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ABSTRACT: We produce five flavour models for the lepton sector. All five models fit per-
fectly well — at the 1o level — the existing data on the neutrino mass-squared differences
and on the lepton mixing angles. The models are based on the type I seesaw mechanism, on
a Zo symmetry for each lepton flavour, and either on a (spontaneously broken) symmetry
under the interchange of two lepton flavours or on a (spontaneously broken) C'P symme-
try incorporating that interchange — or on both symmetries simultaneously. Each model
makes definite predictions both for the scale of the neutrino masses and for the phase ¢ in
lepton mixing; the fifth model also predicts a correlation between the lepton mixing angles
912 and 923.
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1 Introduction

The problem of explaining the observed features of lepton mixing became significantly more
awkward with the recent definitive (more than 50) indications for a non-zero mixing angle
013 [1-3]. These indications have rendered obsolete the idea of a u—7 interchange symmetry
in the neutrino mass matrix [4]. Moreover, a not so well-established (20) indication that the
mixing angle fo3 is not maximal' suggests that the idea of a C'P symmetry incorporating
the p—7 interchange [8] should be discarded too.

At this juncture, one may either search for other ideas or try and somehow modify
the approaches mentioned in the previous paragraph in order to make them compatible
with the data. In this paper we take the latter path. Specifically, while in the models of
refs. [4, 9] the neutrino Dirac mass matrix Mp was of the form diag (a, b, b) and in the model
of ref. [8] it was diag(a,b,b"), in this paper we present models where Mp = diag (a, b, c).
We shall see that this still allows us to retain some predictive power. In order to enhance
that power, we also apply in this paper an idea originally proposed in ref. [9], which allows
us to obtain one vanishing off-diagonal matrix element in the inverse of the light-neutrino
Majorana mass matrix M (in the basis where the charged-lepton mass matrix is diagonal).

In general, the matrix M, which is symmetric, contains nine physical parameters:
the six moduli of its matrix elements and three rephasing-invariant phases. Those nine
parameters correspond to nine observables: three neutrino masses, three mixing angles, one
Dirac phase (J) in the mixing, and two Majorana phases among the three neutrino masses.
The first four models that we present in this paper have only five physical parameters
and are thus comparable, in predictive power, to models or Ansdtze with two ‘texture

'In this paper we use exclusively the global fit of the neutrino-oscillation data by Fogli et al. [5]. Other
fits are contained in refs. [6, 7].



zeros’ [10, 11]. Those models are able to predict 6 and the absolute scale of the neutrino
masses.>2 Moreover, our models provide excellent fits to the existing data on the three
mixing angles and on the two neutrino mass-squared differences. Our fifth model has only
four physical parameters and is able to predict one correlation between two mixing angles.

All the models that we propose in this paper utilize the type I seesaw mechanism with
three right-handed neutrinos. Thus, the leptonic multiplets in our models are the following;:

e Three right-handed charged-lepton gauge-SU(2) singlets agr, where « may take the
values e, p, and T;

e three right-handed neutrino singlets v,p;
e three left-handed doublets D1 = (Var, aL)T.
Our models also have a very simple scalar sector:

e Two Higgs doublets ¢12 = (¢f2, ¢?72)T. Their conjugate doublets are ¢~5172 =
0 * -\T. 7
(¢1,2 g _¢1,2) ;
e two real gauge singlets, x1 and ya.

