-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by Sissa Digital Library

PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: September 28, 201/

REVISED: November 5, 201}
ACCEPTED: November 12, 201/
PUBLISHED: November 28, 2014

Stable fermion mass matrices and the charged lepton
contribution to neutrino mixing

David Marzocca® and Andrea Romanino®®

*SISSA/ISAS and INFN,
Via Bonomea 265, I-34136 Trieste, Italy

bICTP,
Strada Costiera 11, I-34151 Trieste, Italy

E-mail: marzocca@physik.uzh.ch

ABSTRACT: We study the general properties of hierarchical fermion mass matrices in which
the small eigenvalues are stable with respect to perturbations of the matrix entries and we
consider specific applications to the charged lepton contribution to neutrino mixing. In
particular, we show that the latter can account for the whole lepton mixing. In this case
a value of sin 3 2 m./my sinfa3 ~ 0.03, as observed, can be obtained without the need
of any fine-tuning, and present data allow to determine the last row of the charged lepton
mass matrix with good accuracy. We also consider the case in which the neutrino sector
only provides a maximal 12 rotation and show that i) present data provide a 20 evidence
for a non-vanishing 31 entry of the charged lepton mass matrix and ii) a plausible texture
for the latter can account at the same time for the atmospheric mixing angle, the 63
angle, and the deviation of the ;2 angle from 7/2 without fine-tuning or tension with
data. Finally, we show that the so-called “inverted order” of the 12 and 23 rotations in
the charged lepton sector can be obtained without fine-tuning, up to corrections of order
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1 Introduction

The experimental determination of lepton mass and mixing parameters has made remark-
able progress in the last 15 years, gradually unveiling an unexpected pattern, which has
often challenged the theoretical prejudice. Such an experimental information is essential to
the ambitious program of understanding the origin of flavour breaking. This program has
been most often carried out in a top-down approach based on flavour symmetries or other
organizing principles. In this paper we would like to revisit the problem from a different
point of view, in a bottom-up approach based on a general “stability” assumption, accord-
ing to which the smallness of some fermion masses does not arise from special correlations
among the entries of the mass matrix, and as a consequence it is stable with respect to
small variations of the matrix entries.

Our analysis will lead to constraints on the structure of fermion mass matrices. The
latter contain of course additional parameters that are not physical in the Standard Model



(SM) — their form depends in particular on the basis in flavour space in which they are
written. The idea underlying our approach is that in a certain basis in flavour space, asso-
ciated to the unknown physics from which they originate, the entries of the fermion mass
matrix can be considered as independent fundamental parameters, i.e. parameters that are
not correlated, neither as a consequence of a non-abelian symmetry, nor accidentally. It is
important to stress that assuming absence of correlations among the entries of the mass
matrix does not imply an anarchical scenario. In fact, the size of each matrix entry can be
dictated by some abelian flavor symmetry. We consider such an assumption motivated and
timely, as an experimental evidence of such correlations, which would have been welcome as
a smoking gun of underlying symmetries, failed so far to show up in the measurement of 6,3
and 63 [1, 2]. For example, neutrino mass models leading to the so-called “tri-bimaximal”
(TBM) mixing structure [3-7] for the neutrino mass matrix m, require 3 independent cor-
relations among the entries of m, (mfy, = mYs, mhy, = mis, mY; + mfy = mb, + mi;), see
e.g. ref. [8], that can be accounted for by discrete symmetries (with a highly non-trivial
construction needed to achieve a consistent and complete picture, including quarks and
the charged fermion hierarchies). In the light of recent data, such models require sizeable
corrections from the charged lepton sector [9-28], making the TBM scheme as predictive
as simple models without correlations (see however refs. [25-28] for a a possible prediction
for the CP phase).

In the following, we will concentrate in particular on the charged fermion (lepton) mass
matrices, which are particularly suited for our approach due to the significant hierarchy
among their eigenvalues.! This makes unlikely that the small eigenvalues arise as a conse-
quence of accidental correlations among much larger quantities, an important element in
our analysis, and is a sign of a non-anarchical origin of its matrix entries. We will see that
our approach allows to draw interesting conclusions on their contribution to lepton mixing.

The precise formulation of our assumption will be given in section 2. Let us see here
in a qualitative and intuitive way how assuming the absence of certain special correlations
among matrix elements can translate into relevant information on the structure of the
fermion mass matrices, using a simple and well known 2 family example: the charged
lepton mass matrix Mg, restricted to the second and third families,

My = (M22 M23>
M3zo Ms33
(throughout this paper we will use a “RL” convention for the charged fermion mass ma-
trices). Suppose that Mg = UeTcMgiagUe, where Mgiag = Diag(my, m;) and Ue, Uee are
rotations by angles 6, 0., respectively, that are both large, tanf ~ tan ¢ ~ 1. As a conse-
quence, all the four entries of Mg are of the same order of magnitude as the tau mass m,,

and the observed relative smallness of m,, is a consequence of a precise correlation among
those four entries,

Moo M33 — Moz M3z =0, (1.1)

M'With an abuse of mathematical terminology, we will use “eigenvalues” to mean “singluar values”.



up to small corrections of relative order O (m,,/m;). Such a correlation can certainly occur,
accidentally or as a consequence of a non-abelian symmetry. But if we assume that it does
not, this translates into constraints on the structure of the matrix Mpg. Since m, ~ |Ms3|
(see appendix C) and m,m, = |M3zzMas — Moz M3s|, we have in fact

my  mymy | Mag Moy — Mo3 Msy (1.2)

msr m2 Mz,

Requiring, according to our assumption, that the smallness of m, does not result from a
fine-tuned cancellation among two correlated terms Mss May and MagMsg (as in eq. (1.1)),

we conclude that
Moo M3 M3

Mss Mg,

which provides relevant information on the structure of the mpg matrix.

< My

m
< E 1.3
. (1.3)

~ )

mr

and

Interestingly, the above conditions can equivalently be obtained by requiring that the
lightest eigenvalue my,, or equivalently the product m,m, = | det M|, is stable with respect
to small variations of the matrix entries. The stability of an anomalously small quantity
X (a) with respect to a small variation Aa < a of the variable a is measured by the quantity

AXQ

AX Alog X
Aa X

A, = . 1.4
Aloga (14)

~

~ ‘

In the Aa — 0 limit, the definition above coincides with the “fine-tuning” or “sensitivity”
parameter often used to measure the naturalness of the Higgs mass (for reasons that will
become clear later, we prefer to keep a finite form here). The larger is A,, the more
unstable is the smallness of X. When a is assumed to be an independent fundamental
parameter of the theory, it is desirable to have A, < 1, in such a way that the smallness of
X (a) can be considered “natural”, i.e. not accidental. In the case of our 2 x 2 mass matrix
M, we can require that the small quantity mems = | det M|, or det M itself, is stable with
respect to variations of the matrix elements M;; and calculate the corresponding sensitivity

parameters:
| Moo M3 | Moz Ms3s|
Ay = Dy, = T mamg Aitys = Dty = T mmams (1.5)
Therefore, the assumption in eq. (1.3) is equivalent to imposing
Ay, S1 (1.6)

for (one or) all the entries M;;, ij = 1,2, and is therefore nothing but a stability assumption,
at least if the parameters M;; can be considered independent.

The arguments above on the structure of our toy 2 x 2 lepton mass matrix are well
known and underlie textures that have been widely considered in the literature. For ex-
ample, textures with Msg, M3s ~ m,, Mag, Moz ~ m,, have been considered since ref. [29]
as possible explanations for the origin of the large atmospheric angle. The purpose of this
paper is to analyse in a rigorous and complete way the consequence on the structure of a
full 3 x 3 hierarchical mass matrix of the systematic application of the above ideas.



