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1 Introduction

At the School I gave three lectures on neutrino masses and mixings. Much of the material
covered in my first two lectures is written down in a review on the subject that I published
not long ago with F. Feruglio [I]. Moreover, there has been some (necessary and useful)
overlap with other particularly related courses at this School, e.g. with [2], [3], [4] and with
the experimental talks. Here, I make a relatively short summary (with updates) of the
content of my first two lectures, referring to our review for a more detailed presentation,
and then I expand on the content of the third lecture which was dedicated to recent work
on A4 models of tri-bimaximal neutrino mixing which were not covered in the review.
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By now there is convincing evidence for solar and atmospheric neutrino oscillations.
The Am? values and mixing angles are known with fair accuracy. A summary of the
results, taken from Ref. [5] is shown in Table [l For the Am? we have: Am?2, ~
241072 eV? and Am?, ~ 7.9 107° eV?. As for the mixing angles, two are large and
one is small. The atmospheric angle 6,3 is large, actually compatible with maximal but
not necessarily so: at 30: 0.29 < sin?fys < 0.71 with central value around 0.44. The
solar angle 61, the most precisely measured, is large, sin?6;5 ~ 0.31, but certainly not
maximal (by about 6 0 now). The third angle 6,3, strongly limited mainly by the CHOOZ

experiment, has at present a 3o upper limit given by about sin®#;5 < 0.04.

In spite of this experimental progress there are still many alternative routes in con-
structing models of neutrino masses. This variety is mostly due to the considerable
ambiguities that remain. First of all, it is essential to know whether the LSND signal,
which has not been confirmed by KARMEN and is currently being double-checked by
MiniBoone, will be confirmed or will be excluded. If LSND is right we probably need at
least four light neutrinos; if not we can do with only the three known ones, as we assume
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Table 1. Best fit values of squared mass differences and mizing angles[5]
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lower limit | best value | upper limit
(20) (20)
(Am2, )ra (1077 eV?) 7.2 7.9 8.6
Am?, (1073 eV?) 1.8 2.4 2.9
sin? 6,5 0.27 0.31 0.37
sin? 63 0.34 0.44 0.62
sin? 6,3 0 0.009 0.032

here in the following. Then, as neutrino oscillations only determine mass squared differ-
ences a crucial missing input is the absolute scale of neutrino masses. Also the pattern
of the neutrino mass spectrum is not known: it could be approximately degenerate with
m? >> Amg; or of the inverse hierarchy type (with the 1,2 solar doublet on top) or of
the normal hierarchy type (with the solar doublet below).

The following experimental information on the absolute scale of neutrino masses is
available. From the endpoint of tritium beta decay spectrum we have an absolute up-
per limit of 2 eV (at 95% C.L.) on the mass of "z.” [6], [7], which, combined with the
observed oscillation frequencies under the assumption of three CPT-invariant light neu-
trinos, represents also an upper bound on the masses of all active neutrinos. A less direct
information on the mass scale is obtained from neutrinoless double beta decay (0v3[3)
[8]. The discovery of Ov33 decay would be very important because it would directly es-
tablish lepton number violation and the Majorana nature of v’s. The present limit from
Ov(p3 is affected by a relatively large uncertainty due to ambiguities on nuclear matrix
elements. We quote here two recent limits (90%c.1.): |me.| < 0.33 —1.35 eV [IGEX("Ge)
[9]] or |mee| < (0.2 —1.1) eV [Cuoricino(**%Te) [10]], where m.. = > U%m; in terms of
the mixing matrix and the mass eigenvalues (see eq.(H])). Complementary information on
the sum of neutrino masses is also provided by measurements in cosmology [3], where an
extraordinary progress has been made in the last years, in particular data on the cos-
mic microwave background (CMB) anisotropies (WMAP), on the large scale structure of
the mass distribution in the Universe (SDSS, 2dFGRS) and from the Lyman alpha forest
[11]. WMAP by itself is not very restrictive: Y, |m;| < 2.11 eV (at 95% C.L.). Combining
CMB data with those on the large scale structure one obtains >, |m;| < 0.68 eV. Adding
also the data from the Lyman alpha forest one has Y, |m;| < 0.17 ¢V [12]. But this last
combination is questionable because of some tension (at ~ 20’s) between the Lyman alpha
forest data and those on the large scale structure. In any case, the cosmological bounds
depend on a number of assumptions (or, in fashionable terms, priors) on the cosmological
model. In summary, from cosmology for 3 degenerate neutrinos of mass m, depending on
which data sets we include and on our degree of confidence in cosmological models, we
can conclude that m < 0.06 — 0.23 — 0.7 eV

Given that neutrino masses are certainly extremely small, it is really difficult from
the theory point of view to avoid the conclusion that L conservation is probably violated.
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In fact, in terms of lepton number violation the smallness of neutrino masses can be
naturally explained as inversely proportional to the very large scale where L is violated,
of order Mqyr or even Mp;. If neutrinos are Majorana particles, their masses arise from
the generic dimension-five non renormalizable operator of the form:

(HI)T ]A\?(Hl)j + e (1)

05 =
with H being the ordinary Higgs doublet, [; the SU(2) lepton doublets, A a matrix in
flavour space, M a large scale of mass and a charge conjugation matrix C' between the
lepton fields is understood. Neutrino masses generated by Os are of the order m,, ~ v?/M
for A\;; = O(1), where v ~ O(100 GeV) is the vacuum expectation value of the ordinary
Higgs. A particular realization leading to comparable masses is the see-saw mechanism,
where M derives from the exchange of heavy vg’s: the resulting neutrino mass matrix
reads:

m, =mpM tmp . (2)

that is, the light neutrino masses are quadratic in the Dirac masses and inversely propor-
tional to the large Majorana mass. For m, =~ \/Am2,, ~ 0.05 eV and m, ~ m% /M with

mp ~ v ~ 200 GeV we find M ~ 10" GeV which indeed is an impressive indication for
Mgur. Thus probably neutrino masses are a probe into the physics at Mgyr.

2 The v-Mixing Matrix

If we take maximal so3 (s;; = sin#;;) and keep only linear terms in u = s13€'?, from
experiment we find the following structure of the mixing matrix Uy; (f = e,u,7,1 = 1,2, 3),
apart from sign convention redefinitions:

Uy =
—(s12 + 01122U*)/\/§ (c12 — 51122U*)/\/§ 1/V2
(s12 — c12u®)/V2  —(c12 + s12u*)/V2 1/V/2
(3)

If s13 would be exactly zero there would be no CP violations in v oscillations. A main
target of the new planned oscillation experiments is to measure the actual size of si3. In
the next decade the upper limit on sin?26;5 will possibly go down by at least an order of
magnitude (T2K, NovA, DoubleCHOOZ.....) [13]. Even for three neutrinos the pattern
of the neutrino mass spectrum is still undetermined: it can be approximately degenerate,
or of the inverse hierarchy type or normally hierarchical. Given the observed frequencies
and the notation Am?, = Am?3,, Am2, = |Am3,| with Am2, = |my|? — |my|? > 0 and
Am3, = mZ — |my|?, the three possible patterns of mass eigenvalues are:

Degenerate : [my| ~ |ma| ~ |ms| > |m; — m;|
Inverted hierarchy : [mq| ~ |mg| > |ma|

Normal hierarchy : |mg| > |ma | (4)



4 Guido Altarelli

The sign of Am2, can be measured in the future through matter effects in long baseline
experiments [13]. Models based on all these patterns have been proposed and studied and
all are in fact viable at present.

The detection of neutrino-less double beta decay, besides its enormous intrinsic im-
portance as a direct evidence of L non conservation, would also offer a way to possibly
disintangle the 3 cases. The quantity which is bound by experiments is the 11 entry of
the v mass matrix, which in general, from m, = U*mgjq U T is given by :

[Mee| = [(1— 5%3) (mlCé + m23%2) + m362i¢3%3 (5)

Starting from this general formula it is simple to derive the following bounds for degen-
erate, inverse hierarchy or normal hierarchy mass patterns.

a) Degenerate case. If |m| is the common mass and we set sy3 = 0, which is a safe
approximation in this case, because |mgs| cannot compensate for the smallness of
s13, we have mg, ~ |m|(cl, &+ s3,). Here the phase ambiguity has been reduced
to a sign ambiguity which is sufficient for deriving bounds. So, depending on the
sign we have m.. = |m| or me. = |m|cos26,5. We conclude that in this case m..
could be as large as the present experimental limit but should be at least of order

O(y/Am2,,) ~ O(1072 eV) given that the solar angle cannot be too close to
maximal (in which case the minus sign option could be arbitrarily small). The
experimental 2-o range of the solar angle does not favour a cancellation by more

than a factor of about 3.

b) Inverse hierarchy case. In this case the same approximate formula m.. = |m|(c?, &
s2,) holds because my is small and the s;3 term in eq.(H) can be neglected. The dif-

ference is that here we know that |m| &~ \/Am2,,, so that |me.| < \/Am?2,, ~ 0.05
eV. At the same time, since a full cancellation between the two contributions cannot
take place, we expect |m.| > 0.01 eV.