It is useful to compare the models in this paper with other recent models and Ansdtze
which attempt to explain the nonzero 13 and non-maximal f23. Our models 3, 4, and 5
in this paper are based on an e—7 interchange symmetry (embedded, in models 4 and 5,
in a generalized C'P symmetry) and therefore would never, even if that symmetry went
unbroken in Mp, predict 13 = 0. In our models 1 and 2 there is a p—7 interchange
symmetry (embedded in model 1 in a D4 non-Abelian symmetry, and in model 2 in a
generalized C'P symmetry),® which is, however, broken in the neutrino Dirac mass matrix
Mp. By contrast, many other models start from neither u—7, nor e—7, nor e—u interchange
symmetries. One approach focuses on ‘texture zeros’ in M this was recently advocated
in ref. [13] and numerically developed in ref. [14]. Alternatively one may use non-Abelian
symmetries like A4 —which do not contain the above-mentioned interchange symmetries
and had proven useful [15] for constructing models with vanishing 613 —while relinquishing
additional assumptions in such a way that finally a nonzero 613 emerges; an example of this
approach is ref. [16]. Or else one may use those non-Abelian symmetries in altogether novel
ways, see for instance ref. [17]. Another approach tries to find completely novel predictions
for 013 and 623 by having recourse to much larger non-Abelian flavour symmetry groups
together with carefully picked vacuum states; three very recent examples are given in
refs. [18-20], papers with related approaches are in refs. [21-23].

The outline of this paper is as follows. In section 2 we introduce a matrix A, derived
from the matrix M but which does not suffer from the rephasing ambiguity of the latter;
it turns out that most predictions of our models can be stated in terms of A-matrix ele-
ments. In section 3 we present our first model, which uses a p—7 interchange symmetry.

2We omit predictions for the two Majorana phases, since they are, in general, experimentally irrelevant.
3For a short review on the p—7 interchange symmetry, see ref. [12].



In section 4 we present our second model, which uses a C'P symmetry incorporating the
p—7 interchange. In section 5 we note that in both previous models one may use an e—7
interchange instead of the u—7 interchange and still obtain a perfect fit to the data; we
moreover note that, by combining the e—7 interchange symmetry with the corresponding
generalized C' P symmetry, one obtains a fifth model that is still compatible with the data.
In section 6 we elaborate, by means of a fit to the phenomenological data and of scatter
plots, the predictions of our models. We briefly summarize our achievements in section 7.

2 The matrix A

Let
a fe
M=1|fbd (2.1)
edc

be a symmetric 3 x 3 matrix. We assume M to be invertible. Then,
bc —d? de —cf df —be

M_lzdetM de —cf ac—e* ef —ad | . (2.2)
df —be ef —ad ab— f?

We define the matrix A, which is a symmetric 3 x 3 matrix too, through

Aaﬂ = Mg (M_l) (2.3)

af’
where we do not imply summation over a and 5.* Then,
abc — ad? def — cf? def — be?

def — cf? abc —be? def —ad?® | . (2.4)
def —be? def — ad® abc — cf?

- det M

An advantage of the matrix A over the matrix M is that, when M gets rephased through
Mag — ei(¢a+¢B)Ma6’ (2.5)

the matrix A remains invariant.
Since
det M = abc 4 2def — ad?® — be? — cf?, (2.6)

the matrix A in eq. (2.4) satisfies
3
> Az =1 (2.7)
a=1

for any value of 5. It follows from eq. (2.7) that only three elements of A are linearly

independent. Therefore A has only six parameters: three moduli and three phases.’

“In this section, Greek-letter indices have range {1,2,3}. In the other sections of this paper, M is
interpreted as the neutrino mass matrix and those indices indicate the lepton flavours e, p and 7.

5The original matrix M, after allowing for the rephasing (2.5), has nine parameters: six moduli and
three phases. So, A contains less information than M.



Equation (2.7) has several consequences. Let aw # 8 # v # a. Then,
A'ya = A75 =4 Aaa = Aﬁﬁ, (2.8)

which holds because Aqq = 1 — Agq — Aya, Agg =1 — Aqp — Ay, and A is symmetric.
Another consequence is
Ayo = A% = A, = ATW, (2.9)

which holds because A, =1 — A,, — Agy. Still another consequence of eq. (2.7) is
Finally, one further consequence of eq. (2.7) is

3 Model 1

Our first model has lepton flavour symmetry Dy. It is directly inspired by the model of
ref. [9]; as a matter of fact, it is a simplification thereof, since in ref. [9] the symmetry group
is Dy X Zo (and since ref. [9] has three Higgs doublets while we need only two). Here we
dispense with the Zo since we want to treat in exactly the same fashion the charged-lepton
and the neutrino Yukawa couplings to the Higgs doublets.

