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ABSTRACT: We show how the SUSY flavour and CP problems can be solved using gauged
SU(3) family symmetry previously introduced to describe quark and lepton masses and
mixings, in particular neutrino tri-bimaximal mixing via constrained sequential dominance.
The Yukawa and soft trilinear and scalar mass squared matrices and kinetic terms are ex-
panded in powers of the flavons used to spontaneously break the SU(3) family symmetry,
and the canonically normalized versions of these matrices are constructed. The soft mass
matrices are then expressed in the Super-CKM basis, and the leading order mass inser-
tion parameters are calculated, and are shown to satisfy the experimental constraints from
flavour changing neutral current processes. Assuming that CP is spontaneously broken
by the flavons, the next-to-leading order effects responsible for CP violation are then esti-
mated, and the predictions for electric dipole moments are shown to be an order of magni-
tude more suppressed than those predicted from the constrained minimal supersymmetric
standard model (CMSSM), and may be further suppressed if the high energy trilinear soft
parameter is assumed to be relatively small. We also predict that, unlike in the CMSSM,
e’ /exk may be dominated by the SUSY operator Og. We also discuss the additional con-
straints from unification, which can lead to further predictions for flavour changing in our
scheme.
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1. Introduction

The Flavour Problem in the Standard Model (SM) is one of the deepest mysteries in
physics. In the absence of neutrino mass and mixing, the flavour sector of the SM involves
ten parameters related to the quark sector (six masses, three angles and one phase) plus the
three charged lepton masses. In the presence of neutrino mass and mixing [fl], there could be
a further nine parameters (three Majorana masses, three angles and three phases), or more
or less parameters depending on the precise origin of neutrino masses and mixing. The
qualitative smallness of neutrino mixing has led many people to conclude that neutrino
mass must be associated with new physics beyond the SM, although there is so far no
consensus on the nature of that new physics. A minimal Majorana approach is to consider
higher order non-renormalizable dimension five operators of the form \;;L;L;HH/M;; [Q]
where L; are lepton doublets, H are Higgs doublets, \;; are Yukawa couplings and M;; are
some large mass scales. A minimal Dirac approach is to conserve lepton number and add
right-handed neutrinos N; and couple them to lepton doublets as h;; L; N;H where h;; are
(very small) Yukawa couplings. There are of course many other approaches, some of which
map onto one or other of these minimal approaches, and some which do not.

It has recently been realised that SU(3) family symmetry [J, ] can lead to a solution
to the Flavour Problem of the SM, including answers to the five distinct questions: Why
are there three families of quarks and leptons? Why are quark and charged lepton masses
so peculiar? Why are neutrino masses so small? Why is lepton mixing so large compared
to quark mixing? What is the origin of CP violation? The answer to the first question
is provided by gauging the SU(3) symmetry, which puts the question of three families on
the same footing as that of the three quark colours. The peculiar nature of the quark
and charged lepton masses is accounted for in terms of hierarchical textures based on
powers of expansion parameters, each of which is not itself very hierarchical (typically of
order 0.1). The smallness of neutrino masses will be due to the see-saw mechanism [f],
and the large lepton mixing will be due to the sequential dominance (SD) mechanism [,
E]. Indeed present neutrino oscillation data is consistent with approximate tri-bimaximal
lepton mixing [§], and this can be readily achieved with constrained sequential dominance
(CSD) [B, [ld]. Finally the origin of CP violation can be due to the spontaneous breaking
of the SU(3) family symmetry [[3, [[J].

In hierarchical models, SU(3) family symmetry is broken by so called flavon vacuum
expectation values (VEVs) (¢), which may also have CP violating phases, and the Yukawa
couplings are generated in terms of powers of some expansion parameters ¢ = |(¢)|/M
where M is the so called messenger mass scale. If ¢ < 1 then such small expansion param-
eters can serve to describe the small Yukawa couplings in a hierarchical parametrization.
Such parametrizations have been proposed based on symmetric Yukawa matrices with the
(1,1) elements being zero, allowing the successful fermion mass relations to emerge. In
fact, in the quark sector, since the up-type quark masses are more hierarchical than the
down-type quark masses, two expansion parameters are required: € ~ 0.05 and € ~ 0.15,



with the quark Yukawa matrices taking the approximate form [[[5]:

0 e &d 0 a8
Yim [3e2e2|, Yia|[a822], (1.1)
e3e? 1 S

with independent undetermined order unity coefficients multiplying each matrix element
suppressed above. Recently a phenomenological fit has been performed which determines
the coefficients of the individual matrix elements and the expansion parameters of such
Yukawa textures precisely at high energies by comparing to the quark masses and mix-
ings run up to the high energy scale. Such an analysis assumes low energy (TeV scale)
supersymmetry (SUSY), and includes possible low energy SUSY threshold effects [[Ld].

With the addition of low energy SUSY the Flavour Problem increases dramatically,
due to the undetermined superpartner masses, mixings and phases that must also be ex-
plained [[7]. Indeed in SUSY extensions of the SM there are typically about a hundred
or so additional physical parameters associated with the soft SUSY breaking Lagrangian,
depending on the precise nature of the SUSY SM and the origin of neutrino masses and
mixings in the SUSY context. Moreover much of this parameter space is ruled out by the
fact that high precision LEP measurements, Tevatron particle searches, and high statis-
tics experiments such as searches for charged lepton flavour violation and electric dipole
moments, as well as Kaon and B flavour physics experiments are almost all consistent
with the SM [[[4]. The only flavour changing neutral currents (FCNCs) that have been
observed are those consistent with the SM expectations. The only significant crack in the
SM edifice is the hint of new physics coming from the anomalous magnetic moment of the
muon [[[§]. Many people argue that if SUSY was present at the TeV scale, there would have
been many signals of this by now, given the overwhelmingly large regions of soft SUSY
parameter space in which SUSY by now would have been discovered. Indeed fine-tuning
arguments indicate that much of the remaining parameter space of the minimal supersym-
metric standard model (MSSM) is unnatural or fine-tuned, mainly due to the failure to
discover the Higgs boson at LEP [[]], and this is particularly accentuated if one requires
the MSSM to give electroweak baryogenesis, although both problems can be alleviated in
the next-to-minimal supersymmetric standard model (NMSSM) [R0].

In this paper we shall show how SU(3) family symmetry can not only solve the Flavour
Problem of the SM, but also that of its SUSY extensions. It has been also known for some
time that, if the SM was extended to include SUSY, then, in the SU(3) family symmetry
limit, the soft squark and slepton mass squared matrices would have a universal form,
proportional to unit matrices, enforced by the SU(3) family symmetry. However, in the
SU(3) family symmetry limit, the Yukawa and soft trilinear matrices vanish, so in the real
world the family symmetry must be spontaneously broken leading simultaneously to flavour
in the Yukawa sector, and violations of universality in the soft SUSY breaking sector. In
principle therefore SU(3) family symmetry can provide simultaneously a solution to the
Flavour Problem not only in the SM but also in its SUSY extensions, since the violations
of squark and slepton soft mass universality are controlled by the same order parameters
€ as are responsible for the origin of Yukawa couplings, resulting in the prediction of



(suppressed) FCNCs [, [[J]. Furthermore, it has been postulated that CP is an exact
symmetry of the high energy (string) theory being spontaneously broken (only) by phases
in the flavon VEVs. In such a case SU(3) family symmetry can explain the smallness of
the phases in soft SUSY breaking Lagrangian in general, and the suppression of electric
dipole moments (EDMs) of the neutron and electron in particular [[J, [3]. These previous
analyses were performed in the framework of a specific scenario for SUSY breaking, namely
SUGRA [[3, [[3], and it is of interest to know how much of the effects arise from the SU(3)
family symmetry and how much from the details of the SUGRA model.

In this paper we shall perform a detailed bottom-up operator analysis of the soft SUSY
breaking Lagrangian in terms of a spontaneously broken SU(3) family symmetry, where
the operator expansions are assumed to be SU(3)-symmetric. We shall make a careful
estimate of the mass insertion parameters describing flavour changing and CP violation,
keeping track explicitly of all the coefficients, including a careful treatment of canonical
normalization effects. Although our analysis is independent of the details of the mechanism
of SUSY breaking (as long as the SUSY breaking scale is higher than the scale of the family
symmetry breakdown so that the effective soft SUSY-breaking operators do obey the family
symmetry) the results do depend on the precise way that the family symmetry is broken.
For definiteness we shall assume that the SU(3) family symmetry is spontaneously broken
in such a way as to give rise to tri-bimaximal neutrino mixing, with small corrections to tri-
bimaximal lepton mixing coming from quark-like charged lepton mixing angles predicted
from theory, leading to a prediction for f13 and a neutrino mixing sum rule [d, R1-RJ].

This approach requires three specific types of flavon fields, each of which is an anti-
triplet of the SU(3) family symmetry, and each of which has a particular type of vacuum
alignment, namely: (¢3) ~ (0,0,1), (¢23) ~ (0,1,1), (d123) ~ (1,1,1), up to phases. In
practice, the desired vacuum alignment must also ensure that qS;g . {¢123) = 0, in accor-
dance with the CSD requirements necessary to yield tri-bimaximal neutrino mixing [§, [[(].
Within such a framework, assuming such flavons, we shall perform a bottom-up operator
expansion of the soft SUSY breaking Lagrangian, focussing on the predictions for the soft
squark and slepton mass squared matrices, and the soft trilinear mass matrices. Since a
similar operator expansion also predicts the quark and lepton Yukawa matrices, we are then
able to construct the soft mass squared and trilinear mass matrices in the basis in which
the charged fermions are diagonal, the so called super-CKM basis [[7] (for the quarks)
and an analogous diagonal charged lepton basis, under certain common assumptions about
the messenger sectors. The mass-insertion § parameters may then be directly read-off in
this basis, leading to the prediction of (suppressed) FCNCs. We note that such predictions
provide a smoking gun signature of the SU(3) family symmetry in the SUSY spectrum, pro-
viding an indirect test of such a symmetry which would be difficult to verify without SUSY.
One technicality worth mentioning is that violations of SU(3) family symmetry also give rise
to non-canonically normalized kinetic terms [R4, R§] and we are always careful to include
the effects of canonically normalising these terms before interpreting the physical results.

Our analysis may be compared to the other related analyses in the literature mentioned
above [, [[3]. These previous analyses of the SUSY flavour and CP issues were based



on the gravity mediated or SUGRA type of SUSY breaking, together with SU(3) family
symmetry. In this paper we shall focus on the role played by the family symmetry if it is
extended appropriately to the soft SUSY-breaking sector. As we shall see, SU(3) in certain
realizations can be powerful enough to significantly alleviate the SUSY flavour and CP
problem of the low-scale supersymmetry. Although the details are model-dependent, many
of the predictions will be relying only on the basic features of the SU(3) symmetry.

In this paper we assume a specific scenario involving the three flavons ¢s, ¢93, 123
whose vacuum alignment gives rise to tri-bimaximal neutrino mixing, since such a model
has not been discussed previously, even in the SUGRA context. Compared to previous
models, the effect of the new flavon ¢123 is to greatly simplify the analysis, enabling a full
and detailed treatment in which we keep track explicitly of all the dimensionless coefficients
through the procedure of canonical normalization and going to the SCKM basis. In the
previous models, the operator analysis was much more complicated, rendering an explicit
treatment intractable [[J, [J]. Furthermore, we shall show that in the tri-bimaximal mod-
els the EDMs have an additional Cabibbo suppression factor compared to the previous
models [[[2, [J].

We may also compare the results of such models based on SU(3) family symmetry to
the conventional minimal supergravity (mSUGRA) or constrained minimal supersymmetric
standard model (CMSSM) approaches. The latter assume or postulate universal soft mass
matrices at the high energy scale, and any observed non-universality at low energy is due
to renormalization group (RG) running effects, including those due to the right-handed
neutrino couplings entering the see-saw mechanism. In the present paper we consider the
corrections to non-universality already at the high energy scale, due to the SU(3) violating
effects of flavons. This implies that we predict a higher amount of flavour changing than in
mSUGRA or CMSSM, in general, although still below current experimental limits. However
predicted EDMs in the effective SU(3) family symmetry approach are in fact smaller than
those predicted in mSUGRA or CMSSM, being suppressed by approximately one further
power of the Cabibbo angle. Similar results would also apply if SU(3) family symmetry is
replaced by a discrete subgroup [Bq], which has the additional benefits of being more readily
obtained in string theory, yielding more readily the desired flavon vacuum alignments, and
not being subject to additional sources of flavour violating D-terms. In any case we do not
consider the D-terms sources of flavour violation at all in this paper, since they have recently
been considered elsewhere [R7]. Finally we note that other class of tri-bimaximal models
based on SO(3) [f, PJ] and A(12) = A4 [P]] family symmetry have been proposed, and
they will be considered in a future publication, along with a full analysis in the framework
of an effective SUGRA approach.

The plan of the remainder of the paper is as follows: In section 2 we introduce SU(3)
family symmetry models with tri-bimaximal mixing, including our operator analysis for
the Yukawa matrices, the trilinear and scalar soft matrices and the Kéhler potential. We
also discuss the constraints of GUTs, and in particular SO(10). We then go on to recast
the results in the canonically normalized basis, keeping explicit track of all the coefficients.
In section 3 we discuss the phenomenology arising from our operator expansions. First
we make some general remarks about SUSY flavour changing, including the SCKM basis,



defining the mass insertion parameters, and giving a survey of the experimental constraints
on these parameters, before discussing the SUSY Flavour and CP Problems. We then per-
form a phenomenological analysis of the SU(3) family symmetry models with tri-bimaximal
mixing, and give explicit forms for the soft mass matrices in the SCKM basis, to leading or-
der in our expansion parameters, with and without GUT constraints, from which the mass
insertion parameters can be readily extracted and compared to the data, after including the
effects of RG running. CP violation is then discussed, which requires a next-to-leading order
operator analysis. The CP violation relevant for third family phenomenology, EDMs and
the Kaon system is subsequently discussed in detail. Finally section 4 concludes the paper.

A note about notation. In what follows we shall work in three different bases - the
(current) basis in which the model is originally formulated, the canonical basis in which
the kinetic terms receive canonical form and finally the physical super-CKM (SCKM) basis
that is very convenient for SUSY phenomenology.

The couplings entering the effective expansions in the defining basis shall be denoted
by a unique operator-specific single-digit numerical subscript like e.g. y1, ao, k3, by etc.
(appearing in the Yukawa, trilinear, Kdhler and soft-mass-squared sectors respectively).
The corresponding matrix structures shall be equipped with hats, i.e. Y, fl, K and m? and
so on. Once we get to the canonical basis the relevant matrices will lose the hats (i.e. we
shall use Y, A, m?) and their entries shall be denoted by the same set of letters as before
but with position-specific (i.e. double) subscripts (e.g. y12, as3, bss etc.). Last, the SCKM
basis quantities will all receive tildes, i.e. Y shall be diagonal matrices with eigenvalues 11,
722 and y33; A matrices will be given in terms of a;; coefficients and so on.

Second, unless specified otherwise, we shall denote the SM matter SU(2); doublet
fields @, L by f while f¢ will be used for the corresponding SU(2)y, singlets u€, d¢, e, v°.

On the other hand, f as a superscript in the Yukawa and trilinear sector couplings (e.g. y{ ,

a{ etc.) shall correspond to u,d, e, v in the usual manner, i.e. for instance y* will show up

in the up-type Yukawa sector couplings oc QY “u¢H,, etc. We shall also drop all the charge
conjugation matrices in the supersymmetric Yukawa couplings.