¢) Normal hierarchy case. Here we cannot in general neglect the ms term. However in

this case |mee| ~ [\/Am?2,, s?, £ \/Am2,, s5] and we have the bound |m..| < a
few 1072 eV.

Recently some evidence for Ov33 was claimed [14] corresponding to |me.| ~ (0.2+-0.6) eV
((0.1+0.9) eV in a more conservative estimate of the involved nuclear matrix elements).
This result is not supported by the IGEX and Cuoricino measurements of a comparable
sensitivity, but If confirmed it would rule out cases b) and ¢) and point to case a) or to
models with more than 3 neutrinos. In the next few years a new generation of experiments
will reach a larger sensitivity on Ov3( by about an order of magnitude [§]. If these
experiments will observe a signal this would indicate that the inverse hierarchy is realized,
if not, then the normal hierarchy case remains a possibility.

3 7”Normal” versus ”Exceptional” Models

After KamLAND, SNO and WMAP not too much hierarchy in neutrino masses is indi-
cated by experiments:

r=Am?,/Am?, ~ 1/30. (6)
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Precisely at 20: 0.025 < r < 0.049 [5]. Thus, for a hierarchical spectrum, my/mg ~
V/r ~ 0.2, which is comparable to the Cabibbo angle A\¢ ~ 0.22 or \/m,/m, ~ 0.24.
This suggests that the same hierarchy parameter (raised to powers with o(1) exponents)
applies for quark, charged lepton and neutrino mass matrices. This in turn indicates
that, in absence of some special dynamical reason, we do not expect a quantity like 6;3
to be too small. Indeed it would be very important to know how small the mixing angle
013 is and how close to maximal is #3. Actually one can make a distinction between
"normal” and ”exceptional” models. For normal models 6,3 is not too close to maximal
and 613 is not too small, typically a small power of the self-suggesting order parameter /7,
with 7 = Am?2,,/Am?,, ~ 1/30. Exceptional models are those where some symmetry or
dynamical feature assures in a natural way the near vanishing of 6,3 and/or of 03 — 7/4.
Normal models are conceptually more economical and much simpler to construct. Typical
categories of normal models are:

a) Anarchy. These are models with approximately degenerate mass spectrum and no
ordering principle, no approximate symmetry assumed in the neutrino mass sector
[15] [I]. The small value of r is accidental, due to random fluctuations of matrix
elements in the Dirac and Majorana neutrino mass matrices. Starting from a random
input for each matrix element, the see-saw formula, being a product of 3 matrices,
generates a broad distribution of r values. All mixing angles are generically large:
so in this case one does not expect #3 to be maximal and #;35 must probably be
found near its upper bound.

b) Semianarchy. We have seen that anarchy is the absence of structure in the neutrino
sector. Here we consider an attenuation of anarchy where the absence of structure
is limited to the 23 sector. The typical structure is in this case [16] [1]:

o

m,~m| e

(7)

— = o
— =

€

where ¢ and € are small and by 1 we mean entries of o(1) and also the 23 determinant
is of 0(1). This texture can be realized, for example, without see-saw from a suitable
set of U(1)p charges for (I1,1s,13), eg (a,0,0) appearing in the dim. 5 operator of
eq.(d). Clearly, in general we would expect two mass eigenvalues of order 1, in
units of m, and one small, of order § or €2. This typical pattern would not fit
the observed solar and atmospheric observed frequencies. However, given that /r
is not too small, we can assume that its small value is generated accidentally, as
for anarchy. We see that, if by chance the second eigenvalue n ~ /1 ~ § + €2,
we can then obtain the correct value of r together with large but in general non
maximal 6y3 and 615 and small 6,5 ~ €. The guaranteed smallness of 6;3 is the main
advantage over anarchy, and the relation with /r normally keeps ;5 not too small.
For example, § ~ €% in typical U(1)r models that provide a very economical but
effective realization of this scheme .

c¢) Inverse hierarchy. One obtains inverted hierarchy, for example, in the limit of exact
L. — L, — L, symmetry with r = 0 and bi-maximal mixing (both #;, and 63 are
maximal) [I]. Simple forms of symmetry breaking cannot sufficiently displace 65
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from the maximal value because typically tan? f15 ~ 1+o0(r). Viable normal models
can be obtained by arranging large contributions to 693 and 65 from the charged
lepton mass diagonalization. But then, it turns out that, in order to obtain the
measured value of 61, the size of 613 must be close to its present upper bound [17].
If indeed the shift from maximal 6,5 is due to the charged lepton diagonalization, this
could offer a possible track to explain the empirical Raidal relation 6,5 + 6o = /4
[18](with present data 615 + 0o = (47.0 + 1.7 — 1.6)°). While it would not be
difficult in this case to arrange that the shift from maximal is of the order of ¢,
it is not clear how to guarantee that it is precisely equal to ¢ [19]. Besides the
effect of the charged lepton diagonalization, in a see-saw context, one can assume a
strong additional breaking of L. — L, — L, from soft terms in the Mzr Majorana
mass matrix [20]. Since vg’s are gauge singlets and thus essentially uncoupled, a
large breaking in Mgzgr does not feedback in other sectors of the lagrangian. In this
way one can obtain realistic values for 6,5 and for all other masses and mixings, in
particular also with a small 6;3.

d) Normal hierarchy. Particularly interesting are models with 23 determinant sup-
pressed by see-saw [I]: in the 23 sector one needs relatively large mass splittings to
fit the small value of r but nearly maximal mixing. This can be obtained if the 23
sub-determinant is suppressed by some dynamical trick. Typical examples are lop-
sided models with large off diagonal term in the Dirac matrices of charged leptons
and/or neutrinos (in minimal SU(5) the d-quark and charged lepton mass matrices
are one the transposed of the other, so that large left-handed mixings for charged
leptons correspond to large unobservable right-handed mixings for d-quarks). An-
other class of typical examples is the dominance in the see-saw formula of a small
eigenvalue in Mpp, the right-handed Majorana neutrino mass matrix. When the
23 determinant suppression is implemented in a 33 context, normally 6,3 is not
protected from contributions that vanish with the 23 determinant, hence with r.

The fact that some neutrino mixing angles are large and even nearly maximal, while
surprising at the start, was eventually found to be well compatible with a unified picture
of quark and lepton masses within GUTs. The symmetry group at Mgy could be either
(SUSY) SU(5) or SO(10) or a larger group. For example, normal models based on anarchy,
semianarchy, inverted hierarchy or normal hierarchy can all be naturally implemented by
simple assignments of U(1)g horizontal charges in a semiquantitative unified description
of all quark and lepton masses in SUSY SU(5)x U(1)p. Actually, in this context, if one
adopts a statistical criterium, hierarchical models appear to be preferred over anarchy
and among them normal hierarchy with see-saw ends up as being the most likely [21].

In conclusion we expect that experiment will eventually find that 6,3 is not too small
and that 63 is sizably not maximal. But if, on the contrary, either 6,3 very small or 53
very close to maximal will emerge from experiment or both, then theory will need to cope
with this fact. Normal models have been extensively discussed in the literature [I], so we
concentrate here on examples of exceptional models.
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4 Tri-bimaximal Mixing

Here we want to discuss some particular exceptional models where both 05 and a3 — 7 /4
exactly vanish (more precisely, they vanish in a suitable limit, with correction terms that
can be made negligibly small) and, in addition, s15 ~ 1/4/3, a value which is in very good
agreement with present data. This is the so-called tri-bimaximal or Harrison-Perkins-
Scott mixing pattern (HPS) [22], with the entries in the second column all equal to 1/v/3
in absolute value. Here we adopt the following phase convention:

Unps = | —

—_
[\

V2

In the HPS scheme tan?#;, = 0.5, to be compared with the latest experimental deter-
mination in Table 1: tan?6@;, = 0.457397 (at 10). The challenge is to find natural and
appealing schemes that lead to this matrix with good accuracy. Clearly, in a natural real-
ization of this model, a very constraining and predictive dynamics must be underlying. It
is interesting to explore particular structures giving rise to this very special set of models
in a natural way. In this case we have a maximum of "order” implying special values
for all mixing angles. Interesting ideas on how to obtain the HPS mixing matrix have
been discussed in refs. [22], [23], [24]. Some attractive models are based on the discrete
symmetry A4, which appears as particularly suitable for the purpose, and were presented
in ref. [25],[26],127], [28],[29], [30].

