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1 Introduction

The mystery of flavour has been with us from the discovery of the muon in 1936 to the
discovery of neutrino mass and mixing in 1998. The Standard Model (SM), extended to
include neutrino mass, is described by at least 26 parameters, of which no less than 20 are
flavour parameters: 10 from the quark sector and at least 10 from the lepton sector. At
least two of these parameters are related to CP violation in the quark and lepton sectors,
although the latter has not yet been definitively observed.

A lot of effort has been put into trying to understand the flavour structure of the SM
(for reviews see e.g. [1-5]). Its peculiar features include hierarchical charged fermion masses,
with the down-type quark and charged lepton masses showing a similar pattern which
differs from that of the up-type quarks, while neutrinos are significantly lighter than all
other particles. Flavour mixing in the lepton sector has turned out to be much larger than
in the quark sector, and the number of generations is not explained.

Following the award of the 2015 Nobel Prize for “the discovery of neutrino oscillations
which shows that neutrinos have mass”, we still have no more understanding of flavour
than back in 1936 when Rabi famously asked of the muon “who ordered that?”. Part of
the reason for this impasse is the failure of experiment to measure any flavour and CP
violation beyond that expected in the SM. The problem is that the SM is not a theory of
flavour and, as such, provides no understanding of the origin or nature of flavour.

In the absence of any observed beyond SM flavour and CP violation, a sort of “straw
man” ansatz for flavour has emerged known as Minimal Flavour Violation (MFV) [6-8] in
which all flavour and CP-violating transitions are postulated to originate in the SM Yukawa
matrices so that they are governed by the CKM matrix. The formulation of MFV in an
effective field theory involving a high-energy SU(3) flavour symmetry, broken only by the
Yukawa matrices, allows higher-dimensional operators which can contribute considerably
to flavour observables [9-11]. Going beyond an effective field theory description, it is pos-
sible to implement the idea of MF'V in a renormalisable theory by introducing new heavy
fermions. In such a setup, the flavour symmetry is broken by scalar fields whose Vacuum
Expectation Values (VEVs) are related to the Yukawa matrices in an inverse way [12-16].
Although this differs from the standard MFV approach, where the fundamental flavour
breaking fields are linearly related to the Yukawa matrices, it does reproduce MFV phe-
nomenologically by predicting very SM-like flavour and CP violation, which is of course
exactly what is observed.

When considering extensions of the SM, such as Supersymmetry (SUSY) softly bro-
ken at the TeV scale, then in general large deviations from SM flavour and CP violation



are expected. SUSY models include one-loop diagrams that lead to Flavour Changing
Neutral Current (FCNC) processes such as e.g. b — sy and u — ey at rates which are
proportional to the size of the off-diagonal elements of the scalar mass matrices, when the
latter have been rotated to the super-CKM (SCKM) basis where the Yukawa matrices are
diagonal [17]. These SUSY contributions are tamed in the Constrained Minimal Super-
symmetric Standard Model (CMSSM) which postulates that, at the high energy scale, the
SUSY breaking squark and slepton mass squared matrices are proportional to the unit ma-
trix and the trilinear A-terms are additionally aligned with the Yukawa matrices, resulting
in an (approximate) MFV-like structure at low energy [17].

In the framework of Grand Unified Theories (GUTSs), the embedding of the SM
fermions into GUT multiplets does not allow to implement the SU(3)® flavour symme-
try of MFV. However, in GUTs based on SU(5) [18] or the Pati-Salam group SU(4) x
SU(2) x SU(2)" [19, 20], it is possible to introduce an SU(3)? flavour symmetry instead,
and this has been shown to lead to sufficient suppression of flavour violation [21-23]. Con-
sidering SUSY GUTs, the CMSSM framework always provides a safe haven from unwanted
flavour violation, although CP violation in the form of Electric Dipole Moments (EDMs)
remains a challenge [17]. However, with SUSY and SUSY GUTs, the real challenge is to
justify the assumptions of MF'V or the CMSSM, while at the same time providing a realis-
tic explanation of quark and lepton (including neutrino) masses, mixing and CP violation.
This non-trivial balancing act is what concerns us in this paper.

The discovery of neutrino mass and mixing has spurred a lot of work aiming to describe
flavour in terms of a family symmetry of some kind, in particular discrete non-Abelian
family symmetry [1-5]. It was realised early on that in such models, the idea of sponta-
neous flavour and CP violation could effectively tame the flavour and CP problems of the
SM [24, 25] without any ad hoc assumptions about MFV or the CMSSM. The main point
is that the same family symmetry introduced to understand the Yukawa sector will also
automatically control the flavour structures of the soft SUSY breaking sector. The only
requirement is that the SUSY breaking hidden sector must respect the family symmetry,
which means that the family (and CP) symmetry breaking scale must be below the mass
scale of the messengers which mediate SUSY breaking to the visible sector. SUSY breaking
in the framework of supergravity provides one attractive example for such a situation.

The idea of using family symmetry to solve the SUSY favour and CP problems has
been fully explored in the framework of an SU(3) family symmetry [25-27], where it was
shown that the flavons that spontaneously break family and CP symmetry will perturb the
SUSY breaking sector, leading to tell-tale signatures of flavour and CP violation beyond
MFV or the CMSSM. Unfortunately, these signatures which were expected to appear in
Runl of the LHC [28] did not in fact materialise, and indeed the allowed parameter space
has been much reduced [29, 30].

In the setup discussed in [26, 27|, the extra flavour violation can be understood as
follows. At leading order, the CMSSM is enforced by the SU(3) family symmetry acting
on the squark and slepton mass squared matrices. However the fact that SU(3) is broken
by flavons, as it must be to generate the quark and lepton masses, means that flavons
appearing in the Kéhler potential will give important contributions to the kinetic terms,



requiring extra canonical normalisation [31, 32]. Since SUSY breaking also originates from
the Kéhler potential, the flavons will also modify the couplings of squarks and sleptons to
the fields with SUSY breaking F-terms. The resulting corrections to the soft mass squared
matrices from unity will be similar to the corrections of the corresponding Kéhler metrics,
yet both are not aligned due to independent coefficients of the relevant operators. Likewise,
the trilinear soft SUSY breaking A-terms will replicate the flavour structure of the Yukawa
matrices prior to canonical normalisation, but exact alignment is not realised. All of this
occurs at the high scale. Additional flavour violation is generated by renormalisation group
(RG) running down to low energy, taking into account the seesaw mechanism [33-36] which
will involve thresholds at an intermediate scale, see e.g. [37, 38].

In this paper we show how approximate MFV can emerge from an SU(5) SUSY GUT,
supplemented by an Sy x U(1) family symmetry [39, 40|, which provides a good description
of all quark and lepton (including neutrino) masses, mixings and CP violation. Assuming
that SUSY breaking respects the family symmetry, we calculate in full detail the low
energy mass insertion parameters in the SCKM basis. We include the effects of canonical
normalisation as well as RG running. Remarkably, due to the peculiar flavour structure
of the model, we find that the small family symmetry S; x U(1) is sufficient to reproduce
the effects of low energy MFV much more accurately than the previous SU(3) family
symmetry model.

2 Trimaximal S; X SU(5) model

In this section, we present the basic ingredients of the supersymmetric model of flavour
proposed in [40]. It is capable of correctly describing a sizable reactor neutrino mixing
angle 0}, by generating a neutrino mass matrix of trimaximal form. The model represents
a modification of an earlier tri-bimaximal model [39] with only minor changes. Being
formulated in a supersymmetric SU(5) grand unified framework, the matter superfields fall
into the 10 and 5 representations,

0 —ug ug —ug —dg
ug 0 —uf —up —dp
T'=—|—-ug up 0 —ug—dg | and F=(dzdpdge —v), (2.1)
ur up ug 0 —e

drp dp dg € 0

where the superscript ¢ denotes charge conjugation of the right-handed superfields. Table 1
lists the matter, Higgs and flavon superfields together with their transformation properties
under the imposed SU(5) x Sq x U(1) symmetry. Details of the non-Abelian finite group Sy
are provided in appendix A. The 5-plets, labelled by F, are assigned to a triplet represen-
tation of Sy, while the 10-plets are split into an Sy doublet T for the first two generations
and an Sy singlet T3 for the third generation. In addition, right-handed neutrinos N are
introduced transforming in the same Sy triplet representation as F'. The SU(5) Higgs fields
Hs, Hg and Hg are all Sy singlets. Note that each of these GUT Higgs representations
contains an SU(2)y Higgs doublet. Therefore, the low energy doublet H,, originates from



Field || T3 | T | F | N || Hy | Hs | Hys | ®% | Oy | @4 | @4 | ®F | @ | @4 | @Y |
SU(G)|[[10|10/ 5 (1 || 5 | 5 | 45 || 1 1|11 |1 |1]1]1
Sy 1233|111 |2|2|3|3|2|3]|2]1][1"
Ul o|54|-4/| 00| 1 |-1000|-4|-11] 1|8 |8 |8]|7

Table 1. The matter, Higgs and flavon superfields of the model in [40] together with their trans-
formation properties under the imposed SU(5) x Sy x U(1) symmetry.

Hs, while H, arises from a linear combination of Hg and H g [17, 41, 42].1 In addition, we
introduce a number of flavon fields <I>£, which are labelled by the corresponding S4 repre-
sentation p as well as the fermion sector f to which they couple at leading order (LO). Two
flavons, ®4 and <i>12‘, generate the LO up-type quark mass matrix. Three flavon multiplets,
@g, i)g and CIDg, are responsible for the down-type quark and charged lepton mass matrices.
Finally, the right-handed neutrino mass matrix is generated from the flavon multiplets
5, 5 and ®F as well as the flavon 1 which is responsible for breaking the tri-bimaximal
pattern of the neutrino mass matrix to a trimaximal one at subleading order [40]. The ad-
ditional U(1) symmetry has been introduced in order to control the coupling of the flavon
fields to the matter fields in a way which avoids significant perturbations of the LO flavour
structure by higher-dimensional operators. We refer the reader to [39] for more details.

The vacuum structure of the flavon fields arises from the F-term alignment mech-
anism [43, 44]. Introducing a set of so-called driving fields, the corresponding F-term
conditions give rise to particular flavon alignments as described in appendix B. To LO,
these are given as [39, 40],

(v - ()
0 = 0

ot G2 (P)esat Sl —orn, Poonxt, )

_ == O

where A\ = 0.225 is the Wolfenstein parameter [45] and the ¢s are dimensionless order one
parameters. Imposing CP symmetry of the underlying theory, all coupling constants can
be taken real [46-48], so that CP is broken spontaneously by generally complex values for
the ¢s. M denotes a generic messenger scale which is common to all the non-renormalisable

'As Hg and Hg transform differently under U(1), it is clear that the mechanism which spawns the low
energy Higgs doublet Hy must necessarily break U(1). Although the discussion of any details of the SU(5)
GUT symmetry breaking (which, e.g., could even have an extra dimensional origin) are beyond the scope
of our paper, we remark that a mixing of Hg and H could be induced by introducing the pair H§:4 with
U(1) charges &1 in addition to the standard SU(5) breaking Higgs HS3,.



effective operators and assumed to be around the scale of grand unification. Considering
also subleading terms in the flavon potential, these LO vacuum alignments receive cor-
rections which are parameterised by small shifts as discussed in appendix B, and shown
explicitly in eq. (B.4). Throughout our calculations, we have taken into account such shifts
as well as all other subleading effects. As our LO results for the mass insertion parameters
depend solely on the LO structure of the model, we only report the LO analysis in the
main part of this paper. When giving explicit expressions, we therefore limit ourselves to
showing the leading contributions, omitting additional higher order corrections. We will
indicate such approximations by ~ throughout the paper. Finally, the VEVs of the two
neutral Higgses are:

. — (2.5)

S, 2
,/1+t,3 1+t5
where tg = tan(f) = * and v = \/v2 +v2 =174 GeV.

3 Kahler potential

A characteristic feature of any effective theory is the presence of non-renormalisable op-
erators which are only constrained by the imposed symmetries. In the context of super-
symmetry, this is the case for both the superpotential as well as the Kahler potential. The
effective coupling of flavon fields to the Kahler potential gives rise to kinetic terms with a
non-canonical Kahler metric K # 1,

Lin = Kiy (90" +1 ;0,07 1;) (3.1)

where f and f are, respectively, the scalar and fermionic components of a generic chiral
superfield f . In order to extract physically meaningful properties of a model, the kinetic
terms have to be brought to a canonical form. The required basis transformation is usually
referred to as canonical normalisation [31, 32].

In the context of SU(5), we encounter a Kahler metric for each of the three GUT repre-
sentations containing the matter fields. We denote these by Kr, Kr and Ky, respectively.
Using the symmetries of table 1, the expansions of these 3 x 3 matrices in terms of flavon
fields can be obtained from

Ky, c,lleB
(TT Tg ) (Kr—1) (;;) = Zn: (TT Tg ) [;’gm ((77;2));] ; g EZZ;Z (;;) . (3.2)
| F, (3.3)

n

Fi(Kp—1)F =Y F'[cf" (Ry)

Ni(Ky =1)N =) NT [V (Ry),] N, (3.4)

where the ¢, are order one coefficients which we can assume to be real thanks to the
imposed CP symmetry. Products of flavon fields which are allowed to couple in the Kéhler



potential are collected in the tuples R;, which in turn are unions of tuples S;. These tuples,
which contain all possible combinations of up to eight flavons with a minimum contribution
of order \%, are defined as

R1=85USUS3, Ro =85 UGS, Rs =81, Rs= S84, (3.5)

where

M2 0 M2 M2 M2 M2 M2 M2 M2 M2 M2
v v v dT dt 7d d d
(@)%Y (BD)20y (®)°0y  dayidy ojidfiey (fey)? (edag)?

