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ABSTRACT: We study the phenomenology of the minimal (2,2) inverse-seesaw model sup-
plemented with Abelian flavour symmetries. To ensure maximal predictability, we establish
the most restrictive flavour patterns which can be realised by those symmetries. This setup
requires adding an extra scalar doublet and two complex scalar singlets to the Standard
Model, paving the way to implement spontaneous CP violation. It is shown that such CP-
violating effects can be successfully communicated to the lepton sector through couplings of
the scalar singlets to the new sterile fermions. The Majorana and Dirac CP phases turn out
to be related, and the active-sterile neutrino mixing is determined by the active neutrino
masses, mixing angles and CP phases. We investigate the constraints imposed on the model
by the current experimental limits on lepton flavour-violating decays, especially those on
the branching ratio BR(p — e) and the capture rate CR(u — e, Au). The prospects to
further test the framework put forward in this work are also discussed in view of the pro-
jected sensitivities of future experimental searches sensitive to the presence of heavy sterile
neutrinos. Namely, we investigate at which extent upcoming searches for u — ey, u — 3e
and p — e conversion in nuclei will be able to test our model, and how complementary will
future high-energy collider and beam-dump experiments be in that task.
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1 Introduction

The discovery of neutrino oscillations has not only established that neutrinos are massive
particles, but also opened the way to a whole new domain of searches for physics beyond
the Standard Model (SM). Although such a milestone represents a major achievement in
particle physics, our current understanding of neutrino properties leaves unanswered many
questions concerning the fundamental properties of those particles, namely the ones related



to the origin of their masses. From a theoretical perspective, the seesaw mechanism [1-6]
offers an elegant framework for the explanation of neutrino masses and lepton mixing in
extensions of the SM. As opposed to the canonical type-1 seesaw, where very heavy “right-
handed” (RH) neutrinos or tiny Yukawa couplings are required to generate small neutrino
masses, in the so-called inverse seesaw (ISS) [7-9] neutrino mass suppression is triggered
by small lepton-number violating (LNV) mass parameters. In this case, the lightness of
neutrinos stems from an approximate lepton-number symmetry which is restored when
those parameters are set to zero. Therefore, the ISS provides a natural neutrino-mass
generation mechanism in the 't Hooft sense [10].

A crucial feature of the ISS (not shared by the canonical type I seesaw) is that small
Majorana neutrino masses can be generated with RH neutrino masses at the TeV scale
(or below) and O(1) Yukawa coupling parameters. As a result, the mixing between the
(active) light neutrinos and the new (sterile) states can be sizeable for sterile neutrino
masses lying not far from the electroweak scale. The presence of new neutral fermions
interacting with SM leptons and gauge bosons motivates phenomenological studies beyond
the SM, making the ISS a perfect theoretical framework to guide new physics probes. In
particular, experimental searches for charged lepton flavour violating (cLFV) processes like
p— ey [11, 12], p — eee [13] and p—e conversion in heavy nuclei [14-18] have been studied
in the ISS framework [19-26] with the purpose of understanding at which extent our current
knowledge on those processes is able to constrain the ISS parameter space. Depending on
their masses and mixing with the SM degrees of freedom, sterile neutrinos may also lead
to interesting signals potentially observable at the Large Hadron Collider (LHC), as well
as at other experiments sensitive to new physics effects induced by the presence of those
particles [27-33].

Global analyses of neutrino oscillation data in a three-neutrino mixing scheme [34-36]
imply the existence of at least two massive active neutrinos. Yet, controversial results from
current neutrino oscillation experiments like LSND [37] and MiniBooNE [38] may be hinting
at the existence of sterile neutrinos with masses in the eV range. To accommodate all data,
more general active-sterile neutrino mixing schemes would then be required. This inspired
several analyses of oscillation data beyond the three-neutrino paradigm (see, for instance,
refs. [39-43]). As turns out, it is possible to construct several ISS low-scale models that are
compatible with neutrino oscillation data and, simultaneously, satisfy all phenomenological
constraints. In particular, it has been shown that the minimal ISS realisation corresponds
to extending the SM with two RH neutrinos and two sterile singlet fermions [20], to which
we will refer as the ISS(2,2) model.

A longstanding and challenging issue in particle physics is the lack of a guiding principle
to explain the flavour structure of the SM, i.e., the observed fermion mass spectra and
mixing patterns. This flavour puzzle provides a strong motivation for building models with
additional particle content and extended continuous and/or discrete symmetries. Once such
symmetries are explicitly or spontaneously broken, they will lead to the required fermion
mass and mixing structures. Several frameworks have been put forward to tackle this
puzzle [44-48]. One of the simplest approaches consists on the implementation of texture
zeros in the Yukawa coupling and mass matrices, imposed by continuous U(1) and/or



discrete Z transformations (see, for instance, refs. [49—61]). In the SM extended with RH
neutrinos, the realisation of texture zeros with such symmetries is not compatible with data
since, in general, they lead to massless charged leptons, massless neutrinos or vanishing
lepton mixing angles [61, 62]. This is due to the fact that all fermions in the SM couple
to the same Higgs field. Thus, enlarging the Higgs sector is a viable solution to surmount
this difficulty, being the two-Higgs doublet model (2HDM) [63] the most economical one.

Inspired by the above ideas, in this work we consider the ISS(2,2) within the 2HDM
supplemented with Abelian symmetries to ensure maximal predictability, i.e., to impose the
most constraining flavour structure, so that the charged-lepton masses and current neutrino
data can be accommodated, while fulfilling all relevant phenomenological constraints. This
can be realised by adding to the scalar sector of the SM another scalar doublet and two
complex scalar singlets which, upon spontaneous symmetry breaking, generate all relevant
mass terms required to implement the ISS(2,2). Moreover, we will show that CP can
be spontaneously broken by the complex vacuum expectation value (VEV) of one of the
singlets, and that such CP violation (CPV) can be communicated to the neutrino sector
via neutrino-scalar interactions.

This paper is organised as follows. In section 2, general aspects of the ISS mecha-
nism are reviewed paying special attention to the comparison between the effective and full
treatment of neutrino masses and mixing. The most restrictive flavour structures for the
mass matrices in the ISS(2,2) framework are then identified in section 3 by performing a
systematic search of all possible texture-zero combinations leading to low-energy neutrino
parameters compatible with global analyses of neutrino oscillation data. After setting the
successful cases, in section 4 we select those which can be realised by Abelian horizon-
tal symmetries. The phenomenological analysis starts in section 5, where spontaneous
CPV (SCPV) is considered and the relation between the Dirac and Majorana phases is
established in light of present neutrino data. Predictions for the effective neutrino mass
parameter relevant for neutrinoless double beta decay are also discussed in that section.
The impact of radiative corrections on light-neutrino masses is analysed in section 6, while
the constraints imposed by cLFV decays on the model parameter space are investigated
in section 7. Possibilities of testing the ISS(2,2) with Abelian flavour symmetries at other
experiments as, for instance, the LHC, future colliders, beam-dump experiments and cLFV
searches are discussed in section 8. Finally, our concluding remarks are presented in sec-
tion 9. Details regarding the scalar sector and the computations of cLF'V decay rates are
collected in the appendices.

2 General aspects of the inverse seesaw mechanism

The ISS mechanism can be implemented by extending the SM particle content with np RH
neutrinos vg and ng sterile fermion singlets s, leading to what we denote as ISS(ng, ng).!
In this framework, the generic mass Lagrangian for leptons is given in the flavour basis by

1
~Lmass = EL My eg + VL Mprg + VR Mps + 55° Mys + Hee., (2.1)

'We recall that an arbitrary number of gauge singlets can be introduced in the SM without affecting the
anomaly cancellation constraints.



where vy, = (VeL,I/ML,VTL)T, vr = (VR1,. .. ,VRnR)T, s = (s1,... ,sns)T. For a fermion
field 1) we have ¢° = C@T with C' denoting the charge conjugation matrix. In the above
equation, My is the 3 x 3 charged-lepton mass matrix, Mp is a 3 X ng Dirac-type mass
matrix, Mg is a ng X ng matrix, and My is a LNV ng x ngs Majorana mass matrix. The
latter can be naturally small in the 't Hooft [10] sense, since lepton number conservation is
restored in the limit where the last term in eq. (2.1) vanishes. Defining Nj, = (v, v, s)T
of dimension ny = 3 4+ ng + ng, we can write Lyas in the compact form

. 0 Mj 0
~Lunass = efMyep + 5 N MN + He. . M= M 0 Mg, (2.2)
0 M%L M,

where M is the full ny x ny neutrino mass matrix. The charged-lepton mass matrix is
bidiagonalised through the unitary transformations e, — Ver, eg — Vgeg, so that

VEMgVR = D, = diag (m¢, my, m,) , (2.3)

with m, , » denoting the physical charged-lepton masses. For a given My, V and Vp are
determined by diagonalising the Hermitian matrices Hy = MgMz and H), = MEME as

VIHV, =D} = diag (m2,m2,m?) , ViH,V = D} = diag (m2,m2,m?) . (24)

The weak-basis states Ny, p are related to the mass eigenstates (v, ... ,an)T by angXxny
unitary matrix U

Np=U(v1,...,vn))L , Ne=Nf =U*(v1,... ,vn, )} (2.5)
such that the full neutrino mass matrix is diagonalised as

UM U =D, =diag (m1,... ,mn,), (2.6)

where mq are the ny (real and positive) Majorana neutrino masses. Notice that, in

o
general, the light-active (heavy-sterile) neutrino masses are labelled as mi 23 (M4, n f). In
the ISS approximation limit (M, Mp < Mpg), the neutrino mass matrix M of eq. (2.2)

can be block-diagonalised by writing it in the form

(2.7)
The full unitary matrix U of eq. (2.6) can then be parametrised as [64]
Y (x/]l—FFT F ) (Ul, 0) (28)
-Ff V1I-FiF)\ 0 U;)’
so that UTMU
umu = ( o USTMfeaVym) ’ (29



where U, and U, are 3 x 3 and (ng + ns) X (ng + ns) unitary matrices, respectively; Meg
and Mycavy are the effective light and heavy-neutrino mass matrices. At leading order,
Mieavy ~ MY, yielding ng + ng heavy neutrinos. In eq. (2.8), F is a 3 x (ng + ng) matrix
given at first order in the seesaw approximation by

F o~ Mp (M5) !~ (0, Mp(M})™). (2.10)
This leads to the 3 x 3 effective light-neutrino mass matrix
-1
Mg = ~F*MpF! = -Mj, (MpM;'ME) M), (2.11)

which can be diagonalised through a unitary rotation of the active neutrino fields, vy —
U, v, satisfying
Ul M.z U, = D, = diag (r, 1z, 3) , (2.12)

where 1 2 3 are the real and positive light neutrino masses in the ISS approximation. The
unitary matrix U, is obtained from the diagonalisation of the Hermitian matrix Heg =
MefFMIH:

UjHegU, = D? = diag (17}, m3,m3) , (2.13)

yielding the unitary lepton mixing matrix
U =vVviu,, (2.14)

after performing the rotation to the charged-lepton mass basis.

In general, for massive Majorana neutrinos, U’ can be parametrised by three mixing
angles 619, 023, and 613, and three CP-violating phases: the Dirac-type phase § and two
Majorana-type phases a1 and ag; [65],

€12€13 512€13 513 10 0
U’ = | —s12¢23 — C12593513€™  c1ac23 — 512503513€% sazcize® | [0 €2t 0 |, (2.15)
5 5 5 .
512823 — €12€23513€"0  —C12823 — S12C23513€"° C23C13€" 0 0 et

where ¢;; = cosf;; and s;; = sinf;;. Several neutrino oscillation experiments have been
constraining neutrino mass and mixing parameters, namely Am3, = m3 — m? , Am3, =
m% — m%, 012, Bo3, 013 and §. We present in table 1 the results obtained from the most
recent global fit of neutrino oscillation parameters [35]. Both mass orderings are considered:
normal ordering (NO) where m; < mg < mg, and inverted ordering (I0) where mg < m; <
my. Since no experimental information has been obtained so far on CPV Majorana phases,
they remain unconstrained in our analysis. Notice that within the three-neutrino paradigm,
the lepton sector is described by a total of twelve parameters: three charged lepton masses,
three light neutrino masses, three mixing angles and three phases. We also remark that
the existence of a massless neutrino is presently not excluded by data. In such case, there
is only one physical Majorana phase and, thus, the total number of physical parameters in

the lepton sector is reduced to ten.



Parameter Best Fit £1o 30 range

012(°) 3434 1.0 31.4 — 374
023(°)[NO] 48.7919-93 41.63 — 51.32
623(°)[10] 48.7911% 41.88 — 51.30

615(°)[NO] 8.58T01% 8.16 — 8.94

015(°)[10] 8.63101% 8.21 — 8.99

5(°)[NOJ 216751 144 — 360

6(°)[10] 277+ 205 — 342

Am3, (x1075 eV?) 7.5015-22 6.94 — 8.14

|Am3, | (x1073 eV?) [NOJ 2.5610-03 2.46 — 2.65

|Am3, | (x1072 eV?) [10] 2.46 £ 0.03 2.37 = 2.55

Table 1. Current neutrino data obtained from the global fit of three flavour oscillation parame-
ters [35].

We now characterise active and active-sterile mixing considering the full mixing matrix
U or, more specifically, the rectangular 3 x ny matrix Wo; = Uy (o = e, pu,7, j =
1,...,ny) which, according to eq. (2.8), can be decomposed in the form
W = (V1-FFiU,, FU,) = (W,, W), (2.16)
where W, and Wy are 3 x 3 and 3 x (ngr + ns) matrices, respectively. It is clear that
VEVVS defines the mixing between the three active neutrinos and the ng + ng sterile states
in the physical charged-lepton basis. Due to the additional fermion states, active-neutrino
mixing is determined by the non-unitary matrix [66]
U=VIW,=(1-n)U, (2.17)
where U’ is the unitary mixing matrix given in eq. (2.14) and n is an Hermitian matrix
encoding deviations from unitarity of U. Expanding eq. (2.8) up to second order in F, one
has V1 — FFT ~ 1 — {FF which, together with egs. (2.10) and (2.17), leads to
Lt ppt Lt Fy=Inr=Ivrt
n= §VLFF Vi ~ §VLMD(MR) M, Mp,Vy. (2.18)
Active-sterile neutrino mixing is described by Wy given in eq. (2.16), which at first order
in F is

Viw, = VIFU, ~ VI (0, MpM}) " HU,, (2.19)

in the basis where My is diagonal. For the analysis that follows, it is convenient to define
the following matrices [67],

3 3

B =Y (VD)kaWkj, Cij=> WiWyy,
k=1 k=1

(2.20)



which obey the equalities

ny ny ny 3
> BaiBir = bas, Y BarCri = Bai, »_CuCl= Cij, > B;Baj = Cij, (2.21)
k=1 k=1 k=1 a=1

ny ny ny
Z miCikCjr = 0, Z mpBarCr; = 0, Z mrBarBgr = 0. (2.22)
k=1 k=1 k=1

Note that the mixing between the light and sterile neutrinos is given by the matrix elements
B.j for a = e,u,7 and j = 4,...,ny, in the charged-lepton physical basis. Furthermore,
the parameters 1,43 encoding deviations from unitarity [see eq. (2.17)] can be expressed in
terms of B through the relation

1 .
ot = 5 3 BayB3, 223)
j=4

where we used the first relation in eq. (2.21) in order to write 7,43 solely in terms of the
active-sterile mixing.