A handy introduction to the groups D,, and to their representations can be found in
ref. [24]. We recall that Dy is generated, in its defining doublet irreducible representation,

10 01
B:<0_1> and D:<10>. (3.1)

The group D4 has four inequivalent singlet representations,

by the matrices

1,,: B—pl, D—ql, where p,qge{+, —}. (3.2)

The groups D, have been frequently used as flavour symmetry groups; for a review see
ref. [25]. In particular, D4 was utilized in a large variety of models, some of which are
collected in refs. [26-29].

Our model contains the D4 doublets

DML UR VuR n X1
() () () (2) o

while the Higgs doublet ¢ is a 1, _ of Dy. The remaining fields, viz. D.r, eRr, Ver, and ¢
are Dy-invariant. In particular this means that our model 1 has a Zs interchange symmetry
generated by the matrix D in eq. (3.1),

ZS“” : Dyp <> Drp, R < TRy VuR < VrR, X1 ¢ X2, 2 — —@o. (3.4)



This symmetry is broken spontaneously at the low (Fermi or lower®) scale when ¢ acquires
a vacuum expectation value (VEV). There is, besides, the Zy symmetry generated by the
matrix B in eq. (3.1),

Zg): D;1, Tr, Vrr, X2 change sign. (3.5)

This symmetry is broken spontaneously at the high (seesaw) scale when 5 acquires a VEV.
It so happens that our model also has — just as the model of ref. [9]—two accidental
Zo symmetries,

de): D6L7 €R, VeR, X1, X2 Change Sigl’l, (36&)
Zg“): D,r, 1R, Vur, X1 change sign. (3.6b

These accidental symmetries are also broken at the seesaw scale when x1 2 acquire VEVs.
We parameterize those VEVs as

(0]x1]0) = Ucos¥, (0]xz|0)=Usind. (3.7)
The Lagrangian of Majorana mass terms is then of the form
1
Lyiaj = —3 [mierColg +m' (0,rCVLR + vrrRCPIR)] + Hec. (3.8)
The Yukawa Lagrangian is

Lyuk = —y1Dererdr
—vyo (Durpr + Drpr) 1 — y3 (Durpr — DroTr) 02

_y4DeLVeR¢~51
—ys5 (Durvur + Drrver) 01 — y6 (Durvur — Drrveg) 2
—y7 (X1Pur + X2PrR) Clg + Hee, (3.9)

where C' is the charge-conjugation matrix in Dirac space. So the charged-lepton mass
matrix is diagonal,

M, = diag (y1v1, Y2v1 + Y302, Y1 — Y3v2) , (3.10)

where v, = <0 ‘gbg{ O> for k = 1,2. The neutrino Dirac mass matrix is diagonal too:

Mp = diag(a,b,c), (3.11)

50ur Higgs doublets ¢, » are not necessarily the ones which couple to the quarks. Their VEVs may be
much lower (and their masses much higher) than the Fermi scale, suppressed for instance through a type II
seesaw mechanism [30]. Alternatively, our model 1 may be viewed as an ordinary two-Higgs-doublet model
furnished with a Zs symmetry under which ¢2 — —¢@2; that symmetry may apply to the quark sector in
a variety of ways [31], for instance by inverting the signs of the right-handed down-type quarks. It has
been shown [32-35] that these models are quite capable of describing the phenomenology and experimental
constraints that arise from the recent observations of a Higgs-like particle [36, 37].



where a = yjv1, b = yiv1 + ygv2, and ¢ = yiv1 — ygv2. The Majorana mass matrix of the
right-handed neutrinos is given by

m y7U cos v y7U sind)
Mpr = | y7Ucos?d  m/ 0 . (3.12)

/

y7U sin v 0 m

The expression for the effective light-neutrino Majorana mass matrix is”

M = —-MAMz'Mp. (3.13)
Since Mp is diagonal and (Mp) ur = 0, it immediately follows that