2. SU(3) and SUSY: Operator expansions and canonical normalization

2.1 SU(3) predictions for Yukawa matrices

In the MSSM, the Yukawa piece of the superpotential is given by
Wy = €ap [-ﬁg@ﬁingacj — HQPYd — HYLP'YY 0 — ﬁgﬁﬁiygécj] . (21)

If a family symmetry is employed, the Yukawa operators originate from higher dimensional
operators involving flavons which break the family symmetry, and one can write in general

Wy= > Hf (Zyééiﬂim )f+ (2:2)

{f.fe} >0 ffe,eef



where f and fc stand for the flavour multiplets of left chiral superfields in the model,!
d, & etc. are generic symbols denoting flavon fields in a specific model and H is the
Higgs superfield of the relevant hypercharge. The number of such multiplets depends on
the family symmetry imposed. In this paper we are mainly concerned with an SU(3)
famlly symmetry, under which both left and right-handed fields are triplets 3, so in this
case f runs only over the two trlplets Q, L and fC denotes only four structures - the
triplets @<, d¢, é¢ and ¢ where Q = (Ql...Q3), = (Ll... 3) while f¢ stands for
4° = (ar...a), d° = (d°'...d) etc. The tensor products of the ®, & etc. flavons are
coupled appropriately to the matter sector bilinears so that the whole structure is a family
symmetry singlet.

Note also that there are in principle at least two distinct types of messengers entering
the formula (R.2), in particular those transmitting the SU(2);, doublet nature of f = @, L
to the Higgs VEV insertion point (for definiteness let’s call them x¢ 1), and also the singlet
ones propagating further the remaining SU(3), ® U(1)y quantum numbers to f¢ = u, d°,
e and v° (to be called Xy, 4., ). However, for the sake of simplicity, we shall use a generic
symbol M for both these classes and come back to this distinction only upon getting to

physical implications.?

As discussed in the introduction, it has been pointed out that the observed close-to
tri-bimaximal lepton mixing, along with the main features of the quark and charged lepton
masses and mixings, can be understood if there are three flavons ¢s, ¢o3, ¢123 which are
antitriplets 3 with VEVs pointing in particular directions in SU(3) space, that appear
in the following Yukawa operators (dropping superfield hats and using f instead of the
redundant f f¢ indices) [[L{]:

y = f'f9 [y{(¢123) (623); + yd (d23)i(D123); + yd (03)i(63); + y] (23)i(23); ]

Sl=

This approach requires a particular vacuum alignment in the SU(3) space: (¢3) ~ (0,0,1),
(pa3) ~ (0,1,1), (p123) ~ (1,1,1), up to phases. These structures should emerge from
minimization of the relevant piece of the total scalar potential. However, a full-fledged
discussion of how this can be achieved is beyond the scope of this work and we shall defer
an interested reader to the original paper [[L]] for further details.

Let us see now how the generic phase condition <¢;3> . (¢123) = 0 (which is necessary
to yield tri-bimaximal neutrino mixing in accordance with the constrained sequential dom-
inance requirements [f]) can be mapped onto the phase structure of the vacuum. Including

!The summation here is taken over the “chirality” pairs of f and f¢ only, e.g. {f, f¢} = {Q,d}, {L, e}
for H = Hq etc. The ellipses stand for higher order flavon and/or SM singlet Higgs insertions.

2In this study we shall not, however, address the question of topology of the underlying messenger
sector Feynman graphs giving rise to the operators under consideration. An interested reader can find more
information for instance in [@] and references therein.



the most general set of phases, the desired vacuum structure can be written as:?

eiwl 0 0
. ) uy 0
(pr23) = | @2t9) Ly | (po3) = e'? uz, (P3)=1 0 |® 03 a | (23)
ei(w3+¢2) ei(w3+¢3) eiwg 'LL3

where the phases w; can be removed by SU(3) transformations, so may be regarded as
unphysical. Indeed the CSD condition that <¢£3> (¢123) = 0 requires [[[{, P:

$2 — ¢1 = ¢p3 — 7 (mod 27) (2.4)

independently of w; which cancel. A convenient choice of basis which we shall employ in
this paper is to simply set w; = 0, leading to

1 0 0
) uy 0
(Prazy = | € Jur, (gaz)=| 1 Juz, (g3)=]0]|® 03 d (2.5)
cit2 ¢its 1 U3

For the sake of the high-scale D-flatness* one should add a set of extra flavon triplets 3
with VEVs:

1 0 0
— , . — , — , uy 0
(Prog) = €' | e [ uy,  (Byg) = e’ 1 uz ,  (p3) = e lo]® 03 d
e—i%2 o—i®s 1 U3

Due to their transformation properties the extra flavons couple to the Yukawa and trilinear
sectors at the higher order only while they enter the soft masses and kinetic terms on the
same footing as the “basic” (i.e. antitriplet) ones.

3Strictly speaking, we should in principle admit a phase difference between the two SU(2) r components
of (¢3). However, it is easy to see that such an extra phase does not affect the results of the following
analysis because it can enter only the 33 entries of either up- or down-type Yukawas (and the corresponding
A-terms) and thus is effectively undone upon bringing the trilinear couplings to the SCKM basis. Moreover,
the would-be physical effects in the soft masses are screened because ¢s enters the soft masses and the Kéhler
potential in conjugated pairs only and only the subsequent SCKM rotation reveals such a phase; however,
as we shall see in section B.3.1, it is irrelevant for the physics because of the overall suppression of the
off-diagonalities in the soft terms. Remarkably enough, even the CKM CP phase is essentially insensitive
to such a phase difference because it can be almost entirely rotated away upon bringing the CKM mixing
matrix into the standard form; for further comments see section .

4This can be seen from the following argument: splitting the set of the relevant hermitean generators
{T®} (in a given representation ¢) into the symmetric (and real) part Té¢) and an antisymmetric (and
thus imaginary) piece Tyb) the D-flatness requires that the sum of all the D-terms like <¢>T Ts(‘¢) (¢) =
(@) n TS (@) 5 + (8), TS (@), and () TS (@) = 2i (9) , TS” (9), (where (@) = (¢)p, + i (@),) over all
relevant ¢’s are zero for all generators. Since the generators {T(¢)} of the complex conjugated represen-
tation ¢ obey Ty) = —Té¢), Tf) = Tf) (from hermiticity) this cancellation can be achieved via extra
contributions from a sector transforming as ¢. Moreover, (D) g = <$>R and (¢), = — <$>I is needed up to
a global phase.



2.1.1 Charged sector Yukawa couplings
Writing flavon SU(3) indices as ¢; (for antitriplets) and ¢’ (for triplets), and inserting the

flavon VEVs above yields Yukawa matrices,’
v = L2 yf (G128)i($aa); + v (das)i(dras)j + vl (@s)i(s); + vl (das)i(das); | + -+ (2.6)
J M?
In matrix form, this becomes
000 0 1 ¢ 0 0 0
V5 =yl &)1 000 |+elel |y | 0eior eil@ston [yl [ 1 eion ei®2
001 0 ei2 ei(¢3+o2) ei93 oi(P1+¢3) pilda+ds)
00 O
+y£(€£)2 0 1 €9 | 4+... (2.7)

0 eits (2ids
where we have defined the real expansion parameters as:

U2
My’

Uy

d
UV us  ge  U§
Mf'

— J_
—, & 62—

= = — Ef:
3 Mf’ 3 Mf’ 1

(2.8)
As mentioned above, the resulting Yukawa matrices for different charge sectors depend
on the messenger sector which is responsible for the non-renormalizable operators via the

messenger scales M. We will (for definiteness) assume the following hierarchy pattern:6

Mo > My, ~3My, with M, =M, and M= M, (2.9)

along the lines of an underlying left-right symmetric framework. In such a case the Yukawa
expansion (R.7) is governed by the SU(2)-singlet messengers and we can define
us u9 (5% _ ul 2

=¢£ = €€ =é
’ M, . ’ Mg, ’

3 Y
M, Mg,

)

(2.10)

where consistency with quark masses and mixing angles is obtained with ¢ ~ 0.05,& =
0.12 ~ 0.15, see e.g. [[5]. The expansion parameters in eq. (B.§) then become:

=" =g, = =2 & =¢ =¢, & =¢5,=¢. (2.11)

We also assume €% = ¢4 = e3 and €5 = ¢4 = 3 where €3 ~ &3 ~ 0.5. Though this is a

relatively large expansion parameter and higher order insertions of ¢3 and/or ¢ are not
strongly suppressed, they are harmless in the Yukawa sector because of the extra flavour
symmetries preventing such insertions from entering the holomorphic superpotential to a
high degree.”

5We use hats for the relevant matrices in the defining basis, i.e. prior to canonical normalization.

SHere we come back to the generic distinction between the SU(2)-doublet messengers x @,z and their
singlet counterparts Xu,d,e,n. The current assumption admits great simplification of the resulting Yukawa
hierarchy patterns along the lines of the recent studies [E]

"Note that this argument can not be extended to the Kihler potential (or operators giving rise to the
soft SUSY-breaking masses) which is not protected by holomorphy and can be in principle very sensitive to
higher order ¢s and/or 53 insertions. However, as we shall argue in section , such higher order effects
can be always fully reabsorbed into definition of the Wilson coefficients of the operators under consideration.



In powers of ¢ and &, the leading contributions to the defining basis charged Yukawa
matrices are given by:

0 g2z Yt g%z ylel?s
Y¥ = e2e yy g2y 2ydet®s | .-, (2.12)
€22 yYei?s g2yleits  yuel
0 Sy Syfelss 0 Bye  gdyceids
yd — é3y§l 52yff §2y§lieid>3 +..., Y= §3y§ §2y2 &:2?/26@'(1)3 4.

Eygelt Syl yges Eyse's Eyfe'®  y5a
2.1.2 Neutrino Yukawa couplings

Concerning the neutrino sector Yukawa, the fourth operator in expansion (B.§) disturbs in
general the desired tri-bimaximal shape of the neutrino sector [f] unless ¥ ~ 0 which, at
the effective theory level, must be just assumed. With this at hand, one receives:

0 g2g Y1 g2e ylei‘i’?’

This assumption, however, can be easily justified in an underlying unified model with
SO(10) or Pati-Salam gauge symmetry, where y4 can be associated with a VEV with zero
projection in the neutrino direction, see section for further details.

Neutrino Majorana sector. In the model under consideration the Majorana
masses originate from operators which involve the factors ff%(¢o3)i(¢23); and
T f (p123)i(¢123);. The neutrino Yukawa matrix and Majorana mass matrix M then
have the leading order form [[Q]:

0 B 1 My M 4e'91 0
Y= A Be'® 4 A’ Oy |, M= | My Mye? + Mg 0 |, (2.14)
Ae'?s Beif2 + Aei(#1793) Cy 0 0 Mc

where A = y¥e®, B = y¥e3, and the real positive Majorana masses satisfy M4 < Mp < Mc.
However it is not at all clear that the model corresponds to SD since the right-handed
neutrino mass matrix is not diagonal. Moreover it is not clear that tri-bimaximal neutrino
mixing results since it does not satisfy the usual CSD conditions. However the see-saw
formula Y”M~1Y*7 is left invariant by a transformation of the form [BJ]:

YY yrst M ST st Mt sMtsT (2.15)

where S is any non-singular (in general non-unitary) matrix, and we see that under

1 —e1 0 B My 0 0O
STT=10 1 0of|: Y= | A Be¢ ¢ M—| 0 Mg 0 |, (216)
0 0 1 Ae'?s Beit2 O 0 0 Mo
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where the transformed mass matrices do satisfy the CSD conditions, providing the first and
second columns of the Y satisfy ATB = 0, which corresponds to the CSD phase condition
in eq. P.4. Clearly the transformed matrices do not correspond to a change of basis, since
the transformation is non-unitary, but as shown in [BJ] the original see-saw matrices are in
the same invariance class as the transformed matrices and hence lead to the same neutrino
masses and mixing angles. Hence we conclude that the original theory basis corresponds
to CSD, and leads to tri-bimaximal neutrino mixing.

2.1.3 Yukawa couplings in unified scenarios

The CSD pattern advocated in the previous section relies on yj = 0, which must be
assumed at the effective theory level. However, this becomes automatic in unified models
in which the 2-3 block is driven instead by an operator like:

f

Oy = fif M‘;’jﬂ (d23)i(do3); SH + -+, (2.17)
f7f

where ¥ is a flavour-singlet Higgs field with zero Clebsch-Gordon coefficient in the neutrino
direction.

As mentioned above, this mechanism is easily realized in left-right symmetric frame-
works & la Pati-Salam SU(4)c ® SU(2);, ® SU(2)r or SO(10) GUT scenarios with ¥ =
(15,1,3) under PS (or 45 under SO(10)) symmetry. On top of the cancellation of the
unwanted neutrino sector contribution, the Clebsches associated with X lift nicely also the
charged sector degeneracy (originally due to the coincidence of the various Yukawa cou-
plings in the GUT-symmetry limit) like e.g. ¥} = v/ and ygl = y¢ in a class of left-right
symmetric models, or

yi=yl =yl =i =y (2.18)

in Pati-Salam or SO(10) with the minimal Higgs sector. This yields the generic Georgi-
Jarskog [BZ texture (accounting in particular for m,, ~ 3m at the GUT scale):

0 e2&y, £25y,€!?3
VU £2&y, E2ysClo  2ysCloe®s | |
£3y9e'?3 25 Cloel?3 Y33
0 ey Eype'ds
yde ~ 239 EynCho  ysChoe'®s | | (2.19)
E3ypei?3 22ysChepel?s Y33

with o = (X)/M?* (recall there is no distinction between d, e in SO(10) or Pati-Salam) and
C¢ =3 and C?% =1 in the charged-lepton and down-quark sectors respectively.

For the sake of simplicity, in what follows we shall work in the framework of MSSM
taken as an effective limit of any high-scale scenario, i.e. keep all the couplings in the
different flavour sectors independent, only assuming y; ~ 0 in the effective theory (however,
well motivated in various GUT scenarios). Not only this makes our results more generic,
but also admits imposing further GUT constraints at any point to derive model-specific
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conclusions. We shall keep track of all the would-be Clebsch-Gordon coefficients associated
with the Georgi-Jarlskog Higgs field ¥ in unified models by means of a simple identification

vl =ysClo (2.20)

(with C®%e¥ = —2.1,3,0) so that one can translate all the generic results given below in

terms of the ’effective’ yf: couplings into the unified picture with yy instead.

Note on CKM CP violation. It has been pointed out [BQ] that if all the CP phases
come from the flavon sector only, the current texture is unlikely to provide large enough
CKM CP phase® (dckm). The reason is that for a real o one can rotate away all the
leading order e®? phase factors in (B19) to end up with a leading-order phase only on the
33 entries of Y“’d, that gets reabsorbed upon bringing the resulting CKM matrix into the
standard form [BI)], while the effects of the subleading phases are too suppressed to account
for the measured value of Scky. In general, however, o is complex? and it can be shown
its phase can account for the entire CKM CP-violating phase.

In what follows, the phase of o will be mostly irrelevant and for the sake of simplicity
we shall often work with o real. Nevertheless, we shall comment on the would-be effects of
its non-zero phase whenever appropriate.

2.2 SU(3) predictions for soft-SUSY breaking parameters

Though successfully describing the basic features of the SM fermion masses and their

t.10 However, in supersymmetry,

mixing, the flavour models per se are difficult to tes
there are many additional constraints associated with the SUSY flavour and CP violating
parameters coming from the soft-SUSY breaking part of the MSSM lagrangian, in particular

from the trilinear scalar couplings and the soft-SUSY breaking scalar masses:

Lo = eap | ~HEQW AL — HFQP ALd — HELP A5 — HFLP A5 + Hee.
F QL (mB )G + T (m2 Vi 4 5 (B i + Efy (m3 )i 100 4 e (e

o (mie )5 (2.21)

velj

8Remarkably enough, the solution advocated (in a slightly different context) in @] (i.e. an extra relative
phase between the two SU(2)r components of the ¢3 VEV) does not work in the current model because
the net effect of such an extra phase on the diagonalization matrices can be reabsorbed upon getting the
resulting CKM matrix into the standard form.

9This need not be straightforward due to the adjoint nature of ¥. However, if ¥ is just an effective
description of a composite object one can generate an overall phase on its VEV from the misalignment of
phases of the underlying degrees of freedom (recall that it is not entirely neutral and thus its components
need not have their phases aligned from D-flatness).

