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Abstract

In this work we consider a simple extension of the Standard Model involving additional fermionic sin-
glets and assume an underlying inverse seesaw mechanism (with one or more right-handed neutrinos and
one or more sterile fermions) for neutrino mass generation. Under the assumption that both sterile states
and right-handed neutrinos are present, our goal is to determine which is the minimal inverse seesaw reali-
sation that accounts for neutrino data while at the same time complying with all experimental requirements
(electroweak precision tests and laboratory constraints). This study aims at identifying the minimal inverse
seesaw realisation for the 3-flavour and for the 3 4+ more-mixing schemes, the latter giving an explanation
for the reactor anomalies and/or providing a possible candidate for the dark matter of the Universe. Based
on a perturbative approach, our generic study shows that in the class of inverse seesaw models giving rise to
a 3-flavour flavour mixing scheme, only two mass scales are relevant (the light neutrino mass scale, m, and
the mass of the right-handed neutrinos, M) while in the case of a 3 4 1-mixing scheme, an additional mass
scale (i € [my, MR]) is required. For each of the two obtained inverse seesaw frameworks, we conduct a
thorough numerical analysis, providing predictions for the hierarchy of the light neutrino spectrum and for
the effective mass in neutrinoless double beta decay.
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(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.
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1. Introduction

Oscillation experiments have established a clear evidence for two oscillation frequencies
(Aml.zj) — implying that at least two neutrino states are massive — as well as the basic structure
of a 3-flavour leptonic mixing matrix (for a recent review, see [ 1]). However, current reactor [2],
accelerator [3.4] and Gallium anomalies [5] suggest that there might be some extra fermionic
gauge singlets with mass(es) in the eV range. This would imply that instead of the three-neutrino
mixing scheme, one would have a 3 4 1-neutrino (or 3 4+ more) mixing schemes (for a global
overview, see [0]).

Sterile fermionic states (not necessarily light) are present in several neutrino mass models and
their masses can range from well below the electroweak scale up to the Planck scale. Other than
the reactor and accelerator anomalies, the existence of sterile states is also motivated by certain
indications from large scale structure formation [7,8]. Nevertheless, due to the mixings of the
sterile fermionic states with the active left-handed neutrinos, models with sterile fermions are
severely constrained from electroweak (EW) precision observables, laboratory data and cosmol-
ogy.

In contrast with the huge experimental achievements in determining neutrino oscillation pa-
rameters, many questions remain to be answered concerning neutrino properties, as for instance
the neutrino nature (Majorana or Dirac), the absolute neutrino mass scale and the hierarchy of
the neutrino mass spectrum, which are not yet determined. Finally, and most importantly, one
must unveil the neutrino mass generation mechanism at work and which new physics scales are
required.

One of the most economical possibilities to account for massive neutrinos is to embed a stan-
dard seesaw mechanism (of type I, II or III) [9—11] into the framework of the Standard Model
(SM). The caveat of these scenarios is that, in order to have natural neutrino Yukawa couplings
the typical scale of the extra particles (such as right-handed neutrinos, scalar or fermionic isospin
triplets) is in general very high, potentially very close to the gauge coupling unification (GUT)
scale, thus implying that direct experimental tests of the seesaw hypothesis might be impossible.
In contrast, low-scale seesaw mechanisms [12—-17], in which sterile fermions are added to the
SM particle content with masses around the electroweak scale or even lower, are very attractive
from a phenomenological point of view since the new states can be produced in collider and/or
low-energy experiments, and their contributions to physical processes can be sizeable.

In view of the strong potential of low-scale seesaw mechanisms, in this work we consider
the inverse seesaw (ISS) mechanism [12—14] which requires the addition of both #vg # 0 right-
handed (RH) neutrinos and #s # 0 extra sterile fermions to the SM field content.' The distinctive
feature of the ISS is that an additional dimensionfull parameter (1) allows to accommodate the
smallness of the active neutrino masses m, for a low seesaw scale, and still with natural Yukawa
couplings (Y¥ ~ O(1)). In turn, this allows for sizeable mixings between the active and the ad-
ditional sterile states. Such features are in clear contrast with, for instance, the canonical type I
seesaw [9], where O(1) Yukawa couplings require the mass of the right-handed neutrinos to be
close to the GUT scale, Mr ~ 1015 GeV, thus leading to extremely small active—sterile mix-
ings.

Any type I seesaw realisation requires the introduction of N gauge singlet Weyl fermions w
that can thus couple via a Majorana mass term ~ M;;w{w ;. Both the number N and the energy

' In the case where #s = 0, one recovers the type I seesaw realisation which could account for neutrino masses and
mixings provided that the number of right-handed neutrinos is at least #vg = 2.
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scale M are in principle free parameters that can be fixed by neutrino data. It is thus natural to
ask what is the minimal number of fermionic singlets N required to successfully generate neu-
trino masses and mixings in agreement with experiments. It was shown in [18] that the choice
N =1, although containing in principle enough parameters, fails in fitting all neutrino oscillation
experiments, while the choice N = 2 is the minimal one that is phenomenologically viable. If
no structure is assumed for the M matrix, type I seesaw realisations usually contain only one
relevant energy scale related to the mass of the new sterile fermions. If they can be integrated
out, this energy scale M, which suppresses the dimension 5 effective operator (actually respon-
sible for the smallness of neutrino masses), double-suppresses the dimension 6 operator that can
induce lepton flavour violating (LFV) processes. In this situation tiny neutrino masses neces-
sarily imply very strongly suppressed LFV processes. As pointed out in [19], the situation is
different for instance in the type II seesaw, or in the type I seesaw, when the matrix M has some
specific structure leading for example to the inverse seesaw scenario. In this case, the matrix M
exhibits two different energy scales (as a consequence of the lepton number assignment of the
new singlet Weyl fermions), among them explicit total lepton number violating (LNV) entries,
very small compared to the conserving ones. This implies that the same high-energy suppres-
sion is expected for the dimension 5 and 6 effective operators, but the former one is further
suppressed by the small LNV parameters. It is thus possible to generate tiny neutrino masses
and sizeable coefficients for the dimension 6 LFV operators. Minimal models in this frame-
work have been addressed in [16], where N = 2n Weyl fermions were added to the SM field
content with a lepton number assignment allowing them to be cast into two groups of n ele-
ments with opposite lepton number charges. It was found that the minimal phenomenologically
viable model is the one with n = 1, which can be the mechanism at work if all the (gauge in-
variant) lepton number violating interactions are allowed. In this situation the tree level neutrino
masses derive from the sum of two terms which are differently suppressed by the high-energy
scale — and which depend on two sets of Yukawa couplings present (lepton number violating
and conserving) — while the coefficients of the LFV dimension 6 operators only depend, to a
first approximation, on the lepton number conserving Yukawas. The situation is different in the
case of the inverse seesaw scenario, where LNV Yukawas are not allowed and the dimension
5 and 6 effective operators have the same high-energy suppression [16]. The price to pay in
this case is that the minimal phenomenologically viable model is the one with n = 2, that is
N =4.

Usually, in the inverse seesaw scenario, where an LNV parameter u is present, an equal num-
ber of singlet Weyl fermions with opposite lepton number is added to the SM field content, i.e.
N =n + n. After the diagonalisation of the neutral mass matrix, one ends up with three active
neutrinos (at least two massive in order to accommodate neutrino data) and n pseudo-Dirac pairs
with mass differences of the order of the LNV parameter . Notice that in this scenario the
scale u does not correspond to the mass of any new physical state (after diagonalisation). In this
work, we will consider the inverse seesaw scenario in which we relax the previous assumption:
adding N = n + n’ Weyl fermions with opposite lepton number, with n not necessarily coincid-
ing with n’. We will show that when n # n’, the LNV scale u can indeed correspond to the mass
of a physical (almost sterile) state, i.e., a light sterile neutrino.

Since both RH neutrinos and sterile states are gauge singlets, there is no requirement on
their (generation) number from anomaly cancellation. Moreover, in view of the presence of two
independent mass scales (the mass of the RH neutrinos and the Majorana mass of the sterile
states), associated to gauge singlet fermions, it is only natural to investigate which is the minimal
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content of the ISS extension of the SM successfully accounting for neutrino data, while at the
same time complying with all available experimental and observational constraints.

We thus embed the inverse seesaw mechanism into the SM, considering models with an ar-
bitrary non-vanishing (and different) number of RH neutrinos and of additional sterile states,
in order to establish which class of models provides a minimal 3-flavour and 3 4 more-mixing
schemes. The latter class of realisations (configurations) may offer an explanation to the reac-
tor anomalies or, depending on the mass scales, a (partial) solution for the Dark Matter (DM)
problem, in the form of a Warm DM (WDM) candidate [20]. In a first stage, we do not impose
a particular mass scale for the (RH) Majorana states nor the hierarchy of the associated light
spectrum; likewise, we do not specify a mass range for the sterile fields.

Our study has allowed to identify two classes of minimal ISS realisations that can successfully
account for neutrino data: the first leads to a 3-flavour mixing scheme, and requires only two
scales (that of light neutrino masses, m,, and the mass of the RH neutrinos, Mg); the second
corresponds to a 3 + 1-mixing scheme, and calls for an additional scale (u € [m,, Mg]). For each
of these minimal classes, we carried a numerical analysis taking into account all possible bounds
associated to the presence of sterile fermions (which constrain the mixings between active and
sterile neutrinos for different mass regimes). We also provide predictions regarding the hierarchy
of the light neutrino spectrum (normal or inverted) and the effective mass in neutrinoless double
beta decay, for each of the minimal realisations identified.