3 Maximally-restrictive textures for leptons

In this section, we identify the maximally-restrictive textures for the set of matrices
(My,Mp,Mpg, M;) compatible with neutrino oscillation data within the minimal ISS(2,2)
framework,? where two vz and two s fermion singlets are added to the SM particle content,
i.e. np = ns = 2 and ny = 7. Our texture-zero analysis is performed assuming the seesaw
approximation given in eq. (2.11). Later on, we will comment on the validity of this ap-
proximation when comparing with the results obtained with the full neutrino mass matrix
M. The identification of the compatible textures is based on a standard y2-analysis, using
the function

;7 (3.1)

where x denotes the input parameters, i.e., the matrix elements of My, Mp, Mz and M;
Pi(x) is the model prediction for a given observable with best-fit (b.f.) value O;, and o;
denotes its 1o experimental uncertainty. In our search for viable sets (Mg, Mp, Mg, M),
we require the charged-lepton masses to be at their central values [68], such that the x?2-
function is minimised only with respect to the six neutrino observables, namely the two
neutrino mass squared differences Am32;, Am3;, the three mixing angles 012, 623,013 and
the Dirac CPV phase J, using the current data reported in table 1 [35]. Notice that, in the
1SS(2,2) framework, there is always a massless neutrino (m; = 0 for NO or m3 = 0 for 10).

For a given set of input matrices, we consider compatibility with data if the deviation of
each neutrino observable from its experimental value is at most 30 at the y*-minimum [54,
61, 69, 70]. If this is the case, we also test the compatibility of the textures at 1o. For the

2By maximally restrictive we mean that no additional texture zero can be placed into any of the mass
matrices while keeping compatibility with the charged-lepton masses and neutrino oscillation data.



M, = ¢* M, = 5{ M, = 4%, 4, 4
Mp Mr M; Mg Mp Mpr M; Mg Mp Mpr M, Mg
Ty T Tes - T3 Tia Taz - Tioa Tia Tosz 37
Ty Tia Toz — Tig  Tig Tog  1j Tio5  Tia Taz 37;
Ts T Taz — Tie Tisa Toz 1¥ Tizs Tiga Toz 3
Ty Ti1 Toz — Tss  Tia Toz — Tiss Tia Taog 275
Tie T1 Ta - Tys  Tia Taz 1§ Tias Tia Tos 27,
Tozs Ti1 Tz — Tis6 Tia Toz 27,
Tes T1  Toz — Tis6 Tisa Toz 37
Tss Ti1  Toz — Tass Tia Taog 3%
Ty T1 Taz - Tase  Tia Tos  3ig

Table 2. Maximally-restrictive texture sets for My = 6° (left), 5{ (centre) and 41 , 5 (right).

sake of simplicity, we shall use the following sequential notation to label the position of the
matrix elements of a given 3 x 2 and 2 x 2 texture T, respectively,

12 19

5] < ) (3.2)
34

56

where we denote the position of any vanishing element labelled i with a subscript, i.e.,
T;. For instance, in this notation, a matrix with vanishing 11 and 22 elements would be
labelled as T14.

It is straightforward to show that the ISS formula in eq. (2.11) is invariant under the
weak-basis permutations

Mp - MpPr , Mp - PEMzP, , M, - PTM,P,, (3.3)

where P denote the 3 x 3 (or 2 x 2) permutation matrices. Furthermore, for a given pair
(Mg, Meg), the permutations

M, - P M;P. , My — P! MP,, (3.4)

leave the lepton mixing matrix in eq. (2.14) invariant. Therefore, for each weak-basis
permutation class, only one representative set of textures needs to be identified. The
maximally-restrictive texture zero sets (M, M p, M r, M) compatible with neutrino oscil-
lation data for NO are presented in table 2. It turns out that these sets of matrices are also
viable for I0. Moreover, all the sets are compatible with data at 1o. The labelling used
for the charged-lepton mass matrix and the effective neutrino mass matrix follows ref. [71]
and the corresponding textures are presented in tables 3 and 4, respectively.

4 Abelian symmetry realisation of compatible textures

We start this section by specifying the scalar sector of the model. As mentioned before,
maximally-restrictive texture zeros in Yukawa coupling matrices cannot be implemented



00 x 0 0 x 0 0 x
44~ 10 x 0] 45~10xx]| 45~]0 x x
X X x 0 x x x 0
00 x x 00
55~l0ox0| 6°~]0x0
x 0 00 x

Table 3. Textures for the charged-lepton mass matrix M,.

x 0 x x x 0 X X X
17~ 10 x x 15~ | x x g~ xx0
X X 0 x x x 0 x

x 00 x 0 X x x 0

73~ 0 x x 27y~ 10 x0 25~ [ x x 0
0 x x 0 0 0 x
000 x 0 X x x 0
31~ 10 x x 36~1000 g~ | x x0
0 x X 0 000

Table 4. Textures for the effective neutrino mass matrix Meg.

in the SM with Abelian symmetries, since all fermion fields couple to the same Higgs
doublet. Hence, to realise such textures, our minimal setup will require the presence of
at least two Higgs doublets ®, (a = 1,2). Furthermore, to avoid bare mass terms in the
Lagrangian, we also add two complex scalar fields S, (a = 1,2), so that My and Mp are

dynamically generated through couplings of S; and Sy with s7Cs and 7g s, respectively.
We parameterise ®, and S, as

o 1 V2¢F 1 , ,
d =72 ) = — , a , Se=— a4 + La=1,2,
a <¢2 NG vgeife + Pa + i a NG (Uae Pa+2 “7a+2) a

(4.1)
where v, and u, are the VEVs of the neutral components of Higgs doublets ¢ and the
scalar singlet fields, respectively. Note that only the phase difference 6 = 65 — 6 is physical
(a more detailed analysis of the scalar sector can be found in appendix A).

Given the minimal fermion and scalar contents described above, the Yukawa La-
grangian relevant for our work is?

—Lvuk. :E (Y%(I)l + Y?@Q) eRr + E (YlDél + Y%(i)g) VR

1_
g (YiS1+Y2ST) s+ 7R (YRS + Y3S5) s + He.. (4.2)

3Notice that there are other Yukawa interactions invariant under the SM gauge symmetry, as well as

bare mass terms for the neutrino singlets. We do not list all terms here since they will be forbidden by the
Abelian symmetries to be considered next.



Upon spontaneous symmetry breaking, the scalar fields acquire non-zero VEVs and the
above Yukawa interactions yield the generic mass Lagrangian of eq. (2.1) for the 1SS(2,2).
The corresponding mass matrices are given by

Ul 1 , U2 1 V2 2 —if
Mi=—=Y; +— Yp+—7=Ype ™,
M \f Y! \f Y2 e ), Mg == (Y} f Y% e )
s*ﬁ( s> T XYge )7 R*ﬁ( r€"tYpe )

To implement Abelian flavour symmetries, we require the full Lagrangian to be invari-

Y2 e, Mp =

ant under the field transformations
‘I)a — chaq)m Sa — XSaSa s KL — XgEL, eR — XeeR , VR — XRI/R, S — XSS, (4.4)

where, for each field component F, Xy denotes a phase of the form e*#. This invariance
requirement yields the following constraints on the Yukawa matrices of eq. (4.2):

Y¢ = X YiX Xg,, 4 = XYL X X5, ,
Y. =XIYIX.Xs, YI=XIVY2X.XE, (4.5)
Yh = XLYhXXs,, Y%=XLY3X,XE ,

which can be translated into relations among the various field-transformation phases xp.
To implement a texture-zero entry in one of the above Yukawa matrices we require that
the corresponding phase relation is not fulfilled.

We now proceed to identify which of the maximally-restrictive texture sets compatible
with neutrino data (see previous section) can be realised by imposing discrete or contin-
uous Abelian symmetries. To this end, we will apply two methods that complement each
other, namely the canonical [72, 73] and the Smith normal form (SNF) [74, 75] methods.
Our methodology follows closely the one employed in refs. [61, 70]. We start with the
canonical approach applied to the maximally-restrictive textures presented in table 2 to
reduce the scope of realisable textures before employing the SNF method. We recall that
the charged-lepton textures 4¢ and 45 cannot be realised through Abelian symmetries in
the 2HDM [61]. For the remaining cases, we first write all possible decompositions of the
mass matrix textures into the corresponding two Yukawa matrices defined in eq. (4.3).
Afterwards, for a given (My, Mp, Mg, M) combination, and for all decompositions of its
matrices, we solve the corresponding system of algebraic relations for the field phases (or
charges) stemming from eq. (4.5). If a solution exists for a set of charges, then that spe-
cific (My, Mp, Mg, My) is realisable by Abelian symmetries with the fields carrying those
charges. In table 5, we present the realisable mass matrix textures and their corresponding
Yukawa decompositions, respectively. Notice that although in some cases two decompo-
sitions are possible for a given mass matrix, only one is realisable. We set the ordering
for Yé’Q and YBQ as the one given in table 5. Also, we use the notation Yr = Y} [see
eq. (4.2)] since Y%% is forbidden by the symmetries as we shall see promptly. Hence, since
for all realisable cases Mg and My are fixed by the textures T14 and Tag, respectively,
from now on we will refer to each case just through the pair notation (M, Mp).

~10 -



M, Mp Mp M, Msg| M/ Y} Y? Mp Y, Y
551 Tys T Tog 1§ 00 x 000 x 0
45 Tiaa T Taz 3 4 1o xo0 00 x Tys |00
Tys6  Tia  Tos 319 x 00 0x 0 0 x
Ti361 Tia  Tos 275
Ti61 Tia  Tos 273 ‘
51 000 0x 0 T124
X x X x
000 0 x x 0
5ip [0 x0 000 Tus6
x 0 00 x
Mr  Yn 00) [0 x
0 x T136,1 0 x 00
Ty 00 x 0
x 0
M. Y! Y2 0 x 00
T1: 00 0 X
<0 00 136,11
Tos 00 x 0
00 0 x
0 x 0
Tia61 [0 O x 0
X
X
T146,11
X

Table 5. (Left) Maximally-restrictive texture-zero sets compatible with neutrino oscillation data
and realisable through Abelian symmetries. (Centre and right) Decomposition of mass matrices
into the Yukawa textures according to eq. (4.3).

Applying the SNF method to the texture sets passing the canonical method test, we
find that the minimal Abelian symmetry group G realising such textures is

G=27,x[UD]*, n=24 (4.6)

Irrespective of the type of Yukawa textures, the Lagrangian is invariant under the global
continuous symmetry U(1)y, Y being the SM hypercharge. Since, obviously, that U(1)y
does not impose any texture zero, the actual flavour symmetry group Grp = G/U(1)y is

Gr =17, x[UD)?, n=24 (4.7)

Furthermore, the Yukawa Lagrangian (4.2) is also invariant under the following U(1) global

symmetry,

U, — €Dl ep — €T ep, vp — e g, Sy — €1 Sy, (4.8)

- 11 -



with the other fields remaining invariant. Although this symmetry does not impose any
texture zero on the mass matrices, it restricts the possible coupling terms that can appear in
the Lagrangian. Besides the ones given in eq. (4.2), only a bare Majorana mass term of the
form s7C’s is allowed by this symmetry. Nevertheless, it can be shown that the remaining
Abelian symmetries forbid such a bare term. The minimal group that discretises this U(1)
symmetry is Z4, with ¢; = w/2. Thus, the actual flavour symmetry group is

Gp=U(1) x Z, x Ul)p, n=24. (4.9)

The maximally restrictive texture sets (5?1, Tys), (4%, T124) and (4%, Tys56) are realised
by the flavour symmetry for n = 2, while (45, T1361) and (44, T1461) are realised by the
Abelian symmetry group for n = 4. The corresponding U(1)p charges can be determined
through the canonical method, while the discrete group charges are obtained resorting to
the SNF method. We present in table 6, for each texture set, the Abelian symmetry group
that realises the set and the associated transformation charges for each field. In all cases,
the full texture decomposition is imposed by the U(1)r symmetry alone. The discrete
groups, Zo or Z4, only preserve some of the texture zeros but ultimately fail in imposing
them totally. Yet, they are crucial in forbidding the bare Majorana mass term for sterile
singlet fermions s. In fact, the U(1)p charges alone only forbid the diagonal elements
of the bare mass term, while the charges of the discrete groups forbid the remaining off
diagonal elements. Therefore, the Yukawa Lagrangian remains restricted to the form given
in eq. (4.2) where the term with Y% is forbidden and Yg = Y. As a final comment, let
us note that for the realisable cases the U(1)p symmetry can be discretised into a minimal
set of charges corresponding to a Zs symmetry.

5 Lepton masses, mixing and leptonic CPV

In the previous section we have identified which of the maximally-restrictive texture sets
can be realised through Abelian symmetries in the ISS(2,2) context. As will become clear
later (see section 7), throughout the rest of this paper we restrict our phenomenological
analysis to the combination (5?71, T45). In this case, the charged-lepton mass matrix can
be parameterised as

O Oa1 2 2
50 . M, = 9 _ My, My, 2_ .2
1 : { = OQSO ; a; = az ) 3 = My,
a20a4 2
2 2 2 2
2 (a5 — még)(me3 —a3) 51
ay = CL2 y o My, < a2 < Myy, ()
2

where a; can always be made real by phase field redefinitions, and my, , , are the charged
lepton masses. Note that the charged-lepton state ¢; is decoupled from the remaining
ones. The unitary matrices V’L7 r that diagonalise the Hermitian matrices H, = MZMZ

and H), = M};Mz are given by

a% 0 ajay cr, 0sg
H=| 0 a3 0 : Vi=(o010],
aiay 0 a%—l—ai —s1, 0 ¢,
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(51{71, Tys) (45, T124) (45, Tuse) (45, Tise1) (45, T1a6)
Fields U(l) ZexUl)p ZoxUp ZoxUl)p ZyxUl)p Z4yxU(l)p
of 0 (1,1) (0,—5) (1,1) (1,2) (0,1)
P, 0 (0,-1) (1,-3) (0,-1) (0,1) (3,0)
S 0 (0,2) (0,-2) (0,-2) (0,-2) (0,-2)
So 1 (0,0) (0,0) (1,0) (0,0) (0,0)
le, 1 (1,0) (0,0) (0,0) (2,0) (2,0)
ZHL 1 (0,2) (172) (1,-2) (1,—1) (1,-1)
Ly 1 (0,-2) (0,4) (0,—4) (0,-2) (0,-2)
eRr 1 (1,-3) (0,9) (1,-5) (3,—4) (0,-3)
IR 1 (0,3) (L,7) (0,-3) (0,-3) (1,-2)
TR 1 (0,-1) (0,5) (1,-1) (1,—2) (2,-1)
VR, 1 (0,1) (0, -1) (0,—1) (07 -1) (0,-1)
VR, 1 (1,-1) (1,1) (1,1) (2,1) (2,1)
S1 0 (1,-1) (1,1) (0,1) (2,1) (2,1)
So 0 (0,1) (0,—1) (1,-1) (0,—1) (0,-1)

Table 6. Maximally-restrictive texture sets realisable through an Abelian symmetry group. For
each texture pair, we provide the Z,, charges ¢, such that the transformation phases are e>7%n/™,
The U(1) and U(1)r charges are expressed as multiples of the arbitrary charges ¢; and g,
respectively.

a% 0 aoay cr 0 sp
H)=| 0 a3 0 : "=1 0 10 (5.2)
asay 0 a? + a3 —sr 0 cr

Here, we have used the compact notation ¢y r = cosf r and s;, g = sinf; g with the
angles 67, r given by

2meymegy/ (a3 —m3,)(m3, — a3) a3 —m2,)(m3, —a3)
2\, ls l2 " "3

, tan (20g) = 2\/(

mgz + m%s — 2a§

(5.3)
We consider the three distinct cases of 54! textures with ¢, = e, u, 7, labelled as 57" Since
after the diagonalisation of the charged-lepton mass matrix the unitary matrices V, g are
such that the correct mass ordering is obtained as in eq. (2.3), we have

5? : VL,R:V/L7RP127 5lf : VL,RZ /L,Rv 571- : VL,R:V/L7RP237 (5.4)
with
010 100
Pno=[100], Pys= 1001 (5.5)
001 010

As seen in the previous section, for My of the type 5‘{, only the M p, Mg and M, matrices
of the type Ty45, T14 and Tog, respectively, lead to maximally-restricted neutrino mass
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matrices. In terms of the Yukawa matrices given in eq. (4.2), those mass matrices are
realised through Abelian symmetries for the decompositions (see table 5)

b10 Obgeiﬂl
Yo=100], YL=1|bs O :
0 by 0 0

0 d2 1 ]2 0 2 0 0
Yr = Y. = Y? = . . 5.6
= <d1 0) ’ s (0 O) ’ s Ofle’ﬁ2 (5:6)

Notice that we have rephased the fields to remove the unphysical phases such that b;, d;
and f; are real and only the phases 5 2 remain in all Yukawa couplings of eq. (4.2).