In sections 2 and 3 we precisely define the assumption we make, which generalises
eq. (1.3), and we study its connection with the absence of correlations in the full de-
terminant and 2 x 2 sub-determinants of 3 x 3 fermion matrices. We also give different
characterisations of stable mass matrices valid for any n x n matrix. This section will
make use of a number of useful results on mass matrices collected in the appendices A—C.
In section 4 we will consider examples of applications of our results to the charged lepton
contributions to neutrino mixing. In particular, we will revisit the issue of whether the
charged lepton contribution can account for all neutrino mixing and show that this is indeed
possible without fine-tuning (a model realising this scenario with an abelian symmetry is
sketched in appendix D). We will also consider the case in which the charged lepton mass
matrix combines with a maximal 12 rotation originating in the neutrino sector and we will
see that this also leads to a plausible texture for the lepton mass matrix. In section 5 we
summarise our results.

2 The stability assumption

In this section we define the assumption we make in this paper, in the general case of a
nxn matrix M, and we study its consequences, including an explicit equivalent formulation
in terms of constraints on products of matrix elements, which is the basis of the analysis
carried out in the next sections. The proofs of the statements in this section are given in
appendix B.

Let M be a generic complex n X n matrix with hierarchical eigenvalues

O<m <... < my, (2.1)

representing for example a Dirac fermion mass matrix. Throughout this paper we will
assume that its eigenvalues are stable in size with respect to small variations of the matrix
elements M;;. In order to give a precise definition of this assumption, it is useful to define
the quantities

1/2
— 2 2 ~
II, = < g my, - - .mkp> R My« Mp—pt1 (2.2)
ki1<...<kp

where p = 1...n. For hierarchical eigenvalues, II, is essentially the product of the p
largest eigenvalues, as shown in eq. (2.2). The quantities II, are useful because, on the one
hand, the requirement of the stability of the eigenvalues myq, ..., m, can be equivalently
formulated in terms of the stability of the products m,, ...my_py1 = Hp;2 on the other
hand, the quantities Hg have a polynomial expression in terms of the matrix elements M;;

2Strictly speaking the two requirements are equivalent if n is not too large, say n < 3. If n > 1,
the stability of all II, implies the stability of all my, but not viceversa. This can be seen by observing
that A(logIl,)/A(log M;;) ~ A(logmn)/A(log Mi;) + ... + A(log mn—p+1)/A(log M;;). Therefore, even
if the individual eigenvalues have sensitivities of order one, the sensitivity of II, can be large, for large
p and n, because of the large number of O (1) contributions. On the contrary, a small sensitivity for all
IT, guarantees a small sensitivity for all the eigenvalues. Inverting the previous relations one finds in fact:
A(logmy,)/A(log M;i;) ~ A(logIli)/A(log M;;) and A(logms)/A(log M) ~ A(logIl,—x)/A(log M;;) —
A(log I —k+1)/A(log M;j;) for k < n.



and their conjugated, see eq. (A.5), which allows to translate the stability requirement into
constraints on the matrix elements.

Definition (stability assumption). We say that the mass matriz M is stable with respect
to small variations of its matrix elements iff

ATL, M;;
' P10 <1 for |[AM;;| < | M| and i, j,p=1...n. (2.3)

AM;; TI,

As explained, the definition above expresses the stability of the determination of the eigen-
values of M (more precisely the products in eq. (2.2)) with respect to small variation of
any matrix entry.

Proposition 1 (relation with fine-tuning). The stability assumption implies

oL, M,
' PN <1 forijp=1...n, (2.4)

oM;; 11,

but the viceversa is true only forn =1,2.

An example of 3 x 3 matrix M that satisfies eq. (2.4) but not eq. (2.3) is given in the
example 2 in appendix B. The reason why eq. (2.4) in that case misses the instability is
that the latter does not show up when |AM;;| is much smaller than the second eigenvalue
(which is always the case in eq. (2.4), where the limit AM;; — 0 is taken). This is the
reason why we chose to use a definition of stability using finite differences.

We now show that for n < 3 the stability assumption translates in practice into simple
constraints on products of matrix entries, which correspond to the absence of cancellations
in the expressions entering the determinants and sub-determinants of M. The constraints
in egs. (2.5) and (2.6) are all we need for the analysis carried out in the next sections.

Proposition 2 (characterization of stable matrices with n < 3).
1. Forn =1, M is trivially always stable;

2. Forn =2, M is stable if and only if
| My1 Moz | S mims, |MigMay| S mama; (2.5)
or equivalently if and only if |M;; Mj;| < mymj for alli,j =1,2;
3. Forn =3, M is stable if and only if

| Mip M| < mams foralli#7j, h#k
| M1 Moy Msi| S mimams for all ijk permutations of 123.

(2.6)
The interpretation of the above characterisation is clear in the light of the results on
mass matrices in appendix A. In particular, eq. (2.5) can be interpreted as the absence of
cancellations in the r.h.s. of mymg = | M1 Mag — M2 Mo, |, as discussed in the Introduction.
As for the n = 3 case, an analogous interpretation is possible in the light of the the fact that



the absolute value of the determinant of any p x p submatrix of M (in the case of eq. (2.6),
the 2 x 2 submatrix made of the M;y,, Mjy,, My, Mj;, elements, with determinant M;y, M, —
M;; M) is always smaller or equal to the product of the p largest eigenvalues (in the case
of eq. (2.6), the product moms). Moreover, mimoms = ]Zijk perm. of 123 My Mo; Msy|, so
that the last condition in eq. (2.6) can also be interpreted as the absence of cancellations
in the previous expression for mimaoms.

Note that the connection outlined above between the stability of M and the absence
of cancellations in the determinant and sub-determinants, although intuitive, is not trivial.
For example, it does not hold for n > 4, as shown by the example 1 in appendix B.

For completeness, we also give two additional characterisations of stable hierarchical
matrices that emerge in the proof of the previous proposition. Let us first fix a matrix
element M;; and define ]\Zf(ij) to be the matrix obtained from M by setting to zero all the
elements in the row ¢ and column j except M;; and M;; the matrix with the element 7j
set to zero, as in eq. (B.1). Let us also fix 1 < p < n and denote by )p and Ilj, the
quantities in eq. (2.2) associated to M ;j) and M;; respectively.

Proposition 3 (general characterisation of stable matrices). The following three state-
ments are equivalent:

1. Eq. (2.3) holds for given p,i,j;
2 iy S Ty
3. Wiy S My
Therefore the stability of the mass matriz is equivalent to requiring 2. or 3. for all i, 7, p.

The intuitive meaning of the points 2. and 3. above has again to do with stability, as
they state that setting to zero one of the matrix entries (or alternatively all the entries on
the same row and column except that one) does not give rise to a drastic change of the
structure of the eigenvalues.

Appendices A and B contain a number of additional results, as well as the proofs of
the statements in this section.

3 General structure of stable charged fermion (lepton) mass matrices

In this section, we will describe the general structure of a 3 x 3 hierarchical fermion mass
matrix satisfying the stability assumption, i.e. such that the hierarchy of its eigenvalues
does not require accidental or dynamical correlations among its entries.

Let us start with a remark on the ordering of rows and columns of M: it is always
possible to order the rows and columns of M in such a way that the structure of the matrix
follows the hierarchy of the eigenvalues, i.e. in such a way that the third row and column
are associated to the third and largest eigenvalue, and so on. More precisely, it is possible



to order the rows and columns of M in such a way that

|M3s| = O (m3),
| det Mg3| = O (mams), (3.1)

and of course |det M| = mymams,

where M[3) is the 2 X 2 sub-matrix of M corresponding to the second and third rows and
columns (as in egs. (A.2) and (A.3)). We will assume that this it the case in the following.

En passant, one can wonder how far from m3 and mgmg can [M33] and | det Mg get
in the equations above, or what exactly O (m3) and O (mamg3) mean. In appendix C we
show that we can always make |Mss| Z m3/v/3 ~ 0.6m3z and | det Mpg| 2 mams/V6 =
0.4maoms. If M did not satisfy the stability assumption (but is hierarchical), the bounds
above would be qualitatively different, |Ms3| £ m3/3 and | det Mg | Z mams/6.