SCLR R LRI L

M3 M3 M3 M3 M3 MA T MA
d d df FdFd d T d d
Y0y 030y ey bi0ST (0405)°0y (2h0y)? (@4t Vg
M4 Y M4 9 M5 Y M6 ) M8 i 9y *
oy vyt ool pu
s, — {M2 LAk S h.c.}, (37)
v v dt F d
M> M2 M2 M3 M e '
d d d d d
Sy = (P9)° W(q’zT)Z PGPEDY ¢§l‘bg(®3T)2 (‘IJQT)QCI)%I(I):;T (‘I)zT)S‘I’g
M5 M3 M3 M4 MY MY
d d d d
(@51)%(25")*  n@g(5T)?  (B)00y" (3.9)
M5 M5 M7 ‘

S1 and Sy contain combinations of flavons with U(1) charges that sum up to zero. They can
form 54 invariants when contracted with two doublets or two triplets. Therefore, &7 and
8o contribute to K, Ky and the upper-left 2 x 2 block of K in eq. (3.2). Moreover, the
combinations in &) can be contracted to Sy invariants so that they additionally contribute
to the lower-right 1 x 1 block of Ip. S3 gives further contributions to Kp and Ky but
not to Kp. Finally, the combinations contained in Sy have U(1) charges which add up to
5 and allow for Sy contractions to a doublet. Hence, they contribute to the off-diagonal
upper-right block of p. We remark that the effects of the operators involving the flavon
field 1 are independent of its Sy transformation properties as a 1 or 1’.

When calculating the Kéhler metric from the expressions of eqgs. (3.2)-(3.4), it is
important to take into account all invariant S; contractions of two matter fields with a
given product of flavons.

3.1 Kahler metric with LO corrections

It is straightforward though tedious to determine the matrices K7, Kr and Ly from
egs. (3.2)-(3.4). Keeping only the LO corrections to the unit matrix, we find for the 10
of SU(5)

(ks +k1)A2 ko A fey e~ 05 \6
Kr—1= . (k5 — /{71) A2 ks 6_2013f 3 ) (310)
: kg A2



where k; denote real order one coefficients, and 0;“ are phases associated with the generally
complex flavon VEVs. Here and throughout our paper, the dots in the lower-left corner
of the matrix represent the complex conjugates of the corresponding entries in the upper-
right part of the matrix. The operator T“Pg@gTT /M? gives rise to the parameters k; and
ks through different Sy contractions, while kg is due to T?]L ‘I’g‘I’gTTg /M 2. Being associated
with TT@QLT/M , the parameter ko carries no phase factor because (55 € R, cf. appendix B.
Finally, the (13) and (23) elements originate from T‘Ln(@gT)QTg/M‘g and TT(®9)°T3/M?,
respectively. Making use of the phases of the LO flavon VEVs, given explicitly in eq. (B.2),
we can write the phases of eq. (3.10) as

oF =03 — 03  and 05 = —569, (3.11)

where 9% and Hg are the phases of the LO VEVs qﬁg and ¢>g, respectively.

Analogously, we obtain the matrix Kp,?

2K, K; K
Kr—1~ . Ky — K, Ks A (3.12)
—(K9 + K)

where K; € R. The parameters on the diagonal, K7 and K5, originate from different
contractions of the term F TCIDg@gTF /M?. The off-diagonal elements, parametrised by K3,
are derived from the operator FT®YF/M and are real due to ¢§ € R. Hence the LO
correction of Kp from unity is given by a real matrix.

The corresponding Kéhler metric K for the right-handed neutrinos is identical to g
up to a difference in the order one coefficients of the individual corrections. We thus have

2K K¥ KY
Ky —1 =~ - KN - KN KN P (3.13)
: —(K3 + K7Y)

where the coefficients K7V are again real.

3.2 Canonical normalisation

The expansion of the Kéhler potentials in terms of flavon insertions leads to non-canonical
kinetic terms. In order to bring the Kéhler potential back to its canonical form, a non-
unitary transformation has to be applied on the matter superfields. This procedure is
known as canonical normalisation (CN) [31, 32|, and introduces the 3 x 3 matrices Py
which transform the matter superfields A =T,F, N as A = PXIA’ so that

(PO 'KaPt =1 — Ka=P\Ps. (3.14)

2There are also flavour universal \? and A\* contributions to the diagonal elements of K which, however,
do not effect our LO results.



A prescription for deriving the matrices P4 can be found in appendix C.1. To LO, they
take the simple form

KN KN

1 F2 1 Kiomif)e 1 St B
Pr = . 1 %‘36—1’6}3?)\5 s PF(N) ~ . 1 K%N) A E (315)
1 S 1

In the following sections we study the structure of the Yukawa as well as the soft super-
symmetry breaking sectors. The CN transformations of eq. (3.15) have to be applied to
these before aiming at a physical interpretation of the resulting patterns.

4 Yukawa sector after CN

In this section, we study the fermionic sector of the model, completing the analysis
of [39, 40] by including the effects of canonical normalisation. Our parametrisation dif-
fers slightly from the one used in [39, 40] as, in this work, we do not absorb any of the
higher order corrections to the mass matrices or the flavon VEVs into the associated leading
order terms. See appendix B for more details.

4.1 Charged fermions

4.1.1 Up-type quarks

The Yukawa matrix of the up-type quarks can be constructed by considering all the possible
combinations of a product of flavons with 11" H5 for the upper-left 2 x 2 block, with TT3Hs
for the (i3) elements, and with 7573 Hj for the (33) element. The operators which generate
a contribution to the Yukawa matrix of order up to and including \® are

1 1 B
wIsTsHs + 3o TT O Hs + 55y, TT P P2 Hs 1)
1 1 1 :
+ Wy§‘74T3T3((I>§)2<I>573,H5 + WygTT@g)?(@gf)?’m + ﬁygTTg,(<1>;i)3(q1>§)2Hs ,

where the parameters y; and y;' are real order one coefficients. Inserting the flavon VEVs
and expanding the Sy contractions of eq. (4.1) using the Clebsch-Gordan coefficients given
for instance in [39], yields the up-type Yukawa matrix at the GUT scale

yueiﬁﬁ)\S 0 0
Véur ~ 0 e 2t 25T | (4.2)
0 ZYei0a" N7 Yt

where the relation to the flavon VEVs; cf. egs. (2.2)—(2.4) as well as appendix B, is given by
Dy - Dy o
e’ = ySOsoL + iy, wee™ =yiey, e =yg(e9)’(65)” . (43)
Applying the phases of the LO flavon VEVs as given in eq. (B.2), we moreover have

0y = 0Y =203 + 303, 62 = 309 + 203, (4.4)



where we have also used the fact that the shift d5; of the flavon VEV (@) in the first
component is of order A\® and proportional to (¢3)%(¢9)3, cf. eq. (B.5). It is worth noting
that the (12), (13) and (21), (31) elements of eq. (4.2) remain zero up to order A%,
Changing to the basis with canonical kinetic terms, we calculate (P I)TyéUTP:F L
For convenience we also apply an extra phase redefinition on the right-handed superfields,

Qu = diag(ewz,eieg, 1). (4.5)
As a result we obtain the up-type quark Yukawa matrix in the canonical basis,
ok
Yu A8 _%kQ Ye 28 _%kﬁl ytezéi A6
Y(?UT ~ - *kQ yc)\ Ye 4 —%k‘g ytele?r b . (46)
— kg yel 0500 X6 — Thsyie’ i(65-0) \5 Yt

Compared to eq. (4.2), the canonical normalisation has significantly modified the off-
diagonal entries: the texture zeros are filled in; moreover, the (23) and (32) elements
feature a reduced A-suppression.

4.1.2 Down-type quarks and charged leptons

The Yukawa matrices of the down-type quarks and the charged leptons can be deduced
from the superpotential operators

1 -
y”wFR®ﬂ%+yﬁwﬁF@%(T@)ﬁhy+%AﬁAF@@%ﬁT©@ﬂﬁ
+ Y3 WFTBJI’%‘I)%HB + Yy WFTMq’gHB + Ys WFT(I)Q@%@%H@ (4.7)

1 1 1
+ y?ﬁFT(‘bg)Q(q’g)3H4’5 + ygﬁFT;;(@g)S((I)g)?H@ + ngFTS(q)g)4(@g)2H5 ,

where the yld are real order one coefficients. For the operators proportional to yg and
yg, specific contractions have been chosen as described in [39, 40], such that the Gatto-
Sartori-Tonin (GST) [49] and Georgi-Jarlskog (GJ) [50] relations are satisfied at LO. For
all other operators we do not restrict the contractions to special choices; however, we
have checked that in all cases, our LO result can simply be parameterised by an effective
coupling constant which is given as a combination of the individual contributions from each
contraction. It is worth noting that the operator proportional to yﬁf is only allowed if 7
transforms as a trivial singlet under Sy. Separating the contributions of Hg and Hj, the
Sy contractions give rise to

~ 0T ~ NI . n%d
0 ToeW2 N0 —Fgeif2 \P zfe’el 28 0 0
~ 0T ~ T -nY inY
Vs ~ —Fge03 \P 0 Foe?3 \D , Vs = 0 ysews 2 —ysews 2t
. Zd . Zd -NY
230" \0 24t N6 gy i \2 0 0 0

(4.8)
The parameters in these expressions are related to the flavon VEVs as defined in
egs. (2.2)—(2.4) and appendix B via

~ 0% dy d\2 7d 054 054
$2612:y5(¢2)2¢37 ybeb—quég, Zzez —y1533+y3¢3¢>2, Z3€Z —y1531,

yse® = ydoddt, e =y (oD (69 — yloldidy . (4.9)



Using egs. (B.2), (B.6), we deduce the following relations for the phases
05 =3(64 +09), 0V =67 =203 +30%, 6 =0 =03 =06, (4.10)

The Yukawa matrices of the down-type quarks and the charged leptons are linear combi-
nations of the two structures in eq. (4.8). Following the construction proposed by Georgi
and Jarlskog, we have yéUT = Vs + Vi and Vayur = (Vs — 3V4s)T . respectively.

Performing the canonical normalisation on the Yukawa matrices (P 1)TyéUTPE !

and
(Pp 1)TyéUTP:F ! as well as an additional rephasing of the right-handed superfields by

Qd = Qe = dia’g(eig%’ eiagv ei@g)’ (411)
we end up with
ei(efd_gg)zf/\s T\ _61(95—95)52/\5
YélUT ~ _.%2)\5 ei(ag_es)ys)\‘l _ei(‘gg_eg)ys)\‘l , (412)
o—i0% (deiagd — Ka ity yb) A6 o—i03 (deiegd — K gty yb> 6 b A2
_3ei(671—63 )ydAS —Fg AP e—10} dewgd Ks ey, ) A6
Yéur = Fo ) —36i07-05)y Nt i} Z(Qieiegd K3 ey ) A6 | (4.13)

_92,2/\5 3ei(eg—9§)ys/\4 yb/\z

We observe that the canonical normalisation modifies the down-type quark and charged
lepton Yukawa matrices solely by additional contributions of the same order in the (31), (32)
and (13), (23) elements, respectively. Comparing Eq, (4.12) with eq. (4.6) suggests that the
CKM mixing is dominated by the diagonalisation of the down-type quark Yukawa matrix.
We will explicitly verify this when calculating the SCKM transformations in section 6.

4.2 Neutrinos

4.2.1 Dirac neutrino coupling

Having introduced right-handed neutrinos N in table 1, their Dirac coupling to the left-
handed SM neutrinos originates from the superpotential terms

1 ~ 1 ~ 1
ypFNHs5 + Z/P*FN‘I)gHs + nyFN(®§)2H5 + y£475WFN(<I>§)2<I>T7273/H5 410
. .
+ yG M5 FN((I)d)4q)dH57

where yp and yiD are real order one parameters. The corresponding Yukawa matrix is
determined as

YD 2P eif2” )6 2P\
Vom | 2Pei®” )6 D ) YD , (4.15)
DAt YD zzDei%D A6
with
A =y 9%, B =yl 7031, 057 = 4603 + 603 . (4.16)

Here, the phase can be deduced from eq. (B.5).

,10,



Applying the CN transformation (Pp 1)Ty”Pﬁl, the corresponding Yukawa matrix in
the basis with canonical kinetic terms takes the form

YD _Z/D(K32+K31,V))\4 (Z{j _ yD(K32+K§V)> 2\
YV A _yD(K32+K§V))\4 ZlD - yD(K32+K§V)> 2\ YD .47
(z{D yD(K32+K3 )) A\ YD _yD(K32+K§V))\4

Compared to eq. (4.15), an additional contribution of the same order arises in the (13),
(22) and (31) entries. Moreover, the A-suppression of the (12), (21) and (33) elements is
reduced.

4.2.2 Majorana neutrino mass
The mass matrix of the right-handed neutrinos is obtained from the superpotential terms
1 1
M M7

where w; denote real order one coefficients. This results in a right-handed Majorana neu-

1 ~
w1 23NN®Y 55 + w4MNN<I>gn + ws,6,7 - NNOYDY 5 4 + ws NN(®$)®, (4.18)

trino mass matrix Mg of the form

A+20 B-C B-C 0 0D
~| B-C B+20 A-C |e%)\ 4|0 D o [N, (4.19)
B-C A-C B+20 D 0 0

M
M

with
Ae4 = w1 @Y, Bet=wnpy, Ce=wzpy, Delr= w2 (8 05 o) +wan ¢ . (4.20)
According to egs. (B.2), (B.5), (B.6), the phases are given by

04 =20,  Op =463 — 67 . (4.21)

The first matrix of eq. (4.19) arises from terms involving only ®7, 5. As their VEVs
respect the tri-bimaximal (TB) Klein symmetry Z5 x ZY C Sy, this part is of TB form.
The second matrix of eq. (4.19), proportional to D, is due to the operator uqﬁ]\f Nodn.
As the product of both flavon VEVs involved is not an eigenvector of U, half of the TB
Klein symmetry is broken at a relative order of A\. The resulting trimaximal TMy [51-61]
structure can accommodate the sizable value of the reactor neutrino mixing angle 0113 as
explained in [40] in the context of the original model [39].