From now on, instead of considering the general case of complex Yukawa couplings,
we will consider the scenario in which CP is imposed at the Lagrangian level and, thus,
P12 = 0. As shown in appendix A, the scalar potential of the fields ® and Sj 2, with
the soft breaking of the U(1) x Zy x U(1)p symmetry, allows for a CP-violating vacuum
configuration with?*

(¢9) =veos B, (¢3) = vsinf, (S) =we, (So) =up, tanf=—.  (5.7)
U1
Together with egs. (5.6), these VEVs lead to the mass matrices
mp, Mp, €
0 M D g€’ 0
Mp = 0 , Mpg= , M, = | 5.8
D mpy R (qM 0 ) s < 0 “Se_1§> ( )
0 mp,
being the matrix elements defined as
mp,, = b172 UCOS,B y Mps 4 = b374 v Sin,B y M = d2u2 y (5 9)
s = frui, q=di/ds, p=fo/fr, '

where p and ¢ are rescaling adimensional parameters, which will be useful for later discus-
sions. Taking into account egs. (2.11) and (5.8), the effective neutrino mass matrix in the
original symmetry basis reads

y? 22 e e
4 —e*t zest 2
Myg=c €| % W Y 0 T =p MDp, Y= p mp,mp,
€ - 9 - S b - S 9
Y z M? M?2
2218 0 we?
2
mp.,m m
p DaMDs D D2 P (510)

ST T g

4Spontaneous CP violation can also be successfully communicated to the lepton sector for the texture
combinations (4§,T124) and (4§,T456). This is not the case for the pairs (4§,T136,1) and (4§7T146,1) for
which Mp has one texture zero per row (see table 5) and the complex phase & can be rephased away.
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with all parameters real. Performing the rotation to the charged-lepton mass basis with
one of the unitary matrices V, given in eq. (5.4), we obtain for the 57 case:

VCE MV (5.11)
* yer ysL
= | yer yep , (zen mws)® e viseer | (22— w?) spen +wzcos(201) g ’
T w x w
ysL Z/?s;cL n (22 —w?) chiUJr wz cos(20r) Q2 # N (wCLZ%L)?eM

while for 5{’[‘ and 57 the permutations P12 and P12Pa3 of eq. (5.5) have to be applied on
the left and right. The above matrix must be matched with the one defined in terms of
the physical low-energy parameters according to egs. (2.12)—(2.15), for which the matrix
elements are

NO : M;; = {U’*diag (0, V Am3,, \/Amgl) U’T] : (5.12)

j

10 : M;; = {U/*djag <\/|Am§1|, \/Amgl + |Am3, |, 0> U’q 7 (5.13)
ij
for both NO and IO neutrino masses. The lepton mixing matrix U’ is parametrised as in
eq. (2.15), with ag; = 0 and ag1 = « (since one neutrino is massless in our framework —
see section 3).

It is clear from eq. (5.11) that there are six relevant effective parameters (z, vy, z,
w, & and Op) that determine neutrino masses and mixings. These are to be compared
with seven low-energy physical parameters which define M;;, namely three mixing angles
0;;, two neutrino masses and two CPV phases (the Dirac and Majorana phases ¢ and «,
respectively). Thus, there is a relation among the elements of the effective neutrino mass
matrix, which results in a correlation between two low-energy parameters. It can be shown

that, for the 5§ case, the said relation is
5{: arg [M1*12M123D12
Das
while the corresponding ones for the 5/ and 5] cases can be obtained by performing the
index replacements (11 — 12,13 — 23) and (11 — 13,13 — 33), respectively. For a given

} =0, Dij = My M;; — M}, (5.14)

set of 6;; and Am%lm values, the above equations establish how the two CP-phases § and
« are correlated. Moreover, we notice that all parameters in eq. (5.11) can be expressed in
terms of low-energy neutrino observables. Indeed, for 5 we have

M
FB , r = M, § = arg [Mfszlz} ,
12

2
2 Dol VID1slc} £ \/|D1a]s?
ly|* = |Daslx ;

|D1s|c} — |Dia|s?

_ VIDislet T VIDialsi,
‘/1: b

(’Dlg‘ — ‘D12|) Sin(QQL) F 24/ ‘D13D12 COS(29L>
4z )
The equivalent expressions for 5) and 5] can be obtained performing the replacements

(11 — 22,13 ¢ 23) and (11 — 33,13 — 23,12 — 13,23 — 12), respectively.

5 : tan 0, =

(5.15)
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In order to establish numerically how § and « are related, we vary the mixing angles
0;; and the neutrino mass-squared differences Am%lm within their experimental 1o and
30 ranges (see table 1), while changing § from 0 to 2w. Then, for both NO and IO
cases, we compute M;; through egs. (5.12) and (5.13), respectively. The Majorana phase
« is obtained by solving eq. (5.14) for 577, leading to the results presented in figure 1,
where in the left (right) column we show the allowed regions in the (J,«) plane for the
NO¢,u,r (IOc,u,r) corresponding to 57" with a NO (IO) neutrino mass spectrum. The
blue (magenta) regions were obtained taking the lo (30) intervals for 6 and Am3, 5,
while the vertical dark (light) grey band marks the current experimentally allowed region
for the Dirac CP phase § at 1o (30). The results show that there is a strong correlation
between a and §. For both NO and IO mass ordering, the plots exhibit an approximate
symmetry under the shift 6 — 0 + 7, which is due to the fact that eq. (5.14) is nearly
invariant under that transformation at zeroth order in the smallest mixing angle #,3. Note
that the absence of Dirac-type CP violation (6 = 0,7) implies a = kx (k € Z). This can
be confirmed analytically by evaluating the Dirac and Majorana CP weak basis invariants,
JSE . and jﬁgj [76], which are both proportional to sin(2£). Notice also that a future
measurement of § in the intervals [45°, 135°] and [225°,315°] would exclude the NO, and
NO, cases since, in these ranges, eq. (5.14) has no solution.

The fact that the Majorana and Dirac CP-violating phases are related brings up an
interesting connection between neutrinoless double beta decay (55,) and neutrino oscil-
lations. With one massless neutrino, the S5y, widths are proportional to the effective
neutrino mass parameter mpgg that, in the most general case, should only be sensitive to
Majorana phases. Namely, for the NO and IO cases [77] one has

NO: mgs = ‘ VAME, clysiy e + [/ Am3, sl (5.16)
10: mpp =ciy [\/|Amy | cly + \/Amgl + |Am3,| sty e . (5.17)

Given that « is related to ¢ through egs. (5.14), a dependence of mgs on § can be es-
tablished, as shown in figure 2 for the same cases treated in figure 1. The present upper
limits on mgg reported by the KamLAND-Zen [78], GERDA [79], CUORE [80] and EXO-
200 [81] collaborations are also shown (the height of the bars reflects the uncertainties in
the nuclear matrix elements relevant for the computation of the decay rates). We also
show the future mgg sensitivities planned by the projects AMORE II [82], CUPID [83],
LEGEND [84], SNO+ I [85], KamLAND2-Zen [78], nEXO [86] and PandaX-III [87]. Our
results show that, although mgg is always below the current bounds (even taking the less
conservative limits), several future experiments will be able to probe the whole mgg for
IO neutrino masses. In particular, for the current best-fit values given in table 1, we have
mgg ~ 40 meV, which is on the upper 10 region. As usual, future experiments with sensi-
tivities of (1.0-4.5) meV will be needed to probe the NO regime (see e.g. refs. [88] and [89]
for reviews on future prospects of 505y, experiments).

We will now study the properties of the sterile neutrino sector, particularly its spec-
trum and mixing with active light neutrinos (heavy-light mixing). Although for our phe-
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Figure 1. Predictions for the Majorana phase « as function of the Dirac CP phase § varying the
neutrino mixing angles 6;; and the neutrino mass-squared differences Am3, and Am3; in the lo
(blue) and 30 (magenta) allowed ranges given in table 1. The dark (light) grey vertical band marks
the 1o (30) range for ¢ shown in the same table, while the vertical dashed line is at the § best-fit
value. The left (right) column corresponds to the cases with NO (IO) neutrino mass spectrum and
a charged lepton mass matrix of the 5¢ (top), 5/ (middle) and 5] (bottom) type. Hereafter, these
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Figure 2. Effective neutrino mass parameter mgg as function of the Dirac CP-violating phase for
the 5¢ (left), 5/ (center) and 5] (right) cases (the colour codes are the same as in figure 1). In each
panel we show the NO and IO results in the lower and upper fraction of the vertical scale, respec-
tively. We also show the upper bounds on mgg reported by the KamLAND-Zen [78], GERDA [79],
CUORE [80] and EX0-200 [81] collaborations (the height of the corresponding rectangles represent
the uncertainty in the upper bounds). On the right the sensitivity of several future experiments is
shown.

nomenological analysis a full numerical computation will be carried out, we first provide an
analytical insight following the discussion in section 2 — see egs. (2.16)—(2.20). According
to the definition of the effective heavy neutrino mass matrix Mpeavy given in eq. (2.9), and
taking into account M and M; from eq. (5.8), we have for the 4 x 4 unitary matrix Us:

—icle_if/Q 516—2‘5/2 0 0
U, = e o (5.18)
0 0 1S9€ i€/ coe i€/
isleié/Q clei5/2 0 0

where c1 2 = cos @12, 51,2 = sin ¢ 2 and

2qM
, tan (2p9) = el
Us Pls

tan (2¢1) = (5.19)

In the ISS approximation, ¢1 ~ 9 ~ /4 leading to ¢; ~ $1 ~ g >~ s9 =~ 1/\@, which

characterises the two pairs of pseudo-Dirac neutrinos with masses®

2 2
i s s i Pits Pits
~ M |/1 ~ M |11 5.20
a5 * <2M) Ton| 0 Mer=d * <2qM) Foar| > 20

and mass differences ms—my = us , M7 —mg = pus. As expected, the degree of degeneracy
between the masses is controlled by the small LNV parameter ps.

The sterile neutrinos are labelled from 4 to 7 in increasing order of their mass. Thus, in the following
equations the — (+) sign refers to the lightest (heaviest) neutrino mass, labelled with indices 4 and 6 (5
and 7).
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NO. NO, NO, |I0o. 10, 10,
B.i/Bui~B.s/B,s | 021 017 017 | 273 021 041
B.i/B.i~B,5/B,s | 0.27 088 0.87 | 0.51 1.09 1.24
B.4/Bes ~B,5/Bes | 127 507 524 | 019 533 5.02

Bes/Bus ~ Ber/Bur 0 — 0.36 0 - 4.96
BTG/B/J,G >~ BT7/BH7 0.61 — 0 1.14 — 0
BTG/BeG >~ B7-7/Be7 — 1.64 0 - 0.23 0

Table 7. Predictions for ratios of heavy-light mixing parameters B,; computed using eq. (5.22).
The results are shown for the NO. , - and IO, , , cases.

From egs. (2.19), (5.4) and (5.18), we obtain for the heavy-light neutrino mixing defined
in eq. (2.20):

X X X i%sle%ﬂ %01615/2 0 0

mp,

1

erep 2 Z,(mpch — TrLDQSL)SQe_Zf/2 (mpyer, — szsL)CQe_i5/2
qM qM
"}51 s1s1e%/? %qsw’fﬂ i(ngéLq_]‘;ImDZCL)Sze—iﬁ/Z (mDS‘SLq']"V[mDQCL)ch—iE/Q

.mp i€/2
— X X X 1 Si1cre
B M

X X X 1

(5.21)
in the 5§ case. The corresponding results for 5/ and 57 are obtained applying on the left
of the above matrix the permutation P12 and P12Ps3 of eq. (5.5), respectively. Notice
that each neutrino in a quasi-Dirac pair couples similarly to each lepton flavour «, i.e.
Bos ~ Bys and Bog ~ Byr. Since we are working in the charged-lepton mass basis,
the above matrix provides an approximation to the mixing among the charged lepton e,
and the sterile neutrinos v4_7. It turns out that, due to the Abelian symmetries imposed
to realise the maximally-restricted textures, the charged-current (CC) flavour mixings for
distinct lepton flavours are related by low-energy neutrino parameters. Indeed, for the

{ case,
By  Bes T Bry  Brs
~—~ ~ ~ tanéfp ,
B,y By ycp B,s Bys
By  Bur z—wtanf
B.s B,y w+ztanfp’

Beﬁ ~ B67 ~ 0, (522)

where all parameters involved depend on the neutrino observables as shown in eq. (5.15).
The corresponding relations for the 5/ and 5] textures are obtained by performing the
replacements (e <+ p) and (e <> 7), respectively. In table 7 we show the numerical values
of some heavy-light mixing ratios using the best-fit values for the low-energy neutrino
parameters given in table 1.

