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involving two different Higgs doublets H,,, Hy with opposite hypercharge, where Hy is the
charge conjugated doublet. It may arise from a model where the two Higgs doublets carry
the same charge under a U(1)" gauge group which forbids the usual Weinberg operator but
allows the mixed one. The new Weinberg operator may be generated via two right-handed
neutrinos oppositely charged under the U(1)’, which may be identified as components of a
fourth vector-like family in a complete model. Such a version of the type I seesaw model,
which we refer to as type Ib to distinguish it from the usual type Ia seesaw mechanism
which yields the usual Weinberg operator, allows the possibility of having potentially large
violations of unitarity of the leptonic mixing matrix whose bounds we explore. We also
consider the relaxation of the unitarity bounds due to the further addition of a single
right-handed neutrino, neutral under U(1)’, yielding a usual type Ia seesaw contribution.
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1 Introduction

The origin of neutrino mass is one of the major unresolved problems of particle physics.
The smallness of Majorana neutrino mass may arise from an effective operator of the form
HHL,L; first proposed by Weinberg [1], where H is the Higgs doublet of the Standard
Model (SM) taken to have opposite hypercharge to that of the lepton doublets L;, where
i = 1,2,3 is a family index. The operator is non-renormalisable and has a coefficient
fij/\ suppressed by some mass scale A. In ultraviolet complete theories, the origin of
the Weinberg operator may arise from three types of tree-level seesaw mechanism: type
I [2-5] involving the exchange of right-handed neutrinos; type II [6-10] with scalar triplet
exchange; and type III [11-18] with fermion triplet exchange. In fact the type I seesaw
mechanism may be implemented in different ways known as the inverse [19, 20] and lin-
ear [21] seesaw mechanisms which involve more than three right-handed neutrinos. There
are also various loop mechanisms for achieving the Weinberg operator known as type 1V,
V, VI [22].

The Weinberg operator discussed above can be straightforwardly generalised to the
case of multi-Higgs doublet models [23], to the operators of the form H,H,L;L;, for Higgs
doublets H,j, where a,b=1,--- | N can be taken to have the same hypercharge, opposite
to that of L;. The question of which Weinberg operators arise will depend on the details
of the particular multi-Higgs doublet model, such as the symmetries controlling the Higgs
and fermion sectors, the seesaw origin of the Weinberg operators and so on.'

In this paper we shall consider a new Weinberg operator for neutrino mass of the form
HUI:[dLZ-Lj involving two different Higgs doublets H,,, Hy with opposite hypercharge, where
the charge conjugated doublet H; = —iooH}, and H} is the complex conjugate of Hy. This
operator may be relevant in models where the usual Weinberg operator H,H,L;L; is not

!We remark that the Weinberg operator may be generalised still further, see e.g. [24]. However in [24]
the authors do not explicitly mention the multi-Higgs doublet generalisation in [23] which is relevant here.



Figure 1. Generation of the new Weinberg operator in the type Ib seesaw mechanism.

generated by the seesaw mechanism but HufldLiLj is. The reason for this depends on the
details of the underlying seesaw mechanism, for example, there may be some new symmetry
at work that acts on the Higgs doublets and the heavy states of mass A that prevents the
usual Weinberg operator from being generated but allows the new one. We shall introduce
a gauged U(1)’, broken near the TeV scale by a new SM singlet scalar ¢, under which the
two Higgs doublets are charged such that the usual Weinberg operator is forbidden but the
new one is allowed.

We also propose a version of the type I seesaw model, which allows HqudLiLj, referred
to as type Ib to distinguish it from the usual type la seesaw mechanism which yields the
usual Weinberg operator H, H, L;L;. The minimal version of the type Ib seesaw mechanism
involves the addition of two right-handed neutrinos, written here as left-handed spinors
v°, V¢, which carry opposite charges under the gauged U(1)’, which allows a pseudo-Dirac
mass term Mvr°v¢ between them, but prevents Majorana masses. The type Ib seesaw
mechanism then leads to the new Weinberg-type operator via their couplings to the Higgs
doublets H,L;v® and HyL;v¢, which are allowed by U(1)". Figure (1) shows the diagram
that induces the new Weinberg-type operator mediated by the right-handed neutrinos.

The above model does not allow renormalisable Yukawa couplings for the charged
fermions, since both Higgs doublets are charged under U(1)’, and so must be extended
somehow. In order to do this we identify the two right-handed neutrinos as originating from
a fourth vector-like family, whose presence also allows for the generation of effective Yukawa
couplings. The presence of a Z’ and a fourth vector-like family allows a connection between
the observed hints for anomalous semi-leptonic B decays [25, 26] which imply universality
violation in the ratio Ry (. and the origin of the Yukawa couplings [27-29]. However we
shall not pursue such a connection here. We are more interested in the possibilities for
large violations of unitarity of the leptonic mixing matrix due to the new type Ib seesaw
mechanism we introduce, due to the fact that two independent Higgs Yukawa couplings
are required to account for neutrino mass, which allows the couplings to H, to be quite
large, providing those to Hy are very small. The non-unitarity of the leptonic mixing
matrix induced by the presence of heavy neutrinos has been studied in several works (see
for instance [7, 30-52]). We shall apply such an analysis to the type Ib seesaw model
considered here.

This paper is organised as follows. In section 2 the particle content of model studied
in this paper is introduced and the type Ib generation of neutrino masses in the minimal



Field | SU3). SU(2). U(l)y | U@y
Q: 3 2 1/6 0
ue 3 1 —2/3 | 0
ds 3 1 1/3 0
L; 1 2 -1/2 | 0
e 1 1 1 0
Ve 1 1 0 1
ve 1 1 0 —1
) 1 1 0 1
H, 1 2 12 | -1
Hy 1 2 —1/2 | -1

Table 1. The minimal model consists of three left-handed families ¢; = @;, L; and its CP conju-
gated right-handed fields ¢¢ = u¢, d¢, ef (i = 1,2, 3), and two CP conjugated right-handed neutrinos

1)) T

v°,v°¢ which carry opposite charge under the U(1)" gauge group, together with the U(1)’-breaking
scalar field ¢ and the two Higgs scalar doublets H, and H; which are charged under U(1)’. No-
tice that all the fermions of this table are left-handed spinors and the bars indicate conjugate
representations under the SM gauge group.

model is discussed. In section 3 we present the full model involving a fourth vector-like
family and the previous results are generalised to include a single right-handed neutrino
N¢ added in the particle content of the model. Finally, we discuss and conclude the results
in section 4.

2 The minimal Type Ib seesaw model

In the minimal scenario (MS) we do not consider any CP conjugated right-handed singlet
neutrino N¢ field, and therefore the SM particle content is extended only by the vector-
like neutrinos. The model is summarised in table 1. The U(1)" charge of the two Higgs
doublets forbids the usual Yukawa couplings for the charged fermions yZ/;H Y. However,
if one power of the scalar ¢ is introduced, the U(1)" charge would be absorbed, and non-
renormalisable Yukawa operators of the form yfjH Yi¢p; would be allowed. In order to
build a renormalisable model, we will enlarge in section 3 the particle content of this
simplify model by a fourth vector-like family that will allow to generate masses for all the
charged fermions via effective Yukawa couplings, as proposed in ref. [29].

