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Minimal Flavour Violation can be realised in several ways in the lepton sector due to the possibility of
Majorana neutrino mass terms. We derive the scalar potential for the fields whose background values are
the Yukawa couplings, for the simplest See-Saw model with just two right-handed neutrinos, and explore
its minima. The Majorana character plays a distinctive role: the minimum of the potential allows for large
mixing angles — in contrast to the simplest quark case — and predicts a maximal Majorana phase. This

points in turn to a strong correlation between neutrino mass hierarchy and mixing pattern.

© 2012 Elsevier B.V. All rights reserved.

Fermion families mix under charged-current interactions with
a startling different pattern for leptons and quarks: large mixings
versus small ones, respectively. The scales of the mass spectrum
also differ by many orders of magnitude, with neutrinos in particu-
lar exhibiting tiny masses compared to charged leptons and quarks.
Furthermore, the charged fermion spectrum is hierarchical, while it
remains to be determined whether the neutrino spectrum is hier-
archical (normal or inverted) or degenerate. It is plausible that the
different mixing patterns may be related to the fact that the neu-
trino sector may include Majorana mass terms, but this cannot be
determined in general. Nevertheless, we will show that the Mini-
mal Flavour Violation (MFV) ansatz [1-6] is restrictive enough to
allow to explore that question within its framework.

In particular, we will consider the simplest MFV See-Saw model
presented in Ref. [7], that incorporates only two right-handed (RH)
neutrinos (see also Ref. [8], where scenarios with three RH neu-
trinos where presented, that reduce in a certain limit to the two
light neutrino case). Within a minimalistic approach and in line
with the original MFV formulation, each Yukawa coupling will be
associated to just one scalar field, usually called flavon, whose vac-
uum expectation value (vev) corresponds to the physical masses
and mixings. We will show that the study of the associated scalar
potential allows to relate the Majorana nature of neutrinos with
the large mixings in the lepton sector. This represents a novelty in
the field and an advantage with respect to models based on dis-
crete symmetry (see Ref. [9] and references therein), where usually
the mass spectrum and the Majorana phases are not correlated
with the mixing angles.
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Furthermore, this context allows to explore simultaneously the
flavour puzzle for both quarks and leptons, while other studies,
such as the so-called “Anarchy” approach [10-12], address only the
lepton sector. Indeed, the identification of a possible dynamics un-
derlying the flavour structure needs to address both sectors in a
comprehensive common framework.

1. MFV See-Saw model
The Lagrangian reads

—Lmass = C1¢YeEr + Lid(YN+Y'N') + AN'N“ +he, (1)

where ¢; denotes the left-handed (LH) lepton doublet, Eg denotes
the RH charged lepton fields (flavour indices are implicit) and ¢
denotes the Higgs doublet, with ¢ = iTo¢* and (¢) = v/+/2 the
electroweak vev, with v =246 GeV. The model contains only two
heavy neutrinos, N an N’, and in consequence one light neutrino
remains massless — an open possibility to this date — and there
is only one physical Majorana phase. A is a Majorana scale, while
the Yukawa couplings for charged leptons Yg, and for neutrinos
Y and Y/, are a matrix and vectors in flavour space, respectively.
The Lepton Number (LN) symmetry is violated by the simultane-
ous presence of Y, Y’ and A. Indeed, it is sufficient that either Y
or Y’ vanish to recover LN, as it can be verified with a suitable
assignment for the LN charges of the fields:

0 — el®e, Er — €'?Eg, (11\\]]/>—>ei¢a3 (11\]\]/), (2)

where o3 is the third Pauli matrix. The light neutrino matrix re-
flects these properties and takes the typical form in type I See-Saw
models:
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2
v
aLﬂ (YY" +Y'YTW +he, (3)

where A > v has been assumed.

In this model, flavour changing effects may occur even in the
limit of LN conservation, for vanishing Y or Y’ (but not both), and
they may be observable for A values not much larger than the TeV
scale [7,13-16]. Without loss of generality, we work in the basis in
which the charged lepton Yukawa matrix is diagonal. Denoting by
Y, the matrix constructed out of the two vectors Y and Y’,

