flavour-dependent
wash-out effects. In particular, we notice that the vev profiles studied
in Ref. [364] are rather conservative and tend to lead to a smaller BAU
since the heavy-active neutrino mixing in the bubble wall is strictly
smaller than its value in the broken phase, for which stringent con-
straints from flavour and electroweak precision observables apply. In-
deed, the CP-invariant is proportional to the sixth power of this mix-
ing and thus this choice critically impacts the final BAU asymmetry
that may be obtained. In fact, upon solving the same set of diffusion
equations described in Ref. [364] where only the sphaleron process
is included, we find that, even assuming the most suitable choices
of the vev profiles, the observed BAU cannot be explained in this
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“vanilla” scenario due to the tight bounds on heavy-active neutrino
mixing [155]. However, if the singlet neutrinos were lighter than the
Z boson and decayed invisibly to a dark sector, some of these bounds
would be sufficiently relaxed to allow the generation of the observed
BAU in some small regions of the parameter space.

Next, we studied in detail the effect of including the interactions be-
tween the right-handed and SM neutrinos mediated by their Yukawa
couplings in the final BAU. We find a very significant enhancement
with respect to the vanilla scenario. Indeed, the GIM cancellation that
takes place when adding the asymmetries from the different neutrino
flavours is prevented by the different wash-out rates that each of them
would have from their Yukawa interactions. Moreover, the asymme-
tries induced in the right-handed neutrino sector diffuse much far-
ther from the bubble wall, given their weaker interactions, and can
be transferred to the SM neutrinos and to baryons via the Yukawa
and sphaleron processes, respectively. Thus, we find it is indeed pos-
sible to explain the observed BAU in agreement with current bounds
on neutrino mixing when these effects are considered.

In this framework, the explanation of the observed BAU does re-
quire the extra neutrinos predicted by the low-scale Seesaw realiza-
tions to have masses around 100 GeV and sizable mixing with the
active neutrinos. This mechanism is thus potentially testable with col-
lider searches and we leave a detailed exploration of the full param-
eter space as well as its detection prospects for future investigation.
Another interesting open avenue of investigation is a detailed study
of the scalar potential and the parameters characterizing the phase
transition so as to ensure that suitable vev profiles are achievable.

To summarize, we have studied two scenarios where the baryon
asymmetry is generated from the CP violation stemming from the
neutrino Yukawa couplings in a low-scale Seesaw mechanism. In
the simplest case, neglecting the flavour-dependent Yukawa rates, we
find it is not possible to explain the observed BAU unless present
bounds on heavy-active neutrino mixing can be avoided. For in-
stance, if the singlet neutrinos decay invisibly and are lighter than
the Z boson the constraints are sufficiently relaxed to achieve the
observed BAU in a small window of the parameter space. More in-
terestingly, when the flavour-dependent wash-out rates are included,
the observed BAU can be successfully explained within present con-
straints. In any event, the required mixing is always large and these
scenarios could be testable by future collider searches.



PERSPECTIVA Y CONCLUSIONES

El descubrimiento de las oscilaciones de neutrinos abri6 la puerta
a explorar nueva fisica (NF) en experimentos de laboratorio, ya que
la existencia de este fendmeno claramente apunta hacia la existencia
de fisica més alla del Modelo Estandar (BSM) dada la necesidad de
explicar masas de neutrinos. Después de mds de dos décadas de es-
fuerzos experimentales, la imagen resultante para la matriz de mezcla
leptonica estd casi completa y es muy diferente de su contraparte en
los quarks, por tanto aumentando el misterio del puzle de sabor en
el Modelo Estandar (ME).

Sin embargo, aun hay ciertos parametros que continutian teniendo
que ser medidos en el sector de los neutrinos, como la fase de vio-
lacién CP o el angulo de mezcla “atmosférico”, su octante o cudnto
se desvia de mezcla maxima, junto con el orden de masas. En la
primera parte de esta tesis hemos estudiado las capacidades de un
experimento de oscilaciones de neutrinos para medir con precisién la
violacién de CP en el sector lepténico en combinacién con los datos
de neutrinos atmosféricos para ayudar también en la determinacién
de el orden de las masas de los neutrinos y el angulo de mezcla at-
mosférico, por tanto ayudando potencialmente a esclarecer el puzle
del sabor. Efectivamente, actuales y futuros experimentso de oscila-
ciones estdn alcanzando la precision suficiente para discriminar entre
distintos modelos de sabor atacando el puzle del sabor en el sector
lepténico.