The HPS mixing matrix suggests that mixing angles are independent of mass ratios
(while for quark mixings relations like A% ~ mg/m, are typical). In fact in the basis
where charged lepton masses are diagonal, the effective neutrino mass matrix in the HPS
case is given by m, = Uypgdiag(m;, mg, m3)Upg:

ST
Sl -5l =5 -

ms mo mq
v = |—Ms+ —My+ —M .
m 5 M3 + 5 2 + g h 9)
where:
0 O 0 1 1 1 4 =2 =2
My=10 1 =1/, My=11 1 1/, Mi=1]1-2 1 1 1. (10)
0 -1 1 1 1 1 -2 1 1

The eigenvalues of m,, are my, my, ms with eigenvectors (—2,1,1)/v/6, (1,1,1)/v/3 and
(0,1, —1)//2, respectively. In general, disregarding possible Majorana phases, there are
six parameters in a real symmetric matrix like m,: here only three are left after the
values of the three mixing angles have been fixed a la HPS. For a hierarchical spectrum
ms >> mg >>my, mi ~ Am2,  m3/m3 ~ Am?2,/Am?, and m; could be negligible.
But also degenerate masses and inverse hierarchy can be reproduced: for example, by
taking ms = —msy = my we have a degenerate model, while for m; = —ms and m3 = 0 an
inverse hierarchy case is realized (stability under renormalization group running strongly

prefers opposite signs for the first and the second eigenvalue which are related to solar
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oscillations and have the smallest mass squared splitting). From the general expression
of the eigenvectors one immediately sees that this mass matrix, independent of the values
of m;, leads to the HPS mixing matrix.

It is interesting to recall that the most general mass matrix, in the basis where charged
leptons are diagonal, that corresponds to 613 = 0 and 93 maximal is of the form [31]:

(11)

3
I
e 8
SEESEINS
SISV

Note that this matrix is symmetric under 2-3 or u — 7 exchange. It is however not easy
to make a model where the p — 7 applies to the whole lepton sector [32]. Imposing the
symmetry on [Tm,[ does not work because the Dirac mass term [°mpl then produces a
charged lepton mixing that completely spoils 853 maximal. For example, in the model [33],
the p — 7 symmetry is badly broken in the charged lepton mass sector and, as a result,
for parameter choices that fit the masses, #»3 is not necessarily close to maximal and 63
is not too small: finally the model looks like a "normal” model! Similarly a symmetry
vur — Vrr in the RH neutrino sector does not lead to a p — 7 symmetric neutrino mass
after see-saw. A more elaborate broken symmetry is needed, like a set of discrete broken
symmetries that make the charged lepton mass matrix diagonal and, at the same time, the
Dirac neutrino mass matrix diagonal and p — 7 symmetric and finally the permutational
2 — 3 symmetry is in the RR Majorana mass matrix. Thus the idea of a ”simple” u — 7
symmetry ends up with leading to complicated models.

For 6,35 = 0 there is no CP violation, so that, disregarding Majorana phases, we can
restrict our consideration to real parameters. There are four of them in eq.(II]) which
correspond to three mass eigenvalues and one remaining mixing angle, 615. In particular,
015 is given by:

812
(x —w —2)% + 8y?

sin? 26,5 = (12)

In the HPS case 6,5 is also fixed and an additional parameter, for example z, can be
eliminated, leading to:

Ztw—y vy vy
m = y z ow |, (13)
Y w oz

It is easy to see that the HPS mass matrix in eqs.(OHIO) is indeed of the form in eq.(I3)).

In the next sections we will present models of tri-bimaximal mixing based on the A4
group. We first introduce A4 and its representations and then we show that this group is
particularly suited to the problem.

5 The A4 Group

A4 is the group of the even permutations of 4 objects. It has 4!/2=12 elements. Geomet-
rically, it can be seen as the invariance group of a tethraedron (the odd permutations, for
example the exchange of two vertices, cannot be obtained by moving a rigid solid). Let us
denote a generic permutation (1,2,3,4) — (n1,ns, n3, ny) simply by (ninongny). A4 can
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Table 2. Characters of A4

Class | x' | X" [ x" | ¥®
C 1113
Cy 1 w2 |0
Cs 1 |w?| w |0
C, 111 1

be generated by two basic permutations S and T' given by S = (4321) and T' = (2314).
One checks immediately that:

S?=T3=(ST)* =1 (14)

This is called a ”presentation” of the group. The 12 even permutations belong to 4
equivalence classes (h and k belong to the same class if there is a g in the group such that
ghg™ = k) and are generated from S and T as follows:

C1 : 1 =(1234) (15)
C2 :T =(2314),ST = (4132), TS = (3241), STS = (1423)

C3 :T? = (3124), ST? = (4213), TS = (2431), TST = (1342)

C4 S =(4321),T*ST = (3412), TST? = (2143)

Note that, except for the identity I which always forms an equivalence class in itself, the
other classes are according to the powers of T' (in C4 S could as well be seen as ST?).

In a finite group the squared dimensions of the inequivalent irreducible representations
add up to N, the number of transformations in the group (N = 12 in A4). A4 has four
inequivalent representations: three of dimension one, 1, 1’ and 1”7 and one of dimension

3. It is immediate to see that the one-dimensional unitary representations are obtained
by:

1 §S=1 T= (16)

Note that w = —1/2 + /3/2 is the cubic root of 1 and satisfies w? = w*, 1 +w + w? = 0.

The three-dimensional unitary representation, in a basis where the element S is diag-
onal, is built up from:

1 0 0 010
S=l0o -1 o |, 7=|0 0 1]. (17)
0 0 -1 10 0

The characters of a group Xf are defined, for each element g, as the trace of the matrix
that maps the element in a given representation R. It is easy to see that equivalent
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representations have the same characters and that characters have the same value for
all elements in an equivalence class. Characters satisfy >-; xfxﬁ* = N, Also, for
each element h, the character of h in a direct product of representations is the product
of the characters: y©®% = yxfy7 and also is equal to the sum of the characters in each
representation that appears in the decomposition of R ® S. The character table of A4
is given in Table II [25]. From this Table one derives that indeed there are no more
inequivalent irreducible representations other than 1, 1’, 17 and 3. Also, the multiplication
rules are clear: the product of two 3 gives 3 x3=1+1+1"+3+3and 1’ x 1" = 1",
'x1"=1,1"x1"=1"etc. If 3 ~ (a1,as,a3) is a triplet transforming by the matrices
in eq.(IT) we have that under S: S(aq,az, a3)’ = (a1, —as, —az)" (here the upper index ¢
indicates transposition) and under T: T(ay, as, a3)’ = (az, as,ar)’. Then, from two such
triplets 3, ~ (a1,as,as3), 3y ~ (b1, be,b3) the irreducible representations obtained from
their product are:

1 = a1by + asby + azbs (18)

1" = a1by + w?ashy + wasbs (19)

17 = a1by + washy + wasbs (20)

3 ~ (agbs, azby, aibs) (21)

3 ~ (asbs, aibs, ashy) (22)

In fact, take for example the expression for 17 = a;b; 4+ washy + w?agbs. Under S it is

invariant and under 7' it goes into asbs +wagbs +w?aiby = w?a1by +wagbs +w?azbz] which
is exactly the transformation corresponding to 1”.
In eq.(I’0) we have the representation 3 in a basis where S is diagonal. It is interesting

to go to a basis where instead it is 7" which is diagonal. This is obtained through the
unitary transformation:

1 0 0
T = VIVi=|0 w 0|, (23)
0 0 w?
(-1 2 2
S = VSVT:g 2 -1 2 |. (24)
2 2 -1
where:
L (111
V=—"|1 w w]|. (25)
V3 1 w W

The matrix V' is special in that it is a 3x3 unitary matrix with all entries of unit absolute
value. It is interesting that this matrix was proposed long ago as a possible mixing matrix
for neutrinos [34]. We shall see in the following that the matrix V' appears in A4 models
as the unitary transformation that diagonalizes the charged lepton mass matrix.

