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Abstract

We consider a version of the low-scale type I seesaw mechanism for generating small neutrino masses,
as an alternative to the standard seesaw scenario. It involves two right-handed (RH) neutrinos vig and
vy g having a Majorana mass term with mass M, which conserves the lepton charge L. The RH neutrino
vy g has lepton-charge conserving Yukawa couplings gy to the lepton and Higgs doublet fields, while small
lepton-charge breaking effects are assumed to induce tiny lepton-charge violating Yukawa couplings g for
ViR, =e, u, t. In this approach the smallness of neutrino masses is related to the smallness of the Yukawa
coupling of v g and not to the large value of M: the RH neutrinos can have masses in the few GeV to a few
TeV range. The Yukawa couplings |g¢>| can be much larger than |gy1|, of the order |ggo| ~ 1074-1072,
leading to interesting low-energy phenomenology. We consider a specific realisation of this scenario within
the Froggatt—Nielsen approach to fermion masses. In this model the Dirac CP violation phase § is predicted
to have approximately one of the values 8 ~ 7 /4, 37 /4, or 5w /4, 7w /4, or to lie in a narrow interval
around one of these values. The low-energy phenomenology of the considered low-scale seesaw scenario
of neutrino mass generation is also briefly discussed.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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1. Introduction

The seesaw mechanism [1] of neutrino mass generation is a very attractive mechanism which
explains naturally the small masses of the neutrinos. According to the standard seesaw scenario
the smallness of neutrino masses has its origin from large lepton-number violating Majorana
masses of right-handed (RH) neutrinos. A very appealing aspect of the seesaw scenario is that
we can relate the existence of large Majorana masses of the RH neutrinos to a spontaneous
breaking of some high scale symmetry, for example, GUT symmetry. However, direct tests of
the standard seesaw mechanism are almost impossible due to the exceedingly large masses of
the RH neutrinos.

In the present article we consider an alternative mechanism for generating small neutrino
masses. It involves two RH neutrinos vig and vog which have a Majorana mass M vlTR C~luyp,
where C is the charge conjugation matrix. Assuming that vig and vog carry total lepton charges
L(vig) = —1 and L(var) = +1, respectively, this mass term conserves L. This implies that,
as long as L is conserved, vig and vyg (more precisely, vig and VZCL = Cor!) form a
heavy Dirac neutrino. Since L(v2r) = +1, vag can have lepton-charge conserving Yukawa cou-
plings, —£ D gp Vg H" Ly, where £ =e, i, 7, Ly(x) = (ver,(x) £7(x))T and H® = iop H*,
H = (H*" H%T being the Higgs doublet field whose neutral component acquires a vacuum ex-
pectation value (VEV). On the other hand, the RH neutrino vjg cannot have a neutrino Yukawa
coupling as long as lepton charge L is conserved.

We assume further that some small lepton-charge breaking effects induce tiny lepton-charge
violating Yukawa couplings for vig, namely —L D gelﬂH”T Ly, £ =e, u, t, with |gg1] <
lgeal, £,€ = e, u, T. Our setup will imply that the lepton-charge breaking diagonal Majorana
mass terms are either forbidden or suppressed. In this case vig and vor (i.e., vig and vch) form
a pseudo-Dirac pair. In this scenario the smallness of neutrino masses is due to the small Yukawa
coupling |g¢1] < 1 and hence we do not have to introduce the large Majorana mass M of the
standard seesaw scenario. The mass M of the vlTR C~ vk mass term can be at the weak scale.

The strong hierarchy |g¢1| < |g¢2| between the two sets of Yukawa couplings can be re-
alised rather naturally, for example, within the Froggatt—Nielsen (FN) scenario [2]. Employing
this scenario we will additionally consider that the Yukawa couplings g obey a standard FN
hierarchy [3], |ge2| : |gu2] : |8c2] ~ €:1:1, € ~0.2. The magnitude of the Yukawa couplings
of vir should be completely different from that of the Yukawa coupling of vpg. However, due
to the usual O(1) ambiguity in the FN approach, it is impossible to predict unambiguously the
flavour dependence of g¢; and thus the ratios |ge1| : [g1] : 18711

We show in the present article, in particular, that in the model of neutrino mass generation
with two RH neutrinos with the hierarchy and flavour structure of their Yukawa couplings and
the mass term outlined above the Dirac CP-violating (CPV) phase is predicted to have one of the
values 6 ~ /4, 3w /4, or Sm /4, T /4.

2. General setup

We minimally extend the Standard Model (SM) by adding two RH neutrinos, i.e., two chiral
fields v r(x), a = 1, 2, which are singlets under the SM gauge symmetry group. Following the
notations of Refs. [4-7], the relevant low-energy Lagrangian is

- 1
Ly = —Var (M})aever, — 5 Vak (MN)ap vy, + hec., 2.0
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with va = () =Crg!,C being the charge conjugation matrix. My = MMT isthe 2 x 2
Majorana mass matrix of RH neutrinos, while M p denotes the 3 x 2 neutrino Dirac mass matrix,
generated from the Yukawa couplings of neutrinos following the breaking of electroweak (EW)
symmetry. These Yukawa interactions read

Ly = Vg (YD H Ly + he.,  Mp =v¥p, 22)

where L;(x) = (ver(x) £2(x))T and H¢ =iopH*, H = (Ht H®)T being the Higgs doublet
field whose neutral component acquires a VEV v = (H 0) = 174 GeV. The matrix of neutrino
Yukawa couplings has the form

8el 8e2
Yp=|gu g2, (2.3)
81 812

where gy, denotes the coupling of Ly(x) to v p(x), £ =e, u, 7, a=1,2.
The full 5 x 5 neutrino Dirac—Majorana mass matrix, given below in the (v, vLC) basis, can
be made block-diagonal by use of a unitary matrix €2,

0 Mp U*mut 0
Q' Q= - 2.4
(Mg MN) < 0 V*MVT) ’ @4

where m = diag(m, m;, m3) contains the masses m; of the light Majorana neutrino mass eigen-
states y;, while M= diag(M;, M>) contains the masses M|, of the heavy Majorana neutrinos,
Nj. Here, U and V are 3 x 3 and 2 x 2 unitary matrices, respectively. The matrix 2 can be
parametrised as [4,8]:

0 R 1— LRRY R
Q:exp(_RT o):< _ZRT 1_%RTR>+O(R3), (2.5)

under the assumption that the elements of the 3 x 2 complex matrix R are small, which will be
justified later. At leading order in R, the following relations hold [4]:

R* >~ Mp M3, (2.6)

m, = UmU" ~ R*MyR" — R*M} — MpR" = — R*MyR", (2.7)
EEVaral 1 T p* 1 T

VMV ZMN+§R RMN+EMNR R>~ My, (2.8)

where® we have used eq. (2.6) to get the last equality in eq. (2.7). From the first two we recover
the well-known seesaw formula for the light neutrino mass matrix,

my = —Mp My' M}. (2.9)