When the masses of the new vector-like neutrinos are above the electroweak scale,
the heavy fields can be integrated out, and the resulting effective field theory, built from
a set of effective operators, can be used to study the low energy phenomenology. Each
of these effective operators is suppressed by a power of the mass scale A up to which
the effective Lagrangian L.g is valid. The first of these effective operators is the dim-5
Weinberg operator

o= = 5 (17 ) (A L) + (L) (HT L)) (2.1)



where ﬁd = —io9H}. Notice that the standard Weinberg operator with two H, or two
H, is forbidden by the U(1)" symmetry, and that only the new Weinberg-type operator
that mixes the two Higgs doublets is allowed in the model. When the Higgs doublets
develop VEVs, the new Weinberg-type operator induces Majorana masses —ruv;v; for the
light neutrinos.

At dimension 6, the only effective operator that is generated at tree level is [53]

670 = =0 ((Lim, ) io (HiL;) + (LlAa) id (H]L;)) - (2.2)

When the Higgs doublets acquire VEVs, 6£9=6 leads to corrections to the light neutrino
kinetic terms, which become non-diagonal. The necessary rotation and normalisation to
bring the neutrino kinetic terms to its canonical form induces deviations of unitarity in the
leptonic mixing matrix that appears in the charged current (CC) interactions.

In the full theory, the renormalisable Yukawa and mass Lagrangians of this minimal
model contain the following terms

LV = Yy HuLiv© + eryf HaLiv® + h.c. (2.3)

u

and

L£MS = MYvve 4 hec., (2.4)

mass

where the transposes in the leptons have been omitted to shorten notation. We assume
that the Yukawa couplings between the left-handed neutrinos v;, the vector-like neutrino
v§ and Hy in eq. (2.3) are suppressed by €. This assumption allows the Yukawa couplings
between the left-handed neutrinos v;, the vector-like neutrino v§ and H, in eq. (2.3) to be
large, leading to possibly observable violations of unitarity. The key point here is that the
effective Weinberg-like operator for neutrino mass involves both the Higgs doublets and
hence the Yukawa coupling to H, may be large if that to Hy is small, for a given neutrino
mass. This is not possible for the usual Weinberg operator arising from the conventional
seesaw mechanism, which makes the novel seesaw mechanism discussed here interesting.
In the following basis, the full neutrino mass matrix reads?

1 ) U3 V€ Ve
21 0 0 0 yiv ey’
Vo 0 0 0 yhv  eryy'v’
MY — V3 0 0 0 yiv ey’ E( 0 mB) (2.5)
Ve yiv Ysv Y50 0 MY mp My |’
ve \ay'v' eayy’v  eyfv' MY 0

where v = vgw/v/2 ~ 174 GeV and v’ are the VEVs of the Higgs H,, and Hy, respectively,
and where the Dirac and Majorana mass matrices are defined as
141 V9 Vs 14

Ve yiv Y5 v Y5v Ve 0 M”
mp = v¢ \eyfv' eyyv eyy and My= 2¢ \Mmv 0 . (2.6)

c e

2The neutrino mass matrix in eq. (2.5) has been studied before, see e.g. [54-56].



The neutrino mass matrix of eq. (2.5) is diagonalised by the full unitary matrix U

0 mT mdiag 0
U’ D U= . 2.7

where md28 and M%8 are the diagonal matrices containing the masses of the light and
heavy sectors, respectively. In all generality, this diagonalisation can be done as the product
of two consecutive rotations. This first rotation is a block-diagonalisation, while the second
matrix contains the two unitary rotations V' and V' that diagonalise the masses of the
light and heavy neutrinos, respectively. Since the rotation between the two heavy states
is unphysical, V' = I can be used, and thus, the full unitary neutrino mixing matrix U is

AH A12 Vo
pr— 2.
U (Agl AQQ) (0 I) ’ ( 8)

where the block-diagonalisation can be parametrise as the exponential of a block off-

given by

diagonal anti-Hermitian complex matrix © [57]
i (-661)" i (-667)"

An Az ~ex 0 ©) n—OW Ome 29)
A21 A22 = OXp —@T 0 B ( @T@ n . .

Z(Qn—{—l' o Z

When substituting eq. (2.8) in eq. (2.7), and considering that the mass scale of the
vector-like neutrinos M} is much higher than the VEVs v and v/, i.e. mp < My, the usual
seesaw relations are recovered

O~ mTDMK,l,
V*mdeyT o~ i Mytmp =~ (2.10)
Mdiag ~ ]\4’]\77
with 7 = —wvv/¢®™> the coefficient of the dim-5 new type of Weinberg opera-

tor that generates the light neutrino masses of eq. (2.1).  Therefore V is ap-
proximately the unitary rotation that diagonalises the light neutrinos, and can be
identified as Upmng, the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix
measured in neutrino oscillation experiments and parametrised [58] as Upynsg =
Uss (923) Uis ((913, (5) Uio (012) diag(e_m/ﬂ, e_m/Q, 1) 3 At leading order in ©, the full mixing
matrix U will be

00t

I —— S)
U~ 2 oo (UPBANS 2) , (2.11)
—et -
2
where its first sub-block parametrises the mixing of the light sector [59]
oof

3In the minimal scenario, o = 0.



Thus, the presence of the heavy vector-like family induces non-unitarity in the mixing
matrix that appear in the charged current interactions. These deviations of unitarity of
the leptonic mixing matrix induced by the dim-6 operator of eq. (2.2), are parametrised
by the hermitian matrix n = v2¢?=6/2

eef 1
=3 mh My mp . (2.13)

’f] =
In terms of the Yukawa couplings, the light neutrino mass matrix of eq. (2.11) built
up from the Dirac and Majorana mass matrices of eq. (2.6) reads

mij €1 ’U’U (

- W ey (2.14)
where it can be seen that the smallness of the light neutrino masses stem not only from the
suppression of MY, but also from the small size of €;.# On the other hand, the deviations
of unitarity will be

1 2

gis (VU oY) = Mﬂy;’*y;C (2.15)

Nij =

where the second term can be safely neglected since it would be of the order of the neutrino

mass scale squared over v2.