The paper is organised as follows: in Section 2, we briefly review the inverse seesaw mech-
anism and define the framework; we also determine the generic class of frameworks leading to
3- and to 3 + more-mixing schemes as well as their generic features concerning the different
mass scales. In Section 3, we consider all the different constraints from neutrino data, elec-
troweak observables and laboratory measurements applied in the analysis. Section 4 is devoted
to the phenomenological analysis of the minimal ISS framework leading to the 3-flavour and to
the 3 + 1-mixing schemes. Our final remarks are given in Section 5. For completeness, some
technical details concerning the computation are included in Appendices A and B.

2. Towards the minimal inverse seesaw realisation

In this work we consider the inverse seesaw mechanism [12—14] for the generation of neutrino
masses and lepton mixings, with a minimal field content. We work in the framework of the SM
extended by one or more generations of right-handed neutrinos vg and additional fermionic
singlets s.

2.1. The one generation case

We first consider the illustrative one generation case. In the basis n; = (v, v%, $)T, the neu-
trino mass term reads:

1
—Ly, = En{CMnL +h.c., (1)

where C = iy2y0 is the charge conjugation matrix and the matrix M is given by

M= )

oo
S 3
=T I o
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We assume that there is no term mixing the left-handed neutrino with the fermionic singlet s
(~ vis). In the above, d corresponds to the Dirac mass term. The matrix M also includes a
Majorana mass term for the RH neutrino,

*

_’"T)chR +he. 3)

The values of m and u in Eq. (3) are arbitrary. However, accommodating neutrino masses of
O(eV) implies that both must be very small in the case of the inverse seesaw framework. As-
signing a leptonic charge to both vg and s, with lepton number L = +1 [12-14] (such that
the Dirac mass term —d*Vpvg + h.c. preserves the leptonic number), the terms v RC vr and
sT Cs violate total leptonic number L by two units. Small values of m and p are natural in the
sense of 't Hooft [21] since in the limit where m, u — 0, the total lepton number symmetry
is restored. In the following, we assume for simplicity that u and m are of the same order of
magnitude.
In order to obtain the tree-level neutrino mass spectrum and the leptonic mixing, we diago-
nalise the matrix M as [22]

UT MU = diag(mo, m1, my), @)

where U is a unitary matrix, and m 1 2 correspond to the physical neutrino masses. The mixing
matrix is obtained from

diag(m3, m3,m3) = (UT MU) (UTMU) =U M MU, (5)

so that the matrix U diagonalising M T M is the same as the one in Eq. (4).
We determine the neutrino spectrum perturbatively: the perturbations correspond to taking
into account the tiny effects of the lepton number violating diagonal entries,

AM = diag(0, m, ). (6)

The lightest neutrino mass arises from perturbative corrections” to the zeroth order mq = 0 eigen-

value; the two other states are pseudo-Dirac heavy neutrinos, massive and degenerate.

Concerning my, the second order corrections mz( )

butions) are given by

(the first order one gives vanishing contri-

m2® = LN
(Id? + n]?)?
which reduces to the usual inverse seesaw expression once one assumes |d| < |n|. The first order
2 ( ) = |d|? + |n|? lift the degeneracy:

(7

corrections to mj

20 _ |M*n2+mld|2+m|nll 20 _ |p*n mid? +minl’]

1 2 =
Vid? +|nf? Vid? +|nf?

The corresponding eigenvectors allowing to build the leptonic mixing matrix can be found in
Appendix A. Notice that in this approach, the only assumption on the magnitude of the physical
parameters, i.e.

Iml, lnl L dl, n|  (n#0) €))

(®)

2 We denote by (n) superscript perturbative corrections of order n.
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is driven (and justified) by the naturalness criterion. Notice that when n — 0, one recovers the
simple realisation of the usual type I seesaw, which is not the scenario we consider in this
study.

2.2. Minimal inverse seesaw realisations

In this section, we build the minimal ISS framework complying with experimental observa-
tions. The latter lead to the following requirements:

e there are 3 generations of neutrino fields with SU(2); ® U (1)y gauge interactions (#vy = 3);
e there are at least 3 non-degenerate light mass eigenstates.

We extend the one generation matrix of Eq. (2) to the case of several generations of vz and s
fields, so that M now reads

0 d 0
M=|d" m n]|, (10)
0 nl pu

d,m, n, p now being complex matrices. Since M is symmetric (due to the Majorana character of
the fields), it follows that m and p are also symmetric matrices.

A possible choice in Eq. (10) is to set the matrix n = 0, such that the singlets s decou-
ple. In this case, the model reduces in practice to the type I seesaw model, already compat-
ible with low-energy data. We will conduct our analysis always assuming the (perturbativ-
ity) condition Eq. (9) and thus considering the matrix n # 0 and its entries always such that
Im|, |n] < 1dl, |n].

In the following, we denote by #vr, #vg and #s (with #vg # 0 and #s # 0) the number of
generations of left-handed, right-handed and sterile fields, respectively. The Dirac mass matrix d
arises from the Yukawa couplings to the Higgs boson (@ =ic’d),

Yaplr®®vh +hec., (11)

where Y is a complex matrix, /{ denotes the left-handed (LH) leptonic doublet,

(%)

a and B being generation indices. After electroweak symmetry breaking (EWSB), the matrix d
is given by

v
dap = Yo (13)
and its dimension is
dimd = (#vp x #vg). (14)

The matrix n describes the lepton number conserving interactions involving v% and s fields, and
its dimension is

dimn = (#vg x #s). (15)
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Table 1

Tree-level neutrino mass spectra for different choices of the number of additional fields, vk and s, and different properties
of the light neutrino spectrum (see text for details and for description of used symbols). We limit the table to the case
where the maximum number of additional singlet fields is six.

# new #VR #s #ml.z(o) =0 #mi2(1,2) #0 # of oscillation oscillation

fields non-deg. data: data:
light m; Am? Am? &

UpmNs

2 1 1 3 1 2 X X

3 1 2 4 2 3 /(s) X

3 2 1 2 1 2 X X

4 1 3 5 3 4 v (a) X

4 2 2 3 2 3 v (s) v

4 3 1 1 1 1 X X

5 2 3 4 3 4 v/ (a) v

5 3 2 2 2 2 X X

6 3 3 3 3 3 v (s) v

Finally, the dimensions of the (symmetric) Majorana mass matrices m and p are given by
dimm = (#vg x #vg), dim p = (#s x #s). (16)

Being gauge singlets, and since there is no direct evidence for their existence, the number
of additional fermionic singlets #vg and #s is unknown. In the following we determine their
minimal values when accommodating either a 3-flavour or a 3 4+ 1 (or more)-flavour mixing
schemes. The different possibilities are summarised in Table 1.

The first three columns of Table 1 indicate the total number of additional fermionic singlets
#vg + #s, #vg and #s, respectively. The fourth column contains the number of massless eigen-
states at zeroth order (in the absence of accidental cancellations between the a priori independent
entries of the mass matrix). Always in the absence of accidental cancellations, the fifth column
displays how many massless eigenstates acquire mass once higher order corrections from per-
turbations are taken into account (see Appendix A): although massive, these states remain light
since the corresponding masses are proportional to entries of m and p (this can be inferred from
the one generation illustrative case, see Eq. (7)). It is important to notice that states which are
already massive at zeroth order have masses proportional to the d and n matrix entries. Finally,
the sixth column contains information on the number of non-degenerate light mass eigenstates
predicted by each of the different ISS configurations considered.

The last two columns provide information on the phenomenological viability of the different
ISS realisations. Firstly, neutrino oscillation experiments require at least two independent oscilla-
tion frequencies (Am[.z/.); if there are less than 3 different light masses, the model is then excluded
by observation, and this is denoted by a X. Models with 3 different light masses can generate the
correct neutrino mass spectrum and are marked with a v/ (s) in the seventh column of the table.

Interestingly, models with 4 different light masses could potentially explain the (anti)neutrino
anomalies reported by the short baseline experiments LSND [3] and MiniBooNE [4], the Gallium
anomaly in radioactive source experiments [5] and the reactor antineutrino anomalies [2]. Such
configurations, leading to a 3 4+ 1-mixing scheme (see for example [23]) are indicated by a v (a)
in the seventh column of Table 1.

For all cases with a viable mass spectrum — either (s) or (a) — we have then verified if the
observed mixing pattern could be successfully reproduced. Should this be the case, a v is present
in the eighth column of the table.
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As can be seen from the information summarised on Table 1, the simplest model® which could
accommodate the observed neutrino spectrum is the one with (#vg = 1, #s = 2), which will be
here denoted as “(1,2) ISS”. It predicts 4 light eigenstates, two of which are massive; provided
that the latter are non-degenerate, one could have two independent mass squared differences
(corresponding to the solar and atmospheric mass differences). Notice however that this model
cannot provide the observed leptonic mixing matrix Upmns. This is a consequence of having one
of its light mass eigenstates dominated by sterile components, and as such it cannot be identified
with an SM active neutrino. A similar problem is present for the “(1, 3) ISS” configuration,
which although in principle accommodating the correct neutrino mass spectrum fails to provide
the observed mixings.

The scenarios (#vg = 2,#s = 1) and (#vg = 3, #5 = 1) could in principle accommodate neu-
trino data (masses and mixing) in the limiting case where sterile fields decouple, i.e. the matrix
n — 01in Eq. (10). We further emphasise here that we are not in this situation (of a type I seesaw
with 2 or 3 right-handed neutrinos), and these two scenarios do not comply with neutrino data.
In the case of (#vg = 2, #s = 1), the corresponding mass spectrum contains one massless active
neutrino, one light active while the third active one is too heavy to explain solar and atmospheric
oscillation frequencies. A similar situation occurs for the (#vg = 3, #s = 1) case, where one has
only one light active neutrino and two (too) heavy active ones.