10Usually the situation is such that either there is a very limited set of parameters leading only to
approximate fits of the SM fermion spectra and mixings or, on the other hand, a wider set of parameters
admits perfect fits of the known measurables but does not lead to a clear-cut prediction that can be falsified.
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In flavour models, these terms come from the generic operators of the form

c X (I)®(I> e
£, = /dQHZ—H i all/ — | S (2.22)
{f.f<} @, Mffc,qxb'
m2 4 + £,X fX(I)(X)(I) A A fe
meo= d6 Zf Byt L+ > bk — o [ fr =) 223
D, P/ fCI><I>’

after the relevant fields develop their SUSY-breaking F-terms. In the formula above this
sector is represented by a generic symbol X and typically corresponds to the SUSY-
breakdown triggering hidden sector fields. The generic symbols ®, &’ denote all the combi-
nations of the ¢4 (and ¢ ) flavons in the model that are allowed by the extra symmetries.
As before, the ellipses correspond to higher order terms.

Note that in supergravity any superfield with nonzero VEV on its scalar component
actually develops an F-term, c.f. [[d], and so do also the flavons. In such a case, there are
non-zero contributions associated to the flavon sector F-terms emerging from even lower
level operators like:

. @ & P’ e
Esoft /d29H Z f Z aé];/ 2 + e f +
gy \ea My on

me /d4HZfT<bf]l+be m2+ >f+ (f — f+

A more detailed discussion of these matters is however beyond the scope of this paper and
shall be covered in a separate publication [[[4].

The scales'’ MX in formulae (P.29) and (B.23) corresponds to the physics communi-
cating the information about the SUSY breakdown (indicated by non-zero F-terms of the

X superfields) into the visible sector; in gravity mediation one typically has MX ~ Mp;
for hidden sector superfields while in the case of a gauge mediation this scale could be
significantly lower.'? In any case, for the expansions (2.29) and (R.23) to make sense, we
must assume that the family symmetry breaking scale is below M.

The flavour structure of the expansions (2.23) and (R.23) correspond to the case of
an SU(3) horizontal symmetry with all the fermion superfields Q, ue, dC, L, é¢ and p°

transforming as fundamental triplets. In the exact SU(3) family symmetry limit the soft
masses from formula (2:29) are universal:

~2 ~2 ~2 ~2 ~2 ~2

1My OC Miye OX Mige OC M, O Mge X Mye X 1 (2.24)

and the Yukawa couplings and trilinear terms vanish. Clearly, to be consistent with fermion
masses and mixings, the SU(3) family symmetry has to be broken, leading to violations of
universality, as we now discuss.

H A% are assumed to be larger than the scale of the family symmetry breaking so that the effective soft
terms do follow the constraints imposed by the family symmetry.

12The main constraint in both cases comes from the requirement that the soft SUSY-breaking scale given
by (Fx) /M™ is in the desired (TeV) region.
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2.2.1 Trilinear soft couplings

Let us thus consider the MSSM equipped with an SU(3) family symmetry under which
all the three families of matter (super)fields sharing the same gauge charges transform as
fundamental triplets. Assuming that the extra flavon charges [[Q] admit just the 3; ®3 e ®
35 ® 34 terms of the typical tri-bimaximal Yukawa structures given in formula (R.19) but
forbid the would-be singlets of the type 35 ®3 e ® 35 one arrives to the following expansion
for the effective trilinear couplings:

Al
Alg = M}g (a{<¢123>z‘(¢23>j + af(pa3)i(dr23); + af ()i (d3); + a£(¢23>i(¢23>j) + -

(2.25)
where, for the sake of simplicity, we have taken the masses of all the messenger fields
relevant for this type of contractions to be the same (i.e. we put all the M]’?f’f@@, factors in

formula (R.29) to a common value M ]14 and similarly aég,’x = alf

assuming the fundamental
dynamics behind all these operators is the same). This is quite natural because of the
similar quantum structure of the operators behind these two types of contractions.

However, as pointed out above, up to O(1) coefficients alf that can be different from
those (ylf ) in the Yukawa sector (due to the effects of supersymmetry breaking) the flavour
structure of the trilinear terms (2:2) is similar to the Yukawa matrices Y, c.f. (2.§). This
suggests that also the masses of the messenger fields entering the denominators of these
effective operators (M }4) can be identified with those entering the Yukawa sector'® (Mp).

Thus, in what follows we shall further assume'*

M3 = My for all f. (2.26)

The mass scale Ag in the A-term expansion is taken at the order of a typical SUSY scale
with Ag = (Fx)/M*X.

Considering only the leading set of operators, the matrix structure of the trilinear
soft terms in the effective SU(3) flavour model under consideration (c.f. ([2:3), £.3), :29)
and (R.2d)) is given by:

i ,[000 0 1 €9 0 0 0
T = a} <€§> 000 |+eled [af [ 0ei® eil@ston) | paf [ 1 ¢in e
0 001 0 ei%2 (i(¢s+e2) ci93 i(d1+63) pi(d2+¢3)
00 O
raf () |0 1 e |, (2.27)

O ei¢3 e2i¢3

13The SUSY-breaking effects are typically negligible for messenger scales well above the soft SUSY braking
scale.

MWithout such assumptions on the trilinear sector messenger masses one obviously can not derive any
physical predictions from the given model.
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where the expansion parameters are those used in the Yukawa sector (R.§). In the "phe-
nomenological’ parametrization (R.11) one can write:
0 g2z at &2 5 alei?s
A = Ay | % ay €2CLZ Ze’¢3 +oee (2.28)
22 aYe'?s g2qYel?s ag‘sg
0 ega‘lie g3 d’eei¢3
Ade = Ay [ &ade  2at° a2ad “elds | 4

=3 d.e_ips3 2a d,e i3 d7ef2
€°aq el? ay a3’ €3

In a GUT limit (c.f. section R.T]), it is again convenient to replace the last operator in (2.2§)
by the Georgi-Jarlskog structure:

(¢23) (d23) %
GZW s (229)
and employ a matching condition along the lines of eq. (2.20)
af; = axC’lo (2.30)

so that the neutrino sector trilinear coupling obeys (in the GUT limit (2.1§), i.e. a; = a¥ =

ad = af = a?):
0 2 aq £22 a1e'?3
AV = AO 625 as 625 (alei¢1 + a2ei¢1) 625 (alei(¢l+¢3) + a2ei¢2) “+ .. (231)
€22 aYe'® £2¢ (a1e'? 4 anel(P1193)) ape3

2.2.2 Scalar soft mass-squared parameters

Similarly, the soft masses allowed by the SU(3) family symmetry can be written from (2.23)
as (the generic subscript 4 runs over all the relevant flavon species, f = @, L and f¢ =

u, d¢, e, ve):
(040%) )

where we have again made an assumption about the common origin of all the leading order

M

. Since there is a lot more contractions allowed in this case (notice

(2.32)

operators, i.e. put all the
-

o coefficients in formula (P-23) to a common value M7}* and
similarly bé(f
that due to hermiticity the most stringent constraint driving the Yukawa sector — the sat-
uration of the extra charges — is trivial to satisfy) one should in general worry about some
of the subleading terms as well, in particular those corresponding to extra ¢3¢3 insertions.
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Inspecting thoroughly all the options one can conclude that the only relevant (and

irreducible) set of leading order terms is:'"
- _ e 7o (0123)5(PTas)i  f.pe (D23)(P53)i |, p.pe (D3);(D3)i
(1705, pe)ig = my <b0 0ij + by MJT;% + by MJTQ% + b3 M]T?g
s (9123);(¢5)i(d3-B1a3) Zi¢3>j(¢’f23>i<¢123'¢§> (2.33)
My
Ly ($23);(93)i{P3-033) + (P3){P33)i(Pa3.03)
2 Mm4
f
Ly k"™ (P123)k (D3)1(DT03) ™ (05)"
1 Mm4
f
+ bgf’fc EgkIE <¢23>§\;¢:’21<¢23> (©3) + - > + higher order terms,
f

where all the b-coefficients are real by hermiticity of fl*(m?p)w f] The various messenger
masses are M), Mj" for the left-handed fields f = Q,L and M, M7, M, M]" for
f€=ufd° e and v° respectively.

At this point, it is worth commenting on the would-be higher-order corrections due
to multiple ¢3 and/or ¢3 insertions, that (due to the relatively large associated expansion
parameters €3 and £3) could in principle alter the leading order structure of the expansion
above. However, as described in detail in appendix [A], the set of operators in (£:33) is
robust under further perturbations due to higher order ¢3 and/or ¢3 insertions in the sense
that any would-be higher order ¢3 and/or ¢3 insertion can be accounted for by a mere
redefinition of the b-coefficients in (P.33).

In order to perform any quantitative analysis, yet further assumptions must be made
about the messengers giving rise to the soft mass operators above. In particular, unless
these are linked with the messengers in the Yukawa sector, one can suppress any off-
diagonalities and non-universalities in the soft mass terms as much as desired by choosing
the Mé”, M, M, MY, M, M much above the corresponding Yukawa (and trilinear)
sector messenger masses M,, My, M., M,, c.f. (2.9) and (R.26).

However, a full-featured analysis of this question is far beyond the scope of this work.
In what follows we shall resort to a minimal set of assumptions about the physics of this
part of the messenger sector, much along the general lines of the simplest settings in which
the Yukawa (and trilinear) sector messengers dominate the soft mass (and Kéhler sector)
operators:

M =M,, MJ]'= Mg, M"=DM., M"=DM,. (2.34)

This is actually quite natural because of the similar quantum structure of the relevant oper-
ators that, at the level of an underlying theory, are often linked to each other, see e.g. [[]].

151t can be shown (see appendix E) that the would-be effects of all the other potentially relevant operators
can be hidden in redefining the expansion parameters b;, b; and b; and thus becomes irrelevant in the order-
of-magnitude analysis we aim at.
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As far as the ’doublet’ soft-sector operators mé and m% are concerned, the natural
choice is less obvious'® and one can use the relative freedom in choosing Mg and M} to
further suppress the left-handed contributions to SUSY FCNC. For the sake of simplicity,
we shall adopt this strategy in what follows by taking

Mg ~ Mg > M4, M~ M, > M., (2.35)

thus effectively decoupling the left-handed part of the messenger sector, c.f. (R.9).
This allows us to use the same set of expansion parameters E{ , Eg (or £ and £ along

the lines of the phenomenological fits) for all the soft sector contractions, i.e.:'”
Ui u,v — Uy de _ =2 U1 Q,L —
=g =¢f —— =g =F —— =7 K¢k (2.36)
m 1 ’ m 1 ’ m 1
M, Md,e Mgy
U2 u,v U2 de _ _ Uz Q,L _
=e) =¢ —— =gy, =E =e) K¢g,E
m 2 ’ m 2 ) m 2 )
M, My, Mg,
us u,v us d,e — us Q,L _
=gy =€ —— =&y =F¢ =eg3 Ke€3,E
m 3 3 m 3 3 m 3 353
M, My, Mg,

With this identification at hand, the operator expansion (R.33) can be recast in a matrix

form as:
m2 1 O O . o 1 ei¢1 ei¢2
L=l ovo | b (a{’f ) eitt 1 ¢iltadn) (2.37)
0 0 O 1 e—id)Q e_i(¢2_¢1) 1
) 0 0 0 9 000
+b§’f (%ﬁf ) 0 1 €9 | + bg’f <5§’f ) 000 | + higher order terms,
0e 3 1 001

where it is understood alf’fc is to be replaced by EZQ’L for f =@, L and a?’d’e’u for f¢=u¢,
d¢, e¢ and v°. Employing as before the €, € notation one is left with diagonal mé and m%:

m2 b1 (to excellent approximation), (2.38)

my =mdbd 1, il

while the SU(2)-singlet sector receives off-diagonal corrections as follows:

[ 2220y 282 by i €282 by i
m2e ~md [y 14 | . £2by’ £2bY ei%s +- 0
ezby”
[ Y EY e b el
i ~md [bE 1+ | . &2 Sdeids | ..
i egbg

5For a more detailed discussion of the relations between the Yukawa (and trilinear) sector messengers
and the kinetic form (and the sector of soft masses) an interested reader is kindly deferred to [ﬁ]

"Note that these identifications admit future embedding into a class of left-right symmetric unified
models like SO(10) or Pati-Salam.
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[ 222 Y 282 P it g222 P it
e ~md (b5 L+ | e2by” by e+
I e3by’
[ EAbe” b it ghpet eid
m2e ~md b1+ | . &2 A5 | 4. (2.39)
£305

The dotted terms are readily obtained from hermiticity of all these soft mass-matrices.

In the various GUT limits there are extra correlations among the different b-coefficients
(like blf’fc = b; Vf, f¢ in minimal Pati-Salam or SO(10) case, c.f. formula (R.1§) for the
Yukawa couplings). The situation is, however, simpler than in the Yukawa sector as ¥ does
not enter the irreducible part!® of the soft mass-squared expansion (2:33).

2.3 The SU(3) Kéahler potential and effects of canonical normalization

Whenever the Kahler potential of a given SUSY model is nontrivial there are extra effects
coming from the canonical normalization procedure bringing the generic kinetic terms
arising from the operator expansion like

ﬁ{in:/d‘*e i <k§n+2kg
I ®

(or, equivalently in terms of the scalar f ( fc) and fermionic f (f€) degrees of freedom:

A

® of
M 2

+. > f + similarly for f¢
£,

£l = 0,01.(KQ)i0" Quy + 0,i™ (K )is0" 5 + 0, d" (K )y de + -
Ll = Qin(KQ)ijin" 0,Qaj + Ui (K )ijin" 0uu’s + (K g) i7" 0,d; + -+ (2.40)

where K ¢ denotes the Kéhler metric K For (K flav(@, %) fafp for a given field f) into
the canonical form Ky ~ 6ap(f&n)a(fean)s. As before, the ellipses stand for the higher
order terms. Due to the common SUSY origin the kinetic terms of the scalars and the
corresponding (Weyl) fermions in (2.40) are the same.

Moreover, since the symmetry properties of the Kéhler metric are the same as those of
the soft masses, the explicit form of the operator expansion (R.4() is completely analogous
to (R.39) and one can write the relevant expansion in the form:

(Kppe)ij = k705 +3 kf;fcw +oe (2.41)

K 2
A My

(where as before we assume common messenger scales M foC o =M J{{ fe in the denominator)

that differs from (R.33) only by replacing the bf{f * coefficients and messenger sector masses
M7y in (B-33) by k‘f;’f and M Jfffc respectively. As before, we shall assume'”

M e = My ge (2.42)

8The only effect of & (being a flavour singlet) in m%fc can arise from contractions like ©TS entering as
completely family-blind higher order corrections without any extra flavour violating effects.
YFor the same reasons that lead us to the formula (P.34) above.
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so that one can again employ the same set of expansion parameters as in the other sectors,
c.f. (B10) and (B:3§). Under this natural assumption one can recast K along the lines of
the analogous soft-sector formula (2.37):

100 1 el iz
Krpe =k 010 | +&] (a{ﬂ“)Q e 1 eiloedn) (2.43)
001 e~ id2 o—ild2—¢1) 1
,{0 0 0 , (000
+k‘£’fc (z—:g’fc) 0 1 €9 |+ kr?{’fc (6§’fc) 000 | + higher order terms,
0e s 1 001

where the same ’¢” convention as in (P.37) has been adopted.

