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ABSTRACT: Motivated by the capability of the KATRIN experiment to explore the ex-
istence of KeV neutrinos in the [1 — 18.5] KeV mass range, we explore the viability of
minimal extensions of the Standard Model involving sterile neutrinos (namely the 3 + N
frameworks) and study their possible impact in both the beta energy spectrum and the
neutrinoless double beta decay effective mass, for the two possible ordering cases for the
light neutrino spectrum. We also explore how both observables can discriminate between
motivated low-scale seesaw realizations involving KeV sterile neutrinos. Our study con-
cerns the prospect of a Type-I seesaw with two right-handed neutrinos, and a combination
of the inverse and the linear seesaws where the Standard Model is minimally extended by
two quasi-degenerate sterile fermions. We also discuss the possibility of exploring the latter
case searching for double-kinks in KATRIN.
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1 Introduction

Neutrino oscillations constitute evidence for flavor violation in the neutral lepton sector
suggesting the need to extend the Standard Model (SM) in order to account for the nec-
essarily massive neutrinos and for the lepton mixing, as observed. The most minimal or
trivial extension of the SM is to consider the existence of right-handed (RH) neutrinos,
producing thus the conventional Dirac mass terms for neutrinos. However the Majorana
possible nature of the RH neutrinos is uncircumventable as is the question of the tiny
active neutrino masses. The alternative solution is the embedding of the seesaw (Type-I)
mechanism [1-7] predicting Majorana nature for both the light active neutrinos and the



heavy ones. One of the consequences is the violation of the total lepton number. Alter-
natively, the observation of any lepton number violating (LNV) process will point towards
the existence of New Physics (NP) and indirectly to the Majorana nature of neutrinos.

Adding new neutral fermions to the SM field content leads to a broad range of new
phenomenology: depending on their mass scale of these neutrinos, they may address open
questions in astrophysics [8-10], cosmology' (baryogengesis via leptogenesis, dark matter
candidate, ... ), or lead to interesting signals in laboratory experiments (beam-dump exper-
iments, neutrinoless double beta decay, ...). In this study, we focus on minimal low-scale
seesaw realizations [13-17] which can account for the observed neutrino masses and mix-
ings. Note that this mechanism can also successfully generate the Baryon Asymmetry of
the Universe (BAU) via leptogenesis,? when the sterile neutrino masses are not exceeding
about 50 GeV. This mass regime is also very interesting for LNV processes like the “neu-
trinoless” meson and tau decay processes (see for instance [19, 20]) potentially giving rise
to interesting collider signatures.

Interestingly, sterile neutrinos are present in several neutrino mass models and their
existence is strongly motivated by current reactor neutrino oscillation anomalies [21-23],
suggesting that there might be some extra fermionic gauge singlet(s) with mass(es) in the
eV range [24]. Their existence is also motivated by indications from large scale structure
formation [11, 25]. Moreover, depending on their mass scale, sterile fermion states can also
give rise to interesting collider signatures [19, 20, 26-41].

On the other hand, models with sterile fermions are severely constrained® from elec-
troweak (EW) precision observables, laboratory data and cosmology, due to the mixings
of the sterile states with the active left-handed neutrinos. All the constraints that we take
into account in our study are discussed in appendix A.

In this study we will be interested in sterile neutrinos in the KeV regime, which can
impact the electron energy spectrum in tritium 8 decays [42]. Indeed, following this idea,
the KATRIN experiment [43, 44] could be able to probe KeV [45-48], and also eV [49-51],
sterile neutrinos with an unprecedented sensitivity in other laboratory experiments.* Inter-
estingly, the neutrinoless double beta decay (0v2/) - which is by excellence the observable
associated with the existence of Majorana neutrinos - when mediated by sterile neutrinos
appears to be the ideal laboratory to probe their parameter space as the 0v25 amplitude
is affected by their presence.

'A detailed review of the cosmological motivations for (light) sterile fermions can be found in [11, 12].

2The mechanism behind leptogenesis is the so-called “ARS” mechanism, first proposed by Akhmedov,
Rubakov and Smirnov [18], in which a lepton asymmetry is produced by the CP-violating oscillations of a
pair of heavy sterile neutrinos.

3Due to the presence of the additional sterile fermionic states, the modified neutral and charged lepton
currents might lead to new contributions to a vast array of observables, possibly in conflict with current
bounds and the SM extensions via sterile fermions must then be confronted to all available constraints
arising from high-intensity, high-energy and cosmological observations.

4After the KATRIN direct neutrino mass measurement program is completed, TRISTAN will prospec-
tively be integrated in the beam-line of KATRIN experiment in 2025 [52], with the aim of measuring the
full 8 spectrum. TRISTAN is being previously implemented in the Troitsk nu-mass experiment.



However, in the SM extensions we consider in this work, where the mass(es) and
active-sterile mixings of the sterile states are within the KATRIN (TRISTAN) experiment
sensitivity reach, we expect that the cosmological constraints (from Big Bang Nucleosyn-
thesis and Neg) to be particularly severe, see [53]. Most importantly, the astrophysical
bounds are currently some orders of magnitudes stronger than any laboratory limit, as
sterile neutrinos can decay [54] and X-ray observations provide bounds on their parame-
ters, see for instance [55, 56]. Nevertheless, these limits rely on underlying cosmological
and astrophysical assumptions and can be evaded as argued in for instance [57-59]. Conse-
quently, it is important to perform laboratory searches that could provide independent and
complementary information to that from cosmological and astrophysical observations. A
detection through production of a KeV sterile neutrino in KATRIN for instance, would be
completely independent of any cosmological and astrophysical input and has the potential
to independently test the sterile hypothesis.

Thus our study concerns laboratory probes of extensions of the SM with sterile fermions
with mass ranges leading to possible impact in the KATRIN energy spectrum and also in the
neutrinoless double beta decay effective mass, which (adapted) expression is given in [60,
61]. In order to understand and illustrate the impact due to the presence of sterile fermions
on the latter observables, the neutrino effective Majorana mass me. in 0v28 and the 5 decay
neutrino effective mass, mg, we start by considering a bottom-up approach, which consist
in adding to the SM a certain number N of sterile neutrinos, making no hypothesis on
the neutrino mass generation mechanism, in order to capture some of the effects of more
complicated frameworks (like the seesaw mechanisms we consider in this study). This
will provide a useful first approach before we consider explicit minimal seesaw models
capable of accommodating neutrino data. The seesaw models we consider necessitate the
introduction of neutral fermion fields belonging to two categories: (i) RH neutrinos, which
in the interaction basis feature Yukawa interactions with the SM Higgs and lepton doublets,
namely the Type-I seesaw at a low enough Majorana mass scale (typically with small
Yukawa couplings), and (ii) sterile neutrinos, which have no such couplings. In a slight
abuse of notation, we will also apply this classification to the Linear Seesaw Mechanism
(LSS) [62, 63] and to the Inverse Seesaw mechanism (ISS) [64-66], in which cases the
‘sterile’ neutrinos in fact have (very suppressed) couplings to the SM neutrinos. Most of our
analysis will be however carried out in the mass basis, where the new states are in general
a mixture of the RH and sterile (and active) components. We will thus more generally
refer to states dominated by RH and/or sterile components as (SM) fermionic singlets. We
will be particularly interested in addressing minimalistic realizations of low-scale seesaw
mechanisms that are the Type-I with two RH neutrinos, as well as, a combination of a
linear and an inverse seesaw involving two sterile neutrinos (which we will name from now
on “LISS”?). This kind of signatures have also been explored in other contexts, such as
Left-Right symmetric models [68], extra dimensions [69], in presence of exotic charged
currents [70] or in relation with KeV neutrino dark matter [52, 71].

®This minimal model was used in [67] and named LSS-ISS.



Therefore, we investigate the impact of these extensions on the Kurie Plot leading
to an information on the effective electron neutrino mass mg, as well as their impact on
neutrinoless double beta decay effective mass mee, specially in the case in which KATRIN
detects a discontinuity in the spectrum, meaning one of the extra sterile fermion mass is
below the tritium beta decay threshold Ey = 18.575 KeV, and its mixing with the electron
neutrino is large enough to be observed in KATRIN. This is what is called a kink in the
beta decay spectrum.

This work is organized as follows: section 2 is devoted to the observables we address
that are the tritium beta decay and the neutrino effective Majorana mass in neutrinoless
double beta decay, reviewing their experimental (present and future) status. A detailed de-
scription of the minimal SM extensions with sterile fermion states (i.e. 3-+ N, Type-I seesaw
and LISS) we consider, including the parametrization we use for each of them, are presented
in section 3, while the relevant constraints on the sterile fermions applied in our analysis
are summarized in appendix A (the parametrization for the 3+2 model is summarized in
appendix B). Section 4 collects our discussion on the results (and predictions) obtained for
the different models we consider. Final conclusions and remarks are given in section 5.

2 Present and future experimental situation

Since we are interested by the possible effect that could be observed in tritium beta decay
spectrum by KATRIN due to the presence of sterile neutrinos with masses below the
threshold of Ey ~ 18.6 KeV and also in 0v24 effective mass, we discuss in the following
both observables and their associated present and future experimental sensitivities.

2.1 Tritium beta decay experiments

Analyses of the 8 decay spectrum are the most model-independent method to directly probe
neutrino masses (mg) independent of their nature (Dirac or Majorana). These experiments
address the nuclear reaction decay of

SH — 3He + e + 7, (2.1)

the kinematics of which is impacted by the mass of the neutrino leading to a distortion of
the electron end-point energy spectrum which depends on the mixings of the interaction
(flavor) eigenstate v, with the physical eigenstates, v; (i = 1,2,3) and on their masses.
The study of the electron energy spectrum at the end-point leads to an information on the
emitted light neutrino. Given the fact that there is indeed lepton mixing (PMNS), one

defines the “electron effective mass” as®

(2.2)

5Since the mass splittings between the three light mass eigenstates are so small, the current 8 decay
experiments cannot resolve them.



where U denotes the 3 x 3 PMNS mixing matrix and where the sum runs over the three
light (active) neutrino physical states with masses m;, ¢ = 1,2,3. Up to now, the most
stringent bounds on mg are those reported by the Mainz [72] and Troitsk [73] experiments,

mg < 2.3 eV (95% C.L.), Mainz,
mg < 2.1eV (95% C.L.), Troitsk, (2.3)

while the KATRIN experiment [43, 44] aims for a sensitivity of 0.2eV (90% C.L.) after
a period of five years (necessary in order to have three years of data-taking) which has
recently started.

Moreover, the presence of an additional sterile fermion with a mixing U4 to the electron
neutrino could lead to discontinuities (kinks) in the spectrum. This was recently explored
by the Troitsk experiment, setting limits on |Ug4| for a sterile neutrino with a mass of 0.1-
2 KeV [74]. Interestingly, KATRIN (in its possible future TRISTAN) aims at measuring
the full tritium beta decay spectrum with an unprecedented resolution, allowing them to
explore the existence of (at least) one heavy (mostly sterile) neutrino in the mass range of
1-18.5 KeV, with a mixing to the active neutrino v, as’ |Ue4]2 > 1079 [45-48], the matrix
U being the total lepton mixing matrix. Indeed, in the presence of a heavy neutrino with
mass my, the electron energy spectrum would be a superposition of the light neutrino
spectrum and the one of the heavy neutrino, both weighted by their corresponding mixing,
as follows [42, 46]

dar

dE o (mg) + O (Eo — E —my) IUe4! (m4) , (2.4)

= O (Ey— E —mp) (1—\Ue4\>dE

where Ej is the threshold energy, F is the kinetic electron energy, j—g(m) is the differential
beta spectrum for a neutrino of mass m, and where mg is the electron effective mass given
in eq. (2.2). The Heaviside step functions in eq. (2.4) account for energy conservation, since
the available energy of the beta decay has to be large enough to produce the neutrinos.
This discontinuity is expected to be seen in the spectrum, if the mass of the heavy neutrino
is below the threshold Ejy, and if its mixing with the electron neutrino is large enough to
be seen in the form of a kink the KATRIN beta spectrum.

2.2 Neutrinoless double beta decay experimental status

The observation of a 0v2/3 decay can be interpreted as being mediated (at tree-level) by mas-
sive neutral Majorana fermions, and/or by new interactions and particles fields arising from
NP models [75-79]. In the Standard Model and under the assumption that Majorana neu-
trinos mediate the 0v23 decay at tree-level, the decay amplitude of 0v243 is proportional to

+m m;
ZG% ez’YMPR# QVVPL—ZGz QZ"}/MPR"}/V, (25)

where G is the Fermi constant, m; the neutrino (physical) mass and p is the neutrino vir-
tual momentum such that p? ~ —(125 MeV)? (the value corresponds to an average of the

"The sensitivity studies can vary form 107° to 10~%, depending on the applied technique and on the
estimated uncertainties. We will therefore consider 107% as a conservative sensitivity.