We are interested in the case where only the L-conserving Majorana mass term of vig(x)
and vg(x), M vlTR CYvyg, with M > 0 and, e.g., L(vig) =—1 and L(var) = +1, L being the
total lepton charge, is present in the Lagrangian. In this case the Majorana mass matrix of RH
neutrinos vig(x) and vog(x) reads:

3 The factors 1/2 in the two terms RTR*MN and x My RTRin eq. (2.8) are missing in the corresponding expression
in Ref. [4]. These two terms provide a sub-leading correction to the leading term My and have been neglected in the
discussion of the phenomenology in Ref. [4]. We will also neglect them in the phenomenological analysis we will
perform.
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MN=<1€I ]g) (2.10)

Using egs. (2.2), (2.3) and eq. (2.9), we get the following expression for the light neutrino Majo-
rana mass matrix mz1,:

2 281 8e2 8u1 82t 8e18u2  8r18e2+ 8el 812
my = =7\ &ul 8e2 1+ 8el 8u2 28u1 812 8r18u2+8ui1 &2 | - (2.11)
8r18e2 1+ 8e1 8r2  &r18u2 + 8ul &r2 2801812
With the assignments L(vig) = —1 and L(v2g) = +1 made, the requirement of conservation

of the total lepton charge L leads to g¢1 =0, £ = e, i, t. In this limit of g, =0, we have m, =0,
the light neutrino masses vanish and vy g and vch combine to form a Dirac fermion Np of mass

ME\/MZ-FUZ dolgeal?t

Ni£i N

Np = ——
V2

with Ng = N + Nkg = N, + (Ne)€ = CVkT, k=1,2, and vig = (N1g £ i Nar)/v/2,
v§, = (Nip i Nap)/V2.
Thus, the massive fields N (x) are related to the fields v,z (x) by v, (x) =~ Va*k Nir(x), where

_ 1 1 Fi
V_ﬁ<1 ii)’ (2.13)

where the upper (lower) signs correspond to the case with the upper (lower) signs in eq. (2.12)
and in the expressions for viz and VZCL given after it.

Small L-violating couplings g¢1 # O split the Dirac fermion Np into the two Majorana
fermions N1 and N which have very close but different masses, M| # My, M2 — M| < M1 3.
As a consequence, Np becomes a pseudo-Dirac particle [10,11]. Of the three light massive neu-
trinos one remains massless (at tree level), while the other two acquire non-zero and different
masses. The splitting between the masses of N; and N> is of the order of one of the light neu-
trino mass differences and thus is extremely difficult to observe in practice.

More specifically, in the case of a neutrino mass spectrum with normal ordering (see, e.g.,
[12]) we have (at tree level) keeping terms up to 4th power in the Yukawa couplings g¢; and g¢»
and taking gy, to be real for simplicity:

2
my =0, my3 % [JZ <1 - M) TA <1 —~ %)} +0E8), (@14

= vig + 5§, (2.12)

2M2A
where
D =0? (g +gli+ 8k +eh+ela+eh) (2.15)
A=vt(gh+gli+el)(sh+eda+eh). (2.16)

A = v*(ge1 82 + 8u1 2 + 8r1 872) - (2.17)

4 These general results can be inferred just from the form of the conserved “non-standard” lepton charge L’ [9] which
is expressed in terms of the individual lepton charges Ly, £ = e, i, 7, and Lg(VpR) = —8ap> a,b=1,2: L' = L, +
Ly+ L+ Ly —Ly(L'(vig) =L1(vig) =—1and L'(v3g) = —Ly(vag) = +1). Then min(n4,n_) and |[n4y —n_|
are the numbers of massive Dirac and massless neutrinos, respectively, n4 (n_) being the number of charges entering
into the expression for L’ with positive (negative) sign.
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The heavy neutrino mass spectrum is given by:

Mi,>M|[1+— b ! A+2A2+ D A - P +0@E%). (2.18)

L2 = M2 Mt s )| Tu\ " 8 '
The values of my 3 and M given in eqs. (2.14) and (2.18) can be obtained as approximate
solutions of the exact mass-eigenvalue equation:

W2 (M2+D>—2/\MA—<A—A2):0. (2.19)

Note that, as it follows from eqs. (2.14) and (2.18), we have [4]: My — M1 ~2(A/M)(1 —
D/M 2) = m3 — my. Therefore, the splitting between M, and M|, as we have already noted, is
exceedingly small. Indeed, for a neutrino mass spectrum with normal ordering (NO) and m| =0,

we have my = \/Am3, ~8.6 x 1073 eV, m3 = ,/ Am3, ~0.051 eV, and
My, — M; = m3—mp >~ 0.042 eV, (2.20)

where we have used the best fit values of Am%1 and Am%l determined in the recent global
analysis of the neutrino oscillation data [13] (see also Table 2). The corrections to the matrix V
which diagonalises My are of the order of AD/M* and are negligible, as was noticed also in [4].

To leading order in (real) g¢1 and g¢», the expressions in eqs. (2.14) and (2.18) simplify
significantly [4]:

mp =0, mz:%(ﬂ—A), mg:%(\/Z—I—A), 2.21)

My >~ M 1+D A M 1+D +A (2.22)
= wmz) wm T om2) T M '

The low-energy phenomenology involving the pseudo-Dirac neutrino Np, or equivalently the

Majorana neutrinos N1 and N, is controlled by the matrix RV of couplings of Ni and N, to

the charged leptons in the weak charged lepton current (see Section 6). When both g1 and gp»
couplings are present, this matrix is given by:

8T8 181 —80)
RV ~ W] g;‘;*l + glzz i. (g;;kl - gl}) , (2.23)
811t 8n l(grl _gr2)
where we have used the expression for the matrix V in eq. (2.13) with the upper signs. We will
adhere to this convention further on.

It follows from the preceding discussion that the generation of non-zero light neutrino masses
may be directly related to the generation of the L-non-conserving neutrino Yukawa couplings
ge1 #0, £ =e, u, . Among the many possible mechanisms leading to g¢; # O there is at least
one we will discuss further, that could lead to exceedingly small g1, say |ge1| ~ 107121073, In
this case the RH neutrinos can have masses in the few GeV to a few TeV range and the neutrino
Yukawa couplings |g¢2| can be much larger than |gg1|, of the order |g¢2| ~ 10741072, leading
to interesting low-energy phenomenology. For these ranges of [g¢2| and M, the approximations
D/M? « 1 and M =~ M are valid and will be used in what follows, i.e., we will use eqgs. (2.21)
and (2.22).

