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Chapter 1

Preface

The editors

One of the mysteries of theoretical physics is the origin of fermion masses and mixings. For many years
the theory community has attempted to explain this fascinating problem by assuming an underlying symmetry
acting horizontally between the three known families, namely the FLAvor SYmmetry. In the last ten years
neutrino experiments have brought substantial improvement in the sensitivity of the determination of neutrino
parameters, which has by now reached the “precision age”. For the first time neutrino mass and mixing
parameters are measured with great accuracy, opening new expectations for probing fundamental properties
of matter. In contrast to the quarks, however, leptons exhibit large mixings, suggesting that neutrinos can play
a special role in the understanding the flavor problem. For instance it may happen that small quark mixings
arise from a cancellation between the up and down quark sectors or, in contrast, it may well be that each of
these is separately small, of the order of the CKM angles.

In 2002 Harrison, Perkins and Scott proposed the so called tribimaximal ansatz which, for for many years,
has provided a successful ansatz to theoretical flavor-modelling, as it is very close to the experimental best fit
value. Recently neutrino oscillation results from the T2K and Double Chooz collaborations indicate a nonzero
reactor angle. This implies that the tribimaximal ansatz, can only be a first approximation. In any case different
alternative approaches have also been considered, like bimaximal mixing, golden ratio and so on. However
tribimaximal can still be a good first step, corrected either by renormalization effects or by charged sector
diagonalization.

The special structure of tribimaximal suggests a geometrical origin of neutrino mixing, as in the case of the
tetrahedron symmetry (isomorphic to A,4) as flavor symmetry. Many other non Abelian discrete groups, like
S4, T', A(27), A(54), D, @, and so on have also been employed in the literature as flavor symmetry.

Many models have been proposed based on the same hypothesis to generate a neutrino mass pattern
with 1o — 7 invariance and the property that mYy; + mY{, = m%, + mi; in order to yield tribimaximal mixing.
But so far a clear way to distinguish such models is lacking, though some effort in this direction has been
made involving, for example, their predictions regarding (i) neutrinoless double beta decay, (i) CP violation,
(iii) accelerator signals, (iv) cosmological issues such as leptogenesis and dark matter, etc.

Despite a lot of effort on the part of several groups, an open challenge remains on how to explain simulta-
neously quarks within a flavor-symmetric unified scenario of the fundamental interactions.

The goal of the Workshop on Flavor Symmetries and consequences in Accelerators and Cosmology was
to discuss about such important features of flavor symmetry models, bringing together PhD students, young
post-docs as well as senior scientists. FLASY has had about 60 participants from about 20 countries.
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Chapter 2

Continuous and Discrete (Flavor)
Symmetries

C. Hagedorn

Abstract

In this talk | give an overview over continuous and discrete groups and how these are used in the field
of model building as flavor symmetries. The latter act on the space of the three generations of elementary
particles. | mainly concentrate on discussing generic mathematical properties of these groups relevant for
understanding their possible predictive power when applied to explain fermion mass and mixing patterns. |
also put emphasis on the classification of discrete groups.

2.1. Introduction

The existence of three generations of elementary particles is well-established. They can be distinguished
according to their mass as well as their mixing. The mass hierarchy among charged fermions is known to be
strong, especially in the up quark sector

My Mo :me =AM 1 mg ime mp A A0 ,me:mM:mT%/\‘HS:)\Q:l with A ~ 0.22,

while it is much milder in the neutrino sector. Neutrino masses are experimentally constrained by the mea-
surements of solar and atmospheric mass square differences (at the 2o level) [[1]

2 2
Mot ‘;ml = (2.351022) 5 1073 V2.

sol =

om? = Am2, = mi—m? = (7.587015) x 107°eV? | |Am?| = ‘mg -

The sign of Am? is undetermined and the absolute neutrino mass scale my is bounded, my < 0.3eV, by

cosmological measurements [ 2], searches for neutrinoless double beta [[3] and Tritium beta decay [/4]. The
mixing among quarks is small

01y =00 ~13°, 03, ~24° and 6f,~0.21°.
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At the same time, lepton mixing, measured in neutrino oscillation experiments, involves two large mixing
angles [[]

sin? 0!, = 0.30670 939 | sin? 0L, = 0.427508 (20 level)
and a third small angle which is non-zero [[1] - according to recent experimental indications [ 5]
sin? 015 = 0.02170015 (20 level). (2.1)

This value is obtained using the old estimates for reactor anti-neutrino fluxes. Neither the hierarchy among the
charged fermion masses nor the fermion mixing patterns can be explained in the framework of the Standard
Model (SM). The peculiar structure of the lepton mixing is compatible with special, theoretically motivated,
patterns like

, sin?@l, =0 and 6, ~ O(1),

e ur symmetric mixing [[6]: sin® 645 = %

e tri-bimaximal (TB) mixing [[7]: sin® 6}, = &+ , sin®fg =1, sin®6i; =0,

e golden ratio pattern [[8]: sin® 6}, = ﬁ ~0.276, sin®fhy =1, sin®0l; = 0with ¢ = (1+/5)/2,

e bimaximal mixing [[9]: sin® 6}, = 1, sin? fh, = 1, sin? 0, = 0,

up to small corrections. Taking into consideration the success of symmetries describing correctly the gauge
interactions of the SM particles, it is tempting to assume a flavor symmetry G, i.e. a symmetry acting on the
space of generations, to be responsible for the features of fermion masses and mixing.

In section | present an overview over general properties of a flavor symmetry Gy. Section is
dedicated to a brief discussion of models with continuous G'; and section [2.4] contains the explanation of the
connection between the non-trivial symmetry breaking of a discrete group Gy and the fermion mixing pattern.
I show how TB mixing arises from the groups A4 and S; and how predictions for elements of the mixing matrix
are derived from (single-valued and double-valued) dihedral groups. In section[2.5]I sketch a supersymmetric
D,4 model explaining the Cabibbo angle 6~ and its extension to the lepton sector which leads to maximal
atmospheric mixing, vanishing ¢!, and generically large 6',. | conclude in section

2.2. General properties of G
Several properties of this new symmetry have to be fixed, namely
e whether it is abelian or non-abelian,
e whether it is continuous (like the gauge symmetries) or discrete (like parity),
e whether it is local (like the gauge symmetries) or global (like lepton number U (1)),
e whether it commutes with the other symmetries (e.g. gauge symmetries) of the theory or not,
e whether it is broken spontaneously or explicitly,

e whether it is broken at high energies (like at the seesaw or the GUT scale) or low energies (like the
electroweak scale),

e whether it is broken in an arbitrary way or to one of its subgroups.
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Apart from that the size of Gy depends on the gauge group of the model, e.g. in the framework of the SM
without right-handed neutrinos the maximal symmetry of the kinetic terms of the fermions is U(3)°, while it
is reduced to U(3) in the case of an SO(10) model in which all fermions of one generation including the
right-handed neutrino are unified into the 16-dimensional representation.

The presence of more than one generation can only be explained with a non-abelian symmetry which has
two- and three-dimensional irreducible representations. An advantage of discrete over continuous symme-
tries is that the former in general contain several small representations suitable to host the three fermion
generations. Furthermore, it is well-known that the spontaneous breaking of a continuous global (local) sym-
metry leads to the appearance of Goldstone (gauge) bosons, respectively. In order to avoid this | choose the
symmetry to be discrete. However, also the breaking of the latter does in general lead to experimentally con-
strained effects, namely the generation of domain walls. This does not pose a problem as long as the scale
at which the symmetry is broken is comparable with or larger than the scale of inflation. Thus high energy
scales like the seesaw scale or the scale of grand unification seem to be preferred. In this case the flavor
symmetry G is usually broken through non-vanishing vacuum expectation values (VEVs) of gauge singlets,
called flavons. Models in which G is broken at a low energy scale contain instead several Higgs doublets
which also transform non-trivially under G';. Such models seem to be disfavored, because flavor changing
neutral currents and lepton flavor violating processes, like 1 — e, are induced. Another possibility is to
explicitly break G ¢, for example, at the boundaries of an extra spatial dimension.

A list of possible choices for G is

e continuous symmetries: SU(2), U(2), SO(3), SU(3) and U(3).

e discrete symmetries:

permutation symmetries: symmetric groups Sy and alternating groups Ay with N € N,

dihedral symmetries: single-valued groups D,, and double-valued groups D), with n € N,
further double-valued groups: 7, O', I, ...

subgroups of SU(3): A(3n?) and A(6n?) with n € N, as well as X groups,
subgroups of U(3) such as (81) or of the listed groups, e.g. T7 = Z7 x Zs C A(147).

2.3. Overview over models with continuous G

In this section | give a brief, and incomplete, survey over models with continuous non-abelian flavor sym-
metries. In [[10] supersymmetric models with a U (2) group are discussed in the context of SU(5) and SO(10)
grand unified theories (GUTs). Generic features of these models are: the three generations of fermions are
assigned to 2 + 1 which easily explains the heaviness of the third generation and allows to alleviate the so-
called supersymmetric flavor problem; the breaking of the symmetry U (2) proceeds in two steps, firstto a U(1)
subgroup and then to nothing. These models predict nine relations among fermion masses and mixing, how-
ever, only 6, is in general large in the lepton sector, while the two other mixing angles 6}, and 6!, are small.
Models with flavor symmetries SO(3) [[11] and SU(3) [[{2] are more promising, because they allow to unify
all three generations of elementary particles. Furthermore, the largeness of two mixing angles, 6%, and 6,
in the lepton sector indicates that all three generations are closely related instead of only two. Also in these
models the breaking of the flavor symmetry proceeds usually in two steps, i.e. SO(3) — SO(2) — nothing
and SU(3) — SU(2) — nothing, respectively. The models are supersymmetric and the gauge group is the
one of the SM, the Pati-Salam group or, in the case of an extra-dimensional model, SO(10). The masses of
the SM fermions arise usually only from non-renormalizable operators and additional symmetries, such as Z,
or U(1), are imposed in order to forbid certain operators. Assuming different messenger mass scales allows
to differentiate among the expansion parameters present in the up quark, down quark and charged lepton
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mass matrices. It has been shown that in such models TB neutrino mixing is predicted through constrained
sequential dominance and a specific structure of the flavons VEVs. The latter can be achieved through F-
as well as D-terms. The corrections arising from the charged lepton sector to the mixing angles are small.
Subsequently, models in which the continuous symmetry has been replaced by a discrete one, like A4, A(27)
and A(108), have been discussed [[13]. The results of these models are very similar to those with continu-
ous flavor groups. In general, the vacuum alignment is achieved in a simpler way; however, in the case of a
discrete group D-terms associated with the flavor symmetry are obviously absent.

2.4. Non-trivial breaking of discrete Gy and fermion mixing

In the following | exemplify the idea of the non-trivial breaking of the flavor symmetry in different sectors of
the theory, e.g. the charged lepton and the neutrino one, presenting several models: first, | briefly discuss
how A, and S, give rise to TB mixing, then dihedral symmetries D,, in general as well as the group D14 in
particular which can explain quark and lepton mixing patterns at the same time.

2.4.1. TB mixing and the groups A, and S,

Probably, one of the most famous examples of a flavor symmetry broken in a non-trivial way is the one of
the group A4 which leads to the prediction of TB mixing. A simple and elegant model can be found in [[14].
It is an extension of the minimal supersymmetric SM (MSSM) in which the group A, is spontaneously broken
at high energies through flavon VEVs. The theory is formulated as an effective one with a cutoff A, assumed
to be of the order of the GUT scale. An elaborate construction of the potential ensures the correct vacuum
alignment. The supermultiplets containing left-handed leptons transform as irreducible triplet of A4 and right-
handed charged leptons are in three inequivalent one-dimensional representations. The two Higgs doublets
h..,q do not transform under A4, while the flavons breaking A4 correctly are two triplets, called ¢ and ¢g
and two singlets &, 3 (only one of them acquires a non-zero VEV). Apart from A, the model has a family
independent Z3 symmetry and a family dependent U (1) ry symmetry. The former allows to separate the two
sets of flavons {¢r} and {¢s, &, £} and thus the charged lepton and neutrino sectors in the superpotential
at the renormalizable level, while the latter which distinguishes among the right-handed charged leptons is
used to explain the hierarchy among charged lepton masses. This U (1) symmetry is also assumed to be
spontaneously broken, by a gauge singlet 6, carrying charge —1.

The group A, is the symmetry group of the even permutations of four objects and is isomorphic to the
symmetry group of a regular tetrahedron. It has 12 elements and four irreducible representations: three
singlets 1, 1/, 1” and a triplet 3. The only non-trivial Kronecker productis 3 x 3 =1+1"+1"+ 3 + 3. The
group can be defined in terms of two generators .S and T" which satisfy the relations (E is the neutral element
of the group) [[14]

S?=EF, T°=E, (ST)}=E. (2.2)

For the singlets S and T are simply 1 and the third roots of unity, 1, w?, w, respectively. For the triplet we use
a basis in which T is represented through a diagonal matrix [[14]

1 -1 2 2 1 0 0
S = 3 2 -1 2 ., T=|(0 w? 0 . (2.3)
2 2 -1 0 0 w
With the vacuum alignment (for details see [[14])
<99S> =Us (17 L, 1) ) <£> =u., <g> =0, <90T> =vr (17 0, 0) ) (2.4)

the mass matrix M, of the charged leptons is diagonal

1 6)2 0
My =28 ) diag (0o ) @5)
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while the one of the neutrinos M,, arising from the Weinberg operator takes the form
a+2b/3 —b/3 -b/3

(hu)?
M, = ¢ —b/3 2/3 a-b/3 | . (2.6)
-b/3  a—0b/3 2b/3
As one immediately sees the latter leads to TB mixing and the neutrino masses are |a + b|, |al, | — a + b]

in units of (h,)2/A with a = 2, u/A, b = x,vs/A. Apart from its simplicity this model is very appealing,
because, as has been observed, the group Ay is broken in a specific way. The flavons g (£) break A4 to a
Z subgroup in the neutrino sector, since the VEVs of these flavons are eigenvectors to the eigenvalue +1 of
the element S of A4. From eq.(2.2) it is obvious that S generates a Z, group. The VEV of 1 breaks A4 to
a Zs subgroup in the charged lepton sector, because it is an eigenvector to the eigenvalue +1 of the matrix
representing the element T" of A4 which has order three, see eq.(2.2). Note that in this way A, is broken
completely in the whole theory. The mismatch of the two different subgroups of A4, preserved in neutrino
and charged lepton sectors, reflects the mismatch between neutrinos and charged leptons in the flavor space
and thus allows for a neat interpretation of lepton mixing. All this is independent of the particular value of the
fermion masses. Similarly, small mixing in the quark sector might be understood as sign that the subgroups
preserved in the up and down quark sectors are the same (for a model realizing this idea with the help of the
group 7", the double covering of A4, see [[15]).

From the mathematical point of view two things are interesting to notice: first of all, not only non-zero VEVs
of fields forming a 1 or a 3 can preserve a Z, group, but also those of fields transforming as 1’ or 1, and
second, apart from Z; and Z3 D- is a subgroup of A4 (whose preservation is however only compatible with
non-zero VEVs of flavons being singlets of A,). The first aspect can be seen in a different way: the matrix
in eq.(2.6) is not only invariant under the element S of A4, but also under the matrix P»3 which is the matrix
representing the permutation of second and third rows and columns. The latter generates also a Z> group
and commutes with the element S. Thus, the neutrino mass matrix M, is invariant under Z> x Z,, with one
of the two being a subgroup of A4, while the other one is an accidental symmetry which arises through the
particular choice of the flavor symmetry breaking fields. This fact has been used as argument against A, and
it has been shown [[16] that indeed from the mathematical view point the group S, is more appropriate for
predicting TB mixing, because it contains the element S as well as P»3. The simple idea is then to use Sy
as flavor group and break it to Z> x Z5 in the neutrino sector, while the breaking in the charged lepton sector
remains the same, i.e. Sy — Z3. Again, the flavor group is broken completely in the whole theory. However,
one problem which might arise in S, models is related to the question of how to achieve the mass hierarchy
among charged leptons naturally, because S only contains two inequivalent singlets in contrast to A4. Thus,
it might not be simple to distinguish the three (right-handed) charged leptons. This problem can however be
easily solved [[17] by extending the flavor group to Sy x Z3 and breaking the latter in the charged lepton sector
to Z§D) which is the diagonal subgroup of the external Z3 factor and the Z3 contained in S, and generated
by T. In order to distinguish the three right-handed charged leptons which transform trivially under Sy, one
assigns them to 1, w? and w under the additional Z3 group.

Before discussing other flavor groups let me briefly comment on the question whether or not models pre-
dicting TB mixing are still favored in the light of the recent experimental results [ 5] which indicate a non-zero
value for 6! 5. Indeed, in all models the leading order result, in this case TB mixing, receives corrections from
various sources, e.g. higher-dimensional operators. Thus, in all models a non-zero value of ¢!, is aspected.
Concerning its size one can roughly say: let us assume the size of the corrections to be J and that the latter
contribute in the same manner to all three mixing angles, then the request to not perturb too much the result
for the solar mixing angle implies that § < 0.05. Thus, one might expect sin#i; ~ & < 0.05 which is too
small to explain the recent experimental indication. Since in many models several operators give rise to a
correction to 0113, we get in general sin 9113 ~ |c|6 with ¢ complex. If ¢ is largish, i.e. the corrections add up,
larger values of 6!, can be explained. Alternatively, one can consider models in which the corrections to the
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reactor mixing angle are generically larger than to the two other angles. This happens for example if there are
two sets of flavor symmetry breaking fields whose VEVs are different in size [[18]. Yet, another possibility is
to assume that the mixing pattern at leading order is bimaximal mixing. Then, the reactor as well as the solar
mixing angle have to receive corrections of order § ~ A ~ 0.2 [[19]. The crucial issue is then to protect the
atmospheric mixing angle 65, from too large corrections.

2.4.2. Dihedral symmetries D,, as G'¢

In order to show the interesting and amusing properties, a non-trivial breaking of a discrete symmetry can
have, | discuss the case of a dihedral flavor group D,, which is broken to two distinct Z> subgroups. If the
former is generated by A and B, the generating elements of the latter are BA™ and BA*? (k; integers),
respectively. If two of the left-handed fermion (quark or lepton) generations transform as irreducible two-

dimensional representation 2;, one of the elements of the mixing matrix V" is of the form

cos <7T(k1k2)‘]> ’ . (2.7)

[Vag| = -

As one can nicely see, |V, 3| only depends on group-theoretical quantities, i.e. the index n of the dihedral
group D, the indices characterizing the two Z, subgroups k2 and the index j of the two-dimensional rep-
resentation. Note that for k; = ko the mixing is trivial, as expected. The way to reach the result in eq.(2.7)
can be understood performing the following seven steps: first, one has to choose the group D,, and select
the indices k; » of the two Z, subgroups which are associated with the two different fermion sectors 1 and
2. Then, one assigns left-handed fields to 1, + 2;, while the three generations of right-handed fermions can
either transform as singlets lip or also as singlet and doublet 1, 4+ 2. We then consider a generic model in
which two sets of scalars exist {®1} and {®2}. These sets contain fields in all representations y of D,, and
we assume their VEVs to be such that they leave invariant a Z, group generated by BA*1:2 respectively. As
one can check, the most general matrices M; with ¢ = 1,2 for fermions of sector 1 and 2 are of the form
(always given in the left-right basis)

0 A; B;
M; = Ci D; E; ; (2.8)
,C’ie*i%‘j Die*itpij Eie*i%‘j

if right-handed fermions are singlets under the group D,,, or take the form

A; C; C’ie_i% m
Bje~iwil  Fieivii-m)  p.e—iei(j+m)

if right-handed fermions transform as 1, + 2,,. The parameters A;,...,E; are in general complex and not
further constrained by the flavor symmetry D,,. The phase ¢; which appears in both cases only depends on
group-theoretical quantities

i = 2088 (2.10)
n

For both matrices the combination /\/lz/\/lj can be written as

a; bieiCz‘ bie’i(Cr‘r%J)
MM = be~ici ¢ d;eieil 2.11)
bie—i(Ci-‘r%j) die—itﬂij ¢
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with a,...,d; and ¢; depending on the parameters present in the matrices in egs.(2.8)-(2.9). The matrix U;
diagonalizing the combination MqMI is

0 cos B; %% sin 6; %%
_ 1 ol _ sinf; cos 6;
Ui = vz© vz V2 (2.12)
1 _ sin 9,36—1@” cos Oie—zga”
V2 V2 V2

with 6; given in terms of the parameters appearing in eq.(2.11). As one clearly sees, one of the eigenvectors
only contains the phase ¢; and thus only depends on group-theoretical quantities. The physical mixing arises
from the misalignment of the matrices U; and Us:

vV =UlU,. (2.13)

Then one of the elements |V,,3] is of the form

S

while the rest depends also on the angles 6 » and the phases (; 2.

It has been shown [120] that 7 symmetric lepton mixing can be realized in this way with the group Dy [121]
and that D14 can be used to predict the correct size of the Cabibbio angle [22]. In the subsequent section a
model is outlined in which D4 plays the role of the flavor symmetry and which explains the Cabibbo angle as
well as nearly pm symmetric lepton mixing [123].

1 . .
|Vaﬁ| — 5 1 _|_e1(8017802)J

n

cos (M)‘ , (2.14)

2.5. D,, - a symmetry for quarks and leptons

The group D14 belongs to the dihedral symmetries and has 28 elements. As all D,, groups, it only contains
one- and two-dimensional representations, called 1;,i = 1,...,4 and 2;, j = 1,...,6. It can be described in
terms of two generators A and B which satisfy the relations

AY=F, B’ =F, ABA=B. (2.15)

The generators A and B for the singlets are just &1 and the two-by-two matrices for 2; are in a convenient
basis

F)i g 0 1
A= ( 0 o—(3)i and B= ( 10 ) . (2.16)

The main properties of the original D4 model [122] which only contains quarks are the following: it is an
extension of the MSSM formulated as effective theory with a cutoff A, the flavor symmetry G is the product
Dy x U(l)pN X Zs, D14 and U(1)py together explain the quark mass hierarchies and Z3 is used for
separating appropriately up and down quark sectors. All flavor symmetries are broken spontaneously at high
energies through flavon VEVs. The two sets of flavons breaking the group D14 x Z3 are {¢{ 5, X1 2,81 2 n*}
and {9, x{,,&{5,n% o}, while 0 only carries non-trivial U(1) py charge. The left-handed quark doublets
Qp = (Q1,Q2) and Qs are in the representations 2, and 1,, while the right-handed quarks u¢, ¢, t¢ and d¢,
s¢, b¢ are singlets under D14 and h,, 4 are trivial singlets of D14.

The leading operators contributing to up quark masses are (order one coefficients are omitted in the follow-
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ing and (- - - ) denotes the contraction to a D14-invariant)

Q31 b+ QU™ + 1 Qa(e @17)
62 92

- F(Qwﬂx“s“)hﬁ— (Qpur(€")?) hu + 5 (@pv""u)hy 218)

£ (QoeX € + 13 (Qoe(E)) hu + 15 (@pu) ("¢ h (2.19)

while the ones contributing to the masses of the down quarks read

%Qg(bcnd)hd+ Qs s° ahd+ (Qm/)) s%hy . (2.20)

Note that all these operators respect the separation among the up and down quark sectors, as up-type flavons
only contribute to up quark masses and down-type ones only to down quark masses. With the appropriate
vacuum configuration of the flavons, see [ [22] for details of the superpotential, two distinct Z> groups are
preserved. One is characterized with an even index, see above, which can be set without loss of generality to
zero, while the second one has an odd index k& which remains undetermined. At the Z; symmetry preserving
level, the up and down quark mass matrices are of the form

—ait?e? a¥e? ale 0 afte 0
My=| a¥t?e® a¥e® a¥e | (hy) and Mg=| 0 aofe ™ /Tte 0 (hg)  (2.21)
0 oy € Yt 0 agte Yp €

with (®") /A ~ ¢, () /A ~ ¢, t = (0) /A =~ ¢ =~ A% = 0.04. As one easily computes, the quark masses fulfill
the relations

2

o m? ~ 68:64:1 WLZ m2 mbNO €2 01, (2.22)

2
mi:mi? ~ € :1 for small tanp = (hy)/(ha)

and the CKM mixing matrix takes the form

| cos( le' |sm( I =) 0 0 O(e') O(e?)
WVorl = | 1sinE5)] JeosE5) 0 |+ [ 0@ o@) o |. (2.23)
0 0 1 O(e)  O(e) 0O(e?)

As one can see, for the choices kK = 1 and £ = 13 the matrix elements involving the first two generations
are very close to their experimental best fit values, e.g. |V,.q4| =~ 0.97493 should be compared with |V,,qlexp =
0.974197 509022, Subleading corrections lead to the down quark mass of the correct size as well as allow all
elements of Vo ar and the Jarlskog invariant Jo p to be accommodated.

In a second step | would like to outline how to extend this model to the lepton sector in a minimalistic way,
i.e. to add only a small number of new fields, to not perturb the results achieved for quarks too much and
at the same time to predict u7 symmetric lepton mixing. The setup which fulfills these requirements is the
following [[23]: the Z;5 factor of the flavor symmetry is replaced by Z7 and still has the role to segregate the
different symmetry breaking sectors, the left-handed leptons Ly and Lp = (L2, L3) transform as 15 and 2,,
also the right-handed neutrinos v{ and v§, = (v§,v5) transform as 1, + 25, while all right-handed charged
leptons e, u°, 7¢ are trivial singlets of Dy4. Furthermore, one flavon x{ , is added which is a doublet 2, of
D14.

In the neutrino sector, the leading contributions to the right-handed neutrino mass matrix Mg are

a0 0
vivio + (Vi v ) givingriseto Mg = 0 0 o |eA, (2.24)

0 o o
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while the Dirac neutrino mass matrix M2 takes the form

0 aP ob
MP=1| o 0 af | e (2.25)
—af ab 0

and receives at leading level contributions from the operators

1 1 1
X(Llchfu)hu + X(Lpl/‘fx“)hu + X(LDVCDWL)hu . (2.26)

Consequently, the light neutrino mass matrix M,, can be cast into the form

22% /v w x
M, = x z  v—z | e(h,)?/A. (2.27)
r v—z @z

The predictions are then: 7 symmetric neutrino mixing, tan(67,) = V2 |%| and normal ordering with m; = 0.
In addition, one finds |me.| = mqy sin?(#%,) = vém? sin?(6%,). For the charged lepton sector we use the
additional flavon xf , which acquires a VEV of the form v (1,0). Such an alignment is easily achieved with
a driving field being a trivial singlet under D14 and carrying an appropriate Z7 charge. Interestingly enough,
also this alignment preserves a Z5 subgroup of D14 which, however, does not coincide with one of the Z,
symmetries present in the up and down quark sectors. The main contributions to the charged lepton mass
matrix M originate from (a stands for e, u and 7')

1
X(LDX )a“hg+ e (LDX §")a“hg+ e (leei/fufu) ‘ha + 3 e (L177 J(XX“)ahg (2.28)
which give rise to
afed ased asé
M= a5 age® age? | (ha) for v /A e N\, (2.29)
ace  age  age
As one can see, the charged lepton mass hierarchy is correctly predicted, m. : m,, : m, ~ € : € : 1, and the
three mixing angles in the charged lepton sector are small
05y ~ €, 055 ~ €%, 055 ~e. (2.30)
Thus, the lepton mixing is nearly ur symmetric, i.e.
1
sin? 0, = 3 +0(e), sinbl; =0(e), sin?6l, =0(1). (2.31)

As regards the recent indication for 6%, # 0 [[5], we note that the model naturally leads only to rather small
6!, which might seem to be disfavored at the moment.

2.6. Conclusions

| have presented an overview over flavor symmetries in general and their properties. | commented briefly
on the case of a continuous Gy and then focussed on discrete symmetries playing the role of G'; with special
emphasis on those cases in which they are broken in a non-trivial way. | showed a variety of examples:
A4 and S, and their relation to TB mixing, predictions from dihedral groups D,, in general and from D14 in
particular. Lastly, | have sketched a D14 model in which the Cabibbo angle as well as ;7 symmetric lepton
mixing are closely related to how D14 is broken and at the same time all fermion mass hierarchies are naturally
accommodated.
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Chapter 3

Neutrinoless Double Beta Decay and
Connections with Flavour Physics

Luca Merlo

Abstract

Neutrinoless double beta (0v23) decay is a fundamental observable to probe the Majorana character of
neutrinos and to investigate on their absolute mass scale. The present status of experiments searching for
0v2p3 decay is reviewed and the most relevant results are discussed. The interplay with flavour physics in
general provides clear predictions for 023 decay and some major examples are presented.

3.1. Introduction

Non-vanishing masses for neutrinos have been the first evidence of the necessity to go beyond the Standard
Model (SM) of Particle Physics. In the last decades, a lot of effort has been put to determine the parameters of
the neutrino sector. In the conservative scenario of only 3 active neutrinos, their oscillations can be described
by two frequencies, Am?2,, = m3 — m? ~ 7.6 x 107° eV? and Am2,,, = |m3 — m?}| ~ 2.5 x 10-2 eV?, and
three mixing angles, the solar sin” A1, ~ 0.31, the atmospheric sin? 6,3 =~ 0.5 and the reactor sin® 6,5 ~ 0.015
[[36]. Furthermore an upper bound on the absolute neutrino mass scale of few eV has been fixed.

On the other hand numerous questions are waiting for an answer: 1) which is the nature of neutrinos,
Dirac or Majorana? 2) which is the absolute mass scale? 3) which is the mass ordering (which is the sign
of Am2,,.)? 4) which are the values of the Dirac and Majorana CP violating phases? The 0v23 decay is a
useful observables with this regards, being connected directly or indirectly to the previous questions.

In the following | will first review general notions on the 0v23 decay and the related experimental status.
I will then discuss correlations among the 0v25 decay and other observables, with particular emphasis on

flavour observables.

22
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3.2. The Ov23 Decay

The 0v25 decay belongs to the class of the 23 decays, that are spontaneous transitions of an initial nucleus
(A, Z) into a nucleus (A, Z + 2) with proton number larger by two units, and the emission of two electrons.
Such transitions occur in even-even nuclei, i.e. with the same number of protons and neutrons: in such case,
the parent and the daughter nuclei are more bound than the intermediate one and as a result the equivalent
sequence of two single beta decays is avoided or at least inhibited.

The most frequent 23 decays are the 2020 transitions (A,Z) — (A, Z + 2) + 2¢~ + 27,: these are SM
allowed decays and occur at the second electroweak order. They provide a natural background for the 0v23
decays (A, Z) — (A, Z + 2) + 2e~, that on the contrary are not allowed in the SM. Nine nuclei turn out to be
particularly interesting for the 0023 decay and are actually under investigation: these are “8Ca, "°Ge, 825,
96 Zp, 100010, 116Cq, 139T¢, 136 Xe and 159 Nd. The reason can be found in the large energy release, the
Q-factor, that is emitted during the transition: since the 0v23 decay rate goes with Q°, a sufficiently large
Q-factor allows a better discrimination of the signal over the natural radioactivity, which drops significantly
beyond 2.614 MeV.

It is not clear which is the mechanism that originates the 023 decay, but it violates the Lepton number
by two units. This suggests the possibility that the 0023 decay may be connected to other Lepton number
violating (LNV) observables. This is indeed the case as it has been shown in [[2}[3]: following the Schechter—
Valle theorem, whatever is the mechanism of the 0023 decay, it is possible to construct a 4-loop diagram
that contributes to the Majorana neutrino mass matrix. Even if the corresponding contribution is however tiny
~ 10723 eV and insufficient to explain the observed neutrino masses, the evidence of the 0v23 decay would
imply the Majorana nature of neutrinos.

The mechanisms for the 0v23 decay are usually cataloged into two classes: the standard mechanism
and the exotic ones. The first one is illustrated by the diagram in fig. [3.7fa), where the mediators are the
light oscillating neutrinos. It is possible only if the neutrinos are Majorana particles. On the other hand,
when other LNV sources, different from light neutrinos, give the main contribution to the 0v23 decay, such as
right-handed (RH) neutrinos in left-right symmetric models (fig. b)) or the SU(2) Higgs triplet in the type
Il See-Saw mechanism (fig. [3.7]c)), usually it is referred to exotic mechanisms. A more complete list of exotic
mechanisms can be found in [4].

n P n P n
| [ | [
dy, | N | 7 dp | N | uRr
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dy, o l L dg RAY, { uR
| | | |
n P n P n
(

a) Standard mechanism (b) Exotic mechanism: RH neutrinos (c) Exotic mechanism: type Il See-Saw

Figure 3.1. Standard mechanism and two examples of exotic mechanisms: in (b) the case of RH neutrinos
and in (c) the case of the SU(2) Higgs triplet in the type Il See-Saw mechanism.

On the experimental side, the present methods to detect the 0025 decay consists in the direct observation
of the two electrons in the final state. Generically the various 25 decays are separated just on the different
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distribution of the electron sum energies, as shown in fig.[3:2(a): a continuous bell distribution for 224 and a
sharp line for 0v23. The latter corresponds to the () value of the nuclear transition. The observables are the
electron sum energy, the single electron energy (only in few detectors) and the angular correlation of the two
electrons in the final state.
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(a) Energy distribution. (b) Current and future experiments.

Figure 3.2. (a) Energy distribution of the 2v25 and 0v2 decays. (b) Current and future experiments on the
0v20 decay. It is shown, when available, the isotope, the source mass, the sensitivity on the half-time and on
the Ov23 effective mass in the case of Standard mechanism, and the status of the experiment.

In all these measurements, a large sensitivity is necessary and can be achieved with: a large source
mass with an high isotope abundance; a large @Q-factor to avoid the environmental background; a good
energy resolution to improve signal/background; shields against environmental radioactivity and cosmic rays;
minimizing the detector size to lower the background from impurities that scale with the volume of the detector;
using pure sources, such as gaseous and liquid sources that can be continuously purified; identifying the
daughter isotope in coincidence with the electron pair to reject many backgrounds, possible if the 023 decay
proceeds into an exited state with the subsequent ~ ray emission.

The detectors are defined inhomogeneous (homogeneous), if they are distinct from (coincident with) the
sources. Inhomogeneous detectors usually consist in source foils between scintillation detectors and allow
a precise reconstruction of the event topology and the study of different type of isotopes. On the other hand
only relatively small source masses can be adopted.

Homogeneous detectors usually consist in semiconductors, liquids or gasses and are based on scintillation
techniques. They allow the adoption of large source masses, a very high energy resolution, an high detection
efficiency and in some cases the indication of the event topology. On the other hand only a restricted number
of isotopes can be studied in such detectors.

Among the past experiments, the best lower bound on the 028 half-time comes from the Hidelberg-
Moscow experiment [ [9], based on high pure ®Ge semiconductor: at 90% of C.L. Ti/p > 19 X 1024 yr.
Part of the collaboration claimed the observation of the 0v23 decay [ 6] corresponding to a value 77/, =
(22.3f§;‘f) x 10?4 yr. The corresponding analysis has been strongly criticized, but only the present and future
experiments will be able to confirm or exclude such a result.

An incomplete list of current and future experiments is presented in fig. [3.2[b): all the experiments have
been designed to reach and pass the H-M claim and the first results are expected in few years. Furthermore,
notice that many different techniques and many different isotopes are involved in these list: this will allow the
determination of the systematic errors, a better understanding of signals and backgrounds and possibly the
discrimination among different mechanisms originating the 0v25 decay.

The experimental results of the 0v2 half-time is translated into particle physics parameters by the following
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expression:

Th = G™(Q%, 2) | M™(4,2) 11| | (3.1)
where G%(Q°, Z) is the phase space, M (A, Z) the matrix element and II is a function of particle physics
parameters. The phase space may depend on the particle physics process that determines the 0v25 decay,
but it is almost equal for transitions with only 2 electrons in the final state, as can be noticed in fig. [3.3|a).

The nuclear matrix element M° (A, Z) depends on the particle physics process which determines the
transitions and on the isotope considered. Two main approaches are followed: the Nuclear Shell Model (NSM)
allows the study of arbitrary complicated configurations, but limited to few single-particle orbitals outside the
inert core; the Quasi-particle Random Phase Approximation (QRPS) is able to treat many single-particle
states, but only a limited set of configurations. In fig. [3.3(b) we can see the results of the two methods for
different isotopes. To be noticed that a lot of effort has been put for the Standard mechanism, but not for the
exotic ones. It is from the nuclear matrix element computations that comes the largest theoretical uncertainty
in the 023 decay rate and unfortunately the precision is not expected to improve more that 20% in the next
10 years.
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Figure 3.3. (a) Phase space G (Q°, Z) for different isotopes. (b) Nuclear Matrix Elements for different
isotopes in the NSM and QRPS approaches.

The function of the particle physics parameters II is defined by the mechanism that produces the 00283
transition. In the Standard mechanism, as shown in fig. [3.1}a), the three light oscillating Majorana neutrinos
give the main contribution and the function takes the following form:

II = (me.), (3.2)

where (m..) is the 0v2( effective mass. We can now translate the experimental present bounds and future
sensitivities of the half-time of the 0v2/ decay on the equivalent values of the 0v24 effective mass: while the
present bound is 0.21 — 0.53 eV (90% C.L.) the H-M claim is 0.32 4 0.03 eV; the future sensitivities can be
read from the fifth column of the table in fig. [3.2(b).

3.3. The 0v273 Effective Mass

The 0v23 effective mass is the function of the particle physics parameters entering in the expression for
the Ov23 decay rate. It takes a precise expression when considering the Majorana neutrino mass matrix:

Z Uz

k

(Mee) = = ‘c%z cfg my + s§2 c§3 et my + 8%3 gtos m3| , (3.3)
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where U, are the elements of the first row of the PMNS matrix, containing the solar and reactor and angles

and the Majorana phase, and m,, the neutrino masses. In the expression c;; and s;; refer to cosines and

sines of 6;;, while a1 31 are the Majorana phases in the usual convention. The r.h.s. of eq. depends on

7 unknown quantities, while only the quantity (m..) can be read from Tf/; In order to extract any information

from eq. (3.3), more constraints and other correlations among the same parameters are necessary.
Cosmological analyses put bounds on the simple sum of the neutrino masses:

3
k=1

In fig. 3.4fa), the table shows the recent results [[7] considering two contexts and different combination of the
cosmological data: the Blue corresponds to the standard cosmological model ACDM with massive neutrinos
and the Red the generalization with non-vanishing curvature and with w # —1 in the Dark Matter equation
of state. CMB stands for the Cosmic Microwave Background, HO for the Hubble Constant, SN for the high-
redshift Type-1 SuperNovae, BAO for the Baryon Acoustic Oscillation, LSSPS for Large Scale Structure matter
Power Spectrum. In the next few years, the sensitivity should lower down to 0.1 eV considering the new
combined analysis with CMB and Ly-« data.
The single 5 decay experiments are sensible to the following observable:

3
> Uekl* m2. (3.5)
k=1

In fig. [3.4[b), the picture shows the region of interest: massive neutrinos produce a tiny effect only in the
tail of the curve. The present upper bound on mg is 2.3 eV (95% C.L.) from the Mainz [[8] and Troitsk [ 9]
collaborations. The future sensitivity should be lowered down to 0.2 eV (0.1 eV) by the KATRIN [[10] (MARE
[[1]) experiment.

Observables Ym, (eV) 95% Bound g
CMB+HO+SN+BAO <15 L - _fos
CMB+HO+SN+LSSPS <0.76 3 o oo
CMB+HO0+SN+BAO <0.61 g 08 m
CMB+HO0+SN+LSSPS < 0.36 £ E
CMB (+SN) <12 <
CMB+BAO <0.75 o 0
CMB-+LSSPS <0.55 — 4
CMB+HO S 045 electron energy E [keV] E-E[eV)
(a) Cosmological bounds. (b) Single 3 decay.

Figure 3.4. (a) The cosmological bounds on the sum of the neutrino masses. See the text for details. (b)
Energy spectrum of the single 3 decay.

Considering the neutrino oscillation experiments, further constraints apply to the expression in eq. (3.3):
while it is possible to fix the two mixing angles, only two out of the three neutrino masses can be fixed. Indeed
in the case of the normal ordering (NO), one can write

me = \/mi+Am? ms =/m3+Am2, (3.6)

while in the case of inverse ordering (I0), they are

my = /m2+Am2,,, my = \/m§ +Am?,+Am2,, . (3.7)
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Ther.h.s. of eq. now depends only on three parameters: the lightest neutrino mass and the two Majorana
phases. Taking these phase in the range [0, 7], one can generate the plot in fig. a), where the 0028
effective mass is drown as a function of the lightest neutrino mass for both the mass orderings. The horizontal
lines corresponds to the past and future sensitivities of the 0025 decay experiments, while the vertical ones
to the KATRIN and MARE future sensitivities.

In fig. [3.5(b), correlations among the sum of the neutrino masses, the single 5 parameter and the 0024
effective mass are shown. From these plots, one can hope to understand the type of the hierarchy already in
the next decade, thank to the improvements in the 0v23 experiments and cosmological analyses.
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Figure 3.5. (a) The 0v2j effective mass as a function of the lightest neutrino mass for both the mass orderings:
in Red (Blue) the NO (10). The coloured areas (dashed lines) correspond to the neutrino oscillation parameters
atlo (30) from [[3]. (b) Correlation between 3 and mg and (m..). See details in the text.

3.4. Flavour Symmetries in the 0v23 Decay

An alternative strategy to increase the predictivity on the parameters entering the 0v23 effective mass is
considering flavour symmetries. The main scope of introducing a flavour symmetry is to explain the origin of
fermion mass hierarchies and mixings. This leads to specific structures for the neutrino mass matrix, that in
some cases benefits of a large predictive power [[13]. The most known predictive textures are related to the
Tri-Bimaximal (TB) pattern [16,[15], the Bimaximal (BM) pattern [[16, [17] and the Golden Ratio (GR) pattern [
18,[19]. All these three schemes correspond to a maximal atmospheric angle and a vanishing reactor angle:

Sin2 923 = 1/27

sin (913 =0. (38)

They differ only in the value of the solar angle:

sin? 9LF =1/3, sin? 9BM =1/2, tan0GF =1/¢  with ¢ = (1++5)/2. (3.9)

While the TB and GR values of the solar angle are compatible with the experimental data, the BM value is
well outside the 3¢ region and needs large corrections [ 20 21} 22].
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In the following | will concentrate on the TB pattern. The TB mixing matrix is given by

2/3 1/V/3 0
Urp=| —-1/V6 1/vV/3 —1/V2 (3.10)
-1/V6 1/V3 +1/V2

and the most general mass matrix diagonalised by this mixing scheme is given by

) ) T Y Y
m} P = Urpdiag (m1, mae’**', mge'*") Urp = | y z r+y—z | . (3.11)
Yy r+y—=z z

Such mass matrix is ;1 — 7 symmetric and magic symmetric, that leads to (mX?)s3 = 2 +y — 2. Furthermore
the 0v2f effective mass is given by

ee

1 _
(me”) = |ol = 5 [2ma + ma e ] (3.12)

Few comments are in order. Just considering the most general mass matrix of the TB type, the 0v2 effective
mass depends only on 3 parameter instead of 7 as in the general case. It is possible to further reduce the
dependence on only 2 parameters considering the expressions in eqgs. and : (mXB) depends now
only on the lightest neutrino mass and on the only Majorana phase entering the expression.

When considering specific TB models, then the lightest neutrino mass and the Majorana phase are not two
independent parameters anymore, but they take specific expressions in terms of the parameters of the model,
reducing the parameter space of the 0v27 effective mass. In the following | will discuss some examples in
which this indeed happens and | will compare the different predictions.

In the low-energy approach, neutrino masses can be described by the Weinberg operator

(¢ H) (HT 4;)

Ay

5 (3.13)
where Y;; contains the flavour structure and Ay is the scale of the LNV. In the class of models with discrete
flavour symmetries introduced at the high energy scale [ 23], Y;; is determined by the vacuum expectations
values of new scalar fields, called flavons. The TB mixing naturally arises only when ¢ transforms as a triplet
of the flavour symmetry, while on the other hand flavons can transform as triplets, doublets and singlets.

The first flavour model | consider is the Altarelli-Feruglio (AF) model [ 24} 25] based on the discrete group
Ay. Since in this group there are only triplet and singlet representations, only two terms can enter the Wein-
berg operator:

w3 ((°H) (HT€) o, ((¢H) (HT?)
my D {/\f ALN y Ai‘f ALN s (314)

where @ is the flavon transforming in the R representation, A ¢ is the energy scale of the flavour dynamics and
the flavour contractions are understood. The resulting Majorana neutrino mass matrix is exactly diagonalized
by the TB mixing. A similar analysis can be done considering three RH neutrinos transforming as a triplet of
A4 and the same flavons would determine the flavour structure of the neutrino mass matrices. In particular
the Majorana mass matrix is of the TB type and the Dirac mass matrix turns out to be proportional to the
rotation in the 2-3 sector. Without entering into further details, the results [ 26] for the 0273 effective mass
are shown in fig. For the effective case, only the NO is allowed and lower bounds for m; and (me.)
can be determined. In the See-Saw case, both the mass orderings are described: for the NO only a narrow
parameter space is allowed, while for the 10 only a lower bound can be fixed for ms and (m).
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Figure 3.6. The 0v20 effective mass as a function of the lightest neutrino mass for both the mass orderings:
in Red, Green and Purple (Blue and Orange) the NO (I0). The light coloured areas correspond to the TB
parameter space. The dark coloured areas represent the predictions for the AF model for the effective case
(a) and the type | See-Saw case (b), and for the Niemeyer model (c).

The second realization | consider is the Niemeyer model [[27], that is also based on the A4 group. In this
case only the See-Saw case has been presented. The structure of the neutrino mass matrices is opposite
with respect the AF model: the Dirac mass matrix is of the TB type and the Majorana mass matrix turns out
to be proportional to the identity. The result for the 0024 effective mass is shown in fig.[3.6{c): only the NO is
allowed and the lower bound on m is below the cancellation point. With respect to the AF model predictions,
in the Niemeyer model a vanishing (m..) is possible.

The third model | consider has been presented in [[28, 29] and it is based on the S, discrete group. This
group is larger than A4 and owns triplet, singlet and doublet representations. In this particular model, in both
the effective and See-Saw cases, only triplet and doublet flavons contribute to the neutrino mass matrices.
The corresponding prediction for the 0243 effective mass is shown in fig. [3.7; both the mass orderings are
allowed and lower bounds for the lightest neutrino mass and (m..) are present.
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Figure 3.7. The 0v20 effective mass as a function of the lightest neutrino mass for both the mass orderings: in
Red (Blue) the NO (10). The light coloured areas correspond to the TB parameter space. The dark coloured
areas represent the predictions for the S, model for the effective case (a) and the type | See-Saw case (b).



30

Comparing the plots in figs. and the predictions from the different models overlap in many points.
Only one region allows a discrimination among them: in the soon testable region in which the neutrino mass
spectrum is quasi-degenerate, the A, model lines run along the boundary of the TB allowed region, while
the S4 model line stays in the middle of the band. This behaviour reflects the fact that, for almost degenerate
masses, in the A, model the Majorana phase is vanishing, while in the S, it is not. The reason can be found
in the use of single or doublet representations for the flavons contributing to the neutrino mass matrices.

To be noticed that all of these predictions are strictly valid only considering the first order contributions in the
expansion in A;l: indeed usually corrections to the mass matrices arise from higher order operators and the
predictions are consequently modified. As a title of example, | report in fig. [3.8the plots of the 00273 effective
mass in the AF model when the higher order corrections are taken in considerations: now in both the cases,
both the NO and the IO are allowed and the corresponding points cover a larger area.

We could expect a similar behaviour also for the other models and as a result the discrimination among the
different predictions turns out to be even harder.
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Figure 3.8. The 0v2( effective mass as a function of the lightest neutrino mass for the AF model with the
higher order corrections. See fig.[3.6 for further details on the plots.

3.5. Correlations of the 023 Effective Mass

In the previous section, | pointed out that the 0v2/ effective mass may be expressed in terms of only one
single free parameter when considering explicit flavour models. This property may hold also for other observ-
ables, such as lepton flavour violating (LFV) decays. In the specific context of the Type | See-Saw mechanism
in supersymmetry, the Branching Ratio of the radiative lepton decays ¢; — ¢, can be approximated by

2

ad ‘(mzLL)ij

Br(l; — £;y) ~ —5 -———— tan® 3.15
= ) = g (3.15)
where m?; ; mainly comes from the RGE effects and takes the form
St mi 5 O m2 o o m3
(m20s),p o (V3 Foigtog (1) 4 (V)i (sl (222) 4 (7 (Ftos (22) . (a6

Considering the specific case of the AF model, the study of the RG running and of LFV observables turns
out to be relevant to constrain the parameter space of the model [ 30} 131} 132, [33, |34} 35]. In particular, the
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previous expression depends only on the lightest neutrino mass and therefore, once a point in the SUSY
parameter space has been fixed, the 0v23 effective mass and the Br(¢; — ¢;7) can be easily correlated:
in fig. a) there is the correlation between the 0v275 effective mass and the BR(r — wy) in the 10 mass
spectrum case. This particular SUSY parameter space generates a region that could be easily verified in the
next years, as the sensitivity on the 0v245 effective mass improves.
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Figure 3.9. (a) Correlation between the 0v2[ effective mass and the radiative T decay for the specific SUSY
parameter space specified in the plot and for the 10 mass spectrum. Plot from [I34]. (b) Correlation between
the 0v20 effective mass and neutrino mass sum rules. In the upper row the AF model and in the lower one
the Sy model. Plot from [4].

An other interesting correlation of the 0v23 effective mass is with the neutrino mass sum rules usually
present in flavour models. In fig. [3.9(b) the correlations with the sum rules for the AF and the .S, models are
shown. These relations are strictly true only at the LO, but the higher order contributions do not introduce
large corrections. As a result, these plots are well representative of the models in consideration and allow a
good test of such models, as the sensitivities on (m..) and mg will improve.

Further correlations of the 0024 effective mass with baryogenesis through leptogenesis can also be found
in the context of flavour models [[11], (12, [10], but the possibility of measure Majorana phases in the context of
0v2( decay is weak.

3.6. Conclusions

Considering the experimental future improvements on the sensitivity of the 0v23 effective mass, it is possi-
ble to outline three possible scenarios: if (m..) ~ O(100) meV the discovery of the 0v27 is expected in the
next 1 + 5 years; if (me.) ~ 15 <+ 20 meV in the next 5 + 10 years; if (m..) < 2 + 5 meV new experiments
must be designed.

However, if 0020 is discovered, it is possible to conclude that the Lepton number is violated, Neutrinos have
Majorana nature (through the Schechter-Valle theorem), but independent different observations are necessary
to identify the mechanism that originates the 0v23 decay.