Experiment Ref. |Mee| (eV)
EX0-200 (4 yr) 84, 85] 0.075 — 0.2
nEXO (5 yr) [90, 91] 0.012 — 0.029
nEXO (5 yr + 5 yr w/ Ba tagging) | [90] 0.005 — 0.011
KamLAND-Zen (800 kg) [92] 0.025 — 0.080
KamLAND2-Zen (1000 kg) [92] < 0.02
GERDA phase II (03] 0.09 — 0.29
MAJORANA DEMONSTRATOR | [94, 95] 0.06 —0.17
LEGEND [96] 0.011 — 0.023
CUORE (5 yr) [97-99] | 0.051 — 0.133
CUPID [88] 0.006 — 0.170
SNO+ [100, 101] | 0.07 — 0.14
SuperNEMO [102] 0.05—10.15
AMoRE-T (103, 104] | 0.12—0.2
AMoRE-II [104] 0.017 —0.03
NEXT [105, 106] | 0.03 — 0.1

Table 1. Sensitivity of several neutrinoless double beta decay experiments.

virtual momenta in different decaying nuclei). Finally the 0v28 decay width is proportional
to the so-called® “effective electron neutrino Majorana mass” given by,

Mee =

(2.6)

Recently, several experiments (among them KamLAND-ZEN [80, 81|, GERDA [82],
Majorana Demonstrator [83], EXO-200 [84-86], CUORE [87] and CUPID-0 [88]) have set
strong bounds on the effective mass m.., the most constraining one being provided by the
KamLAND-ZEN collaboration [81]

Imee| < 0.061 — 0.165 eV (90% C.L.), (2.7)

where the range is due to the uncertainties on the nuclear matrix elements.” Regarding
future experimental prospects, we present in table 1 the sensitivity of ongoing and planned
0v20 dedicated experiments. Note that throughout our analysis, we take |mee| ~ 0.01eV
as a representative value for the future sensitivity.

In the situation where the SM is extended by a number N of sterile fermion states,
the additional neutrinos might also contribute to the decay amplitude in which the corre-

8The name “effective electron neutrino Majorana mass” is due to the fact that the first entry of the
squared neutrino mass (3 x 3) matrix in the interaction basis is given by: m2, = m?,eye = (M M)...
9For details concerning the theoretical uncertainties of nuclear matrix elements, see for instance [79, 89].



sponding effective mass me, is corrected [60, 61] as follows:

3+N ms
Mee ZU2 2 s B (2.8)

m;

where U is the (3+ N) x (3+ N) lepton mixing matrix and where the sum is done over all
the total number of physical neutrino states n, = 3 + N. From the latter expression, we
can already notice that an observation of such a kink in tritium beta decay spectrum (i.e.
having one of the extra neutral fermion mass m; in the [1 —18.5] KeV range with a mixing
to the electron neutrino ]Um-|2 > 107%) would have important consequences on Mme., as we
will show in this study.

3 Minimal extensions of the SM involving sterile fermions

In order to accommodate neutrino masses and mixings, the SM can be extended with new
sterile fermions such as RH neutrinos. In this work, we consider the SM with three light
Majorana neutrinos (SM, ), which is extended by a number N of sterile fermion states that
mix with the 3 active neutrinos. We first consider that the neutrino mass eigenvalues and
the lepton mixing matrix are independent, meaning that no assumption is made on the
neutrino mass generation mechanism. As we will see later, we focus on the 3+ 1 (N =1)
case and comment on the generalization to the N > 2 cases. Then, we explore minimalistic
but realistic realizations of the Type-I seesaw model with two RH neutrinos. Besides the
general case, we will also be interested in the lepton number conserving scenario considering
a combination of linear and inverse seesaw model (LISS).

After EW symmetry breaking, the relevant terms in the Lagrangian can be written (in
the Feynman-'t Hooft gauge) as,

g —7. 9 —7 ([ Ma m;

L= _EU‘”W# by Prvi — EUMH Lo (WLWPL - mWPR) v; + H.c.
m[] Vo ZuVi PLvj — EUaanjAOVi <7TW]VPR) v; + H.c.
00Ut (222 P )1y + M o)

where ¢ is the SU(2); gauge coupling, U,; are the lepton mixing matrix components, m;
are the mass eigenvalues of the neutrinos and m, are the charged lepton masses. The
indices o and i run as a« = e, u, 7 and i = 1,...,3+ N. Further details can be found in for
example refs. [107, 108].

We proceed first by presenting the 3+ /N models and the parametrization we used for
the minimal cases of N = 1 and N = 2. We then detail the low-scale minimal seesaws
we consider in this work, i) the Type-I seesaw with two right-handed neutrinos without
any hypothesis on the degeneracy of their mass, meaning no lepton number conservation
symmetry is imposed, ii) still with two fermionic singlets, we take the limit of the latter



mechanism with a small lepton number violation, i.e., a combination of the linear and the
inverse seesaw mechanisms. For all the scenarios we detail the corresponding parametriza-
tion we adopt in the numerical study.

3.1 Effective 3 + N models

Since the generic idea of having impact on our observables applies to any model where the
active neutrinos have sizable mixings with the additional sterile fermions, we can use an
effective model with 3 light active neutrinos plus N extra sterile neutrinos.

In this framework the leptonic charged current is modified as

— Lec = %UﬁZﬂ“PmW; + He., (3.2)
where ¢ denotes the physical neutrino states, from 1 ton, =3+ N, and j = 1,...,3 the
flavor of the charged leptons. In the case of three neutrino generations, U corresponds
to the (unitary) PMNS matrix. For n, > 4, the mixing between the left-handed leptons,
which we will subsequently denote by Upnins, corresponds to a 3 x 3 block of U. One can
parametrize the UPMNS mixing matrix as

Upwmns = (L —¢) Upmins (3.3)

where the matrix ¢ encodes the deviation of Upyng from unitarity, due to the presence of
sterile fermions. Given the modification of the charged current in eq. (3.2), many observ-
ables will be sensitive to the active-sterile mixings, and their current experimental values
(or bounds) will thus constrain such an extension. These constraints arise from lepton fla-
vor violating (and universality violating) observables, bounds from laboratory and collider
searches, among others. Certain sterile mass regimes and active-sterile mixing angles are
also strongly constrained by cosmological observations. All the relevant constraints for the
mass regimes we consider in this study are discussed in appendix A.

Note that in the 3+ N model, the mixing matrix U includes (3+ N)(2+ NN )/2 rotation
angles, (2+ N)(1 + N)/2 Dirac phases and 2 + N Majorana phases. All these constitute
the physical parameters of the model in addition to the masses of the sterile states, m;,
i=1,...,N.

3.1.1 Mixing matrix 3 4+ IN: parametrization

We have conducted the study for the most minimal cases N = 1 and N = 2. In the
3+ 1 model, the introduction of the extra sterile state reflects into three new mixing angles
(014,024, 034) (active-sterile mixing angles), two extra Dirac CP violating phases (41, 043)
and an extra Majorana phase (¢41). The 4x4 lepton mixing matrix is now given by the

product of 6 rotations times the Majorana phases: '’

U = Rsy(034,0643) - Roa(024) - R14(614,041) - Roz - Ry - Ryp - diag(1,e'?!, 931, e191)
= R34(034,0613) - Roa(024) - R14(014,0641) - Upying - diag(1,e!?2! el?s1 el¥a1) (3.4)

10%We recall that since we are interested in the impact of sterile fermions on neutrinoless double beta
decay effective mass, we assume in the whole study that neutrinos are of Majorana nature.



where Uﬁiﬁ\ls is the 4 x 4 matrix formed by the 3 x 3 PMNS matrix, which is extended with
a trivial fourth line and a fourth column, and where the rotation matrices R34, Ro4, R14
are defined as:

c0sb14 0 0 sinfyy - e 1041 1 0 0 O
0 10 0 0 cosfyy 0 sinfoy
Ry = ; Ryy = )
0 01 0 0 0 1 0
—sinfyy - €41 0 0 cosf14 0 —sinfyy 0 cosboy
10 0 0
01 0 0
Rsy = ‘ s . (3.5)
00 cosflzy sinflzy - 71043

0 0 —sinfsy - €193 costsy

The parametrization for the lepton mixing matrix for the 3 + 2 model (N = 2) is shown in
appendix B.

3.2 Minimal seesaw mechanisms with two sterile fermions
3.2.1 Type-I seesaw with two right-handed neutrinos and parametrization

In order to comply with neutrino data, the most minimal realization of the Type-I see-
saw mechanism requires only two right-handed neutrinos, meaning that the lightest active
neutrino is massless. The Lagrangian of the Type-I seesaw reads

. . Mo
L=Lsm + iN[@N[ — (Ya[faqu[ + %NfNJ + H.C.) R (3.6)

where {,, are the SM lepton doublets, ¢ is the Higgs doublet and b = ioa¢*, N denotes
the new fermionic fields that are singlet under the SM gauge group, Y, are dimensionless
Yukawa couplings and M is a 2 x 2 matrix of Majorana mass terms for the N; fermions.
Without loss of generality, we will assume M to be diagonal.

After the EW symmetry breaking the Higgs field acquires a non-vanishing vacuum
expectation value (VEV) (¢) = v (174 GeV), and the full neutrino mass matrix in the EW
basis can be written as follows

0 mp
MT e—] = ) 3.7
yp (mg M > ( )

where mp denotes the 3 x 2 Dirac mass matrix, mp_, = v Yor. The Lagrangian (3.6)
accounts for a non-vanishing (active) neutrino mass matrix m, which, after the block
diagonalisation of the matrix Mrype—1 and under the assumption v|Yyr| < [Mps| (seesaw
limit), is given by

My = Miighy ~ —v*Y M1y 7T, (3.8)
For our numerical study, we adopt the following parametrization for the above defined
Dirac mass (details can be found in refs. [15, 109, 110]):

mk =ivMR U, (3.9)



where U is the PMNS matrix. Depending on the ordering in the light neutrino spectrum
(inverted or normal ordering that we label I0 or NO, respectively) and given the fact
that in this minimal scheme with only two RH neutrinos, one active neutrino is massless,
Miightest = 0, the matrix R is such that RT R is the diagonal light neutrino mass matrix for
each ordering. This respectively corresponds to

0 /mzcos(a+1ib) /mssin(a + ib)
0 F/masin(a + ib) +./m3 cos(a+ib) ]
ymicos(a+ib) (/masin(a+1ib) 0 (3.11)
T /misin(a + ib) £+/mz cos(a+ib) 0/ .

where a,b € R and where m1, ms and mg are the light neutrino masses satisfying the solar

NO:R:&m:< (3.10)

m:R—Rm—<

and atmospheric mass squared splittings, Amgol and Am2, .

3.2.2 Approximate lepton number symmetry: linear and inverse seesaw with
2 sterile fermions

Among the several variation of the low-scale seesaws, the Inverse or the Linear seesaw
mechanisms do offer the possibility of having the heavy neutrinos in pairs forming pseudo-
Dirac states. These mechanisms are based on approximate lepton number symmetry, in
which the smallness of the neutrino masses is related to the smallness of LNV parameters,
which are natural in the sense of 't Hooft [111], since the Lagrangian acquires a new
symmetry when they are set to zero, making therefore neutrino masses stable against
radiative corrections. In addition, the small mass splitting between the two states of each
pair (i.e. strong degeneracy in mass) is proportional to the source of LNV.

The minimal setup in this mechanisms is to extend the SM with a pair of sterile
fermions, Ny 2, with opposite lepton number, L = £1. In the case with only one active
generation, the lepton number conserving part of the neutrino mass matrix reads, in the
basis (v, N1¢, No°),

0 yv 0
Moy=1|yv 0 A |, (3.12)
0 AO

where y is a dimensionless Yukawa coupling, A a dimension-full parameter, and v the Higgs
VEV. The lepton number conserving mass spectrum resulting from the diagonalisation of
this mass matrix is composed by a massless state m, = M; = 0 and two degenerate
Majorana massive states, My = M3 = /A% +v2y2. In order to account for massive
light (Majorana) neutrinos, one has to consider a correction to the latter mass matrix by
adding small LNV entries. Forbidding a non-zero element in the (1, 1) entry, which would
correspond to a Majorana mass term for left-handed neutrinos and requires a non-minimal
extension of the SM (instance a Type-II seesaw), there are two possibilities'! resulting to

' Actually there is a third one corresponding to having a non-vanishing (2, 2) entry leading to an Extended
(radiative) seesaw generating neutrino masses only at higher loop level that can gain importance only in
the case of a large lepton number violation. Since we are interested in a possible double-kink in KATRIN,
which would be associated to very small LNV in this context, we keep the (2,2) entry in eq. (3.12) to zero.

~10 -



the patterns of inverse and linear seesaws

00 0 0 0eyv
AMigs= |00 0 [AMiss=] 0 0 0 |, (3.13)
00¢&A eyv 0 0

where ¢ and € are small (< 1) dimensionless LNV parameters. After diagonalisation of
My + AM, the mostly active neutrino mass m,, for each mechanism, at leading order in ¢

and € are
2 2

ISS:m, = §y2% , LSS:m, = 26y2v— : (3.14)

In this work, we will assume the existence of two sterile neutrinos and consider both sources
of LNV small corrections, naming the model “LISS”: LSS-+ISS.
In the realistic case of 3 active generations, the mass matrix for the LISS model is

given by [13]
0 YveYw
Mpss=| Yo 0 A |, (3.15)
YTy A €A

where Y is now a 3-dimensional vector providing the Dirac mass for the active neutrinos
vY = mp. Notice that the ordering of the second and third column/row of eq. (3.15) is
due to the assignment L = +1 and —1, for N7 and Ns, respectively.