Thus, in the scenario we are interested in with two RH neutrinos possessing a Majorana mass
term which conserves the total lepton charge L, the smallness of the light Majorana neutrino
masses is related to the smallness of the L-non-conserving neutrino Yukawa couplings g¢1 and
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Table 1
Charge assignments of lepton superfields under the U(1)gN symmetry group.

S Ny Ny H, Le Ly L. & i ¢
OFN —1 n -1 0 2 1 1 4 2 0

not to the RH neutrinos having large Majorana masses in the range of ~(10'°-10'%) GeV. More-
over, in contrast to the standard seesaw scenario, the heavy Majorana neutrinos of the scenario
of interest can have masses at the TeV or lower scale, which makes them directly observable, in
principle, in collider (LHC, future e™—e™ and p—p) experiments.

The low-scale type I seesaw scenario of interest with two RH neutrinos vig and vop with
L-conserving Majorana mass term and L-conserving (L-non-conserving) neutrino Yukawa cou-
plings g¢2 (g¢1) of vag (of vig) was considered in [4] on purely phenomenological grounds (see
also, e.g., [14]). It was pointed out in [4], in particular, that the strong hierarchy |g¢1| < |g¢2],
0,0 =e, u, 1, is a perfectly viable possibility from the point of view of generation of the light
Majorana neutrino masses and that in this case the L-non-conserving effects would be hardly
observable. In the present article we provide a possible theoretical justification of the strong hier-
archy between the L-conserving and L-non-conserving neutrino Yukawa couplings based on the
Froggatt—Nielsen approach to the flavour problem. We also investigate the phenomenology of
this specific version of the low-scale type I seesaw model of neutrino mass generation, including
the predictions for Dirac and Majorana leptonic CP violation.

3. Froggatt—Nielsen scenario

We work in a supersymmetric (SUSY) framework and consider a global broken U(1)pn
Froggatt—Nielsen flavour symmetry, whose charge assignments we motivate below. We will show
how an approximate U(1)1, symmetry, related to the L-conservation, may arise in such a model,
with g¢; # 0 as the leading L-breaking effect responsible for neutrino masses.

In our setup, one of the RH neutrino chiral superfields has a negative charge under U(1)gN,
namely QFN(NQ) = —1, while the other carries a positive FN charge, QFN(N 1)=n > 0. The
FN mechanism is realised thanks to the VEV of the lowest component S of a chiral super-
field S which is a singlet under the SM gauge symmetry group and carries negative FN charge,
QFN(S) —1. Charges for the Ly superfields follow a standard lopsided assignment [3], namely
QFN(Le) =2, QFN(LM) =1, and QFN(L,) = 1, which allows for large v,—v; mixing. For
definiteness we take QFN(Hu) =0, Opn(€°) =4, Opn(4°) = 2, and Opn(T:) = 0. The FN
suppression parameter € = (S) /A is thus chosen to be close to the sine of the Cabibbo angle
Ac, specifically € = 0.2, in order to reproduce the hierarchies between charged lepton masses
(see also [15,16]). Here, A is the FN flavour dynamics scale. The charge assignments under
U(1)pn relevant to the present study are summarised in Table 1.

The effective superpotential® for the neutrino sector reads

Wy ~ Mo (€ Ny Ny +€" "Ny Na) + (Lo + Ly + L) (€' Ny +g2N) He,  (31)

where My ~ A and g3 is an a priori O(I)Acoupling. Due to the condition of holomorphicity of
the superpotential, no quadratic term for N; is allowed, justifying the absence of the Majorana

5 The presence of an R-parity preventing the usual L- and B-violating terms in the MSSM superpotential is assumed.
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mass term M va rC ~1' 1,k This framework may naturally arrange for the suppression (My)1; <

(Mn)12, as well as for a hierarchy between RH masses and the FN scale, M ~ e TA A,
provided the charge n is sufficiently large.

The limit of a large N charge, n > 1, is quite interesting. In this limit, one finds an acciden-
tal (approximate) U(1). symmetry, with assignments L(Nl 2) = =£1. Furthermore, the desired
hierarchy between (would-be) L-breaking and (would-be) L-conserving Yukawa couplings,
lge1] ~ €Tl <« |gpal, is manifestly achieved. Finally, the mass term for N 1 is suppressed with
respect to A by the FN parameter to the power of 2n >> 1. This observation and the holomorphic-
ity of the superpotential justify the absence of diagonal Majorana mass terms M vaTR C ' vur,
a=1,2,1in eq. (2.10) which could push up the light neutrino masses to unwanted heavy scales.
We will focus on the case of a sufficiently large charge n in what follows.

The lopsided choice of FN charges for the lepton doublets is responsible for the structure
lge2| : 18u2l : |8z2| = € :1:1 of Yukawa couplings of v,z. However, due to the large FN charge
of vig, such FN flavour structure might be diluted in the L-violating Yukawa couplings. Indeed,
for each insertion of S, a factor of € is in principle accompanied by an O(1) factor. This uncer-
tainty makes it impossible to have an unambiguous prediction for the ratios |g.1]: |gu1] : g1 in
the model under discussion. This is in contrast to the case of the g,» couplings.

Thus, in the present setup, the Yukawa matrix Yp obeys the following structure (up to phases):

8el €82
Yp~ | gu1 g | sing, (3.2)
8t1 82

with sin 8 = (H,?) /v, and where g;1, g2 > 0, and the hierarchy g/1 < g2 < 1 is naturally realised.
We see from eq. (2.11) that the scale of light neutrino masses depends on the size of the product

ge1 &2, namely

v? sin’ B

(my)ge ~ 7 (8e1+8e1) &2 (3.3)
Despite being suppressed, the quadratic term for Ny, and thus the Majorana mass term

u vlTR C~'vig, may still play a non-negligible role, for instance, in studies of leptogenesis [17].
A complete suppression of u can be achieved through the modification of our setup which we
summarise in the following. Consider (4 4 1) dimensions where the extra dimension is compact-
ified on an S!/Z, orbifold. This extra dimension has two fixed points, y; and y,. We localize all
SM fields on y, a new chiral superfield ® (with lowest component ®) on y,, and allow the FN
field S and both RH neutrino fields to propagate in the bulk. We impose, aside from the afore-
mentioned FN symmetry (QpNn(®) = 0), an U(1),_; symmetry with the charge assignments

(B — L)(v1.28) = —1 and (B — L)(®) = +2. Notice that L does not coincide with the standard
(total) lepton charge L.° Then, interactions of the type ® vaTR C~'vpr (a, b =1,2) are allowed,
provided a sufficient number of insertions of S are considered. They generate mass terms for
the RH neutrinos once ® develops a non-zero VEV, (@) # 0. The Yukawa couplings gy, are al-
lowed as before and retain their FN hierarchy. Assuming an enhanced U(1); symmetry at y, with
charges L(vigr) = —1, L(v2g) = +1 and L(P) =0, diagonal Majorana mass terms for vy o are
thus forbidden.