Therefore, in this model the deviations of unitarity of the
PMNS matrix are not suppressed by €1, and could be arbitrarily large. At leading order,
the deviations of unitarity are thus determined only by the first row of mp containing the
3 complex Yukawa couplings y;’, and the mass scale of the vector-like neutrino M".
However, since both 1 and m are built from mp and My, they may not be fully inde-
pendent. This implies that in determinate cases, 1 could be partially reconstructed from
m, and therefore, from the observed pattern of neutrino masses and mixings in neutrino
oscillation experiments. In the particular case of this minimal scenario, the Yukawa cou-
plings y%, (y%) of eq. (2.6) will be determined [60] up to an overall factor y (y) from the
elements of the PMNS mixing matrix, and the two mass squared splittings, Am ., and
Am?

therefore, the lightest neutrino is strictly massless.” On the other hand, since the hierarchy

Zim- Notice that in this minimal scenario just two light neutrinos get masses, and that

of the neutrinos is not determined yet, there will be two possible relations for the Yukawa
couplings. For a normal hierarchy (NH), m; = 0 and the Yukawa couplings read

v Yy * *
Yi = —= <\/ I+p (UPMNS>i3 +v1- p(UPMNS)iQ) ) (2.16)
V2
/

yiw = % (m<U;MNS)z3 - \/E(U;MNS)Q) ’

where y and 3y’ are real numbers, and where p = (1 — /r)/(1 + /r) with r =
|Am2 | /|Am2,.| = Am,/Am3,. While for an inverted hierarchy (IH), ms = 0 and

4A suppression from v’ is not considered since it must give rise to the down-type quark masses, and in
particular to the bottom quark mass, in the general model [29].

5The lightest neutrino is still massless when the 1-loop neutrino mass corrections that arise from the
neutrino self-energy are considered [61].
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Figure 2. Diagram showing the extra neutrino contributions to u — evy. Here v, refers to the
neutrinos in the mass basis, and ¢~ represents the Goldstone boson.

the Yukawa couplings are given by

v y k *
Yi = NG (ma]PMNS)iQ +vi- p(UPMNS)il) ’ (2.17)

/
yé’/ = % (\/m<U1§MNS)i2 - \/ﬂ(UliMNS)ﬂ) ’

where now p = (1 — v/1+7)/(1 + v/1+7) with » = Am3,;/Am2,. As a result, all the
neutrino phenomenology of this minimal scenario is described by five free parameters: two
real numbers y and ¢/, two phases ¢ and «, and one mass scale M}. But only four of them
will enter in the description of the deviations of unitarity through eq. (2.15).

Since the presence of the extra heavy vector-like neutrinos induces deviation of uni-
tarity in the PMNS matrix, the GIM cancellation [62] that suppresses flavour-changing
processes is lost. As a result, the present limits on LE'V processes will set a strong constrain
on the non-unitarity of the leptonic mixing matrix, and therefore on the free parameters of
the minimal scenario y, 6 and « through eq. (2.15). In particular, the nowadays strongest
constrain on the elements of the 7 matrix comes from p — e7y. Figure (2) shows the ex-
tra contribution to the radiative decay p — ey in presence of the vector-like neutrinos of
the model.

The contribution to the branching ratio from both the heavy vector-like neutrinos and
the light neutrinos v; is given by

5 2
D_ UsalUpi F ()
D(p—ey) 3o li5 (2.18)
T'(p—evve) 321 (UUT) (UUN),, ‘
where x, = M?2/M2,, and where F(x,) reads
10 — 43z, 2 — (49 — 18log xy,) x} + 4,
Flan) = 0 — 43z, + 78z; — (49 — 18log xy,) =}, + xn’ (2.19)

3(zn —1)*

For masses of the vector-like neutrinos M” >> My, the sum in eq. (2.18) can be separated
in light and heavy sectors factorizing the corresponding F'(z,) function. In particular, for
heavy neutrinos with masses M" 2 1TeV

[ (u—ey)

3a 2 2 _ 3« 9
I (p— ev,ve) 87r|7721| (F(zn) 0)" < 27T\7721| ) (2.20)
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Figure 3. Allowed region of the free parameters y and MY in the minimal scenario when the
present bound [63] on 1 — ey is considered. For each hierarchy, the boundary ranges from the solid
to the dashed line depending on the values of the phases d and «. The pink region corresponds to
NH while the blue region corresponds to ITH.

where can be seen that the loss of the GIM cancellation comes from the difference of the two
mass scales involved, and the non-unitarity of the leptonic mixing matrix. When comparing
with the existing present experimental limit [63] of the radiative decay, the following upper
bound at 1o is derived [50]

21| < 8.4-107C. (2.21)

In figure 3 the allowed region of the free parameters of the minimal scenario is shown.
The pink (blue) regions correspond to the allowed values of y and M" when the present
constrain on 72 of eq. (2.21) and a NH (IH) in the light neutrino sector is considered.
The allowed region depends on the CP-violating phase § and the Majorana phase « of
the PMNS matrix. The boundaries of the allowed regions depend on the values of the
free phases 0 and a. For a NH (IH), the solid line correspond to 6 = @ = 0 (§ ~ 7/2,
a ~ 97/10) and can be relaxed until the dashed line which corresponds to § = 0 and
a =27 (§ = o =0). For the numerical analysis, the central values of the 6;; mixing angles
of the PMNS matrix, the solar and the atmospheric mass splittings of the NuFIT 4.0 [64]
have been adopted.

3 Renormalisable Type Ib (plus Type Ia) seesaw model

The model of the previous section does not allow renormalisable Yukawa couplings for the
charged fermions and so must be extended somehow. Here we identify the two right-handed
neutrinos as originating from a fourth vector-like family, whose presence also allows for the
generation of effective Yukawa couplings. Notice that the vector-like structure makes the
model anomaly-free since the anomalies cancel between conjugate representations in the
fourth family [27].

The particle content of the general model that we consider here consists in three
left-handed families v; = Q;, L;, the CP conjugated right handed families ¥§ = uf, df, ef

R R



(excluding the right-handed neutrinos) and a fourth vector-like left-handed family consist-
ing in 14 = Qu, L4, and ¢§ = ug, dj, ej, v{ and the conjugate representations Y4 = Qu, Ly,
and ¥§ = ug,dS, e§,v§. Here we identify v§ and v§ with v and ¢ of the minimal type
Ib seesaw model of the previous section. So far we have not included any genuine right-
handed neutrino N¢ (neutral under U(1)"). However, later in this section we shall consider
the additional effect of including (in addition to the fourth family states) one CP con-
jugated right-handed singlet neutrino N¢ in the seesaw mechanism. Notice that here 1)
denotes that the fermion is in the conjugate representation of the SM gauge group. In
our notation all these fermion fields v;, ¥¢, ¥y, 1§, 14, 1§ transform as left-handed spinors
under the Lorentz group. The vector-like family is charged under a gauge symmetry U(1)’
with charges +1 (—1) for 4, ¥§ (14, 15). However, since the model is “fermiophobic”, the
three chiral families v;, 1§ are neutral under the U(1)" symmetry. The singlet scalar field
¢ is the responsible of breaking the U(1)" symmetry developing vacuum expectation value
(VEV) (¢) around the TeV scale. The Z’ boson generated after the symmetry breaking
has a mass at the same scale. The scalar ¢ has U(1)" charge +1. Since the two Higgs

', no standard renormalisable

doublets H, and H, are negatively charged under the U(1)
Yukawa couplings among the first three chiral families are allowed, and only those which
couple the first three chiral families to the fourth vector-like family are generated. All the
charges of the different left-handed particles of the model are summarised in table 2.