Once the rows and columns of M have been ordered as above, a stable M is subject
to the following constraints:

o |Ms;|, | M| <ms,i=1,2,3,;

o | My, | M| Sma,i=1,2;
o M| < muy;
o |M;;Mj;| S mym;j for all 4,5 =1,2,3 except ij = 13, 31;

|MisMs1| < mams;

| M3 M3a|, | MagM31| S moms;
o |Mi3Mai Msy|, | M3y MyaMas|, |Mi3 Moy Mz | S mimams.

Viceversa, an hierarchical M satisfying the constraints above (and having mq, mo, ms as
eigenvalues) is automatically stable.

While in the 2 x 2 case M satisfies the stability assumption iff |M;; M;;| < mym; for
all 7,5 = 1,2, in the 3 x 3 case the corresponding constraint turns out to be true for all
i,7 = 1,2,3 except for ij = 13,31. We can then consider, in turn, two ranges for | Mi3Ms|:
|M13Ms1| < mims and the (somewhat less expected) mims < |MizsMs1| < meoms. In
this second case, which we consider first, the structure of M turns out to be particularly
constrained.

3.1 mmy <K ’M13M31‘ S mams

In this case, the constraints above force |Maz| < ma, so that | det M{gg)| = O (mamg3) must
be accounted for by |MagMsa| ~ mamg. The general structure of M can then be described
in terms of the size of the product |Mi3Ms1],

o = [MizMsi|
S omamg

(3.2)



and in terms of the asymmetry, or degree of “lopsidedness”, between | Msa| and | Mas| (Ras3)
and between |Ms;| and |Mis| (Ri3, or Rio = Ri3/Ra3),

M32 MSl
Ry = 1/ |’ 312323—\/ M| (3.3)

The matrix |M| of absolute values of the entries of M has then the following structure

Smy < mima/(RioVk) vVmimsk/(RiaRa3)
M| = | < mimaRi2/VE Sma/k Vmams/Ra3 ; (3.4)
vmimsk (Ri2Ro3) Vmam3 Ra3 ~ms3

m / / / 1
1<k < < R23 S ﬂk S Ri9 S m2 2 . (3.5)
mo mi k

The largest stable values of k, k ~ mgy/m1, require

where

S my S my ~/mams/Ra3
|M| = Smy S may ~/mamz/Ra3 | , (3.6)

~y/moms3 Ra3 ~/mam3 Ra3 ~ mg

where the lopsideness factor Rag is bounded as in eq. (3.5).

3.2 |M13M31| S mims

In this case, |M;; M;;| < mym; holds for all ¢, j = 1,2, 3. A general parameterisation similar
to equation eq. (3.4) is still possible, although it turns out to be more complicated. The
lopsidedness parameters R;; can be defined only if the corresponding |M;;Mj;| is non-zero.
If that is the case, we can define

| M M|
mimj

kij = , 1<j, and Ry = ‘ , <. (3.7)

In terms of the above parameters we can then write

Vki1m vVmimaki2/Ria vVmimskis/Ris
M| = | Vmimokia Ria Vkaama  v/mimakas/Ras |, (3-8)
vmimgkiz Ri3 v/ mimaokos Ro3 V'k33ms

where
kij S 1,
@k <p. < Ml
1] ~ 1] ~ mZ k@] (3-9)
mi < Rz moy 1 323312 1
Vo gk < jr2  Vhigkask
k13 S Ra3 my kazkiz 12kzskis 5 \/k‘12k‘23k?1

The formulas above also apply to the previous case, and thus become general, provided
that the constraint k13 < 1 is generalised to ki3 < ma/m; and provided that kijsv/kao S 1.



4 Examples

4.1 Can neutrino mixing arise from the charged lepton sector?

As an example of applications of the above results, in this subsection we revisit the issue
of whether the PMNS matrix can be dominated by the charged lepton contribution. The
PMNS matrix U is given by U = UeUJ, where U, and U, enter the diagonalisation of the
charged lepton and neutrino mass matrices, Mg = UgMgiagUe, M, = UE Mf,hagUy. Let
us consider the possibility that U, is diagonal and all the mixing comes from the charged
lepton sector, U = U, (up to phases that can be set to zero without loss of generality).

We first observe that in such a case the last row of the charged lepton mass matrix
Mp is approximately determined by the PMNS matrix, as

|ME| = |Usi|m, + O (m2/mz) (4.1)

where, experimentally, |Us;| = O (1).

By using eq. (4.1) and the results for normal hierarchy from the global fit in ref. [1]

we then get the 1o ranges

(0.28*0.45) m, (0.5070.62) m, (0.72*0.76) m,

up to corrections suppressed by (m,/m.)? ~ 0.003.

We now want to determine the constraints on the first and second lines that follow from
the stability assumption. Using the characterisation of stable mass matrices in section 3,
we find that we find that a lepton mass matrix Mg in the form eq. (4.2) satisfies the
stability assumption iff it is possible to find a k£ such that

<me Sme Skme

\Mg| = | Smu/k <mu/k <my |, with 1§k§%. (4.3)
NmT NmT NmT ¢

The above matrix can be diagonalised perturbatively with a series of 2 x 2 unitary

transformations, giving

U=U.= (PRlz( /12’ ¢/)R23(9§37 ¢3 - ¢2)R12(9T27 <f>2 - (bl) ) (44)

where R;;(6,¢) denotes the 3 x 3 unitary transformation consisting in the embedding of

_q i}
( COSH' sin fe ) (4.5)

sinfe~®  cosf

In order to prove the previous equation, we first observe that |US;| = |Us;| = O (1) and |U$s| =
O (1) (because |ME| ~ m,) and therefore |ME| = |Us;U$;m| + O (m,) ~ m,. The stability condition
then implies |M%| < my and |US;| < mu/me, § = 1,2 (since |M5| = |US; Ussm.| + O (my)). Finally,

unitarity implies |US; | = 1 — O (m,/m~)* and |Ugy| < my/mo, k = 1,2. Therefore, |ME| = |U; U§im, +
UgsUgimi| = |Uss Us;lm- + O (mi/mT) = |Us;|m+ + O (mﬁ/mf).



in the ij block of the 3 x 3 matrix; Ra3(653, 3 — ¢2) and Ri2(0,, p2 — ¢1) are the rotations
necessary to bring the third row of Mg in diagonal form and are determined by that row,

ME: P e PPN ; (4.6)
ei¢1s§25§3 mr iz {9853 My s C53 My
R12(05,¢') diagonalises the 12 block after the previous two rotations have been applied;
12

® is a diagonal matrix of phases. The results above hold up to corrections of relative order
m? /mZ. Eqgs. (4.2) and (4.3) give

tan 05, ~tanffy ~1 and tan®), ~ 1/k. (4.7)

The PMNS matrix in eq. (4.4) is in a form that has been already considered in the
literature [10, 25, 26, 30, 31]. The precise relation between the parameters in eq. (4.4)
and the parameters of the standard parameterisation can be found in refs. [25, 26]. In our
notations,

sin 913 = sin 0’12 sin 953 =0 (1) sin (923/k
cos? 0/,
1 — sin? ¢, sin? 05, (4.8)
| sin 65, cos 6, + €' cos 65, cos 05, sin 07, |

.9
sin” 0o = - -
1 — sin? 615 sin? 65, ’

sin? Aoz = sin” 05,

where ¢ = ¢ + ¢1 — ¢2. A fit for the parameters 655, 075 and 65, ¢ is shown in figure 1,
using the results of the global fit of neutrino oscillation data from ref. [1] both for normal

and inverted ordering of neutrino masses. The O (1) factor in the first equation is not ex-

E
[23][12]

correspondingly small [30]. If this is not the case, we estimate

pected to be small, unless a correlation among the entries of M makes its determinant

1/k=0(1) x 0.16. (4.9)

From figure 1(a,c) we also note also that, as a consequence of the first equation in (4.8), the
rotation angle 67, that diagonalises the 12 sector of Mg has the same size, within errors, as
the Cabibbo angle. Such a connection with the quark sector can be realised in the context
of grand-unification [25, 32-34].
In the light of what above, we observe that:
e A small 613 in the range
Me . . .
0.03 & — sinfy3 < sinfy3 < sinflag ~ 0.7, (4.10)
my,
including the measured range, can be obtained without the need of cancellations even
if all neutrino mixing comes from the charged lepton sector.*

“In ref. [30], a small 15 was associated to cancellations in the determinant of the M[gg][m] submatrix,
but it was also shown that the latter could be a natural consequence of a heavy vector-like lepton exchange
dominance.