6 Radiative corrections to neutrino masses

The analysis presented in the previous section was based on the assumption that the (tree-
level) ISS approximation for the neutrino mass matrix given in eq. (2.11) is valid, i.e., the
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parameters in eq. (5.8) are such that us, mp, < M. However, the presence of new fermions
and scalars may induce relevant corrections to the light-neutrino masses that should not be
overlooked. This matter becomes even more important when considering the high precision
achieved in the determination of the oscillation parameters, which is currently at the level
of a few per cent for some of those observables (see table 1). The one-loop radiative
corrections to neutrino masses have been computed in several works [90-93]. Here we
revisit the calculation of the one-loop corrections to the light neutrino mass matrix, and
adapt it to our case (the one-loop neutrino self-energy diagrams are succinctly presented
in figure 3). We compute the 3 x 3 one-loop correction matrix 6 M given by [90, 91]

ny—1
OMij = Zii(P)| .y = (M=) + (M= )ij + D (Mgz)is
a=1
(6.1)

no—1
+(OMz)ij + (Mego)ij + D (0Msgg)ij, .5 =1,2,3,

a=1
where X (p) are the (active) neutrino self-energies, evaluated at p = 0 since the tree-level
light neutrino masses are extremely small. The number of neutral (charged) scalar mass
eigenstates SO (S) is denoted by ng—1 and (n4 —1), respectively. First, note that the W*-
boson contribution vanishes since the self-energies are evaluated at p = 0. Furthermore, by
using the unitarity of the full ny x ny matrix U defined in eq. (2.6), it can be shown that
the G* and S contributions to 6M also vanish [92]. Thus, only 6Mz, Mo and 6 M S0
will be relevant. Performing the computation in the basis where the tree-level neutrino
mass matrix M given in eq. (2.6) is diagonal, we obtain

(6My),, = ——W %f:mc*c-f m (6.2)
25T g, e TR T\ 2 ) '
ny 2
_ow Mk (0. * C* ; s
(5MGO)z’j - 167 1;1 MI%V (mzczk + mkczk) (mjck] + mkckj) f (M%) ) (6'3)
1 o m%
= AN (A | Dk 4
(5M58>1] A2 kz::lmk ( I/)lk ( I/)kj f (m?gé)) (6 )

The couplings C;; are defined in eq. (2.20), my, are the tree-level neutrino masses, and mgo
are the neutral scalar masses. The Yukawa couplings matrices A% appear in the interaction
terms between neutrinos and neutral scalars SO — see eq. (B.6) of appendix B. The loop
function in the above expressions is

zlnzx

f(z) =— -1 (6.5)

l1—=z

In our framework, the neutral scalar degrees of freedom originate from the two Higgs
doublets ® 2 and the two scalar singlets S 2 (see table 6), which results in a total of seven
scalar mass eigenstates (Si_7) (see appendix A for more details on the scalar sector). In
the exact alignment limit with no mixing among scalar doublets and singlets, and following
the same argument as before regarding the unitarity of U [92], it can be shown that the
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Figure 3. Self-energy Feynman diagrams contributing to the radiative corrections to the neutrino
masses.

Sg747677 contributions to M vanish. Hence, only the (SM Higgs boson) H°, R and I will

be relevant, being their contributions given by

(M) = (fg; - Af;g (miCix +miCiy) (m;Cr; + miCij) (g) . (6.6)
) 2 i [N+ 0904 (N1),, + (D) | f(Z}’;) (6.7
<5Mz>ij:§“gfr:f i [(N0),, + N [(N1), + (N0, f(:;';) (6.5)

where the matrix N, is defined in eq. (B.9). Notice that, assuming mp = my, the R and
I contributions cancel each other. This is what we will assume in our analysis (we refer
the reader to ref. [94] for a model where these neutral scalar contributions are taken into
account). As for divergences, those coming from the G° and H® loops cancel each other,
likewise for the R and I scalars. The Z-boson contribution is finite by itself due to the
first relation in eq. (2.22).

We now wish to evaluate how the results of the previous section are affected when per-
forming a numerical analysis to compute neutrino mass and mixing observables, including
the loop corrections discussed above. In particular, we are interested in

e Comparing the tree-level light neutrino parameters obtained using the seesaw-
approximated Mcg of eq. (2.11) with those stemming from the full neutrino mass
matrix M in eq. (2.2). This will not only provide an insight about how the results
are affected by neglecting higher-order terms in the seesaw expansion, but will also
set limits on the parameters, above which the approximation holds up to a certain
precision. As a reference observable we choose the neutrino mass-squared difference
Am3;, which turns out to be the most sensitive one to such corrections. To quan-
tify the effect of considering the ISS approximation at lowest order, we define the
parameter

, Ay =g — i, (6.9)
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where the light-neutrino masses m; and m; are determined using eqs. (2.6) and (2.12),
respectively. For instance, Ajgg = 0.1 indicates that the value of Am%; determined
from M differs from that computed with Mqg by 10%.

e Evaluating the impact of the one-loop 6. M on the determination of low-energy neu-
trino parameters. For that, we will consider the neutrino mass squared differences
Am3, and Am?,, since for the mixing angles and CP phases the corrections are negli-
gible when compared with the current experimental precision. Likewise the previous
case, we define the parameter

. AmZ — Am2,

A = JAmQ]J Ay = img —m3 (6.10)
where m; are the one-loop corrected neutrino masses and Am?j are the tree-level
neutrino mass-squared differences computed with the full M. Notice that, since
we evaluate M in the basis where M is diagonal, the light neutrino masses m; are
determined diagonalising the matrix Mygny = diag(m, me, m3)+0M,;, where M,
is given by eqgs. (6.1)—(6.6) with i,j = 1,2,3 and ny = 7 (total number of neutrino
mass eigenstates).

For numerical computations in the 57" cases discussed in sections 4 and 5, we consider
a benchmark scenario based on the following assumptions. We choose p = 1 and ¢ = 10
in eq. (5.8), implying me 7 =~ 10my4 5 and ms — mg ~ my —me =~ ps. Regarding the scalar
sector, we take tan 8 = 1 [see eq. (5.7)] and consider all physical neutral and charged scalar
masses to be 1TeV, except for the SM Higgs boson with mass mygo = 125 GeV. Under
these premises we span the parameter space in the following way:

e The low-energy neutrino parameters are fixed to their best-fit values given in table 1,
and the effective neutrino mass matrix elements M;; (defined in the ISS approxima-
tion) are computed according to egs. (5.12) and (5.13), for both NO and IO neutrino
mass spectra. Relations (5.14) are then solved to find the predicted value for the
Majorana phase «, and the parameters in eq. (5.15) are determined. Notice that,
although the values of z, y, z and w are set by low-energy neutrino parameters, the
scales mp,, M and ps are not uniquely defined since Meg in eq. (5.10) is invariant
under the rescalings

a
M — aM , ps — bus , mp, — —=mp

Vb

Choosing the initial values M = 100GeV and ps = 10eV, we determine mp, as

(6.11)

i

shown in eq. (5.10). In order to probe a wide range of scales, we vary M and pus
in the intervals [1,10%] GeV and [1,10']eV. For an arbitrary pair (M, us), we set
the rescaling parameters with respect to the initial values, namely a = M /100 and
b = ps/10. The corresponding mp, are obtained using eq. (6.11). This procedure
leaves invariant the effective neutrino mass matrix (in the ISS approximation) and
guarantees that the low-energy parameters are always those corresponding to the
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experimental best-fit values. Notice that such procedure may lead to very large
Dirac masses mp,. Thus, in order to ensure perturbativity of the Yukawa couplings
b; in eq. (5.6), we require Ymax = max{mp, ,/vi,mp,,/v2} < 5. It is important to
stress that rescaling M, pus and mp, is the only way to probe the parameter space of
our model since ratios among different mp, are determined by low-energy parameters
which are fixed.

o For each set of (M, us, mp,), the full 7 x 7 neutrino mass matrix M is defined using
egs. (2.2) and (5.8), and then diagonalised as indicated in eq. (2.6) to determine U
and mj_7. The active neutrino mixing is characterised by the 3 x 3 (non-unitary)
matrix U of eq. (2.17), which is the upper-left 3 x 3 block of U. The non-unitarity
effects are parameterised by the matrix n of eq. (2.17). Finally, we compute the
one-loop corrections to the light neutrino masses as explained above.

We remark that the CC mixing between the charged lepton with flavour o = e, u, 7
and the heavy sterile neutrino v; (j = 4 — 7) is set by B,; as defined in eq. (2.20)-see
also eq. (B.1). In practice, Bq; is the («, j) element of U computed above and defined in
the charged-lepton mass basis. Notice also that we will be able to cover wide ranges of
B,,; since these elements scale as mp/M. Throughout the remaining of this work, we will
use as reference parameters the average mass of the lightest sterile neutrino pair mys;, a
degeneracy parameter ry and the mixing of the electron with the lightest sterile neutrino

Ven, defined as

my + ms ms — M4 Us mp,
mys = 72 ~ M s rnN = m = m 9 ‘/(-ZN = |B€4’ = \/i :
45 45 mys

(6.12)

In figure 4 we show the contour-level plots for A%l (left panels) and A%? (right panels)
defined in eq. (6.10) for the NO, (upper panels) and IO, (lower panels) cases. The contours
of VEQN, rny and Ajrgg are also shown by solid, dash-dotted and dotted lines, respectively.
Within the grey shaded region b;"** > 5. From the inspection of these plots we conclude
the following:

o The validity of the (tree-level) inverse-seesaw approximation is verified at less than
the percent level for us 2 10 — 20eV (region above the Argg = 1% horizontal line).
The reason why Aigg does not depend on mys for a given ps, can be understood taking
into account that the next-to-leading-order approximation of the inverse seesaw scales
as usmp/M* and, consequently, Ajsg ~ m%/M? ~ m2/m3,. Thus, if us is kept
constant (b = 1 in eq. (6.11)), mp, scales as mys leaving Argg invariant. Moreover,
for a given mys, a rescaling of ps — bus leads to a rescaling of Apgs — Args/b, as
can be seen in figure 4.

e The chosen intervals for ps and M allows us to swipe a wide range for the heavy-
light mixing parameter, namely Ve2N lies between 1071 (or even less) and 1072 in
the parameter-space region where the inverse seesaw approximation holds up to 1%.
The VEQN contours are approximate horizontal lines since, as shown in eq. (5.21),
heavy-light mixing scales as mp,/m4s and, consequently, VfN remains invariant for
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Figure 4. Impact of one-loop corrections on Am3; (left panels) and AmZ; (right panels) for the
NO, (upper panels) and 10, (lower panels) cases. The coloured contour levels are for the A%
parameter defined in eq. (6.10). For reference, we show the dashed contours with AZfL = 1%, 10%.
The solid, dash-dotted and dotted lines correspond to V.n, ry and Arss contours, respectively.
Within the grey shaded region on the lower-right corner of each panel the largest Yukawa coupling
of Y3;° [see eq. (5.6)] obeys b"®* > 5.

constant ps due to the same rescaling of mp, and m4s. Notice that this feature
fails for pus ~ mys (upper-left corner of the left panels in figure 4) since in this case
the leading-order ISS approximation for V. is no longer valid. For the degeneracy
parameter ry, the contours follow the linear relation ry ~ ps/mys already shown in
eq. (6.12) (dash-dotted lines in the right panels of figure 4).

e The nearly-vertical levels of AZIJL indicate that radiative corrections to neutrino masses
depend mainly on mys. For NO¢, the one-loop corrected Am3; deviates from the tree-
level result by less than 1% for mys < 700 GeV, while for Am3; that threshold is at
mys < 20 GeV. Instead, the corresponding upper limits on mys for 10, are at 3 GeV
and 100 GeV, respectively. Notice that, being the one-loop corrections typically larger
than the experimental uncertainty (see table 1) for my5 above those values, this does
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LFV process

Present limit (90% CL

Future sensitivity

BR(1 — e7)

)
4.2 x 10~13 (MEG [11])
3.3 x 10~% (BaBar [96])
4.4 x 108 (BaBar [96])

6 x 10~ (MEG II [12])
3 x 1079 (Belle 1I [97])
1079 (Belle II [97])

1.0 x 10~'2 (SINDRUM [13])

2.7 x 1078 (Belle [99])
2.7 x 1078 (Belle [99])
1.7 x 1078 (Belle [99])
1.8 x 1078 (Belle [99])
1.5 x 1078 (Belle [99])

( [99])

2.1 x 1078 (Belle [99

10716 (Mu3e [98])

5 x 10719 (Belle II [97])
5 x 10710 (Belle II [97])
3 x 10710 (Belle II [97])
3 % 10~ (Belle II [97))
3 x 10719 (Belle II [97])
4% 10719 (Belle II [97))

3 x 10717 (Mu2e [100])

10-1% — 10-17 (COMET I-II [102))

CR(p — e, Ti) 4.3 x 10712 (SINDRUM I [14]) 10718 (PRISM/PRIME [101])
CR (it — e, Au) 7 x 10713 (SINDRUM 1I [16]) -
CR(p — e, Pb) 4.6 x 10~ (SINDRUM II [15]) -

LFV process

BR(Z — eTp?)
BR(Z — eFr%)
BR(Z — u¥r¥)

Present limit (95% CL)

7.3 x 107 (CMS [103])
9.8 x 1076 (OPAL [104])
1.2 x 105 (DELPHI [105])

Future sensitivity

1078 — 10710 (FCC-ee [106])
10~? (FCC-ee [106])

1072 (FCC-ee [106])

Table 8. Current experimental bounds and future sensitivities for the branching ratios (BRs) and
capture rates (CRs) of cLFV processes.

not mean that the symmetry realisation presented in section 4 is no longer valid.
It just signals the fact that the tree-level relations (5.15) start failing. The take-
home message to learn from this analysis is that the scale invariance of the tree-level
inverse-seesaw approximation holds up to a certain level depending on the sterile
neutrino mass.

7 Charged lepton flavour violation

Lepton flavour violating processes are in the front line of experimental searches for physics
beyond the SM [95]. The ISS model, being a paradigm for low-scale neutrino mass genera-
tion, provides a natural scenario for the observation of flavour transitions beyond neutrino
oscillations. The charged and neutral current interactions with heavy sterile neutrinos in-
duce new phenomena which are strongly suppressed in the SM extended with light neutrinos
only. Nevertheless, the predictive power of the general ISS is limited by the arbitrariness
of its parameter values. In the present framework, the symmetries discussed in section 4
provide the ground for a testable scenario in the light of present and future experimental
probes on LFV processes. Thus, we now study LFV in the context of the scenarios set
in the previous sections. Our attention will be focused on the cLFV processes listed in
table 8, where the present experimental upper limits and future sensitivities for the BRs
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and CRs are shown. We have revisited the computation of the rates taking into account
the field content in our framework. The details are shown in appendices B-D.

As stated in section 5, we focus our study on the case of the charged lepton matrix
texture 5¢. To justify this choice, let us look at the cLFV decay £ — Ergﬁj l5, which is
mediated at tree level by the neutral scalars R and I coming from the two Higgs doublets
(in the alignment limit). The corresponding BR for this process reads [61]

BR({ — l505¢5)
BR (Ea — fﬁl/a%)

_ 1 B RG] B8 abyBx
= 16(1 + 059 {Ug ’ 925 ’ + (84 0)| —Re g7 g} )" | + (L& R) ¢,
(7.1)
where
af3 o 1 1 afyo 1 1
87 = NDsaNDi (2 == ). 03" = (N3N (57 = 72 )
m%  m3 m%  m? (72)
B _ (N, (N <1 1> aByd N Nt (1 1)
grr " = (N{)pa(Ne)sy m%%_‘_m% ) grr " = (Ne)ga(Ng)sy m%—i—m% ;

being mpg ; the neutral scalar masses. The matrix N, dictates the interactions between
charged leptons and the neutral scalars as shown in eq. (B.13). For the 5¢ case, the structure
of N, is

x 00 x 0 X x x 0
5 :Ne~ [0 x x|, 5/ :Ne~r |0 x 0,5 :Ne~|[xx0]. (7.3)
0 x x x 0 X 00 x

The presence of zeros in N, imposed by the flavour symmetry leads to a natural suppression
of the above BRs. In fact, considering the most constraining three-body decay i — 3e (see
table 8), the tree-level contribution vanishes for the textures 57" (decoupled electron or
muon) irrespective of mp . Although this does not hold for 57, in this case the BRs are
strongly suppressed by the tiny couplings in the u — e sector. The same conclusion cannot
be drawn for the texture 4§ since the flavour symmetry does not yield the charged-lepton
decoupling feature. To suppress the decay rates in this case, not only very large mpg 1
masses are required but also they must be extremely fine tuned [61], as can be readily seen
from eq. (7.2). Similarly, the analysis of the one-loop contribution of the neutral scalars R
and I to the decay ¢, — {gy reveals that in the 4§ case requires fine-tuned scalar masses.
On the other hand, for 57" the scalar contribution to the y — ey amplitude vanishes.