Y, =(Y.Y'), (4)
the Yukawa couplings may be described by [7]
Ye 0 0 L,
—iy i
YE=<0 v 0>, n-u (YY)
0 0 y¢

where y =/(Y)TY and y' =/(Y")TY’. Here U denotes the PMNS
mixing matrix: using the PDG notation, U is written as the
product of three rotations and a matrix containing the Majorana
phases, U = R23(623)R13(613, 8)R12(012)£2. §2 can be parametrised
as 2 = diag{1, e'®, e~} for NH and £ = diag{e!®, e~ 1} for IH.
In the convention that will be used throughout the Letter in which
Ajj = m? — mi2 > 0, all angles 6;j € [0, /2], the Dirac CP phase
8 €[0,2m) and the Majorana phase o € [0, r]. The term fp, is a
matrix function of neutrino masses: for the normal (NH) and in-
verted (IH) hierarchies it is defined as

0 0
1
NH: fmy = ———=| ym 0 ,
m My, + 1My, ( ()V2 /—mv3)
2 2

2 2
soir (My3)” = Amgg, + Amg,

(Mmy,)? = Am

1 N 0
[H: fm, = ———— 0 /my, |,
NGRS 0 0 2
(mvl)z = Amgtm - Am?ol’ (mvz)z = Amgtm' (6)

The analysis of the scalar potential is straightforward in the basis
in which the heavy singlet neutrino mass matrix is diagonal, in
which the Lagrangian in Eq. (1) becomes:

—Limass = Lo YEER + 1pY, (N1, No)T
+ A(N1N{ + N2N§) + h.c., (7)

where the neutrino Yukawa coupling Y, reads

o1 y+y —i(y—y’))
ho=—sut, (1%, 7O (®)

2. The scalar potential of MFV

In the limit of vanishing Yukawa couplings, Yg = Y, =0, the La-
grangian in Eq. (7) presents an extended global non-Abelian sym-
metry (plus Abelian global symmetries which are not made explicit
below),

G~ SUB)g x SUB)Eg x OQ)N, 9)

with O (2)y corresponding to orthogonal transformations between
N1 and N; (in the flavour basis, the Majorana mass term in Eq. (1)
exhibits a U(1)y x Z invariance in the (N, N") sector, isomorphic
to O(2)n). Notice that when Gy, is exact, LN is also a symmetry of
the Lagrangian, according to Egs. (1) and (2). For non-zero Yukawa
couplings the flavour symmetry is formally recovered promoting

Yr and Y, to dimensionless auxiliary fields transforming under Qf,
as follows:

Ye~(@3,3,1), Y,~@3,1,2), (10)

for the charged lepton and the neutrino sectors, respectively. Given
the symmetry Gy and being Y and Y, the only sources of flavour
violation, possible diagonal Majorana mass terms are forbidden.

MFV suggests a dynamical origin for the Yukawa couplings of
the theory. For instance, they may result from scalar fields, usually
called flavons, taking a vev. In the simplest realisation of MFV, each
Yukawa coupling is associated to a single scalar field, singlet under
the SM gauge group and transforming under Gy as the spurions in
Eq. (10):

yEN(37§71)7 yUN(35172) (11)

The charged-lepton flavon fields )r belong then to the bi-
fundamental representation of SU(3)¢, x SUB)g, C G g, while the
neutrino flavon )), belongs to the fundamental representation of
SUB3)y,.

The relation between the Yukawa couplings and the flavon vevs
may be linear,

—EYE, EYU, (12)

where Ay represents the scale of the flavour dynamics. Alter-
natively, those relations could be non-linear, for instance flavon
vevs and Yukawas could be inversely proportional to each other.
The analysis of the mixing invariants below will apply to both
cases, as it only depends on the field transformation properties.
For concreteness, we will stick in this Letter to the identification in
Eq. (12). With this assignment, the Yukawa terms in Eq. (7) have
dimension 5; they are the leading non-trivial flavour invariant op-
erators.

The scalar potential for the Vr and ), fields must be invariant
under the SM gauge symmetry and the flavour symmetry Gg. At
the renormalisable level, the possible linearly-independent invari-
ant terms reduce to:

Tr(Vedl),  TrQW),  dete),
r(edl)’, TV,
(I, Tr(Owead))?, (13)

leading to the following scalar potential V for the flavon fields:

V=—p® X2+ (X2)"2X% + (p det(Ve) + hoc)
+ae Tr(VeV]) + g (Ve Vi Y)
+hTe (M) + W (o)) (14)

In this equation X2 is a two-component vector defined by

X2 = (Tr(Ved]). Tr(Vim)) "

u? is a real two-component vector, A is a 2 x 2 Hermitian ma-

trix and all other coefficients are real parameters, except for wp
which may be complex. The full scalar potential includes in ad-
dition Higgs-Yr and Higgs-)), cross-terms, but they do not af-
fect the mixing pattern and will thus be obviated in what fol-
lows.