An obvious representation of A4 is obtained by considering the 4x4 matrices that
directly realize each permutation. For S = (4321) and T = (2314) we have:

00 0 1 01 0 0
00 1 0 00 1 0

54_0100’ T4—1000 (26)
1 000 00 0 1
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The matrices Sy and Ty satisfy the relations (I4]), thus providing a representation of
A4. Since the only irreducible representations of A4 are a triplet and three singlets, the
4x4 representation described by Sy and T} is not irreducible. It decomposes into the sum
of the invariant singlet plus the triplet representation. This decomposition is realized by
the unitary matrix [30] U given by:

+1 +1 +1 +1
I1-1 +41 +1 -1
21+1 -1 +1 -1
+1 +1 -1 -1

This matrix maps S, and T} into matrices that are block-diagonal:

1 0 1 0

US,UT = ol s , UT, U = ol 7 : (28)

where S and T are the generators of the three-dimensional representation in eq.(IT).

There is an interesting relation [29] between the A, model considered so far and the
modular group. This relation could possibly be relevant to understand the origin of the
A4 symmetry from a more fundamental layer of the theory. The modular group I is the
group of linear fractional transformations acting on a complex variable z:

az+b
cz+d

z —

, ad—be=1 (29)

where a,b, c,d are integers. There are infinite elements in I', but all of them can be
generated by the two transformations:
1

S Z— ——

, t: z—-z+1 | (30)
z

The transformations s and ¢ in (B0]) satisfy the relations
s =(st)> =1 (31)

and, conversely, these relations provide an abstract characterization of the modular group.
Since the relations (I4]) are a particular case of the more general constraint (31]), it is clear
that A4 is a very small subgroup of the modular group and that the A4 representations
discussed above are also representations of the modular group. In string theory the
transformations ([B0) operate in many different contexts. For instance the role of the
complex variable z can be played by a field, whose VEV can be related to a physical
quantity like a compactification radius or a coupling constant. In that case s in eq.
B0) represents a duality transformation and ¢ in eq. (B0) represent the transformation
associated to an ”axionic” symmetry.

A different way to understand the dynamical origin of A4 was recently presented in
ref. [30] where it is shown that the A4 symmetry can be simply obtained by orbifolding
starting from a model in 6 dimensions (6D). In this approach A4 appears as the remnant
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of the reduction from 6D to 4D space-time symmetry induced by the special orbifolding
adopted. There are 4D branes at the four fixed points of the orbifolding and the tetrahe-
dral symmetry of A, connects these branes. The standard model fields have components
on the fixed point branes while the scalar fields necessary for the A, breaking are in the
bulk. Each brane field, either a triplet or a singlet, has components on all of the four
fixed points (in particular all components are equal for a singlet) but the interactions are
local, i.e. all vertices involve products of field components at the same space-time point.
This approach suggests a deep relation between flavour symmetry in 4D and space-time
symmetry in extra dimensions.

The orbifolding is defined as follows. We consider a quantum field theory in 6 di-
mensions, with two extra dimensions compactified on an orbifold T2/Z,. We denote by
2 = x5 + ixg the complex coordinate describing the extra space. The torus 72 is defined
by identifying in the complex plane the points related by

z—z+1
;T (32)
z—> 2+ y=e3

where our length unit, 27 R, has been set to 1 for the time being. The parity Z, is defined
by
z— —z (33)

and the orbifold T2/ Z, can be represented by the fundamental region given by the triangle
with vertices 0,1,7, see Fig. 1. The orbifold has four fixed points, (z1, 22,23, 24) =
(1/2,(1+7)/2,7v/2,0). The fixed point z, is also represented by the vertices 1 and 7. In
the orbifold, the segments labelled by a in Fig. 1, (0,1/2) and (1,1/2), are identified and
similarly for those labelled by b, (1, (1 +)/2) and (v, (1 +7)/2), and those labelled by
¢, (0,7/2), (7,7/2). Therefore the orbifold is a regular tetrahedron with vertices at the
four fixed points.

The symmetry of the uncompactified 6D space time is broken by compactification.
Here we assume that, before compactification, the space-time symmetry coincides with the
product of 6D translations and 6D proper Lorentz transformations. The compactification
breaks part of this symmetry. However, due to the special geometry of our orbifold, a
discrete subgroup of rotations and translations in the extra space is left unbroken. This
group can be generated by two transformations:

S: z—oz+4 (34)
T: z— w2z w =2
Indeed S and 7 induce even permutations of the four fixed points:
S . (217’227’23724) - (Z47Z37227Z1) ’ (35)

T (21,22,2&24) - (22,Z3>21,Z4)

thus generating the group A4. From the previous equations we immediately verify that
S and 7 satisfy the characteristic relations obeyed by the generators of A,: 8* = 73 =
(8T)3 = 1. These relations are actually satisfied not only at the fixed points, but on the
whole orbifold, as can be easily checked from the general definitions of S and 7 in eq.
(B4), with the help of the orbifold defining rules in eqs. ([32)) and (33).
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Figure 1. Orbifold T5/Zs. The regions with the same numbers are identified with each
other. The four triangles bounded by solid lines form the fundamental region, where also
the edges with the same letters are identified. The orbifold Ty/Zy is exactly a regular
tetrahedron with 6 edges a, b, c,d, e, f and four vertices z1, z3, 23, 24, corresponding to the
four fixed points of the orbifold.

6 Applying A4 to Lepton Masses and Mixings

A typical A4 model works as follows [28], [29]. One assigns leptons to the four inequivalent
representations of A4: left-handed lepton doublets [ transform as a triplet 3, while the
right-handed charged leptons e¢, u¢ and 7¢ transform as 1, 1’ and 17, respectively. At this
stage we do not introduce RH neutrinos, but later we will discuss a see-saw realization.
The flavour symmetry is broken by two real triplets ¢ and ¢’ and by a real singlet &.
These flavon fields are all gauge singlets. We also need one or two ordinary SM Higgs
doublets h, 4, which we take invariant under A4. The Yukawa interactions in the lepton
sector read:

Ly = yee(¢l) + yup(pl)" + y-7°(0l)’ (36)
+ 2 E(U) + zq(Q'UL) + hec. + ...

In our notation, (33) transforms as 1, (33)" transforms as 1’ and (33)” transforms as 1”.
Also, to keep our notation compact, we use a two-component notation for the fermion
fields and we set to 1 the Higgs fields h, 4 and the cut-off scale A. For instance y.e‘(¢l)
stands for y.ec(pl)hqa/A, x,£(1l) stands for x,&(lhylh,)/A? and so on. The Lagrangian
Ly contains the lowest order operators in an expansion in powers of 1/A. Dots stand
for higher dimensional operators that will be discussed later. Some terms allowed by the
flavour symmetry, such as the terms obtained by the exchange ¢' < ¢, or the term (Il) are
missing in Ly. Their absence is crucial and, in each version of A4 models, is motivated
by additional symmetries. For example (ll), being of lower dimension with respect to
(¢'ll), would be the dominant component, proportional to the identity, of the neutrino
mass matrix. In addition to that, the presence of the singlet flavon £ plays an important
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role in making the VEV directions of ¢ and ¢’ different.

For the model to work it is essential that the fields ¢, ¢ and & develop a VEV along
the directions:

(¢) = (2',0,0)
(0) = (v,0,0)
€ = u . (37)
A crucial part of all serious A4 models is the dynamical generation of this alignment in a

natural way. If the alignment is realized, at the leading order of the 1/A expansion, the
mass matrices m; and m, for charged leptons and neutrinos are given by:

v Ye  Ye Ye
M= Vag | Y yuw?  yuw , (38)
Yr  Yrw  Yrw?
2 a 0 0 .
m,/ — X 9 ( )
0 a
where .
u v
=r,— d=x4— 40
0= oy Tag (40)
Charged leptons are diagonalized by the matrix
) 11 1
[ —Vi= ﬁ 1 w? w | (41)
1 w w?

This matrix was already introduced in eq.(23) as the unitary transformation between
the S-diagonal to the T-diagonal 3x3 representation of A4. In fact, in this model, the
S-diagonal basis is the Lagrangian basis and the T diagonal basis is that of diagonal
charged leptons. The great virtue of A4 is to immediately produce the special unitary
matrix V' as the diagonalizing matrix of charged leptons and also to allow a singlet made
up of three triplets, (¢'ll) = ¢! lals + Phlsly + @411y which leads, for the alignment in eq.
B37), to the right neutrino mass matrix to finally obtain the HPS mixing matrix.