(MY _=o0. (3.14)

uT
Taking into account the imposed symmetries, one finds the scalar potential

2

V=3 nlon+n (elon) |
=
+23 6161 6Lds + M bl dler + [)\5 (102) + H.c.]
e zx Sloe) (6-+38) + A (6 +28)°
NG + (Al + Hee) (63 - 1) (3.15)

1/2
We assume that U is at the high scale, while v = (]vl\Q + ]02\2> lies at the low scale.®
The vacuum potential for U and ¢ is

2

_ N,

V= (,ux + E N Uk2> U? + \U* + ZX U?sin? 20 + 2R (\vivg) U% cos29.  (3.16)
k=1

Unless A is very large, of order U?/v?, the last term in the right-hand side of eq. (3.16) is
much smaller than the term just before it and may be neglected.? Then 1) will be either
nm/2 or (2n+1)7/4 (with integer n) depending on whether A\ is, respectively, positive or
negative. We assume that \| is negative and that ¥ = /4, i.e. that (0|x1|0) = (0]x2|0).
This equality holds to O (1)2 JU 2) when A and A} are of the same order.

In section 2, M was a generic 3 X 3 symmetric, non-singular matrix. From now on, M will specifically
denote the light-neutrino Majorana mass matrix in the basis where the charged-lepton mass matrix is
diagonal.

8This of course requires some finetuning in V. Namely, A1 » must be very small, of order v2/U2, in order
that 1 and pe do not receive corrections of seesaw magnitude when x1,2 acquire VEVs. This is an ordinary
‘hierarchy problem’; to which we cannot offer a solution.

9This is the same approximation as in eq. (3.13), which neglects terms of order v?/U? [38] too.



Thus,

m m” m
1 11 1 11
M~! = —diag ( -, > m” m’ 0 |diag ( -, > , (3.17)
a b c "o m a b c
m
where m” = y;U /\/5 Hence,
M ! diag (a, b, ¢)
= — iag (a,b,c
m/ (mm’ — 2m”2) &
m/2 —m/'m" —m/m”
x [ —m/m” mm! —m* m"? diag (a, b, c). (3.18)
—m'm” m//2 mm' — m//2
It follows from eqs. (3.17) and (3.18) that'®
Ay = Aer. (3.19)

We conclude that model 1 leads to two complex conditions on M, egs. (3.14) and (3.19).
Therefore, the matrix M in this model contains five physical parameters, as opposed to
nine physical parameters in the general case.

4 Model 2

In model 2, the symmetry Zgnt) of model 1 is substituted by the C'P symmetry

DeL(a:) — /YOCDZL(E) eR(x) — ’)/()Cég(.f)
Dyur(z) = 7CDI (z) , pr(x) = 07 (T) |
op. Drp(z) = 7CD} () Tr(x) = Y0CR(T)
[ x1(z) = x2(%) (4.1)

VeR(-T) — ’)/QCEBTR<E)
vur(x) = %C R(Z)

vrr(x) — 7007753(55)

where z = (¢,7) and & = (¢, —7). Notice that, since x; and x2 are gauge-singlet fields, they
have no electroweak interactions, hence C'P may be arbitrarily defined for them; we have
opted for y1 €5 v2. Also notice that the Higgs doublets ¢; and ¢, transform with opposite
signs under C'P.

Besides, model 2 also has the symmetries de), Zg” ), and Zg) of model 1. Therefore,
the symmetry features of model 2 cannot be readily described through a group, since
they include a C'P symmetry that does not commute with the two usual symmetries Zé“ )
and Zg). The theory of this kind of flavour symmetries has for example recently been

investigated in ref. [39];!! other recent examples of their utilization are refs. [43, 44].

1A, = A, also follows from eqs. (3.17) and (3.18) but is equivalent to eq. (3.19), cf. eq. (2.8).
"See also ref. [40]. CGeneralized C'P symmetries were pioneered in refs. [41, 42].



