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1 Introduction

Apart from the discovery of neutrino oscillations [1, 2], no other laboratory evidence for
physics beyond the standard model has been so far unambiguously confirmed. Both the
origin of neutrino mass itself, as well as the understanding of the mixing pattern, require
an explanation from first principles. Moreover, there is a variety of other motivations for
having beyond the standard model physics [3]. One of these is the pursuit of a dynamical
explanation for the origin of parity violation in the weak interaction, whose basic V-A
nature is put in by hand in the formulation of the standard model. With this in mind here
we propose a flavored [4-6] Pati-Salam [7] extension of the standard model, addressing
both the dynamical origin of the V-A nature of the weak force, as well as the related origin
of neutrino mass. In addition, as we will see, the model can shed light upon the flavor
problem and make predictions. The main features of our model include:

e adequate implementation of A (27) flavor symmetry in the Pati-Salam framework
and symmetry breaking;

e consistent low-scale left-right symmetric seesaw mechanism for neutrinos [8-12];
e predictive pattern of neutrino mixing summarized in figures 1 and 2;

e realistic pattern of quark mixing, yielding a Froggatt-Nielsen [13]-like picture of the
CKM matrix;

e lower bound for the Ov33 decay rate in figure 3.



Field | Fir | Br | Wi | Wir | Si | xe | X | @5 | 2 |k | @ |0 | ok | k| T | &
SU4)¢e 4 4 4 4 1 4 1 15| 1 1 (11 1 11
SU (2)L 2 1 1 1 2 1 2 111 1 1 1
SU (2)R 1 2 1 1 1 2 2 1 1 2|11 1 11

Table 1. Particle content and transformation properties under the gauge symmetry.

We note also that the model has a low-scale Z’ portal through which the TeV scale
messengers S, can be pair-produced in Drell-Yan collisions at the LHC [14-16]. In addi-
tion, our model realizes a universal seesaw mechanism [17] for the down type quarks as
well as the charged leptons, mediated by TeV scale exotic fermions. The latter should
potentially lead to other phenomenological effects in the quark sector as well as lepton

flavour violation effects.

2 The model

The model under consideration is based on the Pati-Salam gauge symmetry SU(4)¢c ®
SU (2);, ® SU (2)p, supplemented by the A (27) ® Zy ® Zi¢ discrete family symmetry
group. The fermion transformation properties under the Pati-Salam group are

FiL ~ (1, 2) ]—) P ER ~ (45 172)5 Sl ~ (17 15 1)7

\IliL ~ (Za ]-7 1) ) \I}iR ~ (4a 17 1) 3 1= 172737 (21)

where the subscript refers to fermion families. More explicitly, the standard model fermions

are written in component form as

T
Ty — @L @L @z‘L ?u: ’ Fip = UiR UiR WiR ViR _ (2.2)
dir, dir, dir, L1, dir dir dir lir

Notice that we have extended the fermion sector of the original Pati-Salam model [7] by
introducing three fermion singlets S;, in order to implement inverse and/or linear seesaw
mechanisms for the generation of light active neutrino masses [8-12]. In addition, we
have introduced vector-like fermions W;;, and ¥, so as to generate the standard model
down-type quark and charged lepton masses, from a universal seesaw mechanism.
The particle content and gauge symmetry assignments are summarized in table 1.
The fermion assignments under the flavor symmetry group A (27) ® Z4 ® Z1¢ are:

Fir ~ (100, 1,1), For, ~ (1270,1}1'%) ; F3r, ~ (11,0,1,1),
Fig ~ (Lop,1,1), Fop ~ (11,0,1}1'%) : F3p ~ (120,1,1),
Wy ~ (oo, 1,1) Wyy, ~ (120,1,1), W3y, ~ (11,0,1,1)
Uip ~ (1o, 1,1), Wor ~ (11,0,1,1), U3r ~ (120,1,1),
~ (3,i,1), (2.3)



Field | Fip | For | Far | Fig | For | F3r | Wip | Wor | 3 | YR | War | Usr
A(27) | Loo | 120 | 11,0 | 1o | 110 | 120 | 100 | 1200 | 110 | Loo | 110 | 1200 | 3
Zy 1 1 1 1 1 1 1 1 1 1 7

1 1 1 1 1 1 1 1

T
Nl ~.