3.3 LISS parametrization

To ease our analysis and parameter counting, we set p = £A, € = €Y'v in My g5 defined in
eq. (3.15):

0 mp e
Mriss = |m5 0 A . (3.16)
el A p

In the seesaw limit, where |mpl,|e|, |u| < A, the block diagonalisation of the latter leads
to

3x3
7nhgn O3x1 03x1
T
UpMuissUp = | 0Oix3 9%n ;

heavy
01x3

where Up is a unitary matrix, and where mij;gp; and Myeayy are given as follows,

1 mEm
My = Miight ~ n (M DA D _ (mgs +5TmD)> , (3.17)
0A
Mheavy = ( ) . (318)
Ap
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Notice that we take Myeavy at zeroth order since the degeneracy is already broken with the
mass term p. Identifying [13] ¢’ = ¢ — 45 in eq. (3.17), the (mostly active) light neutrino
mass m, can be rewritten as:

TE,‘, 4 E/TmD

X (3.19)

my = —
Imposing that m, complies with neutrino data (PMNS mixings and solar and atmospheric
mass squared differences), m, = U*Diag{m1, ma, mg}UT (where U = Upyng ), we obtain
for the two different orderings of the light neutrino mass spectrum:

m%jo - 77\\7 (FUJS +1 FU]2) E?IO = ;? (FU]E} i \/7U‘]2) 2A )

IDOJ = U\\; (\/7U 2+ i \/7U]1) 6;0 = ;\\/fi (\/7Uj2 i \/7U]1) 2A )

(3.20)
where 7 is a real parameter such that |mp|, |e| < A.
Finally, the heavy mass matrix eq. (3.18) eigenstates are given by
1
myps = A+ 5’#’ . (321)

One could hope to have the lepton number parameter p, which obviously breaks the
degeneracy in the mass of the two mostly sterile states, and the mixing between the two
heavy states such that KATRIN would see a double-kink, provided their mixings to the
electron neutrino both lie within its sensitivity, as we will discuss in section 4.3.

4 Numerical results and discussion

We work under the hypothesis that KATRIN will see a kink in the 5 spectrum. This signal
would imply the existence of at least!? a fourth neutrino - under the hypothesis that the
SM should be most minimally extended - with a mass and mixing to the electron of [45-48]

my € [1 KeV,18.5 KeV], |Uul’ > 107°. (4.1)

In the case where the extra neutral leptons are of Majorana nature, one can explore their
impact on 0v23. Our aim is thus to study if the interplay between the two observables, the
electron energy spectrum in 3 decay in eq. (2.4) and the Majorana effective mass defined in
eq. (2.8), can help discriminating between motivated low-scale seesaw realizations involving
at least one KeV sterile neutrino.

In our study we consider most minimal extensions of the SM involving at least one
sterile neutrino with mass my4 and mixing U4 within the future KATRIN sensitivity. When

12Tn case where the spectrum reveals more than one kink, i.e., more than one sterile neutrino, we assume
that the KATRIN sensitivity on |Ue;| is the same for ¢ = 4,5, ... Nevertheless, a more dedicated study
under the assumption of more than one kink is needed.
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several sterile fermions are present, we will assume that v4 is the lightest one.'3 We first

consider the ad-hoc scenario of 3 + N, where the SM is extended by N sterile fermions

without any assumption on the neutrino mass mechanism. Then, we consider the Type-I

seesaw with 2 vg and the LISS scenario (see section 3) as explicit examples to show how

the interplay between 8 and 023 decays would affect neutrino mass generation models.
In the case of the 3 + 1 toy model, m.. is given by

4

4

s

mi = Uz p2])2—72’rn2 > UZmi =mEN) + maUZy (4.2)
i—1 A

12

m4 being below the nuclear scale p? ~ —(125 MeV)?, and more specifically within KATRIN
range in eq. (4.1), and mgM”) being the effective mass in the SM, involving massive
Majorana neutrinos according to oscillation data, as defined in eq. (2.6). In the case of
a second sterile neutrino in the 3 4+ 2 model (still no hypothesis of the neutrino mass

generation mechanism), the Majorana effective mass can be written as follows:

5 2
Mee = E Ugip2p72 —Zm ~ m(3+1) + U25 m5p2 2 (43)
i=1

Notice that, contrary to my4, we are not imposing ms to be within the KATRIN regime,
but we let it as a free parameter. Depending on the ranges for ms and U5, one could have
sizable contributions to the neutrinoless double beta decay effective mass, or even have a
cancellation, depending also on the light neutrino spectrum ordering. However, when the
extra masses and couplings are interdependent due to the embedding of a seesaw, one could
have a completely different picture [61]. For instance, in the case of the Type-I seesaw with
2 vg, the neutrino mass diagonalisation requires the condition

5
> UZmi=0, (4.4)
i=1
implying that,
4
U625 ms = — Z Ufl- m; = —mg"'l) . (4.5)
i=1

Using this equation in eq. (4.3), the full effective mass can therefore be written as

2

p2
e = mEH) [1 _ 2] | (4.6)
b —mg

Interestingly, the last expression in eq. (4.6) exhibit two limits, it vanishes if m2 < [p?|
and goes to the (3+1) case in the m2 > |p?| decoupling limit, as we will address in our
numerical results.

13We have also explored scenarios with an eV and a KeV sterile neutrino and found viable solutions within
the minimal seesaw models. Albeit this situation could be interesting for neutrino oscillations anomalies,
our discussion on 8 and 0v23 decays would not change.
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It is worth mentioning that for any seesaw model involving N sterile states, when
all their masses are below the threshold of any lepton number violating processes (in for
instance mesons and tau lepton LNV decays leading to same or different flavor and same
electric charge leptons ee, ey, upp, e, ...), one can generalize the discussion above on the
Majorana electron effective mass me to a 3 x 3 Majorana flavor effective mass

3+N
Mag =Y Uz Usimi, (4.7)
=1

M being the mass matrix in the flavor basis (whose (1, 1) entry is me.) [20]. Eq. (4.7) is
related to the vp-vp entry in the neutrino mass matrix, which is zero in the Type-I seesaw
model, see eq. (3.7), implying

Map =0, (4.8)

for Type-I seesaw models with all sterile neutrino masses below the energy threshold of
the associated LNV process. This is a generalization of the GIM-like cancellation for me.
discussed in [61].

Regarding the numerical analysis for the different seesaw models we consider, we use
their corresponding parametrization (detailed in section 3) and perform a “random” scan
on all the parameters including the CP violating phases. We impose that the outcome
of the diagonalisation of the mass matrices for the light neutrino parameters, masses and
mixings, must lie within 5% from the current best fit values that we take from the global
analysis of [112] for the normal and inverted ordering, whereas we apply, when relevant, all
the constraints detailed in appendix A on the heavy sector parameter space. It is worth
mentioning that given the mass regimes for the heavy neutrinos we consider, the most
constraining bounds are from direct search constraints. Note that since we are interested
in probing the KeV sterile neutrino hypothesis by laboratory searches independently of
cosmology, the cosmology constraints are not applied in our numerical analysis. Never-
theless, we discuss in appendix A the most relevant cosmological constraints and possible
mechanisms to avoid them.

4.1 Results for the 3 + N model

We consider first the case where only one sterile neutrino is added to the SM field content
and assume it to be within KeV mass range. In this case, besides the possibility of having
a potential signal (kink) in the beta energy spectrum, the sterile neutrino gives a further
contribution to the 024 effective mass according to eq. (4.2).

The effect of this new contribution can be seen in figure 1. In (a) we show the standard
picture for the three active Majorana neutrino case (SM,, ), with the colored bands covering
the possible variation of the CP phases. In the other three panels, we display the results
after adding a fourth neutrino with increasing impact on the effective Majorana mass.
Notice that in the latter cases there is a new CP phase related to U4, which may affect
the size of the predicted bands for both normal and inverted ordering cases.

The first important information inferred from figure 1 is that the presence of a sterile
neutrino can strongly impact the prediction for 0v23, leading to different and possibly
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Figure 1. Effective Majorana mass |me.| as a function of the lightest active neutrino mass. The
present situation of the SM with the three active neutrinos (SM, ) is presented in (a). The other three
figures correspond to the situation of the 341 model for three representative cases for my|Ueg4|?: 1076
(b), 1075 (c) and 10~* (d) KeV. Green (Orange) regions correspond to normal (inverted) ordering
of the light neutrino mass spectrum and cover all possible configurations for the CP phases. The
gray (blue) regions are experimentally excluded by 0v25 experiments (end-point tritium beta decay
experiments) while the dashed lines correspond to the future sensitivities for KATRIN (blue) and
neutrinoless double beta decay (gray), see table 1.

augmented ranges for the effective mass mee, when compared to the SM predictions, and
this for both normal and inverted ordering of the light neutrino mass spectrum. This can
be seen by comparing figure 1(a) and figure 1(b) for the NO case. These changes depend of
course on the parameter space for my and U4, more precisely on the combination my|U, 34\2.

As can be seen in these plots, the picture changes when the sterile neutrino is com-
patible with a kink in the beta energy spectrum according to eq. (4.1). For instance, when
m4|Ues|? = 107% KeV, one cannot distinguish the NO from the IO regions, see figure 1(d).
Interestingly, there are cases where an observation of a signal in neutrinoless double beta
decay (assuming a severe control on the nuclear matrix elements uncertainties) will not nec-
essarily imply an inverted ordering of the light neutrino mass spectrum even for very small
Miightest, compare for instance figure 1(c) and figure 1(a). Alternatively, a non-observation
in future 0v2f3 experiments would not rule out the 10, contrary to the SM,, case, if m4|Ue4|?
is large enough (since there could be a cancellation as can be seen in figure 1(d)). There
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Figure 2. Majorana effective mass |me| in 3+1 model as a function of m4|U.4|? for two represen-
tative values for the mass of the lightest neutrino miigntest = 0 (a), and set to the atmospheric mass
scale, Miightest = Amztm (b). Lines and color codes as in figure 1.

is also the possibility that m4|Ug4|? is smaller (even if my is in the KeV mass region) such
that the fourth neutrino contribution is of the same order as the SM, one, and this can
even lead to a strong cancellation in m,,. for particular choices of the CP violating phases.

We refrain from showing the several situations but instead address this cancellation
when we explore the synergy between an observation of a kink in the KATRIN energy
spectrum and a signal in 0v23. This is displayed in figure 2 where instead we show |m..|
as a function of mg4|Ue|? for representative values of Miightest- We show the particular
case where mijghtest = 0, figure 2(a) - anticipating the discussion for the seesaw models
we consider in this study as their minimality imposes that the lightest (active) neutrino
is massless, as discussed in section 3 - and the case in which the lightest neutrino mass is
about the atmospheric oscillation scale, v/Am2, , figure 2(b). Interestingly, the latter case
almost corresponds to the lower bound that future 0v23 experiments could probe in the
normal ordering case. Nevertheless, the general behavior is the same in both panels: |me.| is
SM, -like for small values of m4|Ue4|2, while it is dominated by the sterile neutrino for large
values of m4|Ue4\2. In the transition between the two regimes, when both active and sterile
contributions are comparable, |m..| may suffer the above mentioned cancellations, although
the critical value of my|Ue4|? is very dependent on the ordering and the value for Miightest -

It is important to remark that figure 2 is valid for any m4 < 125 MeV, including of
course the KeV neutrino we are interested in. In the case of KATRIN sensitivity, eq. (4.1),
this region would correspond to my4|Uegs|? > 1076 KeV. If indeed KATRIN confirms the
presence of a kink, then one could draw a vertical line on figures 2 (a) or (b) and infer a
prediction for |me.|. This prediction would correspond to an interval for |m..| whose size
would depend on the value of m4|Ue4]2. The extreme case would be that this line lies in the
cancellation regions where the contribution m4U 624 cancels exactly mgM”), and this could
happen for several possible combinations of the CP violating phases. We can also see that
the right part of the plots is in tension with present upper bounds on |me.|. Therefore, if
KATRIN observes a kink with my|Ue4|? > 3 x 1074 KeV, a more involved model than the
3+1 would be required.
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Figure 3. Analytical prediction area for Majorana effective mass m.. in the Type-I seesaw with
two RH neutrinos as a function of ms, assuming a kink in the KATRIN beta spectrum for both
ordering of the light neutrino spectrum NO (a) and IO (b).