6 Indeed, we have i(le) = i(qu) = +1 while L(vig) = —L(»ng) = —1 (see Section 2).



384 J.T. Penedo et al. / Nuclear Physics B 929 (2018) 377-396

4. Neutrino mixing

The addition of the terms of eq. (2.1) to the SM Lagrangian leads to a Pontecorvo—Maki—
Nakagawa—Sakata (PMNS) neutrino mixing matrix, Uppns, which is not unitary. Indeed, the
charged and neutral current weak interactions involving the light Majorana neutrinos x; read:

Lic = —%Z)fa (U;(I—I-U)U)ei xiL W¥ + hec., .1
Ko = — 5 T va (UT A +200U) 10 2, 42)
Cw

where ¢ = e, i, T and U; is a unitary matrix which originates from the diagonalisation of the
charged lepton mass matrix and 7 = — R R¥/2. The transformation U; does not affect the power
counting in the structure of eq. (3.2), though it may provide a source of deviations. We then
choose to work in the charged lepton mass basis, in which U; = 1. In this basis the PMNS neu-
trino mixing matrix is given by: Upmns = (1 +n)U, where U is the unitary matrix diagonalising
the Majorana neutrino mass matrix generated by the seesaw mechanism and 7 describes the de-
viation from unitarity of the PMNS matrix. As we will see further, the experimental constraints
on the elements of 1 imply |nge| < 1073, 0,0 =e, u, 7.

Due to the structure of the matrix of Yukawa couplings Yp given in eq. (3.2), in the scheme we
are considering the normal ordering (NO) of the light neutrino mass spectrum, m < my < ms, is
favoured over the spectrum with inverted ordering (I0), m3 < m| < m>. We henceforth consider

the NO case, for which, as we have already commented, we have m| =0, m; =,/ Am%], and

ms = Am%l. Working in the basis of diagonal charged lepton mass term and neglecting the
deviations from unitarity, which are parametrised by n, we identify the PMNS mixing matrix with
the unitary matrix U which diagonalises m,, Upyns =~ U. Given that one neutrino is massless
(at tree level), the neutrino mixing matrix U can be parametrised as:
ci2c13 s12€13 size "
Upmns = | —s12¢23 — c12s23513¢"®  c1a023 — siasasize™®  spzers | diag(l, /%, 1),
s12523 — claem3s13€’® —cios03 — s1pea3s1ze’ exers

(4.3)

where ¢;; = cos0;; and s;; = sin6;;, with 6;; € [0, 7/2], while § and «a denote the Dirac and
Majorana [ 18] CP violation (CPV) phases, respectively, 8, o € [0, 2 ]. The current best fit values
and 30 allowed ranges for the neutrino mixing parameters and mass squared differences for NO
spectrum are summarised in Table 2.

5. Predictions for the CPV phases

It proves convenient for our further analysis to use the Casas—Ibarra parametrisation [19] of
the Dirac mass matrix Mp (neutrino Yukawa matrix Yp):

Mp = vYp = i Upyns VIROVM VT, (5.1)

where m = diag(m, my,m3) and O is a complex orthogonal matrix. In the scheme with two
heavy RH Majorana neutrinos the matrix O has the form [20]:
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Table 2

Best fit values and 30 ranges of the neutrino oscillation parameters
for neutrino mass spectrum with normal ordering (NO), obtained in
the global analysis of Ref. [13].

Parameter Best fit value 30 range

Am3, /1075 eV? 7.37 6.93-7.96

Am3,/1073 ev? 2.56 2.45-2.69

sinZ01,/10~1 2.97 2.50-3.54

sin2613/1072 2.15 1.90-2.40

sin? 6p3/10~ ! 425 3.81-6.15

8/m 1.38 [0,0.17]1U[0.76,2]

0 0
0 = cosf +sind |, for NO mass spectrum, 5.2)

—sinf Zcosh

cos  +sind
O=| —sind =+cosh |, forIO mass spectrum, (5.3)
0 0

where = — i &. The O-matrix in the case of NO spectrum of interest can be decomposed as
follows’:

6 (O O e_ié 0 0
1 5 1 +i|=0,+0_. 5.4)
i £l —i =l

The Dirac neutrino mass matrix can be presented accordingly as Mp = Mpy + Mp_, with

obvious notation. For the elements of Mpy =vYpy and Mp_ =vYp_ we get:

v(YD)ea =v (Yot +v (YD) =vggy +vgg,) . E=ept a=12, (55
where
.eiweg .
vgé?:l WG (\/Mli\/M2> (vszferlvaUE)’ (5:6)
.eia)eé .
vgg)ZI W (\/Mle\/M2> (\/m2UZF2+le3UZ3)’ (.7
_ e ek .
vgél)lz 22 (VMI:F\/M2> (Vm2 Uy —i y/m3Up3) 58
3 .efiwefé .
vl = 1 (VM) (VU U 59

Given the fact that (V My — VM1)/(V Mz + /My) = (m3 —my)/(4M) < 1 and, e.g., for M =
10 (100) GeV, (m3 —m»>)/(4M) ~ 10712 (10713), it is clear from egs. (5.6)~(5.9) that for £ =0

we have (barring accidental cancellations): | gél_)| < | g‘(ﬁ) [, | gg)| < |gé? [, | gﬁ)| ~| gza) |, and

7 A similar decomposition exists for the IO spectrum [5].
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thus | ~ ; ; : (€3] €5)
getl ~ |ge2|, where we have used the upper signs in the expressions for g, and g,,".
Unless otherwise stated we will employ this sign choice in the discussion which follows.
Taking for definiteness & < 0, it follows from eqs. (5.6)—(5.9) that | géa_)| (| gg) |) grows (de-

creases) exponentially with |£].® Therefore, for sufficiently large |£| we will have

(+) % - *
JmaUp, +i /m3 U
|gf1,)| — e*2|€|rw/ L1, ry = | 2 fz : 3 (;3‘ Ctl=e . (5.10)
|gg/2 | ‘\/m2 U£,2—14/m3 U£,3

Using the 30 allowed ranges of the neutrino oscillation parameters found in the global analysis
of the neutrino oscillation data in [13] and given in Table 2 and varying the CP violation phases in
the PMNS matrix in their defining intervals it is not difficult to show that the ratios r in eq. (5.10)
vary in the interval ryp = (0.04-22.5).