We now have
1

Laj = = [merCOlg +m' v, gCpp + m" v, rRCR] + Hee., (4.2)
where m is real, and
Lyuk = —y1Dererdn
— (v2Durir + v5Drp7r) 01 — (y3Dyurir — y3D-L7R) ¢2

_y4DeLVeR(£1
— (ysDurvur + Y5 Drrver) 01 — (Y6 Durvur — Y6 D-vrR) 02
— (yrX1PuR + Y3X2V-r) Ol + Hee, (4.3)

where y; and y4 are real. So the charged-lepton mass matrix is once again diagonal,

M, = diag (y1v1, Y21 + Y3v2, Yv1 — Y302) , (4.4)

just as the neutrino Dirac mass matrix, which is as in eq. (3.11) with a = yjvi, b =
ysv1 +ygv2, and ¢ = y5v1 — yev2. The Majorana mass matrix of the right-handed neutrinos

is given by
m y7U cos v y7U sin?
Mpr=| y7Ucosv  m/ 0 (4.5)
y3U sin v 0 m'*

and eq. (3.14) still holds.
The scalar potential is

V=3 [kt ok
=
23 6161 6162 + M 61620161 + As W}@)Q n H.C.]
+ <“x + i Ak ¢;1¢k> 03 +x3) + A (03 +3)°
NS + A (@lend - ehond ) + He. (46)

where A5 is real but A is in general complex. Once again, if A;( is negative then ¥ = /4.
Thus,

m m’ m
1 11 111
Mt =_—diag( =, -, - m’ m' 0 |diag|-, -, -], (4.7)
a b c . ,* a b c
m 0 m
where m” = y;U //2 Hence,
1
Mt =— diag (a, b, c
m\m’]Q — 2R (m’*m”2) 8( )
|m/|2 —m*m” —m!'m"*
< [ —=m m mm/* = | diag (a,b,c).  (4.8)
—m/m" |m//|2 mm’ — m'"?



Therefore this model predicts!'?
Ay = AL (4.9)

So this model has once again five parameters, since it predicts the two complex eqs. (3.14)
and (4.9).

5 Models 3, 4, and 5

In the models of the previous two sections we have made the following assignment for the
lepton flavours: we have assumed that the lepton flavours being interchanged either by the
symmetry Zgnt) of eq. (3.4) or by the CP symmetry of eq. (4.1) are the x and 7 flavours.
Two other choices are possible — the lepton flavours being interchanged might be either
e and p or e and 7. We have tested those two other choices against the experimental data
and have found that the second choice fits those data just as well as models 1 and 2 above.

Thus, we define model 3 as predicting

(M), =0, 5.1a)
Aeyy = Apr, (5.1b)
and model 4 as predicting
(Mil)e»r - 07 (528,)
Aep = A}, (5.2b)

It is also possible to simultaneously impose invariance under Zgnt) of eq. (3.4) and the
CP symmetry of eq. (4.1). In that case,

e Equation (3.8) holds with m and m’ real, cf. eq. (4.2).
e Equation (3.9) holds with y;—7 real, cf. eq. (4.3).
e Equation (3.15) holds with A5 and A real, cf. eq. (4.6).

So, finally one ends up with eq. (3.17) with m, m/, and m” real. The C'P symmetry may
be broken spontaneously through VEVs vy o with a relative complex phase and this makes
a, b, and ¢ complex; but that has no relevance for our predictions, since a, b, ¢ drop out in
the matrix A.

It turns out that the model delineated above is unable to correctly fit the present data.
But the model in which the e and p flavours are interchanged relative to the above works
fine; hence we define model 5 as predicting

(M), =0, (5.3a)
Aep = Ayr, (5.3b)
Aur = A (5.3c)

12Tt also predicts Ay, = A%, Ace = Al., and A, = Aj,-, but these three relations can be derived from

egs. (3.14) and (4.9), as was pointed out at the end of section 2.