Zl6 ) (3 1 1 (3

Table 2. Transformation properties of the leptons and quarks under the flavor symmetry A(27) ®
AR AR

where the numbers in boldface stand for the dimensions of the A (27) irreducible repre-
sentations, and we have defined S = (S1, S2, 53). Notice that the three Pati-Salam singlet
fermions are grouped into a A (27) triplet S, whereas the remaining fermions are assigned
to singlet representations of A (27). These fermion flavor symmetry transformation prop-
erties are summarized in table 2. A brief summary of the properties of A (27) group and
its irreducible representations is given in appendix A.

We now turn to the main features of the scalar sector. The Higgs fields of the model
are assumed to transform under the Pati-Salam gauge group as

XRN(47172)7 XLN(47271)7 q)jN(17272)7 ZN(157171)1 j:112a
¢k~(17271)7 @lN(1’172)7 O-N(l’]-v]-)’ pkN(lal’l)u l:1525374757
Tk ~ (17 171)7 T ~ (1717 1)7 gk ~ (1717 1)7 k= 1a273a (24)

and the scalars x7 g, ®, and ¥ develop vacuum expectation values (VEVs) of the form

()
000w v 0
(XL,R) = <0 00 %’R> ; (@) = ( 5 (j)) ; (B) =vsT",  (2.5)

0 vy

with T = ﬁdiag(l, 1,1,-3).
The transformation properties of the scalar fields under the A (27) ® Z4 ® Z1¢ discrete

group are given as follows:

Xr ~ (1o,0,i, 1), xz ~ (Lo, —i,1), ¢y ~ (1o,0,1,1), Py ~ (10,0, —1,1),
3mi 27i R _ T

~ (10 Oa]- e+ ) ¢1 ~ (10,0a 1767T) ) ¢2 ~ (10,0a —1,e 8 ) ’ ¢3 ~ (10,07 17 1)7
©1 ~ <1005 176 T) P2 ~ <1005 , € %) y Y3~ (10,07171)7 P4 ~ <12,0; ’i,@ %) )
p5 ~ (120,1,68) o~ (10,0,1,67%), p~ (§,1,z) n ~ (g, —z,i%),

T~ (3,1,1), €~ (3,-1,1)
(2.6)
where we have set
p = (p1,p2,p3) n = (m1,m2,73) 7 = (71,72, T3) §=(&1,82,83). (2.7)

These flavor symmetry scalar transformation properties are summarized in table 3.



Field | xo | xg | @1 | @2 | X | &1 | ¢2 | &3 | o1 | w2 | w3 | ¢a | 5 | o |p| n|T| &
A(27) | 100 | 10,0 | Lo, | 100 | 10,0 | Lo, | 100 | 100 | Lo | Loo | 1oo | 120 | 120 | loo |3 | 3 |3 ] 3
Zy —1 ) 1 -1 1 1 —1 1 1 —1 1 —1 1 1 1| —i| 1] -1
3 1 . 1 1 1 1 1 1 1
Z16 1 1 1 1 12 2 | 44 1 2 | 44 1 14 14 i1 |4 |4z |1 1

Table 3. Transformation properties of the scalars under the flavor symmetry A(27) ® Z, ® Z).

With the above particle content and transformation properties the following relevant
Yukawa terms arise:

o8 ol —
T Y2 Far @2 Fop aa Tl sl (2.8)
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— o —
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A
3 o B 6 -
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where r, s are SU (4) indices and y;, oy, Bi, ki, a; (1 =1,2,3), v (m=1,2,--- ,6) and A;
( = 1,2) are O(1) dimensionless couplings. For an explanation of the A(27) notation used
in the «, f and A-terms, see appendix A. It is noteworthy that the lightest of the physical
neutral scalar states of (®;);;, (®;)y,, ¢ should be interpreted as the SM-like 125 GeV
Higgs recently found at the LHC. Furthermore, our model at low energies corresponds to a
seven Higgs doublet model with five scalar singlets (these scalar singlets come from ¢;). As
we will show in section 4, the top quark mass only arises from (®1),;. Consequently, the
dominant contribution to the SM-like 125 GeV Higgs mainly arises from (®1),;. We note
also that the scalar potential of our model has many free parameters, so that we can assume
the remaining scalars to be heavy and outside the LHC reach. Moreover, one can suppress
the loop effects of the heavy scalars contributing to precision observables, by making an
appropriate choice of the free parameters in the scalar potential. These adjustments do
not affect the physical observables in the quark and lepton sectors, which are determined
mainly by the Yukawa couplings.
The full symmetry group G exhibits the following spontaneous breaking pattern:

G =SUM4)c ® SU (2), ® SU (2)p @ A (27) @ Z4 @ Z1g (2.9)
(X) ~ Aps
y



SUB)e © SU(2), @ SU (2) @ U (1) 5, (2.10)

(Xr) ~ vr
)
SUB)c® SU (2);, @ U (1)y (2.11)
(P12) ~ v
\
SUB)c @ U (1), (2.12)

Here v = 246 GeV is the electroweak symmetry breaking scale, and we assume that the
Pati-Salam gauge symmetry is broken at the scale Apg 2,10 GeV. This restriction follows
from the experimental limit on the branching ratio for the rare neutral meson decays,
such as BY — liilf, mediated by the vector leptoquarks, as discussed in refs. [18, 19].
Furthermore, it is worth mentioning that Pati-Salam models with a quark-lepton unification
scale of about > 10%GeV can fulfill gauge coupling unification [20]. A comprehensive
study of gauge coupling unification in models that include all possible chains of Pati-Salam
symmetry breaking in both supersymmetric and non-supersymmetric scenarios has been
given in ref. [20].

3 Understanding the model setup

In this section we try to motivate in more detail our choice for the model content and
the transformation properties. First note that the Pati-Salam gauge symmetry SU(4)¢c ®
SU (2);,®SU (2) p breaks down to the conventional left-right symmetry SU(3)c®SU (2);,®
SU(2)p ® U (1)_;, by the VEV of the scalar field ¥, at the scale Apg > 10° GeV. The
next symmetry breaking step is triggered by xpr, whose VEV is assumed to be in the
few TeV scale, playing an important role in implementing the low-scale seesaw neutrino
mass generation [9, 10]. The breaking of the electroweak gauge group SU(3)c ® SU (2); ®
U (1)y is triggered by the scalar fields ®;, which acquire vacuum expectation values at the
electroweak symmetry breaking scale v = 246 GeV.

Besides, note that the presence of the scalar field ¥ transforming as the adjoint repre-
sentation of SU (4) is also crucial in the implementation of the Universal Seesaw mechanism
for down-type quarks and charged leptons, mediated by exotic fermions. This scalar field
3 acquires a VEV at the scale Apg, so that an insertion X—Z in its corresponding Yukawa
term generates a TeV scale contribution to the exotic charged lepton and exotic down-type
quark masses. The charge of 3 under the Zi4 discrete group ensures that its different
contributions to the charged leptons and down type quark masses will be comparable to
the ones arising from the 4;¥;; U,z (i = 1,2,3) mass terms (which contribute equally to
the down type quark and charged lepton masses). It is worth mentioning that we are as-
suming A; ~ O(1) TeV. Let us note that the inclusion of the scalar field ¥ is necessary to
guarantee that the resulting down-type quark masses are different from the charged lepton
masses, as it will be shown in section 4.



Notice that the scalars ¢; and ¢; are needed to generate the mixing between the
standard model charged leptons and down-type quarks with their exotic siblings, so as
to implement the Universal Seesaw mechanism that gives rise to realistic masses for the
standard model charged fermions. The scalar fields xg, xr and & have Yukawa terms
necessary for the implementation of the inverse and linear seesaw mechanisms, so as to
generate the light active neutrino masses. This requires also that VEVs of &; are much
smaller than the electroweak symmetry breaking scale.