Therefore even for the maximal cited value of r;» we would have | gﬁ)| < | gé?l for

a sufficiently large value of |£|. At the same time the inequalities |gél_)| / |géa)| < 1, and

|gg)|/|géa)| <1, L,0 =e,u,t, always hold. Thus, for & < 0 and sufficiently large |£| we

get the requisite hierarchy of Yukawa couplings: |ge1| = | gﬁr>| L |gea] >~ | géE)L For |&| =9,

for example, we find for ree = 1: |getl/lgeal = 1857 1/1g55)1 = 1.5 x 1078, which is in the
range of values relevant for our discussion. We get the same hierarchy of Yukawa couplings,
lge1] K |gennl, £, € =e, u, T, in the case of the lower signs in the expressions in egs. (5.6)—(5.9)
for sufficiently large & > 0. In this case |g¢1| =~ |g£;)| K gl = |gé,J;)|.

We will show next that, given the present neutrino oscillation data, enforcing the flavour pat-
tern specified in eq. (3.2) results in a prediction for the Dirac phase § close to 7 /4, 37 /4, 57 /4,
7 /4, and for the Majorana phase « close to zero.

As we have seen, the matrix of neutrino Yukawa couplings Yp can be reconstructed up to
normalization, a complex parameter, and a sign using egs. (5.1) and (5.4) (for NO spectrum).
For the cases of interest, with sufficiently large values of ||, necessary to ensure the requisite
hierarchy of Yukawa couplings |g¢1| < |ge2l, £, ¢ = e, u, T, the ratios of (absolute values of)
Yukawa couplings read:

my U +i . /m3z U
RO — lge1l ~ }«/ 2Up, i /m3 g3| 5.11)

T gl T | ymaUSy i ym3z US|
R® — Ige2l |Vma Ul F i /m3 U5 5.12)
Y gl T MU,y F i m3 UG

where the upper and lower signs correspond to the case with & < 0 and upper signs in eq. (5.4)

and to the case with £ > 0 and lower signs in eq. (5.4), respectively. Recall that |ge1| | gﬂ') [,

22| ~ g5 in the former case (£ < 0), and |ger| =~ |g{}"], |ge2] = |g\3”| in the latter (& > 0).

One sees that the dependence on the complex parameter 6 drops out in the ratios Rz;z), which

are determined by the light neutrino masses m, and m3 and by neutrino mixing parameters only,
once the sign in O in eq. (5.4) (or equivalently in eqs. (5.6)—(5.9)) is fixed. In particular, the
flavour structure depends on the elements Uyy and Upz of the PMNS matrix. Given the fact that

my =,/ Am%l, ms3 = 1/Am%l, and that Am%l, Am%l and the three neutrino mixing angles 612,

8 Obviously, if £ > 0, \gg)l (|g£(;) |) will grow (decrease) exponentially with &.
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Fig. 1. Ratios R(l;z) of (absolute values of) Yukawa couplings for a NO neutrino spectrum as a function of the CPV
phase § for o = 0 (left panel) and o =  (right panel), in the case & < 0. The figure is obtained using the best fit values
of Am% 131 and sin? 0;j quoted in Table 2. The vertical grey band indicates values of § which are disfavoured at 3o

2

52‘ (For interpretation of the colours in the figure(s), the reader is

The case & > 0 is obtained by exchanging REB and Ré
referred to the web version of this article.)

6»3 and 03 have been determined in neutrino oscillation experiments with a rather high precision,
the quantities Ré}z,) and Rg? depend only on the CPV phases § and « once the sign of £ is fixed.
This means that knowing any two of the ratios |g¢11/1ge1] or |ge2l/1ge2], £ # €' = e, u, T allows
to determine both § and «.

In Figs. 1 and 2 we present the ratios Réi;z) as a function of § for the case £ < 0 and two

representative values of «. Fig. | is obtained using the best fit values of Am%1 3, and sin’ §; 5

taken from Table 2. In Fig. 2 we show the ranges in which Réz;z) vary when Am%ly31 and the

sin” §; ; are varied in their respective 30 allowed intervals given in Table 2. In Table 3 we report
the respective intervals in which each of the six ratios can lie. As Table 3 indicates, certain
specific simple patterns cannot be realised within the scheme considered. Among those are, for
example, the patterns |ge1]: gu1l:lgz1l = 1:1:1and |ge2|:|gu2l:lgral = 1:1:1.

The flavour structure of eq. (3.2), which is naturally realised in the model of Section 3, cor-

responds to the pattern |ge2| 1 |gu2| : |872] = €:1:1, and thus to Rg) ~ Rg) ~ ¢ and R,(lz) ~1.

The requirement of having R,(f,) ~ 1 favours « close to zero.” As can be inferred from Fig. 1,
given the current best fit values of neutrino mass squared differences and mixing parameters, the
requirement of Rg} -~ Réz) ~ ¢ = 0.2 leads, for & < 0, to the prediction of § ~ 57 /4, T /4.'

Taking into account the 3o allowed ranges of Am%L3 | and sin® 6; j leads, as Fig. 2 shows, to 6 ly-

9 Marginalizing over § (either in its defining or in its 3o range) and varying Am%1 37 and the sin? 0;j in their respective

30 allowed ranges, the requirement that IR,(LZT) — 1] < 0.1 implies o < 0.36 V « > 1.647, independently of the sign
of £&. However, if we require that the relative probability of « having a given value in the indicated intervals is not less
than 0.15, then we have o < 0.2 or o > 1.87. For these values of « and € = 0.2, the predictions for § can be read off
from the plots where o = 0.

10" Similar predictions for the § and o were obtained in a different context in Ref. [21].
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Fig. 2. Ratios REZ}Q) of (absolute values of) Yukawa couplings for a NO neutrino spectrum as a function of the CPV

phase 8 for @ = 0 (left panel) and o = 7 (right panel), in the case £ < 0. Bands are obtained by varying Am%1 31 and the
sin? 0;; in their respective 3o allowed ranges given in Table 2. In the case o = 7, the upper boundary of the R,(ET) band

(not shown) is located at R,(%) ~3.0-3.2. The vertical grey band indicates values of § which are disfavoured at 3o0.. The

D and R?

case & > 0 is obtained by exchanging ngl’ and N

Table 3

Ranges for the ratios of absolute values
of Yukawa couplings, obtained by varying
Am%l’31 , the sin? 0;j,and § in their respec-
tive 30 allowed ranges and « in its defining
range, for £ < 0. The case & > 0 is obtained

by exchanging R and RZ)

(44 o'
Ratio Allowed range
RS 0.05-1.28
RV 0.04-0.63
R 0.31-1.23
RS 0.04-0.63
R 0.05-1.26
RZ 0.80-3.21

ing in narrow intervals around the values 57 /4 and 77 /4. Allowing for a somewhat smaller value
of €, e.g., ¢ =0.15, we find that § should lie in the interval § >~ [57 /4, 7 /4] which includes the
value 37 /2 (see Fig. 2).