We now analyse the constraints imposed on the parameter space taking into account
the present limits and future sensitivities for the processes indicated in table 8. We focus
on p — e, p — 3e and p — e conversion in Au, Ti and Al, since these are either the most
constraining at present or the ones for which the projected sensitivity is higher. Later on,
we will comment on other LFV three-body and Z decays. The (mys, 1s) parameter space is
covered by means of a full numerical analysis as described in the previous section, using the
results given in appendices B-D. For simplicity, we work in the alignment limit for the two
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Figure 5. Constraints on the (mys, pt5) parameter space imposed by the MEG bound on BR(p —
ev) (vellow crosshatched region) and the SINDRUM II limit on CR(p—e, Au) (grey hatched region).
The contours corresponding to the future sensitivities of the MEG II (solid orange) and Mu3e (red
dashed) experiments are also given. The black and blue dash-dotted lines show the contours of
CR(u—e, Al) and CR(u— e, Ti), respectively, for values within the sensitivity of future experiments
(see table 8). In the blue shaded region CR(u — e, Ti) < 107!, Limits on b®* and Ags are
also shown (grey, green and cyan shaded regions). The results are shown for all cases found to be
realisable through Abelian symmetries, i.e. for the 57" cases with NO (left panels) and IO (right
panels) neutrino mass spectra.

— 97 -



Higgs doublets and in the decoupling limit for the two neutral scalar singlets, as explained
in appendix A. The interaction terms between fermions and scalar eigenstates are those
given in section B.2. Since the analysis of textures and symmetries for the quark sector
is out of the scope of this work, the up-quark and down-quark mass matrices are taken to
be diagonal, i.e., M,, = diag(my, m., m;) and My = diag(mg, ms, mp) [68]. Consequently,
the CKM matrix V is the identity matrix, and the flavour-changing matrices N4 and N,
defined in egs. (B.10) and (B.11), vanish.

The results of our numerical analysis are shown in figure 5 for the six cases NO, , -
(left panels) and IO, - (right panels). The colour codes in the legend of the upper-left
panel apply to the whole figure. By inspecting these results we conclude the following:

e The validity of the inverse-seesaw approximation up to 1% level, i.e. Ags < 1%,
imposes lower bounds on the LNV parameter s > 10 —20eV (cyan shaded regions),
which correspond to upper bounds on the mixing VSZN <107* — 1073 (see figure 4).
The light (dark) grey regions show that a considerable fraction of the parameter space
is excluded if one takes into account bj"** < 1(5) as a perturbativity requirement.

e The MEG and SINDRUM II limits on BR(x — ev) and CR(u — e, Au) exclude
mys 2 1 — 10GeV for Ags 2 1%. Moreover, the improvement on BR(u — ey)
foreseen by MEG II (solid orange contour) would have a marginal impact in covering
the parameter space in our framework. On the other hand, reaching a sensitivity of
BR(u — 3e) at the 10716 level would be more relevant in constraining the parameter

space, especially for heavier sterile neutrinos, i.e., for larger mys.

e The COMET and PRISM/PRIME projected sensitivities for CR(u — e, Al) and
CR(u — e,Ti), represented by black and blue dash-dotted contours, respectively,
cover a considerable part of the parameter space, leaving unprobed the regions in
shaded blue where CR (i — e, Ti) < 107!, In the best-case scenario (NO,), probing
CR(i — e, Ti) down to 10~ would cover the whole parameter space, as can be seen
in the upper left panel.

The above results provide a general idea regarding how present experimental data
constrain the minimal ISS with Abelian symmetries, and how future experiments would
further probe its parameter space. However, it is interesting to investigate possible relations
among different processes and, in particular, to ask whether the observation of a particular
cLFV decay would allow us to draw conclusions regarding others. Notice that, in general,
this is only possible when there is some relation among the LFV parameters and/or masses,
as it is our case (see table 7). With this purpose, we compare BR(u — e7y) with BR(7 —
ly7), and CR(u — e,Ti) with BR(x — 3e). The results are shown in figures 6 and 7
for NO and IO, respectively, where all points respect the present limits shown in table 8.
The colour of each point is linked to the corresponding value of my5 following the colour
map shown in the middle of the figure. Some important conclusions stand out from the
observation of these results. Namely, it is clear that any future observation of a radiative
(or three-body) 7 decay with a BR down to 10~ would exclude all scenarios presented in
this work. In fact, for both 7 — 7y and 7 — ey the BRs are 107! at most, well below
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the Belle II sensitivity (left panels). In general, the spreading of the scatter points is due
to variations in heavy-light mixing and heavy neutrino masses. However, in some cases,
we observe a linear relation between BR(r — ) or BR(7 — ey) and BR(u — ey). For
instance, using egs. (C.2) and (C.3) together with the approximate results of table 7, it
can be shown that for NO, the relation

2

B, _
11 BR(7 = vyeie) ~ 0.013 (7.4)

B

BR(r = ey) _
BR(u )

p4

holds for the whole range of mys, in perfect agreement with the numerical results shown
in the inner plot of the upper-left panel in figure 6. From the comparison of CR(u — e, Ti)
with BR(p — 3e) (right panels of figures 6 and 7) we see that in all cases BR(u — 3e) is at
most 10713, Notice also that, for my5 < 100 GeV, there is an approximate linear relation
between CR(p — e, Ti) with BR(x — 3e), which is no longer valid for higher masses due to
cancellations among the various contributions to p—e conversion amplitudes. We have also
investigated whether our framework could lead to observable signals in LVF Z decays by
computing BR(Z — (,¢3) with a # § = e, u, 7. We have concluded that, after imposing
the present constraints on p — ey and p — e conversion in nuclei, the Z — ¢z rates are
well below the future sensitivities given in table 8.

8 Constraints on heavy sterile neutrinos and future prospects

In the previous section we have analysed the constraints imposed by LFV experimental
searches on the minimal inverse seesaw model with Abelian flavour symmetries, adopting
as reference parameters the LNV parameter ug and the average sterile neutrino mass mys.
Although this provides a clear understanding on how constrained the original scales in the
Lagrangian are, it is convenient to look at the problem from a perspective where pu; is
replaced by the active-sterile mixing parameters B,;. Notice that, in our framework, we
only need to consider one of these quantities since, as seen in section 5 and summarised
in table 7, they are all correlated. From now on, we will take as constrained parameters
mys and V2 defined in eq. (6.12). For each of the scenarios analysed in this work, the
correspondence between the (muys, us) and (mys, VGQN) parameter spaces is established by
figures like figure 4 (left panels). Following this approach, we will be able to compare
the constraining power of the cLFV processes discussed in the previous section with other
experimental searches which are usually translated into constraints on mass and mixing
parameters (see e.g. refs. [22, 29, 31, 107-110]). We are not interested in carrying out an
exhaustive analysis of all sensitivity studies performed so far. Instead, we will consider the
following searches:

e Beam-dump experiments: in a beam-dump experiment a primary beam strikes a high-
density target and produces a large number of secondary heavy mesons which, in the
presence of active-sterile mixing, can decay to final states with sterile neutrinos. Part
of them fly towards a detector, decaying inside its volume. The NA3 experiment used
a 300 GeV 7~ beam incident on 2 meter long beam dump to, among other purposes,
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Figure 6. (Left) BR(7 — wy) and BR(7 — e7) (inner plots) vs. BR( — ev) for NO, ,, » from top
to bottom. The MEG bound BR(7 — e7) < 4.2 x 10713 sets the vertical red exclusion band, while
the vertical dashed line corresponds to the MEG II projected sensitivity. (Right) CR(u — e, Ti) vs.
BR(u — 3e) for the same NO case as in the left panel. The vertical and horizontal red exclusion
bands result from the SINDRUM and SINDRUM II limits on BR(y — 3e) and CR(u — e, Ti),
respectively (see table 8). The vertical dashed line corresponds to the Mu3e projected sensitivity
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Figure 7. The same as in figure 6 for 10, 10, and IO..

look for the decays of heavy neutrinos N into #fv and 774~ (£ = e, ) final states.
In such experiment, heavy neutrinos may originate from the rare m and K meson
decays, or in semi-leptonic decays of charm D and F' or beauty B mesons. At NA3
the limit VSN < 107 has been set within a heavy neutrino mass region 1 — 2 GeV.
The CHARM experiment [112] has conducted similar N — ¢fv searches using a
prompt neutrino beam produced by dumping 400 GeV protons on a copper beam
dump, setting V2, < 1077 for 1 — 2 GeV heavy neutrinos. We will consider the NA3
and CHARM exclusion regions reported in figures 8a and 2 of refs. [111] and [112],
respectively.
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Future: the beam-dump experiment SHIP will use 400 GeV protons extracted from
the CERN Super Proton Synchrotron (SPS) accelerator, dumped on a high-density
target. The experiment will search for heavy neutrinos with mass up to ~ 6 GeV
produced in the decays of D and B mesons. As for active-sterile mixing, SHIP will
be able to probe it down to VEQN ~ 10719 for 1.6 GeV heavy neutrinos. In this work,
we will consider the SHIP exclusion region given in figure 3 of ref. [113]. Although
designed to measure active neutrino oscillation parameters with high precision [114],
the DUNE experiment will also be able to search for heavy sterile neutrinos [115].
This will be achieved by striking a target with a very high-energy proton beam (up
to 120 GeV), leading to the production of mainly pions and kaons which may produce
sterile neutrinos in their decays. For illustration, we will consider the results presented
in figure 2 of ref. [115].

High-energy colliders: at the Large Electron-Positron (LEP) collider, the L3 and
DELPHI collaborations have looked for heavy neutrinos N produced via on-shell Z
boson decays eTe”™ — Z — Nv. Several N decay modes were considered, namely
N — Z*v(Z* — W,vv,jj) and N — W (W* — lvy,jj"). The L3 results were
able to probe V2, down to 1074 for ~ 20 GeV heavy neutrinos, while the DELPHI
collaboration conducted similar searches excluding V.3, > 3 x 107° for masses in the
range 3 — 50 GeV. We will consider the L3 and DELPHI exclusion regions given in
figures 6 and 10 of refs. [116] and [117], respectively.

At the LHC, the ATLAS and CMS collaborations are also looking for heavy neu-
trino signals. Both collaborations search for N production in W* — (*N followed
by subsequent decays N — W**(F (W** — (*y,) with £ = e,u. ATLAS has ex-
plored event signatures consisting of three charged leptons (electrons and muons)
with same-sign dileptons of the same flavour (LNV mode). CMS has extended the
search to include events with lepton number conservation, thus being sensitive to
displaced decays. Overall, the ATLAS and CMS analyses on trilepton signatures
excluded Vf > 10~* — 1075 for heavy neutrino masses in the 5 — 50 GeV range.
Both collaborations have also searched for the decays of heavy neutrinos produced in
pp — W** — (N into same-sign dileptons and jets N — W*¢* (W* — jj'). For
the ATLAS exclusion regions we will consider the results given in figures 6 and 8 of
refs. [118] and [119], while for the CMS ones we take the results of figures 2 and 4 of
refs. [120] and [121], respectively. In the presence of active-sterile neutrino mixing,
new interactions of the SM Higgs boson may arise, opening the H — Ny decay
channel (if kinematically allowed). The subsequent decays N — (W* (W* — (v) and
N = 4Z* (Z* — £T¢7) at the LHC have been studied in ref. [122] to constrain the
mixing-mass parameter space as shown in figure 3 of that reference.

Future: future high-energy colliders will play a crucial role in searching for heavy
sterile neutrinos. In particular, during the high-luminosity LHC phase (HL-LHC),
ATLAS and CMS will be able to cover masses up to 2—3 TeV. Sensitivity studies have
also been performed for a Future Circular Hadron Collider (FCC-hh) at a 100 TeV
centre-of-mass energy [30, 123]. For the HL-LHC and FCC-hh cases we will consider
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the exclusion regions given in figure 25 of ref. [123] corresponding to LHC14 and
LHC100 with integrated luminosities £ = 3 ab™! and 15 ab~!, respectively. Heavy-
neutrino searches performed at a future high-luminosity ete™ storage ring collider
(FCC-ee) can drastically improve the limits on active-sterile mixing down to 107!
for ~ 60 GeV neutrinos (figure 8 of ref. [124]). In a future e*e™ linear collider, as the
International Linear Collider (ILC), the sensitivity on heavy-light neutrino mixing
can reach values down to 10~ for a 500 GeV centre-of-mass energy and an integrated
luminosity of 100 b~ (figure 15 of ref. [125]). For a Compact Linear Collider (CLIC)
operating at 3 TeV and with £ = 1ab™!, values of Vony ~ 107° —10~* can be probed
for a 600 GeV — 2.5 TeV mass range (figure 24 of ref. [126]).

Detectors placed near LHC interaction points would allow for searches of heavy-sterile
neutrinos produced in pp collisions through the reconstruction of displaced vertices
in a low-background environment. Several proposals have been put forward to con-
duct this kind of analyses, namely the AL3X [127], CODEX-b [128], FASER2 [129],
MATHUSLA [130] and MoEDAL [133] detectors. The sensitivity improvement with
respect to that achieved by the main detectors (ATLAS, CMS and LHCD) could be of
several orders of magnitude in the low-mass regime. In this work we will consider the
FASER2 and MATHUSLA exclusion regions given in figures 5 and 37 of refs. [134]
and [130], respectively.

Given that we are dealing with nearly-degenerate sterile neutrinos due to the small-
ness of ug, LNV decay modes are expected to be suppressed as a result of the quasi-
Dirac nature of the heavy sterile neutrinos. This is, however, not the case if the aver-
age decay width is of the order of the mass splitting, i.e. 'y = (I'n,; +T'n,) /2 >~ Amy.
This issue is especially relevant when looking for the same-sign dilepton signatures
discussed above. In order to provide an insight regarding whether LNV decays are
suppressed or not, we will use the same-sign to opposite-sign ratio [29, 131]

2
Amiyy,

Rj=—-"—+,
i 2F?\,+Am?\,

(8.1)

such that R; > 1/3 can be adopted as a criterion to identify the regions of the
parameter space where LNV decays are unsuppressed [132]. To compute I'y =
(I'4+T'5)/2 in terms of the sterile neutrino masses and mixings we use the results of
ref. [107].