From this simple analysis and in view of Table 1, the first realisation of the inverse seesaw
(with #s # 0) possibly accommodating neutrino data is (#vg = 2, #s = 2), which we define to
be the minimal one under the previous assumption of Eq. (9), hereafter denoted by “(2, 2) ISS”
realisation. Notice that this solution corresponds to the minimal model found in [16] in the case
where no lepton number violating Yukawa couplings are allowed. This “(2, 2) ISS” scenario does
not provide an explanation for the reactor anomaly; the next (to minimal) ISS realisation which
could explain such anomaly is the one with (#vg = 2, #5 = 3), which we denote by “(2, 3) ISS”
configuration.

Before addressing in detail the phenomenology of each minimal framework above identified,
we will briefly comment on some aspects intrinsic to all ISS realisations.

2.3. Different neutrino mass scales

As a function of the number of generations for the sterile fields (#s # 0, #vg # 0), the model
always exhibits #v; + (#s — #vg) light mass eigenstates. These states would be massless at
zeroth order, and their masses arise from higher order corrections (in perturbation) due to the
block-diagonal matrix which now generalises AM, see Eq. (6). In addition, the full spectrum
contains heavy states with masses ~ O(n; ;) + O(d; ;), which form #vg pseudo-Dirac pairs
with mass differences ~ O(u;, ;), O(m; ;). In the limit where lepton number is conserved (i.e.
AM = 0) these states become Dirac particles.

The low-energy phenomenology of these models is determined by two quantities: the scale
of the Lepton Number Violating parameters p and the ratio between the scale of the Dirac mass
terms d and that of the n mass matrix, denoted by k. To understand the key role of these quan-
tities, let us consider again the illustrative one-generation model (i.e. #v; = #vg =#s = 1) of
Section 2.1. The active neutrino mass of Eq. (7) can be rewritten as m,, = llk? /(1 + k2), with

3 In our study, the first scenario (“(1, 1) ISS”) would have corresponded to the n = 1 scenario in [16], provided the
entry (1, 3) of Eq. (2) was different from zero.
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Mass Eg.
A
2 # vi heavy states -{- = O(n) TeV
# s - # vp light sterile states
9 -1- = O eV
(only if # s > # vg)
# vp, active neutrinos -}- & O(p,) (')(kz) meV

Fig. 1. Pictorial representation of typical scales for the neutrino mass spectrum in several ISS realisations.

k = |d|/|n|. In the realistic case of several generations, d, n, u are matrices, and these consid-
erations loosely apply to the order of magnitude of their entries. The ratio k is directly related
to deviations from unitarity of the leptonic mixing matrix, as shown in Appendix A, Eq. (A.11).
Constraints on the non-unitarity of the PMNS matrix impose that k should not be too large; as
we will discuss in the section devoted to the numerical analysis, solutions in agreement with
experimental data can be found if, and only if, O(d)/O(n) < 10—, These features are shared by
the different realistic extensions presented in Table 1.

The mass spectrum of the ISS models is thus characterised by either 2 or 3 different mass
scales (as illustrated in Fig. 1):

o the one of the light active neutrinos ~ O () O (k?);

o the scale corresponding to the heavy states, roughly O(d) + O(n) ~ O(n);

e an intermediate scale of order O(u) corresponding to #s — #vg sterile light states (only
present when #s > #vp).

2.4. Removing unphysical parameters

The relevant leptonic terms of a general inverse seesaw Lagrangian can be written in the
following compact form,

»Cleptonic = Lxinetic + Lmass + Lcc + £n¢ + Lem, (17)
where

Liinetic = (8L Pba,pe} + iCR"PSa.pely + VL PS0pV} + iR §i jvh + 15980 ps".

Lmass = _e_Rama,ﬂei - ‘Eidga‘)g - ‘Eimi,jvfg] - ﬁini,asa - S_Caﬂa,hsb +hec.,

& s B
Loc=—=e*W 84 pv; +hec.,
\/E W a,BVL

_ § 1 —u B —a B -2 em n
C_Cosew{E[VL Yuba, gV — €L yM(Sa,ﬁeL]—sm QWJH VA

Lom=eJSmAM. (18)
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Table 2
Total number of physical and non-physical parameters in the
Lagrangian of Eq. (17).

Matrix Total number of parameters

m 18

d 6 x #vp

n 2 x #vg X #s

m #up X (HBvp + 1)

I #s x (#s+ 1)

Total 18 +#vp(7T+#vp +2#s) +#s(#Hs + 1)

In the above equation o, 8 =1,2,3,i,j=1,...,#vg and a,b =1, ..., #s. The total number
n, of physical and non-physical parameters in the mass matrices present in the Lagrangian of
Eq. (17) is equal to

ny, =184+ 6 #vg +#vg(#Hvr + 1) +#s(#s + 1) + 2 #vg #s, (19)

and detailed in Table 2.

In order to determine the actual number of physical parameters, one has to identify all in-
dependent transformations under which the Lagrangian of Eq. (17) is invariant. One finds four
classes of transformations with the following unitary matrices:

1. UF (3 x3):

—>U ﬁeL, ma,ﬁema,yUL;’ﬁ,

—> ULﬂvf, dfa — diTﬂULE’a; (20)
2. UR (3 x3):

r— U, ﬁeg, My, g — U(f’ym,,,,g; 21
3. U'R (#vR X #vpR):

I Ulva;], m; j — U”R;’ikmk,lU”R;r’j,

d U”Rl*]dJTa, Nia— U”R;ﬁjnj,a; (22)

4. US (#s x #s):

b * T il
54— U;,bs s Ma,b —> Usa,cﬂc,dUsd’b’ Nig—> ni,bUSbyw (23)

The number of parameters defining the transformations of Egs. (20)—(23) is n; = 18 + (#v R+
(#s)2, as shown in Table 3, so that the number of physical parameters p thus reduces to

np=mn, —n;="TH#HvR +#s + 2#vg #s. 24)

Since Ly is invariant under each of the transformations of Egs. (20)—(23), we can use the
latter to redefine the fields and cast the mass matrices only in terms of physical parameters. For
instance, with the transformations of Egs. (20), (21), one can choose a basis in which the charged
leptonic matrix m is real and diagonal, and similarly for the symmetric Majorana mass matrices
m and p (in this case using Egs. (22), (23)). Finally, one can eliminate three phases from the
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Table 3
Number of parameters defining the transformations of
Eqgs. (20)—(23).

Matrix Number of free parameters
Ut 9

UR 9

U'R (#vg)?

Us (#s)2

Total 18 + (#vp)? + (#s)?

Table 4

Example of a basis in which all unphysical degrees of freedom have been rotated away.

Matrix # of moduli # of phases Total
Diagonal and real m 3 0 3

d with three real entries 3#vp 3#vg —3 6#vg —3
Real and diagonal m #up 0 #up

n #VR #s #VR #s 2#vp #s
Real and diagonal u #s 0 #s

Total THVR +#s 4 2#vg #s

Dirac mass matrix d while keeping m real, via a combination of transformations of Egs. (20)
and (21). In this simple example, there are exactly n, free parameters, as summarised in Table 4.

3. Effects of fermionic gauge singlets and constraints on the ISS parameters

In addition to succeeding in accommodating neutrino oscillation data, models with sterile
fermions are severely constrained, since the mixings of the sterile neutrinos with the active
left-handed states might induce contributions to several observables, leading to conflict with
experimental data. The mixings of the sterile neutrinos with the active left-handed states imply a
departure from unitarity of the 3 x 3 Upyns matrix, which can have an impact on several observ-
ables, inducing deviations from the SM predictions. Bounds on the non-unitarity of the PMNS
were derived in [24], using Non-Standard Interactions (NSI). These bounds are especially rele-
vant in our analysis when the masses of the sterile states are heavier than the GeV, but some are
still lighter than 174 GeV.

If the sterile states are sufficiently light and have large mixings with the active neutrinos
(as for example in the inverse seesaw [12], the vSM [15] and the low-scale type I seesaw [16,
17,25]), then the deviations from unitarity of the PMNS mixing matrix can be sizeable, and
lead to (tree-level) corrections to the W v vertex. This will have a significant impact to several
observables, such as corrections to the invisible Z decay width [26], significant contributions
to lepton flavour universality (LFU) violation observables [27-29], and new contributions to
numerous low-energy rare decays.

Another important constraint concerns charged lepton flavour violation (cLFV) since the mod-
ified Wev vertex gives rise to cLFV processes, typically at rates higher than the current bounds
unless the active—sterile mixings are small [12—14,30]. In the case of u© — ey decays, the rate
induced by the presence of the sterile states is given by [31]:
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A o
W

where the index i runs over all neutrino states, U is the leptonic mixing matrix obtained after
diagonalisation of the mass matrix and G is the associated loop function. The current bound on
this branching ratio is Br(ux — ey) < 5.7 x 10713 at 90% C.L., as reported very recently by
the MEG experiment [32]. This will prove to be the most relevant LFV bound in most of our
scenarios with light sterile neutrinos.

Constraints arising from neutrinoless double beta (0v28) decay bounds can be particularly
relevant, since in the ISS the heavy sterile states also contribute to the process. The effective
neutrino mass msz, to which the amplitude of the Ov28 process is proportional, can receive

2
) (25)

aem

Br(u —ey) =

further corrections with respect to the standard expression, Z?: 1 Ui ;my,; . Since the heavy Ma-
jorana states mix to form pairs of pseudo-Dirac states, their contribution is proportional to their
mass difference weighted by the v,-sterile mixing. Each Majorana state thus contributes to the
amplitude of a OvBB decay as [33]

Ai ocmiUZ;M®PP (m;), (26)

where MYvBB (m;) is the nuclear matrix element that characterises the process. The latter is a
function of the neutrino mass m; and depends on the nucleus that undergoes the Ovgp transition.
It can be satisfactorily approximated by the analytic expression

2
Ovpp ~ MOvBB oy £
MO ) MO 0)— _mz’
where p? ~ —(125 MeV)? is the virtual momentum of the neutrino. We will conduct a detailed
analysis of the impact of two minimal ISS realisations, the “(2, 2) ISS” and “(2, 3) ISS”, on the
effective electron neutrino mass in Sections 4.1.5 and 4.2.5.