For § ~ 5m /4, T /4, « = 0 and the best fit values of Am%ml and the sin® 0;; we get the
following pattern of the Yukawa couplings of vig: |ge1l: [gu1l:lgc1l ~0.5:1:1.

For £ > 0, using the same arguments we obtain instead § >~ /4,37 /4, or § ~ [ /4,37 /4].
According to the global analyses [13,22], however, these values of § are strongly disfavoured (if
not ruled out) by the current data.
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In a more phenomenological approach, we get 6 ~ 37 /2 provided, e.g., |ge2| : |gu2l : 1872] =
0.14:1:1and @ >~ 7 /5. In this case, the remaining ratios read |ge1| : |gp11: 18711 = 0.5:0.7: 1.
In the GUT-inspired scenario of Ref. [23], a different FN charge assignment leads to € = 0.06,
in which case § >~ 37 /2 is favoured.

6. Phenomenology

The low-energy phenomenology of the model of interest resembles that of the model with
two heavy Majorana neutrinos N > forming a pseudo-Dirac pair considered in [4—6], in which
the splitting between the masses of N 3 is exceedingly small. For this model direct and indirect
constraints on the model’s parameters, which do not depend on the splitting between the masses
of Nj and N,, as well as expected sensitivities of future lepton colliders have been analysed, e.g.,
in Refs. [4-6,24,25] (see also [26,27]).

Due to the mixing of LH and RH neutrino fields, i) the PMNS neutrino mixing matrix, UpmNs,
as we have already noticed, is not unitary, as also the expressions for the charged and neutral
current weak interaction of the light Majorana neutrinos y; given in eqs. (4.1) and (4.2) show,
and ii) the heavy Majorana neutrinos Nj > also participate in charged and neutral current weak
interactions with the W* and Z° bosons:

N _ 85
LY = —\—Ee;/a (RV), Ner W + hec., (6.1
L. = —%Mya (RV), Nir Z°% + hec.. (6.2)
w

Due to the Yukawa interactions, cf. eq. (2.2), there are interactions of the heavy Majorana neu-
trinos Nj » with the SM Higgs boson £ as well (see [7]):
My

L = - — VL (RV), Nkrh + hee.. (6.3)

6.1. Neutrino mass matrix and non-unitarity bounds

The first constraint on the RV elements follows from the fact that the elements of the light
neutrino Majorana mass matrix, (m,)¢, have rather small maximal values. Indeed, as it follows
from eq. (2.7), we have [4]:

|(mv)€l/|=|U£*jij;J|: ) Zve/=e5/~’l'77:’ (6'4)

> RV}, My (RV)},

where the sum is effectively over j = 2, 3 since in the model considered 7| = 0.'! The elements
of the neutrino Majorana mass matrix (m, )¢ depend, apart from m, = Am%1 ~8.6x1073 eV,

m3 = Am%l ~0.051 eV, 013, 613, 013, on the CPV phases ¢ and . The maximal value a given

element of m,, can have depends on its flavour indices ¢ and ¢’. It is not difficult to derive these
maximal values using the results reported in Table 2. We have:

1 Strictly speaking, we have m| = 0 only at tree level. Higher order corrections lead to a non-zero value of m |, which
is however negligibly small.
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D) [(my)eel <43 x 1073 eV (o + 28 = 0);
i) |(my)epl $92x 1073 eV (§ =7, @ =7);
i) [(my)er] $92x 1073 eV (8=0, a =7);
iv) |(my)ppl $3.4 % 102 eV (b=m, a=0);
V) [(my)ur] $2.9 x 1072 eV (8 =37/2, a = 7);
Vi) |(my)ee] $3.5%x 1072 eV (8 =0, a =0).

The quoted maximal values are reached for the values of the CPV phases given in the brackets.
It should be added that the dependence of max(|(my)¢e|), £, £ = 1, T, on § and « is rather weak
since the terms involving § always include the suppressing factor sin 613, while the term o< m> is
considerably smaller (typically by a factor of 10) than the term ocm3 as my/m3 >~ 0.17. We will
consider |(m,)ee| S4x 1073V, [(m)ep ], [(My)er] S9x 1073 eV, and [(m,)p] S3x 1072 eV,
2,0 =, t, as reference maximal values in the numerical analysis which follows.

From the expression for RV given in eq. (2.23) and eq. (6.4), and taking into account the mass
splitting between N and N, we get to leading order in |g¢1], |ge2| and |ge1ge2]:

2
v
[(my)eer| = M lge1gen + ge2gertl + O(ge18e1) (6.5)

which coincides (up to higher order corrections) with the form given in eq. (2.11). Thus, for
a given value of M, the upper bounds on |(m,)¢e| lead via eq. (6.4) to upper bounds on the
magnitude of the product of the neutrino Yukawa couplings of vig and vag, g¢1 and go. As we
have seen, these bounds depend on the flavour of the lepton doublet to which viz and vy are
coupled.

For M =100 GeV (1 TeV), for example, the constraint of interest ()| < 4 X 1073 eV
implies 2|g.18e2] < 1.3 x 10714 (1.3 x 10713). This upper limit can be satisfied for, e.g., |ge1| ~
0.65x 10712 (0.65 x 10~y and | gy | ~ 1072. The upper bounds on |ge1ge2 + ge18e2l, £ = i, T,
is approximately by a factor of 2 larger than the quoted upper bound on 2|g.1g.2|, while those
on |ge1gea + gragetl, £, € =, T are larger approximately by a factor of 8.

In [4,5] the constraint in eq. (6.4) is satisfied by finding a region, in the general parame-
ter space of the model considered, in which to leading order ) ,_ 12 (R V)u Mo (RV)},, =0,
i.e., the two terms in the sum cancel. In the version of the low-scale type I seesaw model with
two RH neutrinos we are considering the constraint in eq. (6.4) is satisfied due to smallness of
the product of Yukawa couplings |g¢1| and |ge2|. In the model under consideration one gets
> a=12 (RV);, M (RV)7,, = 0 in the limit of negligible couplings g¢1. Indeed, setting g¢1 =0
we get M1 = M> and the expression for the matrix RV takes the form:

1 v 8o ~i8&n

RV >~—— g, —ig,]|. (6.6)
M K LK
V2 8 ~i&n
This implies
(RV)iy=—i(RV)p2, l=e,u,7, 6.7)

which together with the equality M} = M» leads'* to }_,_ , (RV)}, My (RV)},, = 0.

12’ The same relation (6.7) holds in the limit of zero splitting between the masses of N1 and Nj in the version of the
TeV scale type I seesaw model considered in [5,6].