2.3.1 Canonical normalization transformations

Canonical normalization consists in redefining the defining basis field(s) f and f¢ so that the
original kinetic terms of the shape (for scalars for instance) Lin ~ OfTK 10 f+oftKI afe
receive the canonical form L3 ~ 0 fTE? f+ dfctafe. This is achieved by transforming the
defining superfields by f — Py f fcan where P; is a matrix bringing the relevant Kéahler
metric K # into the diagonal form (unless necessary from now on we shall suppress all the
flavour indices):

P UHKP'=1, ie K=PP (2.44)

Employing the ¢, £ convention the leading order Kihler metric (R.43) can be recast in a
compact form:

Ko = k‘(? 1, Kp=ki1 (to excellent approximation), (2.45)
with only the SU(2)-singlet sector featuring significant off-diagonalities:

22 k‘%c g2z2 k‘%c eid1 g2g2 k‘%c iz

Kyem k@ 1+ | . 2Ky’ 2Ky €3 o
e3ky’

S S0 S it

Ko~ k&1 + | . g2k E2kdei?s | 4.0

e3kd

282 kY 282 kY et 282 kY eif2

Kye ~ k‘gc]l + 1. e2ky° 2k el 4o
e2ky”

ek kS et SRS el

Kee mkE1+ | . 2k kS es | 4o, (2.46)

ezks
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where as before the dotted terms can be reconstructed from hermiticity. The matrices Py
and Pye are obtained?? to leading order in ¢, & as

\/@00 \/%00
0 0

Po = Koo |, Pr= koo |, (2.47)
0 0 [k 0 0 /Kt
while
\/W_‘_ 262 Ky €282 k1 ei1 €282 k1 ei®2
0 AV 2V VRV
P = | ZEhe™ [P | s Kl (2.48)

2V R AR Ry E2 T
282 k%ce*w2 82192“6671'4’3 kU U2
NN T N e P 0 373

3 €3

24/ ky°

and the remaining P matrices (for f¢ = d° e and v°) are obtained from these by the
following substitutions:

c c _ c c _ c c
Py : k! —>k§l,€,€3—>€,63, Pe: k" — ki ,e,e3 >3, Pk —kji.

Notice that due to the relatively large €3, £3, the naive factorization P ~ /ko(1 + AP)
(with |AP| < 1, that could be helpful in calculating P~ and AP from a similar expansion
for the Kahler potential) is violated in the third family due to higher order €3, &3, effects.

2.3.2 Canonical form of Y, A and m?
At the level of Yukawa, trilinear and soft mass matrices the transition to the canonically
normalized quantities is achieved via

vi— <Pf_1)TYfPf_Cl, Af = <Pf_1)TflfPf_c1, m3 e = (P;}cym}fcpﬁ}c (2.49)
where the hats denote the defining basis matrices while the plain symbols stand for the
canonically normalized ones. Expanding the Kahler metric 'square root’ matrices Py ye
in terms of the expansion parameters ¢,g as in (R.47), (R.4§), one can relatively easily

calculate their inverse Py~ }c that subsequently enter (R.49).

Canonical form of the Yukawa couplings. Utilizing the formulae (:47) and (2.43),
the prescription (2.49) yields the canonically normalized charged sector Yukawa matrices
in the form:

O(e'e%) yioe®e yiye’e

u _ 2= 2 2
YY = YNEE YpE” YiaE 4+
2= 2 2
YS1E°E  Y5oET  Y33E}
=7\ ,d =3 ,.d =3 =7 =3 =3
. O(&") y1e8” i3 O(&") y1o8° i3
_ d =3 ,d=2,d=2 e _ =3 ) =2
Y= | y5:8 y2f” ysse” | +---, Y= | y518° Y58~ ys3&” |+,
d =3 ,d =2 ,d =2 e =3 ,e =2 ,e =2
Y31€7 Y328" Y33E3 Y3187 Y328" Y33E3

20Recall that relation () fixes the P-matrices only up to a global unitary transformation P — UP
that drops out in () and we adopt the convention in which P’s are hermitean at the leading order.
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where for example (at leading order):

, 1, o kY
Yo = Ry, yzo=R" <yffel¢3 - 5u 32 R —Z¢3> , (2.50)
k .
ylo = Rl yo = R%s5 Y31 = Ruygewg . Y13 = R"yy <1 B —&?% ki°> e,

1 5k ; k3
ot = et (1= et ) e am =g (1 ek )

and R* = \/ké? is a universal rescaling coefficient. The ygij and y;; factors are obtained
0 0
from (2:50) upon replacing {k¥*", y¥, R*} — {k&, yd, R} and {k¢°, y¢, R} respectively.
One can see from the formulae above that the net effect of canonical normalization
can be at the leading order described as a real rescaling of all the defining basis couplings
followed by a unitary transformation that can substantially affects only the 23 sector entries.
This can be seen from the fact that the 23 mixing angle in Pu_c1 is of the order of €2 so it
can rotate the defining basis 33 Yukawa entry to the 32 position yielding a contribution
comparable with the leading order ~ €% term already present?!' in Yas. However, the 12
and 13 rotations in Pu_c1 do bring only subleading effects to Y21 and Y3 and that is why
they are absent in the leading order formulae (R.5(). Finally, the 13, 23 and 33 entries are
affected only by the rescaling due to the nontrivial 33 element of Pu_cl.

Canonical form of the trilinear couplings. The effects of canonical normalisation in
the trilinear sector are completely analogous to the corresponding Yukawas yielding the

canonically normalized trilinear soft matrices:
4=3 U 2= u 2=

O(e%8°) aYye”c allqee

A" = | a¥e%8 alye® aYse® | 4o,

U 2= u 2 u -2
a31€ 15 a32€ CL33€3

) O(&") afye® afy2® O(27) a§,8° as,2°
A == aglgg ag2€2 ag3€2 + Tty Ae - aglgg a§2€2 a§3€2 + Tty

d =3 ,d =2 ,d =2 e =3 e =2 e =2

31€" A398” A33E3 a31€" Q398" A33E3

where for example (at leading order):

1 kY
ay, = Ry, a5y =R" (a“e’¢3 — 2a3€§k _’¢3> , (2.51)
k .
aly = R"a}, a9 = R%ay , as, = R%a3 '3 als = R%a¥ <1 — 26% k:ic> '3
0
1 2k3 " 1 kY
oty = rea (1- g e o= g (1- 341

while the relevant expressions for down-type quark and charged lepton sector quantities
are obtained along the same lines as those in the Yukawa sector.

21This also justifies the presence of the k2“C coefficient in the relevant formula ()
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One can again appreciate the similarity of the canonically normalized Yukawa and

trilinear couplings (2.5() and (R.51]) coming from the common origin (2.9) and (R.29). This
will lead to great simplification upon getting to the SCKM basis, c.f. section B.2.3.

Canonical form of the soft masses. Employing again prescription (), the canon-
ically normalized soft mass terms in the SU(2)z-doublet sector read:

m% = m2b91, m2 =m2b'l, (2.52)

while the SU(2)-singlet ones develop a non-diagonal structure

g2y 22y, 222y,
2 o2 [ puc 21uc 21uc
62 uc
L 3033
i =47de =43d° =41.d°
) . b, by E7bY5
~ =27d¢ =27d°
mae = mg [bY 1+ | . E%b9y E°055 |+ | (2.53)
—27d°
L e3b33
i 2210 _2:2710° 2270
) e“E°bY| e“e°bY, e°&°bY4
2 a2 | 21 0°¢ 27.0°¢
210°
i e3bs3
i —41e¢ =41 =41€°
, , . b, b7, E7b55
~ e =21e¢ =2p¢e¢
mecwmo b ]].+ . €b22€b23 + -
=21e€
i €3033

where the various coefficients above are given by

bf c bfc fc 1 fc bfc fc fc 1 fc bfc fc

bfc — 1c < -

12 =

B (e _ B H12) Lo (S0
33 = o \0s ks ) (L—res” )+ (53>

c c bfc c 1 c c c bfc c c 2 - 4
oo = {ké‘ <b{ ~ ] > e [b{ K-k <2k%k;§ — v} )} ef }e“” +0 (")

0
1 bfc b(})fc kfc 1 bfckfc kfc b(})fc kfc bfc 12 ids O 14
Mo\ TR ) T 23_22k563—3 53€+<53)7
0

fo_
bys =

and hermiticity of the soft mass matrices. The generic symbol &?g represents €3 or &s,
respectively.

There are two points worth commenting on here: the first concerns the case when the
Kihler metric expansion coefficients in (R.41) and those in the soft mass terms (R.39) are
mutually proportional to each other, i.e. b; = ak; Vi where « is a universal constant hence
all the nonuniversal b;; coefficients in (R.54) vanish! This could (hypothetically) happen if
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for instance both the Kihler metric and soft masses originate from a common factorizable??
operator of the form (dropping all the flavour indices) [R4]:

XTX
4
La/d@(LfMﬂ

If now X develops both the VEV on its scalar component X as well as a non-zero F-term
(like e.g. in supergravity) the flavour structure of the soft masses (driven by Fx) is identical
to the flavour structure of the Kéhler (driven by (XTX)) and one obtains:

A

X d @ of X
+ >f <Co]l —l—Z{):Ccp M]%<D + >f+ ) (2.55)

|Fx|? [(X)?
3bl = MX2 ) kl = MX2 Ci,y (256)
2
and thus b; = ak; Vi with a = LF’;' 5. This, however, should be expected since the SUSY-
my

breaking sector in (R.5) factorized out of the flavour structure and thus the transmission
of the SUSY-breaking to the visible sector is flavour blind, leading to the flavour-universal
soft SUSY-breaking masses (after canonical normalization).

Second, let us comment on the GUT limit of the soft-SUSY breaking sector in the
canonical basis. Employing for instance the Pati-Salam condition (R.1§) together with
blfjf ‘= bij, b//* = b and replacing all the ’bookkeeping’ y4 and a4 couplings via (2:20)
and (P-30), one can see that all the soft mass matrices coincide at leading order

mie = m?2., m2Q = m?, m. = m?2 (2.57)

(up to?? extra e factors entering m?2., m2.). This is, however, not entirely the case for the

Yukawa and trilinear couplings because of the Clebsch-Gordon coefficient in the w99, o3
and y32 Yukawas and similarly ago, ass and ass in the trilinear sector (at leading order):

yly = RysoC’ (2.58)
; 1 ko _. 1 5k .
v’ = R ynoC™ei® — Syged2em ) gl = RypoC™ (1— —c3 > ) €
2 k‘o 2 kO
; 1 ko _. 1 .k .
yg; e R <y200d7eel¢3 _ §y3§§k_26_2¢3> , y[2i736 — Ryzo.cdye (1 _ 553]{:_3) el¢3 ,
0 0

and similarly for the A-terms.

3. Solving SUSY flavour and CP problems with SU(3) family symmetry

With all the relevant ingredients at hand we can now approach a detailed study of phe-
nomenology of the tri-bimaximal SU(3) flavour model under consideration.

22By factorizability we mean that the hidden sector fields couple to matter in a flavour-blind way like
e.g. those in formula (P.55).

ZThis difference comes from the potential sensitivity of the messenger sector to the GUT-symmetry
breaking — indeed, messengers (being vector-like) are not protected by chiral symmetry. One can find an
explicit example of this for instance in ||
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3.1 General remarks

The first step is to rotate all the canonically normalized quantities we have obtained in the
last section into the SCKM basis [B4] that makes the quark and (charged) lepton Yukawa
matrices diagonal. The major benefit of this operation is that all the parameters in the
soft sector are then (at least in principle) physical.

On the technical side, this is achieved by redefining the matter fields by means of
unitary transformations f;, — U g fo, fr—=U }é fr that act on the Yukawa matrices as:

Y, » UMY UE=Y,, Yo — UlYUL=Y,, Y. - USYUs=Y., (3.1)

where the tilded matrices correspond to the relevant quantities in the SCKM basis. Note
that (by definition) Y, 4. are all diagonal with (conventionally) positive eigenvalues.
Once electroweak symmetry is broken, the SU(2); doublets Qr, L; decompose into
ur,dr, and vy, e, components and so do the corresponding superpartners Q and L. Thus,
each doublet soft mass term ma 1, corresponds to two physical scalar masses, i.e. one is left
with four SCKM soft mass matrices corresponding to the up- and down- type rotations

imposed onto mé I

(%)L = Upimd UE, (), = Uf'm3Ug, (3.2)
2
14

(mg)LL = Usz%Uf, (ﬁ”L )LL = UZTm%UV,

and similarly for the right-handed mass insertions:

(m2)rr = Uplm2.U%, (m2)rr = Ui m2.UL, (3.3)
(m2)rr = U m2.U§, (m2)rr = Ul m2.U¥.

Notice that the rotations imposed onto m? and m2. in order to get the relevant neutrino
soft mass matrices in the SCKM basis are not the large (tri-bimaximal in the left-handed
sector) mixings o Upns diagonalizing the physical light neutrino mass matrix (coming
from seesaw) but the (relatively small) mixing matrices U7, U}, diagonalizing the neutrino
Yukawa coupling itself (that in unified framework are close to all the other mixings around).

On the similar grounds one must rotate the canonically normalized trilinear couplings
to get

A, = UM AU, Ay = Ul AU, (3.4)
A, =UST AU, A, =UTAUY,

plus hermitean conjugated formulae for the corresponding RL quantities.

SUSY CP and flavour violation is then induced by a misalignment of the full sfermion
and fermion mass matrices that apart from the soft factors defined above contain extra
Yukawa and D-term (in the LL and RR sectors) and p-term (in the LR and RL entries)
contributions:

2 2 . -~ . N
Min MR (m?”)T:L + YfoT?ﬁ,d + D{L Af’Uu,dN —~MYfUd,u i (3.5)
2 2 A}fuu,d — uYfTvd,u (ﬁl?)RR + Y;vaad + DIJ;R

m

S N

fRL  fRR
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where the various tilded terms correspond to the SCKM quantities defined above and
DLL,RR denote the effects of the D-terms, that are however strongly model dependent and
shall be neglected in this study. It is very convenient to define a set of dimensionless “mass
insertion” parameters as follows [B]:

2 2 2
(5{L)ij _ M (5f )ij = M (5{ )ij = M cte.  (3.6)
(m7)iL, R (mp) kg R (mpir

with an average squared squark (or slepton) mass (m f>?4 B = \/ (m? " A)ii(mi;B B) jj- In the
mass insertion approximation, these quantities can be used directly to estimate rates for
flavour and CP violating processes at the loop-level and bounds on the (5§<Y),-j’s (which
typically depend on tanj3 = v,/vq and (ms)?) have been derived in the literature; for
further details see tables [[, | and references therein.

3.1.1 Experimental constraints

2

2~ m? under the assumptions we made, in what follows we shall consider

Since m
constraints on

(611)i5 = (551)i5 ~ (571)is » (3.7)

as is commonly done in the literature. A sample compilation of the various experimental
constraints on §’s available in the literature is given in tables[l], fl and fj. The extra assump-
tions made throughout compiling these tables are commented on in the relevant captions.

In the remaining parts of this section we shall estimate these “mass insertions” in theory
under consideration and compare them to the bounds. Let us remark that in most cases
these bounds are obtained in one insertion approximation and thus ignore the possibility of
intricate cancellations. Nevertheless, it is useful to compare theory predictions with these
bounds to decide whether there is a generic conflict with constraints coming from SUSY
flavour and CP violation.

3.1.2 SUSY flavour problem

The data in the tables [, fl and [J show that there are strong experimental constraints on
the off-diagonal squark and slepton masses in the basis where the charged Yukawa matrices
are diagonal. These constraints are particularly strong for the first and second families of
squarks and sleptons. For example from the experimental limit on the branching ratio for
@ — ey of about 107, one deduces that (6!, )1s, i.e. the ratio of the 12 element of the
slepton doublet mass squared matrix to the average diagonal element mass squared element
must be less than about 6 x 1074, Notice also that in general the constraints involving the
third family are much weaker which is clearly the consequence of the particular difficulty
of the heavy flavour physics experiments.