FElectroweak precision data (EWPD): as already mentioned, in the presence of sterile
neutrinos, the active neutrino mixing matrix U relevant for neutrino oscillations
[cf. eq. (2.17)] is no longer unitary. Deviations from unitarity are constrained by
neutrino oscillation data, electroweak precision tests and lepton flavour violating
decays [109, 135-142]. In fact, the off-diagonal elements of 7,4 defined in eq. (2.23)
are mainly restricted by the LFV decays studied in the previous section. On the
other hand, n,, are restricted by SM gauge boson decays, namely W — ¢,v, and
Z — vv, and universality tests in W and m decays. We will use here the limits for
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|Tee My M7+
NO, [10.] | 1.25 x 1073[1.25 x 1073]  3.90 x 107¢[3.42 x 107%]  1.97 x 107*[4.01 x 1073]

NO,, [10,] | 227 x 1074[2.44 x 107°]  6.58 x 1076[9.29 x 1076]  7.43 x 1075 [9.05 x 10~?]
NO, [10,] | 3.86 x 1074 [7.64 x 10™°]  4.17 x 1076 [3.35 x 10™°]  1.02 x 1074 [3.09 x 10~*]

Table 9. Upper bounds on V2, imposed by EWPD (see text for details) for NO. , , and IO, ,, ..

|Maa| obtained in ref. [109], namely:
Mee| < 1.25 x 1073, |nuul <2.2x 1074, |n.| <28 x 1073, (8.2)

Notice that, in our framework, the 1,43 are not independent since the B,; are related
to each other as a result of the Abelian flavour symmetries. These relations are
written in terms of low-energy neutrino observables as shown in eq. (5.21), implying
that 1,5 can be expressed by a single mixing parameter which, for convenience of
our analysis, we choose to be VA; = |B.4|?. In this case, we have

B, |?
’J’ (8.3)

‘naa‘ Z ’Baz|2 («TOA + «TozG) y Laj =

where we have used eq. (2.23) and the fact that |Baa| >~ |Bas| and |[Bag| >~ |Bar|- It
is then possible to use the above equations together with table 7 to compute the x,;
factors and extract upper bounds on V4, from the limits given in eq. (8.2) for [1aa]
(see table 9).

e Neutrinoless double beta decay: in the presence of sterile neutrinos, the effective
neutrino mass parameter mgg, relevant for neutrinoless double beta decay, is [143]

w

ms
mag ~ Z B0’ 5—— ]~ ~» BZmi+ ZPQBQ o (8:4)
=1 =1 i=4 7

where p? ~ —(100 MeV)? is the virtual momentum of the neutrinos and m; are the
physical neutrino masses. The first and second sums run over the number of light
and heavy neutrinos which, in the present case, is three and four, respectively. For
the 1 GeV-10 TeV mass range studied in this work, the contributions of the second
term in eq. (8.4) are negligible and, thus, the results in figure 2 remain valid (for
neutrinoless double beta decay studies in the presence of sterile neutrinos see e.g.
refs. [33, 144-149]).

In the left panels of figures 8 and 9 we present a summary of all the current constraints
discussed above, together with those stemming from p — ey (MEG) and p — e conversion
in Au (SINDRUM) searches (see figure 6), now shown in the (mas, V.3;) plane. For the
EWPD exclusion regions we consider the most restrictive V2 v limits given in table 9, i.e.
those extracted from |n,,| (third column). On the right of the same figures, the projected
sensitivities of the several experiments enumerated above are shown, including the cLFV
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ones already presented in figure 6 in the (mys, us) plane. For all cases, the overlap of the
current exclusion regions (left panels) is shown in light yellow. By looking at these two
figures one can conclude that:

e For mys 2 2 GeV, the strongest constraints are typically those imposed by the
SINDRUM and MEG limits on BR(p — ey) and CR(p — e, Au), respectively, and by
EWPD (left panels). One exception is the IO, case where, for 2GeV < mys < 50 GeV,
the DELPHI, ATLAS and CMS limits are stronger. In all situations, the CHARM
exclusion region is more constraining when mys = 1 —2 GeV. Notice that the EWPD
exclusion regions are not the same for the different NO and IO scenarios since the U(1)
flavour symmetries, together with present neutrino data, impose different relations
among the B,;. Thus, the limits on |7,q| cannot be directly translated into limits

of a single B,; by neglecting the remaining B, with different £ # j.

o Any signal of sterile neutrinos with V4, > 10~ at future hadron or linear colliders
(HL-LHC, FCC-hh, CLIC and ILC regions) would not be compatible with the limits
already imposed by current constraints from LFV searches and EWPD (see right
panels). Therefore, in the context of the present work, high-energy collider probes
conducted at the FCC-ee and at experiments like SHIP, MATHUSLA, DUNE and
FASER2 turn out to be of utmost importance (obviously, taking into account the

considered sensitivity studies).

e While for NO, cLFYV indirect searches are fully complementary to the aforementioned
direct ones, this is not the case for the remaining NO and IO scenarios. In particular,
for inverted neutrino masses, the region with VeQN < 1072 — 10~® cannot be probed
by future p — e conversion experiments. In this case, such mixing regimes can be
covered by displaced-vertex experiments and by a high-luminosity Z factory like the
FCC-ee. Notice that Ry > 1/3 within the sensitivity regions of those searches (see
the brown solid lines in the left panels), indicating that LNV sterile neutrino decays
are not suppressed by their quasi-Dirac nature. It should also be mentioned that in
the absence of a positive u — ey signal, the impact of MEG II data would be mild
(compare the yellow regions with the solid orange line in the right panels). Instead,
if that decay is observed, ranges for my5 and VGQN can be set in most of the cases,
being the latter relatively narrow. As for y — 3e, future probes conducted by the
Mu3e collaboration will be able to cover VfN down to 1076 — 1077 for wide ranges of
sterile neutrino masses.

To conclude this section, we remark that although we have shown the results of our
analysis in the (mys, VfN) plane, it is relatively easy to infer how the obtained exclusion
regions and sensitivity contours would appear choosing a different mixing parameter by
taking into account the relations in table 7.

9 Concluding remarks

In this paper we have thoroughly investigated the minimal inverse-seesaw mechanism with
couplings constrained by U(1) flavour symmetries, and with all fermion masses generated
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via spontaneous symmetry breaking through VEVs of doublet and singlet scalar fields.
After finding the maximally-restrictive mass matrices compatible with present neutrino
data, we have identified all possible U(1) symmetry realisations and concluded that at least
two Higgs doublets and two complex scalar singlets are required to successfully implement
those symmetries. The presence of such singlets opens up the possibility for SCPV, which
turns out to be successfully communicated to the lepton sector via their couplings to the
new sterile fermions. As a result of SCPV and the Abelian symmetries, the low-energy
Majorana and Dirac CP phases turn out to be related to each other. We have also shown
that, including one-loop corrections to neutrino masses and requiring them to be at the
one percent level, sterile-neutrino mass ranges are established, within which the tree-level
results are still valid in light of the present experimental precision in the determination of
the oscillation parameters. Due to the flavour symmetries, the heavy-light mixings are not
independent, being their ratios entirely determined by the lepton masses, mixing angles
and CP phases. This provides a very constrained setup for phenomenological studies in
the framework of current and future probes sensitive to the presence of sterile neutrino
states. We have studied several cLFV decays and obtained the exclusion regions set by
the experimental limits on BR(y — e) and CR(u — e, Au). These results establish upper
bounds on VeQN of about 107 —107°. The prospects to further explore the parameter space
were discussed in view of the projected sensitivities of future LE'V searches, especially those
dedicated to u — ey, 4 — 3e and p — e conversion in nuclei.

After analysing the constraining power of cLFV processes, we focused our analysis
on alternative probes, namely collider and beam-dump experimental searches that are
sensitive to the presence of sterile neutrinos. With minor exceptions, we concluded that
the HL-LHC, FCC-hh, ILC and CLIC sensitivity regions are already excluded by current
LFV and EWPD constraints for all possible U(1) symmetry realisations. On the other
hand, searches at a high-luminosity Z factory as the FCC-ee and at experiments like SHIP,
MATHUSLA and FASER2 would be highly complementary to the Mu3e, Mu2e, COMET
and PRISM/PRIME projects. Although we have not explored all possible future scenarios
which could arise from independent results of different searches, it is clear that a single
positive signal in any of those experiments would definitely put at test the scenarios studied
in this paper. In this sense, further symmetry-motivated studies performed in the context
of sterile neutrino searches are most welcome.
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A The scalar sector and spontaneous CP violation

The Abelian symmetries that realise some of the maximally-restrictive textures of section 3
were presented in section 4, being the minimal scalar-field content required to implement
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those symmetry realisations given in eq. (4.1), i.e., two Higgs doublets ®; 5 and two complex
singlets S 2:

oF 1 V20! 1 : )
P, =" =— ‘ a ,S:—uelga—i— 41 ,a=1,2,
¢ <¢2 V2 \vae?s + p, + ing ¢ \/§< ¢ Pa+2 77a+2)
(A.1)
where v, and u, are the VEVs of the &, neutral component and of S,, respectively. In the
present case, only the phase difference 8 = 65 — 61 is relevant. The above fields transform

under the Abelian symmetries as shown in table 6. The most general potential invariant
under those symmetries can be written as,

VU(l) = Vae + Vas + Vg, (A.2)

with
A 2 A
Voo = 12, @101 + 12,010, + 31 (@1@1) + 22 (qﬁ%)

NI (@}@1) (q>gq>2) T\ (@{@z) (<1>;<1>1) ,

1 1 2 T i 2 (4.3)
Vos = ()\5(1) D1 + APy @2) |S1]° + ()\QCI’ Q1 + APy <I>2) Sa2|”,

Vas = 13 |S1]% + u3 | Saf +*|5\ + |52| + M1 |S1]? ]S

For reasons that will become clear later, we consider all parameters to be real. To avoid
massless Goldstone bosons, we add terms to the scalar potential, which break softly the
Abelian flavour symmetries. Such terms could, for instance, originate from the spontaneous
breaking of a larger symmetry at very high-energies. Possible soft-breaking terms are

Veoit (®as Sa) = 13y @1 + 113 S + g [51)2 St + ps |S2]* So + Hec., (A4)

with all parameters real. This specific form of Vg is chosen not only to avoid unwanted
massless scalars, but also to open up the possibility for SCPV coming from the complex
VEV of the scalar singlet S7, as will be discussed later. The full scalar potential is then
given by V(®4,5.) = Viy1) + Veott-

As argued in section 4, one of the motivations for adding two complex singlet scalars is
to account for the mass hierarchy in the inverse-seesaw approximation through uy, vy, v <
uz. In order to simplify the analysis, we will use that VEV hierarchy to consider the case in
which S5 is decoupled from the remaining scalars and, thus, the quartic term ~ \Sg|4 will
dominate over the terms ~ ®i®, [Sy|? and ~ |S1]*|S2/®. The analysis is then simplified
by taking

V<1>S ~ ()\5@{@1 =+ )\6@£®2> ’S1|2,
Vss =~ 17 [S1]* + pi3 | Saf” L 151| +*!S| (A.5)

In order to ensure vacuum stability, the scalar potential has to be bounded from below
in any direction of the field space as the fields become large. This can be guaranteed by
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requiring the Hessian matrix of the quartic couplings in the potential to be copositive [150].
In the case under analysis, this is translated into the following conditions among A\;_g [151]:

AL, A2, A7, A8 >0, A3+ VA1A2 >0, Az + A+ VA >0,

A5 + VA7 >0, g + VA2 A7 > 0,

AsA7 = Ase 1/ (AA7 — AZ) (AgAr — AZ) > 0

(A3 + M) A7 = AsAg + \/()\1)\7 =A%) (A2A7 = AF) > 0.

Since we considered all Yukawa and scalar parameters to be real, the full Lagrangian
is CP-conserving. Yet, CP can be spontaneously broken if some scalar field acquires a
complex VEV. The main motivation for studying this possibility is to provide a dynamical
explanation of CPV in the lepton sector manifested through non-trivial Dirac and Majorana
phases § and «, respectively (see section 5). To show that this is indeed possible, we start
by minimising

A1 A2 A3 A A5 X6 A7
VOZ§‘11+§U§+ZZ2+4 +4U%U%+ZU%U§+§U%
A
+§8 2—1—%%4—%%—1—% %4—%%—1—;@2011120089 (A7)
+ %u% cos &a + ﬂul cos &1 + pdu? cos (2¢1),

with respect to vg, uq,0,& and &. In particular, the extrema conditions for 6 and & lead
to 0,& = 0,m. Two possible solutions for u3,, u3, and p3 can be then obtained from the
minimisation equations of v 2 and usg, respectively. Namely,

1 (%)
‘9 = 0,7'(' : M%l = —5 |:)\1’U% —+ ()\3 + )\4) ’U% + )\5U%:| F ;1//6%2,

1 v
o = =5 [Med + O+ )t - dud]| F ity (A8)

u
=0, pj= _?2<)\8U2 + 3\/§M5) .

Instead, minimising with respect to £; leads to three solutions:

1
& =0,m: u% =3 ()\511% + )\Gvg + )\7u% + 4u§ + 3\/§u4u1> ,

323 — pjui o pjui 1
g I =24 = (w2 + Ngv2 4+ Mud — 4u2) .
ity M1 2 "5 ( 501 + AgU3 + A7uj M3)

& = arctan
4ps

(A.9)
Notice that the last solution in (A.9) is the only one which provides a non-trivial phase &;,
leading to the possibility for SCPV. Setting 6, & = 0,7 in Vj, the value of the potential at
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each & minimum (Vi) is

3
M4ty /

22 ’

A.10)
32M4—M2U2 2 4 (
6 aretan (V R Ll

§&1=0,m: Vian=7F

min —

4t 163 ’
with
A A A A A A6 A A
V= glvjl + gvg + fva% + fva% + ZSU%U% + Ze)u%v% + %u‘f + gug + %ug’ (A.11)

Therefore, the CPV solution with & # 0,7 corresponds to the deepest minimum if pquy <
FAV2 i3

A.1 Scalar mass spectrum

We now briefly discuss the main features of the scalar mass spectrum of our model. In
total we have two charged complex scalar fields qﬁiQ and four neutral ones, qZ)‘iQ and 51 2.
The mass matrix for the charged scalars is

V2

— F1
1)1?)2/\4 + 2/1,2 +
V2

where the upper (lower) sign corresponds to # = 0 (7). This matrix is diagonalised via the

ca :IZSB H1 (I)l
(—Sg :I:Cg) - (HQ) <(I)2 ’ ( 3)

Cg:cosﬁ:%, 55:Sin[3:%, (A.14)

basis transformation
with

where v = \/v% + v% ~ 246 GeV. This leads to the SM massless Goldstone boson G* and
massive charged states H* with mass
2 9\ 2035

mps =~V F Sn(28)" (A.15)

The above rotation brings ®; o into the Higgs basis with H; o [63] given by

+ +
H, = =S \/ioG 0] H2= = \/§H ) (A.16)
V2 \v+ H +iG V2 \R+il

where (HY) = v//2, (HY) = 0. Here, H° coincides with the 125GeV SM Higgs in the
alignment limit, G* and G are the charged and neutral Goldstone bosons, and H¥ is the
physical charged Higgs field. The neutral scalar mass matrix M3 is diagonalised through
a unitary transformation T which relates weak and mass eigenstates through