Only if the Standard mechanism turns out to be the main responsible for the 0v23 decay, depending on
the sensitivity of the single 5 mass parameter and on the sum of the neutrino masses, it will be possible to
determine the type of the neutrino mass spectrum. This would represent a good constraint on flavour models,
but it would be still hard to distinguish among different models only considering (me..), mg and X, mainly due
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to the theoretical uncertainty on the observables. Only considering the correlation with other observables,
such as LFV processes, neutrino mass sum rules, other LNV decays, and Leptogenesis, there would be a
hope to rule out or clearly identify some flavour models.
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Chapter 4

Deviations and alternatives to
tri-bimaximal mixing

Werner Rodejohann

Abstract

The overwhelming majority of flavor symmetry models focusses on tri-bimaximal mixing (TBM). Neutrino
mass sum-rules are given as one rather robust example on how to distinguish some of the models from
each other. We classify mechanisms to deviate from TBM and estimate the typical order of magnitude of
the corrections. Then we present several alternatives to TBM, and outline their possible origin in flavor sym-
metries. Finally, examples on how to to accommodate light sterile neutrinos in flavor symmetry model are
discussed. This works for eV-scale sterile neutrinos to explain the reactor anomaly, as well as for keV-scale
sterile neutrinos which can act as warm dark matter.

4.1. Introduction: The Zoo of Models and how to distinguish them

There is no need here to motivate the need for flavor symmetry models, or to note the existence of a huge
amount of those, for reviews see [[1]. The vast majority aims to reproduce tri-bimaximal mixing (TBM),

2 1 0 9
3 3 sin? 613 =0 x cos? 13 =0
U=| —\/% 3 —\/g P = sin®6, = 1 % cos? b1 = % , (4.1)
1 1 1 sin? fo3 = 1 x cos? fg3 = 5
6 3 2

see however Section [4.3]for a discussion of alternative mixing scenarios. The diagonal matrix P contains the
Majorana phases, P = diag(1, gi2/2, 61“3/2). The TBM form of the mixing matrix originates from the mass

33
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matrix
A B B A= l(2m1 +m26’i°‘2),
%(A + B+ D) %(A + B — D) s where = 3 (m2 ?71‘0(2 — ml) s (42)
L(A+B+D) D= mge™™.

Note that the sum of the elements in each row, and in each column, equals A + 2B = my e =12,

There are many models. Consider the Table in Figure [4.7] which introduces a categorization of A4 models
giving rise to tri-bimaximal mixing available in the literature [[2]. The table illustrates for instance the simple fact
that even after choosing the symmetry group one is far from done with constructing the model. The question
arises how to distinguish the proposed models from each other. Possibilities are lepton flavor violation implied
e.g. by low-lying scalars or collider implications of such particles. More aesthetical considerations are whether
leptogenesis is possible, whether the models are compatible with GUTs, whether dark matter candidates are
present, etc.

Another method to distinguish the models is made possible by the surprising feature that neutrino mass
sum-rules are often present in such models [[3] [4]. While flavor symmetries cannot predict masses, relations
between masses, such as sum-rules, can very well be predicted. Examples are 2ms + m; = mg, or 1/mq +
1/ms = 1/ms. Here the masses are understood to be complex, i.e. including the Majorana phases. The
sum-rules constrain the Majorana phases and masses, and therefore only certain areas in the parameter
space of the different mass observables (effective mass for neutrino-less double beta decay, sum of masses
from cosmology and direct mass for direct searches such as in KATRIN) are allowed [[3]. This is illustrated for
4 sum-rules in Fig. The predictions of the sum-rules are rather robust. Note that exotic models such as
schizophrenic/bimodal scenarios, in which some neutrino mass states are Dirac particles [15], also have rather
distinct phenomenology in these observables. Another aspect in which neutrino-less double beta decay can
say something about flavor symmetry models has been noted in Ref. [[6], namely that often the effective mass
is correlated non-trivially with other neutrino observables, which could also be used to rule out certain models.

Inherent to all these arguments is of course that no other of the countless mechanisms that can mediate
neutrino-less double beta decay contributes significantly to the process, see Ref. [[7] for a recent review.

4.2. Perturbations to Tri-bimaximal Mixing

While the data on 6,5 and 623 are still compatible with their tri-bimaximal values, more and more evidence
accumulates that U,z is non-zero, e.g. from T2K [[8] or Double Chooz [9]. In this Section we will show
how naive and simple methods to deviate from TBM can lead to values of |U.3| ~ 0.1 [[10]. Note that still
the presence of TBM (or any other u—r symmetric scheme, or schemes with initially vanishing 6,3, for that
matter) is assumed. Alternative approaches are simply too assume that the resemblance of lepton mixing to
the TBM scheme is accidental [[{1], or that initially |U.s3| is non-zero, see for instance Refs. [[12, 13, [14].

Model-independently, it is possible to describe deviations from TBM in a “triminimal” way, via [[15]

U = Ro3(m/4)Ras(€23) R13 (€13, 0) Ri2(€12) Ri2(61BM) | (4.3)

where R;;(0) is a rotation in ij-space and sin® gy =
the deviation of each mixing angle ¢;; from its TBM valu

%. It is easy to see that only one ¢;; is responsible for
e.
4.2.1. Charged Lepton Corrections

One simple method to deviate a mixing scheme is to make use of the relation U = U} U,, where U, (Uy)

diagonalizes the neutrino (charged lepton) mass matrix. One of those unitary matrices could give TBM, while
the other leads to deviations. Small to moderate deviations are observed in experiment, hence the deviating
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Figure 4.1. Particle assignments of A4 models in the literature. Lepton doublets, charged lepton singlets and
right-handed neutrinos are denoted by L;, ¢ and v{, respectively. A denotes the Higgs triplets that gives
neutrinos mass in the type Il seesaw mechanism. Models that study the quark sector have the superscript
#, those that embed A, into a GUT group have the superscript x. Updated version of the Table in Ref. [12],
see the URL http://www.mpi-hd.mpg.de/personalhomes/jamesb/Table_A4.pdf for the references and
regular updates.

matrix will consist presumably of small mixing, and one can make the straightforward assumption that it is
CKM-like. In the case of U,, giving TBM and U, consisting only of a 12-rotation with angle A, one finds

|Ues| = ?ﬁ and sin? 6, ~
where ¢ is the Dirac CP phase, and the atmospheric mixing angle receives only small quadratic correc-
tions. Note that the observed value of 6,2, which lies close to the TBM-value, implies large to maximal CP
violation. Fig. illustrates these correlations. Interestingly, in case we would have started from maximal
612 (bimaximal mixing, see Section [4.3), then ¢ would have to lie close to zero. This is the Quark-Lepton
Complementarity case [[16].
The opposite case, U, related to TBM and U,, CKM-like, leads to small values of |U.z| ~ A%

(1 —2X\cos¢), (4.4)

Wl

4.2.2. Radiative Corrections

Renormalization group (RG) effects should be there, and will lead to deviations from TBM. One can show
that [[17]

1 1 22
|sin 03] = [C k13 Ay | , sin® O3 ~ 5~ Chu A, sin? 0y — = T\f Ckia A, , (4.5)
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Figure 4.2. Neutrino mass sum-rules: Shown in solid (dashed) lines are the allowed parameter spaces of the
KATRIN observable, /> |U.;|*m?, and the effective mass of 0v353, | Y UZm;|, for the best-fit (30) ranges
of the oscillation parameters. The dark areas are the indicated sum-rules and exact TBM, the red areas
for the sum-rules and the current 3o ranges of the oscillation parameters and the green areas for perturbed
sum-rules. Taken from [(3].
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Here C' = —3/2 for the SM and C' = +1 for the MSSM, while

82 v
2

iy Ind ~15-107° (SM).

—_T
82 v?2

A = (4.7)

{ o (14tan?B) In2 ~ 141075 (1 +tan2f)  (MSSM),
It is easy to see that in the SM it is impossible to generate |U.3| ~ 0.1 via RG effects, while in the MSSM
this is possible for not too small values of neutrino masses and tan 3, typically m,tan3 ~ 4 — 7 eV is
required for |Ues| ~ 0.08 — 0.16. If such large values of |U.3| are generated, then deviations from maximal
-3 are of the same order. Solar neutrino mixing, however, receives much larger corrections (roughly of order
Ami/Am% ~ 30), unless the Majorana phase as is around 7. This in turn leads to cancellations in the
effective mass for neutrino-less double beta decay. Fig.[4.4]illustrates these correlations.

0.026 . s L6 :
Normal

goo s
Lo e 14k

0.022 [ < I o & oo i tan 8 =5
N °© o Qo F 4

oo S o & 12

ALY oo
0.018 N T — 1Ff q

r ° o g =

- oSl o " = ]

o%p °
2 eoBP oo’ g

sin 63

0.014 | %:sg%%gio ESAL ] = o6 |
sao§% %0 0 o0 — °
D%‘?@a‘?gé’% N 04 @ ©
L 2 S o Normal ]
0.01 3 orma. g | Emm——
tan 8 =5 o
0.006
0.8 1 1.1 1.2 1.3 1.4 0.8 0.9 1 1.1 1.2 1.3 1.4
mg (eV) mo (eV)
0.026 = 0.35
- .
Normal

0.022 -

ftan 8 = 20

0.018

SiHQ 913

0.014

0.01

tan 8 = 20
0.006 o
0.2 0.24 0.26 0.28 0.3 0.32 0.34 0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34
mo (eV) mo (eV)

Figure 4.4. RG corrections to tri-bimaximal mixing: the upper plot show the smallest neutrino mass against
the generated sin? 65 and against the effective mass in the MSSM for tan 8 = 5. The solid lines show the
generally allowed range of the effective mass. The lower plots show the same for tan 8 = 20. Taken from [
10].

4.2.3. Explicit Breaking
Explicit breaking arises when the mass matrix from Eq. (4.2) is modified to

A(1+€1) B(1+€2) B(1+63)
m, = : 1(A+B+D)(1+e1) 3(A+B-D)(1+e5) |. (4.8)
$(A+B+D)(1+e€g)
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The complex perturbation parameters e; are taken to be |¢;| < 0.2 for i = 1 — 6 with their phases ¢, allowed to
lie between zero and 2. In case of a normal hierarchy, one finds [[18] that |U.3|? is of order €2 R, where ¢ is
the magnitude of one of the ¢;, and R = Am? /Am3. Hence, a too small value of |U.3|? is generated in this
case. It turns out that at least m; ~ 0.015 eV is required in order to generate |U.3|> above 0.005. With the
increase of m; starting from 0.015 eV, the maximal value of |U.3| grows almost linearly with m;. In contrast,
in the case of inverted hierarchy (ordering), one can generate large values of |U,3| even for a vanishing value
of the smallest neutrinos mass m3. For quasi-degenerate neutrinos, obviously, sizeable values of |U.3| ~ 0.1
can be generated. In some cases a moderate correlation with Majorana phases and therefore the effective
mass exists, but not as strong as in the RG case discussed in Section4.2.2

Fig. illustrates the results for the normal and inverted hierarchy, for the sake of comparison also with
predictions of 12 typical SO(10) models, all of which have |U.3|? 2 1073, in contrast to the predictions of the
explicitly broken TBM scenario in case of a normal hierarchy.

Normal hierarchy Inverted hierarchy

1&08 L L 1 L L L L

.2
sin”26,,

Figure 4.5. Explicit corrections to tri-bimaximal mixing: the left plot shows the result for sin” 6,5 and |U,s| from
diagonalizing Eq. (4.8) for the normal mass hierarchy, together with the predictions of 12 .SO(10) models. The
right plot is |U,3| vs. sin? 26,3 for the inverted hierarchy. See Ref. [[18] for references and details.

4.2.4. Misalignment of VEVs, NLO terms

Various aspects, such as RG effects or higher dimensional operators, can be summarized as VEV mis-
alignment, e.g. if a flavon triplet goes as (®) = v (1,1,1) in order to generate TBM, one studies the effects
of () = va(l+€1,1 + €2,1) [19,2]. Here €, 5 is typically of order (®)/A, where A is the cutoff scale of the
theory. The ratio (®)/A can be O(0.1), O(X), O(0.01), etc. The outcome is that all mixing angles receive cor-
rections of the same order, 0;; = 67; + O((®)/A) , with 6,2 somewhat more sensitive to corrections, because
it is connected to the two mass eigenstates close in mass. However, large |U.3| in agreement with recent data
can be obtained.

Somewhat more model-dependent is the careful study of higher dimensional operators in a specific model,
which is nowadays a necessary part of a paper dealing with flavor symmetry models. A large variety of
corrections is possible here. We illustrate this by a few examples: in the S; model leading to bimaximal
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mixing from Ref. [[20], sin? #, and |U.3| receive corrections of order \ each, whereas sin? 63 is corrected
only quadratically (it is in fact a realization of the charged lepton correction scenario from Section[4.2.7). The
A4 model from Ref. [[21] has large corrections only to |U,s|, the D, model from Ref. [[22] has |U.3| ~ A, and
sin® f23 ~ 3 + O()), the S; model from Ref. [[23] has |U.s| ~ |3 —sin® 612 ~ X and |3 — sin® fa3] ~ A%, etc.

4.3. Alternatives to Tri-bimaximal Mixing

While deviations from TBM have been discussed so far, let us now focus on alternatives. The following
discussion is mostly taken from Ref. [[24].

Tri-bimaximal mixing is a variant of the more general p—r symmetry, which predicts sin? 023 = % |Ues| = 0,
but leaves solar neutrino mixing unconstrained. From a theoretical point of view, 612 is unconstrained by p—r
symmetry and hence can be expected to be a number of order one. This is indeed in good agreement with
data. A simple Z5 (or S5) exchange symmetry acting on the neutrino mass matrix suffices to generate u—r
symmetry. In fact, any symmetry having Z, or S5 as a subgroup can be used, for instance, Dy.

Other alternatives focus on the value of the solar mixing angle, particularly interesting are here the two
possible golden ratio (» = (1 + v/5)/2) possibilities:

: cotbha = ¢ =>sin®bp = ~ 0.276 4.9

$1: Ccotbia P = s big 11 o2 ) (4.9)
' 2 1

w2 cosbis = 5 = sin 010 = 1 (3—¢) ~0.345. (4.10)

The first one [ 25, 26| [27] can be obtained by the flavor symmetry group As, which is isomorphic to the
symmetry group of the icosahedron, in whose geometry the golden ratio explicitly shows up. The second one
[[28] corresponds to 612 = 7/5, and this motivates due to geometrical considerations to use D5 or D1, the
symmetry groups of the pentagon or decagon. Mixing angles of 7/n can be obtained quite generically with
dihedral groups D,,, as shown in [[29]. In this spirit, 612 = 7/6 has been proposed as an Ansatz obtainable
from Dg or D15, and called hexagonal [124] or dodecal [[30] mixing.

With sizable |U.s| and sin® 012 S 1 (as indicated by global fit results [[37]), there is a simple modification
to TBM that can do the job, namely one of the “tri-maximal” [ [32] variants, in which one row or column of
the TBM mixing matrix is kept constant, and the other two rows or columns are free. This is equivalent to
multiply Eq. with a rotation matrix from the left or right, respectively. If the first row is kept constant,

i.e. (|Uetl? [Uut]? [UAP)T = (2, £, 5)T, the implications of this scheme, denoted TMy, are

< 2 2

sin? @15 = % % ~ % (1 -2 |Ue3\2) and cos d tan 26,3 = 72\/§|U:\5\|71€i‘3\U63|2'
Other proposed mixing schemes can be found in [[33] 34 135} [36, (12} [13, [14]. Fig. illustrates several
possible alternatives to TBM and their correlations in what regards predictions for the mixing parameters.

Since some importance is attributed to the value of |U.3|, we attempt in Fig. [4.7]to link its magnitude with
other small parameters in flavor physics, such as mass ratios of fermions, deviations from sin? 6,3 = % or
sin? 01 = % the Cabibbo angle, etc. As the most simple example on how such things may arise, consider a
vanishing ee entry of the mass matrix in case of a strong normal hierarchy. This implies |Uez|? ma = |Ues|? ms,
or

Am?2

|Ues|? ~ 9 sin? 15 ~ 0.05. (4.11)
Amy

The deviation from sin? 6,5 = % is related to |U.s| for instance in the scenario TM; discussed above, etc.

3
Values which lie within the 95 % C.L. ranges of |U.;| obtained in Ref. [[37] are \/AmZ /Am3 or A\/V?2,
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the latter being a very typical value in Quark-Lepton Complementarity scenarios. In what regards |U.s| ~
A /Am%/Ami, this is rather typical for normal hierarchy scenarios, in which the mass matrix looks (order-of-
magnitude wise) as

62 €

€
my,=+\/Ami | - 1 1 |, with e |Ue|~\/Am2/Am3. (4.12)
o1

It is rather interesting that certain mixing schemes can be correlated with simple symmetry groups, as
pointed out in [[27]. To see this, one notes that very often the u—r symmetry arises as an accidental symmetry.
The underlying flavor symmetry, say A4, is broken such that in the neutrino mass matrix a Z5 subgroup is left
unbroken and in the charged lepton sector a Z3 subgroup is left unbroken. See e.g. Ref. [[38] for an explicit
realization of this scenario within A4. Now one notes that two independent Z, symmetries are enough to fully
specify the mixing matrix for Majorana neutrinos [139]. In this spirit, consider the most general Majorana mass
matrix and their form after asking for u—r invariance:

a b d [ b b
my, = - e f i - d e |. (4.13)
g . . d

The eigenvalue d — e has the eigenvector (0, —1,1)”. To find the second Z,, we give the most general
symmetric matrix S which fulfills $? = 1, det S = —1:

w T2 I3
2_ 2
Tz—TH W —z3 x2 (1+w) .
S=1 2 P Py with w = /1 — 23 — 22. (4.14)
—z3 z2 (14w) rg—rg w
T3 242 242

Demanding [S, R] = 0 leads to x2 = z:3, and invariance under S of the u—r symmetric mass matrix gives[]

cos 2012 \/gsin 2012 \/gsin 2012

T3 = \/5 cos f15 sin 012, orS = . SiIl2 01 — cos? 019 . (415)

SiIl2 912

Now one assumes that the charged leptons are invariant under a properly chosen T, TTmzmg T = m} My,
with 7" = 1. As a result, the tri-bimaximal, bimaximal and one of the golden ratio possibilities point to simple
groups, as illustrated in Table [4.7]

Let me take this opportunity to enjoy more amusing mixing schemes. For instance, one could note that
vanishing 6,3 corresponds to the fixed point of the sine function, sin 613 = 613 = 613 = 0. Interestingly, the
fixed point of the cosine function (“Dottie’s number”), corresponds to near-maximal mixing: cos fs3 = 623 =
a3 = 0.739085 . . ., or sin® fa3 = 0.454. Dottie’s number is irrational, transcendental and a non-trivial example
of a fixed point and an attractor. Other possibilities are to identify 612 or |U.s| with the Euler-Mascheroni
constant, or identify tan 2615 = e with Euler’s number, etc. ..

1This Z is sometimes called “hidden Z»" [[40].
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| Scenario | S \ T \ relations | group |
0 1 1
bimaximal \/g \/g *\/g diag(—1,i, —1) T = (ST*=1| S,
1 2 2
tri-bimaximal -1 1 -2 diag(e=2"/3,e2m/3 1) | T3 = (ST)* =1 | A4
|
1 V2 V2
goldenratio o1 | =2 | - 1/ —p diag(1, e=47/5 47/5) | T = (ST =1 | A
1/p

Table 4.1
Neutrino mixing scheme and the implied symmetry group.
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Figure 4.6. Alternatives to tri-bimaximal mixing: Correlations between neutrino mixing parameters for various
proposed mixing schemes. See Ref. [124] for references and details.

4.4. Sterile Neutrinos and Flavor Symmetry Models

We conclude this contribution with the increasingly popular sterile neutrino hypothesis in the context of
flavor symmetries. Some long-standing issues in particle physics, astrophysics and cosmology can be solved
by the same entity: a light eV-scale sterile neutrinos with non-negligible mixing with the SM leptons. Those
issues are the apparent neutrino flavor transitions at LSND and MiniBooNE, which together with the “reactor
anomaly” [141] point towards oscillations of eV-scale sterile neutrinos mixing with strength of order 0.1 with the
active ones (see Refs. [142] for recent global fits). In addition, several hints mildly favoring extra radiation in the
Universe have recently emerged from precision cosmology and Big Bang Nucleosynthesis [|43]. This could be
any relativistic degree of freedom or some other New Physics effect, but has a straightforward interpretation
in terms of additional sterile neutrino species. Although some tension between the neutrino mass scales
required by laboratory experiments and cosmological neutrino mass limits exists within the standard ACDM
framework, moderate modifications could arrange for compatibility [ 44]. Finally, active to sterile oscillations
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Figure 4.7. Left plot: Comparison of |U,3| with typical numbers expected in flavor theories. Central and right
plots: Comparison of |U.3| with mass ratios of neutrinos for the normal and inverted ordering. Also given are
the central and 95% C.L. values of |U.3| from Ref. [[37].

have been proposed to increase the element yield in r-process nucleosynthesis in core collapse supernovae
(which seems to be too low in standard calculations, see e.g. [45]). It is rather intriguing that indications for
the presence of eV sterile neutrinos come from such fundamentally different probes.

An almost trivial way to incorporate sterile neutrinos to flavor symmetry models is to simply add them to
the particle spectrum. Consider Table [4.2] where to the popular A4 model from Ref. [[38] a weak, A, and Z3
singlet v, is added. Its only non-trivial charge is under a Froggatt-Nielsen U (1)rn. This additional symmetry
is an automatic ingredient of realistic models in order to generate a hierarchy of charged lepton masses.
We utilize this very U(1)gn in order to control the magnitude of the sterile neutrino mass. The A4 invariant
dimension-5 operator + (¢’ Lh,)v, is not allowed by the Z; symmetry, and we are left with terms like

Ly, = % (@' Lhy)vs + msvive + hec, (4.16)
where m; is a bare Majorana mass. The model, described in detail in Ref. [146], leads to diagonal charged
leptons and the 4 x 4 neutrino mass matrix

a—&—% —d% —g e
4x4 27 a—% e
M4 = iy , (4.17)
. mS
which is diagonalized by
2
Z & 0 0 0 0 0 = 0 *f 0 0
S S S E) 0o 0 0 = 0 —¥3¢ 0 0
U~ | v 3 V2 O+ |+ 2 (4.18)
R o 0 0 0 —¥% 0 0
V6 V3 V2 V3 ms 2m§
0 0 0 1 0 _’mie 0 0 0 0 0 _362
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Table 4.2

Particle assignments of the A, model, modified from Ref. [[38] to include a sterile neutrino v,. The additional
Z3 symmetry decouples the charged lepton and neutrino sectors; the U(1)rn charge generates the hierarchy
of charged lepton masses and regulates the scale of the sterile state. Taken from [146].

Field | L e p® 7 hya ¢ ¢ & | vs
SU@2), |2 1 1 1 2 1 1 11
Ay 3 1 1" v 1 3 3 1|1
7 w W wr W? 1 1 w w1
Ulpy | - 3 1 0 - - - -6

Table 4.3
Particle assignments of the A4 type | seesaw model, with three right-handed sterile neutrinos. Taken from [
47].

Field L e u 7 hyale ¢ ¢ & & & © | vy vs v§
SU2), |2 1 1 1 2 1 1 1 1 1 1 1 1 1
Ay 3 1 1" 1 1 /3 3 3 1 1 1 1|1 1 1
73 w w? w? W 1 1 w w? W ow 1 1 | w? w 1
U(l)FN - 3 1 0 - - - - - - - -1 Fl F2 F3

Note that the form-invariance of the mass matrix is lost. Adding a second singlet is also possible. By suitably
choosing the parameters, one can also arrange that the sterile state becomes keV-scale, and acts as a warm
dark matter candidate [l47]. See [/48] for the current situation of warm dark matter observationsﬂ

More complicated, but also possible, is the task to build a seesaw model, where we give the particle content
and representations in Table taken from [47]. The right-handed singlet neutrinos of the type | seesaw
are responsible for the light active masses and can be arranged to be eV-scale, keV-scale, super heavy, etc.,
depending on their charge under the very same Froggatt-Nielsen U(1)rN necessary to generate a charged
lepton mass hierarchy. A careful study of several corrections demonstrates that sizable U.3 can be achieved
in the model, see Ref. [[47] for detalils.
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Chapter 5

News on indirect and direct dark matter
searches

Marco Taoso

Abstract

We review the current status of direct and indirect Dark Matter searches, focusing in particular on those
observations which have been interpreted as possible hints of dark matter. We discuss about the uncertainties
affecting these interpretations and highlights the complementarity between different methods.

5.1. Introduction

Non-baryonic Dark Matter is a fundamental pillar of modern cosmology [[1]. Astrophysical and cosmolog-
ical observations have probed its presence from subgalactic up to cosmological scales and demonstrated
that DM constitutes the most abundant component of the matter budget of the Universe. Furthermore, the
increasing amount of data collected over the last decades have constrained its fundamental properties. The
emergent picture is that DM is made up of cold (or warm) massive particles, stable over cosmological times
and interacting only (very) weakly with the primordial plasma of the Universe (see Ref.[[2] for a review about
the properties that a viable dark matter candidate should have). Particles fulfilling these requirements arise
in many extensions of the Standard Model (SM) of the particle physics, motivating the connection of the DM
problem with searches of new physics beyond the SM.

Presently, the nature of DM remains elusive and its microscopic properties are still undetermined. To shed
light on this mistery it is needed to go beyond a gravitational detection of DM. High-energy colliders are ideal
tools to search for new particles and interactions. Since DM should interacts only weakly, it is expected to be
invisible to the detectors exploited at collider experiments, and therefore it should manifest itself as missing
energy events. This is an exciting time for searches of new physics. Indeed, the Large Hadron Collider (LHC)
is currently taking data, probing energies previously unexplored at colliders. However, in case that a potential
DM candidate will be discovered at LHC, additional information will be mandatory to demonstrate that this new
particle constitutes the DM component observed with cosmological and astrophysical observations. Measur-
ing the mass and the interaction cross sections of this particle might allow to reconstruct its cosmological
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Figure 5.1. Regions of the parameter space preferred by DAMA, CoGent and CRESST-1I and constraints from
other experiments. The analysis is for elastic Sl interactions. Figure taken from [[11,[12].

relic density and to compare this estimate with the DM abundance inferred from cosmlogical observations.
This will probably be very difficult to do only with the information obtained at LHC [[3, [5]. Furthermore, this
calculation would involve cosmological assumptions on the evolution of the Universe.

Direct and Indirect DM searches provide alternative strategies to search for non-gravitational DM signals.
Direct detection experiments looks for the interaction of DM particles with low-background dectors. These
searches are mainly devoted to look for DM in the form of Weakly Interacting Massive particles (WIMPs), i.e.
DM candidates with masses in the GeV-TeV range and interaction strenghts of the order of those mediated by
weak interactions. WIMPs are predicted in many extensions of the Standard Model, in particular those related
with the electroweak hierarchy problem, like Supersymmetry and extra-dimension models. These particles
were in thermal equilibrium with the plasma in the early Universe and decoupled non-relativistically, inheriting
the correct relic abundance for an annihilation cross-section (ov) ~ 10726 cm3s~!, a value typical for weak-
scale interactions. The detection of the WIMPs annihilation products is alternative indirect method to look
for WIMPs, or more in general to search for any DM candidate with sizeable annihilations or decays into SM
particles.

In the following, we will focus on direct and indirect DM searches. We will review the present status and
discuss the future prospects for detection.

5.2. Direct Detection

Direct DM searches aim at detecting DM particles through the measurement of nuclear recoils produced
by DM scattering off target nuclei (see [ 6] for a recent review). The differential rate in events/kg/day/keV is
given by:

dR PDM / 3 do "
= d’v vf(v 5.1
dEE Mmppmyn |17|>11mm dER f( ) ( )

where mpys and myy are respectively the DM and target nucleus masses, ppas is the local DM density and
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f(©) is the local DM velocity distribution. The lower limit of the integration v,,,;,, corresponds to the minimum
DM velocity required for the DM particle to deposit an energy Er in the detector. The differential DM-nucleon
cross section do/dEr depends on the DM particle physics properties which defines the DM interactions with
gluons and quarks, and on nuclear physics inputs which are needed to promote the fundamental DM-quarks
(gluons) cross-section to an effective DM-nucleus cross section. In the non-relativistic limit the DM-nucleus
interaction can in general be reduced to two types of interactions, Spin Indipendent (Sl) and Spin Dependent
(SD), which respectively describe the DM coupling with the mass and the spin of the nucleus. These inter-
actions are often assumed to be elastic and independent on the momentum exchanged and the DM-nucleus
relative velocity. However, more general scenarios are possible and have extensively been studied during the
last years.

5.2.1. Hints of DM detection

Nuclear recoils are measured by current experiments exploiting scintillation signals, ionization, heat or
bubble nucleation in superheated liquids. Interestingly, several DM direct-detection experiments have reported
hints of possible DM signals. Here we briefly summarize these results and in the next section we discuss
possible interpretations in terms of DM scatterings.

e The DAMA/LIBRA experiments has observed a 8.9¢0 evidence for an annual modulation of their scin-
tillation signal produced by their highly-purify Nal(Tl) crystals over 13 years annual cycles [ [7]. The
modulation has been observed in the 2-6 keV range while it is absent at higher energies and in the
2-6 keV range for multiple-hits events. These features, as well as the phase and the amplitude of the
modulation, are consistent with the DM hypothesis. Moreover the signal can not be accounted for by
any source of background so far considered.

e The CoGent experiment employs a germanium detector with a very low level of electronic noise, al-
lowing sensitivity to low nuclear recoil energies. In their bulk-like events recoil spectrum the CoGent
collaboration detected a series of cosmogenic peaks plus an exponential-like distribution between 0.5
and 3 keV, which is not directly attributed to any known source of background [[8]. In addition to that,
an analysis of 15-months of cumulative data supports the presence at 2.8¢ of an annual modulation of
the event rate [[14]. The modulation is present in the energy bins 0.5-3 keV range while there is not
statistical evidence at higher energies and for rejected surface-like events.

e The CRESST-II detectors is a CaWOQ, crystal and exploits phonons and scintillation measurements
to measure the energy deposited in an interaction and to discriminate a possible signal againts back-
grounds events. Recently the CRESST collaboration has reported 67 events in their nuclear-recoil
acceptance region [[10]. The different sources of background considered so far can only account for a
fraction of these events, and the statistical evidence of the excess has been estimated to be larger than
40.

5.2.2. Interpretations

The results summarized in the previous section have triggered a large number of works [[11, 1213} [14} 15|
16, [17, [18] devoted to study a possible DM interpration of the mentioned signals, in particular in light of the
constraints imposed by the null results from the other direct detection experiments. The comparison between
the results of the various experiments is complicated by issues of different nature. For instance the interaction
of DM with the detector is unkwon and may differ from the pure elastic SI and SD interactions discussed
above. Moreover, the event rate induced by DM scattering off the target depends on the poorly known DM
velocity distribution and on experimental uncertanties related to the response of the detector to a scattering
event. Various analysis in literature have tried to overcome these difficulties considering several astyophysical
and DM scenarios and studying the impact of the experimental uncertainties on the interpretation of the data.
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Here we first consider the case of an elastic momentum-indipendent SI DM-nucleus interaction, under the
hypothesis of an equal coupling of the DM to protons and neutrons. The DM velocity distribution is taken to
be a Maxwellian. Then we comment about possible modifications of these assumptions.

Fig[5.1]shows the regions of the DM parameter space preferred by the positive signals discussed before and
the upper bounds imposed by the null results of the other experiments (we refer to [[11} [12] for details about
the analysis). The results of DAMA, CoGent and CRESST-II all point to a light DM interpretation Mpy; ~ 10
GeV with a Sl cross-section off proton in the same ballpark. A closer inspection reveals that there is some
tension between the different data-sets. For instance the region preferred by DAMA seems separated from the
one which explains the CoGent unmodulated data. In addition to that, all the regions are in severe tensions
with the bounds imposed by several other experiments, in particular XENON-100 [[17] and CDMS [[16} 26]
experiments. However, we remind that the upper bounds and the exact position of the regions are affacted by
several uncertanties.

CoGent has recently estimated an higher fraction of non-rejected low energy surface events than previously
expected. This effects induces a wider CoGent-region shifted to lower cross-sections, potentially ameliorat-
ing the agreement between CoGent and CRESST-II results (see e.g.[[12, [14]). New measurements of the
quenching factor for sodium recoils disagree with previous results. However, the implication of these new es-
timates would be to exacerbate the tension between the DAMA signal and the constraints from XENON-100
and CDMS [[12]. It is also been proposed that the presence of tidal streams in the local DM distribution might
help to reconcilate the results of DAMA with those of CRESST-II and the CoGent unmodulated data [[14].

The robustness of the constraints derived by XENON and CDMS collaboration have been recently criticized
by some authors, stimulating a long debate (see discussions in [127, 128, [29, 130] and references therein). For
instance, some issues have been raised about the determination of the scintillation light efficiency of the liquid
xenon at low recoil energies, a parameter which is crucial to set the constraints for low mass DM.

In literature there have been considered also different velocity distribution (e.g. [[31]) and DM-nucleus
interactions than those considered above. It would be possible for example that DM interacts inelastically
with the nucleus [[19]. This would change the kinematic of the DM-nucleus interaction and the impact on the
recoil energy spectrum would depend on the target material and the inelastic threshold. Other possibilities
include for instance isospin violating couplings, velocity dependent interactions and momentum dependent
interactions (e.g. [[19] 20} 21}, 22} [23]).

Recent analysis show that even considering the uncertainties discussed above, in general, it is difficult to
reconcile all the experimental results, even though the tensions can be alleviated in some scenarios[ 11 [12,
13]. Still, the possibility that these anomalies are produced by dark matter interactions can not be excluded.
In conclusion, further data are necessary to clarify the situation and understand if DM is responsible for these
excesses or not.

5.3. Indirect searches

Dark matter annihilations or decays into SM particles offer a method to indirectly detect DM through as-
trophysical observations. Indirect searches focus mainly into photons, neutrinos and antimatter cosmic-rays,
notably positrons, antiprotons and antideuterons.

5.3.1. Gamma-rays

Gamma-rays have been recognized as particulary interesting targets for indirect DM searches. Indeed, they
can be coupiously produced by annihilations/decays of DM candidates with masses in the GeV-TeV range,
like WIMPs and many other well motivated DM candidates. Moreover, contrary to charged particles produced
by DM annihilations/decays, gamma-rays suffer little or null attenuation when travelling to the Earth and they
point directly to the source.

Searches of DM signals with gamma-rays detectors are currently pursued with the Fermi-LAT satellite
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Figure 5.2. Left: upper bounds on the DM annihilation cross section as a function of the DM mass inferred
from FERMI observations of dwarf galaxies. Figure taken from[[32]. Right: isotropic diffuse radio background
obtained by the ARCADE collaboration. Lines refer to expectations from astrophysical sources and the con-
tribution from DM annihilations in extragalactic halos for several DM models. Figure taken from [[77].

and with ground-based Air Cherenkov Telescopes (ACT). Targets of observations include the galactic center
region, the Milky-Way halo, dwarfs spheroidal galaxies, DM clumps, clusters of galaxies and the extragalactic
diffuse emission. There have not been reported robust evidences for a DM detection so far, even though
some author have claimed the current FERMI data might already indicate the presence of a DM signal. In the
following we will discuss some of the most relevant DM searches with gamma-rays.

Dwarfs galaxies are nearby DM dominated systems with a low gamma-ray background emission. For
this reasons they are ideal targets for DM searches. Current observations of dwarf galaxies with the FERMI
telescope have not reported any significant gamma-ray flux. These results have been used to constraint
possible DM signals, providing among the most stringent exclusion limits on the DM annihilation cross section
(ov). Figl5.2|shows the upper bounds on (ov) for different DM annihilation channels[[32].

The energy spectrum of the Isotropic Diffuse gamma-ray emission detected by FERMI is consistent
with a power-law between energies of 20 GeV and 100 GeV [[18]. This implies that DM should only give a
subdominant contribution to this flux. The corresponding constraints on the DM parameter space are derived
in Ref.[[34]. Complementary to the energy spectrum analysis, the study of the small angular anisotropies of
the isotropic diffuse emission could bring additional information about its origin. In particular this method could
be used to detect a faint DM signal in the data or constraints the properties of the DM [[35] 36, 37, [38], [39].
Analysis of the FERMI data and efforts to model the DM constribution are ongoing [ (40}, [41].

The galactic center region has been extensively discussed in the context of DM searches with gamma-
rays. This is mainly for two reasons: it is close to us and it is expected to host large DM overdensities.
However the presence of a strong astrophysical background severely challenges the search of DM from this
region. Observations pursued with the HESS ACT have not reported any evidence of gamma-ray fluxes from
DM annihilations around the galactic center, implying bounds on (ov) particulary strong for masses around
mpym ~ TeV [142]. At lower energies, a survey of the galactic region is performed by FERMI. It has been
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claimed that FERMI data reveal the presence of an unknown extended (up to 50 degrees in latitude) diffuse
emission towards the galactic center, the so called FERMI Haze (see [ 43] and references therein). The
emission is spatially correlated with an excess discovered at radio frequencies (WMAP haze), suggesting a
common origin for the two signals. The properties of the FERMI haze, in particular its elongated bubble-like
morphology, disfavour a DM interpration, even though this possibility can not be excluded [144].

Recently, some authors have analyzed a smaller angular region surrounding the galactic center, finding
an excess in the data with respect to the expected contribution from diffusion emission and point sources[
48]. In particular they suggested that this signal could be ascribed to annihilations of a light WIMP candi-
date (Mpy ~7-45 GeV). Other analysis disagree arguing that the emission from this region can be instead
completely accounted for by known sources ([149] and see also [150] ).

In conclusion, a better understanding of the astrophysical background is necessary for a reliable detection
of a DM signal from the galactic center. This could be reached with more data, in particular exploiting multi-
wavelenght information.

Gamma-ray lines have been proposed as a smoking gun signature for DM annihilations/decays since
ordinary astrophysical processes are not expected to produce monochromatic emissions at these energies.
These signals have been studied in many contexts, both for decaying and annihilating dark matter [ 51}, 52,
53, 154]. Unfortunately no line emissions have been detected in the FERMI data so far [155] [56]. The bounds
on such signals have been used to constraint particle physics models [ 57, 19, 21]. Further FERMI and
ACTs observations will improve the sensitivity to gamma-ray lines and more in general to spectral features
generated by DM signals [[60].

5.3.2. Cosmic-rays

The PAMELA satellite has reported an anomalous rise with energy of the positron fraction above ~ 10 GeV
[61]. Recent FERMI results confirm the measurements of PAMELA and suggests that the rise continues at
least up to 200 GeV [62]. These puzzling observations have generated a lot of interest during the last years,
expecially in relation to a possible DM origin of this excess. Specific DM properties, pointing to a non-standard
DM model, are needed to explain the data. DM should be i) heavy, with masses above 100 GeV (or perhaps
few TeV) ii) leptophilic, in order to avoid the constraints from antiprotons measurements and iii) in the case of
an annihilating DM candidate, the annihilation cross section should be much larger than the canonical value
expected for an s-wave thermal relic.

Soon after the PAMELA measurements of the positron fraction appeared, it has been shown that multi-
messangers constraints from photons, antiprotons and neutrinos severly challenge a DM interpretation[
64, |65, |66]. Recent bounds are futher reducing the viable regions of the DM parameter space [ 67, [68].
Summarizing, although a DM interpretation of the positron excess is not yet completely ruled out, it is phe-
nomenologically disfavored. In addition, standard astrophysical sources can in principle explain all the cosmic-
ray data[[69]. The anisotropy in the arrival directions of electrons and positron cosmic-rays might provide a
tool to discriminate the DM solution from an astrophysical scenario[ [70]. This could be possible already with
upcoming FERMI and AMS-02 data.

Alternative DM searches with cosmic-rays could be pursued looking at the antideuterons produced by the
coalescence of antineutrons and antiprotons generated by DM annihilations/decays. Promising prospects for
detection are expected for the AMS-02 and GAPS experiments[[71}, [72].

5.3.3. Multiwavelenght observations, neutrinos and other astrophysical probes

The interactions of the electrons and positrons produced by DM annihilations/decays with magnetic fields
and photons produces a continumm multi-wavelength emission ranging from radio/infrared frequencies to X-
ray and gamma-ray bands. Multi-wavelenght observations are powerful techniques to search for a DM signal
and they can provide constraints even more restrictive than those inferred from gamma-rays [ [73| [74]. For
instance low radio frequencies are particuary suitable for DM candidates with low or intermediate masses,
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M <100 GeV [[75].

Recently the ARCADE 2 collaboration has measured an isotropic radio emission which is about a factor 5
larger than the expectations from number counts of sources [[76]. These observations suggest the presence
of an additional population of radio sources fainter than those current data are probing. Possible explanations
of this excess in terms of known astrophysical sources have shown some difficulties. Interestingly, the syn-
chrotron signal produced by annihilations of light DM candidates in extragactic halos, can match the ARCADE
measurements, as shown in Fig/5.2|[[77].

Future radio surveys with improved sensitivities and angular resolutions should help to clarify the origin of
the ARCADE excess and offer the possibility to detect or constraint DM radio signals induced by DM.

DM searches through neutrinos are mainly pursued looking at neutrinos from the Sun, the Earth and the
galactic center. Since the neutrino flux from the Sun and the Earth depends on the amounts of DM particles
captured inside these objects, these observations can probe the DM scattering cross-sections off protons.
Moreover, for sizeable annihilation cross sections the DM capture and annihilation rates reach an equilib-
rium and the resulting DM neutrino flux is independent on the DM annihilation cross section. Under these
assumptions the constraints derived from Super-Kamiokande and IceCube observations are competitive or
even stronger than those from direct detection experiments [[78,[79].

Dark matter particles can accumululate inside the stars as a consequence of their interactions with the
baryons forming the celestial objects. The cloud of these trapped DM particles can transport or produce
energy inside the star, affecting therefore its the properties. Small modifications of the Sun structure can
be tested through measurements of the solar neutrino fluxes and helioseimology observations [ (80, [81}, [82].
Current data are able to constraints the DM scattering cross sections off protons for light DM candidates.
Much dramamtic effects can occour in stars placed in high DM density environments. In this case, ideal
targets are first stars [183], 184, [85] or stars close to the galactic center [[86]. Asymmetric dark matter particles
captured inside neutron stars and white dwarfs can form a self-gravitating DM cloud which can eventually
collapse to a black hole and destroy the star. This argument severely constraints the scattering cross sections
of asymmetric dark matter candidates with neutrons [[87,,[88].

5.4. Conclusions

Present DM searches, expecially direct detection experiments, show some hints of dark matter. These hints
could become robust and convicing evidences of DM only after an experimental high significance confirmation
of these excesses will be achieved, as well as a global and consistent theoretical understanding of all the data.
Interestingly, this might happen soon. The increasing sensitivity of direct detection experiments will allow in
the next years to explore progressively large portions of the WIMP parameter space. At the same time,
indirect searches will bring complementary informations, testing different DM properties. LHC is a formidable
machine to look for new physics beyond the SM and its results will be extremely valuable for DM searches,
especially if combined with the information from other DM searches][ |4} [5].

The prospects for DM searches in the forthcoming years are promising and a non-gravitational detection of
DM could be not so far.
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Chapter 6

Flavored Orbifold GUT — SO(10) x 5y
model

Adisorn Adulpravitchai
Abstract

In this talk, we briefly discuss the idea of flavored orbifold GUT [[1], that is, the flavor symmetry might emerge
due to orbifold compactification of one orbifold and broken by boundary conditions of another orbifold where
the GUT group is broken. The combination of the orbifold parities in gauge and flavor space determines the
zero modes. An example of the idea is given in a supersymmetric (SUSY) SO(10)x.S, orbifold GUT model,
which predicts the tribimaximal mixing at leading order in the lepton sector as well as the Cabibbo angle in
the quark sector.

6.1. Introduction

The leptonic mixing matrix is compatible with the tribimaximal mixing matrix [ [6] and hints towards non-
abelian discrete flavor symmetries. However, the origin of a potential flavor symmetry is unclear. As the
Standard Model of Particle Physics (SM) is constructed based on the two well-known symmetries, namely,
continuous gauge symmetry and space-time symmetry, it is interesting to investigate their origin from these
two symmetries.

e Continuous symmetries SO(3), SU(2) or SU(3): If one only employs small representations, the only
non-Abelian discrete symmetry which can arise is Dj, which is the double covering of D) [[3]. For
larger representations, the other non-Abelian discrete symmetries can be obtained. See also [/4].

e Extra-dimensions: Non-Abelian discrete symmetries can arise as the remnant symmetry of the broken
Poincare (Lorentz) via orbifold compactification on two extra-dimensions. The non-Abelian discrete
symmetries are D3, Dy, Dg, Ay, and Sy [15].

An orbifold compactification of a GUT can lead to its breaking and nicely solve e.g. the doublet-triplet splitting
problem [6]. Furthermore, the orbifold compactification can generate the alignment of vacuum expectation
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values (VEVs) of flavons [[7] transmitting the flavor symmetry breaking into the fermion mass matrices.

In this talk, we discuss the combination of the origin of a flavor symmetry as well as its breaking by the VEV
alignment of flavons from an orbifold. We assume two orbifolds, where the flavor symmetry originates from
the special geometry of one orbifold and it is broken on another orbifold. We demonstrate it with a simple
model in the context of a SUSY SO(10) orbifold GUT with an S, flavor symmetry [[{] (For SU(5) x A4, see [
8]). The model predicts the tribimaximal mixing at leading order in the lepton sector and predicts the Cabibbo
angle in quark sector.

6.2. Flavor Symmetries from Orbifolding

Here, we will show briefly how S, flavor symmetry can be obtained. Let us consider the T2 /Z, orbifold with
radii R = Rs = Rg, which we choose as 27 R = 1 for simplicity. The discussion of the flavor symmetry does
not change for 2r R # 1. It is defined by

Ty 1z =2z +1, To 2z =z 4+, Z:z——2z. (6.1)
where z = z5 + izg and v = e'/3. The shape of this orbifold is a regular tetrahedron. It has
been shown in [ [B] that the breaking of Poincaré symmetry from 6d to 4d through compactification
on the orbifold leads to a remnant S, flavor symmetry. Concretely, the orbifold has four fixed points,

(21,22, 23,24) = (1/2, (1 +)/2, v/2, 0), which are permuted by two translation operations S;, the rotation
Tr, and two parity operations P(")

Sz —= 2+ 1/2, Sy iz = z+7/2, Tr:z > %2, P:z— 2", P z— -z, (6.2

One can also write these operations explicitly in terms of the interchange of the fixed points, S1[(14)(23)],
S2[(12)(34)], Tr[(123)(4)], P[(23)(1)(4)] and P’[(23)(1)(4)]. From these elements we can define two gener-
ators of Sy as S = S, P and T = T, satisfying the generator relation, S* = 7% = (ST?)% = 1.

The localization of a brane field defines its representation of S,. The generators S, T' can be represented by
the matrices,

: (6.3)

[N el =)
_o0 O O
SO O
o = O O
o O = O
o= OO
S O O
— o O O

acting on the brane field ¥ (z,,) = (1,2, %3,%4)", where 1; = (x,, 2;) is a field localized at fixed point
z;. We denote this basis as localization basis. The characters of .S and T show that the four dimensional
representation generated by (S, T') can be decomposed in 3; & 1;. The explicit unitary transformation is

fl £l
S UtSU = <53 1> TS UTU = <T3 1) (6.4)

with the unitary matrix U (For the explicit form, see [[{]). The transformation of a field v (z) is accordingly
related to the flavor basis ¢/!(x,) = Uty (x,) as well as the Clebsch-Gordan coefficients. The first three
components of 17! form a triplet 3; and the last one a singlet 1,. It is possible to remove one of the represen-
tations from the low-energy spectrum by adding a bulk field transforming as 3; (1;) and oppositely charged to
the brane field, such that they acquire a Dirac mass term. Note that the representations 1, and 3, are analo-
gously obtained by using the freedom to change the phase of each brane field in a symmetry transformation
(For detail, see [1]).
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6.3. Symmetries Breaking by Boundary Conditions

In order to demonstrate how the flavor structure can be obtained and broken appropriately from an orbifold,
we implement it in an 8d SUSY SO(10) model. The first orbifold is responsible for the origin of the flavor
symmetry and the second orbifold is for the symmetry breaking of both flavor and GUT symmetries. The
second orbifold is is also 72 /Z, with two additional boundary condtions at 21, 23, i.e. T?/(Z1 x 75 x Z§¢)
and then we assume that the gauge fields are bulk fields of the two orbifolds, while all other bulk fields of the
second orbifold are brane fields of the first orbifold. Note that the SO(10) breaking which leads to a splitting
of the doublet and triplet components in the 10-plet is similar to the 6d model in [[9].

The N =1 SUSY in 8d leads to V = 4 SUSY in 4d [[10]. Therefore, one needs the orbifold parities to break
N = 4 SUSY down to V = 1 SUSY. The gauge fields transform under the orbifold parities as

-PO (x/,u —Z,Z P() ! —n()V(l'#, Z, 2) 9

PrV(zy, z, 1 ! =n1V(u,2,2) ,

Z)
—2)P,
PpsV(xy, z,—2+ 21) Pé =npsV(xu, 2,2+ 21) ,
PocV(xy, z,—2+ Z3)PGG =necV(xu, 2,2+ 23) , (6.5)

with 2 = =z7 + ixg. The parities are chosen as n9y = 71 = nps = nge = +1. The first two parities
(corresponding to fixed point z4, and Z4) are used to break N = 4 SUSY to N = 1 SUSY and the remaining
two parities are used to break the gauge symmetry [[11]. The parity assignment of the different components
of the bulk fields is given in [[].

Analogously, by assigning the parities to the flavons living in the bulk of the second orbifold, a zero mode
is singled out and consequently the flavor symmetry is broken. As the flavons are the bulk fields of only one
orbifold, the flavons inherit N = 2 SUSY in 4d, which can be broken by using one orbifold parity. If the zero
mode acquires a VEV, the breaking of the symmetry is transmitted to the fermion masses. We assume that
flavons transform non-trivially,

P1¢($M7zu _2) =N ¢((I}M,Z,2), (663)
Py, z, =2+ 21) = d(@y, 2,2 + 21), (6.6b)
P3¢(xﬂﬁz7_2+23) =13 ¢($1L7Z,2+23). (660)

The first parity is used to break N = 2 SUSY to N = 1, the remaining two parity operators are used to
generate the VEV alignment of the flavons by singling out the appropriate zero modes.
In order to obtain the VEV alignment for a triplet ¢ ~ 31, we choose

P =1, P, =TST, P3; =TSTS? . (6.7)

As P, is the unit matrix, it does not affect the zero mode. Therefore, the zero mode is entirely determined by
P, 3. P, and Ps are simultaneously diagonalized by the unitary matrix U

1 2
12z
U vyove UTRU = diag(l, -1, 1), (6.8)
T\ E ) URU =diagl 1, 1), |
Vi VB V2

This leads to the desired VEV aliginment (¢1,1,1) = <gz50> (1,1,1)T. (Other VEV alignments, see [[]).
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6.4. SO(10) x.S;, model

Here, we briefly show the result of the model. For detail and particle content, see [[1]. Small neutrino
masses can be generated by the seesaw mechanism starting from

o Ys X 1 v y
Wy = i tReSe + s (Widra +9E€) Sus - (6.9)

After flavons obtain their VEV, it leads to neutrino mass matrix which can diagonalized by the tribimaximal
mixing matrix,

1

1 ~x —1 N T * m (1) 0 T
M, = _W(ys <A2>)(Mss)(ys <A2>) = —moUspp, b ? Utbm - (6.10)
: 3a—b

For the quark and charged lepton sectors, we obtain the mass matrices,

0 a%? 0 0 a¢ 0
Myqg=mp [ a™? b4 0, My=my [a? 367 0], (6.11)
0 0 1 0 0 1

leading to the Cabibbo angle 6. which is approximately given by sin 6, = a?/b% — a™ /b®.