In general, when one writes down the soft SUSY breaking Lagrangian there is no
a priori reason why the off-diagonal elements should be any smaller than the diagonal
elements, yet phenomenology is telling us that they must be. This is the SUSY flavour
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5¢ LL LR/RL RR source
1612] | tL:1.4x1072] r:9.0x107%| Rr:9.0x1073| [Bf Amg,e,...
|Re5%2|% 2 14.0x 1072 | e 144 x 1073 | ppr : 28 x 1073 | BY, Bd]  Amxk
[Tmé%y|2 | pr2 0 3.2 x 1073 | g2 : 3.5 x 107* | LLrr ¢ 2.2 x 1074 | [BF, B €
Tmdi| | Lr:4.8 x 107!| g :2.0x 1077 - BH, Bl g /e
613) | LL:90x1072| g:1.7x1072| gr:7.0x1072| [B6 Amgp,,28
IRed2,|2 | g2 : 9.8 x 1072 | ;pe : 3.3 x 1072 [ Lirr : 1.8 x 1072 | [BF Ampg,
Redi3| | Lp:14x1071| [g:52x1072| grr:21x1072| [BY Amp,
Tméys| | L :3.0x 107 | [r:23x1072| Rrr:90x1073| [BY By — By
|623] | LL:1.6x 1071 | Lr:45x1073| grr:22x10"'| [B4 Amp,
Redas | 1p:5.0x 1071 | [r:25x1072| grr:50x107'| [B9 b— sy
L:3.0x107 | pr:20x1072| Rgr:20x107Y] [EQ b — slti
‘Im(523’ — LR : 1.5 x 1072 — [@] b— sv
L :3.0x107 | r:1.8x1072| Rgr:O(1) ] b— sl
|Red11| - LR : 1.6 x 1073 - B Amyg
‘Im(511’ — LR : 3.0 x 107 — [@] dp,
- LR 1.1x107¢ - 1] d,
- LR : 6.7 x 1078 - ] drig
’Re(522’ — LR : 2.4 X 1072 — [@] Amyg
‘Im(522’ — LR : 6.6 X 10 — [@] dp,
- LR : 5.6 x 107¢ - 1] drig
|Redss| — LR : 7.3 % 107! — [@] Amy

Table 1: Various experimental constraints on the mass insertion parameters associated with the
down-type squark soft parameters 1my (LL and RR case) and A? (LR/RL case). The given numbers
correspond to an average down squark mass (mg) = 500 GeV in one mass insertion approximation.
In all mgz/m =1 is assumed. The actual numbers correspond to tan § in the range 5 < tan g S 15,
but can vary with the details of the underlying model. Note also that unlike the RR/LL limits,
the LR/RL bounds are essentially tan S insensitive, see e.g. @]

o LL LR/RL RR source
IRedia2 | 112 :1.0x 107! | 12031 x 1072 | prrr: 1.7 x 1072 | B3] Amp
]Iméll\ — LR : 9.9 X 106 — [@] dy,

— LR : 1.5 x 1076 — 75—
- LR :6.7x1078 - ]  dug

Table 2: Various experimental constraints on the mass insertion parameters associated with the
down-type squark soft parameters m,, (LL and RR case) and A* (LR/RL case). The given numbers
correspond to an average down squark mass (1,) = 500 GeV in one insertion approximation. In
all cases we assume mg/m = 1. As before, the given bounds correspond to tan3 in the range
5 < tanf < 15. Note that the third generation bounds are entirely absent due to the elusiveness of
the top sector.

problem. In the CMSSM one postulates that the soft mass matrices must be universal, i.e.
proportional to the unit matrix, a property that is preserved in all Yukawa bases, although
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s LL LR/RL RR source

|612] | LL:6.0x 1074 | pgr: 1.0 x 107 — B9 w— ey
L :20x1073 | ;g:3.5x107° | gr: 9.0 x 1072 | [Bg ©— eee
L :2.0x107% | Lr: 3.5 x107° — B u— ein 2Ti
1613] |rL:1.5x 107! | Lg:4.0 x 1072 — B9 T — ey
- LR : 5.0 x 107! - Bd T — eee
|623] |rLL:1.2x 107! | L g:3.0x 1072 — B4 T — py
— LR 5.0 x 1071 — B4 T — uee
\Reéll\ — LR : 8.0 x 1073 — [@ Am,
]Iméll\ — LR : 3.7 X 1077 — [@] de
- LR 1.6 x 1077 - [ de

Table 3: Various experimental constraints on the mass insertion parameters associated with the
charged lepton soft parameters 7m; (LL and RR case) and A® (LR/RL case). The average slepton
mass used in deriving these bounds is somewhat smaller than the one in the squark sector, typically
(my) = 200GeV. As usual, mz/m =1 and 5 < tanf < 15 is assumed. While the LL bounds
generically scale as 1/ tan 3 due to the chirality flip in the relevant amplitudes, the LR bounds are
essentially tan B-insensitive. For more details see e.g. ] and references therein.

not preserved by radiative corrections due to flavour violating Yukawa couplings. Thus
the CMSSM predicts small violations of universality at low energies due to RGE running
effects, in the case of leptons due to the effects of the see-saw mechanism. However the
CMSSM is not a theory but an ansatz, although its assumptions may be realized in specific
frameworks such as minimal supergravity (mSUGRA) under certain assumptions about
the hidden sector couplings that break SUSY.

In the present section we shall see that SU(3) family symmetry provides an alternative
resolution to the SUSY flavour problem,?* in which the non-universalities in soft masses
are linked to the Yukawa couplings, leading to small SUSY flavour violation involving the
first and second families, and larger violations of universality involving the third family,
consistently with the constraints in the tables.

3.1.3 SUSY CP problem

Another facet of the SUSY flavour issue is the so called SUSY CP problem stemming from
the fact that in general there could be large extra CP phases coming from the soft SUSY
breaking sector of the MSSM. However, the Standard Model accounts for the observed
CP violating effects to such a level of accuracy that one must impose stringent bounds
on such extra contributions to avoid conflict with experiment. This is, however, often at
odds with naturalness. Let us focus on two particularly interesting manifestations of the
issue emerging in the CP violating electric dipole moments of electron and neutron and CP
violation in rare decays, that are perhaps the most promising channels to see the “Beyond
Standard Model” CP violating effects.

24For previous attempts in this direction see e.g. [E] and references therein.
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Electric dipole moments. The measured values of the CP violating EDMs of electron,
neutron and mercury (d. < 6.3% 107%ecm, d,, < 4.3x107%7e cm and dpg < 2.1% 10~28ecm,
(all of them at 90% C.L.) c.f. for instance [, B§] and references therein) impose strong
constraints on the phases of the (first generation) elements of the LR (and RL) pieces
of the soft-SUSY breaking mass matrices driven in the MSSM by the A-terms and the pu
parameter, in particular

1 - -~
5u’d(l) =39 Awd(l)vu d— ,uyu’d(l)vd u 3.8
< LR >11 <mu,d(l)>%R [ H 7 ! 7 ] .

in the form Im(éﬁﬁi )11 < 1077 (for neutralino masses comparable to the masses of relevant
scalars).

The standard approach to this issue is imposing the CMSSM universal boundary con-
dition (at the SUSY breaking scale) connecting the trilinear couplings A/ to the corre-
sponding Yukawa sector via A = AgY/ which in the super-CKM basis leads to

) ) [,
Al = AV = A |73, : (3.9)
73|

Thus, the experimental bounds Im(éﬁd)LR < 1076, Im(6%,)Lr < 1077 (for the low scale
values (mg) ~ 500GeV, (my;) ~ 200 GeV corresponding roughly to mg ~ 100 GeV at the
GUT scale, c.f. section B.2.4) can be satisfied provided

ImAgv tan g3
I (0% ) k| ~ 0.05 X ——

mg /1 + tan? 3

ImAgv 1
(8 )R] ~ 0.05 x ——

mg /1 +tan? 3

Ionv 1 ~ —
‘Im(‘sln)LR‘ ~ 0.2 x 3 ’yln’ S 10 !

my /1 +tan2

where the numerical factors 0.05 and 0.2 account for the RG evolution discussed in more
detail in section B.2.4. For |j¢,| ~ 1073, |33 | ~ 1074, |§¢,| ~ 1074, tan 8 ~ O(10) this
requires approximately Im(Ag/m3) < 1072 and Arg(p) < 107!, which is not very natural.

7] S 1070

781 < 107° (3.10)

CP violation in rare decays. Another manifestation of the presence of the SUSY CP
phases is the possibly large contributions to the direct and indirect CP violation in rare
decays. Since the most stringent constraints come from the neutral kaon system, let us
focus here on the ex and €/ parameters.

While the indirect CP violation e parameter is well under control in the Standard
Model, the situation of the direct CP violating CP parameter ¢’ is still not entirely clear.
This is mainly due to an intricate interplay between the two leading contributions coming
from the so called Og and Og operators [BY| corresponding to the structures

d%’y sL Z R’ VudR Og = 875; msd%a“”t GA (3.11)

q=u,d,s
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The estimates given in the literature, c.f. for instance [3-[H] and references therein,
are subject to large uncertainties in the relevant hadronic matrix elements and the general
tendency is to somewhat underestimate the measured value of £’ /e . As has been pointed
out by Masiero and Murayama [B7], a significant SUSY contribution to this measurable
- still compatible with the experimental limits - can emerge for instance in frameworks
beyond the CMSSM. This is because the SUSY parts of the Wilson coefficients associated
with these operators are sensitive to different pieces of the soft SUSY breaking sector:
2

b 2y B — P 12
Cs md (6Lr)iebs(z),  Cs ) (0fL)12Ps" () + - (0%)12PER(z) | (3.12)

Here Pg(x) and Pg(z) are polynomial factors of O(1) depending on = = m% / (m%}. Notice
in particular the enhancement of the 51ch contribution to Cs due to the large ratio of the
gluino to strange quark masses mg/ms. This makes Cy quite sensitive to the 12 off-diagonal
term in the relevant trilinear coupling as a potential source of dominance of Og over Og
violating their destructive interference observed in the Standard Model approach.

3.2 SU(3) family symmetry predictions

Remarkably enough, the flavour model considered in this work fits nicely the set of criteria
proposed in [B7 - namely there is a flavour symmetry protecting the flavour and CP
violation - recall that in the current model CP is a symmetry of the lagrangian that
gets spontaneously broken by the flavon (and a GUT-scale Higgs) VEVs. Second, the
Yukawa textures are hierarchical and the CKM mixing is dominated by the down-quark
sector contributions (leading to a significant Acll2 in the SCKM basis). Moreover, the
expected tight connection between £} /ex and neutron EDM anticipated in [B7 is realized
as both these phenomena turn out to be dependent on a single flavon phase factor ¢1, c.f.

formulae (2.5), (B.6§) and (B.74).

3.2.1 The SCKM rotations - leading order 3 x 3 analysis

To assess the SUSY flavour and CP violation in the current model one should consider the
soft mass matrices in the SCKM basis , where the mass insertion d’s are defined (B.6).

The mixing angles parametrizing the relevant super-CKM rotation matrices U}’ and
Uf in (B.J) can be (for hierarchical Yukawa matrices) readily read off from (R.50):

gvaNY_IJ; gvaNY_lé gvaNY_;; gvaNYLfl* gvaNYLfl* gvaNYLf?*
12 v Y13 v U3 7 Y12 T+ Y13 T Y23 7L
Yso Y33 Vi3 Y3y Y33 Y33
(3.13)
These rotations (by definition) bring the Yukawa matrices to diagonal form
_u2z g g N
~ y}f ~ Ya
d d
0 0 yjes 0 0 y4z
N
~ Ya
Y¢ = R® 0 y§E2 0 (3.15)
0 0 yiE
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with the minus sign at the 11 entry corresponding to the seesaw origin of the first generation

masses. Note that if there is an underlying GUT symmetry (R.1§) one can replace yy
from (£:2Q) to get (below the GUT scale)

i —geete? 0 0 ) — et 0
Y =R 0 ysoCUe? 0 and Y% =R 0 ysoChez2 0 |,
0 0 Y33 0 0 Y3Z3

(3.16)
where the role of the Clebsches C% = 1 and C¢ = 3 in disentangling the down-quark and
charged lepton spectra is obvious.

The SCKM rotations U { r are then given (at leading order) by

L L 9_
1 tiyE ]y e
L_ L
Up ~ | —tiye 1 tyyer |, (3.17)
_ L i e
O(e38) —tyy e 03 i3
u, R~ u,R_2-  —2ip3
1R t15 € t13R€ Ee
U ~ _ U, It = u, 2 —2Z¢3
Up ~ Rt12 g . 1  tyyete
—ty;e%e e "3 ta) gZe~ 193 e i3

where the O(1) coefficients ti"j’L and t%’R obey:

who= e = (318
Yy 3€3 Yses

= B pp o U <1+3€§kiu:> L <1+la§k§i> ,
Yy Ys€3 2 kg 2yiky 2 kg

- foz 1 <k§’fﬂ _ Qiezms) 7,5;&1%:_?/_4“2622% B 1(@23/_562@3_@‘:)
yses 2 \kg ys k¢ ys5es 2\ky y3 ki

while the corresponding down-quark (and charged lepton) sector quantities are readily ob-
tained from U} p upon replacing € — £, €3 — &3, kY — k3 (KY), y* — yd(yf) respectively.
We have enforced a phase convention such that the unphysical phases are removed from
the CKM matrix Vogm = UzTUg (and Vegm happens to be real at the leading order).
Notice that the diagonal nature of the Pg ; transformation leads to essentially
no Kahler sector dependence of the left-handed rotation angles (B.1§) at the leading
order. Moreover, one can expect that the similarity of entries of U { p Mmatrices with
the corresponding trilinear sector off-diagonalities shall cancel most of the canonical
normalization effects in the A-terms, in particular if the A-terms and Yukawa couplings
come from a common source, c.f. similar discussion of the soft masses and Kéahler metric

around formula (R.55).

3.2.2 The SCKM form of A and m?

’Sandwiching’ the canonically normalized A-terms (2.51]) and soft masses (R.53) between
the relevant SCKM rotations (B.17) along the lines of formulae (B.1]) one readily obtains
the SCKM form of these quantities.
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The SCKM form of the trilinear couplings. The trilinear coupling matrices, in the
SCKM basis, are given by flf = U{TAfU}’; which yields:

aly €282 a¥y e2¢ ayy %

A, = Ao | @Yy 28 a%e®  a%ye |+ (3.19)
a%; g2e EL§2€2 EL§3€§
ad et adyed adye® a$,et asy2® ag,E°

Ag = Ap | @& adyd® aded® |+, Ao = Ag | a58% 5,82 a8 | + -+,
§18% gy8% agsE3 a5,8° 58 a%,E3

where

1 [aY

ot = R (Soeg - et —alep) . ah = R al = R,

aty = 1 (a = 2yt ) o = 1 (g - 2y

ay ay
hy i
- CLZ 1 2 kY’ ~ aff 21
a%ZR“@?~7M>Q—§%@KP~ L4y = R" (ay — —2yy ) e¥%s. (3.20)
Yg 0 Yy
u u
a3 a3
u U
3 3

1 u® )
i) (1= gt v ) = e (ot - oy ) @

d ~e
ij> Vg

It is worth pointing out that in the limit of the defining basis trilinear couplings being

ay; = R" <aZ —
and analogously for the coefficients a

all proportional to the corresponding Yukawas by a common factor (i.e. proportional in
the matrix sense) the off-diagonalities in the SCKM form of the A-terms (B.20) all drop
while the diagonal elements converge to the relevant Yukawa sector eigenvalues (B.14),
up to a global factor. The canonical normalization effect boils down to real rescaling R
common to both Yukawa and trilinear sectors. Second, the unitary parts of the canonical
normalization transformations Py drop out as they should (notice that there is no factor
proportional to k{; above), because their net effects correspond to just a common change
of basis in the Yukawa and A-sector. This, in turn, provides a nontrivial consistency check
of all our results.