The question now is whether the minimum of the poten-
tial can accommodate the physical values of masses and mix-
ings and whether its coefficients need to be fine-tuned. For
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charged leptons, the choice of Y in the bifundamental mir-
rors that for the simplest quark case [17-20]. It is worth not-
ing that the determinant det()r), whose impact is to push to-
wards degenerate charged lepton masses, is absent when the
Gy symmetry is enlarged to include the invariance under global
phases,

Grr=U@B)¢ xUB)gg x O2)N, (15)

present in the limit of vanishing Yukawa couplings. Furthermore,
with this enlarged symmetry, the first non-renormalisable contri-
butions to the scalar potential arise only at mass dimension 6, and
would be suppressed by A?l.

For the )), fields, an interesting issue is whether the potential
minimum allows for the hierarchy y > y’ or y’ > y, or in other
words the approximate LN invariant case. The answer is positive.
It is useful at this point to consider ), as a composition of two
fields,

i 1
Yy E(— y-Y), — y—l—)”)
=7 ! 75 )
where ) and )’ transform as triplets of SU(3),, and under
U(1)N x Z3. Then, the minimum of the scalar potential in Eq. (14)

implies that Y'Y and Y’T)’ lie on a circle, while the aforemen-
tioned hierarchy is driven by the following terms:

Vo —(h+h —(h—1)cos? A)(V'Y)(VTY), (16)

where cos A encodes the relative alignment in the flavour space of
Y and ) fields,

my, —m
cosA=—2 """ forthe NH,
My; + My,
my,, —m
cosA=—2_"" fortheIH. (17)
my, +my,

For negative values of (h +h’ — (h —h’) cos?* A), the minimum cor-
responds to either y or y’ vanishing and thus to LN conservation;
while y =y’ is favoured for positive values.

In the spirit of an effective field theory approach, the analysis
presented here consistently considers all possible operators up to
mass dimension 5, invariant under the SM gauge symmetry and
the flavour symmetry in Eq. (15). The first relevant contributions
to the Yukawa lagrangian appear at dimension 5, while the scalar
potential is non-trivial already at the renormalizable level, dim < 4.
The next to leading contributions appear in both sectors at mass
dimension 6 and have a negligible impact on the determination of
the mixing angles and the Majorana phase, that will be discussed
in the following section. These contributions will thus not be fur-
ther considered.

2.1. Mixing angles and Majorana phase

Consider now the fermion masses fixed at their physical val-
ues and focus on the mixing pattern allowed at the minimum of
the potential. Since mixing arises from the misalignment in flavour
space of the charged lepton and the neutrino flavons, the only rel-
evant invariant at the renormalisable level is

Omix = Tr(VeVINIL). (18)
Substituting the expressions for the flavon vevs in Eq. (12), it fol-
lows that:

4

2A .
ﬁ <(J’2 +y?) ) Jut }zmlzmvi

Vi 1i

Omix =

+ (yz _ y/2) (iezia Z(Uli)*uljmlz My, My, + C.C.)).
Li<j

(19)

This expression can be compared with the equivalent one for
quarks in the bifundamental of the flavour group [20], given by

474 N
Tr(Z, Ty 54 2)) = Tﬂ (Ul mEm3 (20)
ij

in an obvious notation. The first term in Eq. (19) for leptons cor-
responds to that for quarks in Eq. (20): the only difference is the
linear — instead of quadratic — dependence on neutrino masses, as
befits the See-Saw realisation. The second term in Eq. (19) has a
strong impact on the localisation of the minimum of the potential
and is responsible for the different results in the quark and lepton
sectors: it contains the Majorana phase o and therefore connects
the Majorana nature of neutrinos to their mixing.

2.2. Two lepton families

In the illustrative two generation case, in which the flavour
symmetry is G =SU(2)¢ x SUR2)g, x 0(2) (plus Abelian symme-
tries), the mixing term in the potential Eqgs. (14) and (19) can be

written as follows:

£ZO0mix X g{(mg + m,i)(yz + }1,2)(mu2 +my,)

+ (me —m2)[(my, —my))(y* + y?) cos 26
+ (v* - y*)2y/my,my, sin2asin26]}, (21)

where 6 is the mixing angle and o the Majorana phase. This for-
mula shows explicitly the relations expected on physical grounds,
between the mass spectrum and non-trivial mixing: i) the depen-
dence on the mixing angle disappears in the limit of degenerate
charged lepton masses; ii) it also vanishes for degenerate neutrino
masses if and only if sin2« = 0; iii) on the contrary, for sin2a # 0
the dependence on the mixing angle remains, as it is physical even
for degenerate neutrino masses; iv) the o dependence vanishes
when one of the two neutrino masses vanishes or in the absence
of mixing, as o« becomes then unphysical.