Performing the CN basis transformation (Py')T MpPy* does not alter the matrix in
eq. (4.19) at the given order, so that Mp = Mg + O(\°) M.

4.2.3 Effective light neutrino mass matrix

Calculating the effective light neutrino mass matrix which arises via the type I seesaw
mechanism v2 YV M5! (Y?)T, we can parameterise the LO result as

2,2 b+ —a¥ a¥ av ' 0 0 d ‘
m ~ gi\gj\; a’ v e 0 dv 0 | Al ] (4.22)
a¥ v b o0 0
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with a”, b, ¢” and d” being functions of the real parameters A, B, C' and D. The deviation
from tri-bimaximal neutrino mixing is controlled by d¥ o« D. Due to the three independent
LO input parameters (w3 < A ;wg x B ,ws o '), any neutrino mass spectrum can be ac-
commodated in this model. At this order, the canonical normalisation does not modify the
effective light neutrino mass matrix as obtained without the CN transformations. Hence,
concerning the results on light neutrino masses and mixing, we can simply refer the reader
to the corresponding discussion in [40].

5 Soft SUSY breaking sector after CIN

Having applied the CN basis transformation of the matter superfields to the Yukawa sector,
we now turn to the soft SUSY breaking terms. In the context of the general MSSM with
R-parity, these are parameterised as [17]

— Lot D HuQZA;g uj + HdQZAUdj + HyL; A ~§ + H,L; A7 N +h.c.

—i—Q?injQ?* + Lf‘mLijL?* + m c u + dc*mdc dc + ec*m c e + N*mN N
+miy, |Hul? +mip | Hal* (5.1)

and contain trilinear scalar couplings (A-terms) as well as bilinear scalar masses. A tilde
indicates the scalar partner f of a SM fermion f. Taking into account the SU(5) framework,
we construct the effective soft SUSY breaking operators in this section, assuming that the
mechanism of SUSY breaking is practically independent of the family symmetry breaking.

5.1 Trilinear soft couplings

The flavour structure of the trilinear A-terms is similar to the corresponding Yukawa ma-
trices, as both originate from the same set of superpotential terms. In the case of the soft
terms, these are coupled to a hidden sector superfield X with independent real order one
coupling constants and suppressed by a mass scale Mx. When X develops its SUSY break-
ing F-term VEV, the scalar components of the Higgs and matter superfields are projected
out, thereby generating the trilinear soft terms. There exist in fact extra contributions to
the A-terms from superpotential operators involving flavons but no X field. These can be
traced back to non-vanishing VEVs for the auxiliary F-components of the flavon fields,
which are zero in the SUSY limit but develop a non-trivial value when SUSY breaking
terms are included. It turns out that such F-term VEVs are aligned with the LO flavon
VEVs in many situations [24, 62]. Hence, these extra contributions to the A-terms do not
give rise to new flavour structures.

Defining the mass parameters mg = (Fx)/Mx and Ag = agmg, with o being a real
constant, we can obtain the expressions for the trilinear matrices .AéUT /Ao by copying
the Yukawas matrices of egs. (4.2), (4.8), (4.15) with different order-one coefficients and
phases: y; — ay, T2 — I9, zlf — zif", yp — ap as well as 9? — 0%, 03 — 95“, Hff — Hl-zf“.
With these replacements, we find

Au ay € \8 0 0
GUT 0 e e \4 Z;La eze va A7 , (5'2)
Ao U Li05% T
0 2972 A ag
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and similarly for A‘éUT, Ayt and A”. Applying the CN transformation as well as
the rephasing of the right-handed superfields proceeds analogously to the Yukawa sec-
tor. The resulting trilinear matrices AéUT /Ao in the basis of canonical kinetic terms are
thus derived from egs. (4.6), (4.12), (4.13), (4.17) by simply replacing y, — ay e‘(aafay)

Yo — ace 00y s ay oy = a0y a0y $26(9 “—03),
(9t _g*t
zf — zif“ e =0:") and yp — ap. For example, the up-type quark trilinear matrix

takes the form

v Ay, € i(05—0) \8 k2 a. e i(0e—0u) \8 —%/@4 ateiefz A6
flUT ~ —§/€2 a, e(0c=0u) \8 a, e(0c—0u) \4 —%k3 atewg)\f’ . (5.3)
0 —%k4 atei(efffeg) A6 — %k3 ae i(05—62) )5 a;

5.2 Soft scalar masses

The scalar mass terms of the soft supersymmetry breaking Lagrangian originate from the
Kahler potential. Non-renormalisable couplings of the matter superfields to the square
XTX/M?2% of the SUSY breaking field X generate soft masses when the F-term of X
develops a VEV. The structure of the soft mass matrices is therefore similar to the Kéahler
metric IC of the corresponding GUT multiplet. As for the trilinear soft terms, all order one
coefficients are independent of those appearing in K. The scalar masses before canonical
normalisation are then obtained from K7, Kp and Ky of egs. (3.10), (3.12), (3.13) by
replacing k; — b;, 95-“ — Hf , K; — B; and KZN — BZN . Moreover, the ones on the diagonal
of KC have to be rescaled by a new factor of order one. In the case of the 10 of SU(5), the 2+1
structure requires the introduction of two extra parameters, bg; and bye. Explicitly, we get

2 bor + (bs 4 b1)A2 byt by e~ 01 \6
TTgur : bor + (bs — b1)AZ  bge 05 N5 |, (5.4)
boz + beA
M B 42BN\ BV A BV )
F(N
. R R At - (55)

B — (B + B!

Performing the transformations to the basis of canonical kinetic terms results in soft scalar
mass matrices of the form

2 bor  (ba — botk2)A* e~ (b, — 7’64(1)012%02)))\6
TG2UT ~ bo1 6_i9§ (bs — k3(b012+b02))>\5 , (5.6)
my
bo2
N N N N N
M2y B (B - kM (B - k)
— ~| By (B — ) (57)
o )
0

For convenience, we will absorb the order one parameter By into the soft SUSY breaking

mass myg, so that the leading contribution on the diagonal of M% /m% is nothing but

GUT

unity. For the right-handed fields contained in the GUT multiplets, an additional rephasing
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has to be applied. We will come back to this when calculating the soft terms in the
SCKM basis in section 6.2. Notice that we have dropped all A-suppressed corrections
of the diagonal elements. This simplification is justified as FCNC processes are induced
by loop diagrams involving the off-diagonal entries of the sfermion mass matrices. The
simplification of the diagonal elements in egs. (5.6), (5.7) does not affect these off-diagonals
in our LO analysis, even when going to the SCKM basis.

6 SCKM basis

Predictions relating a theoretical model with its phenomenological implications are typi-
cally given in the basis in which the Yukawa matrices are diagonal and positive, correspond-
ing to the physical quark and lepton mass eigenstates. The so-called SCKM basis is the
analogue in a supersymmetric framework. Changing to the SCKM basis, all canonically
normalised quantities undergo a unitary transformation of the superfields which diago-
nalises the effective Yukawa couplings in the superpotential. In this basis it is convenient
to define a set of dimensionless parameters, known as the “mass insertion parameters”,
which directly enter the expressions of phenomenological flavour observables.

In principle, the SCKM transformation should be performed after electroweak symme-
try breaking. The canonically normalised Yukawa, trilinear and soft mass matrices should
be evolved from the GUT scale Mgyt to the weak scale My, using the corresponding
renormalisation group equations (RGEs). Only at that point, the diagonalisation of the
Yukawa matrices should take place, leading to the definition of a SCKM basis. Following
this procedure, there is obviously no notion of mass insertion parameters at the scale Mgyt
as there is no proper definition of the SCKM basis.

An alternative approach which is commonly used consists in diagonalising the Yukawa
matrices at (or rather just below) the GUT scale. The so-obtained basis is approximately
identical to the SCKM basis provided the RGE contributions to the off-diagonal elements
of the Yukawa matrices remain negligible.® This is the case as long as the RGE effects can
be absorbed into a redefinition of the (unknown) order one coefficients. It is then possible
to introduce mass insertion parameters already at Mguyr. Their low energy values have to
be determined from the corresponding RG evolution. In this work, we will adopt the latter
approach as it allows for a semi-analytical study of the relations between the high and low
energy parameters by means of a perturbative A\-expansion.

6.1 SCKM transformations

The SCKM transformations are applied on the matter superfields fL7 R — Ug R fL, R, where

U JJ; r denote unitary 3 x 3 matrices. These diagonalise the canonically normalised Yukawa

matrices Y/

UD'Y U = Yy

diag (6.1)

3For the charged fermion sector, this is a valid approximation thanks to the hierarchical masses of quarks
and charged leptons. In the neutrino sector, RGE contributions can be sizable in supersymmetric models
with large tg and a quasi-degenerate neutrino mass spectrum [63, 64]. They are however negligible for small
tg [which is realised in our scenario due to the suppression of the bottom Yukawa coupling by two powers
of A, see eq. (4.12)] and a normal neutrino mass hierarchy [which we assume in the following].
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where we use the tilde to denote the SCKM basis. The derivation and the explicit form of
the unitary transformations can be found in appendix C.2. Applying this change of basis
to the Yukawa matrices yields

yA® 00 X000

Yiur ~ 0 yA* 0 |, Ydur = 0 yA* 0 |, (6.2)
0 0 w 0 0 A2
BN 00

- 3ys

Yéor = | 0 3yX* 0 |- (6.3)
0 0 yp\?

These results, which are valid at the high scale, agree with the LO results derived in [39, 40].
This shows that the canonical normalisation does not affect the LO expressions of the quark
and charged lepton masses.

Up to phase convention, the CKM matrix is given by Vokmeyr = (UH)TUE (see
appendix C.2 for explicit expressions). Extracting the mixing angles

. T T
s1n(c9‘1’3)GUT ~ 72)\3, tan(Hgg)GUT ~ %)\2, tan(H(IIQ)GUT ~ i)\, (6.4)
Yb Yo Ys
shows that the LO CKM mixing arises purely from the down-type quark sector, incorporat-
ing the GST relation [49] 6], ~ \/ma/ms, and agrees with the results obtained in [39, 40].
Concerning the CP violation, we find the Jarlskog invariant [65] to be

o7 T2 ind
JgPGUT A - sin(605) . (6.5)

The PMNS matrix is dominated by the trimaximal TMy neutrino mixing V,, which
diagonalises the effective light neutrino mass matrix of eq. (4.22). Including the charged
lepton corrections, we have UpyNsgyp = (UE)TVV* with mixing angles given as

v

tan(fs)qur ~ 1+ A Ao — o) cos(4604 + 69) (6.6)
tan(0y)qur ~ L T cos(69) (6.7)
12)GUT \/§ 2\/§y3 2/ .

aZ/_Cl/

sin(.5) ~ A <3dyys cos(464 + 03) + 2(a” — ¢¥)F2 cos(09) ) °
13/GUT 6\/§ys

-

, (6.8)

N <3d”y8 sin(46¢ + 09) + 2(a” — V)7 sin(Qg))Ql :

au_bu

and a leptonic Jarlskog invariant of the form

A (2% . 3dv .
JZCPGUT N —gp < e sin(63) + T sin(4604 + Hg)> :
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6.2 Soft terms in the SCKM basis

In order to obtain the flavour structure of the soft SUSY breaking terms in a basis which
is suitable for physical interpretations, we have to apply the SCKM transformations on the
canonical trilinear soft couplings and soft scalar masses, cf. section 5. The action of the
U { p Mmatrices on the A-terms is identical to the transformation of the Yukawa matrices:

Ut AL UL = ALy (6.9)

However, due to different order one coefficients, the A-terms remain non-diagonal in the
SCKM basis. The soft masses of eqgs. (5.6), (5.7) are transformed differently for different
components of the SU(5) multiplets. Moreover, we have to associate the mass matrices of
the effective soft Lagrangian in eq. (5.1) with M%GUT and M}%GUT and take into account the
additional rephasing transformations of the right-handed superfields, see eqs. (4.5), (4.11),
that were performed after CN. Then, the soft masses in the SCKM basis are

(M) Lour = (UL MES UL, (M) RRgur = (UR) QuMi,, QL UL, (6.10)
(MY LLcor = (UHT TGUTUEI7 (M) RRgur = (UR) Q4 MI%GUTQL U, (6.11)
(M) regur = (UL MES, UL, () Rreur = (UR)'Qu M, Q4 Uk (6.12)
We find the following leading order expressions, where the order one coefficients are

defined in egs. (D.4), (D.5). Note that we have absorbed the order one coefficient By
into mo, cf. eq. (5.7), so that (13) rrgur/mé and (M2)[Lgyy/mE have 1s on the diagonal.