The charged fermion masses are given by:
v v v
Me = \/gyevdK , m,, = \/gy“vdK ) m, = \/gyTvdK . (42)

We can easily obtain in a a natural way the observed hierarchy among m., m, and m-
by introducing an additional U(1)r flavour symmetry under which only the right-handed
lepton sector is charged. We assign F-charges 0, 2 and 34 to 7¢, u and e, respectively.
By assuming that a flavon 6, carrying a negative unit of F, acquires a VEV (§) /A = X\ < 1,
the Yukawa couplings become field dependent quantities ye . = Ye .- () and we have

y-=0(1) yu R O(N) ye OV (43)
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In the flavour basis the neutrino mass matrix reads [notice that the change of basis induced
by V', because of the Majorana nature of neutrinos, will in general change the relative
phases of the eigenvalues of m, (compare eq.(39) with eq.(d4))]:

[ a+2d/3 —d3 —df3
my= 5 —dj3 2/3 a—df3 | (44)
/3 a—d/3 2d4/3

and is diagonalized by the transformation:
2
U'm,U = %“diag(a +d,a,—a+d) (45)
with
2/3 1//3 0
U=| -1/vV6 1/vV3 -1/v2 | . (46)
~1/V6 1/V/3 +1//2

The leading order predictions are tan® @3 = 1, tan® 6, = 0.5 and ;3 = 0. The neutrino

masses are m; = a+d, mg = a and mz = —a+d, in units of v2/A. We can express |al, ||
in terms of r = Am3, /Amg,,, = (Ima|* — [ma|?)/|ms|* — [mu|?), Amg,,,, = [ms|? — |ma|?

and cos A, A being the phase difference between the complex numbers a and d:

\/5‘ |,U12L . _\/ Amgtm
aA T 2cos AVI — 2r

2
\/§\d|?j\—“ = VI—2r/Am,, . (47)

To satisfy these relations a moderate tuning is needed in this model. Due to the absence
of (II) in eq. (BH) which we will motivate in the next section, a and d are of the same
order in 1/A, see eq. (@0). Therefore we expect that |a| and |d| are close to each other
and, to satisfy eqs. ([4T), cos A should be negative and of order one. We obtain:

2 — - A 2
Gl l T 8cos? A(1 — 27")] Mhatm
1
2 — A 2
2| 8cos? A(1 —2r) Matm
1
2 = |1- Am? 438
s l rr 8 cos? A(1 —2r) Matm (48)
If cos A = —1, we have a neutrino spectrum close to hierarchical:
|ms| = 0.0563 eV | |mq| &~ |ms| =~ 0.017 eV . (49)

In this case the sum of neutrino masses is about 0.087 eV. If cos A is accidentally small, the
neutrino spectrum becomes degenerate. The value of |m..|, the parameter characterizing
the violation of total lepton number in neutrinoless double beta decay, is given by:

1+4+4r 1
2 2
= |- + Amg,,.
| 9 8cos? A(1 —2r) o

(50)

|Mee
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Figure 2. Fifth dimension and localization of scalar and fermion fields. The symmetry
breaking sector includes the Aj triplets ¢ and ', localized at the opposite ends of the
interval. Their VEVs are dynamically aligned along the directions shown at the top of the

figure.

For cos A = —1 we get |m..| = 0.005 eV, at the upper edge of the range allowed for normal
hierarchy, but unfortunately too small to be detected in a near future. Independently from
the value of the unknown phase A we get the relation:

10 r
malt = el + g Az, (1= 7). (51

which is a prediction of this model.

7 A4 model with an extra dimension

One of the problems we should solve in the quest for the correct alignment is that of
keeping neutrino and charged lepton sectors separate, allowing ¢ and ¢’ to take different
VEVs and also forbidding the exchange of one with the other in interaction terms. One
possibility is that this separation is achieved by means of an extra spatial dimension.
The space-time is assumed to be five-dimensional, the product of the four-dimensional
Minkowski space-time times an interval going from y =0toy = L. Aty=0and y = L
the space-time has two four-dimensional boundaries, called ”branes”. The idea is that
matter SU(2) singlets such as e, u, 7¢ are localized at y = 0, while SU(2) doublets, such
as | are localized at y = L (see Fig.1). Neutrino masses arise from local operators at
y = L. Charged lepton masses are produced by non-local effects involving both branes.
The simplest possibility is to introduce a bulk fermion, depending on all space-time coor-
dinates, that interacts with e, ¢ 7¢ at y = 0 and with [ at y = L. The exchange of such a
fermion can provide the desired non-local coupling between right-handed and left-handed
ordinary fermions. Finally, assuming that ¢ and (¢, ) are localized respectively at y = 0
and y = L, one obtains a natural separation between the two sectors.
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Such a separation also greatly simplifies the vacuum alignment problem. One can
determine the minima of two scalar potentials Vy and V7, depending only, respectively,
on ¢ and (¢',€). Indeed, it is shown that there are whole regions of the parameter
space where Vj(¢) and Vi(¢',€) have the minima given in eq. (B7). Notice that in the
present setup dealing with a discrete symmetry such as A4 provides a great advantage
as far as the alignment problem is concerned. A continuous flavour symmetry such as,
for instance, SO(3) would need some extra structure to achieve the desired alignment.
Indeed the potential energy [ d*z[Vo()+Vi(¢', €)] would be invariant under a much bigger
symmetry, SO(3)ox SO(3) ., with the SO(3), acting on ¢ and leaving (¢, £) invariant and
vice-versa for SO(3),. This symmetry would remove any alignment between the VEVs
of ¢ and those of (¢',&). If, for instance, ([B7) is minimum of the potential energy, then
any other configuration obtained by acting on (37]) with SO(3)yx SO(3),, would also be a
minimum and the relative orientation between the two sets of VEVs would be completely
undetermined. A discrete symmetry such as A4 has not this problem, because applying
separate A4 transformation on the minimum solutions on each brane a finite number of
degenerate vacua is obtained which can be shown to correspond to the same physics apart
from redefinitions of fields and parameters.

The Lagrangian in 5 dimensions includes a bulk fermion field F(z,y) = (F}, F),
singlet under SU(2) with hypercharge ¥ = —1 and transforming as a triplet of A4.
One also imposes a discrete Z; symmetry under which (f¢ 1, F, ¢, ¢, ) transform into
(—ife,il,iF, o, —¢', —&). The complete action is

_ |
S = /d4l’dy { |:7:F10"u8uF1 + iFQU“&uFQ + §(F28yF1 - 8yF2F1 + hC):|
— M(F1F2 +71?2)
+ Vole)o(y) + Vi(¢',§)d(y — L)
+  [Yee“(pF1) + Y (oF1)" + Yo (pF1) + hc] 4(y)
+

{%g(ll)huhu + %(«dﬂ)huhu + Yo (Fal)ha + h.cl oy — L)} +o, (52)

where the constants Y have mass dimension -1/2. The first two lines represent the five-
dimensional kinetic and mass terms of the bulk field F. The third line is the scalar
potential and the remaining terms are the lowest order invariant operators localized at
the two branes. Dots stand for the kinetic terms of f¢, 1, ¢, ¢, £ and for higher-dimensional
operators.

The potential energy is given, at lowest order by:

U= [dzVe(e) + Vil )] (53)

and, under the conditions discussed above, is minimized by eqs. (B1) [28]. It is clear that
at lowest order ¢ and (¢, €) are strictly separated.

We now discuss the effects of the tree-level exchange of F'. To this purpose we consider
the equations of motion for (Fy, Fy):
iU“a“FQ -+ 8yF1 — MF1 =0
ia“@ufl — ang — MF2 =0 (54)
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If M is large and positive, we can prove that all the modes contained in (Fj, F») become
heavy, at a scale greater than or comparable to 1/L, which we assume to be much higher
than the electroweak scale. If we are only interested in energies much lower than 1/L,
we can solve the equations of motion in the static approximation, by neglecting the four-
dimensional kinetic term:

Fi(y) = FR(L)eMvt)
Fy) = FK0)e ™ | (55)

These equations must be supplemented with appropriate boundary conditions, which can
be identified by varying the action S with respect the fields (F, F5). As a final result, as
shown in detail in ref. [28], in lowest order approximation the Lagrangian Ly of eq. (B8]
is reproduced and the general discussion applies.

We also recall that, to account for the observed hierarchy of the charged lepton masses,
one has to include an additional U(1) flavour symmetry. Therefore, in the present picture,
the quantities Y, , , stand for:

_ /0N _ (0\? .
Ye=Ye<K> , Yu:Yu<K> , Yo=Y (56)

where f@w are field-independent constants having similar values. After spontaneous
breaking of U(1), the Yukawa couplings y; possess the desired hierarchy.