The analysis can be extended to the case of the 3+ N model where all sterile neutrino
masses lie below the nuclear threshold (m; < 125MeV, i = 4...N), or where the effect
of the heavier neutrinos on me. is negligible.'* In such case, our discussion for the 3+1
case can be easily generalized by replacing the role of m4|Ue4|? by an effective heavy mass
M2 given by

N
meey = " mUp . (4.9)
i=4

We have explicitly conducted the analysis for the case N = 2, since it accounts for the
minimal amount of sterile neutrinos needed for generating light neutrino masses in a Type-
I seesaw mechanism. Then one cannot draw direct predictions for mee in the case where
KATRIN sees a kink, since it gives information on only one sterile state m4|Ue4|? and not
on the sum |Zi]\i4 m;UZ%|, unless KATRIN observes a second kink. If the two kinks are
well separated in mass, this could correspond to a Type-I seesaw where the two sterile
neutrinos are in the mass range [1, 18.5] KeV. On the other hand, if the two kinks are close
in mass, they could point towards an approximate lepton number conserving scenario with
quasi-degenerate sterile neutrinos. We refer to the latter as a double-kink signature. This
leads us to consider the (minimal) seesaw models we have presented in section 3, where one
could potentially generate a neutrino spectrum such that the heavy states are in KATRIN’s
regime, while agreeing with neutrino data (as well as the several constraints discussed in
appendix A).

4.2 Type-1 seesaw with two RH neutrinos

We assume that one of the two RH neutrinos is within KATRIN sensitivity (kink in the
beta spectrum) and consider the following three possible cases: when the second sterile
neutrino mass is within KATRIN sensitivity as well (two kinks): ms € [1,18.5] KeV; when

14This could happen, for instance, if the neutrinos are much heavier than p?, their mixing to the electron
very small, or if they form (pseudo-)Dirac pairs, as in the LSS or ISS models.
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it is above the tritium beta decay threshold energy, but below the nuclear double beta
decay Fermi momentum, ms € [18.5 KeV, 125 MeV], and finally when ms > 125 MeV.

Following the seesaw condition eq. (4.4) and the discussion thereafter, we expect that
the 0v2f5 effective mass will always be below the analytical upper limit shown in figure 3,
where |mee| is represented as a function of my for different ranges for my4|U.4|? (chosen
so that the fourth neutrino state is compatible with a kink in KATRIN beta spectrum).
Depending on the values of all the remaining parameters (mixings and CP violating phases),
the mass of the second sterile neutrino can be in the three above mentioned regimes. The
cancellation in |me.| for light values of ms below the nuclear threshold, as well as the
saturation line when ms is very large (above the ~TeV scale) is clearly manifest in both
panels of figure 3 corresponding to normal ordering (a) and inverted ordering (b), thus
following the prediction of eq. (4.6). This cancellation is stronger when ms < 18.5 KeV,
i.e., in the case of two possible kinks in the KATRIN beta spectrum.

One can also notice on this figure how the predictions for |m..| evolve depending on the
light neutrino mass spectrum ordering and when the position of the kink in KATRIN (value
of my) changes, in agreement with eq. (4.6). For instance, when my|Uq|? < 1076 KeV,
the allowed (analytical) region for me. as well as the corresponding maximal prediction is
higher in the IO case than in the NO one, although in both cases the predictions are close to
the experimental future sensitivity reach, see table 1. When the hypothetical vertical line in
figure 2, that would correspond to an observation of a kink in KATRIN, moves from left to
the right, the predictions for |m..| become less sensitive to the ordering of the light neutrino
spectrum. Equivalently, this would correspond to increasing the maximal predictions for
|mee| until one could not distinguish between the normal and the inverted ordering cases.

In order to have an estimate for the predictions for beta and neutrinoless double beta
decays for the Type-I seesaw model, we use the parametrization given in eq. (3.9). With the
hypothesis of at least one kink in KATRIN beta spectrum, the results obtained after having
scanned over all the parameter space are presented in figure 4 showing |me.| as a function
of the heaviest sterile neutrino mass mg, for both NO (left) and IO (right) orderings of
the light neutrino mass spectrum. In all panels of figure 4, blue points correspond to
the solutions compatible with neutrino data and the phenomenological bounds, while the
gray points are those not complying with at least one constraint (most of them are not
compatible with direct searches constraints). On each panel, the red (NO) and green (10)
areas correspond to analytical prediction for |me.| when we allow a 30% deviation from
a chosen central value of m4|Ue4|?> ~ 3 x 1076 KeV (top), 4 x 1075 KeV (middle) and
10~ KeV (bottom). The numerical solutions contained within these areas are highlighted
in dark-blue. At first sight, one can confirm that the solutions compatible with neutrino
data and the phenomenological bounds (blue points) are always within the analytical area
discussed after figure 3, confirming the analytical expectation of eq. (4.6).

One can also see that when m4\Ue4]2 ~ 3 x 1076 KeV, there is no lower analytical
bound in the NO case, see figure 4(a), due to possible cancellations in |me.|, as can be
easily confirmed from figure 2(a), however the maximal values for |mee| in this case are
close to future sensitivity reach. On the other hand, the situation is different in the IO case,
see figure 4(b), as for this value for m4|Ues|?, the analytical region (green) is very narrow;
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Figure 5. (a): tritium beta spectrum in the presence of two kinks. For this example, we set
my = 8 KeV, ms = 12 KeV, |Ue|? = 0.2 and |Ue5/? = 0.1. (b): active-sterile mixings in the
case where the two sterile neutrinos of the Type-I seesaw are within KATRIN mass regime. The
horizontal dashed red line corresponds to the assumed (conservative) sensitivity of KATRIN.

one could thus infer the value of ms (as well as information on the remaining Type-I seesaw
parameters) based on the interplay between both observables (possible kink in KATRIN
and a signal in 0v23). The role of the two orderings is reversed for my|Uegs|? ~ 4 x 1075
KeV, figure 4(c) and (d). Nevertheless, these cancellations do not occur in some other
cases for m4|Ueg4|? and we can have a very narrow (thus predictive) bands for both ordering
cases, as one can see in figure 4(e) and (f).

Thus, with the help of the above examples, one could discuss the interplay between
both observables, the tritium beta decay energy spectrum and neutrinoless double beta
decay effective mass. For example, we found in this analysis favorable cases where one
could have a signal in KATRIN (a kink) and a signal in 0v23 experiments, pointing toward
a Type-I seesaw with one sterile state below 18.5 KeV and a heavier one with a mass below
the nuclear threshold of ~ 125 MeV. This situation would correspond for instance to the
dark-blue points contained in the bands of figure 4(b), (c), (e) and (f), some of them giving
also prediction for the light neutrino mass ordering. On the other hand, a non-observation
of 0v2p would imply an upper bound on ms, see figure 4(b), (c) (e) or (f), and therefore
one would expect to detect the second sterile neutrino in a low energy experiment. An
interesting case of the latter situation would be when the second sterile neutrino has a
mass my lying also in the KeV regime, since KATRIN could potentially observe it as a
second kink, as shown in figure 5(a).

Finally, we explore the case where both sterile neutrino masses are below 18.5 KeV,
thus no signal in 0v26 is expected whatever is the ordering of the light neutrino mass
spectrum. As already said, KATRIN could then signal the presence of one kink or two
kinks, depending on the remaining physical parameters. This is exemplified in figure 5(b),
where the scatter plot shows viable solutions imposing the lightest sterile neutrino within
KATRIN sensitivity and complying with neutrino data (for NO in this case) and the
relevant constraints (blue points). As can be seen, depending on the active-sterile mixing
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Figure 6. (a): tritium beta spectrum in the presence of a double-kink. For this example, we set
ms = 9.8 KeV, ms = 10.2 KeV and |Ue4|? = |Ues|? = 0.2. (b): active-sterile mixings |Ues|? + |Ues|?
versus the mass splitting |my4 — ms| where the two sterile neutrinos of the LISS model are within
KATRIN mass regime and complying with all the relevant constraints. The vertical blue line
corresponds to the assumed KATRIN resolution for a double-kink.

|Ues]?, there are viable solutions compatible with the presence of a second kink in KATRIN
spectrum, the situation of which is favored for large |Ue4| mixings. Similar results where
found for the inverted ordering case.

Interestingly, among the solutions in figure 5, there are some points where the positions
of the two kinks are very near (double-kink), implying that the sterile neutrinos are very
close in mass. This would be the situation one would find in the case of a scenario with
approximate lepton number symmetry as the LISS model.

4.3 Results for the LISS scenario

As discussed in section 3, in the LISS scenario the heavy (mostly) sterile neutrinos are close
in mass and their mixings are similar in size, |Ug4| =~ |Ues|, while the deviations from this
degeneracy are controlled by the LNV parameters. If their masses are below 18.5 KeV,
one could expect the presence of a double-kink in KATRIN energy spectrum, as shown
in figure 6(a). Whether KATRIN would be able to resolve a double-kink depends on its
energy resolution and on the LNV parameters defining the LISS model, thus on the mass
splitting between the two sterile states.

In the case of the presence of a kink in the beta decay energy spectrum and no positive
signal in Ov2f3, nor in other low energy experiment, KATRIN would help exploring this
model by studying in detail the observed kink. If the mass splitting between the two sterile
neutrinos is below KATRIN’s energy resolution,'® the experimental signature would be
a single kink with a size of |Ues|? + |Ues|?. On the other hand, if the resolution is high
enough to resolve the double-kink, KATRIN would be able to provide information on the
mass splitting and, therefore, on the LNV parameters of the model.

15For the discussion in this section, we will use 200 eV as a benchmark, although a dedicated study would
be needed.

- 21 —



In figure 6(b) we show viable solutions complying with neutrino data and constraints for
NO (red) and IO (green) orderings of the light neutrino spectrum. We choose |Ues |+ |Ues |2
for the y-axis as it corresponds to the height of a kink due to the presence of the two sterile
states in the case where KATRIN would not be able to resolve the double-kink. Notice
that they are in general larger in the IO case than in the NO one, therefore assuming
KATRIN observes indeed a kink with a very large value for |Ug|? 4 |Ues|?, this would
favor the inverted mass ordering of the light neutrino spectrum. The x-axis represents the
mass splitting |m4 —ms|, with a vertical blue line showing the considered KATRIN energy
resolution for this discussion. We decided to stop at 1 KeV when LNV is not well justified,
since then the mass splitting is comparable to the sterile neutrino masses and one should
study the Type-I seesaw as in section 4.2. From this figure we see that the LISS model
predicts a broad range of mass splittings. If the points are to the right of the blue line,
KATRIN would be able to resolve the double-kink and measure the mass splitting. On
the other hand, if they are to the left, the resolution would not be enough to resolve it
and it would be observed as a single kink, which would nevertheless allow KATRIN to set
upper limits on the mass splitting. Consequently, in both cases KATRIN would provide
information about the sources of LNV in this scenario.

This study can be enlarged to other low-scale seesaw frameworks like the vMSM
model [17, 113] where a Type-I seesaw is at work with three RH neutrinos whose mass
spectrum and couplings to the active states are severely constrained by the requirements
of having a successful BAU and providing a viable dark matter candidate. The vMSM-
predictions for 0v23 Majorana effective mass has been addressed in for instance [114, 115]
and more recently in [116] (?MSM with 3 RH neutrinos) and in [117] (Type-I seesaw with 2
RH neutrinos). It has been shown that the prediction for |mee| can be sizable (~ 140 meV
at max) if the two heaviest RH neutrinos have a mass close to the nuclear momentum
~ 200 MeV with a large mass difference (~ 1 MeV) in the case of 10, and this only when the
CP phases and the mixings are appropriately aligned. The lightest RH neutrino (in the case
of the YMSM with 3 RH neutrinos) being in the KeV mass region in order to provide a viable
dark matter candidate can in principle impact KATRIN’s energy spectrum, however, due to
the smallness of its mixing to the electron neutrino, it is beyond the sensitivity of KATRIN.

5 Conclusions

In this study we have explored the viability of minimal extensions of the Standard Model
involving sterile neutrinos (namely the 3+ N model and low-scale seesaw mechanisms with
two sterile neutrinos) and study their possible impact in both neutrinoless double beta
decay neutrino effective Majorana mass and in the KATRIN tritium beta decay energy
spectrum.

In our numerical analysis, we explore different mass regimes for the extra fermions,
the active-sterile mixings as well as the different CP violating phases. In particular, we
identify and discuss the regimes where it is possible to have (at least) one KeV neutrino
within the sensitivity of KATRIN and the other one much heavier giving rise to a possible
signal in 0v2f3 experiments, for both orderings of the light neutrino spectrum.
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In the Type-I seesaw, assuming that one of the two RH neutrinos is within KATRIN’s
sensitivity (a kink in the energy spectrum), we addressed the three following possible cases:

i) when the second RH neutrino mass is within KATRIN sensitivity as well (ms €
[1,18.5] KeV), KATRIN has the potential to detect a second kink, while the 0v23
effective Majorana mass vanishes;

ii) when it is above the tritium beta decay threshold energy, but below the nuclear
double beta decay Fermi momentum (mjs € [18.5 KeV, 125 MeV]), then there is not
such a second kink and the Majorana effective mass still vanishes;

iii) when mg > 125 MeV, one can expect to observe a signal in 0v2f experiments.

Moreover, in the first case, the two kinks could be close in mass such that KATRIN could
observe a double-kink in the energy spectrum, pointing towards a Type-I seesaw extended
with an input, for instance related to an approximate lepton number conservation. We
have explored this possibility by studying a model combining the linear and the inverse
seesaw mechanisms with two sterile neutrinos (LISS).