~10 -



Normal ordering
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Figure 1. Contours of N, = \/Ax? in the (sinf},,sin65;) (a,c) and (sin6$,, ) (b,d) planes. We
construct the likelihood function using the results of the recent global fit of neutrino oscillation
data from ref. [1] for normal ordering (upper row) and inverted ordering (lower row) of neutrino
masses. In plots (a,c) we use only the constraints on sin 613 and sin? fo5 and the first two equations
in eq. (4.8). In plots (b,d) we include also the constraints on sin® 615 and ¢ and use the third line
of eq. (4.8) as well as the relation between ¢ and ¢ obtained by comparing the expressions for
Jep in the two parametrizations (see ref. [26] for the details), and we marginalize over sin 6}, and
sin #5;. The same analysis can be applied also to the case discussed in section 4.2, see eq. (4.24),
by substituting 0%, with ;5.
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e Independent of whether all neutrino mixing is accounted for by the charged lepton
contribution or not, the latter contribution is usually written as a product of two
rotations in the “standard order” U, = Ri3R23. We see that the “inverted order”,
Ue = Ra3R12, considered e.g. in refs. [9, 26], can also be obtained (up to corrections
of order m./m,), without the need of correlations, when 1/k is at the lower end of
its range, 1/k ~ me/m,,.

e The value of k in eq. (4.9) is compatible with & ~ \/m,/m.. Lepton mixing can
therefore be accounted for in this set up by

Me Me ey,
\MEg| ~ | /memy, /Mem,, my, . (4.11)
mr mr mr

Finally, let us briefly discuss whether an abelian flavour model, for example, can ac-
count for the texture in eq. (4.11). Often abelian models lead to textures in the form
Mg ~ cijA{Ajmo, with 0 < A, Af < 1 and |e;;| ~ 1 [35, 36]. Such textures can
also be obtained in partial compositeness models (for a recent review see e.g. ref. [37]).
Clearly such textures can account for all the entries of the above texture except for
Mgg, which parametrically would be expected to be O (mﬂ /mu/me) rather than O (m,),
i.e. an order of magnitude larger. Still, a texture in the form Mg ~ CijA;\jmg with
ME| =0 (m.r \/W) is not obviously ruled out. In fact, the parametric difference be-
tween the ratio | ML /ME| ~ 0.07 predicted by that texture and the ratio |M% /M| ~ 1 in
eq. (4.11) can be accounted by i) the fact that the precise observed value |M%/M%| ~ 0.7
is slightly smaller than 1, ii) the fact that in a two Higgs doublet model with large tan 3
the running of |M%/MZE| from a high scale to the electroweak scale can reduce its value
by a factor 2 [38], and iii) a slightly stretched O (1) factor.

Another possibility is to consider an abelian flavour model with more than one flavon,
which does not necessarily lead to a texture in the form Mg ~ ¢;jA{\img. A complete
example, also forcing the neutrino mass matrix to be diagonal, is provided in appendix D.

4.2 Correction to 612 = 7/4 from the charged lepton sector

As a second example, let us consider the case in which the neutrino mass matrix contributes
to lepton mixing with a maximal “12” rotation (up to phases),

Uyzquu<Z>Wy, (4.12)

where ®, and ¥, are diagonal matrices of phases. The charged lepton mass matrix must
account in this case for the measured deviation of 019 from 7/4, besides for 623 and 6;3.

As before we have M£ ~ m,Us;, where now

U.=UU,. (4.13)
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We can still parameterize the last row of Mg as in eq. (4.6), with
8§2853 ei‘z’l = (Ugl eial + (_]32 eiaz)/\/i
59555 €2 = (—Usy €' + Usz €)'’ /2 (4.14)
53 P — Uss em3,

where we have denoted by U the PMNS matrix in the standard parameterization (the
matrix U in eq. (4.13) is not necessarily in that parameterization). Eqs. (4.14) show that
the value of 055 is still determined by the PMNS matrix to be in the 1o range 0.72 <
cos 05, < 0.76, while the value of 67, also depends on the unknown phase a; — as. A non
zero value of 6%, is required in order to make |Us1| # |Usz|, as preferred by data at 20
(see below). For the present central values of the PMNS parameters in ref. [1] (normal
hierarchy), one gets the lower bound tané{, > 0.13. While #{, may be expected not to
be far from this lower limit, large values are also allowed, provided that the relative phase
a1 — ag in eq. (4.14) is properly adjusted.
In the light of what above, the texture for the third line of Mg can be written as

|Mg|~ | ... ... ... , (4.15)

where € = tan#{, and indicatively we can consider the range 0.13 < e < 1, with smaller
values also allowed if PMNS parameters away from the best fit are considered (we will
anyway assume that e 2 m./m, = 0.005, as indicated by present data). As the case
€ = O (1) has been considered in the previous subsection, we are interested to the case in
which e is significantly smaller than one, but the discussion below holds in both cases.

Let us now determine the constraints on the structure of the charged lepton mass
matrix that follow from eq. (4.15) and the stability assumption. Using the characterisation
of stable mass matrices in section 3, we find that a lepton mass matrix M in the form (4.15)
satisfies the stability assumption iff it is possible to find a k such that

<me < Me min(1, ke) <mek

€
My

|MEg| = <mu/k < %min(l,k‘e) ~my | with 1Sk S (4.16)

Me

~EM; ~ My ~ My

We can now diagonalise the matrix in eq. (4.16) to obtain the charged lepton con-
tribution to the PMNS matrix. A perturbative block by block diagonalisation gives as
before

Ue = ®R12(019, ¢') Raz(053, ¢3 — ¢2) R12(02, d2 — ¢1) (4.17)

where @ is a diagonal matrix of phases, Ra3(055, ¢3 — ¢2) and Ri2(65,, 2 — ¢1) are the
rotations necessary to bring the third row of Mg (parameterised as in eq. (4.6)) in diagonal
form, Ry2(0)5,¢") diagonalises the 12 block after the previous two rotations have been
applied, and the result holds up to corrections of relative order mi /m2. Eq. (4.16) gives

tan @), ~ 1/k, tanfs; ~ 1, tanffy, = €. (4.18)
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By combining U, in eq. (4.17) with U, in eq. (4.12) we find a PMNS matrix in the form
U = UUj = @R12(01y, ¢') Ras (055, 03 — d2) Ruz(012, 612) ¥ (4.19)

where VU is a diagonal matrix of phases. The PMNS matrix is thus again in the form
found in the previous subsection (12 x 23 x 12 rotations), but now the last 12 rotation
R12(055, 2 — ¢1) is replaced by the combination of that rotation with the maximal 12
rotation provided by the neutrino sector

Ria(012, d12) = Ria(05y, d2 — ¢1) Ria(7/4, ¢%,) x phases , (4.20)

where ¢, is a combination of the phases in ®,, ¥,. In the absence of phases, 019 =
/4 + 605,. In general,

+ 0%, , (4.21)
with é12, giglg given by

igv, 1 T tan 9§2€i(¢‘i2—¢i’2) ‘
1 —tan 9%2€i(¢i27¢,1/2)

ei912 tan 01y =e (4.22)