Dada la necesidad de explicar las masas de los neutrinos ligeros,
nos hemos centrado a continuacién en las sinergias entre la NF re-
sponsable de ellas y otros problemas abiertos del ME. Por un lado,
tenemos evidencias robustas a favor de la existencia de materia os-
cura (MO), pero nos sigue faltando una sefial en nuestros experimen-
tos de deteccion directa e indirecta. Dada la naturaleza elusiva de los
neutrinos, hemos investigado la posibilidad de que la MO estuviera
interaccionando principalmente con ellos, de manera que pudieran
escapar de nuestras buisquedas. Si este fuera el caso, entonces futuros
experimentos como DUNE o Hyper-Kamiokande serian no solo po-
tentes mdquinas para estudiar oscilaciones, sino que también nuestra
mejor esperanza para encontrar MO a través de su aniquilacién en
neutrinos en regiones con alta densidad de MO, como el halo de la
Via Lactea, o al menos constreiiir estos escenarios.

Por otro lado, podria ser el caso que el mecanismo de masas de
neutrinos en si mismo fuera directamente responsable de la MO del
Universo, a través de un neutrino de orden O(keV) que constituya la
MO que observamos. Esto se desarrolla de manera natural en esce-
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narios “Seesaw” de baja escala, y se estudi6 en particular el caso del
“inverse Seesa” con una ruptura dindmica de niimero lepténico. Esto
ademds puede ayudar a aliviar la creciente tensién entre medidas de
la constante de Hubble a través de supernovas y su inferencia de
medidas del fondo césmico de microondas (CMB) en el contexto del
modelo ACDM. Las mejores pruebas de tal escenario seria a través
de sus huellas astrofisicas del decaimiento de la MO, que se puede
estudiar a través de busquedas de rayos X, y sus huellas cosmoldgi-
cas en el nimero efectivo de grados de libertad relativistas. Algunos
estados mas pesados, responsables de las masas de los neutrinos y de
la poblaciéon de MO a través de sus decaimientos, pueden ser testados
de forma efectiva a través de pruebas de la unitariedad de la matriz
de mezcla lepténica usando observables de sabor y de precisiéon elec-
trodébil.

Finalmente estudiamos la posibilidad de generar la asimetria bar-
i6nica del Universo (ABU) en el contexto de escenarios “Seesaw” de
baja escala también, que se pueden testar en colisionadores ya que
los nuevos estados estan alrededor de la escala electrodébil (ED) y
tienen couplings de Yukawa relativamente grandes. Si hay otro es-
calar generando las masas de los neutrinos pesados y desencade-
nando la transicién de fase de primer orden, entonces la ABU puede
efectivamente ser explicada a través de este mecanismo de masas de
neutrinos, y estaria al alcance de los experimentos actuales y futuros.
O bien estos nuevos estados, tanto el escalar singlete como los neutri-
nos pesados, se encuentran en el futuro, o se ponen restricciones mas
fuertes en la mezcla entre neutrinos activos y pesados, de tal manera
que este escenario estaria eventualmente descartado. Esto contrasta
con los escenarios estdndar de leptogenesis, en los que aunque se ex-
plica facilmente la ABU, hay pocas esperanzas de testar tales mecan-
ismos en un futuro cercano.

Considerandolo tood, hemos encontrado y explorad nuevas posi-
bles conexiones entre el origen de las masas de los neutrinos y otros
misterios fundamentales del ME. En particular, los neutrinos podrian
estar relacionados con el origen de la materia en el Universo, tanto
oscura como bariénica. Ademds, dado que son piezas fundamentales
en el puzle del sabor, descubrir el mecanismo de masas particular en
el futuro seria un gran paso en el camino a entender la enigmatica
estructura de sabor del ME. Desvelar la teoria de neuva fisica sub-
yacente al ME y explicar sus numerosos problemas abiertos sigue
siendo la principal meta de los esfuerzos en investigacion en fisica de
particulas. Hemos mostrado que el sector de los neutrinos, con su
evidencia establecida a favor de nueva fisica, puede ser la ventana a
través de la cual otros enigmas estdn conectados y la nueva teoria es
descubierta. Es por tanto muy prometedor proseguir esta seductora
linea de investigacion en el futuro.