Up-type quark sector.

v ay N8 0 » 0
% ~ 0 daQQdA”t eP2au T | (6.13)
0 (305 +93)d%3)\7 CNLéL?)
(m2) bo1 e 08h1o X —i(403+65) 13 A6
u7§2LGUT ~ : bo1 €_Z(702+2 Dbos X5 | (6.14)
0 boz
(72) R bor e b X b1 >\6~
qu GUT ) boy ei(59§+0§)b23 A (6.15)
0 boz
Down-type quark sector.
AdGUT a11 A6 a12 N a12 N
Ao ~ —ad12 D a22 24 a23 M (6.16)
e ag N0 ag, N0 agy A2
(M2) 1L bo1  Bia A3 619{313 A
% ~ : bo1 Bos A2 s (6.17)
0 : boz

(TNfLZ)RR 1 6ng12 )\4 - eie%ng )\4

dm2 e | 1 — Rip ! : (6.18)
0
1
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Charged lepton sector.

i Lag A6 e®ad, 0 ad A6
—QUL —e 34 N5 3ad, At asy A6 | (6.19)
0 —e05ad, N0 3ad, At gy N2

(m2)LL I Rudt - ]?12 A

GTGUT ~ | - 1 —Rip M|, (6.20)
0 1

()rn b =3B Xt 5B X!

eTGUT ~ ) bo1 3By A2 | . (6.21)
0 : bo2

7 Mass insertion parameters

In supersymmetry, flavour changing processes are induced by the mismatch of fermion
and sfermion mass eigenstates. Having changed the basis of the superfields to the SCKM
basis, the Yukawa matrices are diagonal. Thus, the off-diagonal entries of the scalar mass
matrices determine the size of the resulting FCNCs. As both the left- and the right-handed
fermions have their own scalar partners, there are three types of scalar mass matrices
mf;LL: (ﬁl?c)LL + Y/ff/]z[vi’d , mngR: (ﬁl?e)RR + }N/;}N/fvid , m?;LR: AfUu,d — fofvd,u ,
(7.1)
where 1 is the higgsino mass which we take to be real. In eq. (7.1), the first contribution on
the right-hand sides originates from the soft breaking Lagrangian, while the second term is
the supersymmetric F-term contribution to the scalar masses. We note that it is formally

possible to define m%2 = (m2 ).

IRL fLr
From the model building perspective, a convenient measure of flavour violation is

provided by a set of dimensionless parameters, known as the mass insertion parameters.
These are defined as [66, 67]

; (m% i ; (m% )ij ; (m% ij
Or)ij = W’ (Orr)ij = Wv OLr)i = (m7)2, " (7.2)
f/LL J/RR F/LR

where the average masses in the denominators are

7.1 Mass insertion parameters § at the GUT scale

Inserting the results of section 6, it is straightforward to calculate the mass insertion param-
eters at the GUT scale. The full LO expressions are given in appendix D. In the following
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we only report the flavour structure of the various ds in terms of their A-suppression.

1 A4 NO 1A \G X0 o0

5%LGUT ~ ’ 1 )\5 ? 6}‘L%RGUT ~ : 1 >\5 ’ 5%RGUT ~ 0 )\4 )\7 5 (74)
1 SR | 0\ 1
1A%\ 1A PRI

5%LGUT ~ - 1N ) 6§RGUT ~ S 1M ) 5%RGUT ~ APt > (7'5)
1 o1 )\6 )\6 )\2
1A+ 1 A3\ A6 X5 A6

5ELGUT ~ ’ 1 )\4 ? 6ERGUT ~ : 1 )\2 ’ 5ERGUT ~ )\5 )\4 )\6 . (76)
1 o1 )\5 )\4 )\2

7.2 Effects of RG running

Having calculated the GUT scale mass insertion parameters, it is now necessary to consider
their evolution down to the electroweak scale. Only then are we able to compare the pre-
dictions of the model to experimental measurements of flavour observables. This evolution
is described by the RG equations which are given explicitly in appendix E in the SCKM
basis. Technically, we perform the RG running in two stages, first from Mgyt to M i where
the right-handed neutrinos are integrated out, and then from Mg to Msysy ~ My. In
order to derive analytical results, we estimate the effects of the running using the leading
logarithmic approximation. As the Yukawa matrices themselves are also affected by the
running, it is necessary to apply further basis transformations on the superfields which
diagonalise the low energy Yukawas matrices.

Details of the various steps involved in calculating the low energy mass insertion pa-
rameters can be found in appendix F. For the down-type squarks and the charged sleptons,
the resulting effects can simply be absorbed into new order one coefficients. It is interesting
to see that this is not the case for the up-type squarks, where the order of the (13) and (23)
elements of 0} gets modified. For completeness, we present the flavour structure of the
low energy ds in terms of their Ad-suppression, which should be compared to egs. (7.4)—(7.6).

1A+ )6 1A\ X0 AT
St~ | - LN, ke~ - LN |, Gfp~ | 0 XM AS | (7.7)
1 | 0 A1
1 A3\ 1A%\ UL
S~ AL dke~ L XL s~ [ AN (7.8)
1 o1 )\6 )\6 )\2
1A%\ 1A%\ A6 A5 \G
S~ - 1A, SGr~ | - 1A, i~ | AP ATNE . (7.9)
1 L1 AP 04 )2
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8 Conclusion

Despite its tremendous success, the Standard Model of particle physics is widely viewed as
the low energy limit of a more fundamental theory. In order to understand the nature of
flavour in such extensions of the SM it is necessary to answer the following three questions.

1. Why are there three families of quarks and leptons?
2. How does the structure of fermion masses and mixing arise?

3. Why is the amount of flavour violation induced by new physics so small?

From the phenomenological point of view, the third question is usually addressed by means
of ad hoc assumptions such as e.g. Minimal Flavour Violation, where all sources of flavour
violation are intimately linked to the flavour structure of the Yukawa matrices. However,
the concept of MFV is not a theory of flavour as such. Moreover, it does not seem to
provide a framework in which the first two questions of the flavour puzzle can be addressed
in a satisfactory way.

In this paper, we have investigated the issue of flavour violation within a supersym-
metric GUT model of flavour which is based on the simple family symmetry Sy x U(1) [40].
The existence of three families of quarks and leptons is related to the non-Abelian factor of
the family symmetry whose triplets are the only faithful irreducible representations. The
structure of the Yukawa matrices arises from the breaking of the family symmetry. This
aspect was thoroughly studied in [39, 40] where it was shown to provide a good description
of all quark and lepton masses, mixings and CP violation.

Applying the family symmetry on the soft SUSY breaking sector, we have worked out
the mass insertion parameters which describe the sources of flavour violation beyond the
SM. Our calculation relies on the assumption that the SUSY breaking mechanism respects
the family symmetry. Working in an expansion in powers of the Wolfenstein parameter A,
we take into account the effect of canonical normalisation as well as renormalisation group
running. Our results for the low energy mass insertion parameters are summarised in
egs. (7.7)—(7.9), with the explicit expressions given in appendix F.3. We find that 5{ ;, and
6}]; r are approximately equal to the identity with only small off-diagonal entries. Consider-
ing the parameters 5{ r We observe that the diagonal elements feature the same hierarchies
as the corresponding diagonal Yukawa matrices Y/, while the off-diagonal elements are
strongly suppressed. This shows that our Sy x U(1) SUSY GUT approximately repro-
duces the effects of low energy MFV, where one would simply impose (5£L = 5{%1% =1
and (5{ r X Y/. The phenomenological implications of the deviations form MFV will be
discussed quantitatively in a dedicated paper [68], where we will present and discuss the
predictions of our model of flavour with respect to a number of different flavour observ-
ables in detail.
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A S, and CP symmetry
The non-Abelian finite group S4 can be defined in terms of the presentation

S2=1, T3 =1, Ul=1,
(ST? =1, (SU? =1, (TUY? =1, (STU)'=1,

where S, T and U denote the generators of the group. Explicit matrix representations are
basis dependent. In this work we apply the basis where the 1" generator is diagonal and

complex for the doublet and triplet representations. Defining w = e2™/3 we have
1: S=1, T=1, U=1,
1: S=1, T=1, U=-1,
10 w 0 01
2: S - 9 T - 9 U = ’
(01) <0w2> (10)
-1 2 2 100 100
3: S=i|l2-12 ]|, T=|0w?0|, U=-|001],
2 2 —1 0 0w 010
-1 2 2 100 100
3: S=%i|l2-12 ]|, T=|0w?0|, U=+|001
2 2 -1 0 0w 010

The corresponding Clebsch-Gordan coefficients are all real and can be found e.g. in [39].

In addition to the flavour symmetry Sy, we impose the canonical CP symmetry in our
theory. As has been discussed in the literature, see e.g. [69-71], the consistent combination
of a flavour and a CP symmetry requires certain conditions to be fulfilled; in particular
that the subsequent application of a CP, a flavour and a further CP transformation leads
to a transformation belonging to the flavour group. The possibility to combine the group
Sy with CP has been explored previously, see e.g. [46, 47, 69, 70]. Here we are interested in
combining Sy symmetry, defined in the above basis, with the canonical CP transformation,
i.e. the CP transformation that acts trivially in flavour space with X, = 1 for all represen-
tations r of S4. Note that this particular CP transformation X, fulfils the constraints of
being a unitary and symmetric matrix. Moreover, it represents a consistent choice for a CP
transformation (see e.g. [46, 47]), which corresponds to the involutionary automorphism
that maps the generators S, T and U in the following way

S =S, T -T*=T"' and U — U, (A1)

since S and U are represented by real matrices in our chosen basis, while the generator T’
is given as a diagonal complex matrix in the two- and three-dimensional representations.
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Field || X¢ | X7 | X4 | X0 | v | v | vy | 25 | Vo | Vi |V, | Xew | Xpew
suG){ 1 1| 1 | 1|1 |1 |1|1|1|1]1] 1 | 1

Sy 1 1 1 1 2 2 2 (3 1|1 /[10 1 1
Uu@) || -2 | 14 3 10 9 6 |-16|-16| 0 | -8 |—=7| 18 15

Table 2. The transformation properties of the driving fields, as introduced in [40], which serve to
align the flavon VEVs.

As with all automorphisms of Sy, this is an inner one. In particular, one can check that
the automorphism of eq. (A.1) is “class-inverting” [72], i.e. it maps the group element g
into the class which includes ¢g~'. This is true, since all automorphisms are inner ones and

1

all classes of Sy are ambivalent, i.e. the elements g and g~ are in the same class.

With only real Clebsch-Gordan coefficients, a canonical CP symmetry imposed on the
theory entails that all coefficients in the (super-)potential are real. Moreover, we observe
that the residual symmetry in the neutrino sector at LO comprises the CP symmetry if all
three neutrino flavons share the same phase factor. Following the comments of footnote 5
of appendix B, this is the case in our setup, cf. also egs. (B.1), (B.2), so that the common
phase can be factored out of the neutrino mass matrix, leading to an effective LO result
which conserves CP. Furthermore, the canonical CP transformation X, = 1 commutes
with the Klein group generated by S and U and thus at LO the residual symmetry is given
by the direct product Zo x Zs x CP.

B Vacuum alignment

The vacuum alignment of the flavon fields is achieved by coupling them to a set of so-called
driving fields and requiring the F-terms of the latter to vanish. These driving fields, whose
transformation properties under the family symmetry are shown in table 2, are SM gauge
singlets and carry a charge of +2 under a continuous R-symmetry. The flavons and the
GUT Higgs fields are uncharged under this U(1)g, whereas the supermultiplets containing
the SM fermions (or right-handed neutrinos) have charge +1. As the superpotential must
have a U(1)g charge of +2, the driving fields can only appear linearly and cannot have any
direct interactions with the SM fermions or the right-handed neutrinos.

The LO alignment of the flavon fields, see eq. (2.2), has been thoroughly discussed
in [39, 40]. The particular setup also provides correlations amongst the VEVs. As described
in appendix D of [39] and in section 4 of [40],% the vanishing of the F-terms of the driving

“The introduction of the new flavon field 7 in [40] favours the exchange of the Sy doublet driving field
Va, which was introduced in [39], by the Si singlet field Vi. Furthermore, the field V;,, transforming in the
same representation of S4 as 7, is introduced in order to relate the new flavon field to an explicit mass scale.
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fields X7V, Xf,ew, Yy, Z5, Vo, V1 and Vj; gives rise to the relations®

Py~ 5%, S~y ~eY,  (¢9)2¢) € Re,

1 of 7d d (d\3 n
Py~ o5 ~ 5 (¢5)” Py~ oo (B.1)
Lo o NCORT
Denoting the phase of each flavon VEV gﬁg by 0,]; , eq. (B.1) correlates the LO phases as®
05 =0, 03 = 203 + 305, 03 = 05 + 305,
0" =303 — 0%, 0% =0y =0" =209, (B.2)

leaving as free variables only the two phases 951, Hg, which correspond to the LO VEVs of
the two flat superpotential directions: (®3 ) and (®4,) respectively.

In order to find the higher order terms of the flavon VEVs, we start by writing each
one of them as a series expansion in A, up to and including order A\'2. For example, the
leading operators of the superpotential fix (®%,)/M to be zero up to A*, while (®4,)/M
has to be ¢4 A* [39]. When considering the subleading operators, the VEVs of 5, and
®3 , receive corrections (shifts) which we parametrise as

12
y §Y, A
@y (o Y, [ (B.3)
M - ¢u )\4 12 : .

All flavon VEVs are parametrised in a similar manner. The aim is to find the order of A at
which each shift § has to be non-zero. The computation consists of taking into account all
possible operators and solving the F-term conditions resulting from the set of driving field
order by order in A, up to A'2. Each vanishing expression is solved for the lowest order
shift involved. At the end, all shifts can be expressed in terms of the LO flavon VEVs.
We find

<®5>::< o, X8 ), <é5>::< 5, X0 >’ ) _ gzt 4 5130,

M PY N+ 555 N M PY N+ 555 N M
5 A6 ) 0 N
d 3,1 d ~ 3 ~ d d
<(I)3> — ¢g )\2 ’ <(I)3> — _ <¢g )\3 4 5g2 )\4 4 5%2 /\5) , <(I)2> _ ¢2 A ’
M d A6 M A3 4 7 " 4. 7 N 5 M 5372 A
653 A PN+ 63,2(4) A* + 63,3(5)>\
1
(®3) 4 5 (@5) Py N+ 05 1 N (@) 4 5
=11 P NP = ; . =L = YN0 B4
i : (5 A+ 55 X°), i ¢5/\4+512/72)\5 i GIA"+ 0y (B.4)

Note that the shifts presented in eq. (B.4) are the first non-trivial ones. However, in our
calculations of the mass matrices we take into account all shifts up to O(A\®). It should be

®The proportionality constant between ¢4 and ¢5 is a square root of an order one real number, which
we assume to be positive, such that ¢35, and ¢35 have the same phases.
SHere and in eq. (B.6), a possible phase shift by 7 has been ignored as real coefficients can generally be

positive or negative.
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pointed out that the alignment of ®%, is not perturbed up to order A8, so that it preserves
the S symmetry to that level. On the other hand, the alignment of ®§ is already perturbed
at order A’ which, however, does not break the S generator as it is nothing but the identity
for the doublet representation. Taking into account also CN effects, one can show that m<cf
has the form of eq. (4.22) up to O(\7).