The renormalisable Yukawa and mass Lagrangians that account for the interactions of

the particles summarised in table 2 are

Lyvue = Yl HYS + yiy H 05 + v Hpawf + huc. (3.1)
Lonass = o} ot + ) GY5os + MY bathy + MY 9505 + he., (3.2)
where a:;p and yg are dimensionless coupling constants and M f are explicit mass terms.

Notice that the two Higgs doublets H are charged under U(1)’, and thus the usual
Yukawa couplings yZ/])H Yy are forbidden for ¢,j = 1,...,3. However, effective 3 x 3
Yukawa couplings may be generated by the two mass insertion diagrams shown in figure 4.
These effective Yukawa couplings read

vy (@) @y (9)
s = ( ]\2 - M} ) Hpiy)§ + hec.. (3.3)
In the minimal scenario we did not consider a full vector-like fourth family. Now
including such states, the general scenario (GS) also involves one CP conjugate heavy
right-handed neutrino N¢ as summarised in table 2. This N€¢ is singlet under all the
gauge group and therefore a Majorana mass M), is allowed for it. The Yukawa and mass
Lagrangians of the general scenario will now contain the following terms

LSS = yf HyQuus + yh HaQid§ + yY Hu Liv§ + e1yYi HaLiv§ + y§ HaLie§  (3.4)
Y HyQuu§ + y& HaQudS + y§; HaLael + eyl HyL4N® + hec.
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Figure 4. Mass insertion approximation diagrams which lead to the effective Yukawa couplings.
H represents the two Higgs doublets H,, 4.

Field | SUB). SU(2). Uy | U1
Qi 3 2 1/6 0
u§ 3 1 —2/3 0
d¢ 3 1 1/3 0
L; 1 2 -1/2 0
es 1 1 1 0
Ne¢ 1 1 0 0
Q4 3 2 1/6 1
u§ 3 1 —2/3 1
¢ 3 1 1/3 1
Ly 1 2 —-1/2 1
e§ 1 1 1 1
v§ 1 1 0 1
Q4 3 2 -1/6 | —1
ug 3 1 2/3 —1
u§ 3 1 -1/3 | -1
Ly 1 2 1/2 -1
€5 1 1 ~1 ~1
v§ 1 1 0 —1
¢ 1 1 0 1
H, 1 2 1/2 ~1
Hy 1 2 -1/2 | -1

Table 2. The most general model consists of three left-handed families v; = Q;, L; and its CP
conjugated right-handed fields ¢¢ = uf,d$, e (i = 1,2,3), and a fourth vector-like family consisting
of 14 plus ¥4 and 1§ plus Eﬁ, together with the U(1)’-breaking scalar field ¢ and the two Higgs
scalar doublets H, and H,; which are charged under U(1)’. In addition, a single CP conjugated
right-handed neutrino N€ is introduced. Notice that all the fermions of this table are left-handed

spinors and the bars indicate conjugate representations under the SM gauge group.

~10 -
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Figure 5. Diagrams in the mass insertion approximation that generate the effective Yukawa
couplings that will contribute to the light neutrino masses.

and

Ll = 220QiQu + wf OLiLy + wf uiug + a¢dids + afgeies + N pNVE  (3.5)

mass
+aN' P NVS + MPQuQs + MELLL 4 + Mju§u§ + M{d5ds
_ |
+Mjejes + My vivg + EMMNCNc + h.c.,

where again we are supposing that the Yukawa coupling between the vector-like lepton L4
and the heavy neutrino N¢ is suppressed by e3. Moreover, we will consider that both pgs =
2N (¢) and p3 = 2™V (¢) are suppressed compared to the Majorana scale (i.e. uz4 < Mpyy).
The terms of the Lagrangians of eq. (3.4) and eq. (3.5) that will enter in the discussion of
this section are highlighted in bold face and may be compared to the corresponding terms
in the minimal type Ib seesaw model in egs. (2.3) and (2.4), where we identify v§ and v§
with v¢ and v¢ and the parameters v, y¥/, My with y,y!', M.

3.1 The effective Yukawa couplings

As explained at the beginning of this section, the presence of N¢ allows to generate the
effective Yukawa interaction H, L; N of eq. (3.3) through the diagrams in the mass insertion
approximation shown in figure 5.

As a result, this effective Yukawa interaction will generate the following effective Dirac
masses

L
B3 ez (e
megfi = M4yy;j4lv + ;\;—Zf>€2yzjlvv' (36)

3.2 Generating neutrino masses

The full neutrino mass matrix of the general scenario will be given by the right-hand side
term of eq. (2.5), where now the Dirac and Majorana mass matrices read

21 ) Vs vy 172 N¢
vi [ ylv o ynv oy vi (0 My s
-c v,/ v,/ v,/ -c 1
mp = Vi elylév 61y24ﬂv 61y34ﬁv and My = Vi M} 0 g
Ne€ meDl meD2 m%g Ne€ M3 4 MM

- 11 -



Substituting these Dirac and Majorana mass matrices of eq. (3.7) into eq. (2.11) and
assuming that €1v, eav, pus, and pg << My, My, the light neutrino mass matrix m will be

given6 by
2 2 2,2/ 1\2
. €10V v* (13 — pa) €50 (9) L L N
Mij ~ 7MZ (yay}"i + yﬂyﬁ) + Wyﬁyﬁ + 7]\;MM4LQ 7T Y, 2 (3.8)
2 N
€2v°(9) (13 — pa) y L L
T My MYME = (2 + 25) -

Without assuming fine-tuning cancellations, all the terms of eq. (3.8) have to be of the
order of the scale of light neutrino masses. And therefore, when computing the 1 matrix
in the general scenario, the contributions from the second and third rows of mp are found
to be negligible. As a result, the same relation for 1 of the minimal scenario given by

eq. (2.15) will be recovered
2
v *
i = e Vit Yja - (3.9)

Once again, in order to get the correct structure of the symmetric matrix 7, there
will be correlations among the elements of mp. As a result, one of the three complex
Yukawa couplings y;, necessary to describe the deviations of unitarity will be completely
determined from the other two Yukawa couplings and the elements of m as follows [47]

1

v -
5 <y14 (11223 — M13122)
mig — Mmi11ma2

14 ~Y
Y34 =

+ys, (12113 — mipmas) £ \/yﬁfrm — 2y Y g + Y4 (3.10)

A2 s P N £92 s A s
X \/m13m22 — 2m12Mm13Ma23 + M11Mag + MiyM33 — m11m22m33) .

Therefore, of the  matrix will be described by two complex Yukawa couplings y%, and
Y54, one heavy vector-like neutrino mass scale M}, and the four yet unknown parameters
on 7h: the light neutrino mass scale m1 3 and the three phases of the PMNS matrix ¢, «, o’.