J.T. Penedo et al. / Nuclear Physics B 929 (2018) 377-396 391

As we have already discussed, the matrix n = —R RT /2 = —(RV)(RV)"/2 = n' parametrises
the deviations from unitary of the PMNS matrix. The elements of 5 are constrained by precision
electroweak data and data on flavour observables. For heavy Majorana neutrino masses above
the electroweak scale the most updated set of constraints on the absolute values of the elements
of n at 20 C.L. reads [28,29]:

1.3x1073 12x107> 1.4x1073
nl < | 1.2x107° 22x107% 6.0x107* |. (6.8)
1.4x 1073 6.0x107* 2.8x 1073

The upper bound on the e—u elements is relaxed to [ne,| < 3.4 x 10~* for heavy Majorana
neutrino masses below the electroweak scale (but still above the kaon mass, Mj 2 500 MeV) due
to the restoration of a GIM cancellation [30]. The above constraints on 7 justify the assumption
made in Section 2 regarding the smallness of the elements of R.
Using the expression for RV given in eq. (2.23) we find that, to leading order in g¢1, g¢2,
Ige1] < |ge2l, we have:
2

[Meer| = lge2 8er2l + O(ge1 8e25 81 822) - (6.9)

v
T 2Mm?
As a consequence, if M is given, the experimental limits on |n]| cited in eq. (6.8), in contrast to the
limits on |(m,, )¢ |, imply upper bounds on |g¢2 g¢/2], i.e., on the Yukawa couplings of vpg. For,
e.g., M =100 GeV we find, depending on the flavour indices, | g2 g |/? <(2.8x 107343 x
1072), i.e., |g¢2| can be relatively large. This can lead to interesting low-energy phenomenology
involving the heavy Majorana neutrinos Nj ».

6.2. LFV observables and Higgs decays

The predictions of the model under discussion for the rates of the lepton flavour violating
(LFV) © — ey and u — eee decays and pu—e conversion in nuclei, as can be shown, depend on
[((RV)} | (RV)e1 + (RV)F,(R V)ea|? >~ 4 |(RV);’12(RV)82|2, where we have used eq. (6.7), and
on the masses M| >~ M, >~ M of the heavy Majorana neutrinos N| and N;. The expressions for
the u — ey and u — eee decay branching ratios, BR(x — ey) and BR(u — eee), and for the
relative u—e conversion in a nucleus X, CR(uX — eX), coincide with those given in Refs. [5,6]
and we are not going to reproduce them here. The best experimental limits on BR(u — ey),
BR(u — eee) and CR(uX — eX) have been obtained by the MEG [31], SINDRUM [32] and
SINDRUM II [33,34] Collaborations:

BR(1 — ey) < 4.2 x 10713 (90% C.L.), (6.10)
BR(u — eee) < 1.0 x 10712 (90% C.L.), (6.11)
CR(uTi— eTi) < 4.3 x 10712 (90% C.L.), (6.12)
CR(LAu— e¢Au) < 7 x 10713 (90% C.L.). (6.13)

The planned MEG II update of the MEG experiment [35] is expected to reach sensitivity to
BR(u — ey) ~4 x 10714, The sensitivity to BR(uw — eee) is expected to experience a dramatic
increase of up to four orders of magnitude with the realisation of the Mu3e Project [36], which
aims at probing values down to BR(j1 — eee) ~ 107!6 in its phase II of operation. Using an
aluminium target, the Mu2e [37] and COMET [38] collaborations plan to ultimately be sensi-
tive to CR(w Al — e Al) ~ 6 x 10717, The PRISM/PRIME project [39] aims at an impressive
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Fig. 3. Present limits (solid lines) and expected future sensitivities (dotted, dashed and dot-dashed lines) on |g;,2[|g.2|
from data on muon LFV processes, as a function of the mass M of heavy Majorana neutrinos. See text for details.

increase of sensitivity to the p—e conversion rate in titanium, planning to probe values down to
CR(uTi— eTi) ~ 1078, an improvement of six orders of magnitude with respect to the bound
of eq. (6.12).

We show in Fig. 3 the limits on |g,,» ge2| implied by the experimental bounds in eqs. (6.10)—
(6.13), as a function of the mass M, as well as the prospective sensitivity of the future planned
experiments MEG II, Mu3e, Mu2e, COMET and PRISM/PRIME. The data from these experi-
ments, as Fig. 3 indicates, will allow to test for values of |g,2 ge2| significantly smaller than the
existing limits, with a significant potential for a discovery.

The interactions given in eq. (6.3) open up novel decay channels for the Higgs boson, provided
the masses of the heavy neutrinos Nj» are below the Higgs boson mass. For M;» < m) =
125.1 GeV, the new Higgs decay modes are those into one light and one heavy neutrino, 7 —
ver Ni, £ =e, i, T, k =1,2. The phenomenology of the Higgs decays & — vy, N in the model
considered in the present article is similar to that of the same decay investigated in detail in [7]
in the model discussed in [5]. The rate of the decay & — ver N1 2 to any vgr, and Ny or Nj is
given in Ref. [7] and in the limit of zero mass splitting of Ny 2 (M| = M = M) reads:

232
mj, M*\* M 2
't Ny=—|1-—) — RV , 6.14
(h > vN) 167‘[( mZ) v2 ;(:K )£k| ( )
where in the model considered by us
M? 2
— LRVl =802l +1gual + Igeal?, (6.15)
£,k

and we have used eqs. (6.6) and (6.7). The dominant decay mode of the SM Higgs boson is into

bottom quark—antiquark pair, b—b. The decay rate is given by:
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5\ 32
- 3my mp\2 dmy
F(h—>bb)=—<—> 16 (6.16)
167 \ v m%

mp ~ 4.18 GeV being the b-quark mass (in the MS scheme). The SM branching ratio of this
decay is 58.4% [40]. The total SM decay width of the Higgs boson is rather small [40]: FtSOI}/I ~
4.07 x 1073 GeV.

The upper bound on (3, | ge2|?) is determined essentially by the upper bound on |g;2|> =
2|n¢¢|M?/v?, which is less stringent than the upper bounds on |g,2|> and |82 |2. Using the bound
[Ner] <2.8 % 1073 quoted in eq. (6.8), we get for M = 100 GeV the upper bound |g,2|2 < 1.8 x
103, For the Higgs decay rate I'(h — v N) in the case of M = 100 GeV and, e.g., Q2 lgea]?) =
1073, we get I'(h — v N) = 3.2 x 10~* GeV. This decay rate would lead to an increase of
the total SM decay width of the Higgs boson by approximately 8%. Thus, the presence of the
h — v N decay would modify the SM prediction for the branching ratio for any generic (allowed
in the SM) decay of the Higgs particle [7], decreasing it.