8 A4 model with SUSY in 4 Dimensions

We now discuss an alternative supersymmetric solution to the vacuum alignment problem
[29]. In a SUSY context, the right-hand side of eq. (B8] should be interpreted as the
superpotential w; of the theory, in the lepton sector:

wi = yee(@l) + yup(Pl)” + 47 (pl) + (57)
+ (2 + 2 I) + (1) + hc. + ...

where dots stand for higher dimensional operators and where we have also added an
additional A4-invariant singlet €. Such a singlet does not modify the structure of the
mass matrices discussed previously, but plays an important role in the vacuum alignment
mechanism. A key observation is that the superpotential w; is invariant not only with
respect to the gauge symmetry SU(2)x U(1) and the flavour symmetry U(1)r x Ay, but
also under a discrete Z3 symmetry and a continuous U(1)r symmetry under which the
fields transform as shown in the following table.

Field | 1| e | p¢ | 7¢ | hua |0 | ¢ | €& || w0 | ¥h | &
A4 3 1|17 1 313|111 3 1
Zs wlw|lw W 1 |[1|wlw|lw|l|wl|w

UDg| 1] 1 1 1 0 0][0]0]|0]| 2 2| 2
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We see that the Z3 symmetry explains the absence of the term (Il) in w;: such a term
transforms as w? under Zs and need to be compensated by the field € in our construction.
At the same time Z3 does not allow the interchange between ¢ and ', which transform
differently under Z3. The singlets ¢ and £ have the same transformation properties under
all symmetries and, as we shall see, in a finite range of parameters, the VEV of é vanishes
and does not contribute to neutrino masses. Charged leptons and neutrinos acquire masses
from two independent sets of fields. If the two sets of fields develop VEVs according to
the alignment described in eq. (37]), then the desired mass matrices follow.

Finally, there is a continuous U(1)r symmetry that contains the usual R-parity as a
subgroup. Suitably extended to the quark sector, this symmetry forbids the unwanted
dimension two and three terms in the superpotential that violate baryon and lepton
number at the renormalizable level. The U(1)z symmetry allows us to classify fields into
three sectors. There are “matter fields” such as the leptons [, e, u¢ and 7¢, which occur
in the superpotential through bilinear combinations. There is a “symmetry breaking
sector” including the higgs doublets h, 4 and the flavons ¢, ¢', (€, é) Finally, there are
“driving fields” such as ¢, ¢f and & that allows to build a non-trivial scalar potential
in the symmetry breaking sector. Since driving fields have R-charge equal to two, the
superpotential is linear in these fields.

The full superpotential of the model is
w = w; + wq (58)

where, at leading order in a 1/A expansion, w; is given by eq. (&1) and the “driving”
term wy reads:

wa = M(pop) + g(popp) + 9120’ ¢') + 926 (0h) + gs6o(¢')
+ ga€0€” + g5€0l€ + gebol” . (59)

At this level there is no fundamental distinction between the singlets £ and ¢. Thus we
are free to define ¢ as the combination that couples to (¢y¢’) in the superpotential wy.
We notice that at the leading order there are no terms involving the Higgs fields h,, 4. We
assume that the electroweak symmetry is broken by some mechanism, such as radiative
effects when SUSY is broken. It is interesting that at the leading order the electroweak
scale does not mix with the potentially large scales u, v and v’. The scalar potential is
given by:

ow

2
2] 4 (2
o I (60)

V=2

where ¢; denote collectively all the scalar fields of the theory, m? are soft masses and dots
stand for D-terms for the fields charged under the gauge group and possible additional
soft breaking terms. Since m,; are expected to be much smaller than the mass scales
involved in wy, it makes sense to minimize V' in the supersymmetric limit and to account
for soft breaking effects subsequently. A detailed minimization analysis, presented in
ref.[29], shows the the desired alignment solution is indeed realized. In ref.[30] we have
shown that it is straightforward to reformulate this SUSY model in the approach where
the A4 symmetry is derived from orbifolding.
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9 Corrections to the Lowest Approximation

The results of the previous sections hold to first approximation. Higher-dimensional
operators, suppressed by additional powers of the cut-off A, can be added to the leading
terms in the lagrangian. These corrections have been classified and discussed in detail
in refs.[28], [29]. They are completely under control in our models and can be made
negligibly small without any fine-tuning: one only needs to assume that the VEV’s are
sufficiently smaller than the cutoff A. Higher-order operators contribute corrections to
the charged lepton masses, to the neutrino mass matrix and to the vacuum alignment.
These corrections, suppressed by powers of VEVs/A, with different exponents in different
versions of A4 models, affect all the relevant observable with terms of the same order:
S13, S12, S23, r. If we require that the subleading terms do not spoil the leading order
picture, these deviations should not be larger than about 0.05. This can be inferred by
the agreement of the HPS value of tan? 6, with the experimental value, from the present
bound on #;3 or from requiring that the corrections do not exceed the measured value
of r. In the SUSY model, where the largest corrections are linear in VEVs/A [29], this

implies the bound

Vg v U
N — . 1
< 0.05 (6)

which does not look unreasonable, for example if VEVs~ Mgyr and A ~ Mpianer.

10 See-saw Realization

We can easily modify the previous model to implement the see-saw mechanism. We in-
troduce conjugate right-handed neutrino fields v¢ transforming as a triplet of A4 and we
modify the transformation law of the other fields according to the following table:

Field | v¢ | ¢ | € | € || ¢ | &
A4 33|11

Z3 W w? | W? W w? | W?
ULgr| 1] 0]0]0]| 2|2

The superpotential becomes
W = wW; + Wy (62)

where the ‘driving’ part is unchanged, whereas w; is now given by:

w = Yee(Ql) + Y (@l)” + y (1) + y(V°l) + (wa€ + Fa) (V1) (63)
+ x4+ he + ..

dots denoting higher-order contributions. The vacuum alignment proceeds exactly as
discussed in section 8 and also the charged lepton sector is unaffected by the modifications.
In the neutrino sector, after electroweak and A4 symmetry breaking we have Dirac and
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Majorana masses:

A 0 O
mP =yv, 1, M=| 0 A B |u , (64)
0 B A
where 1 is the unit 3x3 matrix and
A=2x, BEQ:L’BU—S . (65)
U

The mass matrix for light neutrinos is m, = (m2)TM~tm?P with eigenvalues

SRR A R S (66)
A+ B u A u —-A+Bu

The mixing matrix is the HPS one, eq. (§]). In the presence of a see-saw mechanism both
normal and inverted hierarchies in the neutrino mass spectrum can be realized. If we
call ® the relative phase between the complex number A and B, then cos ® > —|B|/2|A|
is required to have |mq| > |m4|. In the interval —|B|/2|A| < cos® < 0, the spectrum
is of inverted hierarchy type, whereas in |B|/2|A| < cos® < 1 the neutrino hierachy
is of normal type. It is interesting that this model is an example of model with inverse
hierarchy, realistic 615 and #53 and, at least in a first approximation, 6;3 = 0. The quantity
| B| /2| A| cannot be too large, otherwise the ratio r cannot be reproduced. When |B| < |A]
the spectrum is quasi degenerate. When |B| & | A| we obtain the strongest hierarchy. For
instance, if B = —2A + z (|z] < |A],|B|), we find the following spectrum:

il & A2 (2t ), (67)
9 13
|7n2|2 ~ Amztm(g + Er)v
1 1
maf? & A (5 o)
When B = A+ z (]z| < |A|,|B]), we obtain:
1
il & Am (i) (68

These results are affected by higher-order corrections induced by non renormalizable op-
erators with similar results as in the version with no see-saw. In conclusion, the symmetry
structure of the model is fully compatible with the see-saw mechanism.

11 Quarks

There are several possibilities to include quarks. At first sight the most appealing one
is to adopt for quarks the same classification scheme under A4 that we have used for
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leptons. Thus we tentatively assume that left-handed quark doublets ¢ transform as a
triplet 3, while the right-handed quarks (u¢, d°), (¢, s°) and (¢, b°) transform as 1, 1’ and
17, respectively. We can similarly extend to quarks the transformations of Z3 and U(1)g
given for leptons in the table of section 8. The superpotential for quarks reads:

wy = Yad(pq) + Ys35°(0q)” + yb (q)’ (69)
+ yuuc(QOQ) + yccc(@Q)” + yttc(goq)' + h.c. =+ ...