Moreover, if the typical scale of the new states is sufficiently light, they can be produced in
collider or low-energy experiments, thus being subject to further constraints [34]. Robust labo-
ratory bounds arise from direct searches for sterile neutrinos, which can be produced in meson
decays such as 7 — p*v, with rates that depend on their mixing with the active neutrinos.
Therefore, negative searches for monochromatic lines in the muon spectrum can be translated
into bounds on the active—sterile mixing [7,35].

All the above mentioned bounds will be taken into account in our subsequent numerical anal-
ysis of the two minimal ISS realisations.

27)

4. Phenomenological analysis

Although it is possible to derive analytical expressions for the neutrino mass eigenvalues and
leptonic mixing matrix (see Appendices A and B), these expressions are lengthy and involved,
and do not easily convey the general features and behaviour of the ISS configurations investi-
gated. We thus conduct a numerical analysis for each of the minimal “(2,2) ISS” and “(2, 3)
ISS” realisations. In order to unveil some interesting features, we performed a scan of the pa-
rameter space (corresponding to all the entries of the mass matrix; in our analysis we will not
address the effect of CP violating phases, both Dirac and Majorana). This also allows to numeri-
cally compute interesting quantities, as for instance the effective mass in Ov28 decay amplitude.
All the constraints listed in Section 3 were implemented. We proceed to discuss the results in the
following sections.
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4.1. The “(2,2) ISS” realisation

Some aspects of this model have already been studied, in particular CP violation and Non-
Standard Interactions [36]. We have determined the neutrino spectrum and the leptonic mixing
matrix using a perturbative approach, whose details are summarised in Appendix B. At second
order in the perturbative expansion, the light neutrino spectrum is given by:

O 2 b—~b2+4c 2 b+ Vb2 +4c

my =0, mj 7 m3 7

where the parameters b and c¢ are defined in terms of the entries of the (2, 2) mass matrix; these
expressions are lengthy, as explained in Appendix B. Notice that b and ¢ do not depend on the
submatrix m of the mass matrix of Eq. (10).

Having one massless eigenstate (to all orders in perturbation theory) is a feature of this mini-
mal “(2, 2) ISS” model (see also Table 1). The expressions of Eq. (28) allow to easily understand
why the “(2, 2) ISS” model strongly prefers the normal hierarchy scheme. In order to accommo-
date an inverted hierarchy, i.e. m% o~ m% ~ 1073 eV? and m% — m% ~ 1075 eVZ, one would be led

(28)

to comply with 1076 eV* + 4¢ ~ 10710 eV#. This amounts to an extreme fine-tuning. Although
some solutions can indeed be found (see the numerical studies of the following section), it should
be stressed that accommodating a NH spectrum also requires a certain amount of fine-tuning.
Even if useful when addressing the issue of the hierarchy of the light neutrino spectrum, the
analytical expressions we have derived for the neutrino masses and leptonic mixings cannot be
used to extract general features, nor to infer the magnitude of the fundamental scales of the
ISS model (i.e. the magnitude of the entries of the matrices u, m, ...). To do so, we performed
numerical scans of the “(2, 2) ISS” parameter space, the result of which we proceed to report.

4.1.1. Mass hierarchy

As discussed in Section 2 and illustrated in Fig. 1, the low-energy phenomenology of a “(2, 2)
ISS” model is determined by two scales: that of the LNV parameter 1, and the ratio k£ between
the magnitude of the entries of the d and n matrices, see Appendix A.

In our numerical analysis, we randomly scan over all parameters: the entries of the d and
n submatrices are varied such that the obtained mixing matrix Upyns is in agreement with
oscillation data (global fits to both hierarchies, normal and inverted [1]) and the interval of
variation for the entries of © is chosen to ensure that the largest neutrino squared mass value
~ 2.4 x 1073 eV2. While scanning over the parameter space, we always make sure that Eq. (9)
is fulfilled, assuming w and m to be of the same order of magnitude. Moreover, we take all pa-
rameters to be real (leading to vanishing Dirac and Majorana phases, and hence no contributions
to leptonic electric dipole moments).

In Fig. 2, we collect the values of the squared masses ml2 imposing that all the obtained
mixing angles 6;; are in agreement with oscillation data (for both cases of hierarchy, NH and
IH). Leading to this figure, we varied for the left (right) panel the entries of each submatrix (see
Eq. (B.4)) as d; j € [10%, 108 eV, n; ; € [107,10°1 eV (n; ; € [10%,10'°] eV), and m; ;, u; ; €
[1073,10] eV (m;, j, i, j € [1071,10%] eV).

The best fit values for the mass eigenvalues resulting from the global analysis of the oscilla-
tion experiments [ 1] are indicated in Fig. 2 by horizontal and vertical lines. This example clearly
illustrates the analytical result found in Section 4.1 (as well as in Appendix B): the “(2,2) ISS”
model favours a normal hierarchical scheme — the inverted hierarchy requiring in this case an
extreme fine tuning of the parameters, see Eq. (28). This can be seen in the right panel of Fig. 2,
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Fig. 2. Squared masses of the active neutrinos for the “(2,2) ISS” model (the lightest neutrino is massless). All points
displayed fulfill the experimental constraints on the PMNS entries for the NH (left) and IH (right) schemes. The green
lines denote the experimental best fit values [1] in the NH or IH schemes. The scan details are summarised in the text.

as no solutions can be encountered for an IH scheme (corresponding to Am%2 ~ 1073 eV? to-
gether with m% ~ m% ~ 1073 eV?). Moreover, as can be seen in the left panel of Fig. 2, for the
NH scheme, finding solutions for the light neutrino masses in agreement with data is possible
although difficult.

4.1.2. Constraints from unitarity

The non-observation of NSI in the leptonic sector as induced by the deviation from unitarity
of the Uppns matrix due to the presence of additional fermions puts stringent constraints [24] on
the ISS parameter space.

The non-unitarity effects can be quantified by

7
€ap = Z Ua,iUZﬁ = |80"I3 B (NNT)a,ﬁ ’ (29)
—a
where N is the 3 x 3 submatrix encoding the mixings between the active neutrinos and the
charged leptons, i.e. the PMNS matrix. Depending on the mass regime for the sterile fermions
(above or below the EW scale) the constraints on (NN T) are different [24]. We thus identify the
following mass regimes for our sample of “(2, 2) ISS” mass matrices:

e no (or only some) sterile states are above 1 GeV — implying that not all the extra states can
be indeed integrated out; the NSI constraints of [24] do not apply in this case;

e all sterile states are heavier than 1 GeV, but do not necessarily lie above the EW scale,
Apw ~ 174 GeV;

e all sterile states are heavier than Agw.

When appropriate, we thus compute the amount of non-unitarity from Eq. (29), and apply the
corresponding bounds, to further constrain the ISS parameter space.

Notice that in the ISS models the non-unitarity effects are proportional to the ratio O(d)/O(n)
(see for example the neutrino mass eigenvector expression for the one-generation model
(Eq. (A.11))).

We display in Fig. 3 the most constraining deviations from unitarity parametrised by € =
11— (NNT)|, see Eq. (29), as a function of an effective factor k generalising the one introduced
in Section 2.3, which is defined as (see Eq. (B.4) in Appendix B):
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Fig. 3. Examples of € = |1 — (N NT)]| entries, as a function of an effective factor k (see Eq. (30)). On the left, €y, for a
mass regime in which the sterile neutrino masses are between 1 GeV and Agw; on the right, €12, in the regime where
all sterile states are heavier than Agw. The green lines indicate the corresponding upper bounds [24]. All points comply
with oscillation data in the NH scheme. The scan details are summarised in the text.

_ (dig+dri+ds+di2+das+dzn)/6
(n1,1 +n22)/2 '

Each point is generated with random values for the entries of the d,n submatrices — but
allowing the entries of each submatrix to vary at most over two orders of magnitude —, and
such that the mass matrix would generate a PMNS matrix and a neutrino mass spectrum in
agreement with experimental constraints (in the NH scheme). Leading to this figure (left and right
panels), we varied the entries of each submatrix (see Eq. (B.4)) as d; ; € [103,1.7 x 1017 eV,
nij €[5.5x 10*,1.6 x 1013] eV and m; ;, w; j € [5 x 1076, 100] eV.

As can be seen from both panels of Fig. 3, NSI constraints significantly reduce the number of
otherwise phenomenologically viable solutions for the “(2, 2) ISS” model.

k

(30)

4.1.3. LFV constraints: Br(u — ey)

The presence of sterile fermions may impact several observables in particular LFV processes,
with rates potentially larger than current bounds. We focus here on the radiative muon decay
u — ey, searched for by the MEG experiment [32] and which provides the most stringent con-
straint on the branching ratio of Eq. (25).

In Fig. 4, we display this observable as a function of the mass of the lightest sterile state, m4.
The investigated parameter space (the same as the one leading to the previous figures) leads to
contributions typically below the future experimental sensitivity. However, for m4 heavier than
~1 GeV, one might observe a cLFV signal of the “(2, 2) ISS” at MEG.