Eq. (B.4) is in agreement with the discussion presented in section 4 of [40], barring
the absorptions of 65, A, 5752 A, 5;‘31,2(4) A, 05 A, 07\ and 67 A into the corresponding LO
VEVs. Being interested in the CP transformation properties of the fields, such absorptions
must not be made in the current work, as the phases of shifts and LO VEVs are generally
different. In particular, we find the following relations between the shifts and the LO VEVs,

051~ (09)°(89)>, 050~ (89)°(05)", 051 ~ d5y ~ (¢3)"04, 5"~ (¢3)7,
051~ 855~ o5, 051~ 05 (68)°,  O5a, ~ (99)°(68)", 055, —05a, ~ (69)°,
d d\b5 .d v v v v (¢g)4
050 ~ (¢5)°¢5, 05 ~ 05 q ~ 059 ~ 0] ~ . (B.5)
3

Similar relations also hold for higher order shifts. Although such shifts have to be taken
into account when performing a systematical \-expansion, their explicit expressions are
irrelevant for our phenomenological study.

The phases of the LO shifts can be deduced straightforwardly from eq. (B.5). Denoting
the phase of (5;:72- by Gg’i we obtain

03, = 204 + 303 , 5o = 2(304 + 205) , ég,l = 53,2 = 4603 + 04, arg[6"] = 704 ,
05, =053=05, 05, =05+365, 05, =505 +465, arg[dfs, — 05y, ] =565,
030 = 505 +05, arg[dy] = 05, = 05, = arg[d7] = 465 — 65 . (B.6)

C Basis transformations

C.1 Canonical normalisation

In order to find the transformations which map the Kahler potential into its canonical
form, we express the hermitian matrix 4 as in eq. (3.14), i.e. P,ZPA = K 4. Note that the
matrix P4 is not unique since Py — Q4 P4 with unitary Q4 will satisfy eq. (3.14) just as
well. Moreover, K 4 can always be decomposed as

Ka = ( L\/DiAQA) (QL\/DiAQAy (C.1)

where D4 is the diagonalised form of 4. Therefore it is sufficient to find a hermitian
matrix P4 which satisfies eq. (3.14), i.e. PLPA = P4Psy = K. Expanding K4 and P4 in
powers of A,

Ka= ikn)\", Py= i P A™ (C.2)
n=0

m=0
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with k,, p, being matrices, allows one to calculate P, iteratively. With ky = 1, the
result reads

1 1 —
po=1, p1= 57451 ; Pn =35 kn — ijpn—j : (C.3)
=1

C.2 SCKM transformations

The SCKM rotation matrices that diagonalise the Yukawas are found through the singular
value decomposition. In particular, if Y/ = Ugf’d{ag(U};)T, then U}j and U}J; consist of the
eigenvectors of Y/ (YT and (Y)Y, respectively. These eigenvectors are only defined
up to phase transformations

R
Ug - Ugﬂf, Q{ = diag <eML1 , eML2,eWL3> , (C.4)

N
U}; — U};Qéﬁg, Qé = diag <ewR1 , ewR2,ewR3> . (C.5)

We fix the phases of the matrices Q{ by requiring that the CKM and PMNS mixing matrices
are given in the standard phase convention, while the phases of Q’I; are fixed by demanding
real and positive charged fermion masses. To LO, we find the following structure of the
SCKM transformation matrices in terms of their A-suppression.

1 A )6 1 A\ XS

U~ | X 1 XN |, Up~ | 1 XN |, (C.6)
M0N0 1 A6A 1
1 X A 1 X2 M

U~ | X 1 X, Ui=|x 1 X[, (C.7)
221 DI |
1 A M 1 A A

Us~ | X 1 M|, Up~| X 1 X\ ]. (C.8)
AN A2 1

With these SCKM transformations, it is straightforward to calculate the CKM mixing
to leading order,

1 T2y -2 )3
- Ys Yb
VerkMgur = (UE)TUg* ~ —%/\ 1 ZfAQ . (C.9)
e Tz _wsy2
Ys Yb Yv

The associated measure of CP violation is given by the Jarlskog invariant ‘]g?PGUT and can
. . * *

be cal.culated from the imaginary part of VekMaury, VCKMGUT32 VCKMGUTQZ VCKMGUT31 . The

explicit result can be found in eq. (6.5).
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D Mass insertion parameters at the GUT scale

In the following we present the explicit expression for the various LO mass insertion param-
eters at the GUT scale whose A-suppressions have been stated in eqgs. (7.4)—(7.6). Using
the definitions of egs. (7.2), (7.3), we obtain

ad~ . d dy ~
1 6_1:21)12 A4 e M05+03)p, 5 6
01 \/501 (bo2+vZ y7 /md)
. d dy ~
ZO T L Tl B
\/601 (bo2+vZ y2 /m?)
1
d~ -
1 e"2b5 A4 b13 6
bo1 2,2 /2
\/bm (bo2+vu yi /mo)
. d dy ~
(W%RGUT ~ ' 1 1505 +05) Ao (D.1)
\/501 (bo2+vi yf/mﬁ)
1
aty —Yu iy
bo1 s O’)\S 0 0
v
p Uy Qg 0 %)\4 € 20y A7
LRgur mo 0 \/b01 (b02+’03 yf/mg) )
i(309+69) ~u aYs—yt 75~
0 e'2 103 )ay, 7 Tl
\/b01 (bo2 +v2 y? /m(Q)) boz+vi v /my
~ . ad ~
B2 \3 e2Bi3 \4 109 715 4 ibd 4
) DY Vet | 1 @BRX — Rl
Oreur = | - 1 bBQ% 22 |s ORRgue ™| - 1 — Rz A , (D2)
01 bo2
1 ) . 1
1 (sd _ pts 33\ \6 afy 5 afy y5
ooy Vbo1 (all p Ao Ys bo1 A 201)\
d 40 _ A1y 5 1 (gd _ Bl 4 93 4
5LRGUT ~ mo «/boé)‘ Voor a22d A, Ys A bos A )
—i0¢ a31 16 as, 6 1 ~d 2
€ Vboz A Vbo2 A Vboz <a33 Ao yb) A
ad ~ ~
3 4 _p 4 _ €285 43 Bis 4
1 RipA Rz )4\1 1 01 A 3Ubois
) ~| - 1 —Ri2 A 0F ~ 3By3 )2 (D.3)
LL 12 » 9RR . 1 2223 A ) .
GUT ) GuT Vbo1boz2
) . 1
d
1 ~d Ktg fi% 6 e'%2 5?2 5 &g1 6
so—\a — 7 A —12 ) —3L\
3vbo1 , 0 Ys Vbo1 bo2
5 1 ~ Vg Qv e 2af, 5 3 <C~Ld _ Mtﬁy ) 2\ 33 6
o~ T v Vhor \922 7 "4y Ys bz
e 2af, y5 3433 \4 1 (zd _ ot 2
— A 23\ —~ (a4, — 2 A
Vbo1 Vbo1 Vbo2 33 Ao Yb

These 0 parameters are expressed in terms of the coefficients of the soft mass matrices in
egs. (6.13)—(6.21), where we have defined

big = (by — borkz), b1z = —(bs — bo1ks), baz = —(bs — bo1ks), (D.4)
- -2

~ T ~ T ~ s ~

By = 222 (by — bo1k1), Bz = —2(boy — boa), Bas = y*(bm —bo2), Ri2=DB3— K3,
Ys YbYs Yb
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and

Uq
~ (pa__nY - crna oy ~ B at htua pu P
a’lfl = auel(eu 9u)7 a12L2 = acel(ec eu)’ a’é’é — at’ ag‘3 — Zg < _ 6@(02 92 ) 2u > ’
Yt Z5
52 ~a _
~ x X < nTa _pE a na__pY B a gy ~ e oy
ity = ?72 (232262(92 - fel(es 65)) , a3y = a0 ads = qpe’ %0,
s s
~a } i ‘ . |
al, = iy <~2ez(0§a_9§) _ asez(ez—e’;)> ady =y <asez(0‘;—9§) 7 abez(gg_@by)> ’
2 ys ys yb

. na @ Zdg z
ad, = 24 U i(05—0y) _ 3 _ i(6;"* —05%) 7
Yo z3

2 a s(na Y a, S(na Y a, S(na Y Zda . nPda Zd

ad, = == (Sez(es—es) - bez(eb—eb)> + 24 b i(0—0y) _ %61(92 =034 )
Yp \Ys Yb Yo Z5

y2 ag ; y ap y ayp Yy Zda Zd Zq
~ S a __ y a __ o a __ : a __
(153 = 9Zs (eZ(QS 07) _ 761(91) Qb)) + Zg 761(917 07) _ 2d 82(02 05%) ) (D5)

YU \Ys Yb Yo z5
The phases HZ’ s b Hfu‘d, 0% can be expressed in terms of the flavon phases 64, 9% according to

egs. (4.4), (4.10). This has been done in eq. (D.4), but we refrain from doing so in eq. (D.5)
in order to highlight the fact that all &ij become real in the limit where the contributions of
the auxiliary components of the flavon superfields to the A-terms are neglected such that
the relation 6% = 67 holds.

E Renormalisation group equations in SCKM basis

The renormalisation group equations for the parameters of the superpotential as well as
the soft breaking terms are usually given in the gauge flavour basis, see e.g. [17], with the
transformation to the SCKM basis being defined only at the electroweak scale. As already
discussed in section 6, we find it useful to diagonalise the Yukawa matrices already at the
high scale. In such a high scale SCKM basis, the RGEs will explicitly depend on the CKM
mixing matrix. Here we define for convenience

V = (UD)'UE = Vdkngur- (E.1)

Introducing the parameter ¢ = In(u/M,;), with p being the renormalisation scale and M,
the high energy scale, we have for the Yukawas and the trilinear A-parameters,

dy™ o - 1 1 e SR W
16m*—— = <3Y“Y“T +Viviydy — 5693 - 3¢5 — égf + 3Te[Y Y] +Tr[Y"TY"]> Y
2df/d_ ordyrdt oruyrut T_ﬁ 2 2_12 rdtyrd refvrel | vod
16m° = = (VYT + VY'Y IVT — =298 — 3¢5 — = g1 + 3TV 1Y) 4 Te[y Y] ) v,
dye . 9 S = etoer ) ©
1672 = <3yeyeT+U,§TY”Y”TUz — 3¢5 — gg§+3Tr[YdTYd] —i—TY[YeTYe]) Ye, (E.2)
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Au

dA
1672
LT

- . 16 13 -
— (51/“1/“* +Viydydty - ?gg — 393 — T g2+ 3Ty YY) + TY[Y”U’”]) A"+

o - 2 26 ,
+ <4A“Y“T +2VTAdydty 4 % 93 Ms + 6g3 M; + 59 2M, + 6Te[YUTAY] + 2Tr[Y"’fA"]>Yu
dA?
16m2 —
6 R

o o 1 _
= (5YdYC” +VYIYVT - 36 33— L g? 4 3MyeY Y 4 TT[YGTYe]> Ay
T4 - 32 14 s N
+ <4AdydT 4oV Avyutyt 4 §g3MS + 693 Mo + 15glM1 + 6Tr[Y4TAY] + 2Tr[YeTAe]> yd

16n2% = (5?@?@* + Uy yrius — 393 — ggf + 3Te[Y4Y 9] + Te[yel f/e]) A¢ +
+ (4deyet 4 20T AYYVTUS + 692 My + %qul + 6Tr[Y9T A?) 4 2Tr[y el /ﬁ) Ye. (E.3)
The running of the soft scalar masses in the SCKM basis is given by
d
2 2 _ T d
167 ﬁ( u)LL = GQ]l —l—Fg +V FQV,
2 d o d
167 (mg) L = Go 1+ VFgV! + Fg,
2£ ~ 2 o e v
167 dt(me)LL =G 1+ Ff + F},
d
167 $(m?¢)RR = Grl+Fy, f=u,d,e, (E.4)

with
FQ YUYUT( T Z)LL + (MZ)LLY/“Y/“T + 2{/“(77%3)1%3{/“ + 2(m%{u)§~/“f/m + QAUAUT,
Fi = VOV (172) 1+ (72) L, VIV 4 28 403 pp T+ 2(m, ) VOV 1 2 44441
FE = VVe (i) + (m2) VoV 4+ 27 (m2) gVl + 2(m3, )V Ve + 24¢ A,
FY = USY Yy Ug (m2) o + (m?) U Y Y us + 20 Yy md vviug +
F2(m2 Uy yvius + 2ust AY AU
F, = (Y“TY“ 2 ri + (M2)RRY TV + 27 (12) L V" + 2(m% )YV 4 221“*[1“) ,

Fy = (YdTYd Dar + (M) rRY YL+ 2V (02) LV + 2(m% )Y/f”f/dm/idw’),

F, =2 (Yf TYe m RR + ( )RRyefye + QYCT( )LLYe + 2( )?GT?E + QAET/IE) s
1
Go= — ( 3| Ms)? + 92|J\42|2 *91|M1’2 - Egl(mm m%{d)> ’
Gr= —4 ( S@EIM? + S g2 MJ2 + = gBmdy, — )
G——4§2M?§2M2222—2
u= 393\ 3"+ 91\ 1|+ 591(mHu mi,) |
8 1
Gqg= —4 <39§|M3|2 *91|M1\2 g%(m%’u m%’d)> ’
6 3
Ge=~4 (St - Satnd, i)
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For completeness, we also show the evolution of the p parameter, i.e. the coupling of

the bilinear superpotential term H, Hy,

d U -~ e 3
167r2d—/: = <3Tr[YuTY"] + 3Te[Y YY) + Te[YeYe] + Te[YTYY] — 3¢5 — 5g%> w, (BE.5)

where g;, M;, 1 = 1,2, 3 are the gaugino couplings and masses respectively.