The SCKM form of the soft masses. Due to the unitary nature of the SCKM trans-
formation, the left-handed soft mass terms remain essentially diagonal even in the SCKM
basis (to an excellent approximation):
(m2)iL = (UP) ' mgU = mgb1,
(m3)eL = (U7) mgU = mgh91, (3.21)
(mi)e = (UL mUL = mih1,
while the right-handed ones receive nontrivial contributions from the SCKM rotations,

c.f. (B:17). Keeping only the leading terms (in powers of € and € where € < ) one can write:

222 1u’ 2=7u° _2z7uc

, , , . E7ET DY) 7€ Yy 7 DYy

— 2 c 2"‘ c
(m2)rr = (UL) m2.U% ~m2 | 0“1+ | . e2byy by |+,

2 1u’
€3 033
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g4 bd) 220, 2 by

(m2rr = (UR) ' mGUf ~mg [ bT 1+ | . 20dy 220y |+ |, (3.22)
22 b
3 VY33

b5, B0, B 05y

(mlg)RR = (Uﬁ)ngcUﬁ ~ mé b1+ | . g2 b5, &2 l~)§§ +- ],

92 c
€3 b33
where again the universal pieces remain intact because of the unitarity of the SCKM

rotations (and the relevant b//° coefficients are identical to those in the canonically
normalized case, c.f. (£.54)) while the non-universal coefficients are given by:

~ c 1 c 80 c 1 c 8‘3 c yg 2 ~ c 1 c 80 c
u - bt __cku — bt __ck,u 92 ’ u - pY __cku ’
. k8<1 k31>+%5<2 k32><w> . k3<2 k&2>

>~ C 1 c buc C kuc >0 C 1 (& buc c yu
u® . - Oc kU 1— 3c 2 u®__ . u¢ 0C Ly J2
~ c 1 c buc c yu 1 kfuc
u U 0 ru 2 3 2
- -0k 22 (1 - -3 , 3.23
& %<2 %2>w< 2%%> (329

0 C 1 C buc C C buc C yu y 1 kuc
uc® __ U 0 U U 0 U 4 —2i¢p3 3
= — - —k — (b5 — ==ki | =e 1—===].

” %[<2kﬁ2><3 %3>% K 2%)
The analogous formulae for the relevant down-type quark (and charged lepton) sector struc-
tures are again obtained from (B.21))-(B.23) upon replacing ¢ — &, e3 — &3, k¥ — k¢ (k¥),
Y — yd(y¢) respectively. Notice that, as discussed below (R.54), all these coefficients
vanish if the Kéhler metric is proportional to the defining basis soft masses, i.e. b{; =0.

We have already seen in section that if there is an underlying GUT symmetry,
all the (untilded) b//°, bzszf “ coefficients tend to align at the leading order yielding:

_ C_dc_é_ c_ c Q_ c_dc_e_ c_ c
b = b =bT = b =0 = b, b = by = b = by = by = b (3.24)
However, since the SCKM rotations do also feel the GUT symmetry breaking (via the
Georgi-Jarlskog Higgs field X), this is no longer the case for the blj-;ff ° coefficients above

— one should take into account the Clebsches associated with the y, coupling in formu-

lae (B.23), c.f. also (R.20) and (R.30).

3.2.3 Leading order predictions for § parameters

With all this at hand, the leading order ¢’s (at the high scale) can now be read off from
the SCKM form of the soft mass matrices and trilinear couplings given above.

Concerning the experimental limits on the left-handed sector off-diagonal terms (5{L)ij,
the freedom to push up the SU(2)-doublet messenger masses M ;, almost freely (c.f. for-
mula (2.9)) admits for suppressing all the off-diagonal (dr1,);; parameters as much as desired
in order to satisfy all the relevant bounds. In principle, we can even assume (5£L)ij =0 at
the family symmetry breaking scale. In such a case the most stringent constraints in the
current framework are those associated with (5If%R)ij and (5{R’RL)U parameters.
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Using the magnitudes of the universal soft mass terms to approximate the average
squark and slepton masses entering the relevant prescription (B.4) one can estimate (in
terms of € and &)

72,C

5 B Hu - Tu ]
(0rR )12 bi% e’g, (0rr)13 ~ b;l;c) e’g, (0RR )23 ~ bii’ g2’
5d ~ ﬁ{i 5d ~ £73 5d ~ gg =2 iV, 3.25
(0kR) NdeE ) (RR)13~bdc€ ) (RR)23~bdc€€ ) (3.25)
bS5 s bS5 s bS5 o v
(ORr)12 & e (ORRr)13 ~ e (0RR )23 ~ oot eve,

where €2 =~ 2x 1072, 2 ~ 2x 1073, 83 ~ 3x 1073 and €22 ~ 4 x 10~%. Notice that there are
O(1) phases emerging already at the leading order in the 23 sector (c.f. formulae (B.23))
that we have denoted by generic symbols W .

Concerning 0r,r and dgr,, these come from the trilinear couplings and eq. B.g. The
flavour-off-diagonal ones obey:

(Orr)12 AOU O s %2, (Oi'r)i3 AOU O t—ﬁgzg (6rr)23 AOU e &2
mg Qo tg m V@b g m3 /pQpu° tﬁ ’
(0fR)12 Aoy _ i_g (0fR)13 ~ AOU s 1_3 (0fR)23 ~ AOU s l52
L T T T RV T
Gt~ 20 T =2 g n S T2 (g S TB 2
m% bLpee tﬁ ’ mo bLpee tﬁ m% bL pe® t,@ ’
(3.26)
while for the flavour-diagonal entries one has:
AOU 511 tg 282, _Aow ay tg
ot 11 ~ 9 ot 20 K" —5 -=—£&",
Ol = e 7 TN T
AOU aill 1 _4 d AO'U agz 1 _
) ) ~ 3.27
( LR) m(] \/Wtﬁ ) ( LR)22 m(] \/Wtﬁe ) ( )
Agv  a§ 1 Agv  a§ 1
(Ofp)n ~ g ——H= 2", (Ofp)2 ~ — 5 22" |

mo v bLb@c t/@

mo Wtﬁ

where v = 174 GeV and tg = tan 3 and 55 = /1 + tan? 3. The corresponding dry, estimates

! f

are obtained from those for dpg by replacing a;; — dji* . Notice also that for large tan 3

. . . ey d,e
there is an extra suppression coming from ¢ 5 in Ok

3.2.4 Effects of running:

One should, however, keep in mind that all these predictions emerge at energies where the
family symmetry breaking occurs, typically at the unification scale M. Thus, in order to
compare these results with the experimental constraints it is necessary to account for the
effects of running down to the electroweak scale.
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Soft masses and drr,rr- Concerning the generic running pattern of the soft mass
parameters the key is their approximate diagonality in the SCKM basis. The running of
the diagonal elements is governed by the flavour universal gauge interactions while the
evolution the off-diagonal entries is driven by the strongly hierarchical Yukawa couplings
and /or the soft masses themselves, as can be seen [[[7]] for instance from the relevant formula

for m2. (omitting the anyway redundant RR and LL subscripts):
dmg. L L vy 2 2 vt to2 2 vt t
= Gl (Yu YumZe +m2. Y]V, + 2Vim3Y, + 2m%. Y]V, + 2AuAu) T
(3.28)
where
_ 89 9, o8 o 2., 2 2 2 2 2 2
G, = 3933 + 9] ™ + v [mire —mipa + Tr(mg —my — 2mae +mge +m?e)] o .

Here m; 3 and mpyu.q stand for the relevant gaugino and Higgs sector mass parameters
respectively.

Since the off-diagonal part of m2. 'feels’ only the second term on the r.h.s. of (B.29),
the strong hierarchy of the Yukawas and soft masses therein renders their running strongly
suppressed with respect to the effects induced on the diagonal elements by means of the
first term. Thus, at the leading-log level (i.e. taking the r.h.s. of formula (B.2§) constant)
the running effects of the off-diagonal §-parameters can be approximated by a multiplica-
tive factor due to the evolution of the average squark or slepton mass (squared) in the

denominator of (B.§) only:

(5{L,RR)?§;- ~ S?G X (5£L,RR)E;?W7 (3.29)
where (5{L7RR)E?§W stands for GUT-scale theory predictions and ST is the relevant scal-
ing factor. The actual numbers are quite model dependent, nevertheless, S?G (which is
inversely proportional to (ﬁlq7l>2) turns out to be in general significantly smaller than one
(because <mq,l>2 gets bigger towards the low scale since there is a minus sign in the first
term on the r.h.s. of (B.2§)). For the typical behaviour (m,(Mz)) ~ 5(m,(Mg)) and
(mu(Myz)) ~ 2(imy(Mg)) one gets roughly SR ~ 0.05 and SR ~ 0.2.

However, as we have seen in the previous discussion (c.f. section B.2.3), the situation in
the model under consideration is slightly simplified by the essential GUT-scale diagonality
of the left-handed soft mass matrices. This means that (5{L)Eiefry = 0 (to a good precision)
and there is no effect along (B.29) in the LL sector. Thus, the leading order off-diagonalities
in ((5£L)i7,gj come from the second, subleading term in (B.2§) and correspond to the radiative
mechanism in the mSUGRA or CMSSM scenarios. These effects are known [§d] to be
generally small in the considered class of models and the resulting low-scale (5{022; well
below the experimental limits.

To see this explicitly, let us as estimate for instance (in leading-log approximation)
the contribution to the (4f;);; insertions (entering namely the lepton flavour violation
amplitudes) assuming universality at the high scale, i.e. (mlg)LL ~ 1. The off-diagonalities
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in (6¢1);; due to the running effects (B.2§) then read:

L,RG ~ 1 3m0+A0 MG
(o1 )WN L Z i og (577 ) (3.30)

(here Mj, correspond to the scales of the three right-handed neutrinos). Quantitatively, the
relevant off-diagonal terms on the r.h.s. of (B-3() obey approximately

(Yyyj)w ~ (Vo) (Y’j>22 ~ (Y)is (Y”T>32 ~ 0.
<Y,,YJ)13 ~ (Y))13 <Yj>33 ~ O(%) | (3.31)
(Y,,Yj)23 ~ (Y,)2 (Yj )33 ~ O(c28) .

For m3 ~ A3 ~ m? and Mg = Mp; we get o= 3m§hJ§A(2) log (%—f) ~ O(1) and one gets:
¢RG _ ¢RG ~ (RG\ _
<5LL >12 ~ O, <5LL >13 ~ O(%e) (5LL )23 ~ O(%). (3.32)

The rough estimate shows that the RG induced off-diagonal slepton mass matrix elements
are well below the present “bounds” on the leptonic ¢’s. The same reasoning can be adopted
to the other flavour sectors with similar results. Therefore, in what remains we can safely
forget about the LL-sector of the soft mass matrices.

Trilinear couplings and dpr. Due to self-renormalization properties of the A-terms
and the corresponding Yukawas the running effects on the first two generation parameters
are in general strongly suppressed and don’t lead to any substantial change in their order-
of-magnitude estimates given in section B.2.3. However, the running of the diagonal entries
of the soft mass matrices again generates a change in the corresponding ¢ parameters as in
the case of the ér1, and drr off-diagonal entries (B.29). Thus, as before, there is a generic
extra suppression in theory predictions for d;,gr at low energies.

Concerning the effects on phases relevant for CP violation, (apart from the would-be
phase of the y term entering the drr /gy, parameters discussed in section B.4) there are
in general two other contributions to the trilinear coupling running one should take into
account — the contribution coming from gauginos and the purely self-renormalization of
the A-terms (and Yukawas, c.f. [[q] and references therein):

dA, 1
dt 1672

(GAA + GYY, + terms cubic in Af Yf> (3.33)

where

16 13
A _
G, = — <§9§ + 395 + 1—59%> L,
16 13
Gy = <§9§m3 + 3g3ma + 1591m1> 1. (3.34)

While the cubic purely self-renormalization terms can be in most cases safely neglected,
this is no longer the case of the gauge- and gaugino-induced terms giving rise to G;?
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and GY. In particular, the gaugino loops are able to regenerate radiatively the low-scale
trilinear couplings even if we put Ay = 0 at the high scale: A,(Myz) ~ Y, m3(Mz)log %—j
For a non-zero initial Ag, the running of the trilinears strongly resembles the behaviour
of the Yukawa couplings. Thus, the net effect is generally rather mild (apart from the
possible non-linearities in the third family) and we shall neglect it. This means that also
the magnitudes of the d g /gy, factors will evolve according to

exp. heor
(5{R,RL)2'¢I;’ ~ SF% x (5£R,RL)E;AJ‘ Y. (3.35)

However, as far as the phases are concerned, the effects in the 12 sector are screened by
the small Yukawas, that are, moreover, real and diagonal in the SCKM basis (which is to be
used as the high-scale initial condition). That means that any would-be extra phase from
running can be generated at higher loops only, and thus can hardly compete with the net
phases in the trilinear couplings, that (as we shall see in section B.4.1]) are suppressed utmost
by second generation Yukawa-like trilinear coupling and an extra Cabibbo factor A. Thus,
we can safely ignore the effects of running on the phases in the relevant trilinear terms.

3.3 Discussion

With all this at hand we can now compare the experimental constraints discussed in brief
in section to the estimates of section B.2.3. We shall take the high scale universal
soft scalar mass mg = 100 GeV (which, indeed, is a rather conservative value translating
into (M, q)xy ~ 500 and GeV (m;)xy ~ 200 at the low scale respectively) and similarly
Ap = 100 GeV. A would-be different choice of the initial condition for mqy and Ay shall be,
whenever appropriate, accounted for in the displayed formulae by the relevant powers of
the (500 GeV /(M q)Lr), (200 GeV /(my)Lr) and (Ap/100 GeV) factors respectively. For
all the relevant squark-sector J-parameters (i.e. oy r/rr, and égrr in the current context) we
shall assume that the effects of running correct the high-scale predictions only by an extra
factor of SS"S’ ~ 0.05 for the squark and about SIRG ~ 0.2 for the slepton sector quantities,

c.f. formulae (B:29) and (B.33).

3.3.1 Limits on off-diagonal §’s

Kaons. In the squark sector, the most serious constraints on the flavour-violating opr /rr,
and drgr parameters come from the CP and flavour violation in the neutral Kaon system
that is rather sensitive to (045 )12 and (5ﬁR /RL)12 entries. Taking into account the effects of
running and keeping all the relevant b-coefficients at O(1), the model under consideration
predicts (for e ~ 0.05, € ~ 0.15) numerically about?®

(6 /re 12| ~ 0.25 x S (A9/100 GeV)(500 GeV /(1ing)r)*(10/ tan §)® ~ 4 x 1077
1(6%R)12] ~ 1 x SRE(500 GeV /(1hg)rR)%E> ~ 2 x 1074 (3.36)

25 Concerning the CP violation in the neutral kaon system (the ex and €} parameters) the naive’ pre-
diction obtained from the absolute value of (6¢g)12 is slightly above the experimental limits and a more
detailed analysis (namely of the phase structure of the relevant terms) is needed. It shall be provided in

section .
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at the low scale (for tan = 10, Ag = 100GeV and (mg)rrrr = 500 GeV), which are
compatible with the experimental limits in both the LR and RR sectors (even for the most
stringent bound imposed on its imaginary part26), c.f. table fl. Recall, however, that the
numbers in table [I] are only approximate and a dedicated analysis is needed to quantify
the amount of tension (if any) in the very specific setup under consideration.

b — s~y and b — slTl~. The situation in b — sy and b — slT]~ is even better as we
predict approximately:

[(6%R)23] ~ 1 x SRE (500 GeV /(1hg)rR)%E% ~ 1 x 1073 (3.37)

at the low scale (for (mg)rr = 500 GeV), well below the current limits. Note that the
CP-violating phase in (0%y)23 arises already at the leading level in eq. (R-54) and thus
there is no extra suppression associated with Im(dﬁR)gg. Concerning the more stringent
limits on (5ffR’RL)23, the extra suppressions associated with relatively large tan 8 regime
drives the low-scale prediction

|(6F g /re )23l ~ 0.25 x SF9(4p/100 GeV)(500 GeV/(mg)Lr)?(10/ tan B)e” ~ 2 x 107

(for tan 8 = 10, Ag = 100 GeV and (mq)rLr,rr = 500 GeV), c.f. also (B.2G), well below the
experimental bounds.