4.1.4. Lepton number violating parameter space
From the numerous numerical scans we conducted, certain features of the “(2, 2) ISS” model
became apparent:

e Low-energy neutrino data (i.e. masses and mixings) can be accommodated if the entries in
each of the submatrices of Eq. (10) are allowed a strong hierarchy — varying at least over 2
orders of magnitude.

e The model leads to a strongly hierarchical light neutrino mass spectrum, with the second
lightest neutrino mass being strongly suppressed with respect to the heaviest one (the first
state being massless).
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Fig. 4. Br(ix — ey) as a function of the mass of the lightest sterile state, m4. The green full (dashed) horizontal lines
denote MEG’s current upper bound [32] (future sensitivity [38]). All points comply with oscillation data in the NH
scheme and unitarity constraints. Scan details as in Fig. 3.

The size of the LNV parameters (i.e. the entries of the p submatrix — recall that the LNV
matrix m does not enter in the expression for the lightest neutrino mass eigenvalues, as derived
in a perturbative approach — see for instance, Eq. (7)) is bounded from below by PMNS matrix
constraints, and from above by the naturalness requirement. The lower limit is due to the fact that,
to a good approximation, the entries of d must be at least one order of magnitude smaller than
those of n (in order to accommodate oscillation data). In order to fulfill solar and atmospheric
mass squared differences, and given that one typically has k < 10~! (see Eq. (7)), it follows that

Il >k 2x8x103evV>8x1071eV. (31)

We have checked that the latter condition is indeed valid in the “(2, 2) ISS” model; the lower
values for the o submatrix entries, in agreement with both Uppns data and neutrino mass squared
differences are: min |w; ;| ~ 0.13 eV, min |w;2;] ~ 5 x 10~%eV. The upper bound on the LNV
parameters comes from 't Hooft naturalness criterion, even though a clear definition regarding
the naturalness of a small dimensionfull parameter breaking some SM accidental symmetries
does not exist. In this study, we have posited a “naturalness” upper limit of 100 eV on the entries
of the submatrix . This translates into a lower bound on the factor k (since m, ~ kZu).

4.1.5. Neutrinoless double beta decay
When applied to the “(2,2) ISS” model, the effective neutrino mass m;f;f determining the
amplitude of the neutrinoless double beta decay rate is given by (see Section 3) [33]:

vg ~
eff— e 2 - ZU iMy;
i=l1 i=1
2 [my] 2 |ms| 2 |mg| 2 |m7]
+p ( U4 5 +U5 > 2—U 63 2-}-Ue’742_ 7 ) (32)
p m4 p= —mjg p-—mg p m5

where p? >~ —(125 MeV)? is the virtual momentum of the neutrino. From the analytical expres-
sions derived in Appendix B.2, one can see that in the limit u; ;, m; ; — 0, one has ms — my,
m7 — me, U2 — Uezs, U2 — U 7> and thus the extra contribution vanishes.
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Fig. 5. Effective electron neutrino mass, mZ&, as a function of the lightest sterile mass my4. The green full and dashed
horizontal lines denote the current upper bound and the expected future sensitivity [37]; blue points pass all imposed con-
straints (oscillation data, NSI, Br(u — ey) and laboratory direct searches), while grey points are excluded by laboratory
bounds. Scan details as in Fig. 3.

Our predictions for the effective electron neutrino mass are collected in Fig. 5, and displayed
as a function of the mass of the lightest sterile state, m4. By defining an “average” effective sterile
mass, my = w, three distinct mass regimes for m; can be identified from Fig. 5,

e my < |p|: in this regime the effective mass goes to zero, since from Eq. (32) one approxi-
mately has

) 7
meg=p Z =) Uk (33)
m? 4

i=1

and one can write

7
ZUO%J ZUOtlm UT O[Cta (34)

i=1 i=1

where M denotes the full neutrino mass matrix.

e mg = |p|: the contribution of the pseudo-Dirac states becomes more important, and can
induce sizeable effects to msz

e mg > |pl: in this regime the heavy states decouple, and the contributions to ngf only arise
from the 3 light neutrino states.

Notice that the values of m!& displayed in Fig. 5 correspond to conservative (maximal) es-
timations; since in our scan all parameters are taken to be real, no cancellation due to possible
(Majorana) phases can take place, and thus reduce the contributions of the “(2,2) ISS” model.
It is important to stress that all points leading to Fig. 5 comply with all available low-energy
constraints discussed in Section 3. The MEG bound on Br(u — ey) [32] and the constraints
from laboratory experiments [35] are particularly important, and the latter are in fact responsible
for the exclusion of a significant amount of points found (corresponding to the grey regions) in
Fig. 5.
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Fig. 6. Squared masses of the active neutrinos for the “(2, 3) ISS” model (the lightest neutrino is massless). All points
displayed fulfill the experimental constraints on the PMNS entries in the NH (left) and IH (right) schemes. The green
lines denote the experimental best fit values [1] in the NH or IH schemes. The scan details are summarised in the text.

4.2. The “(2,3) ISS” realisation

We now address the phenomenology of the next-to-minimal configuration, the “(2, 3) ISS”,
where two generations of RH neutrinos and three sterile states are added to the SM content. In
view of the degree of complexity of the analytical expressions derived for the simpler “(2, 2)
ISS”, in this case we directly base our analysis on a numerical approach.

4.2.1. Allowed mass hierarchies

Concerning the neutrino spectra, the crucial difference of the “(2, 2) ISS” and the “(2, 3) ISS”
configurations is that the latter contains four light states, one being dominantly sterile-like. Its
mass typically lies below the GeV (in the analysis we have explored the interval [0, 100] keV for
all the entries of the u submatrix); recall that the four remaining states are heavy, pseudo-Dirac
pairs. As can be seen in Table 1, and similar to what occurred for the “(2,2) ISS”, the light-
est neutrino is also massless in the “(2, 3) ISS” configurations. Thus, bounds on squared mass
differences also translate into bounds for the masses themselves.

Our study reveals that the “(2, 3) ISS” model is not as fine-tuned as the “(2,2) ISS” one.
Allowing the entries of each submatrix of Eq. (10) to vary over one order of magnitude leads to
abundant solutions in agreement with low-energy neutrino data. Concerning the hierarchy of the
light neutrino spectrum, we have verified that both NH and IH spectra are possible in the explored
“(2, 3) ISS” parameter space, although IH tends to be only marginally allowed, as is illustrated
in Fig. 6. For the left panel (NH), the parameters were varied as d; ; € [106, 1071 eV, nij €
[107,10%] eV, mi j, [i,j € [10~1,10] eV, while leading to the right plot (IH) we considered
di j €[10°,10"] eV, n; ; € [10%,10°1 eV, m; j, wi ; € [10,10%] eV.

4.2.2. Constraints from non-unitarity

Similar to what was previously discussed for the “(2, 2) ISS” configuration, the constraints
coming from the non-observation of NSI (see Section 3) also apply to “(2, 3) ISS” models. We
conducted here an analogous study: the formulae and notations are simple generalisations of
those introduced in Section 4.1.2, the only difference being that in the present case the index i
in Eq. (29) runs over the states that are integrated out (=1 GeV), i.e., i =5, ..., 8. Moreover
and since we are interested in a potential “Warm” DM candidate, we consider realisations
of the “(2,3) ISS” model in which only the lightest sterile state lies below 100 keV (i.e.
€ [0, 100] keV).
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Fig. 7. Examples of €,5 = |Z§:S UW-UI ﬂl entries, as a function of an effective factor k (generalisation of Eq. (30)
for the “(2, 3) ISS” model). On the left, €7, for a mass regime in which the sterile neutrino masses are between 1 GeV
and Agw; on the right, €17, in the regime where all sterile states are heavier than Agw. The green lines indicate the
corresponding upper bounds [24]. Blue (red) points comply with oscillation data in the NH (IH) scheme. The scan
details are summarised in the text.
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Fig. 8. Br(u — ey) as a function of the mass of the next-to-lightest sterile state, m5. The green full (dashed) horizontal
lines denote MEG’s current upper bound [32] (future sensitivity [38]); blue and red points correspond to NH and IH
solutions, respectively, and pass all imposed constraints (oscillation data and NSI). Scan details as in Fig. 7.

In Fig. 7 we display two examples of deviations from unitarity as parametrised by €yg =

|Zl-8=5 Ua,,-UZ pl as a function of an effective factor k. We notice that the relative density of
points in the figure confirms that the “(2, 3) ISS” allows for both spectra, although with a clear
preference for NH. As in the previous “(2,2) ISS” model, we again verify that NSI constraints
significantly reduce the number of viable solutions for a “(2,3) ISS” configuration. Leading
to this figure, we varied the entries of each submatrix as d; ; € [103,1.7 x 101] eV, nij €
[4.3 x 10%,4.8 x 101 eV and m; ;, i j € [2 x 1072,10°] eV.

4.2.3. LFV constraints: Br(u — ey)

For completeness, we illustrate the contributions of the new sterile states to rare LFV pro-
cesses, in particular considering Br(iw — ey), see Eq. (25). In Fig. 8, we display this observable
as a function of the mass of the next-to-lightest sterile state, m5. The investigated parameter space
leads to contributions typically below the future experimental sensitivity. However, for ms in the
range [102,10*] GeV, one might observe a cLFV signal of the “(2, 3) ISS” at MEG.
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Fig. 9. Mixings between the electron neutrino and the lightest sterile state, as a function of the sterile squared mass m%
The green lines indicate the best fit values of (Am?2 41> |Ueal) for the 3 + 1-scheme [6], while the purple vertical line

indicates the value m? 1= =2 keV)2 corresponding to the mass of the (warm) dark matter candidate suggested in [20].
Blue and red points correspond to NH and IH solutions, respectively. The points displayed comply with all imposed
constraints (oscillation data, laboratory, NSI and Br(i — ey)). Scan details as in Fig. 7.