Similarly, the allowed region of the free parameters y7,, y5, and M} can be analysed by
using the present bounds on the elements of 7 through eq. (3.9). In particular, the global-
fit to Electroweak and flavour precision observables performed in [50] sets the following
upper bounds

4.2 -1 —4 4.8 .1 —4
Ngd s 0_7 and THJ M1 <48 0_7 , (3.11)
M2 < 2.9-10 Moo < 2.4-10

at 1o for both normal and inverted hierarchies.

In figure 6 the constraints that the present bounds on the non-unitarity of the PMNS
matrix of eq. (3.11) set on the free parameters of the general scenario are shown. The
allowed region for the |y¥,| (|y4,|) as a function of the vector-like neutrino mass scale MY
is shown in green (purple). The solid (dashed) line corresponds to the boundary of the
allowed region for a NH (IH) in the light neutrino sector.

6At leading order in the small parameters €1, €2, and psa/Mx, with Mx = Mf, M.
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Figure 6. Allowed region of the free parameters of the general scenario when the present bounds [50]
on the non-unitarity of the leptonic mixing matrix are considered. The green (purple) area corre-
sponds to |y¥,| (|y54]), while the solid (dashed) line is the boundary for NH (IH).
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Figure 7. Mass insertion approximation diagrams which lead to the effective Z’ couplings.

Finally, if an arbitrary number n (with n > 2) of N¢ fields is introduced in the model,
the 7 matrix would be a completely generic Hermitian matrix described by 9 free parame-
ters. These parameters are enough to reproduce the correct masses and mixings of the light
neutrinos, and thus m and 7 would be unrelated. That is, there would not be correlations
among the Yukawa couplings, and no extra information on this vector-like model would be
derived. Therefore, these scenarios are not further discussed in this work.

3.3 The Z’ coupling

The U(1)" symmetry breaking generates a massive Z’ boson. The couplings ¢’ ZLw;r Y
between the SM families and this Z’ boson are forbidden by the U(1)" charges. However,
effective Z’ couplings could be generated by the mass insertion diagrams shown in figure 7.
These effective Z’ couplings read

P v c e
o xl(p) 7 (P) ; zl (¢) zj (@) ;
L4 ="t g Iy + g 7 T (3.12)
My My My© My

The mass of the Z' is given by My = ¢'(¢). It has been studied [29] that, for
My 2 TeV, the necessary p — e universality violation in order to explain the observed
semi-leptonic B anomalous decays Ry« could be generated through this fourth vector-
like family model. The constraints on the free parameters of the vector-like neutrinos
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analyzed in the present work do not play a role in the generation of the above mentioned
flavour universality violation, and therefore, the connection with Ry (.) is not modified.
On the other hand, from eq. (3.12), the effective Z’ coupling to neutrinos is given by

Z! le‘xJL<¢>2 Al Ha 2 1 70 nrct c
off = iz g Zuszy“Lj + i 9Z,N P N€. (3.13)
4 4

While the second term in eq. (3.13) is suppressed by two powers of 14 /My, the first term
is not constrained by neutrino masses in this vector-like model, and thus it might generate
an extra contribution to the neutrino trident production [65].

Finally, since we assume that the mass scale of the Z’ is above the TeV scale, the
vector-like fourth family masses would also be above the TeV scale, satisfying current
LHC limits.

4 Summary and conclusions

In this paper we have considered a new Weinberg operator for neutrino mass of the form
HuﬁdLiLj involving two different Higgs doublets H,,, H; with opposite hypercharge, where
H, is the charge conjugated doublet. We have considered a minimal model involving two
Higgs doublets, charged under a U(1)’ gauge group which forbids the usual Weinberg
operator but allows the mixed one. The new Weinberg operator is then generated via
two right-handed neutrinos oppositely charged under the U(1)’. Such a version of the
type I seesaw model, which we refer to as type Ib to distinguish it from the usual type
Ta seesaw mechanism which yields the usual Weinberg operator, allows the possibility of
having potentially large violations of unitarity of the leptonic mixing matrix whose bounds
we have explored. However the minimal model only allows non-renormalisable Yukawa
couplings for the charged fermions.

In the minimal model, the SM particle content is extended by two right-handed neu-
trinos v¢ and v¢. These heavy right-handed neutrinos are oppositely charged under the
gauge U(1)".
the three light neutrinos will be massive. In order to reproduce the observed pattern of

Since the SM has been extended with just two extra singlets, just two of

neutrino masses and mixings, a particular structure in the Yukawa couplings of the right-
handed neutrinos is obtained. In particular, the Yukawa couplings of the heavy neutrino
v¢ with the light neutrinos will be reconstructed from the elements of the PMNS mixing
matrix, the neutrino mass splittings, and an overall scaling factor y. The presence of the
heavy neutrinos generate deviations of unitarity in the leptonic mixing matrix, and thus,
there would be an enhancement in the LE'V processes due to the loss of the GIM cancella-
tion. The stringent experimental limit on the LFV radiative decay p — ey has been used
to analyse the allowed parameter space of the free parameters y and M" of the minimal
scenario (see figure 3).

We have also considered a more general model which allows all Yukawa couplings to
be generated via a fourth vector-like family charged under the U(1)’ (including v§ and v§
identified as v and v°¢ of the minimal scenario). In addition, we considered the relaxation of
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the unitarity bound due to the further addition of one (or more) extra CP conjugated right-
handed neutrino(s) N€¢, neutral under U(1)’, yielding a usual type Ia seesaw contribution,
in addition to the type Ib contribution. In this way, all the SM fermions acquire Dirac
masses via effective Yukawa couplings with the fourth family.

In the case of one additional N¢ (plus v§ and 1), the three heavy neutrinos generate
masses for the three light neutrinos, and as a result, the strong correlations on the Yukawa
couplings of the minimal scenario are relaxed. In particular, two of the three Yukawa
couplings that enter in the description of the dim-6 effective operator () will be free, and
the third one will be given by the other two, and the pattern of masses and mixings of the
light sector. The non-unitarity of the leptonic mixing matrix, generated by the presence
of the heavy neutrinos and the scalar fields, parametrised by 7, would modify Electroweak
and flavour precision observables. And thus, the present bounds on the non-unitarity of
the mixing matrix can be used to constrain regions of the parameter space of the two free
Yukawa couplings and M} (see figure 6).

In conclusion we have considered a new Weinberg operator for neutrino mass and
proposed a type Ib seesaw mechanism to account for it. While the minimal model is quite
compact and constrained by unitarity, it is not complete since the charged fermion Yukawa
couplings are non-renormalisable. In order to obtain a renormalisable explanation of such
Yukawa couplings, we were led to introduce a fourth vector-like family, to which the singlet
neutrinos of the minimal model belong, leading to possible connections with Rj.(.) as well
as collider implications for the LHC.