F Renormalisation group running

In this appendix, we provide analytical expression for the RG evolved Yukawa couplings,
soft terms and mass insertion parameters. We estimate the effects of RG running using the
leading logarithmic approximation. In order to formulate the two-stage running (i) from
Mgut to Mg, where the right-handed neutrinos are integrated out, and (iz) from Mg to
Msusy ~ Myw = Moy, we introduce the parameters

1 MGUT 1 MGUT
- 1 - ] . F1
T Y62 n( Mow )7 ™7 1622 U\ g (F.1)

For Mgut ~ 2 x 106 GeV, Mg ~ 104 GeV and M., ~ 103 GeV, 1 ~ 0.19 is of the order
of our expansion parameter A = 0.22 and ny = 0.03.

F.1 Low energy Yukawas

The SCKM transformations, discussed in section 6, diagonalise the Yukawa matrices at
high scales. RG running to low energies re-introduces off-diagonal elements in the low
energy Yukawa matrices. These off-diagonal entries in fflgw and f/lgw are proportional to
the quark masses and the Vokyr elements. As the CKM matrix features only a mild running,

the RG corrections can be treated as a perturbation. In Y€, the off-diagonal terms are

low>
proportional to the charged lepton masses and the elements of Y”. The corresponding RG

equations are provided explicitly in eq. (E.2) for convenience. To LO in A, we find,

1+R;, 0 0 0 0 F\
le(?W ~ 0 1+ Riyt 0 YéLUT —NYp Yt 0 0 Ys )\6 ) (FQ)
0 0 1+ R/ 0 0 0
1+RY 0 0 0 0 e
Vio~| 0 14+4RB 0 |Yur+nw|o 0 oy |, (F.3)
0 0 1+RY 0 ?;j O
b
1+R, 0 0 0 —3ys A8 gy A6
Yigw & 0 14+4R 0 |YSur+nvypR, [0 0 A |, (F4)
0 0 1+RY 0 0 0
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with

46
RY =1 (59% - 3yt2> —3nnyp, R =RY—3ny;, (F.5)
44 ,
24
RY = ngg?} —nnyp, Ry =2 —yp(Ks+ K3). (F.7)

where gy =~ +/0.52 is the universal gauge coupling constant at the GUT scale.

F.2 Low energy soft terms

Similar to the Yukawa matrices, the parameters of the soft terms have to be run down to
low energies. Moreover, it is mandatory to perform further transformations to the “new”
SCKM basis which render fflgw diagonal again. The running of the trilinear terms is similar
to the one of the corresponding Yukawas. To LO in A, n and 7y, we derive the following

expressions in the “new” SCKM basis.

v 1+RE O 0 A Ry 0 0\
z}w > 0 1+Ry O % -2 0 R 0 | Y&t (F.8)
0 0 1+RY 0 0 R¢
0 0 yp 53 03" —05) \T
—2nye | O 0 yp as P20 N6 |
0 vy £1(305+03) il A7 0
Ad 1+RY 0 0 id RG 0 0
j;w ~ 0 1+RY 0 % —2| 0 R% 0 | Y&ur (F.9)
0 0 1+R] 0 0 Ry
0 0 0
+2nysye | O 0 a At |,
0 ﬁ (ysar —yrads) A 0
e 1+R 0 0 e )
Tow 0 1+R! O —GUT _9RY Vi (F.10)
Ag Ag
0 0 1+4+RY
0 0 22X
+2nyypRuyp [ O 0O %Aﬁ ,
0 0 0
with
a 6 5 My a a
R, = (5 U A + 3ay yt> + 310N yp ap, Ri = Ry, + 3nayy, (F.11)
Rt —np Mz RS = R% +nayy, (F.12)
59 0
a _ 24 o M
RE =" gt y (F.13)
R} = le“e’gl — ap(K3 + K. (F.14)
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The first terms in egs. (F.8)—(F.10) are analogous to the first terms in egs. (F.2)—(F.4);
they are usually ignored. The second terms contain the universal gaugino mass M/
contributions, which generate non-zero diagonal trilinear couplings through the running,
even for Ag — 0. The sources of the off-diagonal entries in the Yukawa couplings are also
present for the trilinear soft terms. We see that the (13) element in flfgw, which was zero
in fléUT, is now filled in, and there is an O(A%) contribution (but additionally suppressed
by a factor of 1) to the (23) element, which was of order A7 in A% . The (32) element
in Al

I ws With ags given in eq. (D.5), is of the same order in X as the one that is already

d

low and in

present in flléUT. All the off-diagonal elements generated by the running in A
flleow are of the same order in A as the ones that were already present at the high scale.

Analogously to the trilinear A-terms, we find for the soft scalar mass,

=9
2 (m“)LLGUTB

0 0 y

~ 92 ~ 9 m%
(mu)[Q/Llow ~ (mu)L2LGUT + (6.5$ + Tg) 1—n ‘ 0 9 % , (F.15)
2R,
0 0 y2 %
(M%) RRiows ~ (73) RRGur +(6.152 + T%) 1 — 27 ; (mi)RT:L%gGUT (F.16)
m3 " | " T |
2R,
2R 2 (mz)LLGUT
(mQ)LL (mQ)LL 00 (bol—ZOZ + yt) ZTIS
d low u GUT d T
~ + (652 +T8H) 1 + 2R 9\ (Ma)irtgur,, |, (F.17
™2 m3 ( L) T . o (bm_goz + t) Tm) ( )
— 2R,
~ 9 ~ 2
(md)R2Rlow ~ (md>R§GUT + (6.1 T+ T}%) 1, (F.18)
) ) 0 Eip —FE;
2 12
(me,’il[é[/low ~ (mezrl;éfGUT + (0555 + TE _ 277N Rl) 11— 277N 0 — E12 A4, (Flg)
0 0
0
m m
( E)ZRIOW ( e)RfGUT + (0.15$ + T}eZ) ]l, (F.QO)

where we have introduced the ratio z = M? /2 /m3 and

Ry = (2boz + cm,) yi + g af

Fio = (R12 +BY - K?{VB{)V) YR~ (K3 + KN)Ry,
Ry = (14 BY +cm,)yd + adad,
Dq 6,

R) = (1+ By +cm,)yp 2f + adap 21

I
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2

Hocur / m%. Furthermore, the small quantities Tg r are defined as

with cg, =m

1 1 1 1
Ty = —5 (=T + A} T = — (=T + A} F.2
L m(2)<20+L>> R mg<5+R>> (F.25)
1 1 1 /1
T = — ( =T+ A T =— (=T + A% F.2
L m%(2O+L>> R m%<5+Ra (F.26)
1 3 1 3
T = —5 (——T + A TG = — | —T + AS F.2
L m%<2O+L>a R m%<10+3>, (F.27)
1I.l(]\4low)
withT =5 [ g} (m3, — m%{d)a as well as
In(Mcur)
1 2 2
AY = (2 -3 sin2(0w)> cos(28) M2, AY = 3 sin?(Ay ) cos(26) M% (F.28)
d L 2 d L. o 2
A7 = —5 + 3 sin (Ow) ) cos(28) M7 , Ap = —gsin (Ow)cos(2B)Mz,  (F.29)
1 1
AS = (—2 +5 sin2(ew)) cos(2B)M%, A% = —sin?(Oy) cos(28) M3 . (F.30)

The contributions T}j r to the running soft masses are usually ignored, and it is common
practice to set them to zero in a numerical scan. In our study, we will therefore not consider
them any further.

The off-diagonal entries in the soft scalar masses which are induced by the running are
of the same order in A as the high scale ones, with an additional suppression by 7. Only
for the LL masses of the down-squarks and charged sleptons, the contributions due to R,
and Rl(l) can be relatively large as those factors take values up to ~ 35 in a numerical
scan. Generally, however, the main effect of the RG evolution on the scalar masses is the
change of the diagonal elements. The masses of the first two generations of (m2)rr,..
(M2)RRypws (MA)LL,, and all three generations of (m3)gg,,,, (M2)kA,, are increased at
low energy scales due to the second terms in egs. (F.15)-(F.20). The (33) elements of
(M2)LLyys (M2)RR,,, and (M3)rr,,,, can still remain relatively light, as they also feel the
effect of Ry, defined in eq. (F.21), entering with a negative sign. Similarly, the enhancement
of all three diagonal entries of (7h2) 1, is reduced due to the term —2ny R; which encodes
seesaw effects.

F.3 Low energy mass insertion parameters

With these preparations, we can now formulate the mass insertion parameters at the low
energy scale.
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Up-type quark sector.

1 _iod ~
(0fr)12 = 7(}7%1@)26 2 by N, (F.31)
1 _ciapdpd ~
(5EL)13 = We 2(492+93)(1 _ nth) bi3 )\6, (F.32)
[L1GI]3G
1 _impd 1 opd ~
(6%, )93 = We 1(792+203)(1 — y2) baz A, (F.33)
L1GI[3G
1 _iod ¥
( %R)lQ = w 26 3 b12 )‘4a (F34)
(pRlG)
1 -
(0hr)1s = ——— (1= 2ny7) bis A%, (F.35)
PricPRsc
1 =nd o pd ~
(0%g)2s = —————e BT (1 — 29 y2) by N°, (F.36)
pRleRBG
Qo Uy at;  p(l+Ry) Ry ) 8
o = — 9y, (1+RY (— -2 A%, F.37
( LR)H mo p%m p%m‘ yu< u> Yu, Ao tg 1+ Rﬂ ( )
Q Uy, asy #(1 + Ru) Ry > 4
oY =y (1+ RY (— -2 A%, F.38
( LR)22 mo p%m p%m: yC( U) Ye A tg 1+ Rﬂ ( )
a0 v i, Wl+R) R
oF = 4,1+ R/ < — -2 , F.39
Ohr)as Mo DYac Dl (R, Aots 1+ RY (F-39)
(67r)12 = (0Lr)21 = (0LR)31 =0, (F.40)
AU, T§ (03a_gs Ry 7
oY = - 22 i(05° —03) 2", F.41
(O%r)13 mo p%w p}fz:sc et (5726 - 1+ R% K ( )
Q) Uy As ;(pa—_gY R? 6
SU _ _ *CZ( 5 —05) + ) 2n\° + F.42
(07 R)23 mop%wp%w{ Ys Y Ut (ys T )2 (F.42)

+\7

A , o Re
e (1+ RY — ny?) + 2y | €% ady + <a56’(95_92) + y) x
yS ]. +Rt

da ..
X (&9 cos(0%) — 24 cos(404 + 69)) + zfei(49g+‘9g) (ei(gg_eg) - %ei(‘%da _94d)> )]},
24
QQ Uy

1+ RY —2n42 i(309+09) ~u A\ F.43

(0LR)32 =

where, in eq. (F.42), 24 and 2§« parameterise the O()\*) NLO corrections of the (22) and (23)
elements of the down-type Yukawa and soft trilinear structures, respectively. Originating
from the second term of eq. (4.7), szei94d = yd 65‘}72(4) ¢%, so that 037 = 604 + 40. We see

u

Jowgs Via th RG evolution, is

that the term proportional to 1 A%, which was generated in A
the source of the associated term in (6% )23, which was of order A7 at the GUT scale. In
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egs. (F.31)—(F.43) we have defined the factors

02
Piic = Vbo1 + 6.5, Plsc = \/b02+65x—217R u2 2(1+ RY)?,
my

2
Pl = Voo + 6152, plag = \/b02 +6.152 — dpR, + U—g 21+ RY)2, (F.44)
my
which are related to the full sfermion mass matrices by

~ ms | A u o~ u
Map, =~ Mep, ¥ MoPric, mg, , ~®MoPrsc,

~ ~ ~ (7 _ ~ U
Mapr ~ Mégr ~ MO PRIG » Mi,p = MO PR3G (F.45)

whose GUT scale definitions are given in eq. (7.1). The p parameter at the low energy
scale can be estimated by

3
fow ~ (1 4+ Ry), R, =4n <0.9 i 4y3> — 30N YD - (F.46)

Down-type quark sector.

1
(0F1)12 = — B2 A%, (F.47)
(leG)
1 g T 77y2
64 )13 = €2 "2 (hy — boy + 20 R <1+ L) A F.48
CLohs deledng gy, 001 bz 20 Ry) 1+ R (F.48)
1 nyi \ o
611 )2s = bor — bo2 + 21 R, ( U ) A7, F.49
( LL) pL1GpL13 Yb ( ) 1+ Rg ( )
(6%hr)12 = —(0fkr)13 = y 26i‘9§ Rip M, (F.50)
(pR)
1 -
(6hr)2s = ——5 B2 A, (F.51)
(pR)
~2 ~d a
QUd T a,  pts(l+ Ry) Ry 6
0fp = —r——-2(1+ R} < — -2 A\, F.52
CLr) moleo pR Ys 4 ) fE%/ZJs Ag 1+ RZ ( )
as ta(14 Ry) R¢
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R mo Pl PR R, Ao 1+ RY (F:53)
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(i) mo p e ph ( ) Yb Ao 1+ R} (F-54)
g Vg N
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(08 p)m = — 0 e~ (1 1 RY)ad, A, (F.57)
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(1 + Ry) + 77yt a23
(1 + Ry) Ys

Qo Vg
d d
mo pLBG PRr

(e, B (1+ RY)?
1+RY) (1+R))?