By — B4 mixing. There is a relatively strong limit on the 13-transitions in down-type
squark mass matrix associated with the By — By system, c.f. table . The SU(3) model
under consideration yields at the low scale:

1(6%R)13] ~ 1 x SRE(500 GeV /(1hg)rR)%E> ~ 2 x 1074 (3.38)
(8¢ R /mr) 18] ~ 0.25 x SF9(A0/100 GeV)(500 GeV /(mqg)Lr)*(10/ tan B)2* ~ 4 x 107°

(again for tan 3 = 10, Ag = 100 GeV and (mg)1,r,rr = 500 GeV), both at least one order
of magnitude below the experimental constraints.

Off-diagonalities in the up-type squark sector. Due to the elusivity of the (s)top-
sector, the only quantities worth commenting on are (i'g )12 and (6§ )12. Due to the extra
suppression associated with € ~ 0.05 the predictions of the current flavour model (again
for the low-scale value (1, )Lr.rRrR = 500 GeV; tan 3 effects in the up-sector are negligible
for tan 3 ~ 10) at the low scale read:

[(6%R) 12| ~ 1 x SRE(500 GeV /(1 )rRr)%e?E ~ 2 x 107° (3.39)
[(6%:) 12| ~ 2.5 x SRE(A44/100 GeV) (500 GeV /(17,)1r)?e%E ~ 5 x 1075

As before, these numbers are several orders of magnitude below the experimental limits
given in table .

26Recall the essential diagonality of the LL sector that alleviates the ’combined’ bound on +/dLLORR
displayed in table ﬂ by roughly an order of magnitude.
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pu — e~ and pu — e nuclear conversions. As far as the lepton flavour violation is
concerned, we should look namely at?” and (5£R)12 driving 4 — ey and nuclear u — e
conversions. The current model predicts at the low scale:

[(65 R ) 12| ~ 0.25 x SRG(4y/100 GeV)(200 GeV /(1) Lr)?(10/ tan B)&° ~ 2 x 10™* (3.40)

(for tan 8 = 10, Ap = 100 GeV and (m;)Lr = 200 GeV) which is one order of magnitude
above the experimental limit for 1 — ey given in table f]. Recall, however, that the numbers
given therein are only approximate and the actual numerical bound for the setting under
consideration is subject to many effects. For example, the slepton spectrum as low as
200 GeV is a very conservative choice and the actual bound gets considerably weakened if
this value is lifted. Next, since the LR/RL bounds are essentially tan 8-independent, one
can lower the tension by factor of 5 if large tan 3 regime is employed.?® Last, A can easily
be smaller than mg, thus accounting for further relaxation of the tension.

Last remark concerns the effects of a would-be nonzero phase of o as discussed in
section R.1.7], that would affect?® (through the relevant changes in the SCKM rotations)
the particular phase structure of (5{&{)@'3’ is immaterial as the relevant bounds (on imaginary
parts) are satisfied because of the suppression in the magnitudes rather than the interplay
of the phases.

To conclude, the tri-bimaximal SU(3) flavour model under consideration is (up to a certain
tension in pu — ey) compatible with the SUSY flavour violation limits.

CP violation. As far as the CP violation is concerned, let us first comment on the origin
of the CP-violating phases in the model under consideration and identify the potential issues
of the simple approach of the preceding sections.

3.4 Spontaneous CP violation and SU(3) family symmetry

SU(3) family symmetry can provide a solution to the SUSY CP puzzle if CP is broken
only spontaneously when the family symmetry is broken. In this case all the relevant
parameters in the Lagrangian are real and the CP phases enter only through VEVs of
the flavon fields. This in particular implies that the phase on the u parameter is zero
¢, = 0 (at a high scale where the flavour symmetry is exact; however, the radiative effects
do not lead to significant departures from zero even after the family symmetry breaking,
c.f. for instance [[1J] and references therein). Similarly, all the dimensionless order unity
coefficients in the original operator expansions, namely yzf , azf , blf , k:zf , are all real. Since
in this approach the A7-terms and the corresponding Yukawas originate from a common

27 Apart from (5fL)12 that is generated entirely due to the running effects from the diagonal high-scale
(m%)LL, c.f. formula (8.30) and discussion around.

20n top of that, the latest fits of the Yukawa sector of the SU(3) model under consideration point
towards smaller values of & [E] that can account for an extra suppression of about half order of magnitude.

29Remarkably enough, this is the only sector (apart from CP violation in the CKM matrix) that could

be actually sensitive to a would-be phase of o; c.f. also section .
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source also the CP phases of A/ and Y/ become naturally strongly correlated and thus the
transition to the Super-CKM basis can lead to suppression of phases in A i

CP violation in the stop/sbottom sector. Let us start with the CP violation in the
stop/sbottom sector. It is well known [£7q-[9] that a would-be large phase in the stop
trilinear couplings can have a big impact on the MSSM Higgs physics - even in case of a
CP conserving MSSM Higgs sector, the stop loops can induce relatively large CP effects
in the relevant Higgs amplitudes due to only mild suppression in the third generation
Yukawa couplings. However, as one can see from (B.2(), the imaginary parts of all the
(AT)33 elements® are screened with respect to the real leading order ~ O(1) contributions
associated with the third generation Yukawas:

12 12
~ i o A4E € .
Arg (A7)~ Arg (@22 ) 22 ging 3.41
rg i rg|e pve 22 sin 2¢3 (3.41)
where the small factor comes from the hierarchy of the leading and subleading contribu-
tions to (Af)s3 in the eq. P-27. Numerically, one gets (taking €* = € ~ 0.05, ¢ =& ~ 0.15
and g3 ~ 0.5)

Arg (ZN) ~10"25in2¢5,  Arg (Ab) ~ 10~ sin 265 (3.42)

Moreover, the self-renormalization feature of the trilinear couplings renders the would-be
phases induced by running negligible. Thus, the current model does not lead to any
substantial deviations from the 'standard’ CP-conserving MSSM Higgs physics.

CP violation in the 1-2 sector (EDM’s, ¢ /ek of neutral Kaons). Concerning
the leading order predictions for the 1-2 block of the relevant trilinear couplings one can
see from (B.26) that (in the SCKM basis) the overall magnitudes of the (A%%!);; (relevant
for the dipole moments) as well as (A%);5 (driving the CP violation in the Kaon system)
overshoot the relevant experimental constraints in table [[] by several orders of magnitude.
However, since these entries are real®! at the leading order, c.f. (B:20), one can not draw
any conclusion unless the relevant phases are revealed by means of a more detailed next-
to-leading-order analysis focusing on these issues, as we now discuss.

3.4.1 2 x 2 next to leading order approximation

In the hierarchical case we can focus on the contributions coming from the first two gener-
ations since the admixture due to the potentially large third generation diagonal entry is
screened by two powers of the (U{ )13 mixing factors that is enough to make it negligible.

30Though the subleading contributions to the 33 elements are not explicitly displayed in (B.2d), it is
sufficient to recall that they come from the same operator as the leading order 23 entries and have essentially
the same structure.
31 . . . . . . . .
For complex ¢ as discussed in section the situation is less clear and shall be addressed in detail

in section .
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Technical prerequisites. Thus, let us inspect in detail the 12 blocks of the Yukawa ma-
trices. Recalling first the leading order result (R.50) (restoring for conciseness the original
set of expansion parameters):

0 yf elel
v _ 125172 ) 4 . 3.43
5% 2,00 (yglafsg ol el (3.43)

(which is entirely real) one should look at next-to leading order contributions to reveal the
dominant phases. Inspecting the higher order terms coming (in the defining basis) from the
second and third term in formula (R.7) one can see that only the 22 entry of Yoo receives
a phase (at next-to-leading order) and the matrix form of the NLO correction to (B.43) is
(before canonical normalization)

N 0 0
AYS - . 3.44
9%2,NLO (0 s{sg <y{ + yg) equl) ( )

However, canonical normalization contributes only by a pure rescaling factor R/ (at leading
order, c.f. (.50)) because, as we have seen in section P.3.9, the unitary piece of Py fc is not
powerful enough to affect the 12 block. Thus, defining

Ayby = B (v + ) (3.45)

along the lines of (2.50) one can write the (canonically normalized) NLO correction to (B.49)
as follows:

f {0 0
AYsonLo = <O Ay§25{5£ei¢1> (3.46)

Collecting (B.43) and (B.46) one arrives to the desired formula for the relevant part of the
canonically normalized 2x2 Yukawa matrix

f
F_ (0 o
Y2><2 - (ag ﬁfei¢f> + (3-47)

where the following shorthand notation is used:
o o . f 2 .
of =elehyly,  og =elehyn,  BEY = yhel® + Ayhelele™ (3.48)

Since a{ , ag and 3/ are all real it is easy to derive the generic shape of the relevant (2% 2

parts of the) SCKM rotation matrices Uy, and Ug (dropping for a while the flavour index):

. P o ) i oi(+p) g
Up = ¢ < cos 6y €'’ sin 6 ) 7 Up = e (cos 01e'? e sm01> (3.49)

— 8in B9ei® 1(P1P) cos By —sinf; e cosb

where

a9 + a1

g

. tan2A0 = 227 Y (3.50)

0, =0+ A0, 6,=0—A0, provided tan20 = 3
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The requirement of diagonality does not impose any further constraints on the remaining
phases angles w and p. However, an extra input is provided by the phase-fixing convention
we impose on the CKM matrix Voxm = (U2)TU¢ (i.e. the standard form with 11 and 12
entries real). Distinguishing the up and down-sector angles and phases by the relevant

superscripts one obtains:3?
ei(wd_wu) (COS 05‘ CcOoS Hg + ei(¢d_¢u) sin 05’ sin 03) S R (351)
i) (COS 01 sin 02 — ¢/"~4") gin 0 cos 95) eR (3.52)

This admits fixing the free phases pg and w? — w: it is clear from (B.51) that w? — w® is
tiny (the phase in (B-51) enters through a suppressed second term only) while p? receives
a decent correction from (B.53). Numerically, one can estimate:

3 u
sin 0

sin p? ~ —Arg (cos 0% sin 63 — (9" =9") gin 65 cos 93) ~ sin(¢? — o) (3.53)

: d
sin 0§

which is very small because of the screening of both ¢*? and also 0y < Gg. From (B.44)
we find:

d .d d
Aygrel  Ays ﬁ) sin ¢y ~ <Ay22 _ Aysy
U

d d u d U
Y22 €3 Yoo &3 Yoo Yoo

sin(¢? — %) = < > Esin ¢;. (3.54)

while the ratio of the mixing angles in the quark sector yields sin 6% /sin 0 ~ C4/C,, = %

Trilinear couplings in the SCKM basis. With all this at hand we can approach
the SCKM rotations of the trilinear couplings. Repeating the arguments that brought us
to (B.46) one can again parametrize the canonically normalized NLO A-terms (in the 2 x 2
case) as follows:

f
foo_ 0 m
Apwz = Ao (’Yg 5feiwf> (3.55)
where as in (B.4§):
A =elefaly,  Af =elelaly, ¥ = afyel® + Aafyelef (3.56)
again with
Aa£2 =R/ <a{ + af> . (3.57)

Recall that yl-f and ¢/ are again real parameters. The quantity of major importance is then
A= U£AU r (with the SCKM rotations taken from (B.49)) which obeys:

A~ A cos 05 ' sin 6y f 0 m cos 1€ eH@+P) sin 6, (3.58)
A G, Ooc'® 1@ 1P) cos By Y2 Jet? —sin#; e cosb; '

32Concerning the p“ phase, one can get a constraint similar to (B-59) by considering the 21 element of

Vokw, but in what follows we shall not need p*.
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Extracting the physical parameters. In what follows we shall focus on the imaginary
parts of the 11 and 12 entries of A driving the SUSY contributions to EDMs and CPV in
rare 2nd generation decays respectively. For the sake of that, it is convenient to write

tm(A) = Im [U AnUf + U AU} + U AGUS + Ul 4nUS | 4+ (3.59)
tm(A)1; = Im [U} An U + U A Uf + U 4LUS + Ul AU+ (3.60)

Taking into account the hierarchical nature of the SCKM rotations, A1; = 0 is very welcome
as the potentially dangerous first terms in (B.59) and (B.60) drop out.

3.4.2 Electric dipole moments

Concerning the other contributions to Im(A)11, the second and third terms in (B.59) are
completely p and w blind and actually drop out too:

Im |:U1L;A21 Uﬁ + UlLlTAmUﬁ} =TIm [— sin 926_i¢’72 cos 01" — cos f2y1 sin 91] =0 (3.61)

All that remains is the last term in (B.59) that yields

Im(A)1; ~ Im [UlLQTAmUéﬂ = Apdsin by sin b sin(y) — ¢) (3.62)

where § is the magnitude of the 22 entry of A, c.f. (B.56), and 6; are the relevant SCKM
mixing angles given by formula (B-50) The sin(¢) — ¢) factor®® can be readily estimated

from (B4§) and (B-54):

A A A A
sin(¢) — @) =~ < a2 _ y22> L sin = < a2 _ y22> £sin ¢y. (3.63)
a22 Y22 /) €2 a22 Y22
Restoring the flavour index and using 6/ = a£2€£2 one can write at leading order:
i f ff f f agz f
Tm(A7); ~ Agsin @] sin0elel [ Aad, — y_ngym sin ¢ (3.64)

and recast (using identification (R.I1))) everything in terms of the phenomenological pa-
rameters as follows:

u
- 1
Im(A")11 = Ao <Aa52 - %A?ﬁz) 15352 sin gy + - -
22

B d
Im(A%), ~ Ay <Aag2 — %Agég) Bsing +--- (3.65)
22

- as 1 .
Im(A%)1; =~ Ag <Aa§2 - y—ngy§2> 555 singy + - --
22

33Notice that (as expected) it is actually the phase difference of the 22 entry of the Yukawa and trilinear
couplings that drives the EDM’s here. Thus, an overall phase associated with ¢ in order to resolve the
dckwm issue (c.f. section ) does not alter the current predictions.
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Here we made use of the fact that the Cabibbo-like angles are given approximately by3*

2 _de —
, 62 ~ E.

sin Hﬁ’g’e ~ £/2, g, £/3 respectively and €} ~ &, e} ~ ¢, Eil’e ~E

It is obvious that if the A-terms and the Yukawa couplings are linearly dependent (in
the matrix sense) these quantities vanish as expected. Note also that the fact «; and ~;
are real in a chosen basis does not play any role and the argument can be generalized to
any other basis, because the effect is driven by sin(¢ — 1) which is sensitive only to the

relative phases between the trilinear and Yukawa couplings.

Simple numerical estimate. If CP is broken (spontaneously) only by the flavon VEVs

the imaginary part of the relevant mass-insertion parameter |Im(5{R)11| is given from (B.9§)
by

v .
|Im(5ﬁf{l7l)11| ~ (Th “7d2 |Im(Au,d,e)11| + - (366)

u,d>LR
using the relevant formulae for the relevant SCKM trilinear couplings (B.6J) one gets
approximately (at the GUT scale):

Apv  tanp as, 1355 .
Im(6¢'R)11] ~ Aay, — == Aydy| —&°e“ sin ¢ 3.67
A()U 1

d
a _5 .
\Im(éﬁR)lll ~ Aa% — —32 Aygz 5 sin ¢y

mg /1 + tan? 3 Y4,
Agv 1 as 1

AaSy — 2 AyS,| =2° sin ¢y
m% /1 + tan2 3 22 Y39 229
which (taking into account the running effects, c.f. section B.2.4, and choosing tan 3 = 10,
Ay = 100GeV, mg = 100GeV yielding at the low scale (m,q4)rr ~ 500GeV and
(mi)Lr ~ 200) leads to the following approximate predictions at the low (Myz) scale:

Im(6{p)11| ~

A 500GeV 2/ & \¥ ¢ \2 al
Tm (65 )11~ 3x 107 ( ) u 922
(g )1~ 3107 355 Gev< (mu>LR> <0.15> 0.05) |02 7 pu V| SN e
A 500GeV\2/ 2 \° 10 ad
Im (5% ~1x1076 Aad, — 222 Ayd | si 3.68
[T (0p ) 11|~ 1> 1072 750 Gev< (md>LR> <0.15> tan G| 2 yd U2 sin gy (3.68)

A 200GeV\?/ = \° 10 ¢
(8 )11~ 41077 — =0 ( ° ) < - ) AdSy — “ZAys, | sin

100 GeV\ (ie)r ) \0.15) tan B |~ 2 45,

Thus, one can satisfy the experimental limits on d,,, dug and d. (c.f. tables [, | and B)
even without extra fine-tuning (for the Mercury EDM this can be achieved for somewhat
larger tan  ~ 50 and/or € below 0.15 which is, however, compatible with the Yukawa fits,

c.f. [i)).