The PMNS matrix is again parameterised in the way considered e.g. in ref. [26] in
terms of the angles 6],, 65; and 012 in eq. (4.19) and of the phase ¢ = ¢/ = ¢12. The
angles 0],, 653, 012 are related to the parameters of the charged lepton mass matrix in
eq. (4.16) by

tan' ~ 1/k, tan 055 ~ 1, /4 —e<tanfy <w/d+€ (4.23)

and are related to the standard PMNS parameters by egs. (4.8) with 0§, — 01 and
¢=¢' — oo,

sin 913 = sin 0/12 sin 953 =0 (1) sin 023/]{3
cos? 0],
1 — sin? 6, sin® 05, (4.24)

B / i ) e «in g |2
| sin 012 cos 05 + € cos 012 cos 05 sin 0],

sin2 923 = SiIl2 953

.2
sin” 612 = 1 — sin? 0, sin® 05,
The determination of the PMNS parameters in figures 1 therefore still applies. In particular,
the determination of 55 and 6, is still given by figure 1(a,c), while 614 and ¢ are determined
by figure 1(b,d). From figure 1(b,d) we see that 6{, = 0, corresponding to 010 = w/4,1s 20
away from the best fit. Note also that the rotation 6}, in the 12 sector of Mg has again
the same size as the Cabibbo angle.

Note that two factors, both associated to the charged lepton sector, contribute to
make 012 different from the maximal value provided by the neutrino sector. One is the 6f,
rotation induced by M3E1, which makes 612 # /4, and the other is the 6], rotation used
to diagonalise the 12 block of ]\/[1]'32 after the other two blocks have been diagonalised. It
has been observed [26] that in the absence of the 6, contribution, i.e. when 019 = /4,
the 67, rotation alone can account for the deviation of 012 from 7/4 only at the price of
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a 20 tension (as 6], is constrained by 613, see egs. (4.24)). Here we see that this tension
disappears if the independent contribution 6f,, induced by M;ﬁ, is taken into account. In
such a scheme, 0, determines 613 and 6, further contributes to the deviation of 09 from
the neutrino contribution. Summarizing:

e A small #;3 in the range

0.03 = % sin 923 5 sin 913 < sin 923 ~ 0.7,
My
can be again induced without fine-tuning by the rotation 6,, whose natural size is set
by 1/k. The experimental value of sinf13 = O (1) sinfa3/k gives 1/k = O (1) x 0.16.

e The previous rotation alone can account for the deviation of 612 from 7/4 only at the
price of a 20 tension, with present data. On the other hand, this tension disappears
if the independent contribution to 612 induced by a non-zero ratio € = |M4% /ME] is
taken into account. Therefore, a plausible and stable texture for the charged lepton
mass matrix can account at the same time for the atmospheric mixing angle, the 63
angle, and the deviation of the 612 angle from 7/4.

Finally, we comment on the possible origin of the texture in eq. (4.16). We observe that
the latter is compatible with a form MZ-’]E. ~ CigAfAj mo, with 0 < Aj; Af < 1 and |lcij| ~ 1,
provided that € < 1/k ~ 0.16. Together with the experimental 20 bound € 2 0.13, this
implies € ~ 1/k. The structure Mg ~ ¢ijA{Ajmg and the constraint det Mg = mem, m,
then allow to rewrite eq. (4.16) as
Me Me
Me T e
Mpl ~ | emy, my my, | €~0.13-0.16. (4.25)

EMys My My

The previous texture is indeed in the form Mg ~ cii AN mg, with (A1, A2, A3) o (€,1,1)
and (Af, A5, A§) o< (me/€, my, ms). It can also be written in the form MZ-’]E- ~ cijedi T9imy,
with appropriate choice of € and of the charges ¢;, ¢f. Explicit and complete flavour mod-
els, forcing also a maximal 07, angle without non-abelian symmetries, will be considered
elsewhere.

5 Summary

We have studied general properties and specific examples of hierarchical fermion mass
matrices satisfying a “stability” assumption. The latter amounts to assuming the stability
of the smaller eigenvalues with respect to small perturbations of the matrix entries. Such an
assumption is equivalent to the absence of certain precise correlations, be them accidental
or forced by a dynamical/symmetry principle, among the matrix entries and is therefore
also motivated by the fact that no evidence of special correlations has so far emerged
from data.
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We have found a simple and general characterisation of a stable 3 x 3 mass matrix M
with eigenvalues m;, i = 1,2, 3, in terms of products of matrix entries that proves useful
for practical applications,

| Mip Mjk| S mams foralli# j,j #k
| My Mo Msi| S mimams for all ijk permutations of 123.

A number of exact relations involving the minors of M obtained in the appendices show
that the latter corresponds to the absence of cancellations in the expressions entering the
determinants and sub-determinants of M.

As an example of application of the general results, we have revisited the issue of the
the charged lepton contribution to neutrino mixing and determined the structure of the
charged lepton mass matrix under two assumption for the neutrino contribution: i) no
contribution at all (all mixing from the charged lepton sector) and ii) it only provides a
maximal 61 angle.

In the first case, we have seen that lepton mixing can indeed all come from the
charged lepton sector and that this does not need to fine-tune the value of 63, as long
as 013 2 me/mysinflag ~ 0.03, as it turned out to be. We have also translated the
present determination of the standard PMNS parameters into a determination of alter-
native, equivalent parameters, directly related to the charged lepton matrix entries. The
latter determination also allows to determine with good accuracy the whole third row of
the charged lepton mass matrix. We have also briefly discussed the possible origin of the
textures we have considered and provided an explicit example of a model realising this
scenario with abelian flavour symmetries.

In the case in which the neutrino sector only provides a maximal 12 rotation, we have
shown that present data provide a 20 evidence for a non-vanishing 31 entry of the charged
lepton mass matrix. The PMNS matrix turns out in fact to be given by a product of 12
and 23 rotations, U = 121 X 23 x 123 x 12,4, where the neutrino sector only provides for
the last one. Both the first and the second 12 rotations contribute to shift 615 from /4.
The first one is the rotation used to diagonalise the 12 block of MF after the other two
blocks have been diagonalised and is directly related to 613. The second one is induced by
a non zero value of M% /M%. Sometimes only the first one is considered, with the second
set to zero. In such a case, a 20 tension arises between the value of the 12 rotation needed
to account for 613 and the value needed to account for the deviation from 612 = 7/4 (also
due to the constraints on the phase ¢). On the other hand, the tension disappears if the
second 12 rotation is taken into account. In such a case, the first 12 rotation determines
f13 and the independent second rotation further contributes to the deviation of #15 from
7 /4. This way, a plausible texture for the charged lepton mass matrix can account at the
same time for the atmospheric mixing angle, the 613 angle, and the deviation of the 619
angle from /2.

In both cases, the left-handed rotation that diagonalises the 12 sector of Mg has the
same size, within errors, as the Cabibbo angle, which may be considered as a hint in support
of grand-unification.
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Finally, independent of whether all neutrino mixing is accounted for by the charged
lepton contribution or not, we have shown that the so-called “inverted order” of the 12
and 23 rotations in the charged lepton sector, U, = Ro3R12 can also be obtained without
fine-tuning (up to corrections of order m./m,,).
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A Useful results

In this appendix, we collect some results that have been used in the main text and will be
used in appendix B.