6.5. Conclusion

In this talk, we have discussed a model, where an S, flavor symmetry arises from an orbifold compact-
ification and it is broken by the boundary conditions together with the SO(10) gauge symmetry on another
orbifold. We gave an example in the context of SO(10)x S which leads to a phenomenologically viable neu-
trino mass matrix as well as enables to fit the masses of quarks and charged leptons. The model predicts the
tribimaximal mixing at leading order in the lepton sector and a quantitatively correct Cabibbo mixing angle in
quark sector.
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Chapter 7

Implications of tribimaximal lepton
mixing for leptogenesis

D. Aristizabal Sierra
Abstract

In models featuring exact mixing patterns the mass matrices that define the effective light neutrino mass
matrix -and the light neutrino matrix itself- are form-diagonalizable. We study leptogenesis in type | seesaw
models in these contexts pointing out that the CP asymmetry in right-handed neutrino decays vanishes as a
consequence of the mass matrices being form-diagonalizable. A non-vanishing CP asymmetry arises once
deviations from the exact mixing scheme, induced by higher order effective operators, is allowed. Finally we
discuss alternative pathways to viable leptogenesis in these kind of models.

7.1. Introduction

Leptogenesis is a scenario in which the baryon asymmetry of the Universe is dynamically generated first
in the lepton sector and reprocessed into a baryon asymmetry via standard model electroweak sphaleron
processes [ [1]. In order for this mechanism to take place lepton number must be broken E] thus implying
models for Majorana neutrino masses provide the frameworks for leptogenesis.

The standard seesaw model (type | seesaw) [[3] defines the scheme for standard leptogenesis [l4]. In this
model leptogenesis becomes plausible due to the fact that: (i) the Yukawa couplings of the fermionic elec-
troweak singlets (right-handed (RH) for brevity) contain new physical CP phases; (ii) lepton number violation
is provided by the RH neutrino masses; (iii) the expansion of the Universe guarantees deviations from ther-
modynamic equilibrium in RH neutrino decays. With these conditions satisfied the generation of anet B — L
asymmetry proceeds through the decays of the lightest RH neutrino.

In standard leptogenesis the problem of calculating the baryon asymmetry depends -in first approximation-
on two parameters: the washout factor m, determined by the contribution of the lightest RH neutrino to light
neutrino masses, and the CP asymmetry ey in RH neutrino decays. Thus, two conditions must be satisfied

1The exception being scenarios of purely flavored leptogenesis as the one discussed in [[2].
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in order to produce a net baryon asymmetry: overcome the washout effects and a non-vanishing ey. The
determination of both requires the specification of the RH neutrino Yukawa couplings and mass spectrum,
however the former is more involved as it demands calculating the efficiency factor, which in turn implies
solving the corresponding kinetic equations describing the RH neutrino dynamics.

The seesaw parameter space consist of 18 parameters out of which 9 are constrained by low-energy data.
This implies once these restrictions are placed there is a remaining arbitrary 9 dimensional parameter space.
Is indeed partially due to this arbitrariness that leptogenesis suffers from the lack of testability [15]. If further
restrictions on the parameter space can be placed the arbitrariness should be reduced, and this is actually
the case if a lepton flavor symmetry is present as some of these parameters will be either forced to vanish or
to be correlated.

Even in the light of recent neutrino data [ [36] there is still a strong motivation to believe that the leptonic
mixing is a result of an underlying flavor symmetry operating in the lepton sector [ [7]. The tri-bimaximal
mixing (TBM) pattern [[8] as an input ansatz remains as a viable guideline to construct lepton flavor models
accounting for neutrino masses and mixing angles. We here discuss standard leptogenesis in the context of
the seesaw extended with flavor symmetries ﬂ We will study the implications that a generic flavor symmetry
associated to a flavor group G leading to the TBM pattern may have for the baryon asymmetry generated via
leptogenesis. It will be proven that if leptogenesis takes place below the scale at which the flavor symmetry
is broken ¢x vanishes in the limit of exact TBM. Viable leptogenesis becomes possible once departures -
induced by higher order effective operators- are allowed. We will point out other pathways to leptogenesis in
flavor models. We will closely follow references [[12].

7.2. General considerations

With the addition of three RH neutrinos Ng,_, , , the standard model Lagrangian is extended with a new
set of interactions that, in a generic basis in which the charged lepton Yukawa coupling matrix is diagonal,
can be written as

_ _ 1 - _
—L = —iNp, v, 0"Ng, + Lr;Np,Nijo + 5z\zRi(JJwRiJ\fg +h.c.. (7.1)

Here /1, are the lepton SU(2) doublets, ¢ = (¢ ¢°) is the Higgs electroweak doublet, Mg, are the RH
neutrino masses, C is the charge conjugation operator and A is a 3 x 3 Yukawa matrix in flavor space (we will
denote matrices in bold-face). In the seesaw limit Mg, > v (with v ~ 174 GeV) the effective neutrino mass
matrix is obtained once the heavy fields are integrated out:

’I‘n,,eff = —mp MR_I mDT , (7.2)

with mp = v A. From now on we will assume the Lagrangian in to be invariant under a flavor group G
that enforces the TBM pattern. This has two implications. Firstly, the mass matrices mp, Mg and m,,*" are
form-diagonalizable [ [14]. Secondly, the effective neutrino mass matrix is diagonalized by the TBM leptonic
mass matrix, namely

2/3 1/V/3 0
DUp"m,*"UrgD =1,  with Uw=|-1/v6 1/v3 —1/vV2], (7.3)
—1/V/6 1/V/3  1/V2

where the matrix D = diag(e®1, e?¥2 1) contains the low-energy Majorana CP phases. The matrices Mg
and mp, being in general non-diagonal, can be diagonalized according to

ULT’TI,DUR]L =1mp and VRTMRVR = MR , (7.4)

2This subject has been recently analyzed in a series of papers [[9] [10, {1} {2} [{3].
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Figure 7.1. Tree-level and one-loop vertex and wave-function corrections responsible for the CP asymmetry
in RH neutrino decays.

with Ur, g and Vg unitary 3 x 3 matrices characterized in general by three rotation angles and six phases. By

means of egs. and eq. can be rewritten as
1y = —D (Ue” Ur) 1, (Ur'VR) Mg (VRT Ur*) 1hp (UL” Urs) D. (7.5)

Since the mass matrices mp and Mg are form-diagonalizable the corresponding diagonalization matrices
UL,r and Vg do not depend upon the corresponding eigenvalues entering in the diagonal matrices mp and
Mg, [[14]. Accordingly, eq. 1; is satisfied if and only if the two following conditions are satisfied:

UTBT U = PL Op, and URT Vr = Op, PR Okg,, - (7.6)

The matrices Op, and Og,, are unitary and complex orthogonal matrices, respectively, that rotate the i and
m degenerate eigenvalues in mp and Mg. They are such that if there is no degeneracy in non of the two
mass matrices Op, = 1 and Og,, = 1. The matrices Py g are given by P g = diag(eiaf‘R7 eios’ " eiasL’R)

and thus taking M, to be real the following constraints on the CP phases must be satisfied:
oi+alk+al 4+~ =2k and o +off +43 =2nm, (7.7)

with +; the CP phases in mp.
In the basis in which the RH Majorana neutrino mass matrix is diagonal the Dirac mass matrix is given by

mpy =mp Vg, (7.8)

therefore, taking into account the results in (7.6) and (7.4), the Dirac mass matrix can be rewritten according
to

mg = UTB PL mD 153 OR,,. . (7.9)

7.3. TBM and leptogenesis

Depending on the temperature regimen at which leptogenesis takes place the lepton doublets states that
propagate in space-time can be either a superposition of flavor states or the actual flavor components.
For temperatures above ~ 103 GeV the flavor composition of the lepton doublets produced in the out-
of-equilibrium and CP violating decays of the lightest RH neutrino can be accurately neglected as all the
standard model lepton Yukawa reactions are slow. In that case the amount of CP violation generated in RH
neutrino decays is entirely determined by the CP violating asymmetry resulting from the interference between
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the tree-level and one-loop vertex and wave-function Feynman diagrams depicted in figure[7.1] In the limit of
a strongly hierarchical RH neutrino mass spectrum the result reads [[15]

3 1 N Rt _r\2 | Mg,
en, = Im {(m mD) LR (7.10)
8v2m (mgtmg)_#zk b ki] M,

From the result in eq. 1» the quantity mg“mg can be calculated, namely

mEmB = Og,, "p°Or,, - (7.11)
From this expression it becomes clear that as long as the G flavor group enforces the mass matrices to be
form-diagonalizable the CP violating asymmetry vanishes thus implying in the limit of TBM leptogenesis is not
viable. Though we have sticked to the concrete TBM pattern this result remains valid regardless of the mixing
scheme. As it has been stressed it is a consequence of the form-diagonalizable form of the mass matrices,
which as long as we deal with an exact mixing pattern it is always the case.
A vanishing CP asymmetry, however, can be accommodated in several ways that we now briefly discuss in
turn:

e Inclusion of higher order effective operators [[11},[12]:
Flavor models involve effective operators that result from integrating out heavy fields that account for
quark masses and mixings. These effective operators, arising from example from a quark flavor model
a la Froggatt-Nielsen [[{], involve different powers of the ratio § = (S) /M, where (S) is the vacuum
expectation value of an electroweak singlet flavon that triggers the breaking of the corresponding quark
flavor symmetry (a U(1)x in the case of Froggatt-Nielsen models) and My is the mass scale of the
heavy vectorlike fields.

Whenever only leading order effective terms are included, that is to say order § terms, there are no
deviations from the exact mixing pattern. However, once next-to-leading order terms are included de-
partures from this pattern are induced (the mass matrices deviate from there form-diagonalizable form)
and thus the CP violating asymmetry becomes non-zero.

e Presence of new physical degrees of freedom [[12,[18]:
In models in which the effective neutrino mass matrix receives contributions from other degrees of free-
dom, as for example in models featuring an interplay between type | and type Il seesaw, the CP asym-
metry typically contains additional contributions. The additional terms can be -in principle- also con-
strained by the flavor symmetry thus leading to a vanishing €. However, in general, these constraints
are not so strong as in models entirely based in type | seesaw. Accordingly, realizations exhibiting type
| and Il seesaw models with a non-vanishing ¢ -even at order §- can be constructed.

e The role of flavons [[6]:

The analysis leading to the conclusion that the CP asymmetry vanishes in the limit of exact TBM has
been done assuming leptogenesis takes place below the scale at which G is broken. A new twist
occurs if the generation of the lepton asymmetry happens at energy scales at which G is still an exact
symmetry (flavor symmetric phase). In that case the conventional contributions to the CP asymmetry
(those given by the interference of the Feynman diagrams shown in fig. [7.1] are still zero but if: (a) some
of the RH neutrinos lie in different representations of G r; (b) the flavons are lighter than one of the RH
neutrino representations, new non-zero contributions to the CP asymmetry can be built thus allowing
leptogenesis to proceed even in the flavor symmetric phase.
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7.4. Conclusions

We have analyzed the viability of leptogenesis in seesaw | models extended with flavor symmetries and
assuming the lepton asymmetry is generated in the flavor broken phase. For concreteness we have taken the
TBM pattern and have shown that in the limit in which this pattern is exact the CP asymmetry in RH neutrino
decays vanishes. We have also discussed several pathways to leptogenesis in this stage (flavor broken
phase) which include the addition of next-to-leading order corrections (higher order effective operators) or the
addition of new degrees of freedom, as would be the case in models with an interplay between type | and Il
seesaw. Finally we have commented on scenarios for leptogenesis taking place in the flavor symmetric phase
pointing out the viability of leptogenesis relies -in these cases- on the role played by the scalar flavons.
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Chapter 8

The challenge of low scale flavor
symmetry

Federica Bazzocchi

Abstract

A relatively low scale flavor symmetry is deeply challenging from a phenomenological point of view. We
discuss the constraints that have to be satisfied in presence of a unified description of electroweak and flavor
symmetry breaking and we show how they apply in the context of specific models.

8.1. Introduction

Much effort in theoretical physics is currently devoted to many open questions related to flavor physics
issues, like the generation of neutrino masses and the origin of fermion mass hierarchies and mixing matrices.
The present picture offered by the Standard Model (SM) particles is actually like a puzzle. There are three
families of quarks and leptons that present mass hierarchies and mixing completely different.

One of the most promising idea to explain flavor physics is the use of horizontal flavor symmetries that act
on the three families. A crucial point is identifying the correct symmetry and the scale it should be broken.
Flavor changing neutral current (FCNC) processes put a rough lower bound according if the flavor symmetry
is local or global. By comparing the SM contribution to FCNC processes such as K — K oscillation we
deduce that a global (local) flavor symmetry cannot be broken at a scale lower than 1 (10°) TeV. The lower
bound corresponding to a global flavor symmetry is particularly interesting because it is close to two other
important scales: the electroweak (EW) scale and the typical scale associated to a weakly interacting cold
Dark Matter (DM) candidate. May the new physics responsible of fermion masses and mixings be related
to the EW symmetry breaking? or to the origin of DM? In this talk we address the constraints that such a
low scale flavor symmetry has to satisfy considering both constraints arising by the Higgs physics as well as
processes involving the fermion sector [ /5, 16} [8].
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8.2. Low energy flavor symmetry

The current data on neutrino oscillations seem to point at one small and two large angles in the neutrino
mixing matrix [ [36]. The most recent data indicate that while the solar and atmospheric mixing angles are
still in striking agreement with the tri-bimaximal (TBM) [ 2} 13] mixing pattern the reactor angle deviates from a
vanishing value at more than 30. Nevertheless TBM mixing is still a good approximation of leptonic mixing.

As long as TBM mixing has been proposed as perfect—good— approximation of experimental data, the use
of non-Abelian discrete flavor symmetries has been analyzed in different models (for a review see [ |4]) to
generate both the mentioned lepton mixing patterns and the quark ones. In general, in those models, one
introduces so called flavons, scalar fields charged in the flavor space, usually very heavy. Once the flavons
develop specific vacuum expectation values (VEVs), this translates to structures in the masses and mixings of
the fermions. However, imposing the correct symmetry breaking patterns on the flavons is highly non-trivial.
This holds in particular if two or more flavons are used and the flavor group is broken in different directions. So
far, only a few techniques have been developed, all of which need a supersymmetric context or the existence
of extra dimensions [/4].

Alternatively, one can look at models that require only one flavor symmetry breaking direction. In this case
the scalar potential that implements the breaking can be non supersymmetric and does not require extra
dimensions. Of particular interest is the possibility that one set of fields simultaneously takes the role of the
flavons and SM Higgs fields, identifying the breaking scales of the electroweak and the flavor symmetries|
8,19,[10]. In addition the flavor symmetry breaking may allow a residual global symmetry that could give rise
to a DM candidate[[11} (12} [8].

8.3. The A, Higgs Potential

As an example of EW-flavor symmetry unification we discuss a setup where the flavor symmetry group
is A4 and the field scalar content is given by three copies of the SM Higgs field, ®; belonging to the triplet
representation of the discrete group. The scalar potential A4, x SM is given by

VI[®,] =p2(®]®) + BLdy + BLd3) + A (B] D) + BLdy + Lds)2+
+ X3(D1 D, DI Dy + DTD, DLDs + BIDLBIDs)+
F A (P DS D) + DI D BLD, 4 BIDDI Do)+ (8.1)

o ] ]

So far our scenario is nothing more that a special case of a multi higgs (MH) model with three scalar doublets.

We want to be as much as possible model independent. Thus we consider all the possible vacuum con-
figurations (v1, v2, v3) of the scalar potential given in eq.. and we discuss all the constraints related only
to the Higgs-gauge boson Lagrangian. We postpone the model dependent analysis to next section. The first
model independent constraint comes from the partial wave unitarity for the neutral two-particle amplitudes,
which puts upper bounds on the scalar masses[[13]. Then the light scalar mass region can be constrained
considering the gauge boson decays. Moreover we may put an upper bound on the lightest neutral state
mass considering the Higgs decay channel h — W W ~[[14,[15]. Finally the most stringent bounds arise by
the oblique parameters T'SU[[16]. The results for the alignment (v, v, v) are shown in fig.

Some configurations may be obtained only by tuning the potential parameters, giving rise to scalar spec-
trums characterized by very light or even massless particles as shown in fig. In this case the A, scalar
potential as to be adequately modified including soft breaking terms in order to be phenomenologically ac-
ceptable.
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Figure 8.1. CP conserving alignment (v, v,v): the upper panels show the lightest neutral mass m, versus
the second lightest neutral mass my and the lightest charged one m.y, respectively. The gray arc delimits
the region below which the Z ( W) decay channel opens. On the left plot the arc is only of 45° because
mo > my. For points below the arc the Z (W) decay may happens. The dashed vertical lines indicates the
approximated cuts that occur at mi ~ mz/+/2 and m; ~ 194 GeV arising by bounds on the decays of/into
gauge bosons. Only the red points satisfy all the constraints, included thus arising by the oblique parameters
TSU.
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Figure 8.2. The alignment (ve't, ve= ™1 rv): the panels show m; (on the left) and my (on the right) versus
r. The number of points is small because no tachyonic masses are obtained only by a large tuning of the
potential parameter. Moreover the order of magnitude of the masses is extremely low.
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8.4. The Fermion Processes

In this section we discuss the constraints arising by the interactions between the new Higgs sector and the
SM fermions. When more than one Higgs boson couples to all the fermions, the fermion-Higgs interaction
matrix generally is no longer diagonal and flavor violating processes can be mediated by the Higgs scalars
and pseudoscalars. In this case, there are more channels available for rare fermion decays and meson
oscillations. Experimental data place stringent bounds on the masses of the Higgses. We note that these
bounds are dependent on details of the model, such as the A, representations of the fermions.

We consider four model: the model of Ma and Rajasekaran (Model 1) [18], the model of Morisi and Peinado
(Model 2) [[10], the model of Lavoura and Kuhbock (Model 3)[ 9] and the Discrete DM model (Model 4)
[A1L 12, [8]. It turns out that Model 1 is quite robust under the constraints from the Higgs sector and flavor
violating processes as can be seen in fig/8.3] while the Models 2-3-4 are strongly affected by the experimental

constraints, as can be seen in figs 8.6)
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Figure 8.3. Model 1: the branching ratio for the decay = — u~u~e™ as a function of the smallest mass m .
The horizontal line corresponds to the experimental upper bound.

8.5. Conclusions

Low scale flavor symmetry allows a unified description of flavor and electroweak symmetry breaking. This
realization is extremely challenging but a deep and careful analysis of the phenomenology of this class of
flavor models is fundamental to test their validity beyond the prediction of the mixing patterns and in addition
it is a powerful tool to discriminate among them.
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Chapter 9

5S4 flavor symmetry at the LHC

G. Bhattacharyya, P_Leser, H. Péas

Abstract

Discrete symmetries employed to explain neutrino mixing and mass hierarchies are often associated with
an enlarged scalar sector which might lead to exotic Higgs decay modes. We explore such a possibility in
a scenario with S5 flavor symmetry which requires three scalar SU(2) doublets. The spectrum is fixed by
minimizing the scalar potential, and we observe that the symmetry of the model leads to tantalizing Higgs
decay models potentially observable at the CERN Large Hadron Collider (LHC).

9.1. Introduction

The permutation group S3 is an attractive candidate to address the flavor puzzle. It was introduced in [
15] and explored further in the article this work is based upon [124]. In this contribution we study the exciting
prospect that such flavor models can predict enlarged Higgs sectors with non-standard couplings to fermions
and gauge bosons. A full list of references can be found in the article this contribution is based upon[[22].

The motivation for choosing S is that it is the smallest non-abelian discrete symmetry group that contains
a 2-dimensional irreducible representation which can connect two maximally mixed generations. It has three
irreducible representations: 1,1’ and 2, with multiplication rules: 2 x 2 =1+1"+2and 1’ x 1’ = 1.
Besides facilitating maximal mixing through its doublet representation, Ss provides two inequivalent singlet
representations which play a crucial role in reproducing fermion masses and mixing. To accomplish the latter,
three scalar SU(2) doublets are introduced, which couple to the fermions as dictated by S3 symmetry. It so
happens that large mixing among up- and down-type quarks cancel each other in the Cabibbo matrix. Neu-
trino masses are separately generated by a type-ll see-saw mechanism using scalar SU(2) triplets, so that
the mismatch between the large mixing of the charged leptons and the diagonal neutrino masses translates
directly into the Pontecorvo-Maki-Nakagawa-Sakata matrix. In this paper we do not deal with those triplets,
but explore the following avenues: (i) the mass spectrum and mixing of the scalars (iz) the gauge and Yukawa
interactions of the neutral scalars, and (:i2) different nonstandard production and decay modes of the neutral
CP-even scalars leading to the possibility of their detection at the LHC.

For definiteness, we study the S3 model pursued in [[24] to explain the leptonic flavor structure. We con-
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centrate on the complementary aspects by exploring the scalar sector. The assignments of the fermion and
scalar fields are as follows:

(Ly, Lr) €2 Le, e uf el T¢el’,
(Q2,Q3) €2 Q1,u’,c%,d% s el b, t¢e 1’ (9.1)
(¢17¢2)€2 ¢3€1a

where the notations are standard and self-explanatory. The vacuum expectation values (VEVs) of the three
scalar doublets ¢; 2 3 induce spontaneous electroweak symmetry breaking (SSB).

9.2. Scalar potential and spectrum

We use the most general S5 invariant scalar potential involving three scalar doublet fields given by [[24].
It depends on two mass-like parameters m, m3 and eight couplings Ay . s). After SSB, nine degrees of
freedom are left: three neutral scalars, two neutral pseudoscalars and two charged scalars with two degrees
of freedom each. We denote the VEVs of ¢; by v; and assume the \;’s to be real. For the purpose of
generating maximal mixing in the lepton sector, we choose the vacuum alignment v; = v, = v. To ensure
that the chosen vacuum alignment actually corresponds to a minimum of the potential, we adjust parameters
to make sure that the determinant of the Hessian matrix is positive. In this case, the function is the scalar
potential and the Hessian is just the mass matrix of the scalars. The positivity of the eigenvalues guarantees
that the potential is minimized.

We now set out to find the spectrum of the three CP-even neutral scalars. We insert the expansion ¢ =
v; + h; into the scalar potential to obtain the mass matrix. After its diagonalization the weak basis scalars
hi,2,3 are expressed in terms of the physical scalars h, ;. as

1
hi1 =Up hy + Uie he — — hg,
1 1w hy + Uy 7
1
ho = Usp hy + Use he + — hg, 9.2
2 2 I 2 NG (9.2)

hs = Usy hy + Use he ,

where U;, and U;. are analytically tractable but complicated functions of A;s, v and vz, which we do not
display. The condition v; = v, immediately leads to Uy, = Usp, and Uy, = Uz.. The masses mg . of the
three CP-even neutral scalars are a result of the diagonalization of the mass matrix.

A few things are worth noting at this stage: (i) Since ¢; 2 3 are all weak SU(2) doublets, their VEVs are
related as: 2v? + v} = v, where vgy ~ 246 GeV.

(ii) One of the physical scalars is given by h, = (ha — h1)//2, i.e. there is no dependence on Af1,...,8} Of
on the VEVs.

(#4t) We randomly vary the magnitude of the \;’s in the range [0, 1], although slightly larger (but < 4)
values of |\;| would have still kept the couplings perturbative. We accept a given set of {\,..., Ag, v} only if
it satisfies the minimization conditions.

(iv) It has been suggested in [ [24] that with order one Yukawa couplings, the ratio v3/v ~ 0.1 reproduces
the correct Cabibbo angle in the quark sector. We require vs/v > 0.6 to ensure that m% stays above the
accepted limit. Since hy and h. have similar gauge and Yukawa properties, quite different from those of A,
(see discussions later), we show the mass splitting (m. — my) against m; in Fig. a), and the relation
between my, and m, in Fig.[9.1|b).

(v) The two CP-odd neutral scalars x, and x; can be light, with x, being lighter than 100 GeV and x; being
lighter than 250 GeV. The charged scalars i} and h;r are less restricted: They can be lighter than 250 GeV
and 300 GeV respectively.
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Figure 9.1. Results of a random search for allowed scalar masses for a fixed v3 /v = 0.6. In the left panel (a), we exhibit
the splitting (m. — my) for different choices of my. In the right panel (b), we show the allowed range of m.

9.3. Scalar couplings to gauge and matter fields

The couplings of the symmetry basis h; to W+ and Z are modified by a factor of v; /vgm < 1 compared to
their SM expressions. In terms of the mass basis scalars, we observe the following: (i) The coupling of h; to
W+W = (or, ZZ) is the corresponding SM coupling multiplied by (20U, + v3Usp) /vsm and the corresponding
factor for h. is (2vU1. + v3Usc) /usm. (it) The scalar h, does not have h,ZZ or h, WW couplings, unlike
the other two scalars. This can be understood as follows. The gauge couplings of h; arise from the linear
expansion (;5? = v; + h; in the kinetic term. Since v; = v = v, the combination (k1 + h2) will couple to
gauge bosons as proportional to v. The orthogonal combination (hs — hq) that represents the physical scalar
h, —see Eq. and point 4 following it — will not have the usual scalar-gauge-gauge vertex. The four-point
h2ZZ and h2W W couplings will, however, exist.

The couplings of h; . to the quarks and leptons depend on the parameters v, vs, A; and f; (or, gf/d), while
the couplings of h, to fermions depend only on f; (or, gf/d). The physical scalar couplings to the mass basis
fermions are given by the following Yukawa matrices, displayed for the charged leptons as an example (the

structures for the quark sector are similar modulo Cabibbo mixing):

0 0 Y Yoien Yo O
Vo= 0 0 v | Vi = | Viiw Vim0 ] 9.3)
Yo e Yo 0 0 0 Yoo,

The position of the zeros in the matrices deserves some attention. It turns out that h,; . have off-diagonal
fermion couplings at tree level due to the absence of any natural flavor conservation. h, couples only off-
diagonally and one of the two fermions has to be from the third generation. h;, . couple diagonally as in the SM,
but also possess small, numerically insignificant, off-diagonal couplings involving the first two generations.

In the present case, S3 symmetry, under which both scalars and fermions transform nontrivially, is instru-
mental in suppressing the off-diagonal couplings. To provide intuitive understanding, we take, as an example,
only the two-flavor p—7 sector together with two neutral scalars h; and ho. It is not difficult to see that the
combination (ha — hi), which corresponds to h,, couples only off-diagonally, as mentioned earlier. But the
other combination (h2 + k1), which corresponds to h; . following Eq. , couples only diagonally to physical
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wor 7. When we consider the quark sector, i and 7 would be replaced by second and third generation quarks
which will have CKM mixing. This will yield off-diagonal entries for h; . couplings to quarks suppressed by
the off-diagonal CKM elements. The same happens for off-diagonal couplings involving the first two gener-
ations as well. In some setups where the fermion transformations under S5 are not appropriately adjusted,
the off-diagonal Yukawa couplings may become order one which induce sizable neutral scalar mediated rare
processes, like K;, — pe or K, — 27, at tree level. This requires those neutral scalars to lie beyond several
TeV. But in our case, once we adjust the couplings to reproduce the fermion masses and mixing, the off-
diagonal Yukawa couplings are determined too. The largest of them corresponds to ¢t rh,, which is about
0.8. The second largest off-diagonal coupling is that for s, brh,, and is about 0.02. The nextin lineis ir7rh,,
whose coefficient is about 0.008. The others are orders of magnitude smaller, and are of no numerical signifi-
cance. Although FCNC processes like B,;~B, and B,—B, mixings proceed at tree level, the contributions are
adequately suppressed even for light scalar mediators.

9.4. Collider signatures

The perturbativity condition |);| < 1 and the requirement m;, /. > 114 GeV (for which we set v3/v ~ 0.6)
yields m;, in the neighbourhood of 120 GeV and m. within 400 GeV — see the scatter plots in Fig. Both
hy and h. would decay into the usual ZZ, WW, bb, v, --- modes, but the dominant decay mode of h;
(or h.) for the case of m, < my/2 (or m, < m./2) would be into h,h,. Recall that the existing limits on
the Higgs mass depend crucially on the gauge coupling of the Higgs. Since h,ZZ or h,WW couplings are
nonexistent, the mass of &, is unconstrained, i.e. m, can be lower than 114 GeV or larger than 200 GeV. We
numerically calculate the strength of the hyh, b, coupling from the set of acceptable parameters characterizing
the potential, and introduce a parameter k which is the ratio of the h,h,h, coupling and the h, W W coupling.
The magnitude of k£ depends on the choice of \; and v3. Assuming m, = 50 GeV, we obtain k in the range
of (5 — 30). Just to compare with a 2HDM for illustration, the corresponding & value, when the heavier Higgs
weighing around 400 GeV decays into two lighter Higgs weighing 114 GeV each, is about 10.

In Fig.[0.2[a) we have plotted the branching ratio of h, — hoh, as a function of m;, for two representative
values m, = 50,75GeV, and for £ ~ 5 and 30, which correspond to the smallest and largest & obtained
from the set of accepted scalar parameters. We observe that till the WW or ZZ decay modes open up, the
branching ratio hy, — hyh, is almost 100%.

As Fig.[0.2b) suggests, as long as m, < my, h, will dominantly decay into jets, and one of them can be
identified as the b-jet. The branching ratio of h, — u7 is, nevertheless, not negligible (about 0.1). As shown
in Fig.[9.2(c), for m, < m,, the branching ratio of t — h,c is quite sizable, which decreases with increasing
mg.- It may be possible to reconstruct h,, from h, — u7. In fact, a light ~, would be copiously produced from
the top decay at the LHC. On the other hand, if m, > m., as can be seen again from Fig.[9.2{(b), h, decays
to t¢ with an almost 100% branching ratio.

If k is large, then there is an interesting twist to the failed Higgs search at LEP-2. In this case, hy, — h h,
would overwhelm h;, — bb, and hence the conventional search for the SM-like scalar (h;, as the lighter
between hy, and h.) would fail. This is similar to what happens in the next-to-minimal supersymmetric models,
when the lightest scalar would dominantly decay into two pseudoscalars, and each pseudoscalar would then
decay into 2b or 27 final states. In view of these possible 4b or 47 Higgs signals, LEP data have been
reanalyzed putting constraints on the Higgs production cross section times the decay branching ratios. The
possibility of the Higgs cascade decays into 45 (j = quark/gluon), 25 + 2 photons and 4 photons has been
studied too. From a study of 4b final states, a limit m;, > 110 GeV (for a SM-like Higgs) has been obtained
(references can be found in[22]). From all other cascade decays the limit on m;, will be considerably weaker.
Our h, has the special feature that it has only off-diagonal Yukawa couplings involving one third-family fermion.
If hy is lighter than the top quark, it would decay as hy, — hgh, — 2b+ 27, and into b + 15 4+ p + 7, the latter
constituting a spectacular signal with two different lepton flavors © and 7. The standard 2b and cascade 4b
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Figure 9.2. (a) Branching ratio of hy, — hqh, for two representative values of m,, and in each case for smallest / largest
values of k in the set of accepted scalar parameters which compares the strength of the hyhqh, coupling to the strength
of hiy WW coupling; (b) branching ratios for the decay of h,, and (c) branching ratio of the top quark decay into h, and
charm quark.

decay searches are not sensitive to our final states, and so a value of m; much lighter than 110 GeV is not
ruled out.

9.5. Conclusions

The discrete flavor symmetry S3, besides successfully reproducing fermion masses and mixing, provides
an extended Higgs sector having unconventional decay properties. We assume all the couplings to be real,
and do not deal with the possibility of CP violation in this paper. The potential has been minimized requiring
maximal mixing for the atmospheric neutrinos. In our setup, there are two scalars which are SM Higgs like,
except that each of them can have a dominant decay into the third (hy,. — hqhe). The latter, i.e. hg, has
no h,V'V-type gauge interactions, and has only flavor off-diagonal Yukawa couplings with one fermion from
the third generation. It is not unlikely that by evading the conventional search strategies, both h; and h, are
already buried in the existing LEP and Tevatron data.
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Chapter 10

Different SO(10) paths to fermion
masses and mixings

G. Blankenburg

Abstract

We make a general study of SO(10) models with type-ll see-saw dominance and show that an excellent fit
can be obtained for fermion masses and mixings, also in comparison with other realistic SO(10) models.

10.1. Introduction

In the last twenty years we achieved a rather precise knowledge of the leptonic mixing angles, which, within
the experimental accuracy, are consistent with the Tri-Bimaximal (TB) pattern [ [1] and, as such, are very
different from the quark mixing angles. In fact the quark flavour structure is characterized by hierarchical
masses and small mixing angles, while the lepton sector presents a milder hierarchy in the neutrino masses
and two large and one small mixing anlges.

It is well known that with the see-saw mechanism the very small neutrino masses point to a very high energy
theory of lepton flavour, such as a Grand Unified Theory (GUT). In particular in this context, among the pos-
sible unified groups, SO(10) is very interesting because the right-handed neutrinos are naturally introduced
and are not gauge singlets, unlike the Standard Model or SU(5). A still open and challenging problem is that
of formulating a natural SO(10) Grand Unified model leading to a good description of quark masses and mix-
ing and, at the same time, with a TB lepton mixing structure built-in in a well defined first approximation, due,
for example, to an underlying (broken) flavour symmetry. In SO(10) the main added difficulty with respect to
SU(5) is clearly that all fermions in one generation belong to a single 16-dimensional representation, so that
one cannot separately play with the properties of the SU (5)-singlet right-handed neutrinos in order to explain
the striking difference between quark and neutrino mixing.
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10.2. A class of models

A promising strategy in order to separate charged fermions and neutrinos is to assume a renormalizable
S0O(10) model with dominance of type-Il see-saw [ [2](with respect to type-l see-saw) for the light neutrino
mass matrix. In renormalizable SO(10) models the fermion masses are generated by Yukawa couplings with
Higgs fields transforming as 10, 126 (both symmetric) and 120 (antisymmetric) [[3]

Wy = hyHyg + fypHio + h' i) Hgg, (10.1)

where the symbol v stands for the 16 dimensional representation of SO(10) and H; are the Higgs fields. |
note that in this analysis we assume an underlying “parity” symmetry (justified by the fact that, as we shall
see, the resulting fit is very good) that implies that all mass matrices obtained from A, b’ and f are hermitian
[14]. The resulting Yukawa mass matrices for the different fermions are:

M, = (h+raf +r3h vy, My =ri(h+ f+ h)va, (10.2)
M., = ri(h—3f+cch)va, M,p = (h —3raf + c,h vy,

and with type-1l see-saw dominance the neutrino mass matrix is:
my, = fur. (10.3)

So if type-1l see-saw is responsible for neutrino masses, then the neutrino mass matrix (proportional to f) is
separated from the dominant contributions to the charged fermion masses (% for example) and can therefore
show a completely different pattern. This is to be compared with the case of type-l see-saw where the
neutrino mass matrix depends on the neutrino Dirac and Majorana matrices and, in SO(10), the relation with
the charged fermion mass matrices is tighter.

An important observation is that, without loss of generality, we can always go to a basis where the matrix f
is of the TB type. In fact, if we start from a complex symmetric matrix f’ not of the TB type, it is sufficient to
diagonalise it by a unitary transformation U: fémg = UT f'U and then take the matrix

[= U’;Bft/iiagU;r“B = UZ*"BUTJNUU”}:B' (10.4)

As a result the matrices f and f’ are related by a change of the charged lepton basis induced by the unitary
matrix O = UU}B (in SO(10) the matrix O rotates the whole fermion representations 16;). Since TB mixing
is a good approximation to the data we argue that this basis is a good starting point. In fact in this basis
the deviations from TB mixing will be generated by the mixing angles from the diagonalisation of M, which
in SO(10) are strongly related to the CKM angles and so are automatically small, while in general could be
large.

10.3. The analysis

An interesting question is to see to which extent the data are compatible with the constraints implied by
this interconnected structure. So here we do not consider the problem of formulating a flavour symmetry
or another dynamical principle that can lead to approximate TB mixing, but rather study the performance of
the type-ll see-saw SO(10) model in fitting the data on fermion masses in comparison with other models
architectures.

As comparison models we use a set of realistic SO(10) theories with different features: renormalizable or
not, with lopsided or with symmetric mass matrices, with various assumed flavour symmetries, with different
types of see-saw and so on. Of course in these models TB mixing appears as accidental, and some dedicated
parameters are available to fit the observed neutrino masses and mixing angles without a specific TB structure
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Model d.o.f. X2 X2/d.0.f. dpr dData

DR 4 0.41 0.10 7.0 x10® 1.3 x103
ABB 6 2.8 0.47 8.1 x10° 3.8 x10°
JLM 4 29 074 9.4 x10° 3.8 x10°
BSV <0 69 - 2.0 x10° 3.8 x10°
JK2 3 34 1.1 4.7 x10° 3.8 x10°
GK 0 015 - 1.5 x10° 3.8 x10°
TID 1 0.13 0.13 47 x10° 3.8 x10°

Table 10.1

Fit results for each model as explained in the text

implemented. The models considered are [[5]: Dermisek, Raby (DR); Albright, Babu, Barr (ABB); Ji, Li,
Mohapatra (JLM); Bajc, Senjanovic, Vissani (BSV); Joshipura, Kodrani (JK2); Grimus, Kuhbock (GK).

Each model is compared with the same set of data on masses and mixing given at the GUT scale (except
for DR that requires a large value of tan 8)[5]. In this part of the analysis we do not consider the new result
from the T2K experiment on the lepton angle 6,5. The results of the analysis are shown in Tab. where
it is shown the x? and the x2/d.o.f. obtained from the fit for each model. We also introduce as addictional
quality factor a parameter dpr for a quantitative measure of the amount of fine-tuning of parameters which
is needed in each model. This adimensional quantity is obtained as the sum of the absolute values of the
ratios between each parameter and its error (defined for this purpose as the shift from the best fit value that
changes x* by one unit with all other parameters fixed at their best fit values), drpr = 3 | 22 | It has to
be compared with a similar number dp.:, based on the data (i.e. the sum of the absolute values of the ratios
between each observable and its error as derived from the input data), dpate = >, | :’T’j |

Moreover we analyse also the model T-IID in the light of the recent results from the T2K collaboration, which
give indications of a non zero reactor angle. In particular we compared the model with the old set of data for
charged leptons masses and CKM mixings and with the new global neutrino fit [6], giving for the reactor angle
at 3o:

sin® 013 = 0.01370 033 (10.5)

We show our results in Tab. We note that the goodness of the fit is substantially unchanged compared
with the old analysis, showing that in this class of models it is possible to obtain the desired (very small before
T2K or more sizeable now) corrections to zero #,3 from the charged lepton sector, taking into account an
appreciable amount of finetuning.

Model d.o.f. x? Y2/d.of.  dpr dpata
T-1ID 1 0.14 0.14 46 x10° 3.8 x103
Table 10.2

Fit results for the model T-IID after T2K data

In conclusion we have shown that a SO(10) model with type-Il see-saw dominance can achieve a very
good fit of fermion masses and mixings also including the neutrino sector (provided that the representations
10, 126 and 120 are all included) and also after the T2K results. The quality of the fit in terms of x2 and
x?/d.o.f. is better than or comparable with any other realistic SO(10) model that we have tested. However,
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the tight structure of the T-1ID model implies a significantly larger amount of fine tuning with respect to more
conventional models like the DR or the ABB and JLM models. But those models have no built-in TB mixing
and in fact could accommodate a wide range of mixing angle values.
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Chapter 11

Stability of dark matter from A, flavor
symmetry

M. S. Boucenna

Abstract

We investigate a model in which Dark Matter is stabilized by means of a Z, parity remnant of a non-abelian
discrete flavor symmetry that accounts for the observed patterns of neutrino mixing. In this A4 example the
standard model is extended by three extra Higgs doublets and the Z, parity emerges from the spontaneous
breaking of A, after electroweak symmetry breaking. We perform an analysis of the parameter space of
the model consistent with electroweak precision tests, collider searches and perturbativity. We determine the
regions compatible with the observed relic dark matter density and we present prospects for detection in direct
as well as indirect Dark Matter search experiments.

11.1. Introduction

The existence of Dark Matter (DM) is by now well established, owing to various cosmological and astro-
physical observations. The nature of this non-baryonic component of the total mass of the Universe is still
elusive though, despite great experimental and theoretical efforts over many years. Elucidating the nature of
DM constitutes one of the most important challenges modern cosmology and particle physics are facing.

Still, we do have some clues about how it should be [} 2]. Among the most important conditions a DM
candidate is required to satisfy are neutrality, stability over cosmological time scales, and agreement with
the observed relic density. While the neutrality of the particle is usually easy to accomodate theoretically, its
stability is assumed ad-hoc in most cases.

A new mechanism of stabilizing DM has been proposed in,Ref. [[3] in which the stability originates from
the flavor structure of the standard model, linking DM to neutrino physics. Indeed the same discrete flavor
symmetry that explains neutrino mixing patterns [ 2] is the origin of the DM candidate stability D This link
between two sectors that show a striking need for physics beyond the standard model is attractive and has
come under further scrutiny in a series of works, see [[6l [7] for instance.

LFor models based on non-Abelian discrete symmetries but with a decaying dark matter candidate we refer the reader to Ref.[[5] for
instance.
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11.2. The Model

The model considered in [[3] is based on the A, discrete group, the group of even permutations of four
objects. Matter fields are assigned to its irreducible representations in the following way: The standard model
Higgs doublet H is assigned to the singlet representation, while the three additional Higgs doublets n =
(m1,m2,m3) transform as an Ay triplet, namely n ~ 3. The model has in total four Higgs doublets, implying
the existence of four CP even neutral scalars, three physical pseudoscalars, and three physical charged
scalar bosons. In the fermion sector we have four right-handed neutrinos; three transforming as an A triplet
Nr = (N1, N3, N3), and one singlet N;. Quarks are A4-blind hence no prediction on their mixing matrix is
given (cf. [18] for the case of a non-trivial charge assignment).

The lepton and Higgs assignments are summarized in table|11.1

Le | Ly, [ Ly [ e[ [ e [Ne [ N[ H |
SU2) | 2 [ 2 | 2 |1 1 1 1 1 2 [ 2
Ay 1 1 17 1 17 1/ 3 1 1 3
Table 11.1
Summary of the relevant quantum numbers
The resulting leptonic Yukawa Lagrangian is:
L = yeLdH+y,L"H +y, LI H +
+y1 Le(Ntn)1 + y5 L (Nrn)1r + y5 L (N1 +
+y¥ LeNyH + My Ny Ny + My Ny Ny + h.c. (11.1)

This way the field His responsible for quark and charged lepton masses, the latter automatically diagonal.
The scalar potential is:

v

pan'n + p HUH + X [HTH]? + Xa[n'nl? + Xsln'nly [n'n]1
[0t ] + A ™ e fpmle + Aslnt ol nml + Xe([ntnls, [ntnls, + hec.)
A0t nls, [ nls, + As[nn'ls, s, + X[ nlv [HYH] + Mio[n"H]s, [HTn]s,

+ + +

+ s nlsantH + hc)

where [...]s, , is the product of two triplets contracted into one of the two triplet representations of A4, and
[..]117,1 is the product of two triplets contracted into a singlet representation of A4. In what follows we
assume, for simplicity, CP conservation so that all the couplings in the potential are real. For convenience we
also assume A4 = X} in order to have manifest conservation of CP in our chosen A4 basis.

The minimization of the scalar potential results in :

(H°) =vg #0,  (m)) =v, #0, (m33)=0, (11.3)

where all vevs are real. This vev alignment breaks the group A4 to its subgroup Z; responsible for the stability
of the DM as well as for the neutrino phenomenology [3].

M1 HH + hee.) + Ma([n'n']s, [nH]s, + hc.) + Ms([n™n']s,[nH]]s, + hec.) + Aa([n™nls,n H + h.c.)

(11.2)
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The stability of the DM

As a consequence of the fields assignments there are no couplings with charged fermions and quarks. The
only Yukawa interactions of the lightest neutral component of 7, 5 are with the heavy SU(3) ® SU(2) ® U(1)
singlet right-handed neutrinos. This state is charged under the Z, parity that survives after the spontaneous
breaking of the flavor symmetry.

We now show the origin of such a parity symmetry.

The group A4, has two generators: S, and 7, that satisfy the relations S? = T3 = (ST)? = I. In the three
dimensional basis S is given by

1 0 0
s=(o0 -1 o |. (11.4)
0 0 -1

S is the generator of the Z5 subgroup of A4. The alignment (n) ~ (1,0,0) breaks spontaneously A, to Z5
since (1,0, 0) is manifestly invariant under the S generator. The Z, residual symmetry is defined as

Ny — +DNyp, mo — 4+,
Ny — =Ny, N2 —  —Ne, (11.5)
N3 — _N37 ns —  —N3,

The rest of the matter fields being Z, even. The DM candidate of the model corresponds to the lightest Z>-odd
neutral spin zero particle which, for the sake of definiteness, we take as the CP-even state. The parameters of
the model relevant for the DM phenomenology are 8 (scalar) masses, 7 couplings and the ratio of the vacuum
expectation values tan f = vy /v,.

Neutrino phenomenology

We present here the main results obtained in Ref.[[3] concerning the neutrino phenomenology.

The model contains four heavy right-handed neutrinos. It is therefore a special case, called (3,4), of the
general type-1 seesaw mechanism [[9]. Light neutrinos get Majorana masses by means of the type-1 seesaw
relation. The reactor mixing angle 6,3 is null and the hierarchy is inverse. The atmospheric angle, the solar
angle and the two square mass differences can be fitted. The model implies a neutrinoless double beta decay
effective mass parameter in the range 0.03 to 0.05 eV at 3 o, within reach of upcoming experiments.

Before moving to the calculation of the relic abundance in the next section we consider the phenomenolog-
ical constraints on the parameter space of the model.

11.3. Phenomenological constraints

In order to find the viable regions in parameter space where to perform our study of dark matter, we must
impose the following constraints to the model :

e Electroweak precision tests
We compute the effect on T induced by the scalars following [ [10] and we impose the bounds from
electroweak measurements [[1]: —0.08 < T < 0.14.

e Collider bounds

The bounds imposed by LEP Il on the masses of the neutral scalars in our model are similar to those
constraining the Inert Doublet Model, given in Ref.[[12]. The excluded region that we adopt is taken
from Fig.7 of Ref.[[12]. We impose a lower limit on the masses of the Z5 even neutral and charged
scalars of 114 GeV and 100 GeV respectively.
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Figure 11.1. Left plot: Spin-independent DM scattering cross section off-protons as a function of the dark
matter mass. The orange regions delimited by the dashed (solid) line show the DAMA/LIBRA annual modula-
tion regions including (neglecting) the channeling effect [[13]. The green region corresponds to the COGENT
data [[14]. Dashed and dotted red lines correspond to the upper bound from CDMS (respectively from [[15]
and [[16]). XENON100 bounds [[17] are shown as a solid black line. Right plot: Regions in the plane DM
mass (Mpas) - lightest Higgs boson My allowed by collider constraints and leading to a DM relic abundance
compatible with WMAP measurements.

e Perturbativity and vacuum stability

The requirement of perturbativity imposes the following bounds on the Yukawa couplings of the model
Ai < V4mand tan 8 > 0.5.

Finally we must impose the stability of the vacuum which translate as a set of inequalities to be satisfied
by the couplings. of the models.

11.4. Relic Density and (In)Direct Detection

The thermal relic abundance of Hj is controlled by its annihilation cross section into SM particles. In order
to study the viable regions of the model we perform a random scan over the 16-dimensional parameter space
(A; and tan 8 ) and compute the dark matter relic abundance using the micrOMEGAs package[ (18, [19] for the
points satisfying the constraints discussed in Sec[11.3

In Fig.[T1.7]we show the regions with a correct relic abundance in the plane DM mass (M p ) and the light-
est Higgs boson mass M. For dark matter masses well below the W+ threshold, dark matter annihilations
into fermions are driven by the s-channel exchange of the Higgs scalars of the model.

For My < 400 GeV the annihilation cross-sections are large enough to obtain the correct relic density for
all DM masses up to the the W= threshold. At larger Higgs boson masses, annihilations into light fermions
are suppressed so that the relic abundance is typically too large unless efficient co-annihilations with the
pseudoscalar A; are present. For lighter dark matter particles, strong co-annihilations cannot be reconciled
with LEPII constraints as these require M4, > 100 GeV [[12]. On the other hand, the absence of points on
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the strip corresponding to the line Mpyr ~ My /2 is associated with the H resonance that enhances the DM
annihilation cross section giving a too small Dark Matter abundance.

For dark matter masses larger than My the annihilation cross section into gauge bosons is typically large
enough so that H, cannot account for the desired relic density.

The prospects for direct dark matter detection in underground experiments are of particular interest. We
see in Fig[T1.1]that the model can potentially explain the DAMA annual modulation data [ 20} 21] as well as
the excess recently found in the COGENT experiment [[14]. The present upper limits on the spin independent
DM scattering cross section off nucleons can already exclude a large region of the parameter space of the
model but do not constrain the mass of the DM candidate. Note that the direct detection plot of Fig[11.1 has
been updated from [[22] to include recent results of XENON100[[17] and COGENT[[14].

Indirect dark matter searches through astrophysical observations are not currently probing the model apart
from some small regions of the parameter space where the dark matter annihilation cross section is enhanced
via a Breit-Wigner resonance. For further details about this study we refer the reader to [[22].

11.5. Conclusions and discussion

We have studied a model where the stability of the dark matter particle arises from a flavor symmetry. The
A4 non-abelian discrete group accounts both for the observed pattern of neutrino mixing as well as for DM
stability. We have analyzed the constraints that follow from electroweak precision tests, collider searches
and perturbativity. Relic dark matter density constraints exclude the region of the parameter space where
simultaneously Mpy S 40 GeV and My > 400 GeV because of the resulting over-abundance of dark
matter. We have also analyzed the prospects for direct dark matter detection and found that, although they
already exclude a large region of the parameter space, we cannot constrain the mass of the DM candidate.
In contrast, indirect DM detection is not yet sensitive enough to probe our predictions.