Acknowledgments

This project has received funding/support from the European Union’s Horizon 2020 re-
search and innovation programme under the Marie Sklodowska-Curie grant agreement No.
674896 and InvisiblesPlus RISE No. 690575. JHG warmly thanks Southampton University
for its hospitality hosting him during the discussion and the completion of this work. SFK
acknowledges the STFC Consolidated Grant ST /L000296/1.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] S. Weinberg, Baryon and lepton nonconserving processes, Phys. Rev. Lett. 43 (1979) 1566
[INSPIRE].

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

[3] R.N. Mohapatra and G. Senjanovi¢, Neutrino mass and spontaneous parity nonconservation,
Phys. Rev. Lett. 44 (1980) 912 [InSPIRE].

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

~15 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevLett.43.1566
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,43,1566%22
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1103/PhysRevLett.44.912
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,44,912%22
https://inspirehep.net/search?p=find+J+%22Conf.Proc.,C7902131,95%22

[5]

[15]

[16]

[17]

[18]

[19]

[20]

[25]

[26]

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

M. Magg and C. Wetterich, Neutrino mass problem and gauge hierarchy, Phys. Lett. B 94
(1980) 61.

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

C. Wetterich, Neutrino masses and the scale of B-L violation, Nucl. Phys. B 187 (1981) 343
[INSPIRE].

G. Lazarides, Q. Shafi and C. Wetterich, Proton lifetime and fermion masses in an SO(10)
model, Nucl. Phys. B 181 (1981) 287 [inSPIRE].

R.N. Mohapatra and G. Senjanovié¢, Neutrino masses and mizxings in gauge models with
spontaneous parity violation, Phys. Rev. D 23 (1981) 165 [INSPIRE].

R. Foot, H. Lew, X.G. He and G.C. Joshi, Seesaw neutrino masses induced by a triplet of
leptons, Z. Phys. C 44 (1989) 441 [INSPIRE].

E. Ma, Pathways to naturally small neutrino masses, Phys. Rev. Lett. 81 (1998) 1171
[hep-ph/9805219] [INSPIRE].

E. Ma and D.P. Roy, Heavy triplet leptons and new gauge boson, Nucl. Phys. B 644 (2002)
290 [hep-ph/0206150] [INSPIRE].

T. Hambye et al., Constraints on neutrino masses from leptogenesis models, Nucl. Phys. B
695 (2004) 169 [hep-ph/0312203] [INSPIRE].

B. Bajc and G. Senjanovié, Seesaw at LHC, JHEP 08 (2007) 014 [hep-ph/0612029]
[INSPIRE].

B. Bajc, M. Nemevsek and G. Senjanovié, Probing seesaw at LHC, Phys. Rev. D 76 (2007)
055011 [hep-ph/0703080] INSPIRE].

I. Dorsner and P. Fileviez Perez, Upper bound on the mass of the Type III seesaw triplet in
an SU(5) model, JHEP 06 (2007) 029 [hep-ph/0612216] [INSPIRE].

P. Fileviez Perez, Supersymmetric adjoint SU(5), Phys. Rev. D 76 (2007) 071701
[arXiv:0705.3589] [INSPIRE].

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

J. Bernabeu et al., Lepton flavor nonconservation at high-energies in a superstring inspired
standard model, Phys. Lett. B 187 (1987) 303 [INSPIRE].

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

E. Ma, Neutrino mass: mechanisms and models, arXiv:0905.0221 [INSPIRE].

J.F. Oliver and A. Santamaria, Neutrino masses from operator mixing, Phys. Rev. D 65
(2002) 033003 [hep-ph/0108020] [INSPIRE].

S. Centelles Chulid, R. Srivastava and J.W.F. Valle, Seesaw roadmap to neutrino mass and
dark matter, Phys. Lett. B 781 (2018) 122 [arXiv:1802.05722] [INSPIRE].

LHCDb collaboration, Test of lepton universality using BT — K+Y¢1{~ decays, Phys. Rev.
Lett. 113 (2014) 151601 [arXiv:1406.6482] [NSPIRE].

S. Bifani, Search for new physics with b — st~ decays at LHCb, (2017).

~16 -


https://arxiv.org/abs/1306.4669
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.4669
https://doi.org/10.1016/0370-2693(80)90825-4
https://doi.org/10.1016/0370-2693(80)90825-4
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.22.2227
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D22,2227%22
https://doi.org/10.1016/0550-3213(81)90279-0
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B187,343%22
https://doi.org/10.1016/0550-3213(81)90354-0
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B181,287%22
https://doi.org/10.1103/PhysRevD.23.165
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D23,165%22
https://doi.org/10.1007/BF01415558
https://inspirehep.net/search?p=find+J+%22Z.Physik,C44,441%22
https://doi.org/10.1103/PhysRevLett.81.1171
https://arxiv.org/abs/hep-ph/9805219
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9805219
https://doi.org/10.1016/S0550-3213(02)00815-5
https://doi.org/10.1016/S0550-3213(02)00815-5
https://arxiv.org/abs/hep-ph/0206150
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0206150
https://doi.org/10.1016/j.nuclphysb.2004.06.027
https://doi.org/10.1016/j.nuclphysb.2004.06.027
https://arxiv.org/abs/hep-ph/0312203
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0312203
https://doi.org/10.1088/1126-6708/2007/08/014
https://arxiv.org/abs/hep-ph/0612029
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0612029
https://doi.org/10.1103/PhysRevD.76.055011
https://doi.org/10.1103/PhysRevD.76.055011
https://arxiv.org/abs/hep-ph/0703080
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0703080
https://doi.org/10.1088/1126-6708/2007/06/029
https://arxiv.org/abs/hep-ph/0612216
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0612216
https://doi.org/10.1103/PhysRevD.76.071701
https://arxiv.org/abs/0705.3589
https://inspirehep.net/search?p=find+EPRINT+arXiv:0705.3589
https://doi.org/10.1103/PhysRevD.34.1642
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D34,1642%22
https://doi.org/10.1016/0370-2693(87)91100-2
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B187,303%22
https://doi.org/10.1103/PhysRevLett.95.161801
https://arxiv.org/abs/hep-ph/0506296
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0506296
https://arxiv.org/abs/0905.0221
https://inspirehep.net/search?p=find+EPRINT+arXiv:0905.0221
https://doi.org/10.1103/PhysRevD.65.033003
https://doi.org/10.1103/PhysRevD.65.033003
https://arxiv.org/abs/hep-ph/0108020
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0108020
https://doi.org/10.1016/j.physletb.2018.03.046
https://arxiv.org/abs/1802.05722
https://inspirehep.net/search?p=find+EPRINT+arXiv:1802.05722
https://doi.org/10.1103/PhysRevLett.113.151601
https://doi.org/10.1103/PhysRevLett.113.151601
https://arxiv.org/abs/1406.6482
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.6482

[27]

[28]

[29]

[30]

[31]

[43]
[44]

[45]

S.F. King, Flavourful Z' models for Ry, JHEP 08 (2017) 019 [arXiv:1706.06100]
[INSPIRE].