The scalar fields p; , 7; and 7; are needed to generate the diagonal 3 x 3 blocks that
include the mixing of the neutrino states contained in F;7, and Fj with the singlet neutrinos
S; (i = 1,2,3), thus avoiding the transmission of the strong hierarchy in the up mass matrix
to the light active neutrino mass matrix. Furthermore, the scalar field o, charged under the
Z1¢ discrete group is need to generate the observed SM charged fermion mass and quark
mixing hierarchy. In order to relate the quark masses with the quark mixing parameters,
we assume that the scalar field o acquires a VEV equal to AA, where A = 0.225 is one of
the Wolfenstein parameters and A is the cutoff of our model. In summary, the set of VEVs
of the scalar fields is assumed to satisfy the following hierarchy:

v L ve K v&j) ~ Vg, ~ Vg ~ UKL VR L Uy = Uy = Vr ~ Apg ~ vy = AA, (3.1)
where (x7,r) = vr,r. We now comment on the possible VEV patterns for the A(27) scalar
triplets p, , 7 and £. Since the VEVs of the A(27) scalar triplets satisfy the hierarchy
ve K v, = vy = vy ~ Apg, the mixing angles of { with p, n and 7 are very tiny since
they are suppressed by the ratios of their VEVs, and consequently the method of recursive
expansion proposed in ref. [21] can be used for the analysis of the model scalar potential. In
this scenario, the scalar potential for the A(27) scalar triplet £ can be treated independently
from the scalar potential for the A(27) scalar triplets p, n, 7, as shown in detail in the
appendices B and C. One can see that the following VEV patterns for the A(27) scalar
triplets are consistent with the scalar potential minimization equations for a large region
of parameter space

{p) = v,(1,0,0), {n) = vy (0,1,0), (1) =v-(0,0,1),
& = \/ﬁ (reme). (3.2)

We now turn our attention on the role of each discrete group factor of our model. As
will be seen in sections 4 and 5 the A (27) discrete group is crucial for the predictivity of our
model, giving rise to viable textures for the fermion masses and mixings. Notice that the
A(27) discrete group is a non trivial group of the type A(3n?) for n = 3, isomorphic to the
semi-direct product group (Z4 x Z¥) x Zs [4]. Recently, this group has been used in multi-
Higgs doublet models [22], SO(10) models [23], warped extra dimensional models [24] and
models based on the SU(3)c ® SU(3)r, ® U(1)x gauge symmetry [25, 26]. We introduce
the Zi4 discrete group, since it is the smallest cyclic symmetry that allows the Yukawa
term Fi;.P1F) R?TZ of dimension twelve from a X—z insertion on the F;®;F;r operator.
This leads to the required \® suppression needed to naturally explain the smallness of



the up quark mass. The Zig group has been recently shown to be useful for explaining
the observed SM charged fermion mass and quark mixing hierarchy, in the framework of
a SU(3)c ® SU(3)r ® U(1)x models based on the A4 and S family symmetries [27-29].
As we will see in the next section, in our model the CKM matrix arises from the down-
type quark sector. In order to get the correct hierarchy in the entries of the quark mass
matrices yielding a realistic pattern of quark masses and mixing angles, we use a Z4 discrete
symmetry and the scalar bidoublets ®; (j = 1,2), one neutral and the another charged
under Z4. This group was previously used in some other flavor models and proved to be
helpful, in particular, in the context of Grand Unification [30, 31], models with extended
SU3)c ®@SU(3)r, ® U(1) x gauge symmetry [32] and warped extradimensional models [33].
The Z, is the smallest cyclic symmetry that guarantees that the renormalizable Yukawa
terms for the fermion singlets S; (i = 1,2,3) only involve the scalar fields &;, assumed to
acquire very small VEVs. This feature is crucial to obtain an inverse seesaw contribution
to the light active neutrino mass matrix, instead of a double seesaw contribution, thus
giving rise to heavy quasi-Dirac neutrinos within the LHC reach.