All of the above relies mainly on the properties of the scalar sector responsible for the breaking of the
gauge and flavour symmetry. A basic idea of our approach is to link the origin of dark matter to the origin of
neutrino mass and the understanding of the pattern of neutrino mixing, two of the most oustanding challanges
in particle physics today. Note however that the connection of dark matter to neutrino properties depends
strongly on how the symmetry breaking sector couples to the leptons.
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Chapter 12

Aspects of family symmetries

Ivo de Medeiros Varzielas

Abstract

We take tri-bi-maximal mixing and decompose the effective neutrino matrix to derive predictions in terms
of their masses. We extend this phenomenological analysis to other mass-independent mixing schemes. We
classify models through the group structure of their symmetries to point out connections between the groups
and the phenomenological analysis.

We study the UV completion of family symmetry models, which in general improves the predictivity over
effective models - we illustrate important features by minimally completing an A4 model. We also show that
family symmetries can provide Yukawa alignment for multi-Higgs doublet models.

12.1. Phenomenology

The work summarised here is based in [[1] (which also includes a more complete list of references).
We consider tri-bi-maximal mixing (TB) to be a good description of leptonic mixing. The effective neutrino
mass matrix with TB mixing can be written without loss of generality in the form

22" + 3y’ + 2 —z' + 2 -z’ + 2
mtg = Utg d, U-?é =3 —x' + 7 2z + 2 -z +3y + 2|, (12.1)
—z' 4+ 2 -z’ + 3y + 2 22 + '

where d, = diag(2’ + ¢/, ¢’ + 2/, 2’ — y'), and U is the TB mixing matrix. The mass matrix mrg can be
separated into three components,

mm =12'C+y P+2D, (12.2)
1 2 -1 -1 1 0 0 1 1 1 1

C:§ -1 2 —-1|,P=1(0 0 1 ,D:§ 1 1 1 (12.3)
-1 -1 2 01 0 1 1 1
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C, P, D respectively denote the well-known magic, u-7 symmetric, and democratic matrices. This decom-
position is useful to classify models according to the parameters ', 3/, and particularly z’. If either x’ or ¢/
vanishes the neutrino mass spectrum is degenerate, which is excluded by the experimental data and so only
z’' can be absent in eq. (12.2). In the basis where the charged leptons are diagonal and real, the effective
low-energy leptonic mixing can be written

1
U, = e—to1/2 Ut eim , (12.4)
ez

with y1 = (01—02)/2, v2 = (01—03)/2, being the Majorana phases and 01 5 = arg(z’+y’), o2 = arg(y’+2').
In turn, the neutrino masses read as
ia 2 2 1/2
m1:|xe 1+y|:(x +y +2mycosoz1) ,
mo = |y + zem2| = (y2 + 2% 4+ 2yz cos a2)1/2 , (12.5)
mz = |:L'eio‘1 — y| = (:cz + 4% — 2zy cos al)l/z ,

where x = |2'|, y = |y/|, z = |#/| ,and oy = argz’ — argy’, as = argz’ — argy’. The sign of (m3 — ms) is
dictated by the ordering of the masses, positive for normal and negative for inverted ordering. In terms of the
parameters o 2, %, y, 2, from eq. (12.5) we obtain:

Am3, =z (2 +2ycosas) — x (x4 2ycosay) , Am3, = —4rycosa; . (12.6)

As we will discuss, the democratic component in eq. is naturally absent or suppressed in many
FS models so we study what are the phenomenological implications. When z = 0 we have Am3, =
—x (z + 2y cosay). By definition Am3; > 0, so 7/2 < a; < 37/2 and thus from eq. Am3; > 0
enforces a normal hierarchy. Choosing «; as the free parameter, we have

1/2 1/2
mi = (y2 - Am%l) / y M2 =Y, M3 = (y2 + AmZ, — Am%l) / , (12.7)
(Am32, —2am3,)"? 1 Am,
r= o Yy=- . (12.8)
V2 2V2cos a1 (Am3, — 2Am3,)"?

The Majorana phases are v; = arg(ze’® +y)/2 and vy, = 1 —arg(ze’®* —y)/2. From egs. (12.7) and (12.8),
we conclude that the lightest neutrino mass has a lower bound, m'f‘” ~ 1.56 x 10~2 eV, for a; = 7. Moreover,
the effective mass parameter m.. that governs Ov 33 decay is approximately given by

Am2 Am?2 1/2
Mee = 2 {2 (2= 2502 (1 4 cos 2y1) + 1 — 2212 (12.9)
3 ms ms

and attains its lowest value m!°" at o, = 7, when m, is also minimal:

2 A

~ —2
low e 3 (i) ? 1.64 x 10~2eV. (12.10)

We now consider that a small democratic contribution is present. It can be seen from eq. (12.6) that an
inverted hierarchy is now allowed for small values of z. Furthermore, such a hierarchy is easier to achieve
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when ay = 0; for other values of a, the inverted hierarchy is, in general, excluded for z < 0.01 eV. Assuming
small z and oy = 0, the mass spectrum is

1/2 1/2
my ~ (y* — Am3; + 2yz ) / 2

,m22<y2—|—2yz (12.11)

so the solar mass-squared difference in eq. can be approximated by Am3, ~ 2yz — z(x + 2y cos ay),
with the 2yz term enabling the inverted spectrum. The parameters = and y no longer have a closed form (as
in eq. (12.8)) but one can solve numerically for the mass spectrum. For illustration, in Fig. [28.1] we present
the neutrino mass spectrum as a function of the phase «; for z = 0.1 eV and s = 0, 7/2, w. We find that for
Z > zim ~ 3.3 x 1073 eV, an inverted mass hierarchy is allowed and this limiting case is shown in the lower

left plot of Fig. (z = z1im and a2 = 0). In Fig.[29.2] we present the 0v 33 parameter m.. for a; = 0 and
z=0.1eVorz=zjn.

sms >~ (y> + Am3; — Am3, + 2yz)
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Figure 12.1. Curves correspond to m,; ordered according to the hierarchy as function of a; for z = 0.1 eV
and z = zjm ~ 3.3 x 1073 eV with a = 0 (left) and for z = 0.1 eV and o, = /2, 7 (right).

In addition to TB mixing, there are other mass-independent structures that can reproduce the observed
leptonic mixing angles at leading order. The entire phenomenological analysis discussed so far is straightfor-
wardly generalised to other mass-independent structures. If m,, is exactly diagonalised by the unitary matrix
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Figure 12.2. m.. for ap = 0, z = 0.1 eV (left) and z = zjm ~ 3.3 x 1073 eV (right).

Ux in a given mass-independent mixing scheme, then m,, = Ux d, U%. Expressing the mixing in terms of
Utg and an appropriate rotation Kx, then Ux = Kx Uyg and we rewrite

m, = Kx mi K%. (12.12)

The decomposition of the neutrino mass matrix in eq. is maintained with each component rotated
appropriately by K x and the analysis in terms of 2/, ¢/, 2’ holds. Although the mixing matrix is different, many
conclusions drawn for TB mixing remain valid for any mass-independent mixing structure. In particular, results
that depend only on the neutrino mass spectrum are unchanged. On the other hand since m.. depends
directly on the first row of the mixing matrix, it depends on the mixing scheme - although as the mixing angles
are constrained by the experimentally allowed ranges, all viable mass-independent schemes should lead to
very similar predictions for m...

The effective neutrino mass term is written as the operator ¢; H¢;H(...), where (...) denotes additional
fields that may be present. To establish what kind of family invariants lead to desired structures, it is important
to consider the mechanism responsible for the effective term. In the type-I (lll) seesaw, heavy right-handed
fermion singlets (triplets) are added to the Standard Model (SM). The type-I seesaw Lagrangian is £, =
Y} U;HN; + M} N;N;, where N; are the right-handed neutrino fields, Y is the Dirac-neutrino Yukawa
coupling matrix, and Mp is the heavy Majorana neutrino mass matrix. The type-lll Lagrangian is similar,
with the right-handed neutrino N replaced by the fermion triplet and the appropriate SU(2) contractions. In
type-Il seesaw, heavy scalar triplets A, are added and the Lagrangian has ij?fﬂjAa. The neutrino mass
matrix structure arising from any of these is controlled by the allowed contractions, and in order to obtain
TB mixing from FS invariants it is necessary to specify the representations. Within type-l seesaw, My, is
constructed from invariants with repeated representations and if N belongs to singlet representations there
are too many parameters for mass-independent textures to arise without fine-tuning. Thus N must be a family
triplet, and the invariant contractions could be NN (if allowed) or NN ¢ - depending on the group and the
Vacuum Expectation Values (VEVSs) of the ¢ fields, the P, C' and/or D structures may appear. Within type-I|
seesaw, the effective neutrino mass matrix is obtained directly from repeated representations: ¢ must be a
triplet representation with family invariant contractions ¢¢ or ¢¢¢. Notice also that in general H and A are
considered as FS singlets but it may be possible to replace ¢ by assigning the H and A as FS multiplets.

Considering in detail the representations, we can formulate general arguments to justify the absence or
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suppression of the democratic contribution to mrg. We start with A4 (A(322)) as the FS and assume the
VEV (¢) « (1,1,1) (VEV alignment should be addressed in actual models). With just this VEV we can get
P from ¢¢ and C from ££¢ to obtain TB with 2’ = 0. In order to produce D one must use higher order terms
such as (£¢)(¢¢). It is therefore legitimate to consider that in A4 models 2z’ naturally vanishes or is small in
comparison with other contributions. Now with A(3n?) and n > 2 consider n = 3, i.e., A(27). There are only
2 triplet irreps. In this case, the ¢/ term is not allowed and the two choices for three triplet invariants repeating
the same irrep. are equivalent and are not readily useful to obtain TB. For n = 4, i.e., A(48) there are 5
triplet irreps which can be labeled as (0,1), (0,2), (0,3), (1,1), and (3,3). A similar three-triplet invariant
that produces C in A4 can result from one of the outcomes of e.g. (0,2) x (0,1) x (0, 1), but never available
with a repeated (0, 2) irrep which would be required to get the invariant ¢ like in A4. If we assign ¢ to e.g.
(0,1) it is possible to obtain all three structures at the cost of an extra VEV. From a (0, 3) scalar in the (1,1,1)
direction, the product (0,3) x (0,1) x (0, 1) allows the invariant necessary for the C' matrix, while the product
(0,2) x (0,1) x (0,1) allows an invariant from which both P and D can be constructed with VEVs in the
(1,0,0) and (1,1,1) directions respectively. In this sense A(48) is the smallest A(3n?) group for which the
effective neutrinos naturally contain the democratic structure that allows an inverted mass spectrum.

The overarching conclusion is that it proves useful to decompose mass-independent leptonic mixing in
particular ways, as doing so can reveal interesting phenomenological results that may even be linked directly
with the group structure of the FS generating the mixing.

12.2. UV completions

The work described very briefly here is based in [[2]. We intend to demonstrate the benefits that UV com-
pletions of FS models can provide. A, models giving TB are usually constructed at the non-renormalisable
level. One such model has charged leptons given by:

. . . y/ c 1"
we= Tr(ert) ha+ s ut(erert) ha+ Lsut(ert)€ hat
/ 1

Ye c ” ye c 4 y, c

+ ¢ (ereorl) & ha+ ¢ (ert)'€* ha + A%ﬁ (er?) (prer)” hat (12.13)
"1 iv
€ C ye C

+ 43¢ (1) (erer) ha + 3¢ (ert)(prer) ha -

We explicitly introduce messenger fields. The content and charge assignment are listed in table

C

Xt Xt X2 X3 || Xr X1 X2 X3
A4 3 1// 1/ 1// 3 1/ 1// 1/
Zy t -1 -1 —i| - -1 =1

Table 12.1
Transformation properties of the messengers under A4, Z3.

With the chosen field content the renormalisable terms of completed model are

we = My, (xaxa) +ha(€x5) +7¢(prx-) + 1€ x1+ €€ x3 + (prx=)"X§ + (erx+) x5 + x5 x2 - (12.14)
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In the complete model several superfluous effective terms of the original model are absent (due to the
messenger content). Focusing on the terms that produce the u, e masses we see that the completed model
only has one of each, with e.g. the u mass arising through the diagram in figure The conclusion is
that UV completions can readily avoid terms that are present at the non-renormalisable level, enabling more
control over the model and therefore increasing predictivity.

(0); (x5); (xr); X5 X1 ue

Figure 12.3. Mass term of the muon in the UV complete model.

12.3. Multi-Higgs alignment

The work described extremely briefly here is based in [[3]. Exact Yukawa alignment in multi-Higgs double
models (MHDM) can be achieved through FSs through two requirements: a single FS Invariant Combination
(FSIC) is allowed for each family; all Higgs SU(2) doublets FS singlets. The single allowed FSIC can then
be invariant under the SM by coupling to any of the doublets. Symbolically (or explicitly, depending on the
familon structure) these requirement can be summarised as:

N
L= chHAFR] ). (12.15)
A=1

Where f denotes the family (fermion doublet F' and singlet f€), A runs over the N doublets H 4. cf:1 is
explicitly the only Yukawa coefficient for that family and doublet: each Yukawa has the same structure, given
by the spurion (or actual familon) so the Yukawas of each H 4 are aligned. As a generalisation, dropping
the constraining single FSIC requirement while maintaining the Higgs as FS singlets means that FSs with a
single dominant FSIC can achieve approximate Yukawa alignment - conveniently in line with the requirements
of the charged fermion structures (strongly hierarchical third generation). The conclusion: FSs are a potential
solution to the flavor problem associated with MHDM.
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Chapter 13

SUSY adjoint SU(5) grand unified model
with 5, flavor symmetry

Gui-Jun Ding

Abstract

We construct a supersymmetric (SUSY) SU(5) model with the flavor symmetry Sy x Z3 x Z4. Three
generations of adjoint matter fields are introduced to generate the neutrino masses via the combined type
| and type lll see-saw mechanism. The first two generations of the the 10 dimensional representation in
SU(5) are assigned to be a doublet of S, the second family 10 is chose as the first component of the
doublet, and the first family as the second component. Tri-bimaximal mixing in the neutrino sector is predicted
exactly at leading order, charged lepton mixing leads to small deviation from the tri-bimaximal mixing pattern.
Subleading contributions introduce corrections of order A2 to all three lepton mixing angles. The model also
reproduces a realistic pattern of quark and charged lepton masses and quark mixings.

13.1. Introduction

So far there is convincing evidence that the so-called solar and atmospheric anomaly can be well explained
through the neutrino oscillation. A very good approximation for the lepton mixing matrix is provided by the
so-called Tri-bimaximal (TB) pattern [[1], which suggests the following values of the mixing angles

sin? 01,7 = % sin? 02 = % sin 012 =0 (13.1)
which agrees at about the 1o level with the data. We note that recently new data from T2K collaboration [|3]
and corresponding fits [ 3], [10] indicate a 3o evidence of a non-vanishing 6,3 with a relatively "large” central
value. The simple structure of the TB mixing matrix suggests that there may be some symmetry underlying the
lepton sector. In the past years, it is found that the flavor symmetry based on finite discrete groups particularly
A, is particularly suitable to reproduce this constant texture. S, is claimed to be the minimal group which can
predict the TB mixing without ad hoc assumptions, from the group theory point of view [[5]. In this work, we
shall present a model combining the S, flavor symmetry with the SU (5) grand unified theory (GUT) [6].
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13.2. The model

Fields | T3 | (o, T)" | F | A [[Hs | Has | Hs | His [Hoa | x [ 9 [ C [ [ n [A]E

SU(5) | 10 10 5 | 24 5 45 5 45 24 1 1 1 1 1 1 1

S4 14 2 31 | 31 14 14 14 14 14 311 2| 12 | 31 2 | 31|11

73 1 w 1 1 1 1 w 1 1 1 1 1 [ |w?| w | w

Zy 1 ) —1 1 1 -1 1 -1 1 1)1 ] -1 1 ) 7 )

Ul)g | 1 1 1 1 0 0 0 0 0 010 0 0 0 0 0
Table 13.1

Fields and their transformation properties under the symmetry groups SU(5), S4, Z3 and Z4, where w =
e?™/3 = (=1 +iV/3)/2.

The flavor symmetry group of the model is Sy x Z35 x Z4, where the auxiliary symmetry Z3 x Z4 plays an
important role in eliminating unwanted couplings, ensuring the needed vacuum alignment and reproducing
the observed fermion mass hierarchies. We introduce three generations chiral superfields A in the adjoint
24 representation in addition to 5 matter fields denoted by F' and the tenplet 10 dimensional matter fields
denoted by T 2.3. The neutrino masses are generated through the combination of type | and type Ill see-saw
mechanism in the present model. In the Higgs sector Hyy4, Hs, Hz, Hys and Hyz are included. Moreover,
flavon fields are introduced to spontaneously break the S, flavor symmetry. The transformation properties of
all the fields under SU(5), Sy, Z3 and Z, are summarized in Table We note that the first two generations
of the tenplet are assigned to be a doublet of S, the second family 10 is taken to be the first component of
the doublet, and the first family as the second component. If we reverse the assignment, the down quark and
strange quark masses would be of the same order without fine tuning unless some special mechanisms are
introduced such as Ref. [[7]. Using the standard driving field method, we can show that the scalar components
of the flavon fields acquire vacuum expectation values (VEV) according to the following scheme [ 6],

w={ ) @ (&) =0 - " cm=( ).

UX ’Utp 0 Un
vA
(Ay=1 0 |, (=1 (13.2)
0

In order to produce the observed ratios of up quarks and down quarks and charged lepton masses, the VEVs
(scaled by the cutoff A) vy /A, v, /A, v /A, v, /A, va/A and ve /A should be of the same order of magnitude
about A2 with \. ~ 0.22 being the Cabibbo angle, and we will parameterize the ratio VEV /A by the parameter
E.

13.2.1. Neutrino sector
The LO superpotential which contributes to the neutrino masses is given by

w, = y,/(FA)hHE, +>\1(AA)31X+>\2(AA)2('0 (13.3)

It is well-known that there are both SU(2) triplet ps and singlet py with hypercharge Y = 0 in the decomposi-
tion of the adjoint matter field A with respect to the standard model. From Eq.(13.3) the neutrino Dirac mass
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matrices read as

1 1 00
MP=-yus [ 00 1), M=
01 0

1 00
5 —yvs| 0 0 1 (13.4)
01 0

The last two terms in Eq.(13.3) lead to the Majorana mass matrices of ps and pq

2)\1UX 7)\1’UX + )\2’ULP 7)\1’UX + )\QULP
MM = —Xu+ v, 2M0y + Aavy — A1y . MY =M (13.5)
—A1Uy + A0y, — A1y 2M 10y + A2vy,

The light neutrino mass matrix is the sum of type | and type Il see-saw contributions

D\T (7 yM\—1 77D DN\T (3 yM~\—1 17D
M, = _(Mpfi) (Mps) M,; — (M/IO) (Mpo) M,
—a—>b —a+b —a+b
5b(3a—b) 5b(3a—b) 5b(3a—b)
o —a-+b —3a® —4ab+b> —3a°+2ab—b> 2 2 13.6
= 5b(3a—b) 5b(9a—b2) 5b(9a2 —b2) Y, U5 (13.6)
—a+b —3a’+2ab—b> —3a’—4ab+b>
5b(3a—b)  5b(9aZ—b2) 5b(9a2—b?)

where a = A\jv,, and b = A\yv,,. This light neutrino mass matrix M, is exactly diagonalized by the TB mixing
matrix

U M,U, = diag(my, ma, ms) (13.7)
where m » 3 are the light neutrino masses, in unit of 2y2v2 they are

my = ﬁ, me = 2\1b|’ mg = |3a1—|—b| (13.8)
The unitary matrix U, is given by
U, =Urp diag(e_io‘lm, e_io‘z/Q, e_m3/2) (13.9)
Urp is the well-known TB mixing matrix
Pk o
Urg = _$ % “%1 (13.10)
V6 V3 V2
The phases a1, as and ag are
ap = arg(—y,v3/(3a = b)), a2 =arg(~y,v3/b), a3 = arg(~y;v3/(3a+1b)) (13.11)

The light neutrino mass spectrum can be both normal hierarchy and inverted hierarchy. Taking into account
the experimentally measured mass square differences Amfol and Am?,, ., we obtain the following constraints
on the lightest neutrino mass

my > 0.011eV, for normal hierarchy
mg > 0.028eV, for inverted hierarchy (13.12)



95

13.2.2. Charged leptons and quark sector
The LO superpotential giving rise to the masses of the up type quarks after Sy and SU(5) symmetry
breaking, is given by

4
Wy, = ytT3T3H5 + Z %TTOZ(”HB + sz; TT3(¢X)2H5 + A2 TTg(T](p) H
=1
yu 3
A‘; TTsnCHs + TTTSnH% (13.13)

with O = {(¢d)1,, (¢0)2, (nm)1,, (n)2}. The superpotential generating the masses of down quarks and
charged lepton is
9

wa = RTFGHs+ 55 (TF)s (AN, Hyg + 55 (TF)o, AHps + Y S5 TiFO H
i=1
+Z“ZT3 0(3)H45+Z@TFO§4)H3+... (13.14)

where dots stand for higher dimensional operators.

0@ = {26, X1, oxb, X1, P20, xC, X1C, b, HC2}
0B = {4, ¢"n, o, A3, A%E, AL?}

OW = {¢°x, ¢%p, 9>, ndx, b, ndC, m°x} (13.15)
With the vacuum alignment in Eq.(13.2), we can straightforwardly derive the mass matrix as follows
0 ) 0 ) 4(yutl vAz + yut2 Ll kp )US
M, = 0 8(Ye2 15 + Yea 3%) U5 8Yet V45 + MYurr “52* Vs
v VU
4 (Y1 5= 325 —8Yet Va5 + AYut1 —575 U5 8y, vs
yietvs yiae®vs o yiaePvs + 2ythePvgs
My = yg153U§ ) 2y512527)ﬁ+ 951253”5 953531’5
2y3,%vgs + v e’vs yhaetvs Ysevs
ythedvg ysie3v5 ) —6ysre’vgs + Y5 £%v5
M, = yios’vs, —6ysoe®vgs + yfhevg Y3oe s (13.16)
y%s?’vg - 69?353% y§3€3?)g ygl38vg

where the factor of 3 difference in the (13), (22) and (31) elements between M, and M, is the so-called
Georgi-Jarlskog factor [[10], which is induced by the Higgs Hz. Diagonalizing these mass matrices, we find
that the CKM matrix elements are as follows

Vud = ‘/cs = V;Eb ~1
Y5 s 1 Yot (Yurvey + Yur2UnVe)Usvas Uy
2d, vgs | 2 Y (Yeav3 + Yeava)vs + yZvivis A

V,:s ~ _chd ~

d 4 d 2 2
Yao 45 e+ Y31 62 Yutl 'Ugbvx Yut2 fvnvap 1 yct (yutl'l)(bvx + yut2vnvcp)v45 vn

*
— 2 _— —_ —_—
T Tyd vy 2yr A2 2y A2 247 (Yeav] + Yeav?)vi + yryvivgs A2
YetVgs5 U
B — Vi -1
cb BT s A
4 d

Vig = _2y22 B, _ Y312 Yutt VeUx | Yur2 Unlp | YerYor Va5 U5 U (13.17)

-n
Y4y U5 sy 2y, A2 2y, A2 2u1ydy vs vgs A
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In order to produce the Cabibbo mixing angle between the first and the second family, for the parameters
y4, and yg, of order O(1) we could choose vz ~ A.vs. We note that the observed mass hierarchies of
quarks and charged lepton are produced. Moreover, we find the following relations between down quarks and
charged lepton masses

My My, My ~ 3Mg (13.18)

These are the well-known bottom-tau unification and the Georgi-Jarlskog relation [ [10] respectively. Taking
into the non-trivial mixing in the charged lepton sector, the lepton mixing angles are given by

d d d
1 1 = = 1
sinfy3 =~ Y12 Ea sin? 0o ~ = + — [y}f % . (y—}f s 5)*}7 sin 02, ~ + — &55
6v/2y3, vzs 3 18lys vgs Y22 Va5 27 14dlyd, v
Taking into account the results for quark mixing shown in Eq.(13.17), we have |V,,4| ~ |2y;; 5 gl ~ Ae. As a

result, the model predicts the deviation of the lepton mixing from the TB pattern as follows

A 1 2 1 A2
infz ~ —=~297° |sin®01 — | ~ =\, [sin?fp3 — | ~ =% 13.19
sin 013 3v3 | sin® 612 3| 5 | sin” Oa3 2| 36 ( )

The lepton mixing angles are predicted to be in agreement at 30 error with the experimental data. It is
remarkable that Eq.(73.79) belongs to a set of well-known leptonic mixing sum rules [ 9], and the same
results have been obtained in Ref.[[7]. The above LO predictions for the fermion masses and flavor mixing
patterns are correction by the next to leading order high dimensional operators allowed by the symmetry of the
model. Detailed analysis has shown that the successful LO predictions for the order of magnitudes of both the
CKM matrix elements and the quark masses are not spoiled by the subleading corrections, and all the three
leptonic mixing angles receive corrections of A2 [[6], they are still compatible with the current experimental
data.
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Chapter 14

A, -based neutrino masses with Majoron
decaying dark matter

Joao N. Esteves

Abstract

We propose an A, flavor-symmetric SU(3) ® SU(2) ® U(1) seesaw model where lepton number is broken
spontaneously. A consistent two-zero texture pattern of neutrino masses and mixing emerges from the inter-
play of type-I and type-Il seesaw contributions, with important phenomenological predictions. We also discuss
the possibility of the decaying but long-lived Majoron to be a good candidate for dark matter.

We suggest [[1] a version of the seesaw mechanism containing both type-I [[2, 4, [3] 5] 5 7,8, 9] and type-II
contributions [ (8], 9, 10, A1} 12} [13] in which we implement an A, flavor symmetry with spontaneous violation
of lepton number [ 7}, [9]. We study the resulting pattern of vacuum expectation values (vevs) and show that
the model reproduces the phenomenologically consistent and predictive two-zero texture proposed in Ref. |
14].

In the presence of explicit global symmetry breaking effects, as might follow from gravitational interactions,
the resulting pseudo-Goldstone boson - Majoron - may constitute a viable candidate for decaying dark matter
if it acquires mass in the keV-MeV range. Indeed, this is not in conflict with the lifetime constraints which
follow from current cosmic microwave background (CMB) observations provided by the Wilkinson Microwave
Anisotropy Probe (WMAP) [[15]. We also show how the corresponding mono-energetic emission line arising
from the sub-leading one-loop induced electromagnetic decay of the Majoron may be observed in future X-ray
missions [[16].

14.1. model

Our model is described by the multiplet content specified in Table[14.7]where the transformation properties
under the SM and A, groups are shown (as well as the corresponding lepton number L). The L; and lg;
fields are the usual SM lepton doublets and singlets and v the right-handed neutrinos. The scalar sector
contains an SU(2) triplet A, three Higgs doublets ®; (which transform as a triplet of A4) and a scalar singlet
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o. Three additional fermion singlets .S; are also included.

Table 14.1
Lepton multiplet structure (Q = T3 + Y/2)
L1 L2 L3 ZR,‘ ViR (I)Z A g Sz
SU(2) 2 2 2 1 1 2 3 1
U(l)y -1 -1 -1 —2 0 -1 2 0 0
Ay 1’ 1 1” 3 3 3 17 1” 3
L 1 1 1 1 0 -2 -2 1

Taking into account the information displayed in Table [14.1] and imposing lepton number conservation, the
Lagrangian responsible for neutrino masses reads

—L1 = h1Ly (vg®)| + haLy (vgr®), + h3Ls (vgr®)] + ALTCALy + ALY CAL;

+ NLYCAL; + Mg (Spvg), +h (STCSL), o +he., (14.1)
where h and A are adimensional couplings, Mg is a mass scale and
Ay —AT/\V2 @Y
_ (%) 14.2
A (—A+/\/5 A )= (0 (14.2)

Note that the term (u};cuR)go is allowed by the imposed symmetry. This term however does not contribute
to the light neutrino masses to the leading order in the seesaw expansion and we omit it. Alternatively, such
term may be forbidden by holomorphy in a supersymmetric framework with the following superpotential terms

~ ~ ~ 1 +=x
W=+ Neah? LIDCH? + Mpi©S + 5hSS&

where the hats denote superfields and the last term replaces the corresponding bilinear employed in Ref. |
17, [18]. Assuming that the Higgs bosons ®;, A" and o acquire the following vevs

v

D =(83) =(83) = —, (A" =up, (0)=1u,, 14.3
() =(d2) =(¢5) = 7 (&%) =ua, (0] (14.3)
we obtain an extended seesaw neutrino mass matrix M [[17,[18,[19] in the (v, v, S) basis
2
0 mp 0 X 1 w w
M= mE 0 M |, mp=uvdag(hi,he,h3)U, U= 7 11 1 , (14.4)
0 M H 1 w w?

with w = e?™/3, M = Mg, diag(1,1,1) and p = u,h diag(1, w?, w). This leads to an effective light neutrino
mass matrix MY, given by

K20 0
0 0 hshs |. (14.5)
0 hshs O

2
hvu,

M,

ML = mDMT_lqulmg =
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On the other hand the vev of the triplet, ua, will induce an effective mass matrix for the light neutrinos from
type-Il seesaw mechanism

0 A 0
MIE=2un| X 0 0 |, (14.6)
0 0 X

and the total effective light neutrino mass matrix will then be
M, = ML+ ML (14.7)

In Ref.[[14] it was shown that the neutrino mass matrix given by Eq. could explain the currently
available neutrino data. In section [14.2] we will present an update of that analysis taking into account the
latest neutrino oscillation data. In [[1] we show that the minimization of the Higgs potential is consistent with
the A, symmetry.

14.2. neutrino parameter analysis

Given the two contributions to the light neutrino mass matrix discussed in Egs. (14.5) and (14.6) one finds
that the total neutrino mass matrix has the following structure:

a b 0
M, = b 0 ¢ |. (14.8)
0 ¢ d

This matrix with two-zero texture has been classified as B1 in [[8]. One can show that considering the
(L1, Lo, L3) transformation properties under A4 as being (1/,1”,1) or (1”,1’,1) an effective neutrino mass
matrix with M,,(1,2) = M, (3,3) = 0 is obtained (type B2 in [[8]). Moreover, by choosing A, ~ 1’ and
appropriate transformation properties of the L; doublets, we could obtain the textures B1 and B2 as well. Still,
the configuration A, o ~ 1 would lead to textures which are incompatible with neutrino data since, in this
case, both type | and type Il contributions to the effective neutrino mass matrix would have the same form.
Since the textures of the type B1 and B2 are very similar in what concerns to neutrino parameter predictions,
we will restrict our analysis to B1, shown in (14.8).

In general, the neutrino mass matrix is described by nine parameters: three masses, three mixing angles
and three phases (one Dirac + two Majorana). From neutrino oscillation experiments we have good determi-
nations for two of the mass parameters (mass squared differences) and for two of the mixing angles (62 and
0-23) as well as an upper-bound on the third mixing angle #,3. Using the 3¢ allowed ranges for these five pa-
rameters and the structure of the mass matrix in Eq. we can determine the remaining four parameters.
The phenomenological implications of this kind of mass matrix have been analysed in Refs. [[14] and [ 21].
Here we will update the results in light of the recently determined neutrino oscillation parameters [[2].

The main results are shown in On the left of figure [T4.1]we plot the correlation of the mass parameter
characterizing the neutrinoless double beta decay amplitude:

[Mee| = |c§30f2m1 + 2552 ymae®™ 4 s%3m362iﬁ| , (14.9)
with the atmospheric mixing angle ¢23. Here c;; and s;; stand for cos6;; and sin6;; respectively. At the
zeroth order approximation m;/ms = tan? 6,3, and therefore 63 < 45° for normal hierarchy (NH), while
023 > 45° for inverted hierarchy (IH). The main result from this plot is a lower bound on the effective neutrino
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Figure 14.1. Left panel: correlation between the neutrinoless double beta decay amplitude parameter |m..|
and the atmospheric mixing parameter. Experimental sensitivities are also given for comparison. Center
and right panels: CP violating phase 6 and CP-invariant J in terms of the reactor mixing parameter. The
3 o-excluded range for sin? 0;; is given for comparison.

mass:|m..| > 0.03 eV. For comparison the range of sensitivities of planned experiments as well as current
bounds is also given. Note that the lower bound we obtain lies within reach of the future generation of
neutrinoless double beta decay experiments.

The center and right panels in Fig. show the CP-violating phase § and the corresponding CP-
violating invariant J in neutrino oscillations versus sin? 6,5. Note that these hold both for normal and in-
verted hierarchy spectra. In the middle panel one sees that cosd < 0 since, at first order in sin? 6,3,
my/mo =1+ 50 ;‘I’lsa‘)fsmg I sin 615 cos 9, and the ratio of masses should satisfy: m;/ma < 1. Moreover,
for large 6,3 values, where CP violation is likely to be probed in neutrino oscillations, one can see that our
model predicts maximal violation of CP. Quantitatively, from the right panel one sees that the 3¢ bound on
613: sin? f13 < 0.053 implies an upper bound: |.J| < 0.06 on the CP-invariant.

In addition, the two-zero texture structure of our neutrino mass matrix may have other implications, for
example for the expected pattern of lepton flavor violating decays. In fact, thanks to the strong renormalization
effects due to the presence of the triplet states, the latter are quite sizeable in sypersymmetric models [
23| 24] 25].

14.3. Majoron dark matter

In models where neutrinos acquire mass through spontaneous breaking of an ungauged lepton number |
7, 19] one expects that, due to non-perturbative effects, the Nambu-Goldstone boson (Majoron) may pick up
a mass that we assume to lie in the kilovolt range [126]. This implies that the Majorons will decay, mainly in
neutrinos. As the coupling g, is proportional to == [I9], the corresponding mean lifetime can be extremely
long, even longer than the age of the Universe. As a result the Majoron can, in principle, account for the
observed cosmological dark matter (DM).

This possibility was explored in Refs. [[27, 28] in a general context. Here, we just summarize the results. It
was found that the relic Majorons can account for the observed cosmological dark matter abundance provided

Iy <13x107¥s7! 0.12keV < fmy < 0.17 keV, (14.10)

where I';,, is the decay width of J — vv and m is the Majoron mass. The parameter 8 encodes our
ignorance about the number density of Majorons, being normalized to 5 = 1 if the Majoron was in ther-
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mal equilibrium in the early Universe decoupling sufficiently early, when all other degrees of freedom of the
standard model were excited [[28]. In [[1] we follow their choice and take

107° < <1, (14.11)
and calculate both the width into neutrinos as well as the subleading one-loop induced decay into photons.

14.3.1. numerical results

In this section we discuss some numerical results regarding the implementation of the decaying Majoron
dark matter hypothesis in our scenario. In Ref. [[28] it was shown that the experimental limit in the Majoron
decay rate into photons is of the order of 1073° s~!. It was also shown that, in a generic seesaw model, a
sizeable triplet vev plays a crucial role in bringing the decay rate close to this experimental bound. Here we
have computed the width of the Majoron into neutrinos and photons in our extended seesaw model which
incorporates the A, flavor symmetry, generalizing the models of Ref. [[14]. The results are shown in Fig.[14.2]

107 10" 10' 10? 10
m, (keV) m, (keV)

10? 10

Figure 14.2. Left panel: T'j,, as function of the Majoron mass respecting Eq. (14.10) for ua =1 eV
(turquoise), 100 eV (dark green), 10keV (magenta), 1MeV (grey), 10MeV (dark blue) and 100 MeV (black).
Right panel: T ;.. as function of the Majoron mass for the same values of the triplet vev as in the left panel.
The upper orange shaded region is the excluded region from X-ray observations taken from Ref.[[16].

These take into account the current neutrino oscillation data, discussed in section[14.2] We chose five values
for the triplet vev, ua =1 eV (turquoise), 100 eV (dark green), 10 keV (magenta), 1 MeV (grey) and 10 MeV
(dark blue) and 100 MeV (black). For the right panel we consider only points that satisfy the WMAP constraint
(14.10) indicated by the red horizontal band on the top of the left plot.

In order to be able to probe our decaying Majoron dark matter scenario through the mono-energetic emis-
sion line one must be close to the present experimental limits on the photon decay channel, discussed in
Ref. [[28] and references therein. As mentioned, this requires the triplet vev to be sizeable, as shown on the
right panel of Fig.[T4.2)for the same choices of ua. In principle there is an additional lower bound on the Ma-
joron mass coming from the Tremaine-Gunn argument [[29], which, for fermionic dark matter would be around
500 eV. Under certain assumptions this bound could be extended to bosons, and is expected to be some-
what weaker [[30]. The upper orange shaded region is the excluded region from X-ray observations given
in Ref. [[16]. One should point out that, in this model, because of the vev seesaw relation uau, ~ v? one
cannot arbitrarily take large values for u to enhance Iy, because then the singlet vev gets correspondingly
smaller values, hence reducing the lifetime of the Majoron to values in conflict with the WMAP constraint. This
interplay between the CMB bounds and the detectability of the gamma line is illustrated in Fig. where
the dark-blue points corresponding to ua = 10 MeV illustrate the experimental sensitivity to our signal.
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Chapter 15

Tasting the Flavor of Neutrino Flux from
Dark Matter Annihilation

Yasaman Farzan

Abstract

When the dark matter particles that are trapped inside the Sun directly annihilate into a pair of neutrinos, the
spectrum of the produced neutrinos will be monochromatic. In this case, the oscillatory terms in the oscillation
probability do not average to zero. As a result, for a general flavor composition of the neutrino flux, the number
of u-track events at a neutrino telescope such as ICECUBE varies during a year when the distance between
the Sun and the Earth changes due to the eccentricity of the Earth orbit. Information on the dark matter mass
as well as on the flavor structure of its coupling can be derived by studying this variation.

15.1. Introduction

The local density of Dark Matter (DM) is derived to be of order of 0.39 GeV/cm? [[{]. These particles in the
vicinity of the solar system have velocities of order of 200 km/sec relative to our solar system which is of the
same order as the velocity of the Sun relative to the galaxy center. In principle, when the DM particles enter
the Sun, they can lose kinetic energy and settle around the Sun center. As a result, the DM density inside the
Sun during its lifetime could have been increased to values much greater than the universal average. Since
the DM annihilation rate is proportional to the square of the number density, this means the annihilation rate
inside the Sun is much larger than the world average. If the direct annihilation or the subsequent decay of
the annihilation products creates neutrinos, we will expect a neutrino flux from the Sun center detectable at
neutrino telescopes. This is the basis of the famous “indirect DM search” method which has been extensively
studied in the literature. Considering that no alternative mechanism is known to give rise to more than ~ 10
events at a km?3-size neutrino telescope with £, > 10 MeV pointing towards the Sun, registering a statistically
significant excess will be a conclusive way of establishing DM particles and their annihilation.

The neutrinos produced in the Sun center oscillate on their way to the neutrino telescopes. If the flux at the
production is democratic (i.e., FBe : FB“ : FBT =1:1: 1), despite the oscillation, the flavor ratio will remain
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democratic at Earth:

Fi”th : Flfia”h : Ff‘”th = ZFB@P(Z@ — V) ZFIELP(V@ —uy,): ZFBQP(Va —v)=1:1:1

where we have used ), P(va — v3) = 1. However, F{) : F) : F, can in general deviate from 1 :
1 : 1 so, the oscillation can change the flavor composition. That is for F) : F) : F) # 1 :1: 1,
(> u Fo P(va = vp)] | [0 Y, P(ve — v)] can be different from F /F} .

The variation of the distance between the Sun and Earth during a year is of order of 5 million kilometers
which is of the same order as the oscillation length L,,. = 47E, /Am2, for E, ~ 100 GeV. This suggests
a seasonal variation of the number of u-track events due to the oscillatory terms. Let us take L(¢) to be
the distance between the Sun and the Earth which varies with time. Since L/L,s. > 1, the phase of the
oscillatory terms will be very large leading to averaging of the oscillatory terms for a continuous energy
spectrum of neutrinos to zero. That is why in majority of papers devoted to the study of the oscillation of
neutrinos from DM pair annihilation inside the Sun, the oscillatory terms are dropped. However, as shown
and emphasized in [12], if the neutrinos are produced directly by the DM pair annihilation, the spectrum will be
composed of a sharp line corresponding to un-scattered neutrinos plus a continuous tail corresponding to the
neutrinos that have gone through scattering off the nuclei inside the Sun. Although the oscillatory terms have
been taken into account in the study of the oscillation of monochromatic neutrinos [ 3], no emphasis is put
on their oscillatory behavior as it is discussed that in famous models that the dark matter particles annihilate
directly to a neutrino pair, the mechanism of annihilation is flavor blind and the oscillatory terms will therefore
have no impact. However, it is possible to build models that lead to a monochromatic neutrino spectrum with
a non-trivial flavor composition [ |4, 5, |6]. As shown in [[7], studying the oscillatory behavior is a powerful tool
to extract information on the DM parameters.

This letter is organized as follows: In section [15.2, we discuss the impact of the oscillatory terms on the
number of events at ICECUBE. In section|15.3] we discuss how one can derive information on DM properties
by measuring this variation. Conclusions are summarized in sect[15.4]

15.2. The impact of the oscillatory terms

The DM particles trapped by the gravitational potential of the Sun can come to thermal equilibrium with
the nuclei inside the Sun. Setting the kinetic energy equal to 3k5T/2, we find the average velocity of
the DM particles to be v ~ 10%(100 GeV/mpys)'/2. That is these particles are non-relativistic. Their
annihilation will practically take place at rest so the spectrum of the produced neutrinos will be monochro-
matic with £, = mpy;. To be more precise, the spectrum will be a narrow Gaussian with a width of
AE/E ~ v ~ 107%(100 GeV/mpyr)'/?. This width is too small to lead to averaging of the oscillatory
terms to zero:

Am2,L AE,
2k, E,

In [[2], various effects that can potentially widen the spectrum have been discussed and found that they are
all negligible except the effect of scattering of the neutrinos off the nuclei inside the Sun.

The scattering can be either of the form of Charged Current (CC) interaction or of the form of Neutral Current
(NC) interaction. The CC scattering will convert v, (7.) to an electron (positron) which will be absorbed inside
the Sun. The CC scattering of v,, or (,,) will produce a charged muon (anti-muon) that will be stopped before
decay inside the Sun. Since the subsequent decay will be at rest, the energy of v,, (,) will be too low to
trigger a signal at neutrino telescopes. However, the tau lepton generated by the CC scattering of the tau
neutrino, having a larger mass and a lower lifetime, will be relativistic at the decay time, regenerating a tau-
neutrino with high enough energy to be detectable. In sum, the CC interactions will reduce the height of

<1.
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the sharp line in the spectrum but on the other hand, they will result in a continuous tail with £, < mpys
corresponding to the regenerated neutrinos. The NC interactions convert a neutrino to a neutrino of a lower
energy but of the same flavor. The mediator of NC is a massive Z boson so, unlike the case of massless
photon, there is no singularity in the propagator at forward scattering. Since the scattering cross section is
finite in the forward direction, the sharp feature in the spectrum will remain sharp. The effect of scattering is
only to reduce the height of the sharp line and add a lower energy tail. The oscillatory terms in the oscillation
probability will average out for the neutrinos in the tail of the spectrum. However, for the un-scattered neutrinos
the oscillatory terms are important and lead to a seasonal variation of the number of events during a year. In
[2], it is demonstrated that the integration over the neutrino production point does not lead to the average out
of the oscillatory terms.

The effect of the oscillatory terms on the seasonal variation of the p-track events is proportional to the ratio
of the number of neutrinos that leave the Sun without being scattered. If this ratio is too low, the effect will be
too small to be disentangled from the statistical fluctuation. Increasing mp s, the energy of neutrinos and their
scattering cross section will be increased. At mpy; = 500 GeV, 65 % of the initial neutrinos will remain un-
scattered when they leave the Sun. On the other hand, if m p,, is below the detection threshold of the neutrino
telescopes, no event can be registered. In our analysis, we assume that 100 GeV < mpjy; < 500 GeV. To
leading order, we expect a variation due to the oscillatory terms both in the number of u-track events as well
as the cascade-like events. However, since the detection threshold of the cascade-like events is higher, we
mainly focus on the p-track events.

The rate of u-track events in neutrino telescope, dN,,/dt, is proportional to A.ys(0[t])/[L(t)]> where
Acs£(0[t]) is the effective area of the detector. The effective area depends on the angle between the neutrino
momentum and the axis of the array of PMTs in detectors, 6. Because of the tilt of the rotation axis of the
Earth, this angle changes as the Earth moves in its orbit around the Sun. L(¢) is the distance between the
Sun and the Earth which varies about 3% during a year. Apparently, even in the absence of the oscillatory
terms, the rate of events changes due to the seasonal variation in L(¢) and 6(¢). To account for this variation
let us define N as follows

to+At
- dN, /dt) dt
N(to, At) = t (@Nu/d)

JEHAT A (018) /L(8)]2 dt

to

(15.1)

The variation of N is a measure of the effect of the oscillatory terms. In [2], using the numerical codes, it is
shown that the seasonal variation of N can reach as high as 60%. Thus, registering a few hundred events will
be statistically enough to establish such a variation. In the next section, we will discuss how one can derive
information from measuring this seasonal variation.

15.3. Information from seasonal variation

Suppose the DM pair annihilates to a neutrino pair as DM + DM — v,+ (1/7;3) with amplitude M,z. The

emerging two-particle state can be written as 1)) = 3_ 5 Mag|va (1) %)(ﬁ2)>. The neutrinos are emitted
back to back so only one of them can reach us. The density matrix coming towards us will be the following
reduced matrix

Paplva)(vs| where pas = (MMT).5.

Notice that although the two-particle state |¢) is a pure state, the reduced density matrix p is not in general
pure: ie., plogp # 0. Annihilation might be lepton number conserving DM + DM — v, + v or lepton
number violating DM + DM — v, + 3. In the former case, M,z is symmetric and if all the components of p
are known then M,z can be reconstructed. However, there is unfortunately no observational way to find out
if the annihilation is lepton number conserving or not.



106

Consider the density matrix of the neutrino flux at production, p. Let us show its eigenstates with |/)).
These eigenstates can be different both from the mass eigenstates and flavor eigenstates. The density matrix

can be written as
p=2> nalvh) (V.
where a = 1,2, 3, (v,|vj) = dap and ny > 0.
As |v.,) propagates, it will evolve in time. At the Sun surface,
[V); sur face) = an1|l) + aa2|2) + ans|3) -
When the state |v/,) arrives at the detector it can be written as
|V detector) = an1|1) + aa2e™12|2) + ag3e13|3) (15.2)

where A;; = AmZ;L/(2E). The number of si-track events is given by Y-, na P(v, — v,,). Using Eq. (15.2),
we can write

P(va — vp) Z |aai*| Ui+ (15.3)

2§R[a:§1aa2Uu1U;26iA12} + 2%[a21aa3UM1U;36m13} + 2%[a22aa3UM2U;3ei(Al3_A”)] .
As discussed in [12], not only the effects of the phase A5 do not average to zero, averaging the effects of the
phase Aq3 is not complete, either. To show this, the following averages are defined
SR R0 Ay (L2 (t)d

Oralt, &6) = A A () L2 () dt
t rf

(15.4)

and

[T it AL (£ L2 (t)dt

SR Agp(t) L2 (bt

Olg(t At) =

(15.5)

For E, ~ 100 GeV, numerical calculation taking into account the varying speed of the Earth along its orbit
shows that |O12| ~ 1 and |O;3] ~ 0.1. With naive estimates overlooking the varying speed of the Earth, O3
turns out to be smaller. The average probability over the time interval (¢,t + At) is

t+At _
(P(va = v+t = S Pl = v Acss L0
¢ - t+At
ST AeprL2(t)

> aai Uil + 2R[a% @020 Uy O12] + O(a2, Uy O13). (15.6)

i
%

A similar discussion holds for anti-neutrinos [ 2]. Within (¢,¢ + At), the un-scattered neutrinos induce
muon-track events proportional to

n v, v,))|ETA @ 7 o)) [EFAE
t At Z O‘( o = N)> + O'(V)<P( o = M)) t ) ) (157)
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where (P(v, — v,))[i72" and (P(7, — 7,))|iT2" are the probabilites averaged over time. Adding up the

contribution from the continuous tail of the spectrum, A, the muon track events can be written as
A+ BK(t, At), (15.8)

where A and B are unknown. As discussed in [[2], measuring the muon-track events over four time intervals
yields Am%z/mDM and the following combinations

o(D)

A+B§ajna(|aai|2|Um|2+@\ammw% (15.9)
and
B> 1o | ahyaa2UnU;, +@a AU’ U (15.10)
- for al%®a2¥ ult 2 O'(V) al%a2V 1Y pu2 . .

As expected, for a democratic composition with n,, independent of «, using 3, a};aq; = d;;, the dependence
on a,; drops from these combinations.

15.4. Summary of conclusions

Observing a variation of N [see eq. for definition] over ¢y or time interval At will indicate that the
spectrum contains a sharp line coming from the direct annihilation of the DM pair to a neutrino pair. Mea-
suring the number of u-track events over four different time intervals, the value of Am?,/mpas and therefore
mpys can be derived. It is also possible to discriminate the democratic flavor composition against a general
composition.
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Chapter 16

Maximal atmospheric neutrino mixing
from texture zeros and quasi-degenerate
neutrino masses

W. Grimus and PO. Ludl

Abstract

Assuming neutrinos to be Majorana particles, in the basis where the charged lepton mass matrix is diag-
onal, there are two texture zeros which, in the limit of a quasi-degenerate neutrino mass spectrum, lead to
nearly-maximal atmospheric neutrino mixing irrespective of the values of the solar and reactor mixing angles.
In the same limit the aforementioned cases of texture zeros also lead to maximal CP violation. Since tex-
ture zeros may always be implemented by the use of Abelian symmetries this scenario could serve as an
alternative to non-Abelian family symmetries.