The minimisation with respect to the Majorana phase and the
mixing angle leads to the constraints:

(y2 — y’z)a/mvzmUl sin26 cos 2o =0, (22)
2 _y22 /my,m
tg20 = sin2a Y- vl (23)

.V2+y/2 ml)z _ml)1

The convention used implies that siné;; > 0 and cosé;; > 0. The
first condition predicts then that the Majorana phase is maximal,
o = {7 /4, 37 /4}, for non-trivial mixing angle. The relative Majorana
phase between the two neutrinos is therefore 2o0 = £ /2 which
implies no CP violation due to Majorana phases. On the other hand,
Eq. (23) establishes a link between the mixing strength and the
type of spectrum, which indicates a maximal angle for degenerate
neutrino masses, and a small angle for strong mass hierarchy. The sign
of cos20 is selected by the absolute minimum of the potential,
which depends on the sign of g, see Eq. (21): cos26 negative (pos-
itive) for g > 0 (g < 0). The sign of the last term in Eq. (21) in turn
determines the sign of sin2« for given y, y'.

Using Egs. (22) and (23), at the minimum of the potential, the
mixing invariant in Eq. (18) acquires a simple interpretation in
terms of the eigenvalues of yEy,T; and 3},)3)3. which are respec-
tively proportional to the charged lepton masses mj, and to the
combinations m4 as follows:
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Omixlmin xm2my +m2m_, g0,
b gt il 2
where
my =a, + /a2 —c2,

ay = (My, +my) (¥2 +¥?), cv =4/my,my, yy'. (25)

Depending on the sign of g, the two set of eigenvalues, m;, and
mx, are thus combined in a sum of their products in increasing or
decreasing mass order (more generally, these results are a conse-
quence of the Von Neumann'’s trace inequality).

As an illustrative exercise within the two-family scenario, let us
consider the “solar” (1,2) sector: can the observed value of 61y
be accounted for in this framework? The answer is affirmative:
cos 267 > 0 and sin26;5” > 0 and the scalar potential can accom-
modate these facts at its minimum for g < 0; if y >y’ (y < ')
then tan20i; > 0 for « =71 /4 (0« =31 /4), see Eq. (23).

This simple line of reasoning has the advantage that it extends
straightforwardly to the three lepton generation case, which in this
model adds a massless neutrino and thus a vanishing third yUyI
eigenvalue.

2.3. Three lepton families

The model under discussion deals with two light massive neu-
trinos, a massless one and only one Majorana phase. For the angle
and Majorana phase spanned by the two light massive eigenstates,
Egs. (22) and (23) apply. Nevertheless, the other two mixing an-
gles are forced to vanish by construction, and this minimal version
of the model is not viable. It is interesting though to further anal-
yse more the source of the problem, as a guideline for a realistic
three family scenario.

The two-generation expression in Eq. (24) for the mixing invari-
ant at the minimum of the potential is now replaced by:

2 2
Onmix|min 0cmgmy +mym_, g>0,

2 2
Onmix|min mym-— +mzmy, g<0,

(26)

where m. are defined as in Eq. (25) except that the mass eigenval-
ues entering the definition of a, and c, are hierarchy dependent:
my, v, hold for IH (which requires g > 0) while they are substi-
tuted by m,, ,, for NH (g <0). It is easily verified that for NH the
resulting atmospheric angle would be small, in contradiction with
data. For IH, although the resulting solar angle would be large,
the minimum of the potential forces it to lie in the second oc-
tant, again a possibility excluded by data. This shows the strong
constraining power of the minimisation procedure.

In consequence, for the simple See-Saw model and flavon as-
signment considered here, the mixing pattern at the minimum of
the potential is not compatible with that observed in nature. One
source of the problem is the value of the one mixing angle ob-
tained, the other problem is the absence of the other two angles.