It is worth noting that the Yukawa Lagrangian (2.8) possesses accidental U;-symmetries
located in the non-SM sector with the field charge (Q) assignments:

U QW) =1, QWO =QW)=2 Q)= =QW(r)=-1.
(3.3)

v QUs) =1, QPO =Y =2 QY(xw)=-QV(xr) =1 (34)
These are spontaneously broken by the VEVs of the corresponding scalar fields in eq. (3.2).
As a result there appear massless Goldstone bosons with interaction strengths determined
by the VEVs shown in eq. (3.2). This leads to the presence of invisible Higgs decays [34]
which are restricted by LEP as well as LHC searches [35]. From eq. (3.1) one sees that the
Ul(a) symmetry breaking scale is large of the order of Apg ~ 106 GeV, while the Ul(b) sym-
metry is broken at the low scale v¢ ~ ve. Thus the Ul(b)—Goldstone can have a significant
couplings with the fields in the exotic sector and these interactions could potentially leak
via mixing to the SM sector. On the other hand, as previously mentioned in section 2,
the 125 GeV Higgs boson is dominantly composed of (®1),,, which is the only scalar con-
tributing to the top quark mass. Since the Ul(b) symmetry breaking scale vg ~ v¢ is much
smaller than the scale of electroweak symmetry breaking scale v = 246 GeV, the mixing
of the Ul(b)—Goldstone with the 125 GeV Higgs boson is suppressed by the ratios of their
VEVs (cf. ref. [21]). Alternatively, these Goldstones may also be avoided by adding explicit
breaking trilinear terms in the scalar potential. A detailed study is beyond the scope of
the present paper.

4 Quark masses and mixings

From the first line in eq. (2.8), the up-type quark mass matrix is given by

yiA® 0 0 ;
My=1] 0 X0 |—, 4.1
U Y2 \/§ ( )
0 0 wys



(1) (2)

where y; (i = 1,2,3) are O(1) parameters and we set vy ' = v, = 75, with v = 246 GeV

.225 being one of the

4

the scale of electroweak symmetry breaking and v, = AA, with A\ =
Wolfenstein parameters.

For the sake of simplicity, we assume W9 =0 (j = 1,2) so that the standard model
down-type quarks and charged leptons acquire their masses from a universal seesaw mech-
anism, mediated by the exotic down-type quarks D; and charged leptons L; present in ¥;r
and W,7. In this case the down-type charged fermion mass matrices take the form

- = 03><3 Ma dj T 5 03><3 Ma ljR
( L L) ( M, MD> (DjR ( L L) My, M, LjR ( )

with
kA2 0 0 MAZ Y 5
M, = 0 koA 0 |y, My, = 0 YAy | vy,
0 0 K3 0 0 Y3
vs
Al + W%al OU 2 0
MD = 0 A2 + maa 0 R
0 0 Az + ;)27%&3
A -2 0 0
31}22
M; = 0 Ay — e 02 0 , (4.3)
0 0 A3 — 3215% as

and the further simplification v4, = vy and vy, = v,,.
Taking the limit M,, M, <« A;, the standard model down-type quark and charged
lepton mass matrices become

alf)\7 a4f)\6 a5f)\6
MY =My (M) ' My=| 0 aggh® agA°
0 0 agpA?

v
7 f=D,l. (4.4)

where we have set vy = /\3%%.

Notice that in our model the CKM matrix arises only from the down-type quark sector.
In order to recover the low energy quark flavor data, we assume that all dimensionless
parameters of the SM down-type quark mass matrix are real, excepting asp, taken to be
complex. The physical quark mass spectrum [36, 37] and mixing angles [38] can be perfectly
reproduced in terms of natural parameters of order one, as shown in table 4, starting from

the following benchmark point:

y1 ~ 1.269, yo ~ 1.424, y3 ~ 0.989,
alp >~ 0.585, asp =~ 0.560, asp =~ 1.421 s (4.5)
asp ~ 0.573, lasp| ~ 0.446 , arg(asp) ~ — 1.906, agp ~ 1.153.



Observable | Model value | Experimental value
my(MeV) 1.45 1457539
me(MeV) 635 635 + 86
my(GeV) 172 172.14+0.6 + 0.9
mg(MeV) 2.9 2.9152
ms(MeV) 57.7 57.7H188
my(GeV) 2.82 2.8210-09

sin 012 0.225 0.225

sin fa3 0.0411 0.0411

sin 013 0.00357 0.00357
5 1.236 1.236

Table 4. Model and experimental values of the quark masses and CKM parameters.