EDMs in the CMSSM approach. Let us compare our predictions for the EDMs with
the traditional CMSSM to the SUSY CP problem sketched at the beginning of the sec-
tion. Taking into account the suppressions entering the first generation Yukawa eigenvalues

34The relative factors of 2 and 3 between the down-quark and up-quark and charged lepton mixings come

from y¥% : Y3 1 ySe = 2 : 1: 3, i.e. the Georgi-Jarlskog type of hierarchy in the relevant Yukawa matrices,
c.f. formulae (B.1§) and (P.20]).
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7%, ~&* and |§%| ~ €222 one can recast the generic (GUT-scale) mSUGRA (or CMSSM)
relations (B.1() in the form very similar to the one of (B.67):

Im(A t Im(A 1

G =
my y/1+tan® 3 LR mg  /1+tan? 3

Comparing (B.69) to (B-67) one can easily see that the effective approach gains at least one

power of extra Cabibbo suppression with respect to the mSUGRA (or CMSSM) ansatz at
35

(3.69)

worst, without any reference to the details of the particular SUSY breaking mechanism.

Understanding the results. The decent total suppression of Im(5{R)11 in the SU(3)
model under consideration comes from several sources:

1. The leading contribution containing a phase comes from the 22 term of A that requires
two Cabibbo-like mixings ~ O (Ez) in the down quark sector and typically even more
~ QO (%52) in the up quark sector to work its way to 11 entry via SCKM rotations.

2. The magnitude of the 22 entry of A is suppressed by O(g2?) and O(g?) as for the
corresponding Yukawa sector 22 element.

3. The phase of the 22 term is also suppressed because it comes from the (¢123)2(d23)2
term that is further ~ O (2) suppressed with respect to any would-be common phase
in the leading part coming from (¢pa3)2(p23)2. Thus, both sin ¢ and sin v are naturally
in ~ O (g) region. All this together, this accounts for the fifth power of the small
parameters in the formulae (B.67).

EDMs in non-tri-bimaximal SU(3) models. In non-tribimaximal SU(3) family mod-
els there is an O(1) phase in either the 12 or 21 entry of A, and in addition, the phase
of the 22 entry of A relative to that of the Yukawa matrix element is not suppressed.
This results in the EDMs predicted in these models being typically of order * as in the
CMSSM. The reason why the tri-bimaximal SU(3) models have an additional suppression
as discussed above is due to the smaller number of leading order operators entering the 12
sector of A. Indeed, the tri-bimaximal model involves fewer physical phases as compared to
the more complicated non-tri-bimaximal setups where the 12 block contains contributions
from larger number of higher order operators with more phases.

3.4.3 CP violation in neutral kaon system - ¢’ /ex

While the rephasing needed to bring Vokw into the standard form leaves (A, 4)11 (driving
the EDMs) intact, it does indeed affect the (Ay)12 entry (with possible effects on &) /e k).

Taking into account the smallness of w" — w? and the relevant formulae for p? (B59)
and (B:54), the net effect generated onto (A4)12 is given from (B59):

~ .4 - d o, . i(pd—Hd .
(AT 15 ~ AL cos 0 cos 0F — AL e sin 65 sin 0F — AL, e?*" =% cos 6 sin 6 + - - -

= Ay [’yfleipd cos 0% cos 03 — §heilp"+1" =6 cog 0 sin 09 + O(sin? 9[11,2)] +--(3.70)

35Here, as before, we implicitly assume that the effective soft SUSY-breaking sector does conform the
SU(3) family symmetry.
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which in terms of ¢, Z gives roughly (note that one can not a priori neglect either of these two
terms, because the Cabibbo suppression o< sin 93 in the second term is compensated by the
hierarchy between § and 1, c.f. (B.56) so they can both generate comparable contributions)

Re(;ld)lg ~ Aogg, Im(;ld)lg ,S Ap ztsin 03] (371)
where we have used®® (for small p? and ¢ — ¢¢)
sin(p? + ¢ — ¢?) ~ sin p? + sin(yp? — ¢%) + - - (3.72)

together with formulae (B.63), (B.53) and (B.54). Substituting into (B.6) one obtains (at
the GUT-scale):

A()U 53
Re(6¢ ~ , 3.73
[Re(dtR )12] m I (3.73)
Apv gt

Im (5d 12 5 sin (251 .

’ ( LR) ’ m(z) 1+ tan? 3

Taking into account the running effects discussed in section this leads to the low-scale
prediction (choosing tan § = 10, Ag = 100 GeV, my = 100 GeV yielding at the low scale
(mg)Lr ~ 500 GeV):

A 500GeV\%/ z \*® 10

d -5 0

~4x1 74
[Re(9tp)iz] ~ 4> 107355 GeV< (md>LR> (0.15) tan 3 (3:74)

A 500GeV\2/ =z \* 10
Tm (5% ~6x1076_—_20 i
(0 12| ~ 6 107355 GeV< gy > (0.15) tan g 91

We can see that the detailed analysis alleviated the apparent tension in [Im(8¢)12| (iden-
tified previously in section B.J) by almost an order of magnitude. The numbers (B.74) are
indeed well within the current experimental limits, c.f. table [l

4. Conclusions

The Flavour Problem of the Standard Model has become even more intriguing following
the discovery of neutrino mass and mixing. The solution to the Flavour Problem may well
call for a spontaneously broken Family Symmetry, with non-Abelian Family Symmetries
emerging as being particularly suitable for accounting for large lepton mixing angles via the
see-saw mechanism with sequential dominance and vacuum alignment of flavon VEVs. In
particular tri-bimaximal neutrino mixing could originate from constrained sequential dom-
inance. Such non-Abelian family symmetries, when combined appropriately with SUSY,
also control the structure of the soft mass matrices, leading to suppressed SUSY induced
flavour changing neutral currents. For example SU(3) family symmetry predicts universal

36Notice the apparent rephasing invariance of our results, in particular (B.62), (B.54) and () - indeed,
all physics depends only on differences of the relevant phase angles! This also justifies the simplification of
working with real VEV of the Georgi-Jarlskog field (o) only, c.f. section .

— 45 —



soft scalar mass squared matrices in the symmetry limit. If CP is spontaneously broken
by flavon VEVs then such a scenario also leads to suppressed SUSY induced CP violation,
since CP is preserved in the symmetry limit. In the real world where SU(3) family symme-
try is spontaneously broken by flavon VEVs, non-universal soft masses and CP violating
effects may be determined in terms of powers of the symmetry breaking flavon VEVs,
leading to suppressed and calculable effects.

We have analysed this possibility in some detail here, focussing on the case of SU(3)
family symmetry with tri-bimaximal neutrino mixing from constrained sequential domi-
nance. Using a bottom-up approach with the only assumption that the SUSY breaking
sector follows the constraints imposed by the (yet unbroken) family symmetry, we expanded
the Yukawa and soft trilinear and scalar mass squared matrices and kinetic terms in powers
of the flavons used to spontaneously break the SU(3) family symmetry, and the canonically
normalized versions of these matrices were constructed. The soft mass matrices were then
expressed in the Super-CKM basis, and the leading order mass insertion parameters were
calculated, and are shown to satisfy the experimental constraints from flavour changing
neutral current processes. At each stage in the calculation we keep track of the dimension-
less coefficients, enabling a full detailed analysis that was not previously possible for the
more complicated previous version of the SU(3) model without tri-bimaximal mixing.

Assuming that the flavon VEVs break CP spontaneously, the next-to-leading order
effects responsible for CP violation were then estimated, and the predictions for electric
dipole moments were shown to have an additional Cabibbo suppression compared to both
the non-tribimaximal SU(3) models and that predicted from the CMSSM, and may be
further suppressed if the high energy trilinear soft parameter is assumed to be relatively
small. However, in the absence of such additional suppression, we expect that y — ey and
EDMs should be observed soon, if the approach presented here is correct. We also predict
that, unlike in the CMSSM, €, /e in the neutral Kaon system may be dominated by the
SUSY operator Og. We also discussed the additional constraints from unification, which
can lead to further predictions for flavour changing in our scheme.

It is interesting to compare the SU(3) approach here to the CMSSM. In the CMSSM
there is no understanding of the origin of flavour, and instead an ad hoc assumption is made
that the soft mass matrices take a universal form at some high energy scale such as the GUT
or Planck scale. However the universal soft masses and the p parameter are complex in
general, leading to CP violation and large contributions to EDMs. In the SU(3) approach,
such universality is achieved only in the exact symmetry limit where the Yukawa couplings
are zero. In the real world the Yukawa couplings originate from flavon VEVs which break
the family symmetry, and these flavon VEVs simultaneously induce non-universalities in
the soft mass matrices and also spontaneously break the CP symmetry.

The result is that, at the high energy scale where flavour emerges from the flavon
VEVs, the soft mass matrices will already contain small off-diagonal entries as well as
deviations from universality at the diagonal positions, suppressed by parameters similar to
those that govern the small Yukawa couplings. In other words the high scale soft masses
are not predicted to be universal, but the non-universal soft masses are suppressed by
Yukawa couplings, leading to highly suppressed non-universal soft masses associated with
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the first and second families, but large non-universal soft masses associated with the third
family. The CP violation is similarly suppressed, with the highly suppressed first family
CP violation leading to EDMs being an order of magnitude more suppressed than in the
CMSSM, yet relatively large CP violation in the b-sector, much larger than in the CMSSM.

In our bottom-up approach, the Yukawa and soft mass matrices all emerge from in-
dependent uncorrelated operator expansions expressed in terms of powers of flavon fields.
A similar expansion for the kinetic form also leads to non-canonical kinetic terms, and we
have rotated these matrices to the canonical basis of kinetic terms before interpreting the
results. In the canonical basis, the non-universality of the soft trilinear and scalar mass
squared matrices is suppressed by ratios of powers of flavon fields to the typical mass scale
in the messenger sector responsible for the non-renormalizable operators.

In this paper we have assumed that the messenger sector responsible for the soft oper-
ators is the same as that responsible for the Yukawa couplings and kinetic terms, leading to
expressions for the soft mass matrices in terms of the same expansion parameters ¢, £ which
describe the Yukawa matrices. This is an important assumption since it leads to quite pre-
dictive soft mass matrices in the canonical basis, expressed as powers of these expansion
parameters (with generic O(1) coefficients which depend on the degree to which the kinetic
operators and Yukawa and soft operators are misaligned) and non-universality controlled
by the expansion parameters ,&. With these assumptions, the smallness of FCNCs and
CP violation then originates entirely from the underlying SU(3) family symmetry breaking
pattern. In particular, it leads to an expectation that most of the flavour violation should
come from the RR and LR/RL sectors.

However, in specific SUSY breaking schemes there may be additional suppressions
of non-universality, corresponding to the case where the SUSY breaking effects factorize,
clearly seen in the structure of the coefficients in the canonical basis, as in mSUGRA for
example. In the Super-CKM basis, this possible additional suppression effect is seen most
manifestly. Although we have not considered such an additional suppression here, it may
be necessary to invoke it when dealing with other family symmetries such as SO(3) which
only acts on the left-handed sector, leading to unsuppressed FCNCs from the right-handed
sector unless such additional suppression is present. However, with SU(3) family symmetry,
no such additional suppression is required, but could be desirable for 4 — ey and EDMs.

In summary, SU(3) family symmetry is capable of providing a good solution to the
flavour problem, not only in the Standard Model, but also in its SUSY extensions, leading
to predictions for FCNCs and CP violation compatible with the current limits, some of
them (pu — ey and EDM’s in particular) capable of being observed soon. In particular
there is no need for a very heavy first and second family of squarks and sleptons in order
to obtain EDMs compatible with the current bounds, and it is quite possible to have these
sparticles being relatively light, as required in order to account for the anomalous magnetic
moment of the muon. On the other hand, the slight tension in g — ev is alleviated in
the large tan § regime, quite along the lines of the full third family Yukawa unification.
Moreover, a non-universal third family of squarks and sleptons is a generic prediction
of this approach [5(], and it might be the case that the third family sparticles could be
heavier than the first two families. However CP violation in the third family of squarks and
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sleptons is expected to be small, with third family CP violating phases being only of order
a few per cent, which implies that electroweak baryogenesis is probably not viable in this
approach, and CP violation in the Higgs sector will not be observed in any SUSY model of
this kind. The results presented here apply to a wide class of SUSY models, and are not
restricted to the MSSM, or to any particular type of SUSY breaking, only relying on the
SU(3) symmetry. If the constraints of unification such as SO(10) are imposed then this
leads to even more tightly constrained predictions relating the squark and slepton masses
and flavour violation, as we have discussed.
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A. Higher order ¢3, ¢35 insertions in the soft masses and Kihler potential

The full set of SU(3)-allowed contractions that could enter the expansion of the soft SUSY-
breaking mass parameters and the Kahler potential up to fourth order in number of flavon
insertions (with utmost two occurences of the “small” VEVs of the ¢123, ¢o3 type) reads:

(Co)j : & (A1)
(Ca) = (¢3);(¢3)", (023)5(933)", (9123); (D1ag)’s 6% (93.03), 0 (da3-033), 0 (P123-$T23);
(05);(03)", (033)(h23)", (D103) (P123)", 65(D5-03), 0 (P53-023), 05 (HTa3-P123)
(Ca)j = 05(h3.0%) (03.03), 05 (23-053) (9303, 6% (P123-0T03) (93.05 ), 5% (P23.03) (03 053),
8% (P123-03) (93-9723), (83)5(93)" (03-03), (03);(05) (P23-053), (63);(¢3)" (d123-B1a3),
(023);(053) (93-03), (9123)5(P123)" (93-03), (P23);(95) (¢3-053), (93)(933)" (d23-03),
($123);(¢3)" (93-123), (93)(D123)" (P123-05),
ejme™ (6231 (03)1(033) ™ (65)" £jmae™™™ (P12 (93)1(B105) ™ (¢3)"
0% (P3.03) (93.03), 05 (P23 053) (63.03), 5% (P123-0103) (03-63), 0% (da
05 (d123-05) (03 B1a3), (63);(63) (93.03), (93);(03)" (das-d53), (63);(
(653)5(023) (03.05), (B123)j (P123)" (3.03), (B53);(d3)" (D3.bas), (5
(P123)5(93)" (03-0123), (93)(d123) (P123-03),
ekie”™" (053K (93)1(D23)™ (03)" €™ (D123)k (05 )1(P123)™ (03)",
8% (3.03) (0503, (63);(03) (83-93), (63);(05)" (¢3-03),
(623)7(93)" (05-053), (933)5(05) (P3.023), (63);(P23)" (D53-03), (93);(D53)" (23-03),
($123);(93)" (05 1a3), (D123)(63) (¢3-d123),

3.03)(¢3.053),
$3)" (P123-023),
);(023)" (93303,
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(¢3);(6123) (P123-03), (63);(d103)" (123.03),
ek (923)k (03)1(d53) " (03)", €jrie™™ (P33 )k (03)1(P23) ™ (83)",
5jkl€imn(¢l23) (93)1(d123)™ (93)" 7Ejklfimn@)bg)k((ﬁ?»)l(5123)m(¢§)n}

However, there is no need to take all these terms into account as it is easy to see that

only the effects of the underlined terms are nontrivial in the sense that they can not be

mimicked by changing the Wilson coefficient of some of the other underlined terms.

Note also that if the family symmetry was purely continuous the D-flattness aligns

all flavour charges of ¢’s and ¢’s to be conjugated.?” In such a case the list above can

be extended to account also for the ¢ — ¢! symmetry. This, however, does not affect the

shape of the “irreducible” set of operators.
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