Let us first define some notations. Below, M will denote a n X n generic complex
matrix, possibly representing a fermion mass matrix. The matrix M can be diagonalized
by using two independent unitary matrices,

M=VITMpU, UV eU(n),  Mp=Diag(mi,...,my), (A.1)

where my,...,m, > 0 are uniquely defined singular values of M (referred in the text as
eigenvalues), ordered according to their sizes, m1 < ... < my,. We denote by M, i 1(ja...j.]
the p x ¢ sub-matrix made of the elements in the rows 4 ..., and columns j; ... j, of M,

(Miiy _ip)ijrial) ap = Miag (A.2)

(p,g=1...n,a=1...p,b=1...q). If the rows and columns coincide, we also use the

notation

M[il...z‘p} = M[il...ip][il...ip] . (A.3)

A first useful result is the fact that the determinant of any squared p x p submatrix of
M is bound by the p largest singular values of M,

| det Mj; | <My mippyr (A4)

11p][]1.71)]

In the case p = n, the inequality eq. (A.4) becomes of course an equality. For p = 1,
eq. (A.4) shows that all matrix elements are bound by the largest eigenvalue, |M;;| < m,,.
These inequalities are complementary to the ones in eq. (A.5) below.

Eq. (A.4) follows from a known result of linear algebra stating that the singular values

my < ... < 1y of the p X p submatrix My, ;) are bound by the p largest singular

[71---3p]
values of M, 1; < mp_pii, i = 1...p, see e.g. ref. [39].5

°It can also be obtained as follows. If two out of i1...i, are equal, eq. (A.4) is trivially
verified. If i1...4, are all different, |detM[ilmiP][jlij]\Q < Zk1<m<k,,‘detM[il---ip][kl---kp]‘z
det[(MTM)ps, i) = det(UTMBU) sy i) = 2opy < cny 1406 Uy iyl i, o omi, < miomi

Zk1<...<kp \det U[klkp][Lllp]‘2 = m% e mi_p+1| det(UTU)[Lllp”Q = m% .. .mi_p_,_l.

17 -



A related but independent result allows to obtain combinations of p singular values
through the determinant of p x p submatrices:

2 2 2 2
= > m..omd = > |det My, p .ol - (A.5)
11 <...<ip h1<...<hp
ki1<..<kp
The relation above generalizes the p = 1 result > ., m? = doij=1 |M;;|? obtained in
ref. [40]. For p = n it reduces to m?...m2 = |det M|?. The general case follows from

equating the coefficients of A7 in the secular equation det(Al — MTM) = [T, (A —m?).
The result is particularly useful in the case of hierarchical singular values m? < ... < m2,
2 2 2

. . ~ 2 .
in which case >, o, m3 ...m; ~my...my_, . and eq. (A.5) becomes an expression

for the product of the p largest squared singular values of M.

B Proofs of the results in section 2

We now prove the results stated in section 2, starting from proposition 3, whose discussion
is preparatory to the proof of the other two. In the following, and in the main text, z <y
(x Z y) indicates that x < y (z > y) or x is of the same order of y, i.e. they differ by
a factor of order one. Therefore, x < y (z 2 y) is equivalent to the negation of z > y
(x < y). Moreover, a b (a £ b) indicates that a <b+€ (a L b—€), with 0 < e < |b].
B.1 Proof of proposition 3

For convenience, we remind that the proposition states that the following three statements
are equivalent:

1. Eq. (2.3) holds for given p, i, j;
3. Hij)p S 10

We also remind that the quantities ﬁ(ij)p and f[(ij)p are associated to the mass matrices

Mll O M Mln
0 oo .. My -+ My, -~ M,
) M1+ 0 -« M1,
My = 0 0 M; 0 O . Muy=|My - 0 - My,|. (BI)
Miiq - 0 - Mgy,
0 oo ... My -+ My -+ My,
M1 0 My,

As the quantities I, can be profitably calculated in terms of the determinant of sub-
matrices (eq. (A.5)), let us first determine the relation among the sub-determinants of M,
M(

i) M(,-j). The relation depends on whether the sub-matrix includes the row 7 and the
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column j. Accordingly, we have (for convenience, we fix i, 7 and drop the suffix (ij) in M,
M, 11, 11,)

det My, iy 11ijj.gp-a] = Mig det My, i 0 gp1]

det Miiiy .y 1][j1..p] = 0
det M[il'"ip][jjl---jpfl} =0
det Mii, i) 1) = 40t My, 1., (B.2)
det Miiiy iy 1](jj1...dp-1] = € My iy 1. gp—a) — Mij det My, iy 1)1 5y 1]
det Mgy iy y)(j1-gp) = 4t Misiy iy 10515
det Mii, i, )(jju..gp—1) = A€t Misy _iy)(jir...jy1]
det M, iy )(j1...j,) = 4t Mgy ][] -

In the above equations, all 4 .. .14, are different from 4 and all j; ... j, different from j.
Let us begin proving that 2 = 1. Using eq. (A.5) one finds

2
INIE

, , AM,
’Mij’m = Z <€Z€U3wa + e Ypqut + | —2
ij

unl?) (B.3)

ocEIfj
where

w0 AM;; /M,

. . . . 1< <. <tp1 <n, all )
= T I?’.{(21...2p_1,31...]p_1)' ! p—1 # }7

CJAM /M| Y 1<h <. <jp1<n,al #j
V(i1 .cip—1,41---Jp—1) = det M[i,h---ip—l][j7j1---jp—1] )
Wiy mip-1) = Mij det My iy 31 gpma] = At Mgy iy 3] -
(B.4)
For p =1, eq. (B.3) should be interpreted as
All? 5
Now,
Do’ < D ldet My, g ,° =105 (B.6)
aeffj ’i‘1<..‘<i‘p
J1<...<Jp
and Z lwa|? < Z | det M[il_.ip][jl._.jp”? = H]% < HI%, (B.7)
ae[ipj ’L"1<...<’L4‘p
J1<...<Jp

the last approximate inequality being the hypothesis. Because of the Cauchy-Schwartz
inequality, we also have | Y viwa| S HIZ,. All in all, we have proven point 1, as

> [wal®
a <1 (B.8)
I3

~

T2

‘ ATL, M;;

1 AH]% M;;
AM;; 11,

AM;; 12

< [2avawal | 1]|AM;
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for all AM;; with |AM;;| < |M;;| (note that in the first step in eq. (B.8) we have neglected
a term of the same order of the sub-leading second term in the r.h.s.).

Let us now prove, by contradiction, that 1 = 3. Suppose that pr < II, was not
verified. Then we would have f[p = RII,, with R > 1. The large size of f[p would then
imply a large size of Y, |wal|?, as

Do lwalf= Y (M det My, iy iyl (B.9)

aelz?. 11 <o <ip_1,71
J . b .
J1<..<jp—1,7#J

Yo (det My, sy i gyl = 1det Migiy iy gy 11)

11 <...<ip_1,71%
j1<"~<jp—177éj

— ITT2 2|~ P2772
= |12 - 11%| = R*112,

where we have used eqgs. (B.2). Consider now a variation of M;; by

AM;; = %Mijew, (B.10)

where k is a positive number of order one and ¢ is a phase chosen in such a way that
2Rele?viw,] = 0 in eq. (B.3). Then |[AM;;| < | M|, but eq. (B.3) gives

=—=2 — >FkR 1 B.11

‘ M;; AHZ%
2 AM;;

which would contradict the assumption.
Let us finally prove that 3 = 2. This can be done by observing that ﬁp S I, implies

ﬁz _ Z | det M[z‘l...z’p}[ji.--ijQ

1< <ip, A
J1<e.<Jp,#J

W 2

+ ) et Mgy iy e dpe] — 9t Mgy iyl
1< <1, 741
1< p—1,7]

< Z | det M[il---ip} [Fi---dp] |2 + Z | det M[iil---ipfl}[jji---jpfl} |2

1< <ip, i 1< i1,
J1<.<Jp,#£J J1<<dp—1,%]

+ Z | det M[z‘z‘l...ipfﬂ[jji---jp*ﬂ|2

1< i1,
J1<<dp—1,%]

<IZ+ 11 ~ 112 (B.12)

where we have used eqs. (B.2) to obtain the first equality. This proves point 2.