In summary, our study shows how the interplay between the two observables, the elec-
tron energy spectrum in KATRIN tritium S decay and the 0v28 effective Majorana mass,
can help constraining the sterile neutrino parameter space and ultimately discriminating
between motivated low-scale seesaw realizations involving at least one KeV sterile neutrino.
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A Constraints on sterile fermion hypothesis

The modifications of the vertices in eq. (3.1) due to the presence of the (rectangular 3 x (34
N)) leptonic mixing matrix imply deviations from unitarity of the (3 x 3) PMNS mixing
matrix; moreover having massive sterile neutrinos as final decay products can possibly
induce further deviations from the SM theoretical expectations. Consequently, scenarios
with sterile fermions are severely constrained and any extension of the SM involving these
states must comply with neutrino data and with several constrains, some of them being
stringent. This appendix collects the most stringent constraints on the SM extensions we
considered, providing those relevant for the regimes we explore.

A.1 Neutrino oscillation data

Any of the extensions we consider in this work has to comply with neutrino oscillation
parameters (squared neutrino mass differences and their corresponding mixings). The
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recent fit from neutrino data give the following ranges for mixing angles and masses, which
corresponds to 3o confidence level [112, 118],

0.272 <sin?615 <0.346,  0.418 <sin?6y3 <0.613, 0.01981 <sin?#;3 <0.02436, (A.1)

A 2 A 2
6.80< —— 2L <802, 2.399<—— Bl <9593, (A.2)
105 eV 103 eV

in the case of normal ordering of the light neutrino spectrum, and

0.272 < sin® ;5 < 0.346, 0.435 < sin?fy3 < 0.616, 0.02006 < sin®6;3 <0.02452, (A.3)
2

A
6.80< —— 2L <802, —2.562<
105 eV 1

2
Amzy

57 <2309, (A.4)

for the inverted ordering case. In our analysis we considered the best-fit central values
given above, allowing for a deviation of ~ 5%.

A.2 Direct searches

We have used in our analysis the most recent and up-to-date available constraints [19,
20, 31, 32] form direct searches on the parameter space of the SM extended by additional
massive Majorana fermions. For masses below 10 MeV, we have used ref. [19], and for
masses between 10 MeV and 100 GeV, we have used the constraints discussed in [20] (and
references therein).

A.3 Cosmological and astrophysical constraints

Cosmological observations, see for instance refs. [12, 25, 119, 120], put severe constraints
on sterile neutrinos with a mass below the GeV scale as they can constitute an important
fraction of dark matter impacting structure formation, which is constrained by Large Scale
Structure and Lyman-a data. In addition, their mixings to the active neutrinos may induce
the radiative decays v; — v;7y that are well constrained by cosmic X-ray searches, see for
instance refs. [55, 56]. There are also severe constraints from Big Bang Nucleosynthesis
(BBN) and/or CMB, which would be relevant in the very low mass regime for sterile neu-
trinos. Indeed, sterile neutrinos decay and in order to evade BBN and CMB constrains,
they have to decay before the onset of BBN otherwise they can modify quantities as the
primordial helium abundance [121] and the effective number of neutrinos Neg as well as
produce effects in structure formation. On top of that, a large mixing of the KeV neutri-
nos with the active ones would also imply an overabundance of dark matter. A dedicated
study of the specific extension of the SM with two sterile neutrinos has been conducted in
for instance [53] where all possible cases for the (light) masses (and active-sterile mixings)
regimes of the two extra neutrinos have been considered, showing that the models are
strongly constrained for masses below O(100) MeV. All these constraints are put assuming
a standard cosmology and can be evaded if a non-standard cosmology is considered [57, 58],
or when sterile neutrinos couple to a dark sector [59, 122] or in an extended Left-Right
symmetric sector, allowing to evade bound from X-rays [68]. For this reason, these con-
straints are not taken into account in our numerical analysis. There are other alternatives
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to the seesaw mechanism discussed above, as for instance in models with an extended Higgs
sector, and the possibility that the Majorana mass term for neutrinos is generated by the
expectation value of a gauge-singlet Higgs boson. This is for instance considered in [10] in
which the relic abundance of sterile neutrinos does not necessarily depend on their mixing
angles, allowing the free-streaming length to be smaller than in the case when the dark
matter is produced by neutrino oscillations (Dodelson-Widrow mechanism) [123], relaxing
thus the bounds from X-rays.

B Parametrization of the lepton mixing matrix for the 3+2 model
The mixing matrix U for the N = 2 can be parametrized as
U = RysRss Ros Ris Raa Roa R4 Ros Ri3 Rao diag (1, €'%2, /%3, /%4, '99) , (B.1)

where R;; is the rotation matrix between 7 and j. For instance, the rotation matrix Rys is
explicitly given by

100 0 0
010 0 0
Ris=[001 0 0 : (B.2)

000 cos 045 sin 045045

000 —sinfyse5  cosbys

and likewise for the other matrices R;; (in terms of 6;; and 0;;.).

Since the number of Dirac phases is 6 for the case where IV = 2, four Dirac phases J;;
can be eliminated: we thus set d12 = do3 = dog = dy5 = 0.

Notice that the mixing matrix in eq. (3.4) for the case N = 1 can be obtained by
taking the 4 x 4 sub-matrix after substituting R;5s = 1 (and putting 5 = 0) in eq. (B.1).
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any medium, provided the original author(s) and source are credited.

References
[1] P. Minkowski, u — ey at a rate of one out of 10° muon decays?, Phys. Lett. B 67 (1977)
421 [INSPIRE].

[2] M. Gell-Mann, P. Ramond and R. Slansky, Complez spinors and unified theories, Conf.
Proc. C 790927 (1979) 315 [arXiv:1306.4669] [INSPIRE].

[3] T. Yanagida, Horizontal gauge symmetry and masses of neutrinos, Conf. Proc. C 7902131
(1979) 95 [INSPIRE].

[4] S.L. Glashow, The future of elementary particle physics, NATO Sci. Ser. B 61 (1980) 687
[INSPIRE].

[5] R.N. Mohapatra and G. Senjanovié, Neutrino mass and spontaneous parity
nonconservation, Phys. Rev. Lett. 44 (1980) 912 [INSPIRE].

— 95—


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1016/0370-2693(77)90435-X
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B67,421%22
https://arxiv.org/abs/1306.4669
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.4669
https://inspirehep.net/search?p=find+J+%22Conf.Proc.,C7902131,95%22
https://doi.org/10.1007/978-1-4684-7197-7_15
https://inspirehep.net/search?p=find+J+%22NATO Sci.Ser.B,61,687%22
https://doi.org/10.1103/PhysRevLett.44.912
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,44,912%22

[6]

[7]

[18]

[19]

[20]

J. Schechter and J.W.F. Valle, Neutrino masses in SU(2) x U(1) theories, Phys. Rev. D 22
(1980) 2227 [INSPIRE].

J. Schechter and J.W.F. Valle, Neutrino decay and spontaneous violation of lepton number,
Phys. Rev. D 25 (1982) 774 [INSPIRE].

A. Kusenko, Sterile neutrinos, dark matter and the pulsar velocities in models with a Higgs
singlet, Phys. Rev. Lett. 97 (2006) 241301 [hep-ph/0609081] [INSPIRE].

A. Kusenko, B.P. Mandal and A. Mukherjee, Delayed pulsar kicks from the emission of
sterile neutrinos, Phys. Rev. D 77 (2008) 123009 [arXiv:0801.4734] [INnSPIRE].

K. Petraki and A. Kusenko, Dark-matter sterile neutrinos in models with a gauge singlet in
the Higgs sector, Phys. Rev. D 77 (2008) 065014 [arXiv:0711.4646] INSPIRE].

K.N. Abazajian et al., Light sterile neutrinos: a white paper, arXiv:1204.5379 [INSPIRE].

K.N. Abazajian, Sterile neutrinos in cosmology, Phys. Rept. 711-712 (2017) 1
[arXiv:1705.01837] [INSPIRE].

M.B. Gavela, T. Hambye, D. Hernandez and P. Hernandez, Minimal flavour seesaw models,
JHEP 09 (2009) 038 [arXiv:0906.1461] [INSPIRE].

A. Ibarra, E. Molinaro and S.T. Petcov, TeV scale see-saw mechanisms of neutrino mass
generation, the Majorana nature of the heavy singlet neutrinos and (88)o,-decay, JHEP 09
(2010) 108 [arXiv:1007.2378] [InSPIRE].

A. Donini, P. Herndndez, J. Lopez-Pavon and M. Maltoni, Minimal models with light sterile
neutrinos, JHEP 07 (2011) 105 [arXiv:1106.0064| [INSPIRE].

A. Abada and M. Lucente, Looking for the minimal inverse seesaw realisation, Nucl. Phys.
B 885 (2014) 651 [arXiv:1401.1507] INSPIRE].

T. Asaka, S. Blanchet and M. Shaposhnikov, The vMSM, dark matter and neutrino masses,
Phys. Lett. B 631 (2005) 151 [hep-ph/0503065] [INSPIRE].

E.K. Akhmedov, V.A. Rubakov and A. Yu. Smirnov, Baryogenesis via neutrino oscillations,
Phys. Rev. Lett. 81 (1998) 1359 [hep-ph/9803255] [INSPIRE].

A. Atre, T. Han, S. Pascoli and B. Zhang, The search for heavy Majorana neutrinos, JHEP
05 (2009) 030 [arXiv:0901.3589] [INSPIRE].

A. Abada, V. De Romeri, M. Lucente, A.M. Teixeira and T. Toma, Effective Majorana
mass matriz from tau and pseudoscalar meson lepton number violating decays, JHEP 02
(2018) 169 [arXiv:1712.03984] [INSPIRE].

T.A. Mueller et al., Improved predictions of reactor antineutrino spectra, Phys. Rev. C 83
(2011) 054615 [arXiv:1101.2663] [INSPIRE].

P. Huber, On the determination of anti-neutrino spectra from nuclear reactors, Phys. Reuv.
C 84 (2011) 024617 [Erratum ibid. C 85 (2012) 029901] [arXiv:1106.0687] [INSPIRE].

G. Mention et al., The reactor antineutrino anomaly, Phys. Rev. D 83 (2011) 073006
[arXiv:1101.2755] INSPIRE].

M. Dentler et al., Updated global analysis of neutrino oscillations in the presence of eV-scale
sterile neutrinos, JHEP 08 (2018) 010 [arXiv:1803.10661] INSPIRE].

A. Kusenko, Sterile neutrinos: the dark side of the light fermions, Phys. Rept. 481 (2009) 1
[arXiv:0906.2968] INSPIRE].

— 96 —


https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.22.2227
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D22,2227%22
https://doi.org/10.1103/PhysRevD.25.774
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D25,774%22
https://doi.org/10.1103/PhysRevLett.97.241301
https://arxiv.org/abs/hep-ph/0609081
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0609081
https://doi.org/10.1103/PhysRevD.77.123009
https://arxiv.org/abs/0801.4734
https://inspirehep.net/search?p=find+EPRINT+arXiv:0801.4734
https://doi.org/10.1103/PhysRevD.77.065014
https://arxiv.org/abs/0711.4646
https://inspirehep.net/search?p=find+EPRINT+arXiv:0711.4646
https://arxiv.org/abs/1204.5379
https://inspirehep.net/search?p=find+EPRINT+arXiv:1204.5379
https://doi.org/10.1016/j.physrep.2017.10.003
https://arxiv.org/abs/1705.01837
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.01837
https://doi.org/10.1088/1126-6708/2009/09/038
https://arxiv.org/abs/0906.1461
https://inspirehep.net/search?p=find+EPRINT+arXiv:0906.1461
https://doi.org/10.1007/JHEP09(2010)108
https://doi.org/10.1007/JHEP09(2010)108
https://arxiv.org/abs/1007.2378
https://inspirehep.net/search?p=find+EPRINT+arXiv:1007.2378
https://doi.org/10.1007/JHEP07(2011)105
https://arxiv.org/abs/1106.0064
https://inspirehep.net/search?p=find+EPRINT+arXiv:1106.0064
https://doi.org/10.1016/j.nuclphysb.2014.06.003
https://doi.org/10.1016/j.nuclphysb.2014.06.003
https://arxiv.org/abs/1401.1507
https://inspirehep.net/search?p=find+EPRINT+arXiv:1401.1507
https://doi.org/10.1016/j.physletb.2005.09.070
https://arxiv.org/abs/hep-ph/0503065
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0503065
https://doi.org/10.1103/PhysRevLett.81.1359
https://arxiv.org/abs/hep-ph/9803255
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9803255
https://doi.org/10.1088/1126-6708/2009/05/030
https://doi.org/10.1088/1126-6708/2009/05/030
https://arxiv.org/abs/0901.3589
https://inspirehep.net/search?p=find+EPRINT+arXiv:0901.3589
https://doi.org/10.1007/JHEP02(2018)169
https://doi.org/10.1007/JHEP02(2018)169
https://arxiv.org/abs/1712.03984
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.03984
https://doi.org/10.1103/PhysRevC.83.054615
https://doi.org/10.1103/PhysRevC.83.054615
https://arxiv.org/abs/1101.2663
https://inspirehep.net/search?p=find+EPRINT+arXiv:1101.2663
https://doi.org/10.1103/PhysRevC.84.024617
https://doi.org/10.1103/PhysRevC.84.024617
https://doi.org/10.1103/PhysRevC.85.029901
https://arxiv.org/abs/1106.0687
https://inspirehep.net/search?p=find+EPRINT+arXiv:1106.0687
https://doi.org/10.1103/PhysRevD.83.073006
https://arxiv.org/abs/1101.2755
https://inspirehep.net/search?p=find+EPRINT+arXiv:1101.2755
https://doi.org/10.1007/JHEP08(2018)010
https://arxiv.org/abs/1803.10661
https://inspirehep.net/search?p=find+EPRINT+arXiv:1803.10661
https://doi.org/10.1016/j.physrep.2009.07.004
https://arxiv.org/abs/0906.2968
https://inspirehep.net/search?p=find+EPRINT+arXiv:0906.2968

[26]

[27]

28]

[29]

[30]

[35]

[36]

[37]

[38]

[39]

[40]

[44]

P.S.B. Dev, A. Pilaftsis and U.-K. Yang, New production mechanism for heavy neutrinos at
the LHC, Phys. Rev. Lett. 112 (2014) 081801 [arXiv:1308.2209] [INSPIRE].