T
(GO,S?W-,S?) =T (p1, P2 P3, P4, 1, 1125 13, 14) - (A.17)
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As mentioned before, we assume that the mixing of the complex singlet Ss with the re-
maining fields is negligible and, thus, n4 and p4 are decoupled. Furthermore, the CP-odd
scalars 712 from qﬁ(l)g also do not mix with the other scalars. However, p123 and n3 do
mix among themselves. For the SCPV solution in eq. (A.9), the mixing among 73, p3 and
p1,2 will depend on the soft-breaking parameters p3 4 and on VEV products u% and uqv,
(a = 1,2). Moreover, since the naturally small soft-breaking parameters must fulfil the
SCPV condition pgu; < F4v/2 u%, and given that u; < v, v, it is reasonable to consider
that the mixing among the ¢(1)’2 and S7 will be small. In this limit, the neutral mass matrix
can be recast into a block-diagonal form composed of four 2 x 2 matrices: the CP-even
M%P_even for p1.2, the CP-odd M%P_Odd for 71 2, and the S7 2 mass matrices M%l and M?%.
The former is given by

v
)\1 F 2M12 +v1v9 ()\3 + A4) + /1,%2
M%P—even = vl 5 (AlS)

2 2 Ulﬂ%2
+v1vg (A3 + A1) + pisy A2 F Ty

being diagonalised by

0 0 2 : 2
(%) = ( fonp 8‘“‘6> (H ) , tan (201) = in (2/\3 +A4§ S”‘m; 20 (5 19)
S5 —Sa1—8 Ca1—B R v ()\103 — )\285) =+ 2uiy tan(ZB)

where, as before, the upper (lower) sign corresponds to § = 0 (7). The angle oy parame-
terises the mixing in the (p1, p2) sector. Throughout this work we set 5 = «; + 7/2, which
is known as the alignment limit [152]. In this case, there is no mixing between H® and R
and, thus, S = H? and S = R. As already mentioned, this allows us to identify H" with
the 125 GeV Higgs boson discovered at the LHC [153]. For the CP-odd scalars we have

2
M2CP—odd = M%2 11)1 :Fﬂ ) (A.20)
(%)

which is diagonalised through the rotation matrix defined in eq. (A.13), leading to the
massless Goldstone boson GY and to the massive scalar SY = I with mass
2 A4 2017

2 _ 2 Mo )
= M Y 2 ;sin(25)

(A.21)

The S mass matrix is
2 2
uip Ui pg /
M2z = i . (A.22)
! U1H4 4 ,2.20,2 . Q2 U1M4
7/3205 — piui (upAr — 8p3) L=
3245

which is diagonalised by a rotation with an angle ag given by,

U1M4\/32M3 pgud (ufdy — 8u3) (A.23)

1625 (403 — uih7) +uipd (uidy — 8u3)”

tan (2ac2) =
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After diagonalizing the mass matrix M?gl there remains a very small mixing in the (ps3,73)
sector, which depends on the soft-breaking couplings. The mass terms for the resulting
physical fields, S§ ~ p3 and S{ ~ 73, are given by

\/ 3203 — piui u2 (2 — 227 2)
_ 2 .2 e,2  UllHg TH3
&1 = arctan ( Tt , Mig & Migo = 2u3 2 , (A.24)

which are approximately degenerate for the SCPV solution. Notice that in the absence
of soft-breaking terms proportional to pus and pg, unwanted massless Goldstone bosons
appear. SCPV originated from the complex VEV of the singlet Sp is possible if the masses
above are positive and the condition for the global minimum is satisfied. Lastly, the matrix
M%z is diagonal and the corresponding scalar masses for S = py and SY = 14 are

p5U2 315
=7 \/§ m;274 = u% ()\g + \/§u2> , (A.25)

for & equal 0 or m, respectively. Once again, if the soft-breaking term proportional to

w5 vanishes, 14 would be a massless Goldstone boson. Since ug can be naturally large,
the scalar fields n4 and ps can have a large mass, which further justifies the decoupling
behaviour of the singlet Ss.

B Interactions in the mass-eigenstate basis

In this appendix we collect the interactions relevant for our work in the mass-eigenstate
basis of fermions, scalars and gauge bosons. We consider an arbitrary number of Majorana
neutrinos v; (i = 1,...,ns) with masses m;, so that the results can be applied for scenarios
with any number of sterile neutrinos. In the ISS(2,2) considered in this work ny = 7, being
V12,3 the three light active neutrinos, and v4_7 the heavy sterile ones.

B.1 Charged-current and neutral-current interactions

In the Feynman-t Hooft gauge and mass eigenstate basis, the charged-current, weak
neutral-current and Goldstone boson interactions read:

3 nf
Lys=-LW, 33 Baj ear*Prvj + He, (B.1)
\/§ azlj:l
zZ = QCW jZZI ij ViV LV = Ay uijZZI viy < ij UL — R) Vi, ( . )
i . ,
Lot = ——=2—G~ 3 Ba, e (mo P, —m;Pg)v; + He., (B.3)

\/iMW a=1j=1

‘CGO = 2M : z]Vz PLm’L Pij) Vj
b= (B.4)
0 *
= 4MWG jz:l v; [ z] PLmZ PRMj) — Cij (PRmi — PLmj)} l/j,
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where we have followed closely the notation of refs. [67, 154]. Pr r = (1 F 75)/2 are the
chirality projectors, g is the weak coupling constant, and cy = cos Oy, with y being
the Weinberg angle. The B and C matrices have been defined in eq. (2.20). The last
equalities in egs. (B.2) and (B.4) result from the Majorana character of neutrinos (v = v°).
Therefore, for Majorana neutrinos, the coupling Z 7; v; is non-diagonal and involves both
chiralities.

B.2 Scalar-fermion interactions

In this section we present the scalar-fermion interactions extracted from the Yukawa La-
grangian in eq. (4.2), using the notation for the scalar fields introduced in section A.1. For
charged and neutral scalars S& and SO we have:

S:t— {ZZea{ o) PL—(F“)jPR}V

a=1j=1
+ Z d [( )d uJ (I‘Z)diuj PR} uj} +H.c., (B5)
U;=U,C,t
di=d,s,b
3 nf
Lso=5q | > e (AapPres+ Y 7i(A})ijPryj| +He., (B.6)
a,f=1 i,j=1

respectively, where I" and A are general Yukawa matrices. In this work, the scalar sector
contains two Higgs doublets and two neutral scalar singlets, which we will consider to obey
the alignment and decoupling limits discussed in appendix A. In such case, the Yukawa
coupling matrices between the fermions and the charged Higgs St = H* are given by

rr=—Y NB,r,=—2 BN, T)/=—Y9 Nvi rl-_9 viN,,
‘ \fMW V2My T VaMy “ \f My ’
(B.7)
where B is defined in eq. (2.20) and
N, = VINV NO = — (55} — coY7e) (B.8)
e L Ne VR e \/5 Bre BLe )
3 3+nR 0 0 v 9 9
Ny =20 S Ui (W) Uiy ND= o (ssYh—esYhe ), (B9)
a=1 k=4
N, = VINOvd NG = — (55 Y} — csY3e” (B.10)
L*NdVY R d V2 BLd BLd ) .
N, = VYN0 NS = = (s5YL — cgY2e™™) (B.11)
u L u ¥ R u ﬂ BLu BLu . .

The unitary matrices Vg and U are given in egs. (2.3) and (2.6), respectively. Addition-
ally, Yd7u are the Yukawa matrices appearing in the interaction terms among the Higgs
doublets and the quarks fields, and VdL  are the unitary transformations that diagonalise
the quark mass matrices. The Cabbibo-Kobayashi-Maskawa (CKM) quark mixing ma-
trix is denoted by V. We explicitly present the interaction Lagrangian involving the H*
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charged scalar since it has been extensively used, for instance, in the computation of the
cLFV amplitudes (see appendices C and D). Namely,

3 ny
L V2Myy { a,ﬂzli,jz—l o [(BNV)O‘] Fr (NeB)aﬂ' PL} g
(B.12)

+ > 4 {(VTNu)d'uj Pg — (NLVT)dvuj PL] uj}H— +He..
U =U,C,t ¢ ¢
di=d,s,b

The Yukawa matrices entering the interaction terms (B.6) among leptons and the
neutral scalars SY = H?, S§ = R and S? = I (those stemming from the Higgs doublets) are

(Aé)a,ﬁ = —ﬁda/gma ,

(A1), = i (Coms +Cm)
(82),, = gap Nedas =i (A7) -
(A2)” _ ﬁ [(Ny)ij—i-(N?;)ij

where the matrix C is defined in eq. (2.20). We explicitly present the Lagrangians involving

(B.13)

the above neutral scalars and v; since they were useful in our calculations of the radiative
corrections to light neutrino masses performed in section 6. We have,

Lo =3 ]ZWHO ; Ci;7 (Pymi + Prmyj) v
— Efj 7 [Cij (Pmi + Pamy) + €Y (Prmi + Pumy)| vy, (B.14)
Ly = 4MWR le { [Ny + (ND), [P+ [(ND) 4+ (ND) [P fry (B15)
L= 4MW 7{ [(N) +(N}f)ij]P [(NT)U (ND)y | P}y (B16)

1,j=1

Lastly, the coupling matrices appearing in interaction terms between the neutrinos and
the neutral scalars S§ ~ p3, SJ ~ 13, S = ps and S? = 7y (coming from the complex
scalar singlets S 2) are,
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Figure 10. ~ and Z-penguin diagrams contributing to radiative decays ¢, — {gy and Z —
ng;, respectively. Although only the H¥ loop contributions are presented, similar diagrams with
W+ /G* were also considered in the calculations. On the right, we show the penguin-diagram
topology for £, — £, €3 (5 (11 = g = £F = {5 ) and p — e conversion in nuclei (Y1 = 2 = u, d).

where
(Ny)ij = y % Uy (N2) uy, NO = % (Yi+v?), (B.18)
JI=4+ngr
u
(Ny),; = N % U, (N?) Uy N0 = 715 (vi-v2), (B.19)
W= nR
3+ngr ny s
=Y > U (NR), U5 Nh=SYn (B-20)
= = 4+nR

Note that, in order to obtain the Feynman rules using the interactions between v; and the
Z-boson or S° neutral scalars, one must multiply by a factor of 2 since Majorana neutrinos
are self-conjugate fields.

C Charged-lepton flavour violation

In this appendix we present the amplitudes and decay rates for the cLFV processes £, —
lgy, Z — €§€g, l; — € €+€ and coherent y — e conversion in heavy nuclei. The corre-
sponding current experlmental bounds and future sensitivities are given in table 8, while
the various topologies of one-loop Feynman diagrams are summarised in figures 10, 11
and 12. We performed the computations in the Feynman-'t Hooft gauge following the
interaction Lagrangians in the mass-eigenstate basis given in appendix B. We provide the
results for the amplitudes and branching ratios in terms of the form factors collected in
appendix D.

In figure 10 we show the diagrams contributing to the effective vertex £sl,y (8 # «)
at one-loop level. The transition amplitude can be written in the form

AP = 87r M2 W et Ty [ (P gan) (FSPL+ FO%PR) — oy’ (G35, PL+ G Pr) | o,
(C.1)
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Figure 11. Generic box diagrams contributing to £, — é;é;"ﬁg. Although we only display the W+
contributions, similar diagrams with G* and H* were also included in the calculations. We have
also taken into account LNV diagrams (on the right) due to the Majorana character of neutrinos,
and crossed diagrams corresponding to the flavour index interchange 5 < 0.

where ay = g¢%/(4n), el is the photon polarisation four-vector and ¢ = po — pg is the
photon momentum. F, is the local monopole contribution for an off-shell photon (g% # 0),
while G stands for the non-local dipole contribution for an on-shell photon (¢> = 0). The
expressions for Fjﬁ( R) and Gzi( g) e given in section D.1. The former contributes to
l; — Egﬁj {5 and p — e conversion in nuclei, while the latter encodes the only contribution
to Lo — £g7y. In particular, for this process one has

30,

— (87 2 (83 2 —
BR({, — (57) = (\G%@ +|ee ) BR (Lo — (5vaT5) , (C.2)

2m2
where o = €2/(4m) and the values of BR (¢, — {51,75) are given by [68],
BR (4 — ev,7e) ~ 1.0, BR (1 — ev,7) ~0.18 , BR (1 — pv,7,) ~ 0.17. (C.3)

In the limit where there is no charged scalar contribution, the branching ratio given in
eq. (C.2) is consistent with the results of refs. [1, 155-157].

The one-loop diagrams for the effective vertex (sloZ (8 # «) are also shown in fig-
ure 10. In this case, the transition amplitude is

aw —_—
A%:gpf%%@%%&+3%%%ﬂm (C.4)

8mc

where £/, is the Z-boson polarisation four-vector. The branching ratio for the LFV decay
Z = 5 + 6405 s

3 2 2
BMZ—MJ%+@%):H£?%%?EOQ£ +V§H), (C.5)
where FgﬁL and Fgg%, are given in section D.2 and the Z-boson total decay width is 'y =
2.4952 GeV [68]. Note that, in the limit where the scalar content coincides with the SM
one, the above branching ratio is consistent with the results of refs. [158, 159].

The ¢, — Kgﬁ;r {5 amplitude receives contributions from the vy-penguin, Z-penguin
and leptonic box diagrams shown in figures 10 and 11, which we write as

Aww_”fﬁﬁ% 5 Z’(FW P + F°5 P)
g - 2MI%V 6 B 7, LYt R Tut'R

—wwéaﬁ@%+@%%”@&Wﬁ—WH®} (C.6)
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2
o a117 a 6] C
AZ/M = [575 7 (FZiWPLJrFZ%’mPR) lo Ls (gf’Y“PL +9§%’Y”PR) - (B e 5)} ’

- 2M32,
(C.7)
2
apfyé @ aBys 5 - c
Aol =~ 2 > BANY el GALLS, (C.8)

W XY=LR A=S,\V,T

where sy = sinfy, gf = st — 1/2, g% = s¥, and Af’y are given by the following
combinations of Dirac matrices and chiral projectors:

(Aga Aga A\L/a Al@a A%) A¥> = (PL7 PRa 'Y/LPLa PY,LLPRa O[LVPL7 U/u/PR) 3 (Cg)

with 0., = i [y, 7] /2. From the generic leptonic box diagrams presented in figure 11 we
obtain the transition amplitude (C.8) involving the form factor BXB 710 written in terms of
the spinorial structure @Ai‘( Lo, EAXE%. Since we are in the presence of Majorana neutrinos,
LNV diagrams must be also considered, together with cross-diagrams with interchanged
lepton indices (3 <> §). All these contributions can be written in the form (C.8) by using
Fierz transformations [160, 161]. In section D.4, the form factors Bff ;(; are presented.
In particular, B%Tg = Bjoiﬁg]f = 0, which can be readily seen from the identity o,,v5 =
—Z'{:‘w,p)\ O'p>‘/2.