It is interesting to note that such an extrapolation to quarks leads to a diagonal CKM
mixing matrix in first approximation [25] 26, 29, B5]. In fact, starting from eq. (€9)
and proceeding as described in detail for the lepton sector, we see that the up quark and
down quark mass matrices are separately diagonal with mass eigenvalues which are left
unspecified by A4 and with a hierarchy that could be accomodated by a suitable U(1)g
set of charge assignments for quarks. Thus the Vo matrix is the identity in leading
order, providing a good first order approximation.

The problems come when we discuss non-leading corrections. As seen in section 9,
first-order corrections to the lepton sector should be typically below 0.05, approximately
the square of the Cabibbo angle. Also, by inspecting these corrections more closely, we
see that, up to very small terms of order 3, /iy and yZ /iy, all corrections are the
same in the up and down sectors and therefore they almost exactly cancel in the mixing
matrix Vo, We conclude that, if one insists in adopting for quarks the same flavour
properties as for leptons, than new sources of A4 breaking are needed in order to produce
an acceptable Vo

The A4 classification for quarks and leptons discussed in this section, which leads
to an appealing first approximation with Vogas ~ 1 for quark mixing and to Ugypg for
neutrino mixings, is not compatible with A4 commuting with SU(5) or SO(10). In fact
for this to be true all particles in a representation of SU(5) should have the same A4
classification. But, for example, both the @) = (u,d); LH quark doublet and the RH
charged leptons [¢ belong to the 10 of SU(5), yet they have different A4 transformation
properties. In a recent paper [36] the possibility of classifying all fermion multiplets as
triplets was advanced. But the crucial issues of the correct alignment and of reproducing
in a natural way the observed hierarchy of, for example, the charged leptons were not
addressed and are difficult to realize in this case.

12 Conclusion

In the last decade we have learnt a lot about neutrino masses and mixings. A list of
important conclusions have been reached. Neutrinos are not all massless but their masses
are very small. Probably masses are small because neutrinos are Majorana particles with
masses inversely proportional to the large scale M of lepton number violation. It is quite
remarkable that M is empirically close to 104~ GeV not far from Mgyr, so that neutrino
masses fit well in the SUSY GUT picture. Also out of equilibrium decays with CP and L
violation of heavy RH neutrinos can produce a B-L asymmetry, then converted near the
weak scale by instantons into an amount of B asymmetry compatible with observations
(baryogenesis via leptogenesis) [4], [37]. It has been established that neutrinos are not
a significant component of dark matter in the Universe. We have also understood there
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there is no contradiction between large neutrino mixings and small quark mixings, even
in the context of GUTs.

This is a very impressive list of achievements. Coming to a detailed analysis of neutrino
masses and mixings a very long collection of models have been formulated over the years.
With a continuous improvement of the data and a progressive narrowing of the values
of the mixing angles most of the models have been discarded by experiment. Still the
missing elements in the picture like, for example, the scale of the average neutrino m?,
the pattern of the spectrum (degenerate or inverse or normal hierarchy) and the value
of 013 have left many different viable alternatives for models. It certainly is a reason of
satisfaction that so much has been learnt recently from experiments on neutrino mixings.
By now, besides the detailed knowledge of the entries of the Vg, matrix we also have a
reasonable determination of the neutrino mixing matrix. It is remarkable that neutrino
and quark mixings have such a different qualitative pattern. One could have imagined
that neutrinos would bring a decisive boost towards the formulation of a comprehensive
understanding of fermion masses and mixings. In reality it is frustrating that no real
illumination was sparked on the problem of flavour. We can reproduce in many different
ways the observations but we have not yet been able to single out a unique and convincing
baseline for the understanding of fermion masses and mixings. In spite of many interesting
ideas and the formulation of many elegant models, some of them presented in these
lectures, the mysteries of the flavour structure of the three generations of fermions have
not been much unveiled.

Acknowledgments

It is a very pleasant duty for me to most warmly thank the Organizers of the School
for their kind invitation and for the great hospitality offered to me in St. Andrews.
This work has been partly supported by by the European Commission under contract
MRTN-CT-2004-503369.



24

Guido Altarelli



25

Bibliography
[1] G. Altarelli and F. Feruglio, New J. Phys. 6 (2004) 106, [arXiv:hep-ph/0405048].
[2] B. Kayser, these Proceedings.
[3] S. Pastor, these Proceedings.
[4] W. Buchmuller, these Proceedings.
[5] G. L. Fogli et al, hep-ph/0506083, hep-ph/0506307.
[6] W.-M. Yao et al. (Particle Data Book), J. Phys. G 33, 1 (2006).
[7] B. Bornschein, these Proceedings.
[8] K. Zuber, these Proceedings.
[9] C. E. Aalseth at al, Phys. Rev. D 65, 092007 (2002).

[10] C. Arnaboldi et al, Phys. Rev. Lett. 95, 142501 (2005).

[11] For a recent review see, for example, J. Lesgourgues and S. Pastor, Phys. Rept. 429
(2006) 307, [arXiviastro-ph/0603494]

[12] U. Seljak, A. Slosar and P. McDonald, astro-ph/0604335 and refs. therein.

[13] See the lectures by D. Harris, Y. Kuno and E. Blucher, these Proceedings.

[14] H. V. Klapdor-Kleingrothaus, A. Dietz, I. V. Krivosheina and O. Chkvorets, Phys.
Lett. B 586 (2004) 198, [arXivihep-ph/0404088).

[15] L. J. Hall, H. Murayama and N. Weiner, Phys. Rev. Lett. 84, 2572 (2000),
[arXiv:hep-ph/9911341];

[16] N. Irges, S. Lavignac and P. Ramond, Phys. Rev. D 58, 035003 (1998);

[17) P.H. Frampton, S.T. Petcov and W. Rodejohann, Nucl. Phys. B687 (2004)
31, [arXivihep-ph0401206]; G. Altarelli, F. Feruglio and I. Masina, Nucl. Phys.
B689 (2004) 157, [arXivihep-ph0402155]; A. Romanino, Phys. Rev. D70 (2004)
013003, [arXivihep-ph0402258].

[18] M. Raidal, Phys.Rev.Lett.93,161801,2004, [arXiv: hep-ph/0404046].

[19] H. Minakata and A. Smirnov, Phys.Rev.D70:073009,2004, [arXiv: hep-ph/0405088].

[20] W. Grimus and L. Lavoura, hep-ph/0410279; G. Altarelli and R. Franceschini, JHEP

0603 (2006) 047, [arXiv: hep-ph/0512202].


http://arXiv.org/abs/hep-ph/0405048
http://arXiv.org/abs/hep-ph/0506083
http://arXiv.org/abs/hep-ph/0506307
http://arXiv.org/abs/astro-ph/0603494
http://arXiv.org/abs/astro-ph/0604335
http://arXiv.org/abs/hep-ph/0404088
http://arXiv.org/abs/hep-ph/9911341
http://arXiv.org/abs/hep-ph/0401206
http://arXiv.org/abs/hep-ph/0402155
http://arXiv.org/abs/hep-ph/0402258
http://arXiv.org/abs/hep-ph/0404046
http://arXiv.org/abs/hep-ph/0405088
http://arXiv.org/abs/hep-ph/0410279
http://arXiv.org/abs/hep-ph/0512202

26

[21]

[22]

[25]
[26]

[27]

28]
[29]
[30]

[31]

Guido Altarelli

G. Altarelli, F. Feruglio and I. Masina, JHEP 0301 035 (2003),[ArXiv:
hep-ph/0210342)].

P. F. Harrison, D. H. Perkins and W. G. Scott, Phys. Lett. B 530 (2002) 167,
[arXiv:hep-ph/0202074]; P. F. Harrison and W. G. Scott, Phys. Lett. B 535
(2002) 163, [arXivihep-ph/0203209]; Z. z. Xing, Phys. Lett. B 533 (2002) 85,
[arXiv:hep-ph/0204049]; P. F. Harrison and W. G. Scott, Phys. Lett. B 547 (2002)
219, [arXiv:hep-ph/0210197]. P. F. Harrison and W. G. Scott, Phys. Lett. B 557
(2003) 76, [arXiv:hep-ph/0302025]. P. F. Harrison and W. G. Scott, hep-ph/0402006;
P. F. Harrison and W. G. Scott,;hep-ph/0403278.

S. F. King, JHEP 0508 (2005) 105, [arXiv:hep-ph/0506297]; 1. de Medeiros Varzielas
and G. G. Ross, arXiv:hep-ph/0507176. S. F. King and M. Malinsky, hep-ph/0608021.