LBNE collaboration, The Long-Baseline Neutrino Experiment: exploring fundamental
symmetries of the universe, arXiv:1307.7335 [INSPIRE].

W. Bonivento et al., Proposal to search for heavy neutral leptons at the SPS,
arXiv:1310.1762 [INSPIRE].

A. Blondel et al., Research proposal for an experiment to search for the decay p — eee,
arXiv:1301.6113 [INSPIRE].

A. Das, P.S. Bhupal Dev and N. Okada, Direct bounds on electroweak scale pseudo-Dirac
neutrinos from /s = 8 TeV LHC data, Phys. Lett. B 735 (2014) 364 [arXiv:1405.0177]
[INSPIRE].

F.F. Deppisch, P.S. Bhupal Dev and A. Pilaftsis, Neutrinos and collider physics, New J.
Phys. 17 (2015) 075019 [arXiv:1502.06541] [INSPIRE].

S. Alekhin et al., A facility to Search for Hidden Particles at the CERN SPS: the SHiP
physics case, Rept. Prog. Phys. 79 (2016) 124201 [arXiv:1504.04855] [INSPIRE].

SHIP collaboration, A facility to Search for Hidden Particles (SHiP) at the CERN SPS,
arXiv:1504.04956 [INSPIRE].

S. Banerjee, P.S.B. Dev, A. Ibarra, T. Mandal and M. Mitra, Prospects of heavy neutrino
searches at future lepton colliders, Phys. Rev. D 92 (2015) 075002 [arXiv:1503.05491]
[INSPIRE].

D. Alva, T. Han and R. Ruiz, Heavy Majorana neutrinos from W+ fusion at hadron
colliders, JHEP 02 (2015) 072 [arXiv:1411.7305] [INSPIRE].

E. Arganda, M.J. Herrero, X. Marcano and C. Weiland, Fzxotic urjj events from heavy 1SS
neutrinos at the LHC, Phys. Lett. B 752 (2016) 46 [arXiv:1508.05074] InSPIRE].

A. Das and N. Okada, Improved bounds on the heavy neutrino productions at the LHC,
Phys. Rev. D 93 (2016) 033003 [arXiv:1510.04790] [INSPIRE].

C. Degrande, O. Mattelaer, R. Ruiz and J. Turner, Fully-automated precision predictions
for heavy neutrino production mechanisms at hadron colliders, Phys. Rev. D 94 (2016)
053002 [arXiv:1602.06957] [INSPIRE].

R. Ruiz, M. Spannowsky and P. Waite, Heavy neutrinos from gluon fusion, Phys. Rev. D
96 (2017) 055042 [arXiv:1706.02298] [INSPIRE].

Y. Cai, T. Han, T. Li and R. Ruiz, Lepton number violation: seesaw models and their
collider tests, Front. Phys. 6 (2018) 40 [arXiv:1711.02180] [INSPIRE].

S. Pascoli, R. Ruiz and C. Weiland, Safe jet vetoes, Phys. Lett. B 786 (2018) 106
[arXiv:1805.09335] [INSPIRE].

R.E. Shrock, New tests for and bounds on, neutrino masses and lepton mizing, Phys. Lett.
B 96 (1980) 159 [INSPIRE].

KATRIN collaboration, KATRIN: a next generation tritium beta decay experiment with
sub-eV sensitivity for the electron neutrino mass. Letter of intent, hep-ex/0109033
[INSPIRE].

KATRIN collaboration, KATRIN design report 2004, FZKA-7090, (2005) [InSPIRE].

— 97 -


https://doi.org/10.1103/PhysRevLett.112.081801
https://arxiv.org/abs/1308.2209
https://inspirehep.net/search?p=find+EPRINT+arXiv:1308.2209
https://arxiv.org/abs/1307.7335
https://inspirehep.net/search?p=find+EPRINT+arXiv:1307.7335
https://arxiv.org/abs/1310.1762
https://inspirehep.net/search?p=find+EPRINT+arXiv:1310.1762
https://arxiv.org/abs/1301.6113
https://inspirehep.net/search?p=find+EPRINT+arXiv:1301.6113
https://doi.org/10.1016/j.physletb.2014.06.058
https://arxiv.org/abs/1405.0177
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.0177
https://doi.org/10.1088/1367-2630/17/7/075019
https://doi.org/10.1088/1367-2630/17/7/075019
https://arxiv.org/abs/1502.06541
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.06541
https://doi.org/10.1088/0034-4885/79/12/124201
https://arxiv.org/abs/1504.04855
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.04855
https://arxiv.org/abs/1504.04956
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.04956
https://doi.org/10.1103/PhysRevD.92.075002
https://arxiv.org/abs/1503.05491
https://inspirehep.net/search?p=find+EPRINT+arXiv:1503.05491
https://doi.org/10.1007/JHEP02(2015)072
https://arxiv.org/abs/1411.7305
https://inspirehep.net/search?p=find+EPRINT+arXiv:1411.7305
https://doi.org/10.1016/j.physletb.2015.11.013
https://arxiv.org/abs/1508.05074
https://inspirehep.net/search?p=find+EPRINT+arXiv:1508.05074
https://doi.org/10.1103/PhysRevD.93.033003
https://arxiv.org/abs/1510.04790
https://inspirehep.net/search?p=find+EPRINT+arXiv:1510.04790
https://doi.org/10.1103/PhysRevD.94.053002
https://doi.org/10.1103/PhysRevD.94.053002
https://arxiv.org/abs/1602.06957
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.06957
https://doi.org/10.1103/PhysRevD.96.055042
https://doi.org/10.1103/PhysRevD.96.055042
https://arxiv.org/abs/1706.02298
https://inspirehep.net/search?p=find+EPRINT+arXiv:1706.02298
https://doi.org/10.3389/fphy.2018.00040
https://arxiv.org/abs/1711.02180
https://inspirehep.net/search?p=find+EPRINT+arXiv:1711.02180
https://doi.org/10.1016/j.physletb.2018.08.060
https://arxiv.org/abs/1805.09335
https://inspirehep.net/search?p=find+EPRINT+arXiv:1805.09335
https://doi.org/10.1016/0370-2693(80)90235-X
https://doi.org/10.1016/0370-2693(80)90235-X
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B96,159%22
https://arxiv.org/abs/hep-ex/0109033
https://inspirehep.net/search?p=find+EPRINT+hep-ex/0109033
https://inspirehep.net/search?p=find+recid+680949

[45]

[46]

[47]

S. Mertens et al., Sensitivity of next-generation tritium beta-decay experiments for keV-scale
sterile neutrinos, JCAP 02 (2015) 020 [arXiv:1409.0920] [NSPIRE].

S. Mertens et al., Wavelet approach to search for sterile neutrinos in tritium [-decay
spectra, Phys. Rev. D 91 (2015) 042005 [arXiv:1410.7684] [INSPIRE].

KATRIN collaboration, Status of the KATRIN experiment and prospects to search for
keV-mass sterile neutrinos in tritium B-decay, Phys. Procedia 61 (2015) 267 [INSPIRE].

N.M.N. Steinbrink, J.D. Behrens, S. Mertens, P.C.-O. Ranitzsch and C. Weinheimer,
keV-scale sterile neutrino sensitivity estimation with time-of-flight spectroscopy in KATRIN
using self-consistent approxzimate Monte Carlo, Eur. Phys. J. C 78 (2018) 212
[arXiv:1710.04939] [INSPIRE].

A.S. Riis and S. Hannestad, Detecting sterile neutrinos with KATRIN like experiments,
JCAP 02 (2011) 011 [arXiv:1008.1495] [INSPIRE].

J.A. Formaggio and J. Barrett, Resolving the reactor neutrino anomaly with the KATRIN
neutrino experiment, Phys. Lett. B 706 (2011) 68 [arXiv:1105.1326] [INSPIRE].

A. Esmaili and O.L.G. Peres, KATRIN sensitivity to sterile neutrino mass in the shadow of
lightest neutrino mass, Phys. Rev. D 85 (2012) 117301 [arXiv:1203.2632] INSPIRE].

A. Boyarsky, M. Drewes, T. Lasserre, S. Mertens and O. Ruchayskiy, Sterile neutrino dark
matter, Prog. Part. Nucl. Phys. 104 (2019) 1 [arXiv:1807.07938] [INSPIRE].

P. Hernandez, M. Kekic and J. Lopez-Pavon, Neg in low-scale seesaw models versus the
lightest neutrino mass, Phys. Rev. D 90 (2014) 065033 [arXiv:1406.2961] [INSPIRE].

R. Shrock, Decay L° — vy in gauge theories of weak and electromagnetic interactions,
Phys. Rev. D 9 (1974) 743 [nSPIRE].

M. Loewenstein, A. Kusenko and P.L. Biermann, New limits on sterile neutrinos from
Suzaku observations of the Ursa Minor dwarf spheroidal galazy, Astrophys. J. 700 (2009)
426 [arXiv:0812.2710] [INSPIRE].

M. Loewenstein and A. Kusenko, Dark matter search using XMM-Newton observations of
Willman 1, Astrophys. J. 751 (2012) 82 [arXiv:1203.5229] INSPIRE].

G. Gelmini, S. Palomares-Ruiz and S. Pascoli, Low reheating temperature and the visible
sterile neutrino, Phys. Rev. Lett. 93 (2004) 081302 [astro-ph/0403323] [iINSPIRE].

G. Gelmini, E. Osoba, S. Palomares-Ruiz and S. Pascoli, MeV sterile neutrinos in low
reheating temperature cosmological scenarios, JCAP 10 (2008) 029 [arXiv:0803.2735]
[INSPIRE].

F. Bezrukov, A. Chudaykin and D. Gorbunov, Hiding an elephant: heavy sterile neutrino
with large mizing angle does not contradict cosmology, JCAP 06 (2017) 051
[arXiv:1705.02184] INSPIRE].

P. Benes, A. Faessler, F. Simkovic and S. Kovalenko, Sterile neutrinos in neutrinoless
double beta decay, Phys. Rev. D 71 (2005) 077901 [hep-ph/0501295] [INSPIRE].

M. Blennow, E. Fernandez-Martinez, J. Lopez-Pavon and J. Menendez, Neutrinoless double
beta decay in seesaw models, JHEP 07 (2010) 096 [arXiv:1005.3240] [INSPIRE].

S.M. Barr, A different seesaw formula for neutrino masses, Phys. Rev. Lett. 92 (2004)
101601 [hep-ph/0309152] [INSPIRE].