The calculation of the decay rate for each process is done, whenever possible, assuming
vanishing masses for the final lepton states, since mg, s < m,. However, an exception
is made for terms involving the photon amplitude, where light lepton masses must be
treated with care. As well known, the three-body phase space integrals for the photon
contribution are singular in the limit ¢> — 0. Therefore, one must first perform the phase
space integration and only after take the limit mg s — 0 for non-divergent terms. This
will lead to the logarithmic term ln(mi/m%v,w;) appearing in the pure photonic dipole
contributions. Also, a symmetry factor of 1/2 has to be taken into account in the case of
two identical charged leptons in the final state. The branching ratio for the 3-body LFV
decays can be written in the general form:

BR(¢, — zﬁ;ﬁﬂg) k1o
BR (bo — lgvaV5) 6472

1
{k‘z |y, + [Fvir)* + Z<|FS,LL\2 + |FS,LR|2)

8s? N
+12|Fr oo + ks Re [(kaFv. + o) G ]
(o3
328%[/ 9 m?
+]{73m7?x|077[/| <h’17n(§—k4> +(L<—>R) 5 (ClO)

where the values for the branching ratios BR (¢, — {3v,73) are given in eq. (C.3). The
k; coefficients and the form factors F' depend on the charged-lepton final states, for which
three combinations are possible. Namely,
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Figure 12. Generic u-type (on the left) and d-type (on the right) semi-leptonic box diagrams
contributing to the p — e conversion process. Although for illustrative purposes we only display the
W#*-boson diagrams, the G* and H* contributions were also included in our calculations.

(i) Two different flavours of leptons, where leptons with the same flavour have opposite
charge (B #yAd="7)

ki=ko=ks=1, ky =3,
Fyrr =Bvir — 291 Fzr + 253y Fy 1, Fvor = Byir — 20%F71 + 23y
Fsrr =Bsir, Fsir = Bs,tr, Frioo = Brror; (C.11)
(ii) Three leptons with the same flavour (8 = = J)

]{31:]{33:1,]{32:2,16‘4:11/4,

1
Fyrr = §BV,LL — 295 Frp 4+ 252 Fy 1, Fyor = Bvir — 29%Fz71 + 255 F. L,
1 1
Fsrr = EBS,LL s Fsrr=0, Frrp = EBT,LL; (C.12)

(iii) Two distinct flavours, where leptons with same flavour have the same charge (§ #

YAB#7)
k1 =1/2, ky=1, ks=ky =0,

Fvirr = Bv,er » Fvior = BvLr, (C.13)
Fsrr=Bsrr, Fsor=BsLr, Froo = Bror.

Our results agree with those obtained in refs. [162, 163] (see also refs. [164-167]). We
have also checked that the BRs match the well-known results in the limit of a SM scalar
content [67].

Following ref. [168], the operators relevant for coherent p — e conversion in nuclei have
the general form

—« Grle e _
£ﬁlt. = E [&TG$7L 60')\pPL/,L F)\P (C14)

taw Y (Fgf’eL’q ePLp qq + FI5 ey’ Py mq) +(L < R)+He.,

q=u,d,s
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Nucleus 4N Dm;‘%/2 S(p)m;5/2 S(")mf’/2 V(p)m,f)/2 V(”)m;w2 Ceapt (106s71)
AL 0.0362 0.0155 0.0167 0.0161 0.0173 0.7054
35Ti 0.0864 0.0368 0.0435 0.0396 0.0468 2.59
197 Au 0.189 0.0614 0.0918 0.0974 0.146 13.07
20%Pb 0.161 0.0488 0.0749 0.0834 0.128 13.45

Table 10. Nuclear form factors and muon capture rate for the ;4 — e conversion process [168].

where GF is the Fermi constant [68]. The form factors receive contributions from 7-penguin
and Z-penguin diagrams as shown in figure 10, the expression for their amplitudes are
similar to the ones in egs. (C.6) and (C.7), respectively. The transition amplitude for the
semi-leptonic box diagrams in figure 12 is given by,
2
o _
Apod = > > By GAdla ghha, (C.15)

ANT2
4MW X,Y=L,R A=S,V,T

leading to,

I3 1
P = QP (- Qo) P (B + B,

(C.16)
1
Fi =7 (BS¥ + BEYY ) for XY = L,Rand X # Y,
with I} = —I3 = 1/2, Q, = 2/3, Q4 = —1/3 and the semi-leptonic box form factors

Bj”B W (= p and B = e) are given in section D.3. From the Lagrangian (C.14) we obtain

the coherent p — e conversion rate

CR(i — e,N) = M ‘4‘/(1’) (QF“67“ 4 F“e7d) + 4y ™) (F”e’u + 2F“e’d>
, 87 Tout (2) V,L V,L V,L V,L
e 2
n T;,R 2 < )+4 Z ( p)G .p) 48 )G(q’”)) Fg’%q + (L + R)],
© q=u,d,s
(C.17)

where the values for the nuclear form factors D, S®, S V@) and V(™ as well as the
muon capture rates I'capi(Z) are reported in table 10 for the nuclei relevant to this work.
The scalar-operator coefficients G’(Sq’") and G(Sc"’p ) are [169]

a4 =G¢m =51, GY{P =G4 =43, G = GY = 2.5, (C.18)

The above expressions are general and thus can be applied to several models in which u—e
conversion is studied. We have also verified that with only the SM Higgs doublet the above
CR coincides with that given in [154].

D Form factors and loop functions

We now provide the form factors and loop functions entering the amplitudes for the cLFV
observables analysed in appendix C. All contributions with W+ and H¥ in the loops were
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included, being the form factors given at leading order in the momenta and masses of the

external charged leptons.”

D.1 Photon form factors

The photon form factors coming from the y-penguin diagrams, generically presented in
figure 10, are given by

FOZB _ Faﬁ(l)

af(1 afB(2
v,L(R) — y,L(R) — g qhe) (D.1)

aB(2) af
+ F% G 7,L(R)

L(Rr) > 7, L(R) 7, L(R)
where the superscript (1) and (2) correspond to the contributions stemming from W and
H?, respectively. Looking at the general form of the amplitude Af‘y‘ﬂ in eq. (C.1), we notice
that due to electromagnetic gauge invariance these photon form factors vanish in the limit
of zero external lepton momenta and masses. Therefore, to obtain a non-vanishing result we
must expand the loop integrals up to next order in ¢?. The W*-boson contribution yields

ZB BLED(O) FoR) =0, (D.2)
aB aB(1) < 1 m?
=mg Z BBZ 7“) ) G%R = Ma Z BIB’LBZZG’(Y )()‘Z) ’ )‘Z = Mév )
=1
(D.3)

where B has been defined in eq. (2.20). The H* scalar contribution yields

[ (23, (1),

(263

G:%Q) ;i if;{ {mz (NZB)M (N}L,BT)

mH o

+mg (BN,), (NJBT).

(e

+m; (BN,) (BTNE)W] GP(w;)

{ma (BN,) s, (NLBT)M +mp (NQB)& (BTNe)iJ a® (wi)} :

2
W =

2 (D.6)
H=*

SWe have checked that in the limit where there are no charged-scalar contributions, i.e., for a scalar
sector matching the SM one, our results are in agreement with refs. [67, 154] (see also [22, 26, 170]).
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where scalar-lepton couplings N and N, are given in eqs. (B.8) and (B.9). The loop
functions Fy) and ng) read

oz (124 z — 7m2) 22 (12 — 10z + xQ)

W () = _
(@) 12(1 - z)? 61—z BT
_ _ 2 3
F,§2)(x) _ 24T 112" 2 Inz ,
36(1 — x)3 6(1—x)*
2 3
Wy (1 —br—22%) 3z D.7
& (@) 41— 23 201 —z)d (B-7)
@y _ (1+x) zlnz
G =i T ao e
1 — 5z — 2 2?Inz
3) () —
G(v)(x) — —

12(1—z)3  2(1—=x)t"

The charged Higgs form factors and loop functions given above are consistent with the
results of refs. [171-173].

D.2 Z-boson form factors

The Z-penguin diagrams displayed in figure 10 lead to the form factors:

af _ paB() ap(2)
Fovmy =T zm T 7 0(r) (D.8)

where the W*-boson contributions are
ny
Fyt =37 BaBl, 057 (N) + CuGY (i ) + CHZ (N FRRY =0, (D.9)
i,j=1
with the matrix C defined in eq. (2.20), while the H* scalar contribution is

1 U

(0% 2 2 3 3
Fi? = Mz '21 (BNy) g (NZBT)W [cij G (wi wj) — CijG(Z)(wiij)] ;
i,j=
(6% ]- nf *
Fp? = — 3 (NIB)  (BING) (6, F (wi) + €5y GY (wirw)) — €5,G2 (wiwy)] .
MW = Bi jo
(D.10)
The loop functions entering the above form factors are given by
(1) _ 5 52
F2 @) =—50-0 2022 ™™
’Inx 1
F(Q) _ X _ X 1
z (@) 41 —x) 4(1—2)2 Ty
-1 [2*(1—y) y*(1—xz)
G T,y) = Inx — Iny|,
Al ) =
— Inx ylny
G (z.y) = VY { rhhe ] , D.11
A el (= R () (D1
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(-2 (-y)] &
VY 2 — 4z y? — 4y
HZ(x,y)—4($_y) l(l—x) lnx—(l_y)lny].

1 [LUQIDSC y?Iny

The charged Higgs form factors and loop functions given above are consistent with the
results of ref. [171].

D.3 Semi-leptonic box form factors

Here we present the form factors and loop functions relevant for the amplitudes (C.15)
corresponding to the semi-leptonic u-type and d-type diagrams presented in figure 12.
We write”

Bqq(1 Bqq(2
By = BUY + BYY, (D.12)
where W#*-boson contributes only to B‘O}BLqu(l), while the H* loops produces all types of

form factors in (C.15), including B‘O,‘Tz(z). We now present the various Bloff "W, for the u

and d-type diagrams shown in figure 12.

u-type diagrams: the only W*-boson contribution is

‘OC/BLU; Z Z VUd Vud B,@Z ]_go)x(Ala)‘d ) (D13)
1=1 dj=d,s,b

while the diagrams with H* lead to®
aBuu(2) TRt RVA] 3¢,
B NI/B") (VNg),. (N;V Fyo (wi,wa;)
V,LL Mgvai 2:1 . Xd:Sb{ ( )m d; ( ) u B j
+mps { ud; Bai (BNy)g; (VNG) 4

+ Vs, By (NLBT) C(NRVT) T HR O A M)

J

= g S (0, (), (V) )
j=d,s
Bt = MVQVmHi Z: ) Z‘lj ) (NIB), (BINC) (VN (NIVT), - F i 0a,),
nf
By = m z; ) zd: b (NTB) (BIN.) (NLV)udj (VTNu)dju ) (wiywa,),
1= S,

" Although we use general o and 3 indices, for 1 — e conversion one obviously has & = p and 8 = e.

8Since for our numerical analysis we have considered diagonal quark mass matrices and tan 8 = 1 we
will have N, ¢ = 0 and, therefore, the semi-leptonic box form factors involving H? in the loop will not
contribute to the rates in that case.
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N B) ﬁz(N V)

B =Y Y

i=1d;=d,s,b
4 BuHG (i, Ay As) + (NJBY) - (NEVT) P (1,020
Box \"\ts Ndjy Ak v ioe d d;u m%[i )
afuu T TRt T )/ .
B§1R Mgvai Zl X Edj ) (NIB),, (NIB), (VN (VING), | Pl (winen,),
K2 3= S
afuu _ i 4)
Bgrr = Mgvai 2:1 . zd: , (BTNe)m (NLV)udj (NdVT)dju Fp oy (Wi w, ),
afuu € Za(V N )
BS RR — Z Z
i=1d;j=d,s,b
4)
F Ox(wi,wd.)
X VuijﬁiH](;))X(/\i, Ad; s Ai) + (BNy)ﬁi (VNd)udj BinJ] ) (D.14)
H

where g, = m?ij/MIgV and wy, = m?lj/m%i. Ny and N, are defined in egs. (B.10)
and (B.11), respectively.

d-type diagrams: the form factor for the d-type diagrams coming from the W*-boson
contribution is

VIBLL() Z > Vau, Vau, BB F ]_gyo)x()\l’)\uj) (D.15)

i=1 uj=u,c,t

while for the H* loops:

e T MDY {BN) (NIBT), (VINW), (NLV) | Py,

i=1 uj=u,c,t

+m2. {Vdu]-BZi (BNL)g; (NLV>u d

+ By Vi, (NIBY) (VING) [ (i Ay M) |,
(10% u]

BYfn= - Mg{/jn%{ iugc,t(BN”)“ (NIBT), (NIVT), (VNG o)
B = 2 X (NIB), (), (VIN),, (V). i)
Mmz X (N3), (BN, (K1), (VN )
B = s S Y (NIB), (NIBT)(NIVT), (NIV) | R ),

Hi i=1uj=u,c,t
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(NTB> (VNd)

Ujd

Baﬁdd _
SLR zz; Uj Zu:c t

(VTNu) F]—%L(UJW] ,

ledeB* it (Vi Ay A + (NEBT) 2

o du; mHi
t AVAl
afdd e (B Ne)ia <NdV >de
BS RL — Z Z M2
i=1 uj=u,c;t w
% H®? 1 Féi)x(wi,wuj)
X Vdu]' Bgi Hp o (A, Aujs Ax) + (BNy)ﬁi (NUV) u;d m‘fHﬂt 7
dd .
BgﬁRR M2 Z Z (BTNe)ia (VTNu)du (VNd)u d ]go)x(wi’wuj) ’
w Hi i=1 uj=u,ct I

(D.16)

with Ay, = mgj /Mg, and w,; = m%j /m?,.. The loop functions entering the semi-leptonic
box form factors are

1 Yy 1 $2 1 y2
Box (%3 Y) T —y T 1—m+(1—x)2 ne l—y (1-y)? nY

_2xy[1ix+(1_xx)21nx—liy—(l_yy)any]}> (D.17)
Fi(@,y) = — xiy{ < + ?) [1:@ T i)? o 1iy e i/)? lny]
_zxy[lix+(1 _9593)2 mx—liy—(l_yy)glny} } (D.18)
F (2,y) = 4(951_ » ll ! St i)Q I - - ! - 32?;)2 1ny] , (D.19)
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D.4 Leptonic box form factors

Finally, we present the form factors in A%’gza of eq. (C.8), corresponding to the leptonic
one-loop box diagrams generically presented in figure 11. As explained in appendix C, we
consider all contributions, including those stemming from LNV and cross diagrams. The
form factor B‘O}Tg has two types of contributions, coming from the W# boson and H*
scalar. The remaining form factors are due to box diagrams with H*. We write

5 Bys(1 By5(2
onflTL = B\O;,LVL( '+ B\(;;,L’YL( ) (D.24)

where the W= contribution is

ny
afvyo(l * * * * 2
BVTL( ) = > [BaiBwBﬁjBajGBox()\i,)\j) — BB}, (Bs:Bs; JrBﬁjBéz‘)Féo)x()\i,)\j)] :
ij=1
(D.25)
For the box form factors with H* we have:
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apys2) 1 1 (4)
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where N, and N, have been defined in egs. (B.8) and (B.9), respectively. The loop functions
relevant for the leptonic box form factors are

T 1 T 1
Gpox(T,y) = — ;/_T;{(Zl—l—xy) [1_$ + e Inz — T, _yy)2 lny]
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The contributions to the box form factors stemming from H? in the loop are consistent
with the derivation performed in ref. [171]. We refer the reader to refs. [162, 166] where
charged-Higgs contributions were considered in the context of low-scale seesaw SUSY. This
enabled us to check the types of loop functions and of matrix and chiral structures that
enter the resulting form factors. However, to the best of our knowledge, the box form
factors and loop functions presented in a compact form in this work within the framework
of a seesaw type model and 2HDM scalar sector have not been presented elsewhere.
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