16.1. Introduction

The commonly used parameterization for the lepton mixing matrix U is given by

U =e9Veld, (16.1)
where [[1]
: , —is
C13C12 _ C13512 ) S13€
V = | —co3s12 — S23813C12€"  C23C12 — S23813512€%  Sazcis ) (16.2a)
; i
93812 — C23513C12€"  —Sa3C12 — Ca3s13812€"  Cazers
Cij = COS 97',]'7 Sij = sin97;j, QLJ S [0,71'/2], o€ [0,2#)7 (162b)
and
' = diag (e'™1, e'*, ¢3)  and ¢’ = diag (€', "7, '73) . (16.3)
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In stark contrast to the quark sector, where all three mixing angles are rather small, in the lepton sector there
are two large mixing angles 612 ~ 34° and 623 ~ 45° and the smaller reactor angle 6,5. For a long time a
vanishing reactor angle was compatible with the experimental data at the 2o-level. However, the latest global
fits [[36], which also take into account the results of the T2K experiment [[3], indicate a non-zero 6,3 at the
3o-level. This recent result excludes exact realization of the famous Harrison-Perkins-Scott (tribimaximal)
mixing matrix [[6]

2/V/6  1/V/3 0
Vaps = | —1/v/6  1/vV3 1/V2 (16.4)
1/V6 —1/v3 1/V2

at the 3o-level. However, as a guide line, tribimaximal mixing is still very popular. Equation has lead
to the speculation that there could be a non-Abelian family symmetry which enforces the mixing matrix of
equation , especially s3; = 1/2. The choice of non-Abelian groups is supported by the fact that the only
extremal mixing angle which can be obtained by means of an Abelian symmetry is 613 = 0° [[5]. However,
if we do not insist on an exact realization of s3; = 1/2 but instead claim s3; ~ 1/2 only, Abelian symmetries
may still be good candidates for horizontal symmetries. The purpose of this report is to present a setting in
which s2, ~ 1/2 is achieved through imposing texture zeros in the neutrino mass matrix and assuming a
quasi-degenerate neutrino mass spectrum [6]. Since in models with an extended scalar sector texture zeros
in mass matrices may always be explained by Abelian symmetries [[7], Abelian family groups may be used to
implement near maximal atmospheric neutrino mixing in the way described in [6].

16.2. The framework

In this section we shortly want to motivate the assumptions on which the analysis of [[6] is based. Suppose
we are given a model in which the charged lepton mass matrix is sufficiently close to a diagonal matrix, such
that in good approximation its diagonalization does not contribute to the lepton mixing matrix, i.e.

U~1=U=U,. (16.5)

Then the lepton mixing matrix almost solely stems from the diagonalization of the neutrino mass matrix. In
this situation it could in principle be possible to have a model in which the lepton mixing matrix is a function
of the neutrino mass ratios only. If this is the case, in the limit of a quasi-degenerate neutrino mass spectrum
the lepton mixing matrix might look like a matrix of “pure numbers,” leading for example to the desired relation
s35 ~ 1/2.

Assuming that neutrinos are Majorana particles, their mass matrix M, is symmetric. In the basis where the
charged lepton mass matrix is diagonal-which is the case we are interested in—there are seven possibilities
for a symmetric neutrino mass matrix with two texture zeros which are compatible with all experimental data |
8]. For a list of references to works on the phenomenology and realization of these seven texture zeros in
models we refer the reader to [16]. The main result of [16] is that among the seven types of two texture zeros
described in [[8] the two typed|

x 0 x x x 0
By: M, ~ 0 0 x , By: M, ~ X X X (16.6)
X X X 0 x 0

lead to 52, ~ 1/2in the limit my, > , /|Am?.| of a quasi-degenerate neutrino mass spectrum. Since the order
23 ]

IThe symbol x denotes non-zero matrix elements. Since M,, is symmetric, only two of the three zeros of the mass matrices (16.6) are
independent—hence the name “two texture zeros”.
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of magnitude of the cosmological bounds on the sum of the neutrino masses is [[1]

3
> my < 1eV, (16.7)
k=1

such a spectrum is not in conflict with the current bounds.

16.3. Analysis of the cases B; and B,

In the following we will explain the method for the analysis of case Bs, the analysis of B4 works completely
analogous.
Inserting U, = U = €'*V e into

M, = U; diag(my, my, ms) U] (16.8)
we find that the condition (M,,);; = 0 can be reformulated as

3

> mViVik =0 with = mye® . (16.9)
k=1

Thus, for each of the textures (16.6), we obtain two linear equations for the complex masses p, which can
be solved for /13 and s /3, respectively [9]. Using the convention ¢ = 1 and defining € = s13¢%,

t1g = 812/612 and tog = 823/623 we find
1 tigteg — € 2 tog + t1o€”

Bs: = tw, — =

_ 16.10
ms tig + tage - ms 1 — tigtoge ( )

By taking the absolute values of the expressions in equation (16.10) we obtain p; = (m;/m3)? (i = 1,2) as a
function of the three mixing angles and é. From these expressions we can eliminate

t1at35 + 575 — p1(tiy + 133573) /133

= 2tyot 0= 16.11
¢ 12123513 COS 1+ p1/t§3 ( )
and we finally end up with a cubic equation for ¢3,:
193 + tas [s15 + cl3 (cfapr + s12p2)] — 135 [sT3p1p2 + i (5121 + clap2)] — p1p2 = 0. (16.12)

The resulting equations for the case B, are similar to the ones for Bs—for further details we refer the reader
to [[6]. Using m1, mso, ms, 012 and #13 as an input, equations (16.10), (16.77) and (16.12) allow to determine
023, 6 and the Majorana phases 207 ». The numerical results for sin“f53 and cos § as a function of the neutrino
mass 7, are shown in figures [16.1]and [16.2] Figure [16.1|impressively shows that sin0,3 approaches 1/2

for my; > 1/|Am§j\. Taking the limit of quasi-degeneracy p; — 1 of equation (16.12), it becomes clear that

the prediction sin®f,3 — 1/2 is independent of the values of 57, and s7,. In the same limit cos & goes to zero,
because s?; is not too smaIE][ 6]. Since we consider the limit of a quasi-degenerate neutrino mass spectrum
keeping Am?j fixed, the limit cos § — 0 corresponds to maximal CP violation. For the Majorana phases one
finds the limit 201 2 — 7 and the effective mass mgg in neutrinoless double beta decay fulfills mgg ~ m4 in
the limit of quasi-degeneracy [16].

2Note also that s2; = 0 is forbidden within the framework of B3 and B, because this would lead to m1 = ma-see equation (16.10).
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0.8 —

0.6 —
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sin 623
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0.05 0.1 0.15 0.2 0.25 0.3

Figure 16.1. s3; as a function of m; [[6]. In descending order the full curves refer to case B (inverted
spectrum), case B4 (normal spectrum), case Bs (normal spectrum), and case B4 (inverted spectrum). The
dashed line indicates the value 0.5, i.e., maximal atmospheric mixing. In this plot, for s%,, s35, Am3, and
AmZ, the best-fit values of [[10] have been used.
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cosd
()
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-0.05 L —

Figure 16.2. cos § as a function of m4 [[6]. For further details see the legend of figure

16.4. Conclusions

In this report we have presented two neutrino mass matrices with two texture zeros—namely Bs and By
in the nomenclature of [[8]-which lead to near maximal atmospheric neutrino mixing in the limit of a quasi-
degenerate neutrino mass spectrum, provided the charged lepton mass matrix is diagonal. It can be shown [
6] that these two cases do not automatically lead to a quasi-degenerate neutrino mass spectrum, so the quasi-
degeneracy of the neutrinos has to be postulated. Therefore, texture zeros (which may always be enforced
by Abelian family symmetries) together with the claim for a quasi-degenerate neutrino mass spectrum may
serve as an alternative to non-Abelian symmetries leading to maximal atmospheric neutrino mixing.
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Chapter 17

U(2) and Minimal Flavour Violation in
Supersymmetry

J. Jones Pérez

Abstract

In SUSY, the MFV framework is usually called upon in order to ameliorate the New Physics contribution to
FCNC. However, this framework, based on a U(3)? flavour symmetry, is insufficient to solve current tensions
in AF = 2 processes related to CP Violation. In this work, we analyze the consequences of reducing the
symmetry down to a U(2)? acting on the two lighter generations. We shall outline the U (2)3 framework, and
show how it can resolve the current tension between K° — K° and B® — B° mixing, predicting at the same
time a larger phase in B? — BY mixing.

17.1. Introduction

One of the most popular frameworks for low-scale SUSY studies is the so-called CMSSM. Here, sfermions
have universal masses at the unification scale, and the RGE-generated flavour structures are of Minimal
Flavour Violation (MFV) type [[1]. However, there currently exist many reasons to consider other frameworks
for the MSSM. To begin with, the lack of new physics signals at the LHC [[2} [3] indicate that first generation
squark masses should be large, putting at risk the solution of the Higgs mass hierarchy problem, which
requires a low mass scale. Moreover, there exists a tension between CP violation observables in the K, B
and B; sectors, which MFV structures cannot solve [/4].

Nevertheless, the lack of significant new physics signals in flavour changing neutral currents (FCNCs)
requires the approximate degeneracy of the first two generation squark masses, as well as a MFV-like flavour
structure. Furthermore, in addition to LHC data, electric dipole moment experiments also suggest that these
squark masses should be very high [[5]. Thus, all of these facts motivate us to consider a new framework
for the MSSM, which should provide some sort of large-mass universality for the first two generations as well
as a MFV-like structure, with the third generation being able to have lower masses and structures somewhat
different from MFV.

To this end, in this work we describe a U(2)? flavour symmetry framework acting on the first two quark
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superfield generations, and briefly show its phenomenological consequences on the K, B and B, sectors.
The full details of the framework can be found in [[6].

17.2. Framework

We consider the quark superfields to transform under a U(2)q x U(2), x U(2)4 group, following:
QE(leQQ) N(éa171) ) U%E(u(lz7u(2:)TN(17271) ) d%E( i7d§)TN(1’1a2) ) (171)

with singlet third generation superfields g3, %, and b%. Considering also a U (1), symmetry, under which only
d% and b, transform, the only term in the Superpotential in the limit of unbroken symmetry is:

W =y, gsts, Ha (17.2)

where y; is the O (1) top Yukawa coupling.

The first step in the construction of the Yukawa matrices lies on the introduction of a spurion V' transforming
as a(2,1,1), which breaks the symmetry in the U (2)¢ direction. In addition, the U (1), symmetry can be broken
by the introduction of a y; spurion. With this, we can write:

02,V 0z V
Y= (0 eV ) Ya=u (0”1 ) (17.3)

In'Y,, (Y3), everything above the horizontal line is subject to the U(2)q symmetry, while everything to the left
of the vertical line is subject to the U(2),, (U(2)4) symmetry. The parameters z;, x; are complex, of O (1).
The size of y;, depends on the value of tan 8, and in the following we shall assume tan 8 ~ 10.

In order to build the masses and mixing of the first two generations we introduce two additional spurions,
AY, and AYy, transforming as (2,2, 1) and (2, 1, 2), respectively. Combining the various symmetry breaking
terms, the Yukawa matrices end up with the following pattern:

AY, \%4 AY, Vv
by (AT bam (A0 -

where we have absorbed O (1) couplings by redefining AY;, and AYj.
In order to understand how this structure generates the mass hierarchy and mixings, we shall now go to an
explicit parametrization. The leading spurion can always be decomposed as:

V= Uy, | 2(‘1)) (17.5)
where Uy is a 2 x 2 unitary matrix and e is a real suppression parameter that we require to be of O (AZy)-
Next, the AY,, and AY}, spurions can be written in the following way:

AY, =Uj AYI UL, AY, =UJ AY{ U, (17.6)

where AY,? = diag(Ay1, Au2), and AY! = diag(\g1, Aa2), and U] are 2 x 2 unitary matrices. We require
the \; to be real, and their size is such that the largest entry is A\j2 = ms/my = O (€). It is now possible to
absorb U, and U, through a redefinition of u%, and d%, respectively. In addition, we can absorb Uy, through a
redefinition of @, Ug, and Ug,,. In such base, the Yukawa matrices assume the explicit form:

1 d s T d s
Y, = ( gQu()AYu, :,Exitsf ) e, Y, = ( U AY{ 1 eapse ) U. (17.7)
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We shall now address the relevant CP phases. We can parametrize each unitary matrix as:

[ e 0 ¢y spe's
Ug, = < 0 i ) : ( e T ) (17.8)

where cy and sy are, respectively, the cosine and sine of a mixing angle 6. The wy; phases can be removed
through the rephasing of the components of u% and d%, leaving only the phases «,, and ay.

In addition, we also have the phases arg(y;), arg(ys), arg(z;) and arg(x;). With a suitable rephasing of the
superfields we can remove all of these phases but one. However, in order to maintain a symmetric notation
for both Yukawas, we keep the latter two, denoting = fe“bf, with z ¢ real and positive. Thus, we are left with
four phases: aw,, ag, ¢ and ¢, where only three combinations of them shall be physical.

The Yukawas can now be diagonalized using:

Y, = U, YUl L, Yy = Ua YU, (17.9)
where, to a very good approximation,the left-handed up-type diagonalization matrices are:
Cu Sy Cp e —gy st (Cuto)
Ul = —sue @ cuey —Cusie' : (17.10)
0 s.e 0Pt Ct

Here we have s;/c; = ex;. An analogous matrix diagonalizes the down-type sector (with s,,c, — s4, ca,
xe'® — 1,e'). For both sectors, the right-handed diagonalization matrices are approximately diagonal.
The main corrections to left-handed matrices are O(A?Q), while the main deviation from diagonality in the
right-handed matrices happens on the (2 — 3) block, of O (As2).

We now define the CKM matrix Vogar = (UJL - Uqr)*, which acquires the following structure:

CuCd + Susq €47 —c sqe7i% 45,0067 5, seH0umE)
Veku =~ CySq €'t — sy cq et CuCd + Susq e eu—ad) cuse . (17.11)
— g8 eil@a—E) —scge” 1

Here we have (s/c)e’® = expe ™' — exye™ . In Eq. (17.11) we have set ¢ = 1. To match this structure with
the standard CKM parametrization, we rephase it imposing real V4, Vs, Ves, Vip, and V¢ (which is real at
the level of approximation we are working), obtaining

1—)2/2 A syse”%
Vexkwm = -\ 1-X/2  cys : (17.12)
—5q5 €' (9+9) —scq 1

where ¢ = ag— v, while the phase § and the real and positive parameter \ are defined by s,cq — c,sqe*% =
e, The ¢ phase does not appear on the CKM, but shall be important when we discuss the soft SUSY
masses. This means that only the oy phases are relevant for the CKM phase.

The four parameters s,, sq4, s, and ¢ can be determined completely (up to discrete ambiguities) in terms of
the four independent measurements of CKM elements. In particular, using tree-level inputs we get:

s = |Vl =0.0411 % 0.0005 , (17.13)
Su IVl _ 0954 0.008 (17.14)
Cy |‘/cb|
sq = —022+001 or  —0.27+0.01. (17.15)

As a consequence of the U(2)q symmetry, |V;q/Vis| is naturally of O (Ackwm) and the smallness of |V, /Viql
is attributed to the smallness of s,,/s4.
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17.3. Consequences

Following the pattern outlined above for the Yukawa matrices, we can build the respective soft SUSY
masses. If the symmetry is unbroken, all mass matrices shall have the following structure:

mi 00
mi=| 0 mj 0 (17.16)
0 0 mfcl

where the mfc are real parameters. This structure is modified by the inclusion of spurions, giving:

2 o (L e@VIVT 4 cquAY AY, + cquAY AYY | zge V"
mg = Mq, ipq 1T [ 2 2 ’ (17.17)
xge eV ‘ le/mQh
5 o (Lt caAYSAY) | wae AY SV
mg = Ma, ida T AV * | 2 /2 ’ (17.18)
zqe'® VI AY] m3, /mdh
) ) L+ e AYTAYF | e e AY, IV
I T Rt TRl I (17.19)
xue' P VEAY) ‘ my, /mi,

where the ¢; and the z; are real O (1) parameters. This structure again gives almost diagonal right-handed
squark mixings. On the basis where Y} is diagonal, the left-handed mixing matrix is given by Wi” m% Wl‘f =
diag(mg,,, m3,, md, ), resulting in:

Cq sqe" 1 0+8) g g et 0+9) Cd K* —K*sp et
Wi | —sgei@+e) Cd —cqspetY =| -k I —cgspe? |, (17.20)
0 spe” "7 1 0 spe ™ 1

where k = c4Via/Vis and spe? = e~ (s,, e 7% + sge~92). Notice that the phase v does not involve the
phases ay, related to the CKM phase, meaning that it can be treated as a new physics phase.

From this matrix, we can derive simple expressions for the SUSY contribution to FCNC observables in
AF = 2 processes. We find:

ex = eV x (1422 Fp) + e AMy =AM x |1+ zFye™ | (17.21)
Syks = sin (28 + arg (1 + zFye™ 7)) Sye =sin (2|8, — arg (1 + zFye 7)) (17.22)
AM;  AMSM

d _ 2Mg (17.23)
AM, — AMSM

where z = s ¢2/|V;s|?. The function Fy is:

4 2 2 2
2 s m 1 m mz
F = 3 (g) n g lf0($g> +0 ( 2QL )1 , Tg=—5-, (17.24)
9 mQ, O(If’) ma, mQ,
11 + 8z — 1922 + 26z log(z) + 422 log(x
folw) = Bl) tArloan) gy, (17.25)

3(1— 2)3

where So(x; = m?/m?%,) ~ 2.4 is the SM one-loop electroweak coefficient function.
In [[6], we showed that the modifications to these observables allowed us to solve the tensions between
€x, Syks and AMg/AM,. This would require a non-zero value for -, and would restrict the values of F;, and
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Figure 17.1. Correlation among the preferred values of = and Fy (left) and prediction of Sy4 as a function of
Sy (right) as determined from the supersymmetric fit.

x to those shown on the left panel of Figure This implies that, to solve the flavour tension, we require
values of squark and gluino masses under 1 ~ 1.5 TeV.

Moreover, a non-zero value for v means that our framework also provides a contribution to Sye. The
requirement of having the correct Sy i, restricts the values of Sy, to those shown on the right panel of
Figure[T7.1] Notice that having a large value of this observable is favoured by the dimuon anomaly observed
by Tevatron [[7], and shall be accurately probed by the LHCb experiment in the near future.

17.4. Conclusions

We have described a U(2)? flavour symmetry framework acting on the quark superfields, and shown that
it can succesfully accomodate the observed masses and mixings. The framework mantains the degener-
acy between the first two generation squark masses, allowing a light third generation squark mass. This is
consistent with the LHC and FCNC bounds, and in principle allows the solution of the Higgs mass hierarchy
problem.

In addition, the framework presents deviations from MFV, such that the tensions in the flavour sector can
be solved. This requires squarks and gluinos to have masses of a value at most 1 ~ 1.5 TeV, and predicts a
large Sy4. Thus, the framework proves testable, and a good alternative for MFV.
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Chapter 18

An RS-A, Flavor model in light of T2K
and MEG

Avihay Kadosh

Abstract

| discuss a model based on an A4 bulk flavor symmetry in the Randall-Sundrum (RS) setup. After discussing
the setup and leading order results for the masses and mixings of quarks and leptons, | elaborate on the
effect of higher order "cross-talk” corrections, their contributions to flavor violating processes and the resulting
constraints on the model parameter space and the KK mass scale. As a sequel to previous works | focus on a
systematic study of higher order corrections to the PMNS matrix in light of the new global fits based on recent
indications for ;3 > 0 from T2K, MINOS and more. In addition, | also comment on the model new physics
contributions to u — e, in light of the new upper bound recently set by the MEG experiment.

18.1. introduction

Recently we have proposed a model [[1] based on a bulk A4 flavor symmetry [ 2] in a warped extra di-
mension [[3], in an attempt to account for the hierarchy of charged charged fermion masses, the hierarchical
mixing pattern in the quark sector and the large mixing angles and mild hierarchy of masses in the neutrino
sector. In analogy with a previous RS realization of A, for the lepton sector [ /4], the three generations of
left-handed quark doublets are unified into a triplet of A,; this assignment forbids tree level FCNCs driven by
the exchange of KK gauge bosons. The scalar sector of the RS-A, model consists of two bulk flavon fields, in
addition to a bulk Higgs field. The bulk flavons transform as triplets of A4, and allow for a complete "cross-talk”
[5] between the A, — Z5 spontaneous symmetry breaking (SSB) pattern associated with the heavy neutrino
sector - with scalar mediator peaked towards the UV brane - and the A4 — Z3 SSB pattern associated with
the quark and charged lepton sectors - with scalar mediator peaked towards the IR brane - and allows to
obtain realistic masses and almost realistic mixing angles in the quark sector. A bulk custodial symmetry
[ 6], broken differently at the two branes, guarantees the suppression of large contributions to electroweak
precision observables [[7], such as the Peskin-Takeuchi .S, T' parameters. However, the mixing between zero
modes of the 5D theory and their Kaluza-Klein (KK) excitations — after 4D reduction — may still cause sig-
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. SU(2)L x SU(2)r x U(1l)B-L |
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Figure 18.1. A pictorial description of the RS-A, setup. The bulk geometry is described by the metric at the
bottom and k& ~ Mp; is the AdSs curvature scale. All fields propagate in the bulk and the UV(IR) peaked
nature of the heavy RH neutrinos, the Higgs field, the t quark and the A, flavons, ® and x, is emphasized.
The SSB patterns of the bulk symmetries on the UV and IR branes are specified on the side (for A4) and on
the bottom (for SU(2), x SU(2)r x U(1)p—) of each brane.

nificant new physics (NP) contributions to SM suppressed flavor changing neutral current (FCNC) processes
(see [18] and references therein).

18.2. The RS-A; model

The RS-A, setup [[] is illustrated in Fig. The bulk geometry is that of a slice of AdSs compactified
on an orbifold S1/Z> [[3]. All 5D fermionic fields propagate in the bulk and transform under the following
representations of G = (SU(3). x SU(2)r x SU2)r x U(1)p_1) x A4[[l:

Qr~ (3,2,1,1)(3) up ®up ®uf ~(3,1,2,3)1al @1”)
0p ~(1,2,1,-1)(3) dp@dp@df~ (3,1,2,3)1el a1 (18.1)
vr ~ (1,1,2,0) (3) er@epr®el~(1,1,2,-1)(1al al").

The SM fermions (including RH neutrinos) are identified with the zero modes of the 5D fermions above. The
zero (and KK) mode profiles are determined by the bulk mass of the corresponding 5D fermion, denoted by
Cq1.us,di,e; k @Nd its boundary conditions [[8]. The scalar sector contains the IR peaked Higgs field and the UV
and IR peaked flavons, x and ®, respectively. They transform as:

¢~ (1,1,1,0)3), x~(1,1,1,0)(3), H(1,2,2,0)(1). (18.2)

The SM Higgs field is identified with the first KK mode of H. All fermionic zero modes acquire masses through
Yukawa interactions with the Higgs field and the A, flavons after SSB. The 5D G invariant Yukawa Lagrangian
will consist of leading order(LO) UV/IR peaked interactions and next to leading order (NLO) “cross-talk” and
"cross-brane” interactions[ [1]. The LO interactions in the neutrino sector are shown in [[1] using the see-saw
I mechanism, to induce a tribimaximal (TBM)[[9] pattern for neutrino mixing while NLO “cross brane” and
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"cross talk” interactions, induce small deviations of ((0.04), which are still in good agreement with the current
experimental bounds [[10, [11]. The relevant terms of the 5D Yukawa lagrangian are of the following form:

LIRS k2Q, () @H (uly ", d% ", (™)) + k=72 QL (Er)xH WS, diy ™ (")), (18.3)

LY D y b Hug + (k™Y 2yXx + M)svr + yPX k32 1 Hxvr + yX k220505 . (18.4)

Notice that the LO interactions are peaked towards the UV/IR branes while the NLO interactions mediate
between the two branes due to the presence of both ® (or H) and .
The VEV and physical profiles for the bulk scalars are obtained by solving the corresponding equations of
motion with a UV/IR localized quartic potential term and an IR/UV localized mass term [[12]. In this way
one can obtain UV or IR peaked and flat profiles depending on the bulk mass and the choice of boundary
conditions. The resulting VEV profiles of the RS-A, scalar sector are:

’U?—ID(@) — HO(¢0)6(2+5H<¢>)k(ly\—ﬂR) UiD — Xoe(Q—ﬁx)klyl(l _ e(2ﬁx)k(\y|—ﬂR))’ (18.5)

where Bre,, = (/4 + u%@%, and pr 3,y 1S the bulk mass of the corresponding scalar in units of k, the cutoff
of the 5D theory. The following vacua for the Higgs and the A, flavons ® and y

@) =Cotote)  00=0.000) = (g | ). (186)

provide at LO TBM neutrino mixing and zero quark mixing [2, 5]. The stability of the above vacuum alignment
is discussed in [[1]. The VEV of ® induces an Ay — Z3 SSB pattern, which in turn induces no quark mixing
and is peaked towards the IR brane. Similarly, the VEV of x induces an A, — Z, SSB pattern peaked
towards the UV brane and is in charge of the TBM mixing pattern in the neutrino sector. Subsequently, NLO
interactions break A, completely and induce quark mixing and deviations from TBM, both in good agreement
with experimental data. The Higgs VEV is in charge of the SSB pattern SU(2);, x SU(2)r — SU(2)p, which
is peaked towards the IR brane. The (gauge) SSB pattern on the UV brane is driven by orbifold BC and a
planckian UV localized VEV, which is effectively decoupled from the model.

To summarize the implications of the NLO interactions in the quark and charged lepton sectors, we provide
the structure of the LO+NLO quark mass matrices in the ZMA [[]:

4D 4D 4D fu,d,e zu,die  fespmu,d.e  Ftbrsu.de

1 e ViEp o MR\ (R feeatc g

E(M + AM)%dve = Yude WYospu W yttl;,‘r + 0 0 0 ’
4D 2, 4D 4 fu,d,e~u,d,e fe,s,pu~u,d,e £t,b, T ~u,d,e
yu,d,e w yc,s,;t wyt,b.'r X Y1 fX HyQ X Ys

V3U(w)diag(yi? ;. ..)

i

(18.7)

where w = €2™'/%, v = 174GeV is the 4D Higgs VEV, y.2, , ., . ., are the effective 4D LO Yukawa cou-

~u,d,e ~u,d,e

plings and z,"™°, ¥, are the dimensionless coefficients of the 5D NLO Yukawa interactions. The function
fuodies = gl fuodies o 28D ByCo /(12 = ¢qp 0y = Cupdie;) =~ 0.05y,7, . describes the charac-

i Ui,di,e; wi,di,e;
teristic suppression of the 4D effective NLO Yukawa interactions and C,, = Xo/M%Q ~ 0.155. Finally, the
unitary matrix, U(w) is the LO left diagonalization matrix in both the up and down sectors and the charged
lepton sector, (Vﬁ’d’e)w, which is independent of the LO Yukawa couplings, while (Vf{’d’e)Lo =1 (see [[]).
The NLO interactions in the neutrino sector induce corrections to the (13) and (31) elements of M Pirac (yx)
and the diagonal elements of M- (yX*) [f].
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18.3. Phenomenology of RS-A, and constraints on the KK scale

The main difference between the RS-A, setup and an anarchic RS flavor scheme [[13] lies in the degener-
acy of fermionic LH bulk mass parameters, which implies the universality of LH zero mode profiles and hence
forbids gauge mediated FCNC processes at tree level, including the KK gluon exchange contribution to eg.
The latter provides the most stringent constraint on flavor anarchic models, together with the neutron EDM
[[A3, [14]. However, the choice of the common LH bulk mass parameter, ch is strongly constrained by the
matching of the top quark mass (m.(1.8 TeV)~ 140 TeV) and the perturbativity bound of the 5D top Yukawa
coupling, v;. Most importantly, when considering the tree level corrections to the Zbb coupling against the
stringent EWPM at the Z pole, we realize [[1] that for an IR scale, A;gz ~ 1.8 TeV and m; =~ 200 GeV, cg is
constrained to be larger than 0.35. Assigning ch = 0.4 and matching with m, we obtain y; < 3, which easily
satisfies the 5D Yukawa perturbativity bound. The constraint on ch from Zbb has a moderate dependence
on the Higgs mass, such that the constraint A;z > 1.8 TeV for ch = 0.35 and m;, = 200GeV, is relaxed to
Arr > 1.3TeV for m;, =~ 1TeV [18]. The second most significant constraint comes from 1-loop Higgs mediated
dipole operator NP contributions to the b — sy process, Mf(_}(‘” 2 1.3Y TeV, where Y is the overall scale of
the dimensionless 5D Yukawa coefficients. The constraints coming from €' /e and the neutrino EDM were
shown to be weaker by at least factor of 2 (See [(8]).

Recently the MEG collaboration has established a new upper bound for the u™ — et~ decay, given by
BR(ut — ety) < 2.4 x 10712 (90%C.L.) [[7]. The most dominant NP contributions to 1 — ey in the RS-A,
setup will come from one-loop (dipole) Higgs diagrams analogous to the quark sector contributions estimated
in [[8]. Using the same formalism for obtaining a conservative estimation on BR(u™ — e*y)rs—_a,, we find
that the resulting constraint on Y and Mk is less stringent than the ones mentioned above. A full analysis
of the NP contributions to 4 — e~, including (currently neglected) one loop Z mediated contributions, will be
the issue of a separate publication.

18.4. Higher order corrections to the PMNS matrix and 63

0.1 - . y .
000 0.02 004 006 008 0.10 0.00 0.02 004 006 008 0.10
S n2 013 S n2 613

Figure 18.2. Model predictions for 6,13 vs. 612 (left) and 6.3 (right) including all dominant higher order and
cross talk effects. The white rectangles represent the 3o allowed regions from the global fit of [[10, [11]].
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The global fits based on the recent indications of v, — v. appearance in the T2K and MINOS experiments,
allow one to obtain a significance of 3o for 6135 > 0, with best fit points at around 6,3 ~ 0.15, depending on
the precise treatment of reactor fluxes [[10, [11]. As a consequence, any flavor model, which predicts TBM
at LO, has to be tested thoroughly for all possible higher order corrections to the PMNS matrix, such that the
new fits are still "accessible” by a significant portion of the model parameter space.

In our case we are able to obtain analytic expressions for the corrected diagonalization matrices of both
charged leptons and neutrinos, considering all dominant NLO effects. The resulting expressions are incredibly
long and depend on the ¢, 7¢, y2X and y§2 parameters and C,, which is constrained by the quark sector.
Most importantly, these results do not depend on the LO Yukawa couplings (Form diagonalizable LO rotation
matrices). We performed a scan over all NLO Yukawa couplings in the range [0.3, 3] and with random complex
phases. In Fig.[18.2 we present the model predictions for sin® 63 vs. sin? ;5 (left) and sin? 3 (right) for a
set of 3000 randomly generated points, with the 30 allowed ranges of [[10, [11] represented by the white
rectangles.

It can be seen that the RS-A, model predictions significantly overlap with the allowed ranges for the neutrino
mixing angles, which (re-)demonstrates the viability of models predicting TBM at LO.
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Chapter 19

Quark-Lepton Complementarity and
Triminimal Parametrization of Neutrino
Mixing Matrix

Sin Kyu Kang
Abstract

We discuss how a parametrization of neutrino mixing matrix reflecting quark-lepton complementarity can be
probed by considering phase-averaged oscillation probabilities, flavor composition of neutrino fluxes coming
from atmospheric and astrophysical neutrinos and lepton flavor violating radiative decays. We study about
some distinct features of the parametrization by comparing with the triminimal parametrization of perturbations
to tri-bimaximal neutrino mixing matrix.

19.1. introduction

The enormous progress made in solar, atmospheric and terrestrial neutrino experiments [ [3] provides us
with very robust evidence for the existence of neutrino oscillations, a new window to physics beyond the
standard model. The current global fits of the neutrino mixing angles are given at the 1(3)o level by [12]

by = 344410 (T32)°
fos = 428157 (1157)° (19.1)
0135 = 5.6759 (< 12.5)°.

Those results are well consistent with the so-called tri-bimaximal (TB) neutrino mixing pattern [[3]

Uy = (19.2)

shsiss
shabsk
shsh o
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It corresponds to sin 2612 = 1/3, sin26.3 = 1/2 and sin 26,3 = 0. Although TB mixing can be achieved by
imposing some flavor symmetries, it is widely accepted that TB is a good zeroth order approximation to reality
and there will be deviations from TB in general. With this in mind, it is meaningful to parameterize the lepton
mixing matrix in such a way that deviations from TB are manifest. A useful parametrization of the lepton mixing
matrix, so-called “triminimal” parametrization, has been proposed such that a mixing angle in the mixing matrix
is given by the sum of a zeroth order angle 67; and a small perturbation €;; with 6;; = 67; 4 ¢;;. A merit of this
parametrization is that it leads to simple formulas for neutrino flavor mixing so that the effects of deviations
from the TB mixing could be easily probed as shown in [|4], which is not shared by other parameterizations.

In this talk [[5], we will discuss how the Quark-Lepton Complementarity (QLC) parametrization reflecting a
possible hint of the grand unification or quark-lepton symmetry can be probed by considering phase-averaged
oscillation probabilities which can be measured from neutrino experiments, flavor composition of neutrino
fluxes coming from atmospheric and astrophysical neutrino sources and lepton flavor violating radiative de-
cays. We note that while consideration of the lepton flavor violating radiative processes can only be applied
to the particular model such as the supersymmetric standard model, that of phase-averaged oscillation prob-
abilities as well as flavor composition of neutrino fluxes are model independent. We will also discuss about
some distinct features of the QLC parametrization by comparing with the so-called triminimal parametrization
of perturbations to tri-bimaximal neutrino mixing matrix [ 4] which has been proposed so that the effects of
deviations from the tri-bimaximal mixing could be easily probed.

19.2. quark-lepton complementarity

It has been noted that the solar and atmospheric neutrino mixing angles 615 and 6,3 measured from neutrino
oscillation experiments and the quark mixing angles 6,,, and §,,, reveal a surprising relation

O + O, = O3 + O, ~ 45°, (19.3)

which is satisfied by the experimental results 015 +0,,, = 47.4+1.1 (£33)° and 63 +6,,, = 452752 (F1%%)°
to within a few percent accuracy [[2,?]. This quark-lepton complementarity (QLC) relation has been
interpreted as an evidence for certain quark-lepton symmetry or quark-lepton unification as shown in Refs. [
5]. In the light of the QLC, it is still experimentally allowed for the neutrino mixing matrix to be composed of a
CKM-like matrix and maximal mixing matrices as shown in [[7,?]. Among possible compositions, in this paper,
we consider the following parametrization:

q12

Upmns = Raz (%) UéKMRm (%) , (19.4)
where Uk pr denotes the CKM mixing matrix. The reason why we consider this particular parametrization
for the QLC relations is that it is well compared with the triminimal parametrization and thus we can simply
examine if the effects of deviations from the TB mixing can reflect the QLC relations by investigating a few
observables presented by simple formulas not shared by other parameterizations. This parametrization can
be obtained from the grand unification or quark-lepton symmetry as shown in [[7]. In some unified gauge group
such as SO(10), there exist some relations among the Yukawa matrices: Y, = Y,, = Y,l and Y, = Y], where
Y,,Y.,,Y; and Y, denote the Dirac neutrino, up-type quark, down-type quark and charged lepton Yukawa
matrices, respectively. Then, the so-called PMNS neutrino mixing matrix Upy;ns is given by Upyns =
VI UaU{ e\ Var, and thus we obtain Eq.(19.4) by taking V.J' Uy = Ros(m/4) and Var = Rai(r/4), where
Ua, Vg correspond to the left-handed and right-handed rotation matrices of down-type quark Yukawa matrix,
respectively, and the mixing matrix V), represents the diagonalizing matrix of Yl,d"’“'gVOTM;VO*YUdm-‘? with a
rotation matrix V4, and right-handed heavy Majorana mass matrix Mpr. Thus, this parametrization can be
used to probe a signal of the grand unification or quark-lepton symmetry. From the analysis, one can easily
prove that this parametrization leads to QLC with an accuracy of order O(A?). From now on, we call the
parametrization of neutrino mixing matrix given by Eq.(19.4) “QLC parametrization”.
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19.3. Neutrino Observables

Let us first take Ui s as the Wolfenstein parametrization [[9] as follows:

1— 32 A AX3(p —inm)
Uckm = Y 1— 32 AN? (19.5)
AN —p—in) —AN? 1

For our numerical calculation, we use the following inputs given by the Particle Data Group [[3]:
A= 02257100000 A =0.81470 033,
p=0135T00%,  71=03491001 (19.6)
where p = p— $pA? + O(M), 7 =n— FnA\? + O(\*). Inserting Eq.(19.5) into Eq.(19.4), we can present the
deviations from maximal mixing of the solar and atmospheric mixing angles in powers of A: 05, ~ 7/4 — A
and Ou¢m >~ m/4 — AN2. We also obtain the mixing angle 6,3 which is of order \3.

To evaluate the neutrino mixing probabilities for phased-averaged propagation, P, .,, which is appropri-
ate when the oscillation phase Am?L/4E is very large, we need to know |U,;|? as well discussed in [ 4].

From Eq.(19.4), we get the matrix form of |U,;|? which is defined by U, = |Ua:|?,
1 2 2 0 4 —4 0
U= {11 2]ex] 2 20 (19.7)
1 1 2 -2 2 0
—2 2 0
+ AN? 2 +X 1 1-8 -1+5 0 :
1+ -1-8§5 0

where S = 24 + 2A4p. In fact, U_ is of order of \°, so we have ignored it. The neutrino mixing probabilities
for phased-averaged propagation is given by P, s, = >, U,;Upg;. Using Eq., we obtain

P . =~ % + 22

Poy, o i —(1— %A)V

Py, =~ i —(1+ %A)/\Q (19.8)
P v, =~ % + %(1 — A)\?

P v, =~ g + %V

P, . =~ g %(1 + A)

Here, it is interesting to observe that the only terms proportional to A2 survive in each P, v, We have
observed that the contributions at the next next leading order are of order A\*. Imposing the experimental
results for A and A, we predict the values of P, _.,,, corresponding to the best fit values in Eq.(19.6) as
follows;

Py, =~ 06019, P, oy, ~0.2198,

Py, =~ 01783, P, oy, ~=0.3797, (19.9)

P, v, =~ 04005, P, ., ~0.4212.
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As discussed in [ 4], it is also interesting to examine how the phase-averaged mixing matrix in Eq.
modifies the flavor composition of the neutrino fluxes. The most common source for atmospheric and as-
trophysical neutrinos is thought to be pion production and decay. The pion decay chain generates an initial
neutrino flux with flavor composition given approximately [[10] by ®? : <I>2 : @0 = 1:2: 0 for the neutrino
fluxes. According to Eq. (19.7), the fluxes ®,, arriving at earth have a flavor ratio of

DD, D, = 1+4AN° :k%AA? :k%AA?
1.2:1:1. (19.10)

1R

This result shows that v, <+ v, symmetry is kept in the sense that ®¢,,/®, = 1, which is mainly due to the
smallness of U.3. The effects of breaking v,, <+ v, symmetry appear at order of AL

19.4. lepton flavor violation

Now, let us study the implication of the parametrization given by Eq.(19.4) reflecting quark-lepton unification
by considering the lepton flavor violating (LFV) decays particularly in the context of supersymmetric standard
model (SSM). As is well known, the LFV decays in SSM can be caused by the misalignment of lepton and
slepton mass matrices [16] and the branching ratios of the LFV decays depend on the specific structure of the
neutrino Dirac Yukawa matrix Y, [[7]. It is well known that the RG running induces off-diagonal terms in the
slepton mass matrix even for the case of universal slepton masses at GUT scalem[ 13]:

mij ~ —8%(3777,3 + A2)(YY)T)i5 log % (19.11)
where myg, Ay are universal soft scalar mass and soft trilinear A parameter, and Mg and My denote the
GUT scale and the characteristic scale of the right-handed neutrinos at which off-diagonal contributions are
decoupled [[13], respectively. Here, the Dirac neutrino Yukawa matrix, Y, is defined in the basis where the
charged lepton Yukawa matrix and the heavy Majorana mass matrix are real and diagonal, and thus the term
YY" can be written as

VY = Ry () U (V)2 UcuRs () - (19.12)
where Y,P stands for the diagonal form of the Dirac neutrino Yukawa matrix. For quark-lepton unification,
YP = Y.P = y,Diag[\%, \*, 1] where v, is top quark Yukawa coupling [ [14]. Imposing the above form of
Y,P, we obtain (YY) ~ (Y/Y!")13 ~ A3, which leads to Br(u — ev)/Br(t — ey) ~ 1 and it reflects
the . — 7 symmetry. Also, one can get (Y, Y/")12)23 =~ 1, so that Br(u — ey)/Br(t — wy) ~ A%, These
results indicate that the branching ratio of the LFV decay u(7) — e is negligibly small compared with that of

T — .

19.5. Implications of QLC parametrization

Now, let us discuss about the implication of the results obtained from the QLC parametrization by comparing
with the triminimal parametrization of perturbations to tri-bimaximal neutrino mixing matrix. To accommodate
the expected deviations from the TB mixing form studied in the literatures [[15], the triminimal parametrization
of perturbations to tri-bimaximal neutrino mixing matrix has been proposed [ /4] as follows:

m .1 1
Urnpin = Raz (Z) Uc(e32; €13, 0; €21) Ry <Sln \/§) (19.13)
IWe note that the RG-induced off-diagonal terms in the slepton mass matrix is more precisely given by [[12] ml? o~ —8%2(31713 +
i

A(Q]) (szk log #&Yukj) . But for the sake of simplicity we assume the log term to be universal in our study.
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where R;;(6) describes a rotation in the ij—plane through angle 0, Us = diag(e’*/2,1,e7%/2) and U, =
R32(632)U§R13(613(613)U5R21(621). From the analysis, we obtain the following relations between both pa-
rameterizations.

sinepze™®  ~ e3e7 ~ ANY[1 — p + 7] (19.14)
sinegs ~ €30~ —AN? (19.15)

A 2
sine = e (1= 4 2N (19.16)

(& CS C

where s = (v/2 — 1)/v6,c = (v/2 + 1)/4/6. The first result of the above relations indicates that the QLC
parametrization predicts the size of the neutrino mixing angle 6,5 = €5 which is at most of order \3. The
on-going reactor experiments designed to measure 6,3 will test whether the QLC parametrization is ruled out
or not. The precise measurements of the mixing angles 623 and 615 would also be useful to probe the QLC
parametrization. The determination of sin® 615 to 2% level which is comparable to that of the Cabibbo angle
(~ 1.4%) can be achievable in the reactor neutrino experiments as shown in [[16] and that of sin? 26,3 to
1% is expected to reach in the JPARC-SK experiment [[17] . The QLC parametrization is very predictable
because the deviations from two maximal mixing angles can be presented in terms of the well measured
parameters in the CKM matrix. Although the QLC parametrization looks like leading to similar results from
the triminimal parametrization, the results presented in Egs.(19.8][19.70) show that the parameter C' defined
in [ 4] is particularly zero in the QLC parametrization, which is a distinctive feature of the QLC parametriza-
tion. If future experiments confirm our results obtained from the QLC parametrization, it would be difficult
to differentiate between the QLC parametrization reflecting deviations from the bi-maximal mixing [[18] and
the triminimal parametrization reflecting deviations from the tri-bimaximal mixing. Confirmation of our results
obtained above may also serve as a possible hint of the grand unification or quark-lepton symmetry.

19.6. Conclusion

In conclusion, we have examined how the QLC parametrization reflecting a possible hint of the grand unifi-
cation or quark-lepton symmetry can be probed by considering phase-averaged oscillation probabilities which
can be measured from neutrino experiments, flavor composition of neutrino fluxes coming from atmospheric
and astrophysical neutrino sources and the ratios of the branching fractions of lepton flavor violating radiative
decays. We have found that those observables are predicted in terms of the well measured parameters of
CKM matrix. We have discussed about some distinct features of the QLC parametrization by comparing with
the triminimal parametrization which has been proposed so that the effects of deviations from the tri-bimaximal
mixing could be probed.
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Chapter 20

Supersymmetric Musings on the
Predictivity of Family Symmetries

Kenji Kadota, Jorn Kersten, Liliana Velasco-Sevilla

Abstract

We discuss the predictivity of family symmetries for the soft supersymmetry breaking parameters in the
framework of supergravity. Unknown details of the messenger sector and the supersymmetry breaking hidden
sector enter into the soft parameters, making it difficult to obtain robust predictions. However, specific choices
of messenger fields can improve the predictivity.

20.1. Introduction

Models with family symmetries aim to explain the masses and mixings of fermions, often assigning the
quantum numbers in such a way that non-zero Yukawa couplings are forbidden. Instead, the matter fields
couple to a number of flavon and vector-like messenger fields. Integrating out these heavy messengers yields
an effective theory with non-renormalizable couplings between matter fields and flavons. When the latter
develop vacuum expectation values, the family symmetry is broken spontaneously and non-zero Yukawa
couplings arise, which are suppressed by powers of the ratio of flavon vacuum expectation values (vevs) and
messenger masses. Since the level of suppression is different for different elements of the Yukawa matrices,
one can naturally obtain hierarchical fermion masses [[].

Family symmetries also restrict the soft scalar masses and trilinear couplings in supersymmetric theo-
ries, provided that SUSY breaking is mediated to the visible sector at a scale where the family symmetry
is unbroken [[2, 3], which is the case for gravity mediation, for example. If all matter fields transform under
the three-dimensional representation of a non-Abelian symmetry, only flavor-diagonal sfermion mass terms
¥¥d;;m3ip; are allowed. Non-zero trilinear scalar couplings are forbidden like the Yukawa couplings. Thus,
the SUSY flavor problem is solved because flavor-changing neutral currents (FCNCs) are suppressed.

The breaking of the family symmetry leads to corrections to the soft SUSY breaking parameters. Like the
Yukawa couplings, they are suppressed by the ratio of flavon vevs and messenger masses, so FCNCs remain
under control. Even better, they are in principle determined by the model. Consequently, we can possibly test
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family symmetries not only by measuring fermion masses and mixings but also by observing flavor-changing

processes [ 4]. In the following, we shall discuss to which extent this is indeed feasible, summarizing the
results of [[5].

20.2. Sfermion Masses from an SU(3) Family Symmetry

As an example, let us consider a model with an SU(3) family symmetry [[6]. The matter superfields
and ¢ transform as triplets under SU(3), while the flavons transform as anti-triplets. For our purposes it will
be sufficient to consider a single flavon ¢. In the renormalizable theory, the diagrams relevant for Yukawa
couplings have the form shown in Fig. [20.1] [ [7]. It involves two different messengers x; and x2, which
transform as anti-triplet and singlet, respectively. After integrating out the messengers and breaking the family
symmetry, we obtain Yukawa couplings

—2
¢
Yo ooo (20.1)
My M,

They contain the product of the two messenger masses. Thus, only this product is determined by the observed
fermion masses.

- —-r— - - m
- —-q- - X O
- - X<

=
=

E

<
=
=l
=~
no
>
[N}

wc

Figure 20.1. Feynman diagram responsible for Yukawa couplings in the renormalizable theory

As to the soft SUSY breaking parameters, the family symmetry enforces flavor-conserving scalar masses
and vanishing trilinear couplings while it is unbroken. In order to find the changes after symmetry breaking, we
consider corrections to the Kéhler potential, which can be visualized by diagrams like those shown in Fig.[20.2]
For a rigorous calculation, one starts with the superpotential and Kahler potential of the renormalizable theory
and integrates out the messengers by solving the equations OW/9x; = dW/dx; = 0 (i = 1,2) for the
messenger fields [18]. Plugging the results into the potentials yields an effective theory, in which one calculates
the soft SUSY breaking parameters using the usual supergravity formalism [[9]. A rough estimate for the soft

ices is (72). . ~om2 O Kt =2 ~ 2 K
scalar mass matrices is (1m;));; ~ mg 200 and (M) ;; ~ mq Bwf*gz/f;'

Considering the diagrams in Fig.[20.2} we see that the left one is forbidden by the family symmetry since
is a triplet. This has two important consequences. First, the soft mass matrix of the SU(2), doublet sfermions
remains universal, (m,);; = mg d;;. Second, the messenger mass M, does not enter into the soft scalar
masses. They depend only on the mass M, , of the family symmetry singlet messenger, which appears in
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3 7 ; 7
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Yo A v oy, A
SO S G S S
(0 X1 P! (o X2 0l

Figure 20.2. Diagrams relevant for the Kahler potential. Only the right one is allowed by the family symmetry
in the model discussed in Sec.[20.21

contributions to the SU(2)._ singlet scalar masses,

$2
M. ~mg (1 +1p ) : (20.2)
X2

These contributions correspond to the right diagram in Fig. Including the family indices of the fields and
their vevs [[6], one can easily verify that the corrections from family symmetry breaking violate flavor.

In summary, the Yukawa couplings depend on a different combination of messenger masses than the soft
scalar masses. Consequently, the latter are not determined by the fermion masses. The same conclusion
holds for the trilinear couplings [5]. The predictivity of the model in the SUSY breaking sector is constrained
to the SU(2). doublet scalar masses. Further uncertainties stem from a dependence on the hidden sector
where SUSY is broken, although they affect only overall mass scales but not the flavor structure [/5].

20.3. A More Predictive Messenger Sector

The situation changes if one generates Yukawa couplings via diagrams of the type shown in Fig. Both
messengers are SU(3) singlets now. Equation (20.1) for the Yukawa couplings is unchanged, and the right
diagram of Fig. still yields Eqg. (20.2) for the SU(2), singlet soft masses. The crucial difference to the

- - - X O

H
'

- - XS

M. M.

X1 X2
— P ———K—h—0—<a—

Y X1 X1 X2 X2 (i

Figure 20.3. Generating Yukawa couplings with SU(3) singlet messengers only
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case considered previously is that now the left diagram of Fig. is allowed, too. It yields

gz
m, ~mg (1 + W) ) (20.3)
X1

Consequently, flavor violation appears in all soft scalar masses in this case. Even more importantly, the
soft SUSY breaking parameters depend on all messenger masses. This leads to predictions in the form of
correlations between parameters appearing in different observables. Introducing the small parameters e, 4,

€9,1, and €, 4., Which appear in the Yukawa couplings, SU(2). doublet scalar masses, and SU(2). singlet
scalar masses, respectively[]] we find

gQ gu ~ 63 , gQ gd ~ 63 s g];ge ~ 62 . (20.4)

In particular, no expansion parameter can be smaller than about 0.01, since otherwise another parameter
would become larger than 1.
The complete soft scalar mass squared matrices are

1 €%2e&2 €263
d ftd
mi~mg |- 1+€F  €F ., f=u,d, Q, e L (20.5)
. . 1

at the family symmetry breaking scale. The dots stand for elements determined by hermiticity. We have
omitted complex phases and factors of order one.
A very simple example consistent with the conditions (20.4) is

Cog=fi=¢cr=cc=eq~015 | & =€ /eq~0.02. (20.6)

In this case, a rough estimate shows that most predicted FCNCs are well below the experimental limits.
However, the contributions to the mass difference of the neutral kaons and to the branching ratio of the decay
1 — e~y can reach their upper bounds. This demonstrates that an experimental test of family symmetries via
observing FCNCs may indeed be feasible.

20.4. Conclusions

Non-Abelian family symmetries can solve the SUSY flavor and CP problems. They also have the potential to
make predictions for the soft SUSY breaking parameters, but this is not possible in all cases. The predictivity
of a model depends on details of its messenger sector. We have illustrated these issues using one particular
fermion mass model with an SU(3) family symmetry as an example.
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Chapter 21

Gravitino Dark Matter and Neutrinos in
Partial Split Supersymmetry

Benjamin Koch, Marco Aurelio Diaz", Sebastian Garcia Saenz"

Abstract
We discuss the decays of gravitinos in the model of partial split supersymmetry (PSS), finding that for a large
range of gravitino masses, the two body decay channel is dominant. Taking the gravitino as dark matter
candidate and demanding that the model also describes the established neutrino masses and mixings we
show that one can derive a theoretical upper limit for the gravitino mass within this model. Finally we address
questions that have been raised during this workshop.