~ 98 —


https://doi.org/10.1088/1475-7516/2015/02/020
https://arxiv.org/abs/1409.0920
https://inspirehep.net/search?p=find+EPRINT+arXiv:1409.0920
https://doi.org/10.1103/PhysRevD.91.042005
https://arxiv.org/abs/1410.7684
https://inspirehep.net/search?p=find+EPRINT+arXiv:1410.7684
https://doi.org/10.1016/j.phpro.2014.12.043
https://inspirehep.net/search?p=find+J+%22Phys.Procedia,61,267%22
https://doi.org/10.1140/epjc/s10052-018-5656-9
https://arxiv.org/abs/1710.04939
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.04939
https://doi.org/10.1088/1475-7516/2011/02/011
https://arxiv.org/abs/1008.1495
https://inspirehep.net/search?p=find+EPRINT+arXiv:1008.1495
https://doi.org/10.1016/j.physletb.2011.10.069
https://arxiv.org/abs/1105.1326
https://inspirehep.net/search?p=find+EPRINT+arXiv:1105.1326
https://doi.org/10.1103/PhysRevD.85.117301
https://arxiv.org/abs/1203.2632
https://inspirehep.net/search?p=find+EPRINT+arXiv:1203.2632
https://doi.org/10.1016/j.ppnp.2018.07.004
https://arxiv.org/abs/1807.07938
https://inspirehep.net/search?p=find+EPRINT+arXiv:1807.07938
https://doi.org/10.1103/PhysRevD.90.065033
https://arxiv.org/abs/1406.2961
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.2961
https://doi.org/10.1103/PhysRevD.9.743
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D9,743%22
https://doi.org/10.1088/0004-637X/700/1/426
https://doi.org/10.1088/0004-637X/700/1/426
https://arxiv.org/abs/0812.2710
https://inspirehep.net/search?p=find+EPRINT+arXiv:0812.2710
https://doi.org/10.1088/0004-637X/751/2/82
https://arxiv.org/abs/1203.5229
https://inspirehep.net/search?p=find+EPRINT+arXiv:1203.5229
https://doi.org/10.1103/PhysRevLett.93.081302
https://arxiv.org/abs/astro-ph/0403323
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0403323
https://doi.org/10.1088/1475-7516/2008/10/029
https://arxiv.org/abs/0803.2735
https://inspirehep.net/search?p=find+EPRINT+arXiv:0803.2735
https://doi.org/10.1088/1475-7516/2017/06/051
https://arxiv.org/abs/1705.02184
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.02184
https://doi.org/10.1103/PhysRevD.71.077901
https://arxiv.org/abs/hep-ph/0501295
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0501295
https://doi.org/10.1007/JHEP07(2010)096
https://arxiv.org/abs/1005.3240
https://inspirehep.net/search?p=find+EPRINT+arXiv:1005.3240
https://doi.org/10.1103/PhysRevLett.92.101601
https://doi.org/10.1103/PhysRevLett.92.101601
https://arxiv.org/abs/hep-ph/0309152
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0309152

[63]

[64]

[65]

[66]

[67]

M. Malinsky, J.C. Romao and J.W.F. Valle, Novel supersymmetric SO(10) seesaw
mechanism, Phys. Rev. Lett. 95 (2005) 161801 [hep-ph/0506296] [INSPIRE].

D. Wyler and L. Wolfenstein, Massless neutrinos in left-right symmetric models, Nucl.
Phys. B 218 (1983) 205 [INSPIRE].

R.N. Mohapatra and J.W.F. Valle, Neutrino mass and baryon number nonconservation in
superstring models, Phys. Rev. D 34 (1986) 1642 [INSPIRE].

M.C. Gonzalez-Garcia and J.W.F. Valle, Fast decaying neutrinos and observable flavor
violation in a new class of majoron models, Phys. Lett. B 216 (1989) 360 [INSPIRE].

A. Abada, G. Arcadi, V. Domcke and M. Lucente, Neutrino masses, leptogenesis and dark
matter from small lepton number violation?, JCAP 12 (2017) 024 [arXiv:1709.00415]
[INSPIRE].

J. Barry, J. Heeck and W. Rodejohann, Sterile neutrinos and right-handed currents in
KATRIN, JHEP 07 (2014) 081 [arXiv:1404.5955] [inSPIRE].

W. Rodejohann and H. Zhang, Signatures of extra dimensional sterile neutrinos, Phys. Lett.
B 737 (2014) 81 [arXiv:1407.2739] INSPIRE].

P.O. Ludl and W. Rodejohann, Direct neutrino mass experiments and exotic charged
current interactions, JHEP 06 (2016) 040 [arXiv:1603.08690] [INSPIRE].

H.J. de Vega, O. Moreno, E.M. de Guerra, M.R. Medrano and N.G. Sanchez, Role of sterile
neutrino warm dark matter in rhenium and tritium beta decays, Nucl. Phys. B 866 (2013)
177 [arXiv:1109.3452] [INSPIRE].

C. Kraus et al., Final results from phase II of the Mainz neutrino mass search in tritium
beta decay, Eur. Phys. J. C 40 (2005) 447 [hep-ex/0412056] [INSPIRE].

TROITSK collaboration, An upper limit on electron antineutrino mass from Troitsk
experiment, Phys. Rev. D 84 (2011) 112003 [arXiv:1108.5034] [INSPIRE].

J.N. Abdurashitov et al., First measurements in search for keV-sterile neutrino in tritium
beta-decay by Troitsk nu-mass experiment, Pisma Zh. Fksp. Teor. Fiz. 105 (2017) 723
[JETP Lett. 105 (2017) 753] [arXiv:1703.10779] [INSPIRE].

W. Rodejohann, Neutrino-less double beta decay and particle physics, Int. J. Mod. Phys. E
20 (2011) 1833 [arXiv:1106.1334] [INSPIRE].

F.F. Deppisch, M. Hirsch and H. Pas, Neutrinoless double beta decay and physics beyond
the Standard Model, J. Phys. G 39 (2012) 124007 [arXiv:1208.0727] [nSPIRE].

S.M. Bilenky and C. Giunti, Neutrinoless double-beta decay: a probe of physics beyond the
Standard Model, Int. J. Mod. Phys. A 30 (2015) 1530001 [arXiv:1411.4791] [INSPIRE].

H. Pis and W. Rodejohann, Neutrinoless double beta decay, New J. Phys. 17 (2015) 115010
[arXiv:1507.00170] [INSPIRE].

S. Dell’Oro, S. Marcocci, M. Viel and F. Vissani, Neutrinoless double beta decay: 2015
review, Adv. High Energy Phys. 2016 (2016) 2162659 [arXiv:1601.07512] [INSPIRE].

KAMLAND-ZEN collaboration, Limit on neutrinoless 33 decay of 36 Xe from the first
phase of KamLAND-Zen and comparison with the positive claim in "® Ge, Phys. Rev. Lett.
110 (2013) 062502 [arXiv:1211.3863] [INSPIRE].

~ 99 —


https://doi.org/10.1103/PhysRevLett.95.161801
https://arxiv.org/abs/hep-ph/0506296
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0506296
https://doi.org/10.1016/0550-3213(83)90482-0
https://doi.org/10.1016/0550-3213(83)90482-0
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B218,205%22
https://doi.org/10.1103/PhysRevD.34.1642
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D34,1642%22
https://doi.org/10.1016/0370-2693(89)91131-3
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B216,360%22
https://doi.org/10.1088/1475-7516/2017/12/024
https://arxiv.org/abs/1709.00415
https://inspirehep.net/search?p=find+EPRINT+arXiv:1709.00415
https://doi.org/10.1007/JHEP07(2014)081
https://arxiv.org/abs/1404.5955
https://inspirehep.net/search?p=find+EPRINT+arXiv:1404.5955
https://doi.org/10.1016/j.physletb.2014.08.035
https://doi.org/10.1016/j.physletb.2014.08.035
https://arxiv.org/abs/1407.2739
https://inspirehep.net/search?p=find+EPRINT+arXiv:1407.2739
https://doi.org/10.1007/JHEP06(2016)040
https://arxiv.org/abs/1603.08690
https://inspirehep.net/search?p=find+EPRINT+arXiv:1603.08690
https://doi.org/10.1016/j.nuclphysb.2012.08.019
https://doi.org/10.1016/j.nuclphysb.2012.08.019
https://arxiv.org/abs/1109.3452
https://inspirehep.net/search?p=find+EPRINT+arXiv:1109.3452
https://doi.org/10.1140/epjc/s2005-02139-7
https://arxiv.org/abs/hep-ex/0412056
https://inspirehep.net/search?p=find+EPRINT+hep-ex/0412056
https://doi.org/10.1103/PhysRevD.84.112003
https://arxiv.org/abs/1108.5034
https://inspirehep.net/search?p=find+EPRINT+arXiv:1108.5034
https://doi.org/10.1134/S0021364017120013
https://arxiv.org/abs/1703.10779
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.10779
https://doi.org/10.1142/S0218301311020186
https://doi.org/10.1142/S0218301311020186
https://arxiv.org/abs/1106.1334
https://inspirehep.net/search?p=find+EPRINT+arXiv:1106.1334
https://doi.org/10.1088/0954-3899/39/12/124007
https://arxiv.org/abs/1208.0727
https://inspirehep.net/search?p=find+EPRINT+arXiv:1208.0727
https://doi.org/10.1142/S0217751X1530001X
https://arxiv.org/abs/1411.4791
https://inspirehep.net/search?p=find+EPRINT+arXiv:1411.4791
https://doi.org/10.1088/1367-2630/17/11/115010
https://arxiv.org/abs/1507.00170
https://inspirehep.net/search?p=find+EPRINT+arXiv:1507.00170
https://doi.org/10.1155/2016/2162659
https://arxiv.org/abs/1601.07512
https://inspirehep.net/search?p=find+EPRINT+arXiv:1601.07512
https://doi.org/10.1103/PhysRevLett.110.062502
https://doi.org/10.1103/PhysRevLett.110.062502
https://arxiv.org/abs/1211.3863
https://inspirehep.net/search?p=find+EPRINT+arXiv:1211.3863

[81] KAMLAND-ZEN collaboration, Search for Majorana neutrinos near the inverted mass
hierarchy region with KamLAND-Zen, Phys. Rev. Lett. 117 (2016) 082503 [Addendum ibid.
117 (2016) 109903] [arXiv:1605.02889] [INSPIRE].

[82] GERDA collaboration, Improved limit on neutrinoless double-3 decay of " Ge from
GERDA phase II, Phys. Rev. Lett. 120 (2018) 132503 [arXiv:1803.11100] [INSPIRE].

[83] MAJORANA collaboration, Search for neutrinoless double-3 decay in "® Ge with the Majorana
demonstrator, Phys. Rev. Lett. 120 (2018) 132502 [arXiv:1710.11608] [INSPIRE].

[84] EXO-200 collaboration, Search for neutrinoless double-beta decay in 3% Xe with EX0-200,
Phys. Rev. Lett. 109 (2012) 032505 [arXiv:1205.5608] [INSPIRE].

[85] EXO-200 collaboration, Search for Majorana neutrinos with the first two years of EX0-200
data, Nature 510 (2014) 229 [arXiv:1402.6956] [INSPIRE].

[86] EXO collaboration, Search for neutrinoless double-beta decay with the upgraded EXO0-200
detector, Phys. Rev. Lett. 120 (2018) 072701 [arXiv:1707.08707] [iINSPIRE].

[87) CUORE collaboration, First results from CUORE: a search for lepton number violation via
0vBB decay of 3° Te, Phys. Rev. Lett. 120 (2018) 132501 [arXiv:1710.07988] [INSPIRE].

[88] CUPID-0 collaboration, First result on the neutrinoless double-f decay of 2 Se with
CUPID-0, Phys. Rev. Lett. 120 (2018) 232502 [arXiv:1802.07791] [INSPIRE].

[89] W. Maneschg, Present status of neutrinoless double beta decay searches, in Proceedings,
Prospects in Neutrino Physics (NuPhys2016), London, U.K., 12-14 December 2016
[arXiv:1704.08537] [iNSPIRE].

[90] EXO-200 collaboration, The search for neutrino-less double-beta decay: summary of
current experiments, in Proceedings, 14™ ICATPP conference on astroparticle, particle,
space physics and detectors for physics applications (ICATPP 2013), Como, Italy, 23-27
September 2013, World Scientific, Singapore, (2014), pg. 304 [arXiv:1402.1170] [INSPIRE].

[91] NEXO collaboration, The sensitivity of the nEXO experiment to Majorana neutrinos, J.
Phys. Conf. Ser. 888 (2017) 012237 [InSPIRE].

[92] KAMLAND-ZEN collaboration, Status of balloon production for KamLAND-Zen 800 kg
phase, Nucl. Instrum. Meth. A 845 (2017) 410 [INSPIRE].

[93] M. Agostini et al., Background-free search for neutrinoless double-3 decay of "® Ge with
GERDA, arXiv:1703.00570 [INSPIRE].

[94] D.G. Phillips, II et al., The Majorana experiment: an ultra-low background search for
neutrinoless double-beta decay, J. Phys. Conf. Ser. 381 (2012) 012044 [arXiv:1111.5578]
[INSPIRE].

[95] J.F. Wilkerson et al., The Majorana demonstrator: a search for neutrinoless double-beta
decay of germanium-76, J. Phys. Conf. Ser. 375 (2012) 042010 [INSPIRE].

[96) LEGEND collaboration, The Large Enriched Germanium Ezperiment for Neutrinoless
Double beta decay (LEGEND), AIP Conf. Proc. 1894 (2017) 020027 [arXiv:1709.01980]
[INSPIRE].

[97] CUORE collaboration, The CUORE experiment: status and prospects, J. Phys. Conf. Ser.
375 (2012) 042013 [INSPIRE].

[98] CUORE collaboration, Initial performance of the CUORE-0 experiment, Eur. Phys. J. C
74 (2014) 2956 [arXiv:1402.0922] [INSPIRE].