J. Matias and C. P. Burgess, JHEP 0509 (2005) 052, [arXiv:hep-ph/0508156]; S. Luo
and Z. z. Xing, hep-ph/0509065; W. Grimus and L. Lavoura, hep-ph/0509239;
F. Caravaglios and S. Morisi, hep-ph/0510321; I . de Medeiros Varzielas, S. F. King
and G. G. Ross, hep-ph/0512313; hep-ph/0607045; C. Hagedorn, M. Lind-
ner and R. N. Mohapatra, JHEP 0606 (2006) 042, [arXiv:hep-ph/0602244];
P. Kovtun and A. Zee, Phys. Lett. B 640 (2006) 37, [arXiv:hep-ph/0604169];
R. N. Mohapatra, S. Nasri and H. B. Yu, Phys. Lett. B 639 (2006) 318
[arXiv:hep-ph/0605020]; Z. z. Xing, H. Zhang and S. Zhou, Phys. Lett. B 641
(2006) 189 [arXiv:hep-ph/0607091]; N. Haba, A. Watanabe and K. Yoshioka,
hep-ph/0603116.

E. Ma and G. Rajasekaran, Phys. Rev. D 64 (2001) 113012, [arXiv:hep-ph/0106291];
E. Ma, Mod. Phys. Lett. A 17 (2002) 627, [arXiv:hep-ph/0203238].

K. S. Babu, E. Ma and J. W. F. Valle, Phys. Lett. B 552 (2003) 207,
[arXiv:hep-ph/0206292]. M. Hirsch, J. C. Romao, S. Skadhauge, J. W. F. Valle and
A. Villanova del Moral, hep-ph/0312244, hep-ph/0312265; E. Ma, hep-ph/0404199.
E. Ma, Phys. Rev. D 70 (2004) 031901; E. Ma hep-ph/0409075; E. Ma, New J.
Phys. 6 (2004) 104; S. L. Chen, M. Frigerio and E. Ma, hep-ph/0504181; E. Ma,
Phys. Rev. D 72 (2005) 037301, [arXiv:hep-ph/0505209]; K. S. Babu and X. G. He,
hep-ph/0507217; A. Zee, Phys. Lett. B 630 (2005) 58, [arXiv:hep-ph/0508278];
E. Ma, Mod. Phys. Lett. A 20 (2005) 2601, [arXiv:hep-ph/0508099]; E. Ma,
hep-ph/0511133; S. K. Kang, Z. z. Xing and S. Zhou, hep-ph/0511157. X. G. He,
Y. Y. Keum and R. R. Volkas, JHEP 0604 (2006) 039, [arXiv:hep-ph/0601001];
B. Adhikary et al, Phys. Lett. B 638 (2006) 345, [arXiv:hep-ph/0603059]; L. Lavoura
and H. Kuhbock, hep-ph/0610050.

G. Altarelli and F. Feruglio, Nucl. Phys. B 720 (2005) 64, [arXiv:hep-ph/0504165].
G. Altarelli and F. Feruglio, Nucl. Phys. B 71 (2006)215, [arXiv:hep-ph/0512103].
G. Altarelli, F. Feruglio and Y. Lin, hep-ph/0610165.

See, for example, W. Grimus and L. Lavoura, hep-ph/0305046.


http://arXiv.org/abs/hep-ph/0210342
http://arXiv.org/abs/hep-ph/0202074
http://arXiv.org/abs/hep-ph/0203209
http://arXiv.org/abs/hep-ph/0204049
http://arXiv.org/abs/hep-ph/0210197
http://arXiv.org/abs/hep-ph/0302025
http://arXiv.org/abs/hep-ph/0402006
http://arXiv.org/abs/hep-ph/0403278
http://arXiv.org/abs/hep-ph/0506297
http://arXiv.org/abs/hep-ph/0507176
http://arXiv.org/abs/hep-ph/0608021
http://arXiv.org/abs/hep-ph/0508156
http://arXiv.org/abs/hep-ph/0509065
http://arXiv.org/abs/hep-ph/0509239
http://arXiv.org/abs/hep-ph/0510321
http://arXiv.org/abs/hep-ph/0512313
http://arXiv.org/abs/hep-ph/0607045
http://arXiv.org/abs/hep-ph/0602244
http://arXiv.org/abs/hep-ph/0604169
http://arXiv.org/abs/hep-ph/0605020
http://arXiv.org/abs/hep-ph/0607091
http://arXiv.org/abs/hep-ph/0603116
http://arXiv.org/abs/hep-ph/0106291
http://arXiv.org/abs/hep-ph/0203238
http://arXiv.org/abs/hep-ph/0206292
http://arXiv.org/abs/hep-ph/0312244
http://arXiv.org/abs/hep-ph/0312265
http://arXiv.org/abs/hep-ph/0404199
http://arXiv.org/abs/hep-ph/0409075
http://arXiv.org/abs/hep-ph/0504181
http://arXiv.org/abs/hep-ph/0505209
http://arXiv.org/abs/hep-ph/0507217
http://arXiv.org/abs/hep-ph/0508278
http://arXiv.org/abs/hep-ph/0508099
http://arXiv.org/abs/hep-ph/0511133
http://arXiv.org/abs/hep-ph/0511157
http://arXiv.org/abs/hep-ph/0601001
http://arXiv.org/abs/hep-ph/0603059
http://arXiv.org/abs/hep-ph/0610050
http://arXiv.org/abs/hep-ph/0504165
http://arXiv.org/abs/hep-ph/0512103
http://arXiv.org/abs/hep-ph/0610165
http://arXiv.org/abs/hep-ph/0305046

[32]

[33]
[34]

[35]
[36]
[37]

Models of Neutrino Masses and Mixings 27

T. Fukuyama and H. Nishiura, hep-ph/9702253; R. N. Mohapatra and S. Nussinov,
Phys. Rev. D 60, 013002 (1999); E. Ma and M. Raidal, Phys. Rev. Lett. 87, 011802
(2001); C. S. Lam, hep-ph/0104116; T. Kitabayashi and M. Yasue, Phys.Rev. D67
015006 (2003); W. Grimus and L. Lavoura, hep-ph/0309050; Y. Koide, Phys.Rev.
D69, 093001 (2004); A. Ghosal, hep-ph/0304090; W. Grimus et al, hep-ph/0408123;
A. de Gouvea, Phys.Rev. D69, 093007 (2004); R. N. Mohapatra and W. Rodejohann,
Phys. Rev. D 72, 053001 (2005); T. Kitabayashi and M. Yasue, Phys. Lett., B
621, 133 (2005); R. N. Mohapatra and S. Nasri, Phys. Rev. D 71, 033001 (2005);
R. N. Mohapatra, S. Nasri and H. B. Yu,Phys. Lett. B 615, 231(2005), Phys. Rev. D
72, 033007 (2005); Y. H. Ahn, Sin Kyu Kang, C. S. Kim, Jake Lee, hep-ph/0602160.

R. N. Mohapatra, S. Nasri and H. B. Yu, hep-ph/0603020.

N. Cabibbo, Phys. Lett. B 72 (1978) 333; L. Wolfenstein, Phys. Rev. D 18 (1978)
958.

E. Ma, H. Sawanaka and M. Tanimoto, hep-ph/0606103.
E. Ma, hep-ph/0607190.

For a recent review, see, for example: W. Buchmuller, R.D. Peccei and T. Yanagida,
Ann.Rev.Nucl.Part.Sci.55:311,2005. [arXiv:hep-ph/0502169]


http://arXiv.org/abs/hep-ph/9702253
http://arXiv.org/abs/hep-ph/0104116
http://arXiv.org/abs/hep-ph/0309050
http://arXiv.org/abs/hep-ph/0304090
http://arXiv.org/abs/hep-ph/0408123
http://arXiv.org/abs/hep-ph/0602160
http://arXiv.org/abs/hep-ph/0603020
http://arXiv.org/abs/hep-ph/0606103
http://arXiv.org/abs/hep-ph/0607190
http://arXiv.org/abs/hep-ph/0502169

	Models of Neutrino Masses and Mixings
	Introduction
	The -Mixing Matrix
	 "Normal" versus "Exceptional" Models
	Tri-bimaximal Mixing
	The A4 Group
	Applying A4 to Lepton Masses and Mixings
	A4 model with an extra dimension
	A4 model with SUSY in 4 Dimensions
	Corrections to the Lowest Approximation
	See-saw Realization
	Quarks
	Conclusion