21.1. introduction

Split supersymmetry (SS) was originally proposed to address two of the most conspicuous problems of
supersymmetric models, which are fast proton decay and excessive flavor changing neutral currents and CP
violation [[1]. In SS the solution to these problems is accomplished by considering all squarks and sleptons
very massive, with a mass scale m somewhere between the supersymmetric scale M, s, and the Grand
Unification scale Mgyr. One of the Higgs bosons remains light, as usual in supersymmetric models, as well
as the gauginos and higgsinos, with all these particles having a mass accessible to the LHC [[2]. In addition
to this, the introduction of bilinear R-parity violation into this kind of models allows for a rich phenomenology,
especially in the neutrino sector [[3} 4, 5] 16l [7, 18} 19].

A variation of this model is Partial Split Supersymmetry (PSS). In PSS all squarks and sleptons have a mass
of the order of the SS mass scale m, but both Higgs doublets remain with a mass at the electroweak scale |
7,19]. The addition of RpV to this model was introduced to be able to generate a solar neutrino mass [[7]. Loop
contributions from neutral CP-even and CP-odd Higgs bosons are indeed able to do the job, producing not
only the atmospheric and solar masses, but also the atmospheric, solar, and reactor neutrino mixing angles [
10].

In R-parity violating PSS the usual dark matter candidates of supersymmetric models (the neutralinos) are
unstable. However, the gravitino is an alternative to the neutralino. Also the gravitino can decay into standard
model particles, but its decay is expected to be further suppressed by the Planck mass Mp. This proceedings
paper is essentially a summary of [[11].
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21.2. Partial Split Supersymmetry

In PSS both Higgs doublets remain with a mass at the electroweak scale. As it happens in SS, higgsinos,
gauginos, and Higgs bosons interact via induced R-parity conserving couplings of the type,

LES 5 —5H(GuoW + §,B)Hy — J5H}(GaoW — §4B)Ha + h.c., (21.1)
where g, g,,. G4, and g}, are couplings induced in the effective low energy lagrangian. At the SS scale m they
satisfy the boundary conditions, g, = gq = g, g, = G, = ¢, evolving with independent RGE down to the
electroweak scale. Similarly to the MSSM, both Higgs fields acquire a vacuum expectation value (H,) = v,
and (H,) = vg, with the constraint v? = v2 +v2 = 246 GeV? and the definition tan 3 = v,, /vs. Gauginos and
higgsinos mix forming the neutralinos, with a mass matrix very similar to the one in the MSSM. The relevant
bi-linear R-parity violating couplings are

Lyt = —eH €Ly — JsbiHe(GaoW — G4B)Li + h.c, (21.2)
where the b; are the parameters of the lepton-higgs-gaugino interactions, ¢ = io, and the ¢; are the su-
persymmetric BRpV parameters. The effective neutrino mass matrix in this approach was found to be [[10]

My|ij = AAZA7 + CEZ'EJ', with Az = /J/bﬂ}u + €vq (21 3)

where
M1g3 + Mgt}

A0) —
4 det MXO

(21.4)

and where the coefficient C' arises from loop diagrams with virtual mixed Higgs fields and neutralinos. The
theoretical background model will be further discussed in a later section. In order to make a connection with
neutrino physics we will now turn to the photino-neutrino mixing in this model Us,,. This mixing is governed
by the same parameters as neutrino mass matrix. Thus, imposing that the model fits neutrino data reduces
the parameter space of PSS which translates into an allowed range for the mixing Uy, . The determination of
this range was done numerically. For example for M; = 300 GeV one finds

2-107" < U5, <3-1071 . (21.5)
This range will be of importance in the context of gravitino decay.

21.3. Gravitino Decay and Induced Photon flux

In R-parity violating models the gravitino can decay completely into ordinary particles which should lead to
an observable signature from gravitino dark matter. In our calculations of this signature we asume thatms ;5 <
mw.

The first coupling that is relevant for gravitino decay is

1 A 14
1, Y, 0PNV Fyp (21.6)

L>—

where Mp is the Planck mass, 1, is the spin-3/2 gravitino field, A, is the spin-1/2 photino field, F,, =
0,A, — 0,4, is the photon field strength, and A,, is the photon field. This coupling gives rise to a vertex
gravitino photon, photino. Due to a violation of R-parity the photino can further transform into a neutrino. This
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tranforation is proportional to the mixingo between photino and neutrino Us,. The resulting two body decay
rate is then
m§/2

~ _ 2
NG — ) = 522 Uz |”. (21.7)

In PSS the mixing between photon and photino is

H ~ ~/
Usy, ~ ————— (gaM — g, M. A;. 21.8
Fvi 2(detMXo) (GgaMysw — GyMacw) ( )
The constants here are parameters of PSS which are also relevant for the generation of neutrino masses and
mixings within this model.
In addition to this two body decay one has to take into account also the possible three body decays. When
studying the three body decay a more general part of the interaction Lagrangian comes into play

L
B

— s [(D5d™ )y Prx’ — (Dud’ )X Proy" "y ]

s [ Y AR B

where the second line is in analogy to and the first line introduces additional couplings with scalar
fields ¢. The 3-body decays of the gravitino were studied in detail for the first time in [[12] [13], where explicit
formulae are given. Nevertheless, our calculations have yielded that the three-body results in [[12] have to be
corrected. We agree, however, with the conclusion that the 3-body decays are indeed important, and cannot
be neglected in general. The interaction (??) allows for various amplitdes that contribute to the decay of a
gravitino into a neutrino and two leptons with opposite charge. The details of this calculation were given in [
14]. We find 3-body decay branching ratios for small gravitino masses m3/, < 20 GeV of the order of < 15%.

If dark matter consists of those gravitinos, their decays should contribute to the photon spectra observed
by astrophysical experiments. This contribution consists of a mono-energetic line of energy 1/, /2 from the
two-body decay, plus a continuum distribution from the three-body decays. The exact form of the spectrum,
which depends on m3,, and M, was studied in detail in [[12} [13] using an event generator. Since the first
contribution is the dominant feature [ [15] only this will be considered. Here we are interested in obtaining
constraints on the gravitino parameters, for which it suffices as an approximation to consider only the photon
line from the two-body decay, as this is the most prominent feature of the spectrum for values of A3 up to 1
TeV [[12]. Following established models of dark matter distribution and photon flux propagation [[16, 17, [15]
one obtains the diffenctial flux in dependence of the photon energy due to (21.7). This flux, which is supposed
to be strongly peaked at the gravitino mass, can be compared to the photon flux from the same region of
the sky, which was measured by the Fermi LAT collaboration [[18]. Since the observed flux does not show
any strong peak, this non-observation can be used to constrain the parameters of the decay rate (21.7). This
method is essentially analogous to [[19] 20} [21]. One obtains

T3/2 0.851 ~ ms/o -2
B 21.
(1o75) > Pl D¢ =) (Tam) (21.9)

where we parametrized the energy dependent resolution for the Fermi LAT experiment o = mg,/op(ms;2)/2
by

ms3/2
2 MeV

p(ms)) = 0.349 — 0.142log ( ) +0.019 log? ( a2 ) . (21.10)

2 MeV
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In equation further appears the two body branching ratio of the gravitino decay B and the lifetime of the
gravitino 735.

Now we are in place to combine the constraints from the neutrino sector and from the observed photon
spectrum. Both constraints can be visualized in a m3/, — 73,2 plane as it is shown in figure

10000

1000 |

m; o [GeV]

Figure 21.1. Allowed region for M7 = 300 GeV

From this figure one can also read off the essential conclusion of this study: PSS as a model for neutrino
mass and the possibility of gravitino dark matter leads to the prediction of an upper limit of the gravitino mass
in the range of 10 GeV.

21.4.

Questions and answers

We would like use the remaining space to address some questions that were raised during the workshop.
We appreciate those comments because they lead to a better understanding of the basic mechanism at work.

“A dimension five operator generating v-Majorana masses needs to have (i) lepton number violation
and (ii) it needs to be proportional to the square of a SU(2), breaking vacuum expectation value [[6].
Are both conditions fulfilled?”

Both conditions are fulfilled. Condition (i) is rather obvious due to the Majorana nature of the term in the
effective Lagrangian. The vacuum expectation value of condition (ii) is somewhat hidden in the C-term
of the equation which can be shown to be proportional to m?%.

“In m-sugra a vanishing splitting between the real and imaginary s-neutrino masses drives two of the
three neutrino masses to zero. The same should happen in this model where the s-neutrinos are
integrated out”

The splitting is controlled by the value of €(i) B(i) — B! which in general does not necessarily have to
be as small as in m-sugra. Actually in PSS it is not small. The reason for this to happen can be seen in
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equation (B7) of the paper [[7]: If one assumes very large s-neutrino masses M,; this tadpole equation
demands equally large values of B! ~ v; M3, /v,. Thus the mixing parameter grows in such a way that
the Higgses and the s-neutrinos always mix. As it can be seen in equations (44,45) of the same paper:
The matching conditions between PSS and MSSM at the large scale /m imply that this mixing has a
definite value s; ~ cqV; /vy . There are also no problems from the side of the mass bounds since the
charged scalar/sbottom loops are suppressed by the large mass scale of the sbottom.

e There is a theorem in [|23] that states: If the real part and the imaginary part of the s-neutrino have
equal values mgy, g = Mmsn1m then the Majorana like B-L violating mass term has to vanish which again
implies neutrinos have to have zero mass m,u = 0. Is there a contradiction?

No there is no contradiction. The my and the m 4 Higgses have a fixed part of s-neutrino (as explained
above), thus the general statement of that paper predicts for the case of PSS: If my = my4, then
m,, = 0; That this statement is true can be seen from [[10]: Equations (12,13) of this paper show that
m% ~ m? + m%sin®(203), thus the splitting is ~ m%sin®(23). However as one can see from equation
(23) of the same paper: If this splitting is zero, then also the contribution to m,, is zero. This is the
realization of the general statement in PSS.

e [t has been shown that: If there is no s-neutrino then there is no neutrino Majorana mass [|23]. Is there
a contradiction?

No there is no contradiction. Since the s-neutrinos mix with the Higgses due to the possibly large
parameter B! there is always a part of the s-neutrino interaction eigenstates in PSS. Thus, there is no
contradiction with this theorem.
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Chapter 22

LHC tests of neutrino mass from higher
dimensional effective operators in SUSY

Martin B. Krauss
Abstract

We study the generation of neutrino masses by higher than d = 5 effective operators in supersymmetric
models. We will show how these operators can be implemented in the MSSM or NMSSM. As an example we
study a decomposition of the d = 7 operator LLH,H,H H,. In this model one uses heavy SU(2) doublet
fermions as mediators, which can be produced in Drell-Yan processes. Since displaced vertices appear in
their decays, there is the possibility to observe them at the LHC. Lepton number violating processes, however,
are at the limit of observation.

22.1. Introduction

The following discussion will be based on Ref. [[1]. Due to the observation of neutrino oscillation, we know
that neutrinos must have small but non-zero masses. This is a hint to new physics beyond the Standard
Model. Not knowing the nature of the underlying theory, one can parameterize the effect of this new physics
by a tower of effective operators which is added to the SM Lagrangian:

_ _ 1
L=Lov+ LI+ LESC+--- ) with £ x Wod. (22.1)

NP

The standard type-l seesaw [ 12, [3| |4} [5], for example, leads, after integrating out the heavy right-handed
neutrinos, to the famous Weinberg operator Oy, = (L¢it>H) (Hit2L) [6]. One can easily see that also the
type-Il and type-lll seesaw generate the Weinberg operator after integrating out the heavy mediator fields,
since an effective operator can have several possible decompositions. After electroweak symmetry breaking,
the Higgs field obtains a VEV and the Weinberg operator becomes a Majorana mass term for the neutrino with
an effective mass mesr o v2/Anp. To obtain a neutrino mass in agreement with experimental observations,
one has to assume a new physics scale close to the GUT scale.
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Op.# Effective interaction Charge
d=5 1 LLH.H, 2qr + 2qm,
d=7 3 LLH,H,H4H, 2qr, + 3qm, + qm,
d=9 7 LLH,H HH,HiH, 2qr+4qu, +2qm,

Table 22.1
Effective operators generating neutrino mass in the MSSM up to d = 9. The operator numbers have been
chosen in consistency with Tab. Taken from Ref. [[].

Models with new physics at O(TeV) have been discussed recently which can potentially be observed at
the LHC. In these scenarios further suppression mechanisms are required. In the following, we will discuss
scenarios where the d = 5 operator is forbidden and hence the leading contribution to neutrino mass comes
from higher dimensional operators [[7, 8] 9] (10, 111 12, 13, 14} [15] (16l 17, [18,[19]. In this case we have to
satisfy the following conditions:

e The operators with dimensions below the leading contribution to neutrino masses are forbidden by a
U(1) or a discrete symmetry.

e New (scalar) fields are required to construct these operatorsm

The simplest scenario fulfilling the second condition is the SM extended by a Higgs singlet [19] [10]

. 1 :
Log"" = g (LLHH)(S)", n=1,23,... (22.2)
NP

or by an additional Higgs doublet as in Two Higgs Doublet Models (THDMs) [[20, 7 [11} [14]

_ 1
LU = Ad74(LLHuHu)(HdHu)”, n=1,2.3,.... (22.3)
NP

In Ref. [[14] the second case has been studied in detail.

22.2. Neutrino masses from higher dimensional operators in the MSSM and NMSSM

The Higgs sector of the minimal supersymmetric extension of the SM, the MSSM (Minimal Supersymmetric
Standard Model), corresponds to a type II-THDM. All possible operators leading to neutrino mass terms up
to d = 9 are listed in Tab. Compared to the THDM scenario here we have less possibilities, due to the
fact that the operators must be invariant under SUSY transformations. For the same reason, a Zs symmetry
is sufficient to forbid the d = 5 operator in the MSSM.

To avoid some problems of the MSSI\/E] one can also consider the Next to Minimal Supersymmetric Stan-
dard Model (NMSSM), which has an additional singlet Higgs S. Its superpotential reads

Winssm = Wik + ASH, Hy + S° (22.4)

where the superpotential for the Yukawa couplings Wiy is identical to the MSSM. The operators generating
neutrino mass in the NMSSM case are listed in Tab. A study for operators #1, #2 and #4 can be found in |

LThis is due to the fact that in the SM the only gauge invariant higher-dimensional operators contributing to neutrino mass are of the type
(LLHH)(H'H)™. Since H' H is a singlet under any of the symmetries mentioned above, operators of this kind will always contradict
the first condition.

2In the MSSM the superpotential includes the term MI:Iqu, which has to break the discrete symmetry explicitly. Otherwise all operators
of the type (LLH, H,)(HyHg)™ would have the same charge for all n, which implies that the d = 5 operator (n = 0) would always be
the leading contribution to neutrino mass.
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Op.# Effective interaction Charge Same as

d=5 1 LLH,H, 2qrL + 2qm,
d=26 2 LLH,H,S 2qr + qu, — qH,
d="T7 3 LLHuHquHu 2qL + 3qHu + qH,

4 LLH,H,SS 2qr —2qH,
d=8 5 LLH,H,H.H,S 2qr + 2qm, #1

6 LLH,H,SSS 2qr, + 2qmu, #1
d=9 7 LLH . H,HiH ,HqH, 2qr +4qn, + 291,

8 LLH,H,H;H,SS 2qr + qu,, — qH, #2

9 LLH,H,SSSS 29r + qH, — qH, #2

Table 22.2
Effective operators generating neutrino mass in the NMSSM up to d = 9. Taken from Ref. [[1].

10]. In the following we want to discuss operator #3 (for more details see [[1]). A possible charge assignment
that has this operator as leading contribution to neutrino mass is ¢i, = 0, qu, = 1, q. = 1, (¢s = 2) under
a Zs symmetry. A list of decompositions of this operators can be found in App. A of Ref. [[1]. Here we will
focus on one example that has possible phenomenological implications at the LHC.

22.3. An example with a linear or inverse seesaw structure

We choose an example with two additional SM singlets N and N’ and two SU(2) doublets § and f/ as
mediators. The corresponding Feynman diagram is shown in Fig. This model is specified by the super-

s
&
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/I N NE g NN \\
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Figure 22.1. Decomposition of the d = 7 operator LLH, H,HyH, with two SM singlets V and N’ and two
SU(2) doublets £ and &' as mediators. Taken from Ref. [[1].
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potential
W = Wauarks + Yeé°L - Hy — YNNL - Hy + 51 N'€ - Hy — ko N'€' - H,, + my NN’ 225)
+m€é/'é+ﬂﬁu'ﬁd» .
The mass matrix for the neutral fermions reads
0 YU, 0 0 0
Yave O my 0 0
MYp = 0 mn 0  Kiva Kovu | . (22.6)
0 0 nIvd 0 —Mmg
0 0 ﬂ;vu —mg 0

in the basis f = (v, N, N’,£°,¢'%) after the Higgs fields have obtained a VEV. The charged fermion mass
terms read —vgeYeer, — me€TE .

To obtain the effective mass matrix for the light (SM) neutrinos, one has now to integrate out the mediator
fields. If the hierarchy of the additional fields is m¢ > my, we first have to integrate out the doublets and thus
obtain a mass matrix similar to the inverse seesaw in the basis (v, N, N')

, 0 Ynve O
M ={Yyv. 0  my (22.7)
0 myn ﬂ

where i = v,vq (261K2)/me. In our model /i is suppressed by the mass of the heavy doublets. If on the
other hand my > my, we will obtain a linear seesaw structure in an intermediate step. After integrating out
the remaining mediators one finally arrives in both cases at an effective neutrino mass’|

3
XN . 22.8
m Uy vaY N g ( )

In order to obtain neutrino masses in agreement with the experimental bounds, the heavy mass scale can be
of O(TeV) if we assume couplings of O(10~%), which is in the range of the SM Yukawa couplings.

22.4. Phenomenological implications at the LHC

The production of the singlets IV and N’ will be suppressed due to the smallness of the couplings involved.
The SU(2) doublets, however, couple to the weak gauge bosons and therefore can be produced in Drell-Yan
processes, similar to charginos and neutralinos in the MSSM [21]. Numerical simulations with the program
WHIZARD [[22] using the SARAH package [ 23, 24] give for m¢ = 200 GeV cross sections o (pp — £+¢9) of
about 122 fb (417 fb) for 7 (14) TeV.

The dominant decay modes of the heavy particles are

8= Why, HYy, (22.9)

with T'(¢7) = 1.42 - 10~°keV. The smallness of this decay width is due to the fact that the heavy particles
decay via the mixing between light and heavy neutrinos, which is small in order to obtain light neutrino masses.
The decay channels of the neutral mass eigenstates n; are

ni — W=, H*IT, ni = Zv, Wovi, Hov, Au, (22.10)

3For the sake of simplicity we have ignored the neutrino flavor so far.
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Here we obtain branching ratios of O(107°...1)keV. Due to the small values of their decay widths these
particles will have sizable decay lengths of up to between 100 um and several millimeters. This feature is
useful for identifying the particles of our model and will be helpful to suppress background. The decay of the
mass eigenstates n, into W*IT will furthermore give a connection to neutrino physics, since it proves that
these states carry lepton number. Another hint in this direction would be the test of their Majorana nature.
Therefore one can study the following processes which violate lepton number by two units:

ud — 1T/ W™ (22.11)
ud = 1MUYW Z (22.12)
qf = T UTWmwW T W W T (22.13)

The numerical values for these processes can also be found in Ref. [[1]. We obtain results of several fb for
the lepton number conserving (LNC) processes corresponding to (22.11), which are flavor mixed. For high
enough luminosity they are therefore possible to be observed. In the lepton number violating (LNV) case,
however, we have strong suppression, since the neutral mass eigenstates n4/ns form a pseudo-Dirac pair
and as a consequence the cross section, which is proportional to m?_ — m?2, ~ O(m2), will be tiny. For the
LNV processes [22.13 we find on the other hand cross sections larger than one might expect. This is due to
the fact that £ and &’ can be seen as vector-like representation of SU(2), which leads to some non-vanishing
contributions to the LNV cross section. These are, however, at the limit of observability (< O(10~2 fb)).

22.5. Conclusion

Higher dimensional effective operators are possible extensions of the seesaw mechanism that allow for
phenomenology in the TeV range. We have shown that these operators can be implemented in a SUSY
framework such as the MSSM or the NMSSM. One specific example of a decomposition of a d = 7 operator
has been discussed, which can be tested at the LHC due to the appearance of displaced vertices. There are
also non vanishing LNV processes possible, but their observation might be difficult.
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Chapter 23

From Flavour to SUSY Flavour Models

Vinzenz Maurer

Abstract

If supersymmetry (SUSY) will be discovered, successful models of flavour not only have to provide an
explanation of the flavour structure of the Standard Model fermions, but also of the flavour structure of their
scalar superpartners. We discuss aspects of such “SUSY flavour” models, towards predicting both flavour
structures, in the context of supergravity (SUGRA). We point out the importance of carefully taking into account
SUSY-specific effects, such as 1-loop SUSY threshold corrections and canonical normalization, when fitting
the model to the data for fermion masses and mixings. This entangles the flavour model with the SUSY
parameters and leads to interesting predictions for the sparticle spectrum. We demonstrate these effects
by analyzing an example class of flavour models in the framework of an SU(5) Grand Unified Theory with a
family symmetry with real triplet representations. For flavour violation through the SUSY soft breaking terms,
the class of models realizes a scheme, where flavour violation effects are dominantly induced by the trilinear
terms and in the reach of future experiments.

23.1. Introduction

The flavour puzzle is one of the biggest open questions in particle physics. Considering the standard
model (SM), the flavour puzzle consists of finding some structure in the mixings and masses of the charged
leptons and quarks. For example, it is tantalizing that down-type quarks and charged leptons show a similar
hierarchical pattern, which differs substantially from the pattern of the up-type quark masses. Even more
motivation to find structures in flavour physics arises when we extend the SM with neutrino masses and look
at the large mixing angles needed to correctly describe their oscillations.

If supersymmetry (SUSY) or any other kind of new physics will be discovered at the LHC, this would add
another “dimension” to the flavour puzzle. For one, SUSY breaking of the minimally supersymmetric SM
(MSSM) has to have a flavour structure of its own, which is already at this point severely constrained from
flavour physics, e.g. lepton flavour violation (LFV) or electric dipole moments (EDMs). This is often referred to
as the “SUSY flavour puzzle”.

In many cases these two puzzles are treated or solved independently. In this study, however, we focus on
possible connections and relations between solutions to both puzzles.
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23.2. An Example Class of SUSY Flavour Models

As an example, we first devise an example class of flavour models that can be brought into good agreement
with experimental data. Important aspects of defining it in a supersymmetric context will be treated and it will
be shown what consequences this can have on the flavour structure.

23.2.1. Basic Structure

Our starting point is a Grand Unified Theory (GUT) with gauge group SU(5) plus a non-Abelian family
symmetry group G i with real triplet representations, e.g. A4 or SO(3). We will assume that the three fields
F; transforming as 5 representations under SU (5) are components of a triplet F' under the family symmetry
GF. The other three fields T;, which transform as 10 representations under SU(5), remain singlets under
Gr. In addition, we add two right-handed neutrinos N1, N> to the spectrum, which are singlets under both
symmetry groups. These will be responsible for the masses of two light neutrinos via the seesaw mechanism.

23.2.2. Pattern of Symmetry Breaking

To break the full symmetry group to the SM, we introduce two types of fields. First, the usual 24-plet Hy4
of SU(5), which acquires a vacuum expectation value (VEV) (Hs4) = wvo4 diag(1,1,1,—3/2,—3/2), second
a group of 4 so-called “flavon” fields, that are triplets under G break the family symmetry along the following
directions in flavour space:

0 1 0

0
(pr)oc | 1|, (dayoc L], (da)ox [0), (Bo)ox |—i] - (23.1)
—1 1 1 w

Beyond that, the field Hs4 is assumed to be a singlet under Gy, while the flavons are singlets under SU(5).
This setup implies that these flavon VEVs generate the rows of Y,; and the columns of Y, after family symmetry
breakdown via effective operators with the index specifying which row/column. Moreover, involvement of Hoy
in the generation of the Yukawa couplings can introduce distinct ratios between the different sub-multiplets of
each SU(5) multiplet [[].

To ensure that these ratios are left unperturbed by other operators, one has to resort to generation of
the correct operators by integrating out appropriate messengers in a renormalisable underlying model [ [1].
However, in supersymmetry this introduces effective operators in the Kahler potential as well as in in the
superpotential. So when we assume the operators generating the Yukawa couplings for charged leptons and
down type quarks to be of the form

Hy¢;
M2

Wegt ~ FT;Hs , (23.2)

we arrive at a Kahler potential

T T
T T d%d% + ¢1¢7 T
K~ FUF+TT + S5 FF + S5 T (23.3)

Assuming the hierarchy to reproduce the correct Yukawa couplings ¢3/M ~ yp, >> yq,s ~ ¢1’2’§/M also here,
we find the Kahler metric of the field F' receives non-trivial and non-negligible corrections:

Kppt ~diag(1,1,1+¢?), (23.4)

with (2 ~ |¢3]?/M?2. As these imply non-canonical kinetic terms, we have to rescale F using the transforma-
tion F — diag(1,1,1 — £(?)F, see e.g. [[2,3].
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In summary, the textures of the relevant matrices in family space (in the convention used by [4]) will have
the form:

My  diagonal , Y, diagonal,
0 Y2 0 €1 —61]{7
Yo=1|1 nn v |, Yo= |2 etiea (e2twé)k],
—ylk ygk‘ 0 0 €3k3
0 C1 €1 —C1 61]€
}/ET = |coes co€g+icaéy (02 €9 + W Co gz)k ,
0 0 C3 63]{3

with the rescaling factor k = 1—%{2 and the Clebsch factors ¢y = ¢ = ¢3 = —%, ¢o = 6 induced by the SU(5)
breaking effects of Ho,4 and giving rise to GUT scale Yukawa coupling ratios y,,/ys ~ 6 and y. /y, = 3/2, see
[[]. Since €; enters both in the submatrix of the first two generations of charged lepton and in the 13 down
quark mixing, it is obvious that there is a connection between %™ and y.. .., (and 6)]° via (), which is made
definite by the small uncertainty of the involved quantities. Moreover, we can also see features of the lepton

sector, namely tribimaximal mixing with small corrections [ 5]

1 1 1 1 1 1 1
sin NS ~ —_ (1 + = 2) , sinOMNS ~ (1 + — 2> , OMNS ~ <1 + - 2) —oSM 23.5
12 \/g 6< 23 \/§ 4C 13 \/5 4< 3 12 ( )
a normal neutrino mass hierarchy 0 = my < msy < mg and maximal CP violation dyns = —90°.

23.2.3. Soft Supersymmetry Breaking Terms

One of the most popular ways to mediate the breaking of supersymmetry from some hidden sector to the
visible sector is mediation via gravity. However, one additional effect of supergravity is that usually superfields
that obtain VEVs in their scalar component also usually [[6, [7] receive an “irreducible” contribution [[8] to their
F-terms of the form

Fy = O(1)my2(6) - (23.6)

In the case of the flavons, these F-terms modify the soft terms from the usual flavour-universal via the formula
for the soft squared mass matrices m? and the trilinear terms A [[9]

g = mg/gffij — Fy Ey, Op O, f( , Aijk = Ap Yijk + Fr O, Y;jk; , (23.7)

)

with the Kahler metric K an index m running over all flavons. In the considered class of models, thanks to
sequestering, this surmounts to only small deviations from the constrained MSSM (CMSSM)

m% = mgdiag(1,1,1 — 25 ¢?) , (23.8)

and representative for all the other A-terms

0 I C1€1 —XT1 C1€1 (1 — % 2)
AZ = | x2Co€x X2€2 + ijg Eggg (332 Co€g + jQ w 52&2) (1 — % 2) s (239)
0 0 x5 Tzes3 (1 — 3¢?)

where z; parametrises the O(1) factor between the flavon ¢; and its F-Term in Eq. As long as these
x; are not all equal, the trilinear terms will not be diagonal in the same basis as the corresponding Yukawa
matrices. As we can see the most prominent deviation from the CMSSM comes in the form of trilinear soft
terms, so we expect additional flavour violating effects coming from there.
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23.3. Tests for SUSY Flavour Model

23.3.1. SUSY Threshold Corrections and Matrix Textures

So far we have discussed the impact of a flavour model on the structure of the soft SUSY breaking sector
at very high energy scales. However, to fit a SUSY flavour model to the available data, there is a certain class
of supersymmetric corrections at the low scale which is mandatory to include, in particular in the large (or
moderate) tan 3 region. These are the well known SUSY threshold corrections [[10].

Demanding that these corrections bring the considered class of models in agreement with experiment
puts requirements on these corrections and provides a valuable connection between the flavour structure of
the Yukawa matrices and the SUSY spectrum. To estimate where this is satisfied we performed a Monte
Carlo Markov Chain analysis with tan 3 = 30 and ¢ > 0 to get a sample of the points which best fit the
experimental data. The points obtained this way with p-value of more than 5% are shown in Fig. One
can see that quite large trilinear couplings are needed and also only a quite massive spectrum suffices to
meet the requirements. For further details see [[3].

10-10
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Figure 23.1. Points found by the Markov chains with P > Figure 23.2. BR(u — e7y) versus the electron
5%, ordered with respect to their x? such that the points EDM, d,, found by varying x1, xa, x5 around
which are fitting the experimental values better are drawn  points shown in Fig.[23:7] The solid (dashed)
on top. In addition, point size scales with x2, making line corresponds to current (final) sensitivity of
points that agree better with experimental data larger. the MEG experiment [[12].

23.3.2. Lepton Flavour Violation and CP Violation

The other aspect pertaining the SUSY spectrum lies in the deviations from the CMSSM in the considered
class of models. Looking back at Eq. @ we see that only the three parameters z,, x2, x5 determine the
subsector of the first two generation charged sleptons. We can thus expect correlations between the lepton
family number violating decay 1 — ey and the CP violating flavour conserving electric dipole moment (EDM)
of the electron d.. To be specific, based on the numbers obtained from the fit shown in Fig. one can
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make the following estimates

1TeV\* M \?
~ —13 (,.2 2
BR(u — ey) ~ 3.5 x 107 (225 + a35) ( o~ > (100 GeV) , (23.10)
d o M, 1TeV)®
£ ~29%x107% 5 23.11
e x 10 (100Gev)< mo > P2z G (23.11)

with z;; = x; — x;. Varying those parameters around the points obtained from the fit, one finds the values
shown in Fig. One can see that current limits (being d. < 1.4 x 10727 e cm [[{1] and BR(u — ev) <
1.2 x 10~ [[A2]) do not put a constraint on the parameters. Given that the future experiments should
reach d. ~ 1073% e cm, or below [[13] and that the final sensitivity of the MEG experiment is BR(iz — ) ~
O(10~13), itis interesting to notice that a large part of the parameter space should be in the reach both of MEG
and the eEDM experiments. In fact, evidence of u — ey at MEG, at the level of, say, BR(u — ey) ~ O(10712),
would predict a lower bound on d. in the reach of future experiments.

23.4. Summary and Conclusions

In this study, we have investigated aspects of “SUSY flavour” models, towards predicting both the SM and
SUSY flavour structure, in the context of supergravity. We highlighted the importance of including carefully all
the SUSY-specific effects such as one-loop SUSY threshold corrections and canonical normalization effects
when fitting the model to the low energy data for the fermion masses and mixing angles. These effects
entangle the flavour model with the SUSY parameters and leads to interesting predictions for the sparticle
spectrum. In addition, family symmetries introduced to explain the flavour structure of the Standard Model
fermions can modify the structure of soft terms with respect to the constrained MSSM in a specific way and
can thus also make predictions testable in future flavour experiments.
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Chapter 24

The physics of a heavy gauge boson in
a Stueckelberg extension of the
two-Higgs-doublet model

Grigoris Panotopoulos

Abstract

String theory constructions using D-brane physics offer a framework where ingredients like extra abelian
factors in the gauge group, more than one Higgs doublet and a generalized Green-Schwarz mechanism ap-
pear at the same time. Motivated by works towards the direction of obtaining the Standard Model in orientifold
constructions, we study in the present work a Stueckelberg extension of the two-Higgs-doublet model. The
distinctive features of our model are i) a sharp decay width for the heavy gauge boson, and ii) a charged Higgs
boson having two main decay channels at tree level with equal branching ratios.

24.1. Introduction

The Standard Model of Particle Physics (SM) (for a review see e.g. [[1]) has been extremely successful
in describing all low energy phenomena, being in excellent agreement with a vast amount of experimental
data. The only missing part of the SM today is the Higgs boson that gives masses to fermions and to W+
and Z bosons. The Stueckelberg mechanism [ [2] gives mass to abelian vector bosons without breaking
gauge invariance on the Lagrangian, and thus provides an alternative to the Higgs mechanism. Most of
the well motivated extensions of the SM, which have been developed to address its open issues, involve
an extra U(1) in the gauge group. A new heavy gauge boson, Z’, is predicted which would have profound
implications for particle physics and cosmology. Another famous minimal extension of the SM consists in the
addition of one scalar doublet to the theory [[3]. This idea has been particularly successful for its simplicity
and the rich phenomenology that generates, being able to introduce new dynamical possibilities, like different
sources of CP violation or dark matter candidates, helps to solve some of the SM problems. In the most
general version of the two-Higgs-doublet model (2HDM), the fermionic couplings of the neutral scalars are
not diagonal in flavour, which generates dangerous flavour-changing neutral current (FCNC) phenomena.
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Since these are tightly constrained by the experimental data, it is necessary to implement ad-hoc dynamical
restrictions to guarantee their absence at the required level. Many attempts have been made in order to
embed the SM in open string theory, with some success [|4]. They consider the SM particles as open string
states attached on different stacks of D-branes. N coincident D-branes typically generate a unitary group
U(N) ~ SU(N) x U(1). Therefore, every stack of branes supplies the model with an extra abelian factor in
the gauge group. Such U(1) fields have generically four-dimensional anomalies [[5] [6]. These anomalies are
cancelled via the Green-Schwarz mechanism [ (7, [8] [9] [10] where a scalar axionic field is responsible for the
anomaly cancellation. This mechanism gives a mass to the anomalous U (1) fields and breaks the associated
gauge symmetry. This class of models is characterized by i) the existence of two Higgs doublets necessary to
give masses to all fermions, and ii) the massive gauge bosons acquire their mass from two sources, namely
the usual Higgs mechanism, as well as the stringy mechanism related to the generalized Green-Schwarz
mechanism, which is very similar to the Stueckelberg mechanism. In the light of these developments, it
becomes clear that it is natural to study the 2HDM with additional U(1)s and the Stueckelberg mechanism
together with the Higgs mechanism. In the present work we wish to study the phenomenology of a simple
four-dimensional, non-GUT, non-supersymmetric model with an additional Higgs doublet, and just one extra
U (1) factor in the gauge group for simplicity.

24.2. 7' searches

The gauge group of the model is the SM gauge group times an extra abelian factor U(1) x, with a coupling
constant gx and a gauge boson C,, associated with it. We have three generations of quarks and leptons
with the usual quantum numbers under the SM gauge group, and they are assumed to be neutral under the
extra U(1). This is a simple choice that ensures that there are no anomalies in the model. We consider the
presence of two Higgs doublets, H; and H,, with the same quantum numbers under the SM gauge group,
the only difference being is that H; is assumed to be neutral under U(1)x, while Hs is charged under the
additional abelian factor with charge Yx = =+1. Finally, the Stueckelberg contribution is [[11]

Lo = _icﬂucw _ %(a#a + MG, + MsB,)? (24.1)

where C,, is the gauge boson associated with the U(1) x, C,.., is the corresponding field strength, o is the
scalar axionic field which is assumed to couple both to B, and C,,, and M; and M, are two mass scales
which serve as two extra parameters of the model. The details regarding the Higgs potential, the electroweak
symmetry breaking as well as the new interaction vertices can be found in [[12].

The LHC is designed to collide protons with a center-of-mass energy 14 TeV. Since the center-of-mass
energy of proton-proton collisions at LHC is 14 TeV, the particle cascades coming from the collisions might
contain Z' if its mass is of the order of 1 TeV. Therefore a heavy gauge boson can be discovered at LHC, and in
fact new gauge bosons are perhaps the next best motivated new physics, after the Higgs and supersymmetric
particles, to be searched for at future experiments. The mass, total decay width as well as branching ratios
for various decay modes are some of the properties of Z’ that should be accurately measurable, and could be
used to distinquish between various models at colliders. Thus, in this section we discuss the phenomenology
of the model as far as the physics of the new gauge boson is concerned.

Our results are summarized in the figures below. We have fixed the Higgs boson masses (Set 1 and Set
2 as can be seen in the table below), as well as the coupling constant gx considering two cases, one in
which the coupling is small, gx = 0.001, and one in which the coupling is comparable to the SM couplings,
gx = 0.1. Then the only free parameter left is the heavy gauge boson mass. Therefore, in the figures shown
below the independent variable is the mass of Z’. First we focus on the case where gx = 0.001. Figures 1
and 2 show the total decay width of Z’ (in GeV) as a function of its mass for Set 1, with M /M; = 0.03 and
0.05, respectively. In the rest of the figures the impact of changing the value for the ratio M, /M, is negligible,
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so it is fixed at 0.03. Figures 3 and 4 show all branching ratios as a function of M, (for Set 1 and Set 2
respectively). All the decay channels into quarks have been considered together as a single quark channel.
However, we have checked that Z’ decay into quarks is dominated by the up quark contributions. The straight
vertical lines correspond to the thresholds, one for the top quark (~ 346 GeV), one for the neutral Higgs
bosons (600 GeV for Set 2 only) and one for the charged Higgs bosons (400 GeV for Set 1 and 1000 GeV
for Set 2). We remind the reader that in the SM, the branching ratio of the Z boson to electrons or muons
or tau leptons is 0.034 for each of them, to all neutrino species (invisible channel) is 0.2, and to hadrons is
0.7. In the model with one Higgs doublet there are no decay channels to inert Higgs bosons, and for a large
enough M., where the branching ratios of Z’ to the inert Higgs bosons become significant, the decay widths
in the two models tend to differ. However, the difference is small since the dominant contribution to the decay
width is from Z’ to fermions, which scales as Mz g% (M,/M;)?. Furthermore, in the model with one Higgs
doublet only, there is just the SM neutral Higgs boson, while in the model with two Higgs doublets there are
both neutral and charged Higgs bosons.

Set1 | Set2
Mg+ (GeV) | 200 500
My 4 (GeV) | 100 300

M, (GeV) 100 250

Table 24.1
The two sets of Higgs boson masses used in the analysis.

My/M, =0.03 My/M, = 0.08

0.02(]

r(z-al) / GeV
r(Z-al) / GeV

0,01

0,00

200 a0 600 800 T00C 1200 Ta00 200 700 500 800 000 200 00
Mz / GeV Mz / GeV

Clearly, if a charged Higgs boson is seen at colliders, this would be a direct evidence of physics beyond the
SM. Without Yukawa couplings the charged Higgs bosons cannot directly decay into fermions, and therefore
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the dominant decay channels of the charged Higgs bosons are just two, H* — W+ H and H* — W+ A.
Taking into account that H and A are degenerate in mass, the model discussed here predicts that there are
two main decay channels for H* with the two branching ratios being equal to 1/2. A detailed discussion
of the Higgs phenomenology is postponed to a future work. We can also mention here in passing that if
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the decay channel h — ZZ is kinematically allowed, the SM Higgs boson can be easily found through the
so-called four-lepton golden Higgs channel, h — ZZ — [T1~7ITI~. As in the case with one Higgs doublet,
the total decay width is much smaller than in other models [[13} [14], and therefore a heavy gauge boson is
expected to show up at colliders as a sharp resonance. Finally, in Figure 5 we show ratios of decay widths of
two channels as a function of Mz, and in particular we have chosen to show the following ratios: Leptons to
hadrons, leptons to neutrinos, charged Higgs to neutral Higgs, and W+ bosons to SM Higgs and Z boson.
Recall that in the SM the ratio of leptons to neutrinos is 0.17, and the ratio of leptons to hadrons is 0.05.

Finally, notice that in Figures 1 and 2, although they look very similar, the scale is different. When the ratio
M, /M, is increased from 0.03 to 0.05, the total decay width also increases by a factor ~ 3, because the
couplings of the new gauge boson are now larger. We have also checked that the plot with larger mass ratio
showing the branching fractions cannot be distinguished from the one with smaller mass ratio.

We now consider the case where gx = 0.1 for Set 1 and M, /M; = 0.03. Most of the decay modes remain
the same, apart from the ones into the inert Higgs bosons, for which the coupling now is larger, leading to
larger partial decay widths. Figure 6 shows the effect on the branching ratios. The curves corresponding to
the decays into the inert Higgs bosons preserve their shape, but now they are above the rest. The sign of Yx
has been taken to be positive. If we change the sign of Yx we obtain a similar plot where the branching ratios
for the inert Higgs bosons are slightly larger.

24.3. Conclusion

A model with an extra U(1) and a second Higgs doublet has been investigated. It is assumed that the
fermions and the SM Higgs are neutral under the extra U (1), while the dark Higgs is charged. Thus, Yukawa
couplings for the additional Higgs are not allowed, and the FCNC problem is avoided. From this point of view
the model is similar to the inert 2HDM, although the gauge symmetry is more restrictive than the 25 discrete
symmetry. The massive gauge bosons obtain their masses from two separate mechanisms, namely from
the usual Higgs mechanism, as well as from the Stueckelberg mechanism. The interplay between the heavy
gauge boson and the extended Higgs sector makes the phenomenology of this model very rich. We have
computed the total decay width and all the branching ratios of Z’ as a function of its mass for two different
sets of the Higgs bosons masses. We find that two distinct features of the model are a) a sharp decay width
for the heavy gauge boson, characteristic of the Stueckelberg mechanism like in the corresponding model with
just one Higgs doublet, and b) a pair of charged Higgs bosons with no Yukawa couplings decaying dominantly
into a W+ boson and a neutral Higgs boson H or A, with the two branching ratios being equal to 1/2 each.
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Chapter 25

A new limit of the 1™ — ¢~ decay from
the MEG experiment

Angela Papa

Abstract

A search for the decay u™ — et is going on at PSI. The 2009 collected data from the initial three months
of operation of the MEG experiment yields an upper limit BR(u* — eTv) < 2.8 x 107! (90% C.L.). The
analysis of the combined 2009 and 2010 data sample gives a 90% C.L. upper limit of 2.4 x 10~12, constituting
the most stringent limit on the existence of this decay to date.

25.1. Introduction

Lepton flavour violation (LFV) research is presently one of the most exciting branches of particle physics.
Flavour violating processes, such as u+ — e'+, which are not predicted by the Minimal Standard Model
(SM), are very sensitive to the physics beyond it. Neutrino oscillations are now an established fact, which
can be accomodated in the SM by including right-handed massive neutrinos and mixing. This modified SM
predicts unmeasureable branching ratios (BR) for lepton violating decays. Supersymmetric GUT theories
naturally house finite neutrino masses and predict rather large and measurable branching ratios for LFV de-
cays. The u™ — e™~ process is therefore a powerful tool to investigate physics beyond the SM, since: a) the
present experimental upper limit is BR = 1.2 - 10! at 90% C.L. (by the MEGA collaboration [[{]) and b) su-
persymmetric GUT models, such as SO(10) SUSY-GUT or SU(5) SUSY-GUT, predict BR ~ 1074 — 10711 |
2,13, 14, 5] 6].

The aim of the MEG experiment is to measure the branching ratio of the rare muon decay BR = %

at a sensitivity of ~ 107!, two orders of magnitude better than the present experimental limit and within the
region of theoretical predictions [[7].

To reach this goal, the experiment must use the most intense continuous muon beam available (=~ 10%/s)
and obtain the highest energy, time and space resolutions, today reachable. MEG started to collect data at
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Figure 25.1. The MEG experiment layout.

the end of 2008. During 2009 a large part of the data taking time was devoted to calibration measurements
and detector performance optimizations; a new physics data sample was collected at the end of this year
in 1.5 months of acquisition time. We have continued to take data during 2010 and the final analysis of this
sample is going on. Our final result will include both 2009 and 2010 data samples. A description of the main
features of each subdetector and of the measured resolutions are given and the preliminary results of the
search for u+ — et~ decay based on the 2009 data sample are presented.

The event signature of the u™ — e™ decay at rest is a positron and a photon in timing coincidence, moving
collinearly back-to-back with their energies equal to half the muon mass (m,, /2 = 52.8 MeV). Positive muons
are used because they can be stopped in a target without being captured by a nucleus.

Two kinds of background are present: a) the prompt background from the radiative muon decay, u™ —
etv.,y and b) the uncorrelated background due to an accidental coincidence between a positron from
the normal muon decay ™ — e*v.7, and a high energy photon from radiative muon decay or positron
annihilation in flight. The latter is the main background source and we evaluated its effective branching ratio
at level of < 10713,

~ 10" muons were stopped in the target. A data reduction was performed and the pre-selected events
were further processed. The events falling into a pre-defined window in the E, vs t.., plane (“blinding-box”),
which includes the signal region, were saved in separate hidden files; the © — ey decay was searched
within this sample. The other events (“side-bands”) were used for optimizing the analysis parameters and for
studying the background.

A likelihood analysis was performed to determine the B.R. upper limit on u — e~y decay.

25.2. Experimental set-up

A schematic layout of the MEG detector is shown in the Fig.
Abundant low energy muons can be produced at high intensity proton accelerators. The so-called surface
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muons are obtained by bombarding protons in a thick production target and come out from the two-body de-
cays of positive pions that stop near the surface of the target, with a sharp momentum of approximately 29
MeV/c. Because of their low momentum and narrow momentum spread (typically 8% FWHM), a thin target
(=~ 10mg - cm~2) can be employed, with several advantages: good identification of decay region (thanks also
to the small beam spot size 0, = o, ~ 10mm), low positron momentum degradation, minimum positron
annihilation (a source of v background). The dc beam structure is also extremely important because the ac-
cidental background increases quadratically with the beam rate and this feature gives a lowest instantaneous
background compared to a pulsed beam.

The positron momentum, direction and time are measured by means of a novel spectrometer made by
an array of 16 modules of low-mass drift chambers, inserted in a superconducting magnet, wich supplies a
gradient field along the beam direction (Z-coordinate) with a maximum intensity at the center of 1.25 Tesla.
The non-uniformity of B-field produces a constant projected radius of the positron trajectory, indipendently of
the emitted positron angle and function only of the positron energy. Moreover low momentum positrons are
swept away, without hitting the chambers, avoiding to busy the detector and to have not useful hits in the
recostruction.

Two sectors of 15 scintillating bars, mounted at each end of the spectometer and equipped with PMTs
working in a high magnetic field region, provides the best timing measurement at this energy.

An innovative homogeneous liquid xenon calorimeter performes a precise measurement of the convertion
point, timing and energy of the ~ ray. 846 photomultipliers are fully immersed in the xenon and only the VUV
scintillating light is collect to preserve the rapity of detector based on the short scintillation time constants (22
and 45 ns).

The stability of the all detectors is continuously monitored and the performances are measured by means
of complementary calibration methods. The position, energy and timing resolutions of the calorimeter at an
energy closer to the signal one are determined selecting 55 MeV + ray from the ¥ decay, produced from the
pion charge exchange reaction 7~p — 7%n at rest. Energy calibration and linearity, stability, uniformity and
purity are frequently measured illuminating the inner face of the calorimeter with a sharp gamma line at 17.6
MeV from the resonant reaction Li(p,~)Be. The optical properties of the Xenon and the PMT’s parameters
(gain and QE) are extracted using Point-like Am-a source and LED. A 9 MeV line from the capture in nickel of
neutrons from a pulsed and triggerable deuteron-deuteron neutron generator allows one to check the stability
of the LXe detector even during data taking. The relative time between the TC and LXe detector is monitored
using radiative muon decay events and 2 coincident ~ from the B(p, 2v)C reaction. The absolute scale of
the spectrometer is fixed by the Michel energy spectrum edge and a new method based on monochromatic
Mott scattered positrons has being optimized to be used as standard tool for a deeper understanding of the
spectrometer.

An efficienty and flexible trigger which use only the fast detectors was developed to select with high effi-
ciency the signal and to accomodate the different calibration methods. The DAQ is designed to digitize all
waveforms, with an excellent capability to reject the pile-up. It is based on the multi-GHz domino ring sampler
chip (DRS), which can sample ten analogue input channels into 1024 sampling cells each at speeds of up to
4.5 GHz. The sampling speed for the drift chamber anode and cathode signals is 500 MHz, while that of the
PMT signals from the photon detector and timing counters is 1.6 GHz.

A detailed GEANT 3.21 based Monte Carlo simulation of the full apparatus (transport system and detector)
was developed and used throughout the experiment, from the design and optimization of all sub-systems to
the calculation of acceptances and efficiencies.

25.3. Resuls from 2009 data sample

The data sample analyzed here was collected between September and December 2008 and corresponds
to ~ 9.5 x 10'3 muons stopping in the target. The collected sample is saved and a preliminary data reduction
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is performed. These pre-selected events are further processed. The events falling into a pre-defined
window (“blinding-box”), containing the signal region on the E. -ray and on the ¢..,, were saved in separate
hidden files; the u© — ey decay is searched within this sample. The other events (“side-bands”) are used
for optimizing the analysis parameters and for studying the background. The blinding-box is opened after
completing the optimization of the analysis algorithms and the background studies.

A candidate y© — ey event is characterized by the measurement of five kinematical parameters: positron
energy I, gamma energy F., relative time between positron and gamma t.., and the opening angles be-
tween the two particles 0., and ¢...

A likelihood function is built in terms of the signal and the two kinds of background: the radiative Michel
decay and the accidental background. A probability density function (PDF), depending on the five kinematical
parameters, is associated to each component; the likelihood has the following expression:

L(Nsig, Nevp, Npa) =

NNobsg=N Nt Ngig Nrup Npa
Nl E{N S+—y R+—"B| (25.1)

The signal PDF S is obtained as the product of the PDFs for the five observables (E,, E., t.,, 6., and
®e+). The radiative Michel decay PDF R is the product of the theoretical PDF (in terms of the correlated E.,,
E., 0. and ¢.-), folded with the detector response, and the measured t., PDF (the same of the signal one);
the PDF B is the product of the background spectra for the five observables, which are precisely measured in
the data sample in the side-bands.