— 30 —


https://doi.org/10.1103/PhysRevLett.117.082503
https://doi.org/10.1103/PhysRevLett.117.109903
https://doi.org/10.1103/PhysRevLett.117.109903
https://arxiv.org/abs/1605.02889
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.02889
https://doi.org/10.1103/PhysRevLett.120.132503
https://arxiv.org/abs/1803.11100
https://inspirehep.net/search?p=find+EPRINT+arXiv:1803.11100
https://doi.org/10.1103/PhysRevLett.120.132502
https://arxiv.org/abs/1710.11608
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.11608
https://doi.org/10.1103/PhysRevLett.109.032505
https://arxiv.org/abs/1205.5608
https://inspirehep.net/search?p=find+EPRINT+arXiv:1205.5608
https://doi.org/10.1038/nature13432
https://arxiv.org/abs/1402.6956
https://inspirehep.net/search?p=find+EPRINT+arXiv:1402.6956
https://doi.org/10.1103/PhysRevLett.120.072701
https://arxiv.org/abs/1707.08707
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.08707
https://doi.org/10.1103/PhysRevLett.120.132501
https://arxiv.org/abs/1710.07988
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.07988
https://doi.org/10.1103/PhysRevLett.120.232502
https://arxiv.org/abs/1802.07791
https://inspirehep.net/search?p=find+EPRINT+arXiv:1802.07791
https://arxiv.org/abs/1704.08537
https://inspirehep.net/search?p=find+EPRINT+arXiv:1704.08537
https://doi.org/10.1142/9789814603164_0047
https://arxiv.org/abs/1402.1170
https://inspirehep.net/search?p=find+EPRINT+arXiv:1402.1170
https://doi.org/10.1088/1742-6596/888/1/012237
https://doi.org/10.1088/1742-6596/888/1/012237
https://inspirehep.net/search?p=find+J+%22J.Phys.Conf.Ser.,888,012237%22
https://doi.org/10.1016/j.nima.2016.06.059
https://inspirehep.net/search?p=find+J+%22Nucl.Instrum.Meth.,A845,410%22
https://arxiv.org/abs/1703.00570
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.00570
https://doi.org/10.1088/1742-6596/381/1/012044
https://arxiv.org/abs/1111.5578
https://inspirehep.net/search?p=find+EPRINT+arXiv:1111.5578
https://doi.org/10.1088/1742-6596/375/1/042010
https://inspirehep.net/search?p=find+J+%22J.Phys.Conf.Ser.,375,042010%22
https://doi.org/10.1063/1.5007652
https://arxiv.org/abs/1709.01980
https://inspirehep.net/search?p=find+EPRINT+arXiv:1709.01980
https://doi.org/10.1088/1742-6596/375/1/042013
https://doi.org/10.1088/1742-6596/375/1/042013
https://inspirehep.net/search?p=find+J+%22J.Phys.Conf.Ser.,375,042013%22
https://doi.org/10.1140/epjc/s10052-014-2956-6
https://doi.org/10.1140/epjc/s10052-014-2956-6
https://arxiv.org/abs/1402.0922
https://inspirehep.net/search?p=find+EPRINT+arXiv:1402.0922

[99]

[100]

[101]

[102]

[103]

[104]

[105)

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

CUORE collaboration, Searching for neutrinoless double-beta decay of 3° Te with CUORE,
Adv. High Energy Phys. 2015 (2015) 879871 [arXiv:1402.6072] [INSPIRE].

SNO+ collaboration, Neutrinoless double beta decay with SNO+, J. Phys. Conf. Ser. 375
(2012) 042015 [arXiv:1201.6169] [INSPIRE].

SNO+ collaboration, The SNO+ experiment for neutrinoless double-beta decay, Nucl. Part.
Phys. Proc. 273-275 (2016) 1836 [INSPIRE].

A.S. Barabash, SeperNEMO double beta decay experiment, J. Phys. Conf. Ser. 375 (2012)
042012 [arXiv:1112.1784] [INSPIRE].

S. Karki, P. Aryal, H.J. Kim, Y.D. Kim and H.K. Park, Determination of Mo- and
Ca-isotope ratios in Ca'®°MoO, crystal for AMoRE-I experiment, Nucl. Instrum. Meth. A
877 (2018) 328 [INSPIRE].

AMORE collaboration, Status of the AMoRE experiment, J. Phys. Conf. Ser. 888 (2017)
012232 [INSPIRE].

NEXT collaboration, NEXT, a HPGXe TPC for neutrinoless double beta decay searches,
arXiv:0907.4054 [INSPIRE].

NEXT collaboration, Present status and future perspectives of the NEXT experiment, Adv.
High Energy Phys. 2014 (2014) 907067 [arXiv:1307.3914] [INSPIRE].

A. Tlakovac and A. Pilaftsis, Flavor violating charged lepton decays in seesaw-type models,
Nucl. Phys. B 437 (1995) 491 [hep-ph/9403398] [INSPIRE].

R. Alonso, M. Dhen, M.B. Gavela and T. Hambye, Muon conversion to electron in nuclei in
type-I seesaw models, JHEP 01 (2013) 118 [arXiv:1209.2679] [iINSPIRE].

J.A. Casas and A. Ibarra, Oscillating neutrinos and p — e,, Nucl. Phys. B 618 (2001)
171 [hep-ph/0103065] [INSPIRE].

S. Antusch, M. Blennow, E. Fernandez-Martinez and J. Lopez-Pavon, Probing non-unitary
mixing and CP-violation at a neutrino factory, Phys. Rev. D 80 (2009) 033002
[arXiv:0903.3986] [INSPIRE].

G. 't Hooft, Naturalness, chiral symmetry, and spontaneous chiral symmetry breaking,
NATO Sci. Ser. B 59 (1980) 135 [NSPIRE].

I. Esteban, M.C. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler and T. Schwetz, Updated
fit to three neutrino mixing: exploring the accelerator-reactor complementarity, JHEP 01
(2017) 087 [arXiv:1611.01514] INSPIRE].

T. Asaka and M. Shaposhnikov, The v MSM, dark matter and baryon asymmetry of the
universe, Phys. Lett. B 620 (2005) 17 [hep-ph/0505013] [INSPIRE].

F.L. Bezrukov, v MSM-predictions for neutrinoless double beta decay, Phys. Rev. D 72
(2005) 071303 [hep-ph/0505247] [INSPIRE].

T. Asaka, S. Eijima and H. Ishida, Mizing of active and sterile neutrinos, JHEP 04 (2011)
011 [arXiv:1101.1382] [INSPIRE].

T. Asaka, S. Eijima and H. Ishida, On neutrinoless double beta decay in the vMSM, Phys.
Lett. B 762 (2016) 371 [arXiv:1606.06686] [INSPIRE].

P. Hernédndez, M. Kekic, J. Lopez-Pavén, J. Racker and J. Salvado, Testable baryogenesis in
seesaw models, JHEP 08 (2016) 157 [arXiv:1606.06719] [INSPIRE].

~ 31—


https://doi.org/10.1155/2015/879871
https://arxiv.org/abs/1402.6072
https://inspirehep.net/search?p=find+EPRINT+arXiv:1402.6072
https://doi.org/10.1088/1742-6596/375/1/042015
https://doi.org/10.1088/1742-6596/375/1/042015
https://arxiv.org/abs/1201.6169
https://inspirehep.net/search?p=find+EPRINT+arXiv:1201.6169
https://doi.org/10.1016/j.nuclphysBPS.2015.09.296
https://doi.org/10.1016/j.nuclphysBPS.2015.09.296
https://inspirehep.net/search?p=find+J+%22Nucl.Part.Phys.Proc.,273-275,1836%22
https://doi.org/10.1088/1742-6596/375/1/042012
https://doi.org/10.1088/1742-6596/375/1/042012
https://arxiv.org/abs/1112.1784
https://inspirehep.net/search?p=find+EPRINT+arXiv:1112.1784
https://doi.org/10.1016/j.nima.2017.10.007
https://doi.org/10.1016/j.nima.2017.10.007
https://inspirehep.net/search?p=find+J+%22Nucl.Instrum.Meth.,A877,328%22
https://doi.org/10.1088/1742-6596/888/1/012232
https://doi.org/10.1088/1742-6596/888/1/012232
https://inspirehep.net/search?p=find+J+%22J.Phys.Conf.Ser.,888,012232%22
https://arxiv.org/abs/0907.4054
https://inspirehep.net/search?p=find+EPRINT+arXiv:0907.4054
https://doi.org/10.1155/2014/907067
https://doi.org/10.1155/2014/907067
https://arxiv.org/abs/1307.3914
https://inspirehep.net/search?p=find+EPRINT+arXiv:1307.3914
https://doi.org/10.1016/0550-3213(94)00567-X
https://arxiv.org/abs/hep-ph/9403398
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9403398
https://doi.org/10.1007/JHEP01(2013)118
https://arxiv.org/abs/1209.2679
https://inspirehep.net/search?p=find+EPRINT+arXiv:1209.2679
https://doi.org/10.1016/S0550-3213(01)00475-8
https://doi.org/10.1016/S0550-3213(01)00475-8
https://arxiv.org/abs/hep-ph/0103065
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0103065
https://doi.org/10.1103/PhysRevD.80.033002
https://arxiv.org/abs/0903.3986
https://inspirehep.net/search?p=find+EPRINT+arXiv:0903.3986
https://doi.org/10.1007/978-1-4684-7571-5_9
https://inspirehep.net/search?p=find+J+%22NATO Sci.Ser.B,59,135%22
https://doi.org/10.1007/JHEP01(2017)087
https://doi.org/10.1007/JHEP01(2017)087
https://arxiv.org/abs/1611.01514
https://inspirehep.net/search?p=find+EPRINT+arXiv:1611.01514
https://doi.org/10.1016/j.physletb.2005.06.020
https://arxiv.org/abs/hep-ph/0505013
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0505013
https://doi.org/10.1103/PhysRevD.72.071303
https://doi.org/10.1103/PhysRevD.72.071303
https://arxiv.org/abs/hep-ph/0505247
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0505247
https://doi.org/10.1007/JHEP04(2011)011
https://doi.org/10.1007/JHEP04(2011)011
https://arxiv.org/abs/1101.1382
https://inspirehep.net/search?p=find+EPRINT+arXiv:1101.1382
https://doi.org/10.1016/j.physletb.2016.09.044
https://doi.org/10.1016/j.physletb.2016.09.044
https://arxiv.org/abs/1606.06686
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.06686
https://doi.org/10.1007/JHEP08(2016)157
https://arxiv.org/abs/1606.06719
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.06719

[118]

[119]

[120]

[121]

[122]

[123]

M.C. Gonzalez-Garcia, M. Maltoni and T. Schwetz, Updated fit to three neutrino mizing:
status of leptonic CP-violation, JHEP 11 (2014) 052 [arXiv:1409.5439] [INSPIRE].

A. Yu. Smirnov and R. Zukanovich Funchal, Sterile neutrinos: direct mizing effects versus
induced mass matriz of active neutrinos, Phys. Rev. D 74 (2006) 013001 [hep-ph/0603009]
[INSPIRE].

M. Drewes et al., A White Paper on keV Sterile Neutrino Dark Matter, JCAP 01 (2017)
025 [arXiv:1602.04816] [INSPIRE].

M. Kawasaki, K. Kohri and N. Sugiyama, MeV scale reheating temperature and
thermalization of neutrino background, Phys. Rev. D 62 (2000) 023506 [astro-ph/0002127]
[INSPIRE].

B. Dasgupta and J. Kopp, Cosmologically Safe eV-Scale Sterile Neutrinos and Improved
Dark Matter Structure, Phys. Rev. Lett. 112 (2014) 031803 [arXiv:1310.6337| [INSPIRE].

S. Dodelson and L.M. Widrow, Sterile-neutrinos as dark matter, Phys. Rev. Lett. 72 (1994)
17 [hep-ph/9303287] [INSPIRE].

~32 -


https://doi.org/10.1007/JHEP11(2014)052
https://arxiv.org/abs/1409.5439
https://inspirehep.net/search?p=find+EPRINT+arXiv:1409.5439
https://doi.org/10.1103/PhysRevD.74.013001
https://arxiv.org/abs/hep-ph/0603009
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0603009
https://doi.org/10.1088/1475-7516/2017/01/025
https://doi.org/10.1088/1475-7516/2017/01/025
https://arxiv.org/abs/1602.04816
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.04816
https://doi.org/10.1103/PhysRevD.62.023506
https://arxiv.org/abs/astro-ph/0002127
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0002127
https://doi.org/10.1103/PhysRevLett.112.031803
https://arxiv.org/abs/1310.6337
https://inspirehep.net/search?p=find+EPRINT+arXiv:1310.6337
https://doi.org/10.1103/PhysRevLett.72.17
https://doi.org/10.1103/PhysRevLett.72.17
https://arxiv.org/abs/hep-ph/9303287
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9303287

	Introduction
	Present and future experimental situation
	Tritium beta decay experiments
	Neutrinoless double beta decay experimental status

	Minimal extensions of the SM involving sterile fermions
	Effective 3+N models
	Mixing matrix 3+N: parametrization

	Minimal seesaw mechanisms with two sterile fermions
	Type-I seesaw with two right-handed neutrinos and parametrization
	Approximate lepton number symmetry: linear and inverse seesaw with 2 sterile fermions

	LISS parametrization

	Numerical results and discussion
	Results for the 3+N model 
	Type-I seesaw with two RH neutrinos
	Results for the LISS scenario

	Conclusions
	Constraints on sterile fermion hypothesis
	Neutrino oscillation data
	Direct searches
	Cosmological and astrophysical constraints

	Parametrization of the lepton mixing matrix for the 3+2 model