4.2.4. An intermediate sterile scale

A fundamental difference between the “(2,2)” and the “(2, 3) ISS” models is that, since in
the latter case #s — #vg = 1 (see Section 2.3), the model has a third intermediate energy scale
O(w), which corresponds to the mass of a sterile state. It follows that if u &~ eV this model can
accommodate a 3 4 1-scheme that can potentially explain the (anti)-neutrino anomalies in the
short baseline, Gallium and reactor experiments. Should u =~ keV, then the model can potentially
provide a WDM candidate (see for example the analysis of [20]).

In Fig. 9 we display the mixings of the light sterile state with v,, as a function of mi. All points
are in agreement with constraints from oscillation data, NSI, laboratory and LFV constraints. As
is clear from Fig. 9, the parameter space of the “(2, 3) ISS” can provide solutions to either reactor
anomaly. It can also provide a WDM candidate in the form of a sterile state of mass ~1 keV.

4.2.5. Neutrinoless double beta decay

Due to the presence of the extra light sterile state, in the “(2, 3) ISS” model there is an ad-
ditional contribution to the effective mass derived in Eq. (32). In our analysis we assumed the
lightest sterile state to have a mass m4 < 100 keV < |p| ~ 125 MeV, it contributes to the neu-
trinoless double beta decay effective mass as

eff_z e,i 2— ZU iMy;

i=1 i=1

|ms]| |me| |m7| |mg|
+p <U2 +UZg - —UZ, s+ U]  (35)

2
p2 ms p?—mg p*>—m3 p? —mg

trivially generalising Eq. (32) and where above, p? is again the virtual momentum of the propa-
gating neutrino.

In Fig. 10 we summarise our predictions for the effective electron neutrino mass as a func-
tion of ms. Like in the previous case, by defining an “average” heavy sterile mass m; =
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Fig. 10. Effective electron neutrino mass, msgf, as a function of mj5. The green full and dashed horizontal lines denote
the current upper bound and the expected future sensitivity [37]; blue and red points correspond to NH and IH solutions,
respectively, and pass all imposed constraints (oscillation data, NSI, Br(u — ey) and laboratory direct searches), while
grey points are excluded by laboratory bounds. Scan details as in Fig. 7.

w, one can easily identify the three distinct regimes discussed in Section 4.1.5 for
the “(2, 2) ISS” scenario. Especially in regimes of heavier sterile masses (i.e., ms 2 1 GeV), the
model is fairly predictive regarding the Ov28 decays: the value of the effective mass in “(2, 3)
ISS” scenario lies just below the current experimental bound and within the future sensitivity of
ongoing experiments [37]. Somewhat lighter sterile masses could also account for an effective
mass within experimental reach, but these solutions are already excluded by the recent MEG
bound and by laboratory constraints.

5. Conclusions and future prospects

In this work we proposed a methodological approach to identify the most minimal inverse see-
saw realisations fulfilling all phenomenological requirements. By adding extra sterile fermions
to the SM (right-handed neutrinos, vg, and sterile singlets, s) whose number of generations were
not fixed (#vg not necessarily equal to #s), we showed that it is possible to construct several
distinct ISS models that can reproduce the correct neutrino mass spectrum.

Our general analysis has shown that the mass spectrum of an ISS model is characterised by
either 2 or 3 different mass scales, corresponding to the one of the light active neutrinos, that
corresponding to the heavy states, and an intermediate scale associated to #s — #vg sterile states
(only relevant when #s > #vpg).

The approach we followed was based on time-independent perturbation theory for linear op-
erators, which allowed to diagonalise the neutrino mass matrix analytically. One can thus obtain
analytic expressions for the neutrino eigenstates and associated masses as a power series of the
small parameters that violate the total lepton number.

As aresult, we were able to identify two classes of truly minimal ISS realisations that can suc-
cessfully account for neutrino data. The first, here denoted “(2, 2) ISS” model, corresponds to the
SM extended by two RH neutrinos and two sterile states. It leads to a 3-flavour mixing scheme,
and requires only two scales (the light neutrino masses, m, and the RH neutrino masses, Mg).
Although considerably fine tuned, this ISS configuration still complies with all phenomenologi-
cal constraints, and systematically leads to a Normal Hierarchy for the light neutrinos. The model
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could marginally give rise to an effective mass for Ov2g within experimental reach, but all these
regions turn out to be excluded by current laboratory constraints and MEG bounds on u — ey
decays.

The second, the “(2, 3) ISS” realisation, corresponds to an extension of the SM by two RH
neutrinos and three sterile states. This class allows to accommodate both hierarchies for the light
spectrum (although the IH is only marginally allowed), in a 3 4 1-mixing scheme. The mass of
the lightest sterile neutrino can vary over a large interval: depending on its regime, the “(2, 3)
ISS” realisation can offer an explanation for the reactor anomaly (in this case, m4 ~ eV), or
provide a Warm Dark Matter candidate (for a mass of the lightest sterile state around the keV).
However, the detailed study of the latter possibility is beyond the scope of this work and requires
a complete and comprehensive analysis that will be conducted in a subsequent study. Finally,
concerning Ov28 decays, the “(2, 3) ISS” scenario leads to effective masses close to the current
experimental bound and within future sensitivity of coming experiments [37].

In this work, we have focused on the determination of the truly minimal inverse seesaw
realisations. Our approach can be easily generalised to probe the phenomenological viability
and impact of any ISS extension of the SM (for an arbitrary number of RH states and sterile
fermions).
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Appendix A. Perturbative determination of the neutrino masses and of the leptonic
mixing matrix

In the one generation ISS model, and in the basis defined by ny = (vr, v;‘;,, s)T, the neutrino
mass matrix can be written as

0 d 0
M=|d m n|, (A1)
0 n u

where d, m, n, u are complex numbers. This symmetric matrix can be diagonalised via [22]

UTMU = diag(mg, m1, m»), (A.2)

where U is a unitary matrix and my 1 » are the physical masses. To obtain U, we use the hermitian
combination M™M (or MM™),

diag(m3, m}, m3) = (UTMU) (U MU) =UTM MU, (A3)

so that the matrix U diagonalising M " M is the same as the one in Eq. (A.2).

In the following, we proceed to diagonalise the one-generation squared mass matrix M M
of Eq. (A.1), using perturbation theory for linear operators. We also discuss the validity of the
perturbative approach. The mass matrix M can be decomposed as
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0 4 0 0 0 O
M=|d o n|+[0 m o] (A4)
0 n O 0 0 u
My AM

where M| is the zeroth order matrix and AM is the perturbation (which violates lepton number
by two units). One can write MM as

MM = M{Mo+ AM ™Mo+ M) AM + AMTAM, (A.5)
———
M3
M2 M? i

where M,2 and M121 are the components of the perturbation that are homogeneous functions of
first and second order in the small parameters m and u (|m|, |u| K |d|, |n|).

The perturbativity condition ||[AM || « || My]|| translates into conditions for the M 2 MI2 and
M121 matrices

IMZ _ 2lmlld| +2|m]|n| + 2|||n]
M50~ d|2 + |n|?

<1,

MGl _ pml +
1M7L~ Imlin]

< 1. (A.6)

The perturbative determination of the mass eigenvalues is thus ensuring, provided that |m|, |u| <
|n|.

For completeness, one must also determine perturbatively the matrix U of Egs. (A.2), (A.3),
i.e. the leptonic mixing matrix (corresponding to the Upmns). The eigenvalues of MO2 are given

by

2(0)

0
mg =0, m2 ©

=d|> + In|*. (A7)

Denotmg by x(o) the normalised eigenvector associated to the null eigenvalue and by X(O)

and x , an orthonormal combination of elgenvectors associated to the degenerate eigenvalue
|d|*> + |n|2 the first order correction to x ) is given by

((»‘ 2,0)
MI 0

(1) ©)
= 7& . (A.8)
Yo ,;2 %+ [nf?

Since |u|, |m| < |n|, the coefficients in Eq. (A.8) verify

O | X

T |dIP +nf?

(A9)

Id|2+ Inl2

Similar arguments apply to the first order corrections to x© Z1.2; the second order eigenvector

corrections are still subdominant, thus confirming the validity of the perturbative approach.
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The lightest neutrino mass arises from perturbative corrections to the m = 0 eigenvalue, while
the two other states are massive and degenerate (pseudo-Dirac heavy neutrinos). The correction

2(0)
0

tom at second order is

2@

T T &10

which reduces to the usual inverse seesaw result once the condition |d| < |n| is assumed. As
discussed in Section 2, in this approach the only assumption on the magnitude of the physical
parameters is driven by the naturalness requirement, i.e. |m|, || < |d|, |n|.

The eigenvector associated to m%( Vis given at zeroth order in the perturbative expansion by*

nd*

ld|/|d|>+n|?
0

|d]

V0dP2+n?

and its first order correction is

, (A.11)

0
M _ i ___ pldn*
X, =e' Gt |- (A.12)
0

. 0) .. .
The first order corrections to m% 2( ) lift the degeneracy of the states and are given by

20 _ |*n® +mld|? 4+ m|n|?| 20 _ |*n® +mld|> + m|n|?|
1 - ’ 2 -
VId12+ |nf? VId12+ [n|?

with zeroth order eigenstates

(A.13)

___ d*(m|d]>4m|n]>4n’p*)
V2 1d1P+1n 2 n*2 ptm|d | 24m|n 2|
) _ i 1
X, =e 7 , (A.14)
_ n* (m|d|*4+m|n>4+n?u*)
V2 1d R+ 2 [n*2 ptmld|2+m|n 2|

d*(m|d|*+m|n|?+np*)

V2 1d P+ 2 |n*? ptm|d |2 +mn)?|

) _ [16%) 1

X, =e 7 . (A.15)
n* (m|d)24m|n|2+n?u*)

V2/1d P+ 2 |n*? ptm|d 2 +mn 2|

4 The phases o; cannot be fixed by diagonalising MTM in (A3). In fact, given an orthonormal basis of vectors, one
can freely change their phases and still have an orthonormal basis. They must be fixed using Eq. (A.2) and imposing that
m; >0 forall i.
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Table 5
Example of a basis in which the number of parameters matches the number of
physical parameters.