B.2 Proof of proposition 2

For convenience, we remind that this proposition characterises as follows the stability of
matrices M with dimension n < 3:

—90 —



1. For n =1, M is always stable;
2. For n =2, M is stable if and only if

| M1 M| S mima, | MiaMoaq| S mimg; (B.13)

3. For n =3, M is stable if and only if
| M, M| S moms foralli#j,j#k (B.14a)
| M1 Mo Msy,| S miymams  for all ijk permutations of 123 . (B.14b)

Let us start observing that for p = 1 (any n) eq. (B.5) gives

M;; AT M;;|?
‘ g 1 |7”|2 <1. (B.15)
I, AM;, >nie [ M|

This proves in particular that M is always stable for n = 1.

~ cosf

Given what above, for n = 2 we just need to consider the case p = 2. In general, for
p=n, eq. (B.3) gives

AMU

ij

'M” AlL, (B.16)

~ R zBMl] cof MU Mij cof Mi]’ 2
I, AM;,

det M det M

Therefore, 1.h.s. < 1 in the previous equation for all AM;; (i.e. for all #) if and only if
|M2‘j COf MZ]‘ S myi...Mmy (Ol“ Mz'jMﬂl S 1) . (Bl?)

In the p = n = 2 case the above relations coincide with the ones in eq. (B.13), which proves
the case n = 2.

The proof of the n = 3 case is more involved. First of all, let us show that the
stability or Il with respect to variation of any matrix element is equivalent to | M;; M. jk] <
momg for all ¢ # j, h # k. It is easy to show that the stability of Ily implies the latter
relations proposition 3 states that the stability of Il implies H(z])g S Io; then | M, M| =
]detM [hk]] < H (2 S Ha =~ mams. Viceversa, if | My, M| S mamg for all i # j, h # k,

we have using eq. (B.3) as before,

Mip Al | _ 2_ni(det Myjyne)* Min M
Iy AM;p| ™ mim3
det M;;; det Mi;j)i %)/
52"’“‘ ot Miggpel| o (e 1908 Migpug| )= _ ) T ~2,  (B.18)
meoms maoms3 mams

which proves that II5 is stable.”

In order to complete the proof of the n = 3 case, we now show that the stability of
II3 is equivalent to |My; Mo Msy| S mimams for all ijk permutations of 123. First, using
again eq. (B.3), we find that the stability of II3 is equivalent to

|M;; cof M;j| < mimams  for all ij. (B.19)

In eq. (B.18) we have used 3% |z;] < VE(ZF,|2:/*)Y? to the sum of the 4 terms in
2 | det Miijinm]-
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We then have to show that eq. (B.19) is equivalent to eq. (B.14b). It is easy to show that
eq. (B.14b) implies eq. (B.19). In order to show that eq. (B.19) implies eq. (B.14b), let us
first observe that there must exist at least one 2 x 2 sub-matrix M;;)i) With determinant
| det Mijpnk| = O (mams3). Otherwise, if |det Mjnk| < mamg for all sub-matrices, we
would also have IT3 = Y, _ ih<
can assume such sub-matrix to be Mjs3;. Then eq. (B.19) for ij = 11 forces M| S ma.

. | det M[ij][hk”z < m3m3.” Without loss of generality, we

Since we also have | Moo Mss| < mams, we conclude that
| M1y Moo M3z3| S myimams . (B.20)

We have therefore proven one of the relations in eq. (B.14b). All the other ones follow
because of the constraints eq. (B.19). For example, using eq. (B.19) for ij = 33, | M1 Moz —
M12M21HM33| 5 mimoms, we obtain

| M12 Moy M3z3| S mimams . (B.21)

Using eq. (B.19) for ij = 12, we obtain | Mo Ma3Ms1| < mimams. And so on and so forth
(the 9 constraints in eq. (B.19) are enough to constrain all the 6 products in eq. (B.14b).
This completes the proof of the n = 3 case and thus of proposition 2.

B.3 Proposition 2 cannot be extended to n =4

As mentioned in the text, the characterisation in proposition 2 cannot be extended to
the case n = 4. For example, not all n = 4 hierarchical matrices satisfying the stability
assumption satisfy |Mi; Mo; M3 My| S mimamgmy for all ijkl permutations of 1234. This
is the case for example of the matrix in eq. (B.22).

Example 1. Consider the matrix

0€¢€¢
€001
M = B.22
€eoll’ ( )
0€e el
where € < € < 1. The singular values are approximately given by €' (¢'/€), € /2, \/4/3€,
V3. The matrix satisfies the stability assumption. However, MisMoyMsi My =
(6/6/) mi1meomsmnmy > M11MaIM3my.
B.4 Proof of proposition 1

Before illustrating the proof, let us define more precisely the quantity on the lh.s. of
eq. (2.4). If the limit of the Lh.s. of eq. (2.3) for AM;; — 0 existed, we would simply have
oll, M;; All, M;;
8Mij Hp AMZ']' Hp

= 1
AMij—>0

. (B.23)

"More precisely, we can show that there is at least one sub-matrix Mj;;jnk) such that det M jpne >
maoms/2. In order to show it, we anticipate that there can be at most 4 sub-determinants giving a sizeable
contribution to IT2 (see appendix C). Then for at least one of the 4 sizeable sub-determinants we must have
‘M[ij][hk] |2 > H§/4 ~ m%m%/él, i.e. ‘ det M[ij][hk]| > m2m3/2.
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On the other hand, the quantities II, are not holomorphic functions of the variable M;;,
and the limit depends on the direction along which AM;; — 0. In such a case, we replace
the r.h.s. of eq. (B.23) by the maximum value taken by the limit when AM;; approaches 0
from different directions in the complex plane (AM;; = az, z € C, [z2| =1, a € R, a — 0).
Since H}% can be considered as an holomorphic function of M;; and M}, (through eq. (A.5)),
we have

AH M'L’j
AM;; 11,

(B.24)

max lim
z  AM;j=0z—0

_ | 01, M
- |oM;; 10,

ot M,
OM;; 11

In short, we define the Lh.s. in eq. (2.4) as the quantity in eq. (B.24).
Let us now prove proposition 1, which therefore states that the stability assumption
implies

M, M;;
’8 £ <1 fori,j,p=1.. (B.25)

oOM;; 11,

o1,
oM

but the viceversa is true only for n =1, 2.

The fact that eq. (2.3) implies eq. (B.25) simply follows from eq. (B.24). We then need
to prove that the viceversa is true for n = 1,2, but not for n > 3.

For p =1 (any n), both eq. (2.3) and eq. (B.25) are always verified. This proves the
viceversa for n = 1 and n = 2, p = 1. For p = n = 2, it is easy to see (for example from
eq. (B.3), maximising with respect to 6) that

81_[2 1]
8Ml-j HQ

Olly M
OM;; I

szth:
mima

(B.26)

where My, is the matrix element opposite to M;; in M. Therefore eq. (B.25) implies
eq. (B.13), which implies that M is stable. This proves the viceversa for n = 2.

Finally, we need to prove that the viceversa is not true for n = 3. This is illustrated
by the following example.

Example 2. Consider the matrix
€11

M=|0eco0], (B.27)
011

where ¢ < ¢ < 1. The singular values are approximately given by €' /v/2, €/1/2, 2. Using
for example the general relation

‘ 8Hp MZ] ' 8Hp M{; _ ‘Zaé[fj Uzwa| (B 28)
oM; 1, | |9M;; 10, T2 ! ‘

one can see that eq. (B.25) is verified. On the other hand, M does not satisfy the stability
assumption because Mo Mss > momsg, which contradicts eq. (B.14a).
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C Ordering rows and columns

In this appendix we discuss the results on the ordering of rows and columns of a 3 x 3
hierarchical mass matrix M mentioned in section 3.

Let us first consider a hierarchical matrix M that does not necessarily satisfy the
stability assumption. The following lemma proves useful to discuss this case.