~d
y
(0% R)32 = (1+ Rg)yb< " + 2ny; =5

yb
where

Phe = Vbor +65z,  plio=\/bo+652—4nR,, ph=+V1+6.1z,

such that

~ ~ d o~ d
mg,, =~ Msp, = MoPric, my,, 2 MoPrsc

Q

- - g A d
deR Mzpp NmbRR ~ mopPr -

Charged lepton sector.
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where

P =V1+052—2nn R, phue = Vo1 +0.152,  phac = Vboa +0.15z, (F.74)

such that

o~ e e o e
Mep, = Mpp, = My, = MO P,

~ ~ ~ € ~ ~ €
Meérr ~ Mprr ~ MO PRIG Mirg ~ MO PR3c - (F.75)

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

References

[1] S.F. King, Neutrino mass models, Rept. Prog. Phys. 67 (2004) 107 [hep-ph/0310204]
[INSPIRE].

[2] G. Altarelli and F. Feruglio, Discrete Flavor Symmetries and Models of Neutrino Mizing,
Rev. Mod. Phys. 82 (2010) 2701 [arXiv:1002.0211] InSPIRE].

[3] S.F. King and C. Luhn, Neutrino Mass and Mizing with Discrete Symmetry,
Rept. Prog. Phys. 76 (2013) 056201 [arXiv:1301.1340| InSPIRE].

[4] S.F. King, A. Merle, S. Morisi, Y. Shimizu and M. Tanimoto, Neutrino Mass and Mixing:
from Theory to Experiment, New J. Phys. 16 (2014) 045018 [arXiv:1402.4271] [InSPIRE].

[5] S.F. King, Models of Neutrino Mass, Mizing and CP-violation, J. Phys. G 42 (2015) 123001
[arXiv:1510.02091] [INSPIRE].

[6] R.S. Chivukula and H. Georgi, Composite Technicolor Standard Model,
Phys. Lett. B 188 (1987) 99 [INSPIRE].

[7] L.J. Hall and L. Randall, Weak scale effective supersymmetry,
Phys. Rev. Lett. 65 (1990) 2939 [INSPIRE].

[8] A.J. Buras, P. Gambino, M. Gorbahn, S. Jager and L. Silvestrini, Universal unitarity
triangle and physics beyond the standard model, Phys. Lett. B 500 (2001) 161
[hep-ph/0007085] [INSPIRE].

[9] G. D’Ambrosio, G.F. Giudice, G. Isidori and A. Strumia, Minimal flavor violation: An
Effective field theory approach, Nucl. Phys. B 645 (2002) 155 hep-ph/0207036] [NSPIRE].

[10] V. Cirigliano, B. Grinstein, G. Isidori and M.B. Wise, Minimal flavor violation in the lepton
sector, Nucl. Phys. B 728 (2005) 121 [hep-ph/0507001] [INSPIRE].

[11] C. Bobeth, T. Ewerth, F. Kriiger and J. Urban, Enhancement of B(Bg — putu~=)/
B(Bs — ptp™) in the MSSM with minimal flavor violation and large tan beta,
Phys. Rev. D 66 (2002) 074021 [hep-ph/0204225] [INSPIRE].

[12] B. Grinstein, M. Redi and G. Villadoro, Low Scale Flavor Gauge Symmetries,
JHEP 11 (2010) 067 [arXiv:1009.2049] [INSPIRE].

[13] D. Guadagnoli, R.N. Mohapatra and I. Sung, Gauged Flavor Group with Left-Right
Symmetry, JHEP 04 (2011) 093 [arXiv:1103.4170] INSPIRE].

— 35 —


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1088/0034-4885/67/2/R01
http://arxiv.org/abs/hep-ph/0310204
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0310204
http://dx.doi.org/10.1103/RevModPhys.82.2701
http://arxiv.org/abs/1002.0211
http://inspirehep.net/search?p=find+EPRINT+arXiv:1002.0211
http://dx.doi.org/10.1088/0034-4885/76/5/056201
http://arxiv.org/abs/1301.1340
http://inspirehep.net/search?p=find+EPRINT+arXiv:1301.1340
http://dx.doi.org/10.1088/1367-2630/16/4/045018
http://arxiv.org/abs/1402.4271
http://inspirehep.net/search?p=find+EPRINT+arXiv:1402.4271
http://dx.doi.org/10.1088/0954-3899/42/12/123001
http://arxiv.org/abs/1510.02091
http://inspirehep.net/search?p=find+EPRINT+arXiv:1510.02091
http://dx.doi.org/10.1016/0370-2693(87)90713-1
http://inspirehep.net/search?p=find+J+"Phys.Lett.,B188,99"
http://dx.doi.org/10.1103/PhysRevLett.65.2939
http://inspirehep.net/search?p=find+J+"Phys.Rev.Lett.,65,2939"
http://dx.doi.org/10.1016/S0370-2693(01)00061-2
http://arxiv.org/abs/hep-ph/0007085
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0007085
http://dx.doi.org/10.1016/S0550-3213(02)00836-2
http://arxiv.org/abs/hep-ph/0207036
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0207036
http://dx.doi.org/10.1016/j.nuclphysb.2005.08.037
http://arxiv.org/abs/hep-ph/0507001
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0507001
http://dx.doi.org/10.1103/PhysRevD.66.074021
http://arxiv.org/abs/hep-ph/0204225
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0204225
http://dx.doi.org/10.1007/JHEP11(2010)067
http://arxiv.org/abs/1009.2049
http://inspirehep.net/search?p=find+EPRINT+arXiv:1009.2049
http://dx.doi.org/10.1007/JHEP04(2011)093
http://arxiv.org/abs/1103.4170
http://inspirehep.net/search?p=find+EPRINT+arXiv:1103.4170

[14] R.T. D’Agnolo and D.M. Straub, Gauged flavour symmetry for the light generations,
JHEP 05 (2012) 034 [arXiv:1202.4759] [INSPIRE].

[15] G. Krnjaic and D. Stolarski, Gauging the Way to MFV, JHEP 04 (2013) 064
[arXiv:1212.4860] [INSPIRE].

[16] R. Franceschini and R.N. Mohapatra, New Patterns of Natural R-Parity Violation with
Supersymmetric Gauged Flavor, JHEP 04 (2013) 098 [arXiv:1301.3637] [nSPIRE].

[17] D.J.H. Chung, L.L. Everett, G.L. Kane, S.F. King, J.D. Lykken and L.-T. Wang, The soft
supersymmetry breaking Lagrangian: theory and applications, Phys. Rept. 407 (2005) 1
[hep-ph/0312378] [INSPIRE].

[18] H. Georgi and S.L. Glashow, Unity of All Elementary Particle Forces,
Phys. Rev. Lett. 32 (1974) 438 [InSPIRE].

[19] J.C. Pati and A. Salam, Unified Lepton-Hadron Symmetry and a Gauge Theory of the Basic
Interactions, Phys. Rev. D 8 (1973) 1240 [InSPIRE].

[20] J.C. Pati and A. Salam, Lepton Number as the Fourth Color, Phys. Rev. D 10 (1974) 275
[Erratum ibid. D 11 (1975) 703] [INSPIRE].

[21] T. Feldmann, See-Saw Masses for Quarks and Leptons in SU(5), JHEP 04 (2011) 043
[arXiv:1010.2116] [INSPIRE].

[22] T. Feldmann, F. Hartmann, W. Kilian and C. Luhn, Combining Pati-Salam and Flavour
Symmetries, JHEP 10 (2015) 160 [arXiv:1506.00782] INSPIRE].

[23] R. Barbieri and F. Senia, Minimal flavour violation and SU(5)-unification,
Eur. Phys. J. C 75 (2015) 602 [arXiv:1506.09201] [INSPIRE].

[24] G.G. Ross and O. Vives, Yukawa structure, flavor and CP-violation in supergravity,
Phys. Rev. D 67 (2003) 095013 [hep-ph/0211279] [INSPIRE].

[25] G.G. Ross, L. Velasco-Sevilla and O. Vives, Spontaneous CP-violation and nonAbelian family
symmetry in SUSY, Nucl. Phys. B 692 (2004) 50 [hep-ph/0401064] [INSPIRE].

[26] S. Antusch, S.F. King and M. Malinsky, Solving the SUSY Flavour and CP Problems with
SU(3) Family Symmetry, JHEP 06 (2008) 068 [arXiv:0708.1282] [INSPIRE].

[27] S. Antusch, S.F. King, M. Malinsky and G.G. Ross, Solving the SUSY Flavour and CP
Problems with Non-Abelian Family Symmetry and Supergravity,
Phys. Lett. B 670 (2009) 383 [arXiv:0807.5047] NSPIRE].

[28] W. Altmannshofer, A.J. Buras, S. Gori, P. Paradisi and D.M. Straub, Anatomy and
Phenomenology of FCNC and CPV Effects in SUSY Theories, Nucl. Phys. B 830 (2010) 17
[arXiv:0909.1333] [INSPIRE].

[29] A.J. Buras and J. Girrbach, BSM models facing the recent LHCb data: A First look,
Acta Phys. Polon. B 43 (2012) 1427 [arXiv:1204.5064] INSPIRE].

[30] D.M. Straub, Ouerview of Constraints on New Physics in Rare B Decays, arXiv:1205.6094
[INSPIRE].

[31] S.F. King and I.N.R. Peddie, Canonical normalization and Yukawa matrices,
Phys. Lett. B 586 (2004) 83 [hep-ph/0312237| [INSPIRE].

[32] S.F. King, LN.R. Peddie, G.G. Ross, L. Velasco-Sevilla and O. Vives, Kdhler corrections and
softly broken family symmetries, JHEP 07 (2005) 049 [hep-ph/0407012] [INSPIRE].

— 36 —


http://dx.doi.org/10.1007/JHEP05(2012)034
http://arxiv.org/abs/1202.4759
http://inspirehep.net/search?p=find+EPRINT+arXiv:1202.4759
http://dx.doi.org/10.1007/JHEP04(2013)064
http://arxiv.org/abs/1212.4860
http://inspirehep.net/search?p=find+EPRINT+arXiv:1212.4860
http://dx.doi.org/10.1007/JHEP04(2013)098
http://arxiv.org/abs/1301.3637
http://inspirehep.net/search?p=find+EPRINT+arXiv:1301.3637
http://dx.doi.org/10.1016/j.physrep.2004.08.032
http://arxiv.org/abs/hep-ph/0312378
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0312378
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://inspirehep.net/search?p=find+J+"Phys.Rev.Lett.,32,438"
http://dx.doi.org/10.1103/PhysRevD.8.1240
http://inspirehep.net/search?p=find+J+"Phys.Rev.,D8,1240"
http://dx.doi.org/10.1103/PhysRevD.10.275
http://inspirehep.net/search?p=find+J+"Phys.Rev.,D10,275"
http://dx.doi.org/10.1007/JHEP04(2011)043
http://arxiv.org/abs/1010.2116
http://inspirehep.net/search?p=find+EPRINT+arXiv:1010.2116
http://dx.doi.org/10.1007/JHEP10(2015)160
http://arxiv.org/abs/1506.00782
http://inspirehep.net/search?p=find+EPRINT+arXiv:1506.00782
http://dx.doi.org/10.1140/epjc/s10052-015-3816-8
http://arxiv.org/abs/1506.09201
http://inspirehep.net/search?p=find+EPRINT+arXiv:1506.09201
http://dx.doi.org/10.1103/PhysRevD.67.095013
http://arxiv.org/abs/hep-ph/0211279
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0211279
http://dx.doi.org/10.1016/j.nuclphysb.2004.05.020
http://arxiv.org/abs/hep-ph/0401064
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0401064
http://dx.doi.org/10.1088/1126-6708/2008/06/068
http://arxiv.org/abs/0708.1282
http://inspirehep.net/search?p=find+EPRINT+arXiv:0708.1282
http://dx.doi.org/10.1016/j.physletb.2008.11.020
http://arxiv.org/abs/0807.5047
http://inspirehep.net/search?p=find+EPRINT+arXiv:0807.5047
http://dx.doi.org/10.1016/j.nuclphysb.2009.12.019
http://arxiv.org/abs/0909.1333
http://inspirehep.net/search?p=find+EPRINT+arXiv:0909.1333
http://dx.doi.org/10.5506/APhysPolB.43.1427
http://arxiv.org/abs/1204.5064
http://inspirehep.net/search?p=find+EPRINT+arXiv:1204.5064
http://arxiv.org/abs/1205.6094
http://inspirehep.net/search?p=find+EPRINT+arXiv:1205.6094
http://dx.doi.org/10.1016/j.physletb.2004.01.087
http://arxiv.org/abs/hep-ph/0312237
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0312237
http://dx.doi.org/10.1088/1126-6708/2005/07/049
http://arxiv.org/abs/hep-ph/0407012
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0407012

[33] P. Minkowski, 1 — ey at a Rate of One Out of 10° Muon Decays?,
Phys. Lett. B 67 (1977) 421 [INSPIRE].

[34] M. Gell-Mann, P. Ramond and R. Slansky, Complex Spinors and Unified Theories, Conf.
Proc. C 790927 (1979) 315 [arXiv:1306.4669] [INSPIRE].

[35] T. Yanagida, Horizontal Symmetry And Masses Of Neutrinos, Conf. Proc. C 7902131
(1979) 95.

[36] R.N. Mohapatra and G. Senjanovié¢, Neutrino Mass and Spontaneous Parity Violation,
Phys. Rev. Lett. 44 (1980) 912 [INnSPIRE].

[37] Y. Yamada, SUSY and GUT threshold effects in SUSY SU(5) models,
Z. Phys. C 60 (1993) 83 [INSPIRE].