Matrix # of moduli # of phases Total
Diagonal and real m 3 0 3

d with one real column 6 3 9

m 3 3 6
Real and diagonal n 2 0 2

1 with real diagonal 3 1 4
Total 17 7 24

Appendix B. Study of the “(2, 2) ISS” realisation

Here, we use the perturbative approach described above to determine the neutrino spectrum
and the leptonic mixing matrix. In this minimal model, the neutrino mass terms in the Lagrangian
are

—Ly, =nl CMnp +he., (B.1)
where

np=(vp,vi,v;, v%’l, v%’z, s],sz)T, and C=iy*y°. (B.2)
The “(2, 2) ISS” mass matrix M is given by

0 0 0 dy da 0 0
0 0 0 dr1  dap 0 0
0 0 0 d31  d3p 0 0
M=|di dj dig miqg mp nip ni2 |. (B.3)
dip dap d3p mip mpp na1 nap
0 0 0 ni1 no1 M1 M2
0 0 0 mpo nao w12 H22

Using Eq. (24), the number 7, of physical parameters is 24. In the following we choose” a basis
in which one has exactly 24 free parameters, as shown in Table 5.
In the chosen basis, the mass matrices My and AM (M = My + AM) are given by

0 0 0 diy da 0 0
0 0 0 doy dra 0 0
0 0 0 dg dsp 0 0
Mo=|diqn d2q1 dzqn O 0 np O
dip drp dzp O 0 0 m
0 0 0 ni 0 0O O
0 0 0 0 na 0O O

5 The mass matrix of Eq. (B.3) can be cast in such a form through the following procedure: via a combination of
the transformations in Eqs. (20) and (21), one can always choose a basis in which the charged leptonic mass matrix
m is diagonal and real. With a combined transformation of Eqs. (22) and (23) the matrix n can be rendered real and
diagonal; similar transformations allow to eliminate two phases form the matrix p (for example those in the diagonal)
while keeping n real. Finally, another combined transformation of Egs. (20) and (21), allows to make one column of the
Dirac mass matrix, d, real (the first one, for example), while keeping m real.
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0 0 O 0 0 0 0
0 0 O 0 0 0 0
0 0 O 0 0 0 0
AM=10 0 0 my1 mip 0 0 , (B.4)
0 0 0 mp mp 0 0
000 O 0 i1 pi2
000 O 0 w2 m22

where (d; 1, ni, i ;) are real and (d; 2, (1,2, m;, j) are complex numbers.
B.1. Massless eigenstate

Having a massless eigenstate is an unavoidable feature of the minimal “(2, 2) ISS” and “(2, 3)
ISS” realisations. In the minimal “(2, 2) ISS” realisation, the massless eigenstate is given by

vi = @) (A}, — A3, A3,0,0,0,0)7,
~ Aj
l':
VIAIR + 1422 + A2

= Al (B.5)
with

Ay =dp1d3p — drods 1, Ar=dy1d3p — di2d31,
Az =di1drp —dipda 1, (B.6)

which is compatible with the constraints on the Uppns matrix, in both cases of normal and
inverted hierarchy.

B.2. Perturbative diagonalisation

At zeroth order, the (squared) masses of the system are given by the following set of eigen-
values of the matrix My of Eq. (B.4)

- {070’0’ f=VP=4g f=\P4g [+ -4 f+M}’ )
2 2 2 2
where

f=ldiol +1doal +1d3ol? +di | +d5 ) +d5, 40T +n3,,

and g =|di2*(d3, +d5 | +ni ) +ldsoP(df ) +d3 ) +ni )
+ldaa*(df +d3 +nt ) — diadaadand], — dyadyodsadi,
—da1da2d3 1d3 5 — di1d3 1d3 2d] 5 — do 1 (d11d1 2+ d31d32)d5
+ dﬁln%,z + dzzyln%!z + d%yln%,z + ”%,1”%,2- (B.8)

Two of the three massless states receive perturbative contributions from A M of Eq. (B.4) and, at
second order in the perturbative expansion, the light neutrino spectrum is given by

,2) b—~b2+4c ,2 b+b?+4c
= my  =——0-", (B.9)

2

2
m%()zo, m; =
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where the parameters b and ¢ are expressed in terms of the entries of the (2,2) mass matrix
given in Eq. (B.3) (b and ¢ do not depend on the submatrix m; ;). Due to the long and involved
expressions for both parameters b and c, we refrain from displaying the corresponding formulae
here. Nevertheless, the compact expressions above allow to extract important information: the
“(2,2) ISS” scenario strongly prefers the NH scheme.

References

[1] M.C. Gonzalez-Garcia, M. Maltoni, J. Salvado, T. Schwetz, J. High Energy Phys. 1212 (2012) 123, arXiv:1209.3023
[hep-phl].
[2] T.A. Mueller, D. Lhuillier, M. Fallot, A. Letourneau, S. Cormon, M. Fechner, L. Giot, T. Lasserre, et al., Phys. Rev.
C 83 (2011) 054615, arXiv:1101.2663 [hep-ex];
P. Huber, Phys. Rev. C 84 (2011) 024617, arXiv:1106.0687 [hep-ph];
P. Huber, Phys. Rev. C 85 (2012) 029901 (Erratum);
G. Mention, M. Fechner, T. Lasserre, T.A. Mueller, D. Lhuillier, M. Cribier, A. Letourneau, Phys. Rev. D 83 (2011)
073006, arXiv:1101.2755 [hep-ex].
[3] A.A. Aguilar-Arevalo, et al., LSND Collaboration, Phys. Rev. D 64 (2001) 112007, arXiv:hep-ex/0104049.
[4] A.A. Aguilar-Arevalo, et al., MiniBooNE Collaboration, Phys. Rev. Lett. 98 (2007) 231801, arXiv:0704.1500
[hep-ex];
A.A. Aguilar-Arevalo, et al., MiniBooNE Collaboration, Phys. Rev. Lett. 105 (2010) 181801, arXiv:1007.1150
[hep-ex];
A.A. Aguilar-Arevalo, et al., MiniBooNE Collaboration, Phys. Rev. Lett. 110 (2013) 161801, arXiv:1207.4809
[hep-ex], arXiv:1303.2588 [hep-ex].
[5] M.A. Acero, C. Giunti, M. Laveder, Phys. Rev. D 78 (2008) 073009, arXiv:0711.4222 [hep-ph];
C. Giunti, M. Laveder, Phys. Rev. C 83 (2011) 065504, arXiv:1006.3244 [hep-ph].
[6] J. Kopp, P.A.N. Machado, M. Maltoni, T. Schwetz, J. High Energy Phys. 1305 (2013) 050, arXiv:1303.3011 [hep-
phl.
[7] A. Kusenko, Phys. Rep. 481 (2009) 1, arXiv:0906.2968 [hep-ph].
[8] K.N. Abazajian, M.A. Acero, S.K. Agarwalla, A.A. Aguilar-Arevalo, C.H. Albright, S. Antusch, C.A. Arguelles,
A.B. Balantekin, et al., Light sterile neutrinos: a white paper, arXiv:1204.5379 [hep-ph].
[9] P. Minkowski, Phys. Lett. B 67 (1977) 421;
M. Gell-Mann, P. Ramond, R. Slansky, Complex spinors and unified theories, in: P. Van Nieuwenhuizen, D.Z.
Freedman (Eds.), Supergravity, North-Holland, Amsterdam, 1979, p. 315 [Print-80-0576 (CERN)];
T. Yanagida, in: O. Sawada, A. Sugamoto (Eds.), Proceedings of the Workshop on the Unified Theory and the
Baryon Number in the Universe, KEK, Tsukuba, 1979, p. 95;
S.L. Glashow, in: M. Lévy, et al. (Eds.), Quarks and Leptons, Plenum Press, New York, 1980, p. 687;
R.N. Mohapatra, G. Senjanovi¢, Phys. Rev. Lett. 44 (1980) 912.
[10] R. Barbieri, D.V. Nanopolous, G. Morchio, F. Strocchi, Phys. Lett. B 90 (1980) 91;
R.E. Marshak, R.N. Mohapatra, Invited talk given at Orbis Scientiae, Coral Gables, FL, Jan. 14-17, 1980, VPI-
HEP-80/02;
T.P. Cheng, L.F. Li, Phys. Rev. D 22 (1980) 2860;
M. Magg, C. Wetterich, Phys. Lett. B 94 (1980) 61;
G. Lazarides, Q. Shafi, C. Wetterich, Nucl. Phys. B 181 (1981) 287;
J. Schechter, JJW.E. Valle, Phys. Rev. D 22 (1980) 2227,
R.N. Mohapatra, G. Senjanovi¢, Phys. Rev. D 23 (1981) 165.
[11] E. Ma, Phys. Rev. Lett. 81 (1998) 1171, arXiv:hep-ph/9805219;
R. Foot, H. Lew, X.G. He, G.C. Joshi, Z. Phys. C 44 (1989) 441.
[12] R.N. Mohapatra, J.W.E. Valle, Phys. Rev. D 34 (1986) 1642.
[13] M.C. Gonzalez-Garcia, J.W.F. Valle, Phys. Lett. B 216 (1989) 360.
[14] F. Deppisch, J.W.E. Valle, Phys. Rev. D 72 (2005) 036001, arXiv:hep-ph/0406040.
[15] T. Asaka, S. Blanchet, M. Shaposhnikov, Phys. Lett. B 631 (2005) 151, arXiv:hep-ph/0503065.
[16] M.B. Gavela, T. Hambye, D. Hernandez, P. Hernandez, J. High Energy Phys. 0909 (2009) 038, arXiv:0906.1461
[hep-phl].
[17] A. Ibarra, E. Molinaro, S.T. Petcov, J. High Energy Phys. 1009 (2010) 108, arXiv:1007.2378 [hep-ph].