S. Raby and A. Trautner, Vectorlike chiral fourth family to explain muon anomalies, Phys.
Rev. D 97 (2018) 095006 [arXiv:1712.09360] [INSPIRE].

S.F. King, Ry and the origin of Yukawa couplings, JHEP 09 (2018) 069
[arXiv:1806.06780] [NSPIRE].

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

R.E. Shrock, General theory of weak leptonic and semileptonic decays. 1. Leptonic
pseudoscalar meson decays, with associated tests for and bounds on, neutrino masses and
lepton mizing, Phys. Rev. D 24 (1981) 1232 [INSPIRE].

R.E. Shrock, General theory of weak processes involving neutrinos. 2. Pure leptonic decays,
Phys. Rev. D 24 (1981) 1275 [INSPIRE].

P. Langacker and D. London, Mizing between ordinary and exotic fermions, Phys. Rev. D 38
(1988) 886 [INSPIRE].

S.M. Bilenky and C. Giunti, Seesaw type mizing and muon-neutrino — tau-neutrino
oscillations, Phys. Lett. B 300 (1993) 137 [hep-ph/9211269] [INSPIRE].

E. Nardi, E. Roulet and D. Tommasini, Limits on neutrino mixing with new heavy particles,
Phys. Lett. B 327 (1994) 319 [hep-ph/9402224| [InSPIRE].

D. Tommasini, G. Barenboim, J. Bernabeu and C. Jarlskog, Nondecoupling of heavy
neutrinos and lepton flavor violation, Nucl. Phys. B 444 (1995) 451 [hep-ph/9503228]
[INSPIRE].

S. Antusch et al., Unitarity of the leptonic mixing matriz, JHEP 10 (2006) 084
[hep-ph/0607020] [iNSPIRE].

S. Antusch, J.P. Baumann and E. Fernandez-Martinez, Non-standard neutrino interactions
with matter from physics beyond the standard model, Nucl. Phys. B 810 (2009) 369
[arXiv:0807.1003] [INSPIRE].

C. Biggio, The contribution of fermionic seesaws to the anomalous magnetic moment of
leptons, Phys. Lett. B 668 (2008) 378 [arXiv:0806.2558] [INSPIRE].

A. Tbarra, E. Molinaro and S.T. Petcov, TeV scale see-saw mechanisms of neutrino mass
generation, the Majorana nature of the heavy singlet neutrinos and (8)o,-decay, JHEP 09
(2010) 108 [arXiv:1007.2378] [INSPIRE].

A. Ibarra, E. Molinaro and S.T. Petcov, Low energy signatures of the TeV scale see-saw
mechanism, Phys. Rev. D 84 (2011) 013005 [arXiv:1103.6217] NSPIRE].

D.N. Dinh, A. Ibarra, E. Molinaro and S.T. Petcov, The u-e conversion in nuclei,
uw— ey, — 3e decays and TeV scale see-saw scenarios of neutrino mass generation, JHEP
08 (2012) 125 [Erratum ibid. 09 (2013) 023] [arXiv:1205.4671] [INSPIRE].

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

E. Akhmedov et al., Improving electro-weak fits with TeV-scale sterile neutrinos, JHEP 05
(2013) 081 [arXiv:1302.1872] [INSPIRE].

S. Antusch and O. Fischer, Non-unitarity of the leptonic mizing matriz: present bounds and
future sensitivities, JHEP 10 (2014) 094 [arXiv:1407.6607] INSPIRE].

17 -


https://doi.org/10.1007/JHEP08(2017)019
https://arxiv.org/abs/1706.06100
https://inspirehep.net/search?p=find+EPRINT+arXiv:1706.06100
https://doi.org/10.1103/PhysRevD.97.095006
https://doi.org/10.1103/PhysRevD.97.095006
https://arxiv.org/abs/1712.09360
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.09360
https://doi.org/10.1007/JHEP09(2018)069
https://arxiv.org/abs/1806.06780
https://inspirehep.net/search?p=find+EPRINT+arXiv:1806.06780
https://doi.org/10.1016/0370-2693(80)90235-X
https://doi.org/10.1016/0370-2693(80)90235-X
https://doi.org/10.1103/PhysRevD.24.1232
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D24,1232%22
https://doi.org/10.1103/PhysRevD.24.1275
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D24,1275%22
https://doi.org/10.1103/PhysRevD.38.886
https://doi.org/10.1103/PhysRevD.38.886
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D38,886%22
https://doi.org/10.1016/0370-2693(93)90760-F
https://arxiv.org/abs/hep-ph/9211269
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9211269
https://doi.org/10.1016/0370-2693(94)90736-6
https://arxiv.org/abs/hep-ph/9402224
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9402224
https://doi.org/10.1016/0550-3213(95)00201-3
https://arxiv.org/abs/hep-ph/9503228
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9503228
https://doi.org/10.1088/1126-6708/2006/10/084
https://arxiv.org/abs/hep-ph/0607020
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0607020
https://doi.org/10.1016/j.nuclphysb.2008.11.018
https://arxiv.org/abs/0807.1003
https://inspirehep.net/search?p=find+EPRINT+arXiv:0807.1003
https://doi.org/10.1016/j.physletb.2008.09.004
https://arxiv.org/abs/0806.2558
https://inspirehep.net/search?p=find+EPRINT+arXiv:0806.2558
https://doi.org/10.1007/JHEP09(2010)108
https://doi.org/10.1007/JHEP09(2010)108
https://arxiv.org/abs/1007.2378
https://inspirehep.net/search?p=find+EPRINT+arXiv:1007.2378
https://doi.org/10.1103/PhysRevD.84.013005
https://arxiv.org/abs/1103.6217
https://inspirehep.net/search?p=find+EPRINT+arXiv:1103.6217
https://doi.org/10.1007/JHEP08(2012)125
https://doi.org/10.1007/JHEP08(2012)125
https://arxiv.org/abs/1205.4671
https://inspirehep.net/search?p=find+EPRINT+arXiv:1205.4671
https://doi.org/10.1007/JHEP01(2013)118
https://arxiv.org/abs/1209.2679
https://inspirehep.net/search?p=find+EPRINT+arXiv:1209.2679
https://doi.org/10.1007/JHEP05(2013)081
https://doi.org/10.1007/JHEP05(2013)081
https://arxiv.org/abs/1302.1872
https://inspirehep.net/search?p=find+EPRINT+arXiv:1302.1872
https://doi.org/10.1007/JHEP10(2014)094
https://arxiv.org/abs/1407.6607
https://inspirehep.net/search?p=find+EPRINT+arXiv:1407.6607

[46]
[47]
[48]
[49]
[50]

[51]

[52]

[53]

A. Abada and T. Toma, Flectric dipole moments of charged leptons with sterile fermions,
JHEP 02 (2016) 174 [arXiv:1511.03265] [INSPIRE].

E. Fernandez-Martinez, J. Hernandez-Garcia, J. Lopez-Pavon and M. Lucente, Loop level
constraints on Seesaw neutrino mixzing, JHEP 10 (2015) 130 [arXiv:1508.03051] [INSPIRE].