For the value of the mixing angle obtained a word of caution
is pertinent, though. Although the number and kind of invariants
in the potential is only dictated by the gauge and flavour sym-
metries, the spectrum of masses is more model-dependent. For
instance, in models in which the light lepton masses are inversely
proportional to the flavon vevs (instead of linearly proportional
as assumed above), the analysis of the three-family case may al-
low a realistic identification of the non-vanishing angle with the
solar one and point to an IH pattern, for g < 0. For instance, a
context in which (Vg) ocdiag(1/ye,1/yu,1/y<) would be alike to
that in See-Saw scenarios which include heavy fermions. This fea-
ture is naturally embedded in models where the flavour symmetry

is gauged [21-23]: in order to guarantee anomaly cancellation,
heavy fermions enrich the spectrum; when flavons (or spurions in
simpler scenarios) enter only the heavy sector and the portal be-
tween the heavy and the SM sectors is flavour blind, then the SM
Yukawas result inversely proportional to the flavon vevs.

3. Conclusions

An outstanding question is whether the strong mixing pattern
found in the leptonic sector — in contrast to the small mixing and
hierarchical spectrum of the quark sector — is related to the possi-
ble Majorana character of the neutrino fields. While this cannot be
answered in general, we have shown that the hypothesis of a dy-
namical realisation of MFV may be restrictive enough to answer it
within its framework.

We have explored the possibility of a dynamical origin of the
Yukawa couplings of leptons in the context of MFV and Majorana
neutrinos. The simplest realisation is to identify the Yukawa cou-
plings with the vevs of some dynamical scalar fields, the flavons.
The implementation of the Majorana character needs to refer to an
explicit model of Majorana neutrino masses. The potential can then
be determined in general, under the only requirement of SM gauge
invariance and invariance under the underlying flavour symmetry.
Much as it was the case for the analogous analysis for quarks [17,
18,20], the latter turns out to be strongly restrictive. This Letter
contains the first analysis of this type when Majorana neutrinos
are present.

We concentrated here in one of the simplest possible MFV
models of Majorana neutrino masses: a See-Saw model with only
two extra heavy singlet neutrinos with approximate U(1) lepton
symmetry [7]. We determined the corresponding scalar potential
and explored its minima.

While for quarks the minimal assumption of associating each
Yukawa coupling to just one flavon led to the conclusion of no
mixing for a renormalisable potential [17-20], the presence of the
Majorana character introduces radically new ingredients. Generi-
cally, the flavour group is enlarged and different invariants are
allowed in the potential. The toy model with only two families
demonstrates that non-trivial Majorana phases and mixing angles
may be selected by the potential minima and indicates a novel
connection with the pattern of neutrino masses: i) large mixing
angles are possible; ii) there is a strong correlation between mix-
ing strength and mass spectrum; iii) the relative Majorana phase
among the two massive neutrinos is predicted to be maximal,
2a = /2, for non-trivial mixing angle; moreover, although the
Majorana phase is maximal, it does not lead to CP violation, as it
exists a basis in which all terms in the Lagrangian are real. These
novel results are intimately related with the well-known fact that,
in the presence of non-trivial Majorana phases, there may be phys-
ical mixing even for degenerate neutrino masses. In consequence,
the results are expected to hold as well for general fermionic See-
Saw scenarios.

For the specific model considered, the Yukawa couplings are
linearly proportional to the vev of the flavons, and maximal mix-
ing turns out to be correlated with degenerate neutrino masses for
the two massive neutrino eigenstates, while small mixing is corre-
lated with strong mass hierarchy. As a result, the observed “solar”
mixing pattern is well accommodated at the minimum of the po-
tential, but only when restricting the analysis of the model to a
two-family approximation.

For three lepton generations and under the same model as-
sumptions, the minimum of the potential cannot correspond to the
measured values of masses and mixings. This is probably linked
to the necessary masslessness of the third left-handed neutrino in
the minimal model, which imposes a fixed hierarchy with respect
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to the massive modes. More freedom is expected in models with
three massive neutrinos.

The possibility of accommodating large mixing angles and
Majorana phases is reminiscent of the typical anarchy pattern
[10-12], in which the probability peaks at maximum values of
the phases. Nevertheless, the present approach goes beyond an-
archy not only in that it has dynamical content, but in that it
sheds light on the difference in mixing strength in the quark and
lepton sectors, while anarchy cannot deal with the quark sector.
Furthermore, the model discussed here has an advantage with re-
spect to models based on discrete symmetry, because usually in
the latter the mass spectrum and the Majorana phases are not cor-
related to the mixing angles. The strong correlation found between
the neutrino mass spectrum, the mixing strength and the Majo-
rana phase is also expected to hold for general fermionic See-Saw
models, being linked only to the kind of invariants entering the
scalar potential. We will investigate this possibility in a separate
paper.
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