The event distributions of the five observables for all events in the analysis window are shown in Fig.
togheter with the projections of the fitted likelihood function. The 90% confidence intervals on Ny;, and Ngarp
are determined by the Feldman-Cousins approach [[8]. A contuour of 90% C.L. on the (N, Nrap)-plane
is constructed by means of a toy Monte Carlo simulation. On each point on the contour, 90% of the simulated
experiments give a likelihood ratio (£/L,...) larger than that of the ratio calculated for the data. The limit for
N4 is obtained from the projection of the contour on the N;,-axis. The obtained upper limit at 90% C.L.
is Ngg < 14.7, where the systematic error is included. The largest contributions to the systematic error are
from the uncertainty of the selection of photon pile-up events, the photon energy scale, the response function
of the positron energy and the positron angular resolution.

The upper limit on BR(u™ — ') was calculated by the C.L. intervals normalizing the upper limit on
N4 to the Michel positrons counted simultaneously with the signal, with the same analysis cuts, assuming
BR(ut — e*r.7,) =~ 1. This method has the advantage of being indipendent of the instantaneous beam rate
and is nearly insensitive to the positron acceptance and efficiency factors associated with the DCH and TC,
which differ only for small momentum dependent effects between the signal and the normalization sample.

The branching ratio can be written as:

Neg B el ATC DCH 1
BR(/J+ e+7) — g X CVV eVl o evy y “evv X (252)
trg
Neww P ce " ATC DO N AE T

where N,z is the number of detected Michel positrons with 50 < E, < 56 MeV; P is the prescale factor in
the trigger used to select Michel positrons; 7Z_ is the fraction of Michel positron spectrum above 50 MeV;

egg‘l/ez;% is the ratio of signal-to-Michel trigger efficiencies; AZVC/AST,% is the ratio of the signal-to-Michel
DCH-TC matching efficiency; e2# /eDCH is the ratio signal-to-Michel DCH recostruction efficiency and

acceptance; AZ, is the geometrical acceptance for gamma signal given an accepted signal positron; .. is
the efficiency of gamma recostruction and selection criteria.

The quoted limit on the branching ratio of the u+ — e* decay is therefore:
BR(u" — eTy) <2.8 x 107 (90%C.L.) (25.3)
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Figure 25.2. The event distributions of the five observables for all events in the analysis window. The blu line
shows the projections of the fitted likelihood function.
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where the systemetic uncertainty on the normalization is taken into account [[9].

The analysis of the 2010 data is now finished and the results of both 2009 and 2010 data are available.
The likelihood analysis of the combined data sample, which corresponds to a total of 1.8 x 10'* muon decays,
gives an upper limit of:

BR(u" — eTy) < 2.4 x 10712 (90%C.L.) (25.4)

This is the most stringent limit on the existence of this decay to date [[10].
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Chapter 26

Viability of the exact tri-bimaximal
mixing at the GUT scale in SO(10)

Anjan S. Joshipura and Ketan M. Patel

Abstract

We derive the most general structures of the charged lepton and the neutrino mixing matrices which lead to
tri-bimaximal leptonic mixing. By integrating them into an SO(10) model, we show that one can obtain
excellent fits to all the fermion masses and quark mixing angles keeping tri-bimaximal leptonic mixing intact.
We also consider different perturbations to the basic structure which can/cannot account for the recent T2K
and MINOS results on the reactor mixing angle 6! ;.

26.1. Introduction

The Tri-bimaximal (TBM) mixing in the lepton sector [[{] provides a very important clue in search of pos-
sible flavour structure [ 2] which governs the leptonic masses and mixing angles. The exact TBM predicts
vanishing reactor mixing angle 9113 which can be reconciled with the recent T2K [[3] (MINOS [ 4]) results at
2.5¢0 (1.60) and with the global analysis [[5] |6] at about 3¢. This suggests that the TBM may be good zeroth
order approximation which needs perturbations affecting mainly the reactor mixing angle. While such pertur-
bations may arise from some underlying flavor symmetry, it would be more appropriate if some independent
mechanism like grand unified theory (GUT) governs these perturbations. On the other hand, incorporation of
the exact TBM mixing into GUTs is a nontrivial task. This becomes more challenging in the case of SO(10)
based GUTs since all fermions in a given generation are completely unified into a 16 dimensional irreducible
representation of SO(10) and imposition of the TBM structure on the leptonic mass matrices also constrains
the quark mass matrices. It is not known whether the requirement of the exact TBM mixing among leptons
is consistent with the quark masses and mixing. In this talk, we discuss this issue and present the detailed
analysis of the exact TBM structure and perturbations to it within a grand unified model based on SO(10)
gauge symmetry.
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26.2. The exact TBM leptonic mixing in SO(10) Model

The most general structures of the neutrino mixing matrix M, and the left handed charged lepton mixing
matrix U; which lead to the exact TBM leptonic mixing are derived in [[7]. We briefly discuss them here. It
is well known that the neutrino mass matrix in the flavour basis M, ; leads to the exact TBM mixing if it is
invariant under a Z» x Zs symmetry whose elements are

1 1 2 2 100
Sy = 3 2 -1 2 and S3=| 0 0 1 |, (26.1)
2 2 -1 010
i.e. M, ¢ must satisfy
S5 aMyySaz = Myy. (26.2)

Let us now find out the circumstances under which the above condition is satisfied. One can always choose
a specific basis in which the original neutrino mass matrix M, exhibits the TBM structure and thus satisfies
52T~3Ml,52,3 = M, . In this basis, if U; (which denote the mixing matrix among the left handed charged
leptons) itself is Z, x Z, symmetric, i.e. satisfies

S5 3U1S23 = U, (26.3)

then M, ; will also satisfy Eq. (26.2) and thus would exhibit the TBM structure. It is shown in [[7] that such U,
can be parameterized as

"
53

S0

i 7 i v 1 E ] 1 V2 1
Uy=e*PUP and U= | % —5lco+e?) —5(co—e?) |, (26.4)
% —%(ce ) —%(09 + €%)

where P, = diag.(1,¢%, ¢*?) is a diagonal phase matrix and tan # = —2+/2 cos 3. U is thus fully determined
by three phase angles «, 8 and 6.

Let us now integrate the above leptonic structures into an SO(10) model. For the simplification that allow us
to obtain quantitative description, we assume: (1) a supersymmetric SO(10) model with Higgs transforming
as 10, 126, 120 representations of SO(10), (2) the generalized parity [ 8] leading to Hermitian mass matrices
and (3) the type-Il seesaw dominance. The fermion mass relations in this case after electroweak symmetry
breaking can be written in their most general forms as [8]:

My =H + F +1iG, M, =r(H + sF +it, G);
M; = H - 3F + it; G, Mp =r(H —3sF +itp G );
My, =r.F; Mg =rx'F. (26.5)
where (G) H, F are real (anti)symmetric matrices. r, s,t;,tu,tp, rr, rr are dimensionless real parameters.

The effective neutrino mass matrix for three light neutrinos resulting after the seesaw mechanism can be
written as

M, =rpF —rgMpF*M}E = M + M! . (26.6)

The first term proportional to F' denotes type-Il seesaw contribution. We shall assume that M, is entirely
given by this term and subsequently analyze the effect of a small type-1 corrections on the numerical solution
found.
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One can always rotate the 16-plet fermions in generation space in such a way that M, « F is diagonalized
by the TBM matrix. I — RTFR = Frpy = Orpy Diag.(f1, f2, f3) O% 5, where fi are now real eigen-
values of F' and the Or g,/ is tri-bimaximal orthogonal matrix. The matrix (G)H maintains its (anti)symmetric
form in such basis. The charged lepton mass matrix in Eq. can be rewritten as

H +it;G = V,D,V;' + 3Frpar , (26.7)

where D; is a diagonal charged lepton mass matrix. V; is a unitary matrix that diagonalizes M; and contains
nine free parameters in the most general situation.

We perform the y? fitting to study the viability of Eq. with the experimentally observed values of
fermion masses and mixing angles. The details of numerical analysis are given in [ [7]. We shall present
numerical analysis in two different cases. (A) Corresponding to the most general V; and (B) with V; = U
given as in Egs. (26.4). The case (A) has already been studied numerically in [[8], 9]. We refine this analysis
taking into account the results of the most recent global fits [ 5] to neutrino data. This also serves as a
benchmark with which to compare the case (B) which leads to the exact TBM at Mqayr. The results of
numerical analysis are displayed in Table [26.1]

Case A Case B
Observables Fitted value Pull Fitted value Pull
mg[MeV] 1.2339 —0.0148738 1.22098 —0.0463899
ms[MeV] 21.7214 0.00411949 21.9922 0.0561874
mp[GeV] 1.06614 0.0438763 1.16345 0.738942
mo [MeV] 0.550018 0.000073755 0.550234 0.000936368
me[GeV] 0.209977 —0.00111886 0.209952 —0.00230315
m¢[GeV] 82.5278 0.00421748 82.5855 0.00612198
me[MeV] 0.3585 - 0.3585 -
m, [MeV] 75.672 - 75.672 -
m,[GeV] 1.2922 - 1.2922 -
(Amg )
s 0.0323 - 0.031875 -
Amiy
sin 09, 0.224299 —0.000688878 0.2243 0.0002182
sin 0, 0.0351032 0.00246952 0.0350951 —0.0038047
sin 0%, 0.00320513 0.0102511 0.00319436 | —0.0112796
sin? 6!, 0.306119 0.00660722 0.3333 -
sin? 05, 0.418475 —0.0508353 0.5 -
sin? 0%, 0.0207708 —0.0286467 0 -
Jep 2.19 x 107° | —0.0183401 2.21 x 107° 0.0194165
SMNS 282.396 — — —
Xin 0.0061 0.5519

Table 26.1
Best fit solutions for fermion masses and mixing obtained in the SUSY SO(10) model with 10 + 126 + 120
Higgs assuming (A) the general (non TBM) leptonic mixing and (B) exact TBM leptonic mixing with U; of
Egs. (26.4). The predictions of different approaches are shown in boldface.

We obtain an excellent fit corresponding to x2,.,, = 0.552 (x2,,,,/d.o.f. = 0.276) in the case of exact TBM
leptonic mixing. Only the fitted value of m,; deviates slightly from the central value with a 0.74¢ pull. All the
remaining observables are fitted within 0.060. The obtained fit is not significantly different from the general
case (A), in which we obtain x2,,,/d.o.f. = 0.0061, showing that all the fermion masses and mixing angles
can be nicely reproduced along with the exact TBM within the SO(10) framework discussed here.

26.3. Perturbations to the exact TBM mixing

The TBM is an ideal situation and various perturbations to this can arise in the model. A deviation from
tri-bimaximality can arise in the model due to the following reasons.
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1. The quantum corrections due to running from Mgy to M.
2. Contribution from the sub dominant type-l seesaw term in Eq. (26.6).
3. Corrections from the charged leptons due to the the breaking of the Z5 x Z5 symmetry in U;.

The effect of (1) is known to be negligible [[10] in case of the hierarchical neutrino mass spectrum which
we obtain here. We quantitatively discuss the implications of the other two scenarios via detailed numerical
analysis.

26.3.1. Perturbation from type-l seesaw

Depending on the GUT symmetry breaking pattern and parameters in the superpotential of the theory, a
type-l seesaw contribution can be dominant or sub dominant compared to type-ll but it is always present
and can generate deviations in an exact TBM mixing pattern in general. In the approach pursued here it is
assumed that such contribution remains sub dominant and generates a small perturbation in dominant type-I|
spectrum. Eq. can be rewritten as

M, =rp(F —¢MpF~ ' Mp) (26.8)

where £ = rr/r;, determine the relative contribution of type-1 term in the neutrino mass matrix.

The second term in Eq. brings in two new parameters £ and tp present in the definition of Mp in
Eq. which generate departure from the exact TBM. For the quantitative analysis of this deviation, we
randomly vary the parameters ¢ and ¢t p and evaluate the neutrino masses and mixing angles. The correlations
between different leptonic mixing angles found from such analysis are shown in Fig. (1) in [[7].

It is found that the perturbation induced by type-I term cannot generate considerable deviation in the reactor
angle. In particular, requiring that sin? A%, remains within the 3¢ range puts an upper bound sin? 645 < 0.0002
which does not agree with the latest results from T2K and MINOS showing that a small perturbation from
type-1 term cannot be consistent with data when the type-Il term displays exact TBM.

26.3.2. Perturbation from the charged lepton mixing

Perturbation to TBM arise when U; deviates from its Z, x Z, symmetric form given in Eq. (26.4). In this
case, the neutrino mass matrix has TBM structure but the charged lepton mixing leads to departure from it.
This case has been considered in the general context [ [11] as well as in SO(10) context [[9]. Within our
approach, we simultaneously perturb all three mixing angles and look at the quality of fit compared to the
exact TBM case. For this we choose U, to be a general unitary matrix and repeat the analysis in case (A).
There, we have fitted the solar and the atmospheric mixing angles to their low energy values given in [[5].
Here, we pin down specific values of the lepton mixing angles p; by modifying the definition of x? function.
Further details of such an analysis are given in [[7]. The results are displayed in Fig. (26.1).

The green points represent very good fit in which all the observables are fitted within 1. The obtained fit
shown by the blue points is not as good as the previous one but it is statistically acceptable. The red points
represent poor fit which can be ruled out at 95% confidence level. Fig. shows definite correlations be-
tween 6, and 6%,. It is also seen that the entire range 0.001 < sin”® #}, < 0.044 is consistent with statistically
acceptable fits to fermion spectrum. This is to be contrasted with the previous case where perturbation from
type-1 seesaw term led to an upper bound. The bounds obtained numerically allows us to clearly distinguish
the case of the exact TBM at Mgy in comparison to the one in which the charged leptons lead to departures
from the tri-bimaximality.

26.4. Conclusion

In conclusion, we have analyzed the viability of the exact TBM lepton mixing in the context of the grand
unified SO(10) theory taking a specific model as an example. It is shown that excellent fits to all the fermion
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Figure 26.1. Correlations among the lepton mixing angles in case of the most general charged lepton mixing
matrix U;. The points with different colors correspond to ¥2,,,, < 1 (green), 1 < 2. < 4 (blue) and x2,,,, > 4
(red).

masses and quark mixing angles can be obtained keeping tri-bimaximal leptonic mixing intact. The existence
of TBM at the GUT scale may be inferred by considering its breaking which can arise in the model and the
reactor mixing angle is found to be a good pointer to this. It is found that the quantum corrections and correc-
tions coming from type-| seesaw are disfavored by the recent T2K and MINOS results while the corrections
coming from the charged lepton mixing matrix can account for the T2K and MINOS results being consistent
with the detailed description of all the fermion masses and mixing angles.
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Chapter 27

State of the Art of the MS;IESM

U. J. Saldana Salazar

Abstract

The Minimal Ss3-Invariant Extension of the Standard Model (MS5IESM) is formulated by introducing in the
theory three Higgs fields that are SU(2), doublets and a flavour permutational symmetry, Sz, in addition to
the Majorana nature of massive neutrinos. In this way, the concept of flavour is extended to the Higgs sector
and, hence, taken to a more fundamental level. The state of the art of the present model is first discussed
and then, inspired in the already solved lepton sector, a Z> symmetry is introduced in the quark sector to
achieve a further reduction in the number of free parameters. The study of the latter leads to conclude that
a Z, symmetry is too constrictive and that a further analysis without it is needed. | end up making some
meaningful remarks about the most general Ss-invariant Higgs potential that need to be taken into account.

27.1. Introduction

The Standard Model (SM) has been succesful in describing the fundamental interactions between elemen-
tary particles. It is based upon the gauge symmetry group: Gy = SU(3)e ® SU(2)r, ® U(1)y. When
the experimental precision improved it brought about a better understanding of the theory from the particle
physicist point of view. Since then, the SM has been tested at every kind of imaginable experiment. Given
its vast range of achieved predictions, it has become a very prestigious theory, but the story didn’t have a
happy ending, because when the massive nature of neutrinos in 1998 was finally confirmed the SM got its
biggest hole. Which of course was rapidly covered by the introduction of the Majorana massive nature for
neutral fermions, considering that Dirac neutrinos couldn’t provide a natural explanation of the smallness of
their masses.

Other kind of open problems in the SM, just to mention some of them, are: the large number of free
parameters, the mass hierarchy of fermions, the origin of the quark and lepton mixing patterns, that there are
three and only three generations of fundamental particles, etc. The latter is called the flavour problem.
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27.2. The Minimal Ss-Invariant Extension of the Standard Model

Since the late 60’s, a lot of work on how to relate the different families has been carried on, most of it
motivated by the fact that the Cabibbo angle can be expressed as a quark mass ratio [[13} 2, (3] |4} |5} 6], [7, (8],
0 = \/ma/ms.

In the following subsections, | will try to give a straightforward reasoning to show, how by demanding
simplicity to a flavour extension of the SM we are inevitably taken to the construction of the Minimal Ss3-
Invariant Extension of the Standard Model (MS3IESM), and, as an extraordinary consequence, we are brought
to a natural correspondence between experiment and theory.

27.2.1. A bottom-up approach

Following a bottom-up approach, the simplest way to extend the SM, in order to give an explanation to
some of the problems stated above, is the introduction of a flavour symmetry. By doing this, we are taking
into account that families are indistinguishable before introducing the Yukawa interactions. But, what kind of
symmetry are we going to use? If we wish to avoid the appearance of Goldstone bosons or flavons then we
need to focus only on discrete flavour symmetries.

In 1977, F. Wilczek et al [ 9] stated, that mixing angles and masses, are possibly generated by the same
dynamical mechanism and therefore, if this possibility is a fact, they should be somehow related. In the
majority of the flavour models, it has been found, that a flavoured Higgs mechanism serves for this purpose,
by relating mass ratios to mixing angles. Thus, the need to find a symmetry group that is capable of doing
this task in the most natural and simplest way, is of major importance and pressing.

In 1978, Barbieri et al [[{10] showed that under the gauge group SU(2), ® U(1)y of the SM, it is not posible
to reproduce the Cabibbo angle in terms of quark mass ratios under the assumption of any abelian discrete
symmetry and an arbitrary number of Higgs and families. Then, the only possibility left is a non-abelian
discrete symmetry. In 1979, D. Wyler [[11] showed that by using a non-abelian discrete symmetry and by
introducing at least three Higgs weak doublets, it becomes possible to express the Cabibbo angle in terms of
quark mass ratios. Rephrasing the results stated before: Barbieri et al showed that when Flavor Changing
Neutral Currents (FCNC’s) are strictly forbidden, and therefore an abelian discrete symmetry is used, then,
it becomes impossible to express the mixing angles in terms of mass ratios even with an arbitrary number
of Higgs bosons and families; but, if we allow FCNC’s to occur, then, we can use a non-abelian discrete
symmetry, and, when conservation of the flavour symmetry is assumed, D. Wyler showed, that then, we need
to introduce at least three Higgs weak doublets.

Hence, by demanding simplicity in the theory we are forced to introduce the simplest non-abelian discrete
flavour symmetry, that is, the permutational symmetry S5. And, since we want to test a model with its flavour
symmetry conserved, we minimally extend the scalar sector by adding two more Higgs weak doublets. As
an extraordinary consequence of having now three Higgs weak doublets, the concept of flavour is taken to a
more fundamental level, because now, the Higgs sector is flavoured in the same way as all fermions.

27.2.2. The permutational symmetry S5

Ss is the symmetry group of permutations of three objects. It has six elements, the smallest number of
elements in non-abelian discrete groups. It has three irreducible representations (irreps): a doublet 2, and
two singlets, 15 and 14, symmetric and antisymmetric, respectively. Choosing a three dimensional real
representation of the group, in accordance with the dimension of the mass matrices, we are led to have only
two irreps, whose projectors satisfy: Py + P2 = 13x3.

The direct products of irreps, including the antisymmetric singlet, are: 1s ® 1g = 15, 14 ® 14 = 1g,
1AR1s=14,1502=2,14,R2=2,and2R2 =1, P15 D 2.
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27.2.3. Assignment of families to S; irreps

Mass values individually can not show us any relation between different families. A direct comparison
between the known fermion masses can only give us information about the minimum energy scale in which the
particles may be created. To unveil the family or flavour structure in each fermion sector, it is only necessary
to consider the mass ratios obtained by dividing masses over the largest of each sector. The fermion mass
spectrum takes a form in which the flavour structure becomes readible, see Figure [27.1]

I m

Laptonz = * s

IO m

Quatk= d =« .

1o m

Quakzu - .

L 1 1 L 1 L L 1 1 1 L L 1 1 L L 1 1 1 L 1 L L 1 1
-0.2 0.0 0.2 0.4 0.6 0.2 1.0

m; | m

Figure 27.1. The flavour structure unveiled from the charged fermions mass spectrum. The indices |, Il and
[l refer to the family index.

It's now clear how the assignment should be done: the first two families in the doublet representation, 2,
and the third family in the symmetric singlet representation, 1.

The natural correspondence between the Ss irreps in the three dimensional real representation and the
flavour structure may also be seen as a posteriori argument on why S3 should be chosen as the flavour
symmetry.

27.2.4. Flavoured Yukawa interactions and the generic mass matrix for Dirac fermions

Once we have gathered all the necessary group symmetry ingredients into our theory, then we are ready
for the construction of the two physical flavour theoretical elements: the Yukawa Lagrangian and the Higgs
potential. In this subsection I will only discuss the Yukawa Lagrangian.

The most general S3-invariant renormalizable Yukawa Lagrangian is constructed by asking that the product
of left and right fermionic fields with a Higgs field is invariant under S3 ® Ggys. In this way, the Yukawa
Lagrangian is given by [[12]:

Ly =Ly, + Ly, + Ly, + Ly,
where,

Ly, = =Y{'QHsdir—Y{Q3Hsdsr—Y5'[QrrsHidsr+QnrsHad ) - Y{ Q3 Hidir—Y5'Q Hidsr+h.c.,
Ly, = =YV Q(ioa)Hiurr — Y3'Qy(ioe) Hsusr — Y3' [Q ks (io2) Hi usr + Qpiry(io2) Hyusr]—

Y Qs(io2)Hiurg — Y5'Q  (io2) Hiuzg + h.c., B B B

Ly, = =Y{LiHserp—Y5L3Hsesp — Y5 [LrkyjHiejr+ LimryHae g = Yi LsHrerr — Y5 LHresr + h.c.,
,Cyl;: —YIVLI(Z'UQ)nglR — YESVL3(7;O'2)H§V33 — }/QV[LIHIJ(Z'O'Q)HTVJR + L[/]/][L](/L.O'Q)H;VJR} —
Y4VL3<iO'2)H}kV]R — YVSULI(Z'UQ)H}KV?,R + h.c.,

with:

0 1 1 0
Ii—(l 0), n—(o _1> I,J=1,2.

After the spontaneous electroweak-symmetry breaking, the Higgses acquire a vacuum expectation value
(vev) and with this, the Yukawa terms become mass terms for all fermions. The generic mass matrix for Dirac
fermions is [[13, [14]:
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—2Y1vs — 2Y50o —2Y51, —2Y,11
Mf = —2Y51, —2Y1vs + 2Yovy  —2Yyvs |,
—2}/51)1 —2}/51)2 —2Y3US

where the vev’s satisfy the SM relation: v12 + v22 4+ 1,2 ~ (%GeV)Q.
In the following sections it will be assumed a Majorana nature for massive neutrinos and, in order to achieve
a further reduction in the number of free parameters, we will take v; = vy #£ 0 [[15].

27.2.5. Some highlights of the published work

The S5 flavour symmetry has been analitical and numerically tested in different types of models [[11,[12][13]
141 15,16l 17, (18, 19| 20| 21} [22] 23, 24} [25], 26], 27, 28] 29, [30, 131}, [32} 133,134} [37]. The following published
results come from a similar extension as the one described here, and are intended to give a sample of how
well works the model:

e Numerical analysis of the quark mixing matrix, without introducing a Z, symmetry, is in good agreement
with experimental data [[12] [16].

e By adding a Z; symmetry to the lepton sector that forbade some Yukawa couplings, the mass and
mixing flavour structure of the lepton sector was succesfully reproduced [ (33, 34} [35]:

— The leptonic mixing angles were successfully expressed in terms of lepton mass ratios.
— It predicts an inverted hierarchy for massive neutrinos.

— A predicted value for the lepton mixing angle 6% ~ 0.0034, which now, with the new T2K and
MINOS updated values, is well below the global fit lower bound 0.01 < 6757 < 0.154 at +10 [[36].

— The FCNC'’s contribution, da,,, to the anomaly of the muon’s magnetic moment is smaller than or
of the order of 6% of the discrepancy Aa,,, between the experimental value and the SM prediction,

da,
S 2 0.06.

— Branching ratios were computed for leptonic processes via FCNC’s as 1 — ey and u — 3e and it
gave for these particular processes 2.42 x 10720 and 2.53 x 10716, respectively.

27.2.6. Some new results

In the first subsection, the stated purpose of this work was to do a similar treatment of the number of quark
free parameters as in the lepton sector, and, for the second subsection, to remade the calculation of the most
general Ss-invariant Higgs potential.

27.2.7. A Z; symmetry in the quark sector

The lepton sector was analitically solved by introducing a Z5; symmetry which forbade some of the Yukawa
couplings. This reduction in the number of the free parameters allowed us to reparametrize the lepton mass
matrices in terms of lepton mass ratios. Could this restriction have the same effect in the quark sector? We
studied the interdependence between different Yukawa couplings, in such a manner that whenever we forbid
one coupling as a consequence another one could be necessarily zero.

Studying the particular v; = vy # 0 case, all the different allowed combinations of zeroes, in the quark
mass matrices, gave us all the possible invariant under S5 ® Z, matrix forms that we could get. Considering
the same matrix form for both quark sectors, we found, both analitical and numerically, that a Z5 symmetry in
the quark sector is too constrictive, because the predicted Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix
can not reproduce the experimental values and moreover does not depend dominantly on the quark mass
ratios.

An important remark on these results comes from the fact that the predicted Pontecorvo-Maki-Nakagawa-
Sakata PMNS matrix depends poorly on the lepton mass ratios, but this is not seen as a bad feature because
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we know that the TriBiMaximal (TBM) form shares this behavior, but, in the case of the CKM mixing matrix,
from the Wolfenstein Parametrization we know that mostly all of the dependence comes from a single mass
ratio, 0. ~ \/ma/ms, hence we expect to see this dominant nature of the Cabibbo angle in any reparametriza-
tion faithful to the flavour structure.

27.2.8. The most general Ss-invariant Higgs potential

In past references [ [11], 13| (14, [15] 19, 21} 22| [23} [24], 25, [28], [37] the expression written by each one of
these authors and claimed as the most general Ss-invariant Higgs potential, differs when compared with the
others. We believe the origin of this confusion comes from the fact that the Higgs fields carry flavour and weak
indexes, and these features were not taken correctly into account. Because the Higgs phenomenology of this
model depends on the Higgs potential, we repeated the calculation and we found some meaningful remarks.
We briefly sketch how we did it and we give one example of an S5 invariant term.

The first step consists in finding all the different linearly independent product combinations of irreps, that
according to the flavour symmetry group make an invariant term. We assign a different coupling for each
linearly independent term formed. After that, the second step consists in contracting all the different and
independent combinations of the SU(2), indices which makes an invariant for each flavour singlet found. In
this way, the flavour symmetry is preserved at the highest level of symmetry. The next example should clarify
our point.

Each S5 invariant term, for example: (2 ® 2)s ® (2 ® 2)g = 1g,, has its own coupling; is obtained first
as a tensorial product of two or four irreps, followed by all the appropriate contractions of weak indexes. In
terms of fields, it's clear how by contracting different combinations of weak indexes each term may give rise
to different structures:

%(HIlew + H;wH2w)2a
5[, Hiw)? + (H}, Hau)® + (H, Haw) + (Hy, Hiw)?),
%[(HIlew)2 + (H;U)HQU’)Q + (HIwH2w)2 + (H;u;Hl’w)Q]'

The most general Ss3-invariant Higgs potential is found to have only six independent couplings:
Vi = p3(H Hs) + p, (H{ Hy + HY Hy) + a(HLHg)? + b fij [(HE Hy ) (HT Hy) + hc] + | (HE Hy ) (H{ Hg) +
(HYHo)(HSHs) + (HSH)? + (HSHa)? + (H{Hs)? + (H} Hs)? + (HS Hg) (H] Hy + HYHy)] + (d +
HIH{Hy — H{Hy)? + (H{ Hy + HYH))?| + (d + 2f)(H{H\ + H}H3)* + (d + e — 2 )(H{ Hy — H}H,)?,

where a, b, ¢, ..., f are constants; 1, 2, and S are flavour indexes for the doublet components and the symmetric
singlet irrep of S5, respectively; fii12 = fi21 = fa11 = — fa22 = 1, whereas all the rest are zero.

27.2.9. Conclusions and remarks

The MS31ESM was constructed by asking simplicity in a flavour extension of the SM, this meant an S5 non-
abelian flavour symmetry and the introduction of two more Higgs weak doublets, and, by the latter addition,
the concept of flavour was taken to a more fundamental level, namely the Higgs sector. It has been found
to be a simple model that reflects the flavour structure of the fundamental particles in good agreement with
experiment.

From the results highlighted in section 2.2.5 we may conclude that the state of the art of the MS3IESM
shows interesting features, such as how well suppresed are the FCNC’s in the model, as well as others. The
only point that now it’s not in accordance with experiment, is the leptonic mixing angle 6,35 which is well below
the latest global fit lower bound.

Finally, some new results were discussed: an introduction of a Z> symmetry in the quark sector was tried,
inspired in the solution of the leptonic sector, but, it was found that it is too constrictive; the steps to construct
the most general Ss-invariant Higgs potential were remarked and when using them the Higgs potential was
found to have only six independent couplings.
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Chapter 28

Leptogenesis and Flavor Models

H. Serddio

Abstract

Based on symmetry arguments, it is shown that in type-l seesaw models the Dirac-neutrino Yukawa cou-
pling combination relevant for leptogenesis is diagonal in the physical basis where the charged leptons and
heavy Majorana neutrinos are diagonal. This will lead to vanishing leptogenesis CP asymmetries in leading
order. Type-ll seesaw flavor models are not so restrictive and in general will allow for leptogenesis.

28.1. Introduction

The fact that neutrinos oscillate, and therefore have mass, was one of the first evidences for physics beyond
the Standard Model (SM). The smallness of neutrino masses and the existence of two large mixing angles,
the solar 815 ~ 34° and atmospheric 023 ~ 45° (for detailed analysis see ref. [[1]), put the leptonic and quark
sectors in a quite different foot. The SM fails in explaining these mixing patterns and mass spectrum. Another
intriguing fact is the observed asymmetry between matter and antimatter in our Universe. From the analysis
of the Wilkinson Microwave Anisotropy Probe (WMAP) seven-year data combined with the baryon acoustic
oscillations it is inferred that the baryon to photon asymmetry is [12]

ng = ”iﬂ — (6.20+0.15) x 10710, (28.1)
Y

with np (ng) the number density of baryons (antibaryons). Once more, the SM fails in explaining this value.

Among the mechanisms to explain both neutrino masses and the baryon asymmetry in the Universe, the
seesaw became very popular since it can provide a natural solution to both problems (for recent reviews
see refs. [ 3] 4]). In the type-l seesaw, right-handed neutrinos vp, are introduced in the SM, leading to the
extended Lagrangian

Uy 4 7 b 1
L=Lgy+ u/Rw,ﬁ‘ VRi — Yaigad)VRi + §VR’L (MR)ij VRj +H.c.| , (282)

where the masses of the right-handed neutrinos, M;, are expected to be very large, such that they decouple
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and at low-energies the Lagrangian becomes, after spontaneous symmetry breaking,

Legr = Lom + 57Li (my); vy + He. with m, = mpMg 'mp”, (28.3)
where mp = vY. We then get a scale for the light neutrinos of the order v?/M, leading to very small
neutrino masses for large M. Within this framework, the three Sakharov conditions necessary for a dynamical
generation of a baryon asymmetry are naturally fulfilled: (i) lepton number violation is introduced by the
Majorana mass term, and nonperturbative (B+L)-violating sphaleron processes will then partially convert it
into a baryon asymmetry; (ii) complex Yukawa couplings in the neutrino sector provide the necessary source
of CP violation; (iii) departure from thermal equilibrium is achieved through the decay of the heavy right-
handed neutrinos above the electroweak scale.

Type-| Type-lI

a s 0 @ L,
P £ Ay
f—— Agmmd P
~ N 4
LY —
3 NG A 4’,;-?

(b)

Figure 28.1. (a) Type-l seesaw leptogenesis diagrams: Decay of the heavy neutrinos at tree level and one
loop; (b) Type-ll seesaw leptogenesis diagrams. Decay of the heavy scalar triplets at tree level and one loop.

The CP asymmetry generated in the decay of the heavy mass eigenstates, IV;, is given by the interference
between tree-level and one-loop diagrams, as presented in Fig. [28.1f,

L (N; = ¢ly) — T (N; — ¢ly)

€; EZﬂ I(N; — ¢€ﬂ) +T (NZ N ¢Tzﬂ) 054
:87&{- > M [YLH; Y] (F(2) + g(x) +Im[YLH; Y] g ()}
"t
where H=Y'Y, z = ]V[f/Mf,
f@) =VE[l- (o) +a ], o) = Y200 sy (28.5)

(x = 1)2 +T%, /M}

and I'y, = H;;M;/(8) is the total tree-level decay rate of N;. Summing over the charged-lepton flavors, as
usually done for temperatures above 10'2 GeV when flavors are indistinguishable, one obtains the unflavored
asymmetry

6= = gﬂlﬂ,, > Im[HE] (f(2) +9(2)) - (28.6)
a g

Another very popular seesaw is the type-Il, where heavy scalar triplets are added to the SM. In this case,
the relevant Lagrangian terms are

Aq —AT/V2

L=Lsn—Yosl0ls—MZTr [AIAL] —p1a Mad" Aud+He .., Ay = <_Aa+/\/§ N ) , (28.7)
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where the dots denote other terms in the scalar potential. After the scalar heavy fields decouple we get again
the Lagrangian in Eq. with the effective neutrino mass matrix given now by m, =25 pav? /MY,
The three Sakharov conditions are also fulfilled in this seesaw framework, with the only difference that in
this case the departure from thermal equilibrium is achieved through the decay of the heavy scalar fields.
The CP asymmetry generated from the interference of the diagrams depicted in Fig. for each triplet
(AG, AT AT s

— — * a bx
B _9 DA, = by +Llg) —T (Aa — Lo + gﬁ) _ _g(xb) Caplm [NanYaﬁYaﬁ} (b +# a)
S T A ol () FT (B o Ta b 0) 21 Tl ’

(28.8)

where cop = 2 — dap for 62 and AFT, cop = 1 for Af; 2, = MZ/M? and the one-loop self-energy function
g(myp) is given by Eq. (28.5) with the replacement F?Vj /M? — T2/M2, being T, the total triplet tree-level
decay. Again, summing over the flavor states we obtain the unflavored CP-asymmetry

g(xs) caplm {pzmTr [Y Y1)}
2 TrYY] + |pa?

(b+#a). (28.9)

€q — —

If the Universe reheats to a thermal bath after inflation, the baryon-to-photon number ratio n5 can then be
estimated for any of the seesaw types as the product of three suppression factors:

np =(leptonic CP-asymmetry ¢) x (washout processes) x (chemical equilibrium).

28.2. Leptogenesis in type-l seesaw flavor models

In flavor models the breaking of the flavor symmetry usually leads to some residual symmetry and/or some
very particular mass-independent textures. Let us discuss the consequences for leptogenesis due to the
presence of these two features in flavor models, following ref. [[5]. In what follows, since mp « Y, there will
be no distinction between both matrices (when this is not the case our conclusions for leptogenesis may not
be valid, see for instance ref. [16]).

28.2.1. Lagrangian residual symmetry

We start by resuming some results concerning the algebra of symmetric matrices. Any symmetric matrix
and, in particular, the 3 x 3 effective Majorana mass matrix for light neutrinos m, (and the heavy Majorana
mass matrix Mg), has the symmetry

6Lim, 6L =m, , (28.10)

where Gy, is a unitary matrix. The matrix m, can be diagonalized through a unitary matrix U, such that
U!/m,U? = d,, where d,, = diag(my, ma, m3), with m; real and positive. One, therefore, obtains

Gld, Gy =d,, where G =UlGLU,. (28.11)

It is clear that after the diagonalization of the Majorana mass matrix m,,, there is always a freedom to redefine
the Majorana fields v;; — £ v, . Obviously, this transformation corresponds to the Zy x Zy x Z, symmetry
group and leaves d, diagonal, real and positive. If Gf, belongs to SU(3) then the symmetry is reduced to
Zs x Zy. Note also that the symmetry group of Gy, is also the symmetry group of G, since they are connected
by a similarity transformation. The symmetry group could be enlarge if some degeneracy is present.
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We shall explore the consequences of having the symmetry of mass matrices as a residual symmetry
of the Lagrangian. This condition requires the Eq. (28.2) to be invariant under the transformations v;, —
OLvr, Vr — GrVR, leading to the symmetry relations

G.'mpGr =mp, Gr"MrGr = Mg . (28.12)
In the basis where the heavy Majorana neutrinos are diagonal one can rewrite the symmetry equations as
Gr'™HGr' =H, Gr'"drGr'=dr, with Gr’'=Ur'GrUr, (28.13)

where dg = diag(M;, My, M3) and Ug is the matrix that diagonalizes M. The consequences of these
relations for leptogenesis can be stated in two cases:

e No degeneracy in the right-handed Majorana sector.

The second equation in Eq. requires the Z, x Zy x Zy symmetry generators Gr' to be diagonal.
The latter are given by Gr1' = diag(1, 1, —1), Gra' = diag(1,—1,1) and Grs' = diag(—1,1,1). The
action of any two of these matrices in the first relation of Eq. would then enforce H to be
diagonal. This is turn implies a vanishing leptogenesis asymmetry, as can be seen from Eq. (28.4).
Clearly, if one imposes a single Z, symmetry as the residual symmetry of the Lagrangian (28.2), the
above conclusions do not necessarily hold.

e Some degeneracy in the right-handed Majorana sector.

To be specific, let us assume a completely degenerate mass spectrum, i.e. dg = Mdiag (1,1, 1). The
case with double degeneracy trivially follows from this analysis. Noticing that in this case

Gr'"0r' =1 = Gr"'duGr” =du, Gr”=Vu'Gr'Vn, (28.14)
with dir = |dp|? and Viz = U, UR, from the orthogonality condition of Gr’ we get
Gr""Vua ' VuGr" = Vu'Vy. (28.15)

This means that V" Vg is diagonal in accordance with Eq. . One can conveniently parametrize
itas Vg = 0;K’'O, where O; and O, are two real orthogonal matrices with 3 rotation angles each,
and K’ is a phase diagonal matrix with 3 independent phases. This parametrization allow us to easily
shown that the matrix H is always real and, in general, non-diagonal. Yet, due to the heavy neutrino
spectrum degeneracy there is always a freedom to redefine the right-handed fields by an orthogonal
transformation, so that all the real off-diagonal entries in H are put to zero and the matrix H is rendered
diagonal. Therefore, even though leptogenesis is not possible with a fully degenerated spectrum of the
heavy sector, this result already shows that a viable leptogenesis requires not only the breaking of such
degeneracy, but also the need of non-zero off-diagonal elements in H [[7].

As a final remark we note that, when mp is not Hermitian, Egs. (28.3) and (28.12) imply that the unitary
matrices UP and UR that diagonalize mp, have the form

UP =U,PK, UR =UgrPK, (28.16)

where P and P’ are two arbitrary permutation matrices and K is a phase diagonal matrix with 3 independent
phases. For mp Hermitian, Eq. implies G1, = Gr leading to Ugr = U, Pd. The case when the
heavy neutrino sector has some degeneracy can be analogously analyzed since it simply corresponds to the
replacement Ugr — Ugr O, with O a real orthogonal matrix.

It is worth emphasizing that the above results are just a consequence of imposing the symmetries in the
mass matrices to be the residual symmetry of the Lagrangian. Similar conclusions have been obtained in
ref. [18].
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28.2.2. Mass-independent textures

A common feature in many flavor models is that the matrices mp, Mg and m, exhibit mass-independent
textures, i.e. textures where the diagonalization is independent of mass parameters. It is worth studying this
case and its implications for leptogenesis [5, [0, 10, [11]. Let us we rewrite the seesaw formula, Eq. (28.3), as

d, =Adr 'A7, A=U,'UPdpUR' Uy (28.17)

where A is a real matrix, which is independent of the light m; and the heavy M; neutrino masses. One can
then show that A has at least 6 zero entries. The solutions Egs. (28.17), can be divided into two classes:

e det m, # 0: Since the matrix A has at least 6 zero entries and det A = det dp # 0, its possible

textures are of the form of a permutation matrix. This in turn implies that the matrices AAT and ATA
should be diagonal. From the definition of A given in Eq. (28.17), we then conclude that

U,"UP =PK, UR'Ug =K*P, (28.18)

which are equivalent to the relations given in Eq. (28.16). Thus the assumption of mass-independent
textures leads to the symmetry relation given in Eq. (28.12). In other words, the symmetry of the
mass matrices is also the residual symmetry of the Lagrangian (28.2). This result holds for any mass-
independent texture model.

e det m, = 0: In this case one of the light neutrino masses is exactly zero. In the relevant basis for
leptogenesis mp’ = U, A, the combination H = mjimj;, = ATA is always real, thus forbidding
unflavored leptogenesis. The relevant combination for flavored leptogenesis is also real due to the

particular textures of A. Again, no CP asymmetry is generated at leading order.

28.3. Leptogenesis in type-ll seesaw

The result presented in the previous section does not necessarily hold in type-Il seesaw models [[12]. In or-
der to show this, let us consider the particular case of tribimaximal leptonic mixing. A convenient parametriza-
tion of the effective neutrino mass matrix is

1 2 -1 -1 1
m, = xC+yP+:zD, C:§ -1 2 —-1|, P=]0
0

— O O
Il
|
)
—_ =

1
1] (28.19)
-1 -1 2 1

o = O

where x, y and z are arbitrary complex parameters.

For leptogenesis to be viable, at least two scalar SU(2) triplets are needed. If both are family singlets,
then one of them can be associated to the P contribution, and the other one to the C contribution. If a
third scalar triplet is available, it may be associated to the democratic component D. In this minimal setup,
unless a democratic contribution is present, the unflavored asymmetry is zero, because Tr [CP] = 0.
Notice however that if each scalar triplet is simultaneously associated to C and P contributions, the unflavored
asymmetry is in general nonvanishing. On the other hand, the flavored leptogenesis asymmetries in
Eq. do not necessarily vanish, even when the democratic component is absent.

If A are family triplets, there must be at least one extra singlet or triplet. Otherwise, it is not possible
to generate a mass-independent mixing in agreement with low-energy neutrino data. It can be shown that
any contributions to Eq. that involve components of the same triplet cancel out, but a nonvanishing
asymmetry can result from the interaction of a given component of the triplet with the extra singlet or triplet [
12].
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Chapter 29

Relating Quarks and Leptons without
Grand-Unification

Yusuke Shimizu

Abstract

In combination with supersymmetry, flavor symmetry may relate quarks with leptons, even in absence
of a grand-unification group. We propose an SU(3) x SU(2) x U(1) model where both supersymmetry
and assumed A, flavor symmetries are softly broken, reproducing well observed fermion mass hierarchies
and predicting a relation between down-type quarks and charged lepton masses, and a correlation between
Cabibbo angle in quark sector, and reactor angle 6,3 characterizing CP violation in neutrino oscillations.

29.1. Introduction

Understanding the observed pattern of quark and lepton masses and mixing [} 2] constitutes one of the
deepest challenges in particle physics. Flavor symmetries provide a very useful approach towards reducing
the number of free parameters describing the fermion sector [[3]. It has long been advocated that grand
unification offers a suitable framework to describe flavor. In what follows we will adopt the alternative approach,
assuming that flavor is implemented directly at the SU(3) x SU(2) x U(1) level. Typically this requires several
SU(2) doublet scalars in order to break spontaneously the flavor symmetry so as to obtain an acceptable
structure for the masses and mixing matrices. (One may alternatively introduce “flavons” instead of additional
Higgs doublets, but in this case one would have to give up renormalizability).

In order to construct a “realistic” extension of the Standard Model (SM) with flavor symmetry one needs a
suitable alignment of the scalar vacuum expectation values (vevs) in the theory [4, 5] 16, [7]. There are several
multi-doublet extensions of the SM with flavor in the market, but renormalizable supersymmetric extensions of
the SM with a flavor symmetry are only a few [[8], usually because the existence of additional Higgs doublets
spoils the unification of the coupling constants.

Here we choose to renounce to this theoretical argument, noting that gauge coupling unification may hap-
pen in multi-doublet schemes due to other effects. What we now present is a supersymmetric extension of the
SM based on the A4 group [[9], where all the matter fields as well as the Higgs doublets belong to the same
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A, representation, namely, the triplet. This leads us to two theoretical predictions. The first a mass relation

Mr (29.1)
/MMy, VMams

involving down-type quarks and charged lepton mass ratios. Such relation can be obtained by a suitable
combination of the three Georgi-Jarlskog (GJ) mass relations [[10],

my =m., ms=1/3m,, mgq=3m,, (29.2)

which arise within a particular ansatz for the SU(5) model and hold at the unification scale. In contrast to eq.
(29.2), our relation requires no unification group and holds at the electroweak scale. It would, in any case, be
rather robust against renormalization effects as it involves only mass ratios.

The second prediction obtained in our flavor model is a correlation between the Cabibbo angle for the
quarks and the so-called “reactor angle” 6,3 characterizing the strength of CP violation in neutrino oscillations [
11, [12]. Within a reasonable approximation we find

1 m,myp . m
Ao~ —=—221/sin? 20,3 — <. 29.3
= V2 memg St <013 m ( )

C

which arises mainly from the down-type quark sector [ [13] with a correction coming from the up isospin
diagonalization matrix. This is a very interesting relation, discussed below in more detail.

29.2. The Model

Here we review a supersymmetric model based on an A, flavor symmetry studied in Ref. [[9]. The field
representation content is given in Table Note that all quarks and leptons transform as Ay ftriplets.
Similarly the Higgs superfields with opposite hypercharge characteristic of the MSSM are now upgraded into
two sets, also transforming as A4 triplets. Note that since all matter fields transform in the same way under
the flavor symmetry one may in principle embed the model into a grand-unified scheme. However, given the
large number of scalar doublets, gauge coupling unification must proceed differently, see, for example, Ref. |
14].

fields I BEc @ Uc D[ A+ HY
SU2). 2 1 2 1 1 |2 2
Ay 3 3 3 3 3 [|3 3

Table 29.1
Basic multiplet assignments of the model

The most general renormalizable Yukawa Lagrangian for the charged fermions in the model is [[15]

Lyw = yby LiHEf + v QiHI Dy, + yt, Qi HI U, | (29.4)
where yfﬂ‘jl are A4-tensors, assumed real at this stage.

The Higgs scalar potential invariant under Ay is

Vo= (|uP +m ) (HEP + [Hy P+ [Hy [?) + (Il + mig, ([HY ) + [ HS )P + [HE)
— [b(H!H{ + HYHY + HYHY) + c.c.] (29.5)
2 2 2 ’
+ g(0® + g (HPP + | HY? + [HY P — [HT|? - |HS|? — [H?)? .
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Assuming that the Higgs doublet scalars take real vevs <H;"d> = v}"d one can show that the minimization

of the potential V' gives as possible local minima the alignments <H0“’d> ~ (1,0,0) and (1,1,1). Only the

first is viable and we verify that minimization leads to this solution within a wide region of parameters. By
adding A, soft breaking terms to the A4-invariant scalar potential in eq. (29.5)

Vioft = ZZJ (NZHZL*H}L + N?‘Hd*HJd) + ZU binfinv

5
one finds that

(H") = (v*,e},e5), (H')=(v"el,e9), (29.6)
where e}, < v™ and ef , < v?.

29.2.1. Charged fermions
By using A4 product rules it is straightforward to show that the charged fermion mass matrix takes the
following universal structure [[15]

0 afaf bf
My=1| blal 0 afrf |, (29.7)
af byt 0

where f denotes any charged lepton, up- or down-type quarks, and a/ = y{s{, bf = yg‘g{ with y{,Q denoting

the only two couplings arising from the A,-tensor in eq. (29.4), r/ = v/ /el and o/ = ] /] Thanks to the
fact that the same Higgs doublet H¢ couples to the lepton and to the down-type quarks one has, in addition,
the following relations

rt=rd ol =af, (29.8)

involving down-type quarks and charged leptons.
It is straightforward to obtain analytical expressions for a/, b/ and ' from eq. (29.7) in terms of the charged
fermion masses and o,

rf mg ¥ mg \/ m{mg iV m{mg
~ o~ —S—, b= . (29.9)
Vaf

Vol = f 57 ng Val

From eq. (29.8) and eq. (29.9) it follows that

mr my

~

\/memu - \/mdms’

a formula relating quark and lepton mass ratios (to a very good approximation this formula also holds for
complex Yukawa couplings). This relation is a strict prediction of our model, and appears in a way similar to
the celebrated SU(5) mass relation, despite the fact that we have not assumed any unified group, but just the
SU(3) x SU(2) x U(1) gauge structure. It allows us to compute the down quark mass in terms of the charged
fermion masses and the s and b quarks, as

2
Mg = T <mb> . (29.10)

ms \ My



183

This mass formula predicts the down quark mass at the scale of the Z boson mass, to lie in the region

1.71 MeV < mih < 3.35 MeV, 1.71 MeV < my < 4.14 MeV (29.11)
at 10 [[16]. This is illustrated in Fig.[29.7] where, to guide the eye, we have also included the 1o experimental
ranges from Ref. [[16], as well as the best fit point and the GJ prediction. Note also that, thanks to supersym-
metry, we obtain a relation only among the charged lepton and down-type quark mass ratios, avoiding the

unwanted relation found by Wilczek and Zee in Ref. [[17].

0.006 . 0.30 TR
0.005 0.28 ;m EE
I: ' g
0.004 0.26 8 5
. 0.24 : 2
= 0.003 o 092 ; E
-~ i i
0.002 0.20 i !
f *GUT ' i !
0.001 0.18 [ !
] !
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.16 /1 :

0.00 0.01 0.02 0.03 0.04

M
! sin? 2615

Figure 29.1. The shaded band gives our predic-
tion for the down-strange quark masses at M,
scale, eq. (29:70), vertical and horizontal lines

Figure 29.2. The shaded band gives our pre-
dicted 1 o correlation between Cabibbo angle
and reactor angle, as above. Vertical lines give

are 10 experimental ranges from Ref. [[16]. the expected sensitivities on 6,3 [[19] 20].

29.2.2. Neutrinos
To the renormalizable model we have so far we now add an effective dimension-five A4-preserving lepton-
number violating operator

(29.12)

fistm + + Frura

£5d = X LiLjHl Hm )

where the A4-tensor f;;;,, takes into account all the possible contractions of the product of four A4 tripletsﬂ

Neutrino masses are induced after electroweak symmetry breaking from the operator in eq. (29.12). In

order to determine the flavor structure of the resulting mass matrix we take the limit where the vev hierarchy
(HY) > (HY) , (HY) holds, leading to [[15]

xrv? kr"  krta®
M, = KTt yrt? 0 ; (29.13)
Krtat 0 2ru?

where z, y, z and x are coupling constants, while r* and o* already been introduced above in the up quark
sector.