http://refhub.elsevier.com/S0550-3213(14)00186-2/bib476F6E7A616C657A4761726369613A32303132737As1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib476F6E7A616C657A4761726369613A32303132737As1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib72656163746F723A49s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib72656163746F723A49s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib72656163746F723A49s2
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib72656163746F723A49s3
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib72656163746F723A49s4
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib72656163746F723A49s4
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib416775696C61723A323030317479s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib6D696E69626F6F6E653A49s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib6D696E69626F6F6E653A49s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib6D696E69626F6F6E653A49s2
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib6D696E69626F6F6E653A49s2
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib6D696E69626F6F6E653A49s3
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib6D696E69626F6F6E653A49s3
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib67616C6C69756D3A49s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib67616C6C69756D3A49s2
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib4B6F70703A32303133766161s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib4B6F70703A32303133766161s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib4B7573656E6B6F3A323030397570s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib4162617A616A69616E3A323031327973s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib4162617A616A69616E3A323031327973s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib7365657361773A49s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib7365657361773A49s2
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib7365657361773A49s2
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib7365657361773A49s3
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib7365657361773A49s3
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib7365657361773A49s4
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib7365657361773A49s5
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib7365657361773A4949s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib7365657361773A4949s3
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib7365657361773A4949s4
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib7365657361773A4949s5
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib7365657361773A4949s6
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib7365657361773A4949s7
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib7365657361773A494949s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib7365657361773A494949s2
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib4D6F686170617472613A313938366264s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib476F6E7A616C657A4761726369613A313938387277s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib44657070697363683A323030346661s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib4173616B613A32303035616Es1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib476176656C613A323030396364s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib476176656C613A323030396364s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib4962617272613A323031307877s1

678 A. Abada, M. Lucente / Nuclear Physics B 885 (2014) 651-678

[18] A. Donini, P. Hernandez, J. Lopez-Pavon, M. Maltoni, J. High Energy Phys. 1107 (2011) 105, arXiv:1106.0064
[hep-ph].

[19] A. Abada, C. Biggio, F. Bonnet, M.B. Gavela, T. Hambye, J. High Energy Phys. 0712 (2007) 061, arXiv:0707.4058
(hep-phl].

[20] H.J. de Vega, N.G. Sanchez, Dark matter in galaxies: the dark matter particle mass is about 2 keV, arXiv:1304.0759
[astro-ph.CO].

[21] G. 't Hooft, NATO ASI Ser., Ser. B: Phys. 59 (1980) 135.

[22] J. Schechter, J.W.F. Valle, Phys. Rev. D 22 (1980) 2227.

[23] C. Giunti, M. Laveder, Y.F. Li, Q.Y. Liu, H.W. Long, Phys. Rev. D 86 (2012) 113014, arXiv:1210.5715 [hep-ph].

[24] S. Antusch, J.P. Baumann, E. Fernandez-Martinez, Nucl. Phys. B 810 (2009) 369, arXiv:0807.1003 [hep-ph].

[25] A. Ilakovac, A. Pilaftsis, Phys. Rev. D 80 (2009) 091902, arXiv:0904.2381 [hep-ph];
R. Alonso, M. Dhen, M.B. Gavela, T. Hambye, J. High Energy Phys. 1301 (2013) 118, arXiv:1209.2679 [hep-ph];
D.N. Dinh, A. Ibarra, E. Molinaro, S.T. Petcov, J. High Energy Phys. 1208 (2012) 125, arXiv:1205.4671 [hep-ph].

[26] E. Akhmedov, A. Kartavtsev, M. Lindner, L. Michaels, J. Smirnov, J. High Energy Phys. 1305 (2013) 081,
arXiv:1302.1872 [hep-ph].

[27] R.E. Shrock, Phys. Lett. B 96 (1980) 159;
R.E. Shrock, Phys. Rev. D 24 (1981) 1232.

[28] A. Abada, D. Das, A.M. Teixeira, A. Vicente, C. Weiland, J. High Energy Phys. 1302 (2013) 048, arXiv:1211.3052
(hep-ph].

[29] A. Abada, A.M. Teixeira, A. Vicente, C. Weiland, Sterile neutrinos in leptonic and semileptonic decays,
arXiv:1311.2830 [hep-ph].

[30] A. Ilakovac, A. Pilaftsis, Nucl. Phys. B 437 (1995) 491, arXiv:hep-ph/9403398.

[31] S.T. Petcov, Sov. J. Nucl. Phys. 25 (1977) 340, Yad. Fiz. 25 (1977) 641;
S.T. Petcov, Sov. J. Nucl. Phys. 25 (1977) 698 (Erratum), Yad. Fiz. 25 (1977) 1336 (Erratum);
S.M. Bilenky, S.T. Petcov, B. Pontecorvo, Phys. Lett. B 67 (1977) 309;
T.P. Cheng, L.-F. Li, Phys. Rev. Lett. 45 (1980) 1908.

[32] J. Adam, et al., MEG Collaboration, New constraint on the existence of the 4T — ety decay, arXiv:1303.0754
[hep-ex].

[33] M. Blennow, E. Fernandez-Martinez, J. Lopez-Pavon, J. Menendez, J. High Energy Phys. 1007 (2010) 096,
arXiv:1005.3240 [hep-ph].

[34] P.S. Bhupal Deyv, R. Franceschini, R.N. Mohapatra, Phys. Rev. D 86 (2012) 093010, arXiv:1207.2756 [hep-ph].

[35] A. Atre, T. Han, S. Pascoli, B. Zhang, J. High Energy Phys. 0905 (2009) 030, arXiv:0901.3589 [hep-ph].

[36] M. Malinsky, T. Ohlsson, Z.-z. Xing, H. Zhang, Phys. Lett. B 679 (2009) 242, arXiv:0905.2889 [hep-ph];
M. Malinsky, PoS EPS HEP2009 (2009) 288, arXiv:0909.1953 [hep-ph], 2009.

[37] J.J. Gomez-Cadenas, J. Martin-Albo, M. Mezzetto, F. Monrabal, M. Sorel, Riv. Nuovo Cimento 35 (2012) 29,
arXiv:1109.5515 [hep-ex].

[38] A.M. Baldini, F. Cei, C. Cerri, S. Dussoni, L. Galli, M. Grassi, D. Nicolo, F. Raffaelli, et al., MEG upgrade proposal,
arXiv:1301.7225 [physics.ins-det].


http://refhub.elsevier.com/S0550-3213(14)00186-2/bib446F6E696E693A323031316A68s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib446F6E696E693A323031316A68s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib41626164613A323030377578s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib41626164613A323030377578s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib6465566567613A32303133797361s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib6465566567613A32303133797361s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib2774486F6F66743A313937396268s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib5363686563687465723A313938306772s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib4769756E74693A32303132746Es1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib416E74757363683A32303038666Bs1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib6C6F777363616C652E7479706549s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib6C6F777363616C652E7479706549s2
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib6C6F777363616C652E7479706549s3
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib416B686D65646F763A32303133686563s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib416B686D65646F763A32303133686563s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib5368726F636Bs1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib5368726F636Bs2
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib41626164613A323031326D63s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib41626164613A323031326D63s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib41626164613A32303133616261s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib41626164613A32303133616261s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib496C616B6F7661633A313939346B6As1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib6D756567616D6D6131s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib6D756567616D6D6131s2
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib6D756567616D6D6131s3
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib6D756567616D6D6131s4
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib4164616D3A323031336D6E6Es1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib4164616D3A323031336D6E6Es1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib426C656E6E6F773A323031307468s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib426C656E6E6F773A323031307468s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib42687570616C4465763A323031327A67s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib417472653A323030397267s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib6D616C696E736B79s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib6D616C696E736B79s2
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib476F6D657A436164656E61733A323031316974s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib476F6D657A436164656E61733A323031316974s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib42616C64696E693A323031336B65s1
http://refhub.elsevier.com/S0550-3213(14)00186-2/bib42616C64696E693A323031336B65s1

	Looking for the minimal inverse seesaw realisation
	1 Introduction
	2 Towards the minimal inverse seesaw realisation
	2.1 The one generation case
	2.2 Minimal inverse seesaw realisations
	2.3 Different neutrino mass scales
	2.4 Removing unphysical parameters

	3 Effects of fermionic gauge singlets and constraints on the ISS parameters
	4 Phenomenological analysis
	4.1 The "(2,2) ISS" realisation
	4.1.1 Mass hierarchy
	4.1.2 Constraints from unitarity
	4.1.3 LFV constraints: Br(μ->e γ)
	4.1.4 Lepton number violating parameter space
	4.1.5 Neutrinoless double beta decay

	4.2 The "(2,3) ISS" realisation
	4.2.1 Allowed mass hierarchies
	4.2.2 Constraints from non-unitarity
	4.2.3 LFV constraints: Br(μ->e γ)
	4.2.4 An intermediate sterile scale
	4.2.5 Neutrinoless double beta decay


	5 Conclusions and future prospects
	Acknowledgements
	AppendixA Perturbative determination of the neutrino masses and of the leptonic mixing matrix
	AppendixB Study of the "(2,2) ISS" realisation
	B.1 Massless eigenstate
	B.2 Perturbative diagonalisation

	References