6 Observable predictions

We have fitted models 1-5 of the previous sections to the phenomenological data of ref. [5].
It turns out that our models fit the data so perfectly that we were able to use just the 1o
intervals given in that paper. Thus, we have required that

m3 —m? € [7.32, 7.80] x 107° eV?, (6.1a)

sin? 615 € [0.291, 0.325], (6.1b)

m3 — m%;m% € [2.33, 2.49] x 1073 eV?, (6.1c)
sin? @13 € [0.0216, 0.0266], (6.1d)

sin? fy3 € [0.365, 0.410], (6.1¢)

in the case of a normal neutrino mass spectrum. If the neutrino mass spectrum is inverted,
then the requirements (6.1a) and (6.1b) remain, but the requirements (6.1c)—(6.1e) are
substituted by

m%+m%

o m3 € [2.31, 2.49] x 1073 eV?, (6.2a)
sin? @13 € [0.0219, 0.0267], (6.2b)
sin?fy3 € [0.370, 0.431], (6.2c)

respectively. In egs. (6.1) and (6.2), mj 23 are the neutrino masses and 6121323 are the
lepton mixing angles as defined in the standard parameterization in eq. (13.79) of ref. [45].
Notice that we have not used in our fits the constraints in ref. [5] for the Dirac phase ¢ of
lepton mixing, which we chose instead to be an observable to be predicted by our models.
For comparison, at the 1o level the authors of ref. [5] found

§ €[0.777, 1.367] = cosd € [—1,—-0.43],

(6.3)
5 €[0.83m, 1.477] = cosd € [~1,-0.09]

for a normal and for an inverted spectrum, respectively.

We have found that all our models are able to fit the data either in eqgs. (6.1) — for a
normal mass spectrum — or in egs. (6.2) — for an inverted mass spectrum — or in both of
them — perfectly. In models 1 to 4, the phase space for the five observables appears, inside
the intervals quoted in those equations, uniformly filled in all our scatter plots, so that no
prediction for any of those observables looks warranted. On the other hand, predictions for
the overall neutrino mass scale and for the phase § are possible. Another quantity that one
may predict is the effective mass mgg = |Mee|, which is relevant for neutrinoless double
beta decay. In model 5, moreover, the angles #192 and 653 are correlated and significantly
restricted relative to the intervals in egs. (6.1b) and (6.2c), respectively.
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Figure 1. For model 1, we present (a) cosd vs. mgg and (b) the sum of the three neutrino masses
vs. mgg. All points shown were found requiring a 1o fit to the data of Fogli et al. [5]. Model 1
allows an inverted mass spectrum only.
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Figure 2.  For model 2, we present (a) cosd vs. mgg and (b) the sum of the three neutrino
masses vs. mgg. All points shown were found requiring a 1o fit to the data of Fogli et al. [5]. The
green (light grey) points correspond to a normal mass spectrum, while points corresponding to an
inverted mass spectrum are shown in blue (black).

Model 1 is compatible only with an inverted neutrino mass spectrum. The neutrino
masses must be quite high, of order 0.2eV or more for each neutrino, which risks violating
cosmological bounds [46-48]. The phase 4 is close to m (cosd < —0.5), which agrees with
the (valid at the 1o level) preference found in ref. [5]. The corresponding scatter plots are
presented as figure 1.

For model 2 both a normal and an inverted neutrino mass spectrum are possible.
However, if the spectrum is inverted then § must be very close to 7/2 or 37/2 and the
three neutrinos must be almost degenerate with masses around 0.15 eV, which is disfavoured
by some of the recent cosmological bounds [46-48]. For a normal spectrum neutrino masses
may be lower and there is a close correlation between cos ¢ and the scale of neutrino masses.
Notice that for model 2 cos d is always positive, which disagrees with the findings of ref. [5]
at the 1o level; at the 20 level, though, cosd is already unconstrained in ref. [5], so this
should not be considered a severe handicap of our model. Plots for this case are given in
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Figure 3. Plots for cosd vs. mgg in model 3 (plot a) and in model 4 (plot b); and for the sum

of the neutrino masses vs. mgg in model 3 (plot ¢) and in model 4 (plot d). All points shown were
found requiring a 1o fit to the data of Fogli et al. [5]. Models 3 and 4 allow an inverted neutrino
mass spectrum only.

figure 2. Models 3 and 4 are, in practice, extremely similar. Only an inverted neutrino
mass spectrum is possible for them. The neutrino masses must moreover lie in a very narrow
range: the lowest mass, ms, must lie in between 0.008 eV and 0.012eV. This is compatible
with all current cosmological bounds. Moreover, those models force cosd < —0.4, which is
in agreement with the 1o range obtained in ref. [5] — see egs. (6.3). Plots for models 3
and 4 are presented in figure 3.