[38] S. Antusch and M. Spinrath, Quark and lepton masses at the GUT scale including SUSY
threshold corrections, Phys. Rev. D 78 (2008) 075020 [arXiv:0804.0717] [INSPIRE].

[39] C. Hagedorn, S.F. King and C. Luhn, A SUSY GUT of Flavour with Sy x SU(5) to NLO,
JHEP 06 (2010) 048 [arXiv:1003.4249] [INSPIRE].

[40] C. Hagedorn, S.F. King and C. Luhn, SUSY S; x SU(5) revisited,
Phys. Lett. B 717 (2012) 207 [arXiv:1205.3114] nSPIRE].

[41] S.P. Martin, A Supersymmetry primer, hep-ph/9709356 [INSPIRE].

[42] Y. Shirman, Introduction to Supersymmetry and Supersymmetry Breaking, arXiv:0907.0039
[INSPIRE].

[43] G. Altarelli and F. Feruglio, Tri-bimazimal neutrino mixing from discrete symmetry in extra
dimensions, Nucl. Phys. B 720 (2005) 64 [hep-ph/0504165] [INSPIRE].

[44] G. Altarelli and F. Feruglio, Tri-bimazimal neutrino mizing, Ay and the modular symmetry,
Nucl. Phys. B 741 (2006) 215 [hep-ph/0512103] [INSPIRE].

[45] L. Wolfenstein, Parametrization of the Kobayashi-Maskawa Matriz,
Phys. Rev. Lett. 51 (1983) 1945 [INnSPIRE].

[46] G.-J. Ding, S.F. King, C. Luhn and A.J. Stuart, Spontaneous CP-violation from vacuum
alignment in Sy models of leptons, JHEP 05 (2013) 084 [arXiv:1303.6180] [INSPIRE].

[47] F. Feruglio, C. Hagedorn and R. Ziegler, A realistic pattern of lepton mizing and masses
from Sy and CP, Eur. Phys. J. C 74 (2014) 2753 [arXiv:1303.7178] [INSPIRE].

[48] C. Luhn, Trimazimal TM; neutrino mizing in Sy with spontaneous CP-violation,
Nucl. Phys. B 875 (2013) 80 [arXiv:1306.2358] INSPIRE].

[49] R. Gatto, G. Sartori and M. Tonin, Weak Selfmasses, Cabibbo Angle and Broken
SU(2) x SU(2), Phys. Lett. B 28 (1968) 128 [INSPIRE].

[50] H. Georgi and C. Jarlskog, A New Lepton-Quark Mass Relation in a Unified Theory,
Phys. Lett. B 86 (1979) 297 [INSPIRE].

[51] X.-G. He and A. Zee, Minimal modification to the tri-bimazimal neutrino mizing,
Phys. Lett. B 645 (2007) 427 [hep-ph/0607163] [INSPIRE].

[52] W. Grimus and L. Lavoura, A model for trimazimal lepton mizing, JHEP 09 (2008) 106
[arXiv:0809.0226] [iNSPIRE].

[53] C.H. Albright, A. Dueck and W. Rodejohann, Possible Alternatives to Tri-bimaximal Mixing,
Eur. Phys. J. C 70 (2010) 1099 [arXiv:1004.2798] [INSPIRE].

— 37 —


http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://inspirehep.net/search?p=find+J+"Phys.Lett.,B67,421"
http://arxiv.org/abs/1306.4669
http://inspirehep.net/search?p=find+EPRINT+arXiv:1306.4669
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://inspirehep.net/search?p=find+J+"Phys.Rev.Lett.,44,912"
http://dx.doi.org/10.1007/BF01650433
http://inspirehep.net/search?p=find+J+"Z.Physik,C60,83"
http://dx.doi.org/10.1103/PhysRevD.78.075020
http://arxiv.org/abs/0804.0717
http://inspirehep.net/search?p=find+EPRINT+arXiv:0804.0717
http://dx.doi.org/10.1007/JHEP06(2010)048
http://arxiv.org/abs/1003.4249
http://inspirehep.net/search?p=find+EPRINT+arXiv:1003.4249
http://dx.doi.org/10.1016/j.physletb.2012.09.026
http://arxiv.org/abs/1205.3114
http://inspirehep.net/search?p=find+EPRINT+arXiv:1205.3114
http://arxiv.org/abs/hep-ph/9709356
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9709356
http://arxiv.org/abs/0907.0039
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.0039
http://dx.doi.org/10.1016/j.nuclphysb.2005.05.005
http://arxiv.org/abs/hep-ph/0504165
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0504165
http://dx.doi.org/10.1016/j.nuclphysb.2006.02.015
http://arxiv.org/abs/hep-ph/0512103
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0512103
http://dx.doi.org/10.1103/PhysRevLett.51.1945
http://inspirehep.net/search?p=find+J+"Phys.Rev.Lett.,51,1945"
http://dx.doi.org/10.1007/JHEP05(2013)084
http://arxiv.org/abs/1303.6180
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.6180
http://dx.doi.org/10.1140/epjc/s10052-014-2753-2
http://arxiv.org/abs/1303.7178
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.7178
http://dx.doi.org/10.1016/j.nuclphysb.2013.07.003
http://arxiv.org/abs/1306.2358
http://inspirehep.net/search?p=find+EPRINT+arXiv:1306.2358
http://dx.doi.org/10.1016/0370-2693(68)90150-0
http://inspirehep.net/search?p=find+J+"Phys.Lett.,B28,128"
http://dx.doi.org/10.1016/0370-2693(79)90842-6
http://inspirehep.net/search?p=find+J+"Phys.Lett.,B86,297"
http://dx.doi.org/10.1016/j.physletb.2006.11.055
http://arxiv.org/abs/hep-ph/0607163
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0607163
http://dx.doi.org/10.1088/1126-6708/2008/09/106
http://arxiv.org/abs/0809.0226
http://inspirehep.net/search?p=find+EPRINT+arXiv:0809.0226
http://dx.doi.org/10.1140/epjc/s10052-010-1492-2
http://arxiv.org/abs/1004.2798
http://inspirehep.net/search?p=find+EPRINT+arXiv:1004.2798

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

H. Ishimori, Y. Shimizu, M. Tanimoto and A. Watanabe, Neutrino masses and mizxing from
Sy flavor twisting, Phys. Rev. D 83 (2011) 033004 [arXiv:1010.3805] [INSPIRE].

Y. Shimizu, M. Tanimoto and A. Watanabe, Breaking Tri-bimazimal Mixing and Large 613,
Prog. Theor. Phys. 126 (2011) 81 [arXiv:1105.2929] [INSPIRE].

E. Ma and D. Wegman, Nonzero 013 for neutrino mizing in the context of Ay symmetry,
Phys. Rev. Lett. 107 (2011) 061803 [arXiv:1106.4269] [INSPIRE].

X.-G. He and A. Zee, Minimal Modification to Tri-bimazimal Mixing,
Phys. Rev. D 84 (2011) 053004 [arXiv:1106.4359] [INSPIRE].

S.F. King and C. Luhn, Trimazimal neutrino mizing from vacuum alignment in A4 and S4
models, JHEP 09 (2011) 042 [arXiv:1107.5332] [INSPIRE].

LK. Cooper, S.F. King and C. Luhn, A4 x SU(5) SUSY GUT of Flavour with Trimazimal
Neutrino Mizing, JHEP 06 (2012) 130 [arXiv:1203.1324] INSPIRE].

S.F. King, C. Luhn and A.J. Stuart, A Grand A(96) x SU(5) Flavour Model,
Nucl. Phys. B 867 (2013) 203 [arXiv:1207.5741] [inSPIRE].

C. Luhn, K.M. Parattu and A. Wingerter, A Minimal Model of Neutrino Flavor,
JHEP 12 (2012) 096 [arXiv:1210.1197] [INSPIRE].

F. Feruglio, C. Hagedorn and L. Merlo, Vacuum Alignment in SUSY AJ Models,
JHEP 03 (2010) 084 [arXiv:0910.4058] [INSPIRE].

S. Antusch, J. Kersten, M. Lindner and M. Ratz, Running neutrino masses, mizxings and CP
phases: Analytical results and phenomenological consequences, Nucl. Phys. B 674 (2003) 401
[hep-ph/0305273] [INSPIRE].

S. Antusch, J. Kersten, M. Lindner, M. Ratz and M.A. Schmidt, Running neutrino mass
parameters in see-saw scenarios, JHEP 03 (2005) 024 [hep-ph/0501272] [INSPIRE].

C. Jarlskog, Commutator of the Quark Mass Matrices in the Standard Electroweak Model
and a Measure of Mazimal CP-violation, Phys. Rev. Lett. 55 (1985) 1039 [INSPIRE].

F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, A Complete analysis of FCNC and
CP constraints in general SUSY extensions of the standard model,
Nucl. Phys. B 477 (1996) 321 [hep-ph/9604387] [INSPIRE].

M. Misiak, S. Pokorski and J. Rosiek, Supersymmetry and FCNC effects,
Adv. Ser. Direct. High Energy Phys. 15 (1998) 795 [hep-ph/9703442] [INSPIRE].

M. Dimou, S.F. King and C. Luhn, Phenomenological Implications of an Sy x SU(5) SUSY
GUT of Flavour, arXiv:1512.09063 [INSPIRE].

F. Feruglio, C. Hagedorn and R. Ziegler, Lepton Mixing Parameters from Discrete and CP
Symmetries, JHEP 07 (2013) 027 [arXiv:1211.5560] [INSPIRE].

M. Holthausen, M. Lindner and M.A. Schmidt, CP and Discrete Flavour Symmetries,
JHEP 04 (2013) 122 [arXiv:1211.6953] [INSPIRE].

W. Grimus and M.N. Rebelo, Automorphisms in gauge theories and the definition of CP and
P, Phys. Rept. 281 (1997) 239 [hep-ph/9506272] [INSPIRE].

M.-C. Chen, M. Fallbacher, K.T. Mahanthappa, M. Ratz and A. Trautner, CP Violation
from Finite Groups, Nucl. Phys. B 883 (2014) 267 [arXiv:1402.0507] [INSPIRE].

— 38 —


http://dx.doi.org/10.1103/PhysRevD.83.033004
http://arxiv.org/abs/1010.3805
http://inspirehep.net/search?p=find+EPRINT+arXiv:1010.3805
http://dx.doi.org/10.1143/PTP.126.81
http://arxiv.org/abs/1105.2929
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.2929
http://dx.doi.org/10.1103/PhysRevLett.107.061803
http://arxiv.org/abs/1106.4269
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.4269
http://dx.doi.org/10.1103/PhysRevD.84.053004
http://arxiv.org/abs/1106.4359
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.4359
http://dx.doi.org/10.1007/JHEP09(2011)042
http://arxiv.org/abs/1107.5332
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.5332
http://dx.doi.org/10.1007/JHEP06(2012)130
http://arxiv.org/abs/1203.1324
http://inspirehep.net/search?p=find+EPRINT+arXiv:1203.1324
http://dx.doi.org/10.1016/j.nuclphysb.2012.09.021
http://arxiv.org/abs/1207.5741
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.5741
http://dx.doi.org/10.1007/JHEP12(2012)096
http://arxiv.org/abs/1210.1197
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.1197
http://dx.doi.org/10.1007/JHEP03(2010)084
http://arxiv.org/abs/0910.4058
http://inspirehep.net/search?p=find+EPRINT+arXiv:0910.4058
http://dx.doi.org/10.1016/j.nuclphysb.2003.09.050
http://arxiv.org/abs/hep-ph/0305273
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0305273
http://dx.doi.org/10.1088/1126-6708/2005/03/024
http://arxiv.org/abs/hep-ph/0501272
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0501272
http://dx.doi.org/10.1103/PhysRevLett.55.1039
http://inspirehep.net/search?p=find+J+"Phys.Rev.Lett.,55,1039"
http://dx.doi.org/10.1016/0550-3213(96)00390-2
http://arxiv.org/abs/hep-ph/9604387
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9604387
http://dx.doi.org/10.1142/9789812812667_0012
http://arxiv.org/abs/hep-ph/9703442
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9703442
http://arxiv.org/abs/1512.09063
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.09063
http://dx.doi.org/10.1007/JHEP07(2013)027
http://arxiv.org/abs/1211.5560
http://inspirehep.net/search?p=find+EPRINT+arXiv:1211.5560
http://dx.doi.org/10.1007/JHEP04(2013)122
http://arxiv.org/abs/1211.6953
http://inspirehep.net/search?p=find+EPRINT+arXiv:1211.6953
http://dx.doi.org/10.1016/S0370-1573(96)00030-0
http://arxiv.org/abs/hep-ph/9506272
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9506272
http://dx.doi.org/10.1016/j.nuclphysb.2014.03.023
http://arxiv.org/abs/1402.0507
http://inspirehep.net/search?p=find+EPRINT+arXiv:1402.0507

	Introduction
	Trimaximal S(4)xSU(5) model
	Kähler potential
	Kähler metric with LO corrections
	Canonical normalisation

	Yukawa sector after CN
	Charged fermions
	Up-type quarks
	Down-type quarks and charged leptons

	Neutrinos
	Dirac neutrino coupling
	Majorana neutrino mass
	Effective light neutrino mass matrix


	Soft SUSY breaking sector after CN
	Trilinear soft couplings
	Soft scalar masses

	SCKM basis
	SCKM transformations
	Soft terms in the SCKM basis

	Mass insertion parameters
	Mass insertion parameters delta at the GUT scale
	Effects of RG running

	Conclusion
	S(4) and CP symmetry
	Vacuum alignment
	Basis transformations
	Canonical normalisation
	SCKM transformations

	Mass insertion parameters at the GUT scale
	Renormalisation group equations in SCKM basis
	Renormalisation group running
	Low energy Yukawas
	Low energy soft terms
	Low energy mass insertion parameters