To close this section we briefly comment on the phenomenological implications of our
model regarding flavor changing processes involving quarks. It is noteworthy that the flavor
changing top quark decays t — hc and t — hu are absent at tree level in our model, as
follows from the quark Yukawa terms. The flavor changing top quark decays ¢ — hc and
t — hu are induced at one loop level from virtual charged Higgses and SM down-type
quarks running in the internal lines of the loops. Consequently, a measurement of the
branching fraction for the ¢ — hc and ¢ — hu decays at the LHC may test our model.
On the other hand the admixture of exotic down-type quarks in the mass matrix implies a
violation of the Glashow-Iliopoulos-Maiani mechanism in this sector. This may be relevant
in connection with the recent B anomalies [39].

5 Lepton masses, mixing and oscillations

Here is where the predictive power of our flavor symmetry model is mainly manifest. From
the neutrino Yukawa terms, we obtain the following neutrino mass terms:

19
1 /— _
L= (yg v s) M, | 1§ | +He, (5.1)
SC
where the neutrino mass matrix reads
O3x3 My My 03x3 My 7\/§X§UPMU
M, = | ML 0345 M; | = ME 03x3 ﬁXﬁ””MU
T T ) 2
My Mg RN YREe M g

v
= ME 0355 My |, (5.2)
SEMy Mg

O3x3 My %MU




with
A1 )\Qeiw )\2€_i¢

. . v,
w= Xoe Ne ™ )y ¢

Worweh (5:3)

)\Qeiiw T A9 )\16“/’

where for the sake of simplicity, we set o; = f; = y; (i = 1,2,3) and v, = v, = v, =

\/%’URA. Then,
v 1 1
MV(I)ZM—U*L(MU‘FM(ZJF), M) = —E(MU+MIZJF)+§M,
R
1 1
MP = L (y+ME) + L (5.4)

where M,El) corresponds to the physical light neutrino mass matrix whereas MIEZ) and MV(S)
are the heavy quasi-Dirac neutrino mass entries. Note that the physical eigenstates include
three active neutrinos and six heavy, mainly isosinglet, neutrinos. The heavy quasi-Dirac
neutrinos have a small splitting pu.

In the limit of vanishing contributions from linear seesaw (vy, < vg), the light neutrino
mass matrix becomes

A\ )\2€iw )\Qe_iw

) ) v
Mlgl) ~p=| e Ae ™ r)g ﬁ (5.5)
)\QE_iw A9 )\16”1

Taking real Yukawa couplings A; and VEVs, M,El) display explicit generalized p — 7 sym-

metry [40-42]

XTMVXx = pMV*, (5.6)
with
100
x=|oo01]. (5.7)
010

The most general matrix V,, that diagonalizes Mlgl) through V.I' M, ,EI)V = diag(my, m§, m¥)
is given by [43, 44]

V, = 3023013012Q,, (5.8)
where
1 0 0
_ 1 i
n=|0L L | (5.9)
0 L ——
V2 V2

~10 -



is the Takagi factorization matrix of X defined as X = X7 | O;; are 3 x 3 orthogonal
matrix parameterized as

1 0 0 coswiz 0 sinwis
O3 =1 0 coswsgs sinwss , O13 = 0 1 0 ,
0 —sinwos coswas —sinwig 0 coswiy
(5.10)
coswia sinwio 0
012 = —sin W12 COS W19 0 y
0 0 1

and Q, = diag(e~"k1/2 e=imh2/2, e_i”k3/2) is a diagonal matrix with k; = 0,1, 2, 3.
Notice that, with real Yukawa couplings \; and VEVs in eq. (5.4), we have a reduced
number of parameters, leading to the following relations:

4 sin w3 [sin (29 + weg) + sin 3was]

tan 2 =
an 2w (3cos 2wz — 1) cos (29 + wag) + (cos 2wz — 3) cos Bwas ’
A = — V2)\y tan w3 cos (1) — was) csc (Y + 2was)
S V2 [sinwig cos (Y — wagz) cos (P + 2wa3) + 2 cos wig cot 2wz sin (1 — waz) sin (Y + 2wag3)]

V2 sinwy3 cos (¥ — waz) + coswig sin (1 + 2ws3)
(5.11)