S. Antusch and O. Fischer, Testing sterile neutrino extensions of the standard model at
future lepton colliders, JHEP 05 (2015) 053 [arXiv:1502.05915] [INSPIRE].

A. Abada and T. Toma, FElectron electric dipole moment in inverse seesaw models, JHEP 08
(2016) 079 [arXiv:1605.07643] [INSPIRE].

E. Fernandez-Martinez, J. Hernandez-Garcia and J. Lopez-Pavon, Global constraints on
heavy neutrino mizing, JHEP 08 (2016) 033 [arXiv:1605.08774] [INSPIRE].

J. Herrero-Garcia, N. Rius and A. Santamaria, Higgs lepton flavour violation: UV
completions and connection to neutrino masses, JHEP 11 (2016) 084 [arXiv:1605.06091]
[INSPIRE].

J.T. Penedo, S.T. Petcov and T. Yanagida, Low-scale seesaw and the CP-violation in
neutrino oscillations, Nucl. Phys. B 929 (2018) 377 [arXiv:1712.09922] [INSPIRE].

A. Broncano, M.B. Gavela and E.E. Jenkins, The effective lagrangian for the seesaw model of
neutrino mass and leptogenesis, Phys. Lett. B 552 (2003) 177 [Erratum ibid. B 636 (2006)
332] [hep-ph/0210271] [INSPIRE].

S.F. King, Constructing the large mizing angle MNS matrixz in seesaw models with
right-handed neutrino dominance, JHEP 09 (2002) 011 [hep-ph/0204360] [INSPIRE].

J. Kersten and A.Yu. Smirnov, Right-handed neutrinos at CERN LHC and the mechanism of
neutrino mass generation, Phys. Rev. D 76 (2007) 073005 [arXiv:0705.3221] [INSPIRE].

A. Abada et al., Low energy effects of neutrino masses, JHEP 12 (2007) 061
[arXiv:0707.4058] [iNSPIRE].

M. Blennow and E. Fernandez-Martinez, Parametrization of seesaw models and light sterile
neutrinos, Phys. Lett. B 704 (2011) 223 [arXiv:1107.3992] [INSPIRE].

L.-L. Chau and W.-Y. Keung, Comments on the parametrization of the Kobayashi-Maskawa
matriz, Phys. Rev. Lett. 53 (1984) 1802 [INSPIRE].

E. Fernandez-Martinez et al., CP-violation from non-unitary leptonic mixing, Phys. Lett. B
649 (2007) 427 [hep-ph/0703098] [INSPIRE].

M.B. Gavela et al., Minimal flavour seesaw models, JHEP 09 (2009) 038 [arXiv:0906.1461]
[INSPIRE].

R. Adhikari and A. Raychaudhuri, Light neutrinos from massless texture and below TeV
seesaw scale, Phys. Rev. D 84 (2011) 033002 [arXiv:1004.5111] INSPIRE].

S.L. Glashow, J. Iliopoulos and L. Maiani, Weak interactions with lepton-hadron symmetry,
Phys. Rev. D 2 (1970) 1285 [INSPIRE].

PARTICLE DATA GROUP collaboration, Review of particle physics, Phys. Rev. D 98 (2018)
030001 [iNSPIRE].

I. Esteban et al., Global analysis of three-flavour neutrino oscillations: synergies and
tensions in the determination of 023, 5cp and the mass ordering, JHEP 01 (2019) 106
[arXiv:1811.05487] [INSPIRE].

A. Falkowski, S.F. King, E. Perdomo and M. Pierre, Flavourful Z' portal for vector-like
neutrino Dark Matter and Ry, JHEP 08 (2018) 061 [arXiv:1803.04430] [INSPIRE].

~ 18 —


https://doi.org/10.1007/JHEP02(2016)174
https://arxiv.org/abs/1511.03265
https://inspirehep.net/search?p=find+EPRINT+arXiv:1511.03265
https://doi.org/10.1007/JHEP10(2015)130
https://arxiv.org/abs/1508.03051
https://inspirehep.net/search?p=find+EPRINT+arXiv:1508.03051
https://doi.org/10.1007/JHEP05(2015)053
https://arxiv.org/abs/1502.05915
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.05915
https://doi.org/10.1007/JHEP08(2016)079
https://doi.org/10.1007/JHEP08(2016)079
https://arxiv.org/abs/1605.07643
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.07643
https://doi.org/10.1007/JHEP08(2016)033
https://arxiv.org/abs/1605.08774
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.08774
https://doi.org/10.1007/JHEP11(2016)084
https://arxiv.org/abs/1605.06091
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.06091
https://doi.org/10.1016/j.nuclphysb.2018.02.018
https://arxiv.org/abs/1712.09922
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.09922
https://doi.org/10.1016/j.physletb.2006.04.003
https://arxiv.org/abs/hep-ph/0210271
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0210271
https://doi.org/10.1088/1126-6708/2002/09/011
https://arxiv.org/abs/hep-ph/0204360
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0204360
https://doi.org/10.1103/PhysRevD.76.073005
https://arxiv.org/abs/0705.3221
https://inspirehep.net/search?p=find+EPRINT+arXiv:0705.3221
https://doi.org/10.1088/1126-6708/2007/12/061
https://arxiv.org/abs/0707.4058
https://inspirehep.net/search?p=find+EPRINT+arXiv:0707.4058
https://doi.org/10.1016/j.physletb.2011.09.028
https://arxiv.org/abs/1107.3992
https://inspirehep.net/search?p=find+EPRINT+arXiv:1107.3992
https://doi.org/10.1103/PhysRevLett.53.1802
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,53,1802%22
https://doi.org/10.1016/j.physletb.2007.03.069
https://doi.org/10.1016/j.physletb.2007.03.069
https://arxiv.org/abs/hep-ph/0703098
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0703098
https://doi.org/10.1088/1126-6708/2009/09/038
https://arxiv.org/abs/0906.1461
https://inspirehep.net/search?p=find+EPRINT+arXiv:0906.1461
https://doi.org/10.1103/PhysRevD.84.033002
https://arxiv.org/abs/1004.5111
https://inspirehep.net/search?p=find+EPRINT+arXiv:1004.5111
https://doi.org/10.1103/PhysRevD.2.1285
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D2,1285%22
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D98,030001%22
https://doi.org/10.1007/JHEP01(2019)106
https://arxiv.org/abs/1811.05487
https://inspirehep.net/search?p=find+EPRINT+arXiv:1811.05487
https://doi.org/10.1007/JHEP08(2018)061
https://arxiv.org/abs/1803.04430
https://inspirehep.net/search?p=find+EPRINT+arXiv:1803.04430

	Introduction
	The minimal Type Ib seesaw model
	Renormalisable Type Ib (plus Type Ia) seesaw model
	The effective Yukawa couplings
	Generating neutrino masses
	The Z' coupling

	Summary and conclusions