1 Specific realizations of £54 within various seesaw schemes [[18] can, of course, be envisaged.
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The best fit of neutrino oscillation data [ 2] yields maximally mixed p and 7 neutrinos. This is possible, in
the basis where charged lepton is diagonal, if and only if the light-neutrino mass matrix is approximately p— 7
invariant. In turn this holds true if y =~ z and a® =~ 1 | 15E1 When o < 1 the “atmospheric angle” deviates
from the maximality. We have verified that for «* 2 0.5 the atmospheric angle is within its 3 ¢ allowed range.

29.3. Relating the Cabibbo angle to 6,3

In the CP conserving limit we have taken so far we have in total 14 free parameters to describe the fermion
sector: six a/ and b/ parameters (three for each charged fermion-type), plus four »/ and o/ (here only
down-type are counted, in view of eq. (29.8)), plus four parameters describing the neutrino mass induced
by the dimension-5 operator: z,v, z, k. These parameters describe 18 observables, which may be taken as
the 9 charged fermion masses, the two neutrino squared mass differences describing neutrino oscillations,
the three neutrino mixing angles, the neutrinoless double beta decay effective mass parameter, the Cabbibo
angle, in addition to V,,;, and V.. Hence we have four relations.

The first of these we have already seen, namely the mass relation in eq. and Fig.[29.7] The second is
a quark-lepton mixing angle relation concerning the Cabibbo angle A- and the “reactor angle” 8,35 describing
neutrino oscillations. To derive it note first that the matrix in eq. is diagonalized on the left by a rotation
mi 1
mi Val’

In order to give an analytical expression for the relation between Cabbibo and reactor angles, we neglect
mixing of the third family of quarks and go in the limit where our neutrino mass matrix, eq. (15) is u — 7
invariant, that is «* = 1 and y = z. In this approximation, the reactor mixing angle is given by

. 1 . 1 /me 1
Sin 913 = ﬁ Sin Hllz = ﬁ mi ﬁ, (291 4)
m

using our mass relation in eq. (29.1) one finds that the Cabbibo angle may be written as

in the 12 plane, namely sin 9{2 ~

mem, 1
Ao = Doy~ [T (29.15)
ms mr Oéd mc

Comparing eq. (29.14) with eq. (29.15) leads immediately to equation (29.3). In order to display this prediction
graphically we take the quark masses at 1 o, obtaining the curved band shown in fig. The narrow

horizontal band indicates current determination of the Cabbibo angle, while the two vertical dashed lines
represent the expected sensitivities of the Double-Chooz [[19] and Daya-Bay [[20] experiments on the “reactor
mixing angle” #13. The curved line corresponds to the analytical approximation for the best fit value of the
quark masses in eq. (29.3). Clearly the width of the curved band characterizing our prediction is dominated
by quark mass determination uncertainties.

q q q
my MMy ]

Finally note that mixing parameters of the third family of quarks U, ~ Tl Vat

mg
Udy =~ m(a(g)%)zi (¢ = u,d) are negligible, and can not account for the measured values of V,,; and
V.,. The predicted values obtained for these are too small so that in its simplest presentation described
above our model can not describe the CP violation found in the decays of neutral kaons. However there is
a simple solution which maintains the good predictions described above, namely, adding colored vector-like
SU(2), singlet states. In this case acceptable values for V,,;, and V,;, leading to adequate CP violation can

arise solely from non-unitarity effects of the quark mixing matrix.

and

2The charged lepton mass matrix is mainly diagonalized by a rotation in the 12 plane.
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29.4. Outlook

We proposed a supersymmetric extension of the standard model with an A, flavor symmetry, where all
matter fields in the model transform as triplets of the flavor group. Charged fermion masses arise from renor-
malizable Yukawa couplings while neutrino masses are treated in an effective way. The scheme illustrates
how, in combination with supersymmetry, flavor symmetry may relate quarks with leptons, even in the ab-
sence of a grand-unification group. Two good predictions emerge: (i) a relation between down-type quarks
and charged lepton masses, and (ii) a correlation between the Cabibbo angle in the quark sector, and the
reactor angle 6,3 characterizing CP violation in neutrino oscillations, which lies within the sensitivities of
upcoming experiments. Although the predicted values for the other mixing parameters V. and V,; of the
Cabibbo-Kobayashi-Maskawa matrix are too small, we mentioned a simple way to circumvent this, making
the scheme fully realistic. Finally note that, with few exceptions such as those in Refs. [[21],[22], grand-unified
flavor models are not more predictive than the novel idea proposed here and illustrate through this simple
scheme. As it stands the model fits well with the idea that gauge coupling unification may be an effect of
the presence of extra dimensions rather than of grand-unified interactions [[14]. Notwithstanding, we wish to
stress that our model is manifestfly embeddable into a standard Grand-Unified scenario, which would result
in further predictive power. A detailed study of this particular model lies outside the scope of this letter and
will be taken up elsewhere.
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Chapter 30

Right Unitarity Triangles and
Tri-Bimaximal Mixing from Discrete
Symmetries and Unification

Martin Spinrath

Abstract

We discuss a recently proposed new class of flavour models which predicts both close to tri-bimaximal
lepton mixing (TBM) and a right-angled Cabibbo-Kobayashi-Maskawa (CKM) unitarity triangle, o = 90°. The
ingredients of the models include a supersymmetric (SUSY) unified gauge group such as SU(5), a discrete
family symmetry such as A, or Sy, a shaping symmetry including products of Z, and Z, groups as well as
spontaneous CP violation. The vacuum alignment in such models allows a simple explanation of a ~ 90°
by a combination of purely real or purely imaginary vacuum expectation values (vevs) of the flavon fields
responsible for family symmetry breaking.

30.1. Motivation

Albeit the great success of the Standard Model (SM) of particle physics, its flavour sector is still puzzling.
The SM flavour puzzle can be roughly divided into three aspects, which are first the hierarchies of the observed
fermion masses, second the pattern of the observed mixing angles, and third the origin of CP violation.

Here we are concerned mainly with two of those aspects. The first one concerns the mixing angles. The
fact that the leptonic mixing angles turned out to be close to TBM [[1] has led to increasing interest in non-
Abelian discrete family symmetries for flavour model building. Nevertheless, in many realistic models another
shaping symmetry has to be invoked to forbid unwanted operators in the (super-)potential. These shaping
symmetries can shed some light on the second aspect of the flavour puzzle we are concerned with, the origin
of CP violation, as was recently shown in [[2].

Experimental results point towards a right-angled CKM unitarity triangle with o = (89.0733)° [[3]. This can
be understood in terms of a simple phase sum rule [14]. As we will revise later it becomes clear from this
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sum rule, that mass matrices with purely real and purely imaginary elements can lead to a right-angled CKM
unitarity triangle, see also [[5]. These special phases in turn can be the result of a spontaneously broken
discrete symmetry [[2].

In combination with a unified gauge group this proliferates an attractive framework to describe mixing angles
and CP violation in the quark and the lepton sector as a result of spontaneously broken discrete family and
shaping symmetries.

30.2. The Quark Mixing Phase Sum Rule

First we revise the phase sum rule from [/4]. For the mass matrices M., and M in the Lagrangian we use
the convention

Ly = —ul (M,)ijuly — di (My)ijd% + H.c. . (30.1)

They are diagonalised by bi-unitary transformations

Vi, MV = diag(m,,me,m;) and Vg, MV, = diag(ma, ms,ms) (30.2)
where V,,, , Vi, Va, and Vy,, are unitary 3 x 3 matrices. The CKM matrix Vckwm is given by

Vorw = Vo, Vi, = Ul Tuiruss tugs Uir vty (30.3)

where the U;; matrices are unitary rotation matrices in the i-j plane, for instance,

C12 81267“;12 0
U12 = 75126i d12 C12 0 . (304)
0 0 1

For hierarchical quark mass matrices with a texture zero in the 1-3 element it is straightforward to derive the
following approximate expressions for the quark mixing angles (for more details see [4])

foze 1028 = e 105 — GY e~ i0%s (30.5)
f13e1018 = —91;2@ 1512 (9o 1958 — QU e~103s) (30.6)
froe 912 = g e710t2 _ gu ~16ts (30.7)

From these formulas we obtain for «

ViaVy: " MY
90° ~ o = arg (_ Vfdvtf; > ~ 64, — 5% with 69" = arg ( {f/ ) . (30.8)
ud Vb M22u

As a direct consequence it becomes obvious, that a relative phase difference of 90° in the 1-2 mixing is
enough to describe the CP violation in the quark sector, see also [|5]. The simplest realisation of this would
be mass matrices with purely real and purely imaginary elements.

In the following we discuss a recent idea, how this can be accomodated in the context of flavour models
with discrete family and shaping symmetries.

30.3. The Method: Discrete Vacuum Alignment

The class of models, we discuss here, is based on the method of discrete vacuum alignment [12], which has
as its ingredients a discrete family (like A4 or S4) and shaping symmetry (like a product of Z,,’s), spontaneous
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CP violation and a SUSY unified gauge group. The unified gauge group is not strictly necessary, but it is very
powerful, because it relates the mixing and the CP violation in the quark and the lepton sector to each other.

The method can be described in a simple algorithm. First, use the family symmetry to align the flavon vevs,
so that only one complex parameter z is left undetermined, e.g. (¢) « (0,0,z)% or (¢) o (z,z,z)T. Then
add for each flavon ¢ the following type of terms to the superpotential

P (Anz T M2) , (30.9)

which are allowed by the discrete Z,, shaping symmetries, and where M and A are real mass parameters.
By solving the F-term condition, F'p = 0, the phase of the flavon vev is fixed to be

g g=1,...,n for“~"in Eq. (30.9),
Zg+Z,  g=1,...,n for“+”inEq. (30.9) .

If the shaping symmetries are only Z5 or Z, symmetries the phases can easily be arranged to fulfill the phase

sum rule in Eq. (30.8).

30.4. One Example Model: SU(5) X A4

arg((¢)) = arg(z) = { (30.10)

As an example we sketch now the A4 model from [[2], where an S, model is given as well. The A4, model
has the symmetry SU(5) x A4 x Z§ x Z3 x U(1) g and five flavons with the alignments

1 0 0 0 1
(pr)oc [Of, (pa)oc [ —1], (@3)ox [O], (paz)oc | 1 |, (pr23) x | 1] . (30.11)
0 0 1 —1 1

Note that only (¢2) has a purely imaginary vev, while all other vevs are real. To demonstrate the method of
discrete vacuum alignment we discuss the simple alignment superpotential for ¢, » 3 (for the others see [2]):

2 RY:
W= P (M - M12> +P (M - M22> +P3(p3-¢3—M3)+Ai(pixi)+04(di-¢;) , (30.12)

where My labels messenger masses. We use the standard “SO(3) basis” for which “.” is the usual SO(3)
inner product and the symmetric “x” product is defined analogous to the cross product but with a relative plus
sign instead of a minus sign.

The F-term conditions F4, = Fp,; = 0 give the directions of the flavon vevs and their mutual orthogonality.
The vev of ¢3 (charged only under a Z5) is fixed to be real while the vevs of ¢» and ¢3, which are charged
under Z,’s can be chosen to be either real or imaginary and we pick the phases from Eq. (30.77).

The five-dimensional matter fields are organised in triplets under A, and the tenplets are A, singlets.
Therefore in our conventions the flavon vevs form rows of the down-type quark Yukawa matrix. The up-type
quark Yukawa matrix is given by the inner product of two flavon vevs apart from the 3-3 element, which is
generated on the renormalisable level to account for the large top mass. With the symmetries and the field
content (for details see [12]) we obtain in the quark sector

0 i€y 0 a1 a2 O
Yy = | €123 €23+ €123 —€23+ €123 and Y, = a2 ax a| , (30.13)
0 0 €3 O a3 ass

where the ¢; and a;; are real coefficients. First note that 6%, = arg((Ya)12/(Ya)22) = 90°, due to the purely
imaginary 1-2 element of Yy, and 43, = 0°, because Y, is real. The 1-3 elements in Y; and Y,, vanish and
the sum rule from Eq. (30.8) can be applied successfully.
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In the lepton sector we obtain for the Yukawa matrices and the right-handed neutrino mass matrix

3 0 i€y 0 0 Ay, M 0

v = —5 | 123 —3€23 + €123 €3+ €123 |, Y, =1 a,, a, |, Mr= ( ORI M ) .
0 0 €3 —Qy, Ro

(30.14)

The first thing to note here, is that we do not use standard GUT relations, but instead use v /y,, = —3/2
and y,,/ys ~ 9/2, which fit much better to current data for the quark and lepton masses and a CMSSM like
scenario with ¢ > 0 [16].

In the neutrino sector only two of the three neutrinos are massive by construction since we have introduced
only two right-handed neutrinos and the mass pattern is normal hierarchical. For the mixing we obtain exact
tri-bimaximal mixing in the neutrino sector, which is disturbed by corrections coming from the charged lepton
sector inducing, for instance, a non-vanishing #7¥NS ~ 3°. It is also interesting to note, that we predict all CP

phases in the lepton sector, which turn out to be very close to 0° or 180°.

30.5. Another Example

The SU(5) x A4 model in [[7] can also be read as another example of this class of models, if the flavon b3
is split into two flavons

0 0
(Ba3) — (d2) + (P3) where (¢o) = [ —i| &3 and (¢3)= [0 | és. (30.15)
0 w

In this model the sum rule, Eq. (30.8), is not applicable, because there are no texture zeros in the 1-3 elements,
but the agreement with the experimentally determined CKM phase is still very good, which is closely related
to the use of the GUT relation y,,/ys ~ 9/2. In fact, the CKM phase can be predicted in this model from the
precisely known values for the electron mass, the muon mass and the Cabibbo angle and we obtain

oBiem = 69.9° while 625, = (68.8739)° . (30.16)

The fit to the quark masses and mixing parameters and the charged lepton masses in this model is quite good
with a x? per degree of freedom of about 1.6.

In the neutrino sector we have added a fifteen dimensional representation of SU(5) giving a universal
contribution to the neutrino masses, which can result in quasi-degenerate neutrino masses. All the mixing
parameters are close to tri-bimaximal and the phases are fixed with dpmns = 90°, a; = 9° and ay = 0°. This
has interesting phenomenological consequences. For example in Fig.[30.7|we have shown the prediction for
neutrinoless double beta decay, which depends in this setup only on the neutrino mass scale and the sign of
Am%l.

30.6. Summary and Conclusions

Discrete symmetries are not only powerful in describing leptonic mixing angles, but they can also be used
to predict the right-angled CKM unitarity triangle by means of spontaneous CP violation. In combination with
a unified gauge group this gives close relations between the CP violation in the quark and the lepton sector.
In fact, in this new class of models all physical phases can be predicted up to a discrete choice. For example
in the A4 and S, model from [[2] apart from « = 90° in the quark sector, the leptonic Dirac and Majorana CP
phases are all close to 0°, 90°, 180° or 270°. These predictions, especially for the leptonic Dirac CP phase,
can be tested at ongoing and forthcoming neutrino experiments
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Figure 30.1. The effective mass m.. in the setup from [[7] relevant for neutrinoless double beta decay as a
function of the mass mijgntest Of the lightest neutrino, for an inverted neutrino mass ordering (Am2, <0, upper
line) and for a normal mass ordering (Am3; > 0, lower line). The bands represent the experimental uncertain-
ties of the mass squared differences. The mass bounds from cosmology [[8] and from the Heidelberg-Moscow
experiment [ 9] are displayed as grey shaded regions. The red lines show the expected sensitivities of the
GERDA experiment in phase | and 11 [[10].
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Chapter 31

Flavour Changing Neutral Gauge
Bosonsin B — X7

Emmanuel Stamou

Abstract

New neutral heavy gauge bosons appear automatically in many extensions of the Standard Model with
an extended gauge sector. Typical examples are Z’ models and gauge-flavour models in which the flavour
symmetry, necessary to explain the Standard Model fermion masses and mixings, or a part of it, is gauged.
Often, additional heavy exotic fermions are introduced to cancel anomalies of the new gauge sector. In
phenomenologically testable scenarios, the lightest heavy bosons and fermions have masses around the TeV
scale and may be directly produced in current colliders. On the other hand, indirect bounds are present since
the neutral gauge bosons and exotic fermions affect the well-measured branching ratio of B — X, v. We
present the model-independent constrains from b — s v on the couplings of new neutral gauge bosons to the
standard model quarks, stressing the importance of QCD mixing, and also discuss the contribution from the
exotic down-type quarks to the branching ratio.

31.1. Introduction

Extensions of the Standard Model (SM) with additional gauge symmetries are of particular interest in view of
current direct and indirect searches for physics beyond the SM. A prediction of such theories is the existence
of new gauge bosons, which may provide clear deviations from the SM predictions and are being studied as
possible discoveries at the LHC. Usually, the models have a single additional U (1) factor corresponding to
an extra neutral gauge boson Z’ whose mass and couplings are strongly model-dependent [[1]. Recently,
however, in a series of papers [ 12, 3, 4, 5] it was suggested to explain the SM fermion masses and mixings
with a New Physics (NP) scale of a few TeV, by gauging flavour symmetries. In such models, the gauge flavour
symmetry is the product of non-abelian U (3) factors. For each broken gauge-group generator there is a new
massive gauge boson, with no colour or electric charge, but with flavour violating couplings to fermions. In
addition, new exotic fermions are introduced to cancel anomalies from the new gauge sector.

The existence of one or more flavour-violating gauge bosons at the TeV scale may have an impact on col-
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lider observables, but also on AF' = 2 observables and rare B and K decays, all of which have been studied
more or less in detail in the literature. The experimentally well-measured branching ratio of the inclusive decay
B — X, provides generally also a very strong constraint on extensions of the SM due to the precision of
its SM prediction. However, the impact of flavour-changing neutral gauge bosons on it has only recently been
considered in [ 6] and shall be discussed here.

In Sec. [31.2]1 present the threshold corrections due to the presence of a neutral-gauge boson and possibly
exotic fermions, while in Sec.[31.3]the QCD mixing effects, which are known from the SM to be important for
the b — s transition. In Sec.[31.4]! give model-independent constraints and how they apply on representative
toy-models, to conclude in Sec.[31.5

31.2. Threshold Corrections

We find the threshold corrections to the b — s ~ transition originating from a heavy neutral gauge boson
Ajp of mass My,, by performing a matching of the theory with Az and the effective field theory in which Ax
is integrated out. The matching is performed at the scale gy ~ M4, and generates a Wilson coefficient
AC7(pp) for the dipole operator @7, which is responsible for the b — s ~ transition. The b — s ~y transition
is then described by the effective Hamiltonian

s 4G
HG) = \/»F VisVi |:A07(MH)Q7'Y + ACs(nm)Qsc + ACH(1nm ) Q7. + AC8(“H)QSG} (31.1)
where we have already introduced the SM normalisation. The dipole operators read in our conventions
e B v _Ys _ v a a
Q77:@mbsaa” PRbaF;w and Qgg— 1672 ot PRTaﬁbﬁG#y, (312)

while the primed operators Q’H and Qj are obtained by the interchange L + R.

We split the Wilson coefficients in Eq. in two parts. The first part involves only light quarks and is
present in all models with a massive flavour violating Ay . The second part is the impact of an exotic quark
of mass mp, under the assumption that we may also integrate it out at ;. The existence of exotic quarks
depends on the model under consideration. The decomposition of the Wilson coefficient of @7 in terms of
light- and heavy-quark as well as SM-like (LL) and new (LR) contributions is then

ACr (i) = (AFECIE™ () + AFRCE () ) + (AEECE™ (i) + AFECE™ (upr) ) (31.3)

The general Feynman rule for the down type quark transition D; — D; + Ap is given, in our notation, in
Fig. D;, D; are mass eigenstates of down-type quarks; we denote with d; and D; light and exotic
quarks, respectively and with Ay the mass eigenstate of the colour- and electric-neutral gauge boson. With
the Feynman rule at hand we calculate all Wilson coefficients at the one-loop order, see Fig. They can
all be expressed in terms of two known loop-functions, namely

323 — 222 8z + 512 — T -3 3 -3
Co(g) = 202207 B ST Ty Gl = 3y B2 D)

4(z —1)* 24(z — 1)3 2(1 —z)3 Az —1)2 1.@14

with = the mass of the fermion in the loop over the mass of the gauge-boson mass squared. Cr(x) is known
from the SM [[7], while C£% from [[8].
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Figure 31.1. Left: the general vertex for the D; — D; Ay transition. Right: all non-zero one-loop diagrams
contributing to the quark-level transitions b — s v and b — s g at the scale uy.

The individual contributions presented in [16] read:

ALL gt __ 291 Mw - 31.5
T =g e A ZZ « VS v, 3 o1
_ 1 g2 M2 3 ma, Csd * de

ALRCIlght _ __JH w -1 31.6
7 (MH) 6 gg M,%H ; my ‘/;,\5 Vio ( ) ( )

1 92 M CsD* CbD
ALLCheavy _ _298 W YL L (¢ - 31.7
P ) = 5 B Vi s(z) + (31.7)

ALRCE™Y () = —— 21 —PZL R LRy, (31.8)

The corresponding primed Wilson coefficients are obtained by the interchange L <> R and an additional
suppression factor my,/mp depending on the down-type quark in the loop. Similar expressions also hold for
ACs(ug), also to be found in [16].

Egs. to highlight the quadratic, Mg, /M3, , suppression of the threshold corrections with
respect to the SM contributions. When more than one gauge-boson is present in the theory, this suppression
factor renders the contribution of the lightest one the most relevant one. Also, in contrast to the SM no GIM
mechanism is at work to cancel mass-independent terms; this would for example completely cancel the sum
of all light-quark contributions. At last, ALRCI®® (1) is strongly enhanced by m.p/m; if there is no extra
suppression in the flavour violating couplings of Eq. (31.8). We return to this issue in Sec.

The connection to the SM is done by evolving the Wilson coefficients down to electroweak scale using the
QCD Renormalisation Group Equations (RGE) and subsequently integrating out W-bosons and the heavy
top-quark, to which we turn our attention to now.

31.3. Extended Operator Basis and QCD Mixing

QCD corrections are very important role for the precise determination of the B — X, ~ branching ratio.
Within the SM they enhance the rate by factor of 2 — 3 [[9], mainly from mixing of charged current-current
operators Q¢ into the dipole operators ()7, and Qsc. These charged operators originate from integrating out
the W-bosons at the tree level.

A similar situation occurs in the effective theory described in Sec. integrating out Ay at the tree-level
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generates 48 new neutral current-current operators [ [6]:

Q{ = (ga'YuPAbﬂ)(?,B’YMPBfa) 5 Q; = (ga’YuPAba)(?ﬂﬁyMPBfﬁ) )

. _ R _ (31.9)

Qf = (SauPadg)(dsy" Ppba), Q5 = (SavuPada)(dsy" Ppbg)
where f = {u,c,t,d,s,b}, A, B ={L, R} and «, 3 the usual colour indices. We denote by Q™" and Q™" alll
operators with A = L and A = R, respectively, since the former mix into 7, (Qsc), while the latter into Q’77
Qi)

The full operator basis for the b — s ~ transition at scales u, < u < pg is given by the charged current-
current, QCD-penguin, dipole, and neutral current-current operators and the corresponding primed operators:
Q“, Qp, Qp, Q™ b, ', Q™. The anomalous dimension matrix describing the mixing of
the operators into one another is then at then leading order

QCC QP QD QTL'H/
Oc X [ X, [ Xs | 0
Op [0 [ X4 X5 0
@b 0 0 Xe 0
om0 v 2 T, (31.10)
XX 0 10,

0 [ X | 0 |Q,
Yi | Y Ys | Q"

The matrices X; are known from the SM analysis [[11, [12]. The Y; entries describe mixings related to the
neutral current-current operators and are found in [[6]. Using Eq. it is straightforward to evolve both
AC7 and ACY from py down to pw, switching on the SM and subsequently running down to y to obtain
AC7 () and ACY (1) including the SM, threshold corrections from 1. and QCD-mixing effects; more details
in [16].

31.4. Phenomenological Implications

The SM prediction for the B — X,y branching ratio at NNLO [[13][14] reads,
Br(B — X7)™ =R (|CM (1) | + |C3W (1) |* + N(E,)) = (3.15 £ 0.23) x 107, (31.11)
and has been calculated for a photon-energy cut-off £, > 1.6 GeV in the B-meson rest frame (R = 2.47 x
1073 and N(E,) = (3.6 £ 0.6) x 10~3). The SM prediction is to be compared with the current experimental
value [[15],

Br(B — X.v)® = (3.55 £ 0.24 +0.09) x 10~* (31.12)

for the same energy cut-off £,.
In the presence of NP, Eq. (31.11) holds if we make the substitutions:

Cr(up)™ — AC7 (), Crlup)™ — ACH (), (31.13)

L The operator basis of Eq. (37.9) is reducible under Fierz transformations. However, we can and shall use this basis to best keep track
of the mixing pattern between operators and only after the RG evolution apply Fierz transformations if necessary [[10].
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Figure 31.2. Different contributions to Cr- (1) (solid line) are plotted as functions of Cry 1 in blue the SM
, in red the neutral current-current , in green the exotic-fermion and in purple the light-fermion contribution.
In Toy-Model 2 exotic- and light-fermion contribution coincide. The shadowed regions signal the departure of
the predicted branching ratio from the 1o (lighter) and 2o (darker) upper experimental value.

AC7(p) =~ CM () + w7 AC7 () + ks ACs (g )+

+ Y kL, AR (ur) + D G4 AACY (). (31.14)
A:L,R A:L7R
f=u,c,t,d,s,b

The x-factors are the so-called “magic” numbers and summarise the RG effects from pz down to up. They
are independent of the model under consideration and are given for different values of pz in [16]. ALAC‘;(MH)
and AXACY(1up) are the Wilson coefficients of the neutral current-current operators in Eq. Qg(L, A)
and Qg(L, A), respectively [[6]. Similar expressions hold for the primed contributions.

The Wilson coefficients depend on the model. Once they are fixed the full NP branching ratio prediction
follows immediately from Egs. and and gives the model-independent constraint

—ACr () + 14 (|ACr ()P +1ACY (u)[*) $ 4.2(6.1) x 1072, (31.15)

corresponding to the 1 o (2 o) departure from the upper experimental value of Eq. (31.12).
To illustrate the numerical importance of individual contributions we consider two toy-models:

Toy-Model 1 : a model with one exotic fermion in which the coupling of SM fermions to Ay is independent
of the mechanism of their mass generation. The mass of the exotic fermion is chosen to be mp = 10
TeV and M4, = 1 TeV, while all flavour-violating couplings are identified to be Cry and all flavour
conserving to be 1. From Fig. 31.2] we see how the (LR) exotic-fermion renders all other contribution
negligible and saturates the upper experimental bound even for small couplings.

Toy-Model 2 : the SM fermion masses are governed by exotic fermions through a see-saw mechanism. In
this case extra suppression factors enter in the coupling of Egs. (31.7) and (31.8), which exactly cancel
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the enhancement of mp/my in [B]. Again the mass of the exotic fermion is chosen to be
mp = 10 TeV and My4,, = 1 TeV, while all flavour-violating couplings are identified to be C'ry and all
flavour conserving to be 1. As seen in Fig. the major effects originate from the QCD mixing of
neutral current-current operators into Q7.

31.5. Conclusions

Extensions of the SM with an enlarged gauge sector are attractive, since they may provide an explanation
of the flavour puzzle and have testable predictions at colliders. In such models the flavour-violating neutral
gauge bosons often come with heavy exotic fermions to cancel anomalies and to justify the observed SM
fermion spectrum through a see-saw-like mechanism. The presence of flavour-violating neutral gauge bosons
translates into NP contributions to FCNC processes and more specifically to the B — X, decay. We have
studied the impact of these new particles on the prediction of Br(B — X,v) for the first time in a model-
independent way including QCD-corrections, and presented expressions in a manner easily applied to test
a specific model. Our analysis shows once more how FCNC processes can put constraints on beyond-SM
constructions even before the discovery of new particles in direct searches.
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Chapter 32

Phenomenology in the Higgs triplet
model with A, symmetry

Hiroaki Sugiyama
Abstract

| will discuss phenomenology of doubly charged scalars of SU (2) 1. -triplet fields in the simplest extension of
the Higgs Triplet Model with the A4, symmetry. It is shown that their decays into a pair of leptons have unique
flavor structures which can be tested at the LHC if some of their masses are below the TeV scale. Sizable
decay rates for 7 — Jiee and 7 — eup can be obtained naturally while other lepton flavor violating decays of
charged leptons are almost forbidden in this model, which can be tested at the MEG experiment and future B
factories. This talk is based on ref. [[1].

32.1. Introduction

Neutrino oscillation measurements declared that neutrinos have masses although they are regarded as
massless particles in the standard model of particle physics (SM). The experiments also uncovered the
structure of the lepton flavor mixing matrix, the Maki-Nakagawa-Sakata (MNS) matrix Uyns, which can be
parametrized as

1 0 0 1 0 0 ci2 si2 0
UMNS = 0 Co3 523 0 1 0 —S12 C12 0 , (321)
0 —S8923 C23 0 0 1 0 0 1

where c;; and s;; mean cos 0;; and sin 0;;, respectively. Experimental resultfor mixing angles are sin2923 ~
0.5, sin?0;5 ~ 0, and sin6;, ~ 0.3.

L |f all experimental data is used in 1 degree of freedom (d.o.f.) analysis where Ax2 = 9 corresponds to 99.73% C.L. contour, we can
have the strongest constraint on a single parameter. However, as the cost for the strong constraint, other parameters are not constrained
at all. Therefore, even if there are constraints on several parameters (each of which is obtained in 1 d.o.f. analysis with all data), we must
use only one of them in order to avoid multiple use of experimental data.
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The most naive extension of the SM to accommodate the neutrino mass is the introduction of the right-
handed neutrino v, which is a singlet under the SM gauge group. Then the Dirac mass of the neutrino can
be obtained from y, Lios ®*vp, where o;(i = 1-3) are the Pauli matrices, L = (v;,¢)” is a lepton doublet
of SU(2)z, and ® = (¢T,¢")7 is the SM Higgs doublet. If the neutrino mass is given solely by the term in
the same way as the generation of other fermion masses, it seems unnatural because the Yukawa coupling
constant y,, must be extremely small. We may expect that the neutrino mass is produced in a different way.
If we accept the lepton number non-conservation, one possibility is the Majorana mass term 1/2m,, (v, )¢ v,
where the superscript ¢ denotes the charge conjugation. The mass term is allowed only for the neutrino among
the SM fermions in order to keep U(1) g gauge symmetry. Therefore the neutrino mass can naturally be
very different from other fermion masses.

Before the breaking of SU(2)1, x U(1)y gauge symmetry to U(1) gps gauge symmetry, the weak-isospin I3
and hypercharge Y of the Majorana mass term (I3 = 1,Y = —2) should be compensated by those of scalar
fields. If we do not introduce new scalar fields which have their vacuum expectation values (vev), the com-
pensation is achieved by the SM Higgs doublet ® as a dimension-5 operator (L€ ioy ®)(®T iy L) or higher-
dimensional ones. If we accept new scalar fields, the simplest way of the compensation is given by the Higgs
Triplet Model (HTM) [ 2] where the Majorana mass is provided by a dimension-4 operator h,,, fgiag A Ly
with an SU(2) . -triplet scalar field A of Y = 2. The new Yukawa coupling constants hg (¢,¢' = e, i1, 7) satisfy
hger = hyrg. The triplet scalar field can be expressed as

2 (0 )

The Majorana mass matrix (m,, )¢ for neutrinos is obtained as (m, ) = v2vhy,, Where the triplet vev
va (= V2 (A)) breaks the lepton number by 2 units. Since the HTM does not introduce new fermions to the
SM, neutrinos have no lepton number violating mixing (ex. mixing between v, and (v)°) which is the key
in the seesaw mechanism. Even if v, is suppressed by a large mass scale, it is just a consequence of the
soft-breaking (of the lepton number conservation) rather than the seesaw mechanism.

A doubly charged scalar Ht+ (= A*T) is the characteristic particle in the HTM. Its decay into a pair of
same-signed charged leptons (H+t+ — /') will give a clear signal even in hadron colliders, and the flavor
structure of the decay can give direct information on (m, ) [[3, 4]. The doubly charged scalar can also
contribute to flavor-violating decays of charged leptons (ex. 7 — fiee) at the tree level [[3].

On the other hand, it seems interesting that the lepton flavor mixing has a nontrivial structure with two
large mixings while the quark mixing structure is rather simple with only small mixings. There might be some
underlying physics for the lepton flavor. A candidate for that is the A, symmetry which is a non-Abelian
discrete group. The A4 group is made from twelve elements of even permutations of four letters. The group
has three 1-dimensional representations (1, 1’, 1”) and one 3-dimensional representation (3). Only 1 is the
Ay-invariant. The 3 seems to be fit the tree flavors of leptons, and A, is the minimal one which has 3. Some
simple models based on the A, symmetry can be found in e.g., refs. [[7, 18] 9]. Throughout this talk, | will use
3 etc. for A4-representations and "triplet” etc. for SU(2) 1. -representations in order to avoid confusions.

The lepton mixing structure becomes the tribimaximal mixing form [ 6] (sinfy3 = 1/\/5, sinf3 = 0,
and sin ;o = 1/4/3, which agree reasonably with neutrino oscillation data) without tuning Yukawa coupling
constants if A4 is broken to Z3 and Z, in the charged lepton and neutrino sectors, respectively [19]. It seems
attractive that the realization of the tribimaximal mixing can be expressed simply in terms of the symmetry
breaking pattern. If the lepton flavor mixing structure is reproduced by a free fitting of parameters without
such a guideline, there would be no worth to deal with symmetries (A4 etc.) because such a fitting is also
possible in the SM.

In this talk, | will present an extension of the HTM by using the A4 group (we call the model as the A4HTM)
and discuss phenomenology of doubly charged scalars in the model. We will see that the A4HTM has clear
predictions which can be tested experimentally in near future.

(32.2)
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0
ViR Yor (O Var = ( Var )

Var
Ay 1 1 1” 3
SU(2)., || Singlet | Singlet | Singlet Doublet
Uy —2 —2 -2 —1
oo (SR | s (0TVEF N |4 (ARVE AR
N L a2 ) T Ay —ade
3 1 3
Doublet Triplet Triplet
1 2 2

Table 32.1
The leptons and the Higgs bosons in the A4HTM. The subscript A = z,y, z denotes the index for 3 of Ay;
for example, (¥, ¥, 1, ¥, 1) belongs to 3 while each ¥ 41, is an SU(2) ;,-doublet field.

32.2. Model

Table shows particle contents in the A4HTM. No new fermion (ex. vy) is added to the SM, and
only the scalar sector is extended. This model has three SU(2)-doublet and four SU(2) -triplet scalars.
For realization of appropriate flavor structure of Yukawa coupling matrices, we do not rely on singlet scalars
under the SM gauge group (the so-called flavons) in order to respect renormalizability which is preferred for
predictability. For example, renormalizable Yukawa interactions of triplet scalars with the A, symmetry are
expressed as

hsioad  haioe,  haioaA, L2093
((Wor)e (Tyr)e, (Vo)) | haioaA,  hsiond  haioal, | | ¥y | +he., (32.3)
hAiJQAy hAiUQAz hgidg(s \IJZL

where hs and ha are Yukawa coupling constants.
Let us just accept the following vev’s without analyzing the scalar potentiaﬂ(See Sec. llI-A'in ref. [[1] for the
detail):

(@2) = (¢%) = (¢0) = % (32.4)
(8°) = 73 (AD) = 7% (AD) = (AY) = 0. (32.5)

Masses of charged leptons and neutrinos are given by the vev’s in egs. and (32.4), respectively. In
our convention of A4-representations, vev’s in eq. break A4 into Z3 while ones in eq. do into Zs.
Then, the tribimaximal mixing is obtained. However, note that this is just a mathematically beautiful reproduc-
tion of known values (lepton mixings). Here is the starting point of real physics although the mathematical
beauty can be a motivation. In the next section, let us see predictions for phenomenology of doubly charged
scalars which have not been measured yet. See ref. [[{] for predictions on the mass of the lightest neutrino (or
a sum rule of masses) and the Majorana phases which cannot be determined by oscillation measurements.

2 In order to reduce the number of parameters in scalar potentials (not only in the A4HTM but also, for example, in extensions of two-
Higgs-doublet-model with A4), it is useful to notice relations of rearrangements of A4-invariant combinations, which are similar to the
Fierz transformation for the four-fermions. See Appendix B in ref. [[{].
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H e,ueL,ng+,HZr+ ‘ H, St ‘ 7‘,VTL,H1Jr+

Vups

Zs-charges || 1 \ w \ w2

Table 32.2
Z3-charges of leptons and doubly charged scalars where w = exp(27i/3).

32.3. Phenomenology of doubly charged scalars

At first, we must obtain mass eigenstates of relevant particles to our discussion. Although we take vev’s in
egs. and motivated by the lepton flavor mixing, we can ignore triplet vev's because the tree-level
constraint from the p parameter results in (v +v%)/v? < 0.01. Thus Z3 symmetry remains approximately in
the A4HTM, and this makes everything simple. Physical particles (mass eigenstates) should be classified by
their Zs-charges. Since triplet vev’s are ignored hereafter, we use flavor eigenstates for massless neutrinos.
Tableshows Z3-charges of charged leptons, neutrinos, and four doubly charged scalars H;* (i = 1-4)
made from four triplet fields. It is clear that the flavor symmetry is not the original A, but the remaining Zs. In
that sense, 7 and &z have the same flavor (the same Zs-charge).

Next, let us investigate H;" " — ¢ ¢’. Yukawa interactions in eq. are rewritten by using mass eigen-
states. The Yukawa interactions of H;'™ are (hij++)ee (€1)¢ ¢ H;™*. Yukawa coupling constants (hi++)eer
are given by

-1 0 1 0 0 1
hit+ = ha —1 0 O hoge =—ha |0 2 0],
\/g 0 2 \[ 1 0 0
2 0 0
h344+ = hA cosf++ |0 O 1] + h5€ £+ 8in 044 0 —1 ,
0 1 0
2 00 _
hogryr = ——— hA sinfi4 |0 0 1] + hse*®+% cosO44 0 0 —1 , (32.6)
01 0 0 -1 0

where 014 and o, are mixing parameters of doubly charged scalars. These coupling constants result in
unique flavor structures of H*Jr decays into same-sign charged leptons as listed in Table “ For example,
H{ can decay only into ez and 77. Many zeros for BR(H;"* — (') is given by the conservation of Z3-
charges. Since ratios of nonzero parts (ex. BR(H;"™ — 77)/BR(H,' ™ — &) = 2) cannot be determined by
Z3 symmetry, these are consequences of original A, symmetry. Therefore both of A4 and Z3 can be tested
by measuring leptonic decays of Hfi at the LHC if they are right enough to be produced.

Doubly charged scalars contribute also to lepton flavor violating decays of charged leptons at the tree level.
However, only 7 — €uu and 7 — Tiee are allowed by the conservation of Z3-charges as shown in Table [32.3]
Thus, a stringent constraint BR( — €ee) < 1.0 x 102 [[10] is satisfied without fine tuning of parameters.
The Z3 symmetry also forbids ¢ — ¢’ which look possible at the 1-loop level. Then it is easy to expect sizable
effects on 7 decays. By virtue of these predictions, the A4HTM can be tested in the MEG experiment and
future B-factories even if Hf* are too heavy to be produced at the LHC. Of course, the A4HTM is excluded
easily if decays forbidden in the model are discovered. This is an excellent feature of the model due to its high
predictability.
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BR(H;" — ¢7) LFV decays
ee Sopp ooTT o ew et  ur | ofcharged leptons
H{* 0 0 2 1 0 0 None
H>™ 0 2 0 0 1 0 T — ELULIL
H:;I:I: Rg::l: 0 0 0 0 1 TL — ULELEL
H = || R* 0 0 0 0 1 L — HALerer

Table 32.3

Ratios of decays of H;** into a pair of same-signed charged leptons in the A4HTM. Here R3= and R are
combinations of model parameters. Contributions of H:** to 7 — #¢'¢" at the tree level are also shown. Note
that all of HijEjE does not contribute to ;1 — ece and £ — ¢'~y at the tree and 1-loop level, respectively.

32.4. Conclusions

| have presented a renormalizable model, the A4HTM, which is an extension of the HTM with A4, symmetry.
The A4HTM is compatible with the tribimaximal mixing. Phenomenology in the model is restricted by an
approximately remaining Z3 symmetry. Then sharp predictions have been obtained. It has been shown that
leptonic decays of Hfi have characteristic flavor structures which would be tested at the LHC if they are light
enough to be produced. Even if HZ-jEjE are too heavy to be produced, they can affect on flavor violating decays
of charged leptons. The Z35 symmetry allows only 7 — eup and 7 — iee. The prediction would be tested at
the MEG experiment and future B-factories.
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Chapter 33

Indirect and Direct Detection of Dark
Matter and Flavor Symmetry

Takashi Toma
Abstractl

Indirect and direct detection of Dark Matter is discussed in the Dg flavor symmetric model. Dark Matter
in this model is the Dg singlet right handed neutrino ng. The Dg flavor symmetry predicts a certain mixings
of leptons and also plays an important role in determining the final states of the Dark Matter annihilation. A
large annihilation cross section, which is required to explain the positron excess in cosmic ray observed by
PAMELA experiment is obtained by the Breit-Wigner enhancement mechanism. Moreover, a certain elastic
cross section with nucleon is derived by the mixing of Higgses which intermediate in the elastic scattering

nsq — ngq.

33.1. Introduction

Many experimental evidences for the existence of Dark Matter (DM) are observed: for instance, rotation
curves of spiral galaxy, CMB observation by WMAP, gravitational lensing and large scale structure of the
Universe. DM candidate is often included as a stable particle due to a Z; symmetry in a particle physics
model. A eligible DM has the thermally averaged annihilation cross section of (ov) ~ 1072 GeV~2 in order
to obtain the correct DM relic density.

Several years ago, PAMELA reported excess of positron fraction in the cosmic ray [[2]. This observation
can be explained by annihilation and/or decay of DM particles with mass of O(102=3) GeV. In this case,
the required annihilation cross section is O(10~7) GeV~2 which is much larger than that for the relic DM
density. Several ideas to overcome it are proposed such as the Sommerfeld enhancement, the Breit-Wigner
enhancement [ 3][ 4], non-thermal DM production and decaying DM. The PAMELA experiment searches
antiproton as well in the cosmic ray, and it is consistent with the background [5]. Therefore, if these signals
are from annihilation and/or decay processes of DM particles, this implies that the leptophilic DM is preferable.

This talk is based on ref. [[1].

202



203

Lg ng €g L; ny eg

SU@)L < Uy | (2-1/2) (1,00 (L) (2,-1/2) (L,0) (1)
Ds 1 17 1 2 2 2

Zs + + - + + —

2o + - + + - +

Table 33.1

The D x Zy x Z, assignment for the leptons. L; s stands for the SU(2);, doublet leptons, and efgandny s
are the SU(2), singlet leptons.

bs o1 s nr ®
SUQR)LxUy | (2,-1/2) (2,-1/2) (2,-1/2) (2,-1/2) | (1,0)
De 1 2/ 17 2/ 1
Zy + - + + +
Z + + — — +

Table 33.2
The Dg x Zs X Z assignment for the Higgs bosons.

However, even if the DM is leptophilic, the resultant positron fraction depends on the flavor of final state
leptons. For instance, if the final state of annihilation and/or decay of the DM is 7+, it will overproduce
gamma-rays as final state radiation [ [6][ [7]. Therefore it is important to determine the flavor of final state
leptons theoretically, and it could be possible by flavor symmetry of elementary particles which predicts the
mixing of leptons.

In this talk, we discuss the explanation of the positron excess in the cosmic ray observed by PAMELA in
the model based on the Dg flavor symmetry. The final states of the annihilation of DM are controlled by the
Dg flavor symmetry. The large annihilation cross section is obtained by the Breit-Wigner enhancement. The
elastic cross section for the direct detection of DM is also discussed briefly, and is obtained through the mixing
of Higgses. The predicted elastic cross section is compared with the XENON100 and CDMS Il results.

33.2. The Model

We extend the SM by introducing three generations of right-handed neutrino ng ;, Higgs doublets ¢; s,
inert doublets 7; s which have no vacuum expectation values (VEVs), and one generation of inert singlet ¢
where I = 1,2 and S denote Dg doublet and singlet, respectively. We also impose the additional discrete
family symmery Z, x Z, in order to suppress FCNC of the quark sector and forbid Dirac neutrino masses.
In addition the imposed Z> symmetry stabilize a DM candidate. The Dg x Zo X Zo assignment is shown in
Tab[33.1]and[33.2] The invariant Lagrangian of the right handed neutrino sector under the imposed symmetry
D¢ x Z5 x Z5 is written as

Ly = Z [YszdLad)delcy + Yal;)dn:;Lanb}
a,b,d=1,2,5
M,y Mg (T} Ss
+Z 771[77,[ — THS'RS — Z ?9071]71[ - TQOTLSTLS + h.c (331)
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where the couplings G; and G are complex in general. The following MNS (Maki-Nakagawa-Sakata) matrix
is derived at leading order by the Dg flavor symmetry.

COS 912 sin 912 0
VMNS ~ —% sin 912 % COS 912 —% . (332)

f% sin 612 % cos 012 %
The Dsg flavor symmetry gives two predictions. One is that the maximal mixing of atmospheric neutrino is
derived. The other one is that inverted hierachy for the neutrino masses is only allowed [[8].

33.3. DM Relic Density and ;. — ey Constraint

Several DM candidates which are Z, odd particles are included in the model. We assume that DM candi-
date is the Dg singlet right handed neutrino ng. The assumption is interesting since the Yukawa couplings
are constrained by the Dy symmetry and a few parameters which are relative with DM physics only remain in
the model. We investigate whether the correct DM relic density can be satisfied by the DM ng. Due to the Dg
flavor symmetry, the neutrino Yukawa couplings n;EYi;nj are restricted as

00 ~h
Yi~| 0 0 =h for charged leptons, (33.3)

a my

00 O

00 0
Yi~| 0 0 for neutrinos, (33.4)
0 0 h

o

where m., m,, are electron and muon mass and h the Yukawa coupling of O(1). One can see that e* are
dominantly generated as charged leptons due to the D¢ flavor symmetry. This point is crucial in order to
explain the positron excess in the cosmic ray observed by PAMELA. The thermally averaged annihilation
cross section of DM is calculated as
4 2 4 4
(oy0) ~ P Ms(Ms + M) T (33.5)
4m (M§+M§)2 Mg

where M,, is n mass which is included in the scalar potential V(¢, 7, ) and T is the temperature of the
Universe.

We also must take into account the constraint from Lepton Flavor Violation. In particular, u — ey gives a
severe constraint. We explore allowed parameter region from the DM relic density, Lepton Flavor Violation,
the perturbativity of the model |h| < 1.5 and the condition of DM Mg < M,,. The left hand side of Fig.
shows the allowed parameter region from these constraints. One can find that the allowed mass region of Mg
is 230 GeV < Mg < 750 GeV from the figure.

33.4. Indirect Detection of DM

The positron excess in the cosmic ray is explained by the annihilation channel ngng — ¢ — ete™.
This process is s-channel and enhanced by the Breit-Wigner enhancement mechanism when the relation
2Mgs ~ Mp, is satisfied where Mp is the resonance particle mass. A similar analysis is done in ref. [[9]. The
resonance particle R is a mass eigenstate of Higgses and expressed by using the mixing matrix O as follows

R =011 + Os¢s + Opp. (33.6)
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Figure 33.1. The allowed parameter region from the thermal DM relic density and u — e in the (M,,-Ms)
plane (the left figure). The comparison of the positron flux with the PAMELA result for Mg = 230, 450,
750 GeV (the right figure). The annihilation cross section (o9v) is taken as 8.5 x 1078, 2.6 x 10~7 and
6.8 x 1077 GeV 2 respectively.

If the condition vr/A < 1 is satisfied, the annihilation cross section through the s-channel is calculated as

VT 4,12 2 m? Mg 82 —AMg/T

where the dimensionless parameter g is defined as vg = I'r/Mg and the mass degeneracy A is A =
1 —4MZ /M3 [[A0][[1]. The annihilation cross section (c5v) severely changes by the relative velocity of DM
v. Namely, This enhancement is only effective at the present universe, and neglected at the early universe. As
a result, the size discrepancy of the annihilation cross section between obtaining the correct DM relic density
and explaining the positron excess is solved. The positron flux is calculated by solving the diffusion equation [
[12]. The flux calculated in the model is shown in the right hand side of Fig[33.1] where Isothermal profile is
assumed here as DM density profile. The contours of the boost factor which is defined as BF' = (ov) /3.0 x
10~? here is shown in Fig for VA = 1079 and 10~7. The red region stands for vz /A < 1 region. The
analysis is valid for only in the red region. From the figure, one can see that the relation ReGg <« ImGSg
and vA < 10-6 must be satisfied in order to obtain a large boost factor BF. We must take into account the
constraint from no excess of anti-proton flux. Due to the constraint, (o3v) / (o2v) < 1072 is required where
(o3v) is the annihilation cross section of ngns — ¢g. This constraint corresponds to |Os|/|&s| < 10712, and
it is the very severe constraint.

33.5. Direct Detection of DM

The elastic cross section with nucleon is derived from the mixing of Higgses. In particular, the mixing p-¢gs
is important since ¢g only couples to quarks. The SM Higgs is a superposition of Higgses ¢;, ¢5 and ¢,

SM-higgs = Ui + Usps + Uy p. (33.8)

The elastic cross section is proportional to the mixing o o [Ustf,SsY |2 We compare the predicted elastic
cross section with direct detection experiments such as XENON100 and CDMS Il which give the most severe
constraint on direct detection of DM. As a result, we obtain the predicted elastic cross section which can be
verified by the next future direct detection experiment XENON1T for Usif, &S5 ~ 0.1.
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Figure 33.2. The contours of the boost facotor BF defined in the text. vz is defined as yg = I'r /Mg Where
I'r is the decay width of the resonance particle R.

33.6. Summary

Indirect and direct detection of DM have been discussed in Dg flavor symmetric model. The Dg flavor
symmetry gives the predictions for the mixings of leptons. The mass of DM ng is constrained to 230 < Mg <
750 GeV by the thermal DM relic density and Lepton Flavor Violation. The e* excess in the cosmic ray is
explained by the Breit-Wigner enhancement. The flavor of the final states of the DM annihilation is determined
by the D flavor symmetry and the flavor is almost e*.

The elastic scattering between DM and quarks occurs through the Higgs mixing. A certain parameter region
of the Higgs mixing will be verified by the next future direct detection experiments such as XENON1T.
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