We finally comment on neutrinoless double beta ((88)0,-) decay (see, e.g., [12]). The relevant
observable is the absolute value of the effective neutrino Majorana mass |{m)| (see, e.g., [41]),
which receives an extra contribution from the exchange of heavy Majorana neutrinos N1 and N>.
This contribution should be added to that due to the light Majorana neutrino exchange [42,43]
(see also [4,44]). The sum of the two contributions can lead, in principle, to |(m)| that differs
significantly from that due to the light Majorana neutrino exchange. The contribution due to the
N2 exchange in |(m)| in the model considered is proportional, in particular, to the difference
between the masses of Nj and N, which form a pseudo-Dirac pair. For M = 1 GeV, as can
be shown, it is strongly suppressed in the present setup due to the extremely small N — N>
mass difference, the stringent upper limit on |g»|?, and the values of the relevant nuclear matrix
elements (NME), which at M = 1 GeV are smaller approximately by a factor of 6 x 1072 than
the NME for the light neutrino exchange and scale with M as (0.9 GeV/M)?. As a consequence,
the contribution to [(m)| due to the exchange of Nj and N, is significantly smaller than the
contribution from the exchange of light Majorana neutrinos ;.

7. Summary and conclusions

In the present paper we have explored a symmetry-protected scenario of neutrino mass gen-
eration, where two RH neutrinos are added to the SM. In the class of models considered, the
main source of L-violation responsible for the neutrino masses are small lepton-charge violating
Yukawa couplings g¢1 (£ = e, i, T) to one of the RH neutrinos, vig. Thus, the smallness of the
light Majorana neutrino masses is related to the smallness of the g¢; and not to the RH neutrinos
having large Majorana masses in the range of ~(10'°-10'%) GeV as in the standard seesaw sce-
nario. We have considered heavy Majorana neutrinos forming a pseudo-Dirac pair with masses
M2 >~ M at the TeV or lower scale, which are potentially observable in collider experiments.

The setup described above can be realised in a Froggatt—Nielsen (FN) scheme, as detailed
in Section 3. In such a model, no U(1); symmetry is imposed, and instead the suppression of
L-violating operators arises in the limit of a large FN charge for v; g. The FN charge assignments
are partly motivated by large v,,—v, mixing. The structure of the Yukawa couplings g¢, (a =1,2)
is then determined by the FN charges, and yields |ge2| : [gu2| : |gz2] = € :1:1, where € ~ A¢c
0.2 is the FN suppression parameter, while no unambiguous prediction may be extracted for the

ratios |get : [gutl 1 1871l
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It is interesting to point out that, given the exceedingly small splitting between heavy neu-
trinos, the dependence on the Casas—Ibarra complex parameter drops out in the ratios between
absolute values of Yukawa couplings to the same RH neutrino. These ratios are then determined
(up to the exchange of gy; and g¢») by neutrino low-energy parameters alone, namely, by neu-
trino masses, mixing angles and CPV phases § and «. Given the Yukawa structure of our model,
lge2l : lgual i 1872l = € :1:1 with € =~ A¢c >~ 0.2, the Dirac CPV phase § is predicted to have
approximately one of the values 6 >~ w /4, 3w /4, or Sm /4, Tm /4, or to lie in a narrow interval
around one of these values, while a Majorana CPV phase o >~ 0 is preferred (Figs. 1 and 2).

In the considered scenario, the maximal values of the elements of the neutrino mass ma-
trix lead to constraints on the combinations |g¢1g¢2 + ge18¢21, £, £ = e, u, T, which depend
on products of L-conserving and L-violating Yukawa couplings (see Section 6.1). Deviations
from unitarity of the PMNS matrix constrain instead the products |gepgen|, £,¢ = e, u, T, of
L-conserving couplings alone. In particular, the product |g,28.2| is constrained by data on muon
lepton flavour violating (LFV) processes. Data from future LFV experiments (MEG II, Mu3e,
Mu2e, COMET, PRISM/PRIME) will allow to probe values of |g,2 g.2| significantly smaller
than the existing limits (Fig. 3). The decay of the Higgs boson into one light and one heavy
neutrino can have a rate I'(h — vN) as large as 8% of the total SM Higgs decay width. This
decay mode can lead to a change of the Higgs branching ratios with respect to the SM predic-
tions. Concerning neutrinoless double beta decay in the considered model, the contribution due
to N2 exchange in the absolute value of the effective neutrino Majorana mass |(m)| is found to
be negligible when compared to the contribution from the exchange of light Majorana neutrinos.

Finally, we comment on the issue of leptogenesis. For temperatures above the electroweak
phase transition (EWPT), the Higgs VEV vanishes and thus, in the considered setup, the splitting
between the masses of heavy neutrinos originates from the (suppressed) Majorana mass term
7 vlT rC Ly 1k, with w~ ety ~ | ge1|M. This component of the heavy neutrino mass matrix
— which in our case presents a subleading contribution to neutrino masses — is then crucial for
resonant leptogenesis to proceed (see, e.g., [45]). The resonant condition reads p >~ I /2, where
I" denotes the average heavy neutrino decay width. However, the values of u, I" and neutrino
masses are tightly connected in the FN model we analyse, which, together with the required
smallness of p, prevents reproducing the observed baryon asymmetry of the Universe (BAU),
Ny =~ (6.09 £ 0.06) x 1010 [46].

One may instead successfully generate the observed BAU through the mechanism of anti-
leptogenesis [47] (also known as “neutrino assisted GUT baryogenesis”). In this case, an excess
of both baryon number B and lepton number L (see Section 3) is produced at a high energy
scale (T' > 10'2 GeV, possibly related to grand unification), while conserving B — L. If there are
new L- violating interactions in thermal equilibrium at such high temperature, they may erase the
lepton number excess while leaving the baryon number excess untouched, since sphalerons are
not efficient at these times. At later times, sphalerons are responsible for only a partial conver-
sion of the baryon number excess into a lepton number excess, while some of the baryon excess
remains. Unlike resonant leptogenesis, this mechanism relies on a suppression of the i-violating
heavy neutrino mass splitting above the EWPT, in order not to wash-out the asymmetry gen-
erated at a high scale. Modifying our setup as detailed in the end of Section 3, the Majorana
mass term [ vlTR C~ vy is forbidden and the heavy neutrinos are degenerate above the EWPT.
One then adds a third RH neutrino in the bulk with (B — i)(vg g) = —1 and vanishing U(1),
charge, such that its Yukawa couplings, which violate lepton number, are allowed, and such that
the mass term M3 v3T rC g is generated, M3 ~ (®). Notice that only one such RH neutrino
is needed to erase lepton number at high temperatures (M3 ~ (10'2-1013) GeV), and that there
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is a large region of parameter space where the new contribution to the neutrino mass matrix is
negligible [48]. Given these conditions, successful anti-leptogenesis may proceed.
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