Lemma (ordering for unitary matrices). Given a 3 x 3 unitary matriz U, it is possible to
permute its columns (rows) in such a way that

Usg] > | det Uigg| > — (C.1)

33l = —=> € = T = .
V3 “= e

Moreover, it is not possible to set more stringent general bounds: for any € > 0 there exists
a unitary matriz U for which it is not possible to find an ordering such that |Usz| > 1/v/3+e€
and | det Uppg)| > 1/v6 +e.

Proof. To prove the first bound in eq. (C.1) it suffices to observe that |Usy|> + |Usa|? +
|Us3|? = 1, so that max; |Us;|?> > 1/3. We can then permute the columns of U in such a
way that |Uss| = max; |Us;| > 1/4/3. Consider now an ordering in which |Usz| > 1//3.
As |det U[231[13]|2 + | det U[Qg}[23}|2 = |Ugs|? + |Us3|?> > 1/3, the larger determinant will
not be smaller than 1/6. We can then order the first two columns in such a way that
det Upgjjizy] > 1/v/6.

To prove that the bounds cannot be made more stringent, it suffices to consider the

| det Uppg)| = max;—1 2

matrix

1 € 1 € 2 ,
ﬁl‘ﬂw;ﬁﬁ‘ﬁf
U= 7 N 0 ,

!/ 1 \/§ / 1
7§ € ﬁ —€ ﬁ +e€
where ¢ and ¢ are small and positive and such that |Us;|? + |Usz|? + |Uss|?> = 1 (the
matrix U is then unitary). In order to have |Usz| > 1/+/3, the third column should not be
permuted. Moreover, | det Upgj3| = | det Ujpz)jaz)| = 1/ V6 + ¢/4/2. Therefore, whatever is
the ordering chosen for the first two columns, we have | det Ujpg)| = 1/v/6 + ¢/v/2, which

can be made arbitrarily close to 1/ V6. O

Using the previous lemma, we can show the following proposition.

Proposition. Let M be a hierarchical 3 x 3 matriz. Then it is possible to permute rows
and columns in such a way that
maoms

ms
|M3s| 2 5 | det Mpog)| 2 6 (C.3)

Moreover, it is not possible to set more stringent general bounds.
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Proof. Tt suffices to use the singular value decomposition M = VI MpU, U,V unitary,
Mp = Diag(mi,mg,m3), 0 < m; < mg < ms. We can then permute the rows and
columns of M (i.e. the columns of U and V') in such a way that U and V satisfy eq. (C.1).
We then have |det Mss| ~ |V33msUss| > ms/3 (alternatively, we could have observed
that m3 ~ IIf = >, [Mu|?, so that maxpy |[Mpr|* 2 m3/9). Moreover, |det Migg)| ~

| det Vi3a|| det Ujaz)|mams > mams3/6. Using the relations above it is also possible to show,
as in the lemma, that the bounds in eq. (C.3) cannot be made more stringent. O

Let us now assume that M satisfies the stability assumption. It is then possible to get
stronger bounds on |M3zs|, | det Mpyg|.

Proposition. Let M be a hierarchical 3 x 3 matrix satisfying the stability assumption.
Then it is possible to permute rows and columns in such a way that

ms moms
|Ms3| 2 —, | det Mpog| 2

~ V3 V6

Proof. The result in eq. (C.4) can be proven by direct inspection of the structures allowed by

(C.4)

proposition 2. In particular, we can classify the possible structures in terms of the number
N of 2 x 2 sub-matrices whose determinant is not suppressed with respect to moms. Note
that the stability assumption allows at most N = 4 such sub-matrices. Indeed, for each
sub-determinant giving a unsuppressed contribution, eq. (B.19) forces one matrix element
to be of order my or smaller, and direct inspection shows that with more than 4 matrix
elements of order m; or smaller, it is not be possible to have 4 or more unsuppressed
sub-matrices. Then, direct inspection shows that

M 272, ldet My 2702 (N =4)
| May| 2 % | det Mg Z mﬁ (N =3)
|Mas| 2 % | det Mg 2 mjgs (N=2) o
|Mas| 2 2 | det Migy| Z 208 (N =1)

V2’ Vi
We will not go through the lengthy and not particularly inspiring proof, but we make three

observations useful to determine the possible structures of M for a given N (and thus to
prove egs. (C.5)):

e The matrix entries must satisfy |M;;| < ma, | M M| S moma, | MMMy, S
mimeoms when rows and columns are all different.

e The possible structures can be classified by the position of the entries complementary
(i.e. with no common row or column) to the 2 x 2 unsuppressed sub-determinants,
which by eq. (B.19) are not much larger than m;. All remaining 2 x 2 sub-determi-
nants must be suppressed with respect to maoms.

e Suppose only the 2 x 2 sub-matrices in the last two rows have unsuppressed determi-
nants and let us consider the two sub-matrices that include the third column elements
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Moz and M3g, Mgz, @ = 1,2. At least one of the two must have |det Mgg| £
1/4/6. The latter statement can be shown by observing that if | det M 23)[i3)] < € for
both ¢, then (Mgl, Moo, Mgg) = (M31, M3, Mgg)(Mzg/Mgg) + (5M21, (5M22,0), with
|5M21|, ‘5M22‘ < €/|M33| and |det M[23H21]’ = |5M21M32 — 5M22M31| < 2¢. There-
fore, m3m3 ~ 13 ~ 37, | det Mgz |* < 6€ and € Z mams/ /6. O

D Flavor model for U, =1

In this appendix we briefly present, as a proof of existence, an abelian flavor model which
realises the case in which the neutrino mass matrix is diagonal and the lepton mixing
arises from the charged lepton sector, closely related to the one presented in appendix A
of ref. [30], albeit with no need of introducing extra messenger fields. We do so in the
context of a supersymmetric SU(5) grand unified theory. We introduce a flavor symmetry
F = U(l)FO X U(l)Fl X U(l)F2 X U(1>F3 X U(l)F4.

The relevant field content, as well as charge assignment is given by

10; 109 103 5; B3 B3 5By by
Fy| 3 2 0 0O 0 O 0 0
F 2 2 1 1 1 0 0 0
Fr | 2 2 2 1 0 0 0 0
F3 | 2 2 2 0O 1 0 0 0
Fy| 2 2 2 0 0 1 0 0

The flavon fields, and their charge assignment, are

b 01 O 03 604 05 O 07 0Os O
Fob| -1 0 0 0 0 0 0 0 0 0
FFl 0 -2 -1 0 0 0 0 0 0 0
Fr, | 0O
F;| 0 0 0 0o -2 0 o -3 0 -4
Fy | O

The effective superpotential at low energy can be written as

_ Cii _ _

W = yij10110j5H + 771']‘102‘5]'5[{ + %(51'5]{)(5]'5[{) , (D.l)
where A is a high mass scale related to the flavor dynamics and the other couplings are
adimensional and include suitable powers of (6;)/A ~ A < 1 (for simplicity, all vev are
assumed to be of the same order) in order to make each term invariant under the symmetry
F'. This fixes the up-type quark mass matrix to be

AT A6

My, ~ §(5g)A2 | X6 X5 A3 | (D.2)
A3 1
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the charged lepton one to be

AT AL N3
Mg ~AGmAt [ A3 X3 A2 | (D.3)
111

and finally the neutrino masses are diagonal and with inverted ordering, proportional to

Ab5g)?
A

le; = 51']' (51161)\ =+ 51'262)\ + 51'363) . (D.4)
Above we defined the O(1) parameters g;;, 7;; and ¢. Notice that in eq. (D.3) we repro-
duced the mass matrix of eq. (4.11). Finally, let us point out that the only symmetries
necessary in order to reproduce the texture of eq. (D.3) in the charged lepton sector (albeit
with a different overall scaling with \) are the first two U(1) factors, U(1)g, x U(1)p, and
the only flavons necessary are 0y, 61 and 0o, with the same charges as specified above.

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