SUMMARY AND OUTLOOK

The discovery of neutrino oscillations opened the window to probe
new Physics (NP) at laboratory experiments, as the existence of such
a phenomenon clearly points towards beyond the Standard Model
(BSM) Physics due to the necessity to explain neutrino masses. After
more than two decades of experimental efforts, the resulting picture
for the lepton mixing matrix is almost complete and very different
from its quark counterpart, thus increasing the mystery of the flavour
puzzle in the Standard Model (SM).

Nonetheless, there are still some parameters that remain to be mea-
sured in the neutrino sector, such as the Dirac CP violating phase
or the “atmospheric” mixing angle, its octant or how far it deviates
from maximal mixing, together with the mass ordering. In the first
part of this thesis we studied the capabilities of a neutrino oscillation
experiment to precisely probe the CP violation in the lepton sector in
combination with atmospheric neutrino data to also help in the deter-
mination of the neutrino mass ordering and the atmospheric mixing
angle, thus potentially helping to disentangle the flavour puzzle. In-
deed, present and future oscillation experiments are reaching enough
precision to discriminate between some flavour models tackling the
flavour puzzle in the lepton sector.

Given the necessity to explain light neutrino masses, we focused
next on the possible synergies between the NP responsible for them
and other open problems of the SM. On the one hand, we have out-
standing evidence for the existence of dark matter (DM), but we still
lack a positive signal in our direct and indirect detection experiments.
Given the elusive nature of neutrinos, we investigated the possibility
that DM was primarily interacting with them, in such a way that they
could elude our searches. If this was the case, then future neutrino
detectors such as DUNE or Hyper-Kamiokande would not only be
powerful machines to study oscillations, but also our best hope to
find the DM through its annihilation into neutrinos in high DM den-
sity regions, such as the Milky Way halo, or at least constrain these
scenarios.

On the other hand, it could very well be the case that the neutrino
mass mechanism itself is directly responsible for the DM of the Uni-
verse, through an O(keV) scale neutrino that comprises the DM we
observe. This is naturally realised in the context of low-scale Seesaw
scenarios, and we studied it in the particular case of the inverse See-
saw with a dynamical breaking of lepton number. This in turn can
help alleviate the growing tension between late time measurements of
the Hubble rate and its inference from cosmic microwave background
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(CMB) measurements in the context of the ACDM model. The best
probes for such a scenario would be through its astrophysical im-
prints from DM decay, that can be studied through X ray searches,
and its cosmological imprints on the effective number of relativistic
degrees of freedom. Some heavier states, responsible for neutrino
masses and the population of the DM through their decays, can also
be effectively probed through tests of the unitarity of the lepton mix-
ing matrix via precision electroweak and flavour observables.

Finally we studied the possibility to generate the baryon asymme-
try of the Universe (BAU) within the context of low-scale Seesaw sce-
narios as well, which can be probed in colliders as the new states live
at the electroweak (EW) scale and have relatively large Yukawa cou-
plings. If there is another scalar generating heavy neutrino masses
and triggering the first order phase transition, then the BAU can in-
deed be explained through this neutrino mass mechanism, and in
reach for present and future experiments. Indeed, either these new
states, both the singlet scalar and the heavy neutrinos, are found in
the future, or tighter constraints can be put on the active-heavy neu-
trino mixing, such that this scenario would eventually be ruled out.
This is in contrast to vanilla leptogenesis scenarios, in which although
the BAU can be easily explained, there is little hope to probing such
a mechanism in the near future.

All in all, we have found and explored new possible links between
the origin of neutrino masses and other fundamental mysteries of the
SM. In particular, neutrinos could be intimately related to the origin
of matter in the Universe, both dark and baryonic. Moreover, given
that they are fundamental pieces of the flavour puzzle, discovering
the particular neutrino mass mechanism in the future could be a step-
ping stone in the way to understanding the enigmatic flavour struc-
ture of the SM. Unveiling the new Physics theory underlying the SM
and explaining its numerous open problems remains the main goal of
the research efforts in Particle Physics. We have shown that the neu-
trino sector, with its established evidence for new physics, can be the
window through which other enigmas are connected and the new
theory is revealed. It is therefore very promising to further pursue
this tantalizing line of research in the future.
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