In model 5 the neutrino mass matrix M is effectively real, apart from the unphysical
phases of a, b, and ¢; neglecting those phases, M may be diagonalised by a real orthogonal
matrix O as OTMO = diag(m1, —mg, m3).'> The smallest neutrino mass is ms, since
In that model the neutrino masses are
exceedingly constrained: the sum of the light-neutrino masses must be (0.110 £ 0.003) eV
and mgg = (0.020 & 0.001) eV. The matrix O is characterized by Dirac phase § = 7.
Besides these predictions, model 5 predicts a correlation between the mixing angles 612

only an inverted spectrum works in model 5.

and 693, which we depict in the scatter plots in figure 4. One sees in figure 4 (a) that
model 5 is still viable, although rather marginally, at the 1o level.

13We have found that only this choice of Majorana phases works: the largest eigenvalue of M in absolute
value, viz. m2, must have sign opposite to the one of the other two eigenvalues.
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Figure 4. The correlation between sin? f3 and sin? 615 in model 5. In plot (a) all the physical
quantities were forced to lie inside their 1o ranges of ref. [5] while in plot (b) the 30 ranges were
used instead. The cross in both plots marks the best-fit point of ref. [5]. Model 5 only allows an
inverted mass spectrum, with the Majorana phases and § = 7 fixed (see text).

7  Summary

In this paper we have constructed five flavour models for the lepton sector. They are
two-Higgs-doublet models with a standard Zs symmetry which changes the sign of one of
the doublets, or else with a C'P symmetry under which one of the doublets is odd. The
models are not necessarily supersymmetric and use no soft breaking of symmetries, just
spontaneous breaking. Since they are seesaw models, they include an extra high scale at
which we introduce two real scalar gauge singlets and three right-handed neutrinos. Models
1-4 have five physical parameters each, while model 5 only has four parameters. They all
fit very well the phenomenological data for the lepton mixing angles and for the neutrino
mass-squared differences. With the exception of model 2, all our models predict an inverted
neutrino mass spectrum and a negative cosd. In models 1 and 2 the neutrino mass scale
tends to be quite high, in possible conflict with cosmological bounds, but in models 3, 4,
and 5 the neutrinos are fairly light. Model 5 furthermore predicts a well-defined correlation
between the mixing angles 015 and 6s3.

Experimental consequences of our models may either be around the corner or unattain-
ably far. On the one hand, the two Higgs doublets that we utilize in our models may be the
ones of a two-Higgs-doublet model; either of the Zs symmetries generated by B and by D
in eq. (3.1) may be suitably extended to the quark sector in order to guarantee the absence
of flavour-changing neutral Yukawa interactions (FCNYI) in that sector. Note that the
D4 symmetries of our models 1, 3 and 5 ensure the absence of FCNYT at tree level in the
lepton sector (the same statement being true for the generalized symmetries of models 2
and 4); the standard option [31] to avoid FCNYTI in two-Higgs doublet models is a Zs
symmetry under which ¢9, egr, g, and 7 change sign, but that option is not unique, as
shown here. In our model FCNYT only arise at loop level [49]; flavour-changing couplings
to the v and Z° gauge bosons are suppressed if the seesaw scale is sufficiently high [49, 50].
The FCNYI may lead to decays like 7% — ptete™ or else to neutral-scalar decays of the
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type S® — 77—, which may in the future be observable at the LHC; however, the flavour-
changing vertices are suppressed by a loop factor and by two Yukawa couplings and will
typically be small. On the other hand, the two Higgs doublets of our models may not be
unique; there may be an extra Higgs doublet, call it ¢g, which has a much larger VEV and
is the only one that couples to the quarks. In such a scheme, ¢ will have large masses
and small VEVs due to a type-II seesaw mechanism for Higgs doublets'* [30] and might
be undetectable at the LHC.
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