On the other hand, the light charged lepton mass matrix in eq. (4.4) is diagonalized by
i, m2). Taking

real entries in M, l(l), at first approximation V; is dominated by the Cabibbo angle and can

an almost diagonal unitary matrix through VZTMZ(I)MZ(I)TVl = diag(m?,m

be written as
cosfly sinfy O

Vi~ | —sinfy cosby 0 |, sinfp =~ A. (5.12)
0 0 1
In this approximation, the lepton mixing matrix is given as

U=V, (5.13)

In the fully “symmetrical” presentation of the lepton mixing matrix [45, 46]

C12€13 s1gc1ze” 012 s1ze” 01
U= | —s12c23¢"12 — 1251380371 (#27913) 15093 — s19513593¢ (928+0127013) 135937102
51282367 (9237912) — C1o513003€7P13 1985937728 — s19813¢03e 0 (P127913)  cygeng
(5.14)

with ¢;; = cosf);; and s;; = sin6;;, the relation between flavor mixing angles and the
magnitudes of the entries of the leptonic mixing matrix is

|Ue2|2
1 — |Ug|?

|Uu3|2

and  sin?fy; = — 22
1-— |Ue3|2

sin2 913 = |U63|2 5 SiIl2 912 == (515)
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The Jarlskog invariant is defined as Jop = Im (U7, Us3U13U21), and takes the form [46]
1
JCP = g sin 2012 sin 2923 sin 2913 COS 913 sin((;513 - ¢523 - ¢512) s (516)

whereas the two additional Majorana-type rephasing invariants I; = Im (U},U;?) and
Ir, =Im (U123U1*12), become

1 1
I = 1 sin? 2615 cos* 613 sin(—2¢12) and Iy = 1 sin? 2615 cos® 615 sin(—2¢13).  (5.17)

In terms of the model parameters, the lepton mixing angles are expressed as

sin? 63 = % (4 cos? B sin? wys + 2sin? Oy cos® wis — V2 sin 26 sin 2w; 3 sin WQg) , (5.18)
sin® 6y = 2 sin? 6, (sin2 w1z sin? w3 + cos? wig) + 4 cos? 0 sin® wys cos® wis
+ v/2sin 26, (sin2 w12 sin 2w 3 sin wyg — sin 2wy cos wi3 cos wgg) ] (5.19)
X [4 — 4 cos? O sin® w3 — 2sin? O cos® wisg + V2sin 200 sin 2w 3 sin wgg] -1 ,
sin? fpg = 1 — ' 208’ wg . ‘ . (5.20)
4 — 4 cos? Oy sin® w3 — 2sin? Oy cos? wiz + /2 sin 26 sin 2w 3 sin was
and our predicted correlations:
cos? 013 cos? Ba = % cos® w3, (5.21)

1
€08 2015 cos® 013 = cos 2wy (cos2 615 — sin® 90) + ﬁ sin 26 sin 2w19 COS W13 COS Wa3 .
(5.22)

On the other hand, the rephasing invariant CP violation parameter combinations are

1
Jop = 6—4{ — V/25sin 26 [4 sin 2w13 cos 2w12 cOS wa3 + sin 2w sin wag (cos wiz + 3 cos 3wis)]
+ 16 cos 26 sin 2w 2 sin wy3 cos® wis } (5.23)
(_1)k1 +k2
Il = T sin 00 COS W13{4\/§ COS3 90 sin 2LLJ12 sin w23 COS2 w13 —sin3 90 sin 2&)12 sin 2LL)13
+ 2sin 6y cos® 6y [sin 2w19 sin 2wy3 (2 — cos 2wa3) — 2 sin 2weg cos 2w12 COS W3]
+ v/2sin? 6 cos Oy [sin 2w12 sin weg (1 — 3 cos 2wi3) — 4 sin wi3 cos 2wi2 COS was] }
(5.24)
(_1)k1 +ks3
Iy = 39 { sin 290{\/§ sin 2wq9 sin w3 COS W13 [cos 20 (3 — 5cos2wi3) + 2 cos? wlg]

— 44/2'8in 2w 3 cos was (cos 20 cos 2wia + cos? 90)
+ sin 26 sin 2wa3 [2 sin? w12 + (3 cos2wig + 1) cos 2w13] }

— 48in? 20, sin 2wy sin® w13 cos 2was

— 4sin? By (5 cos 260 + 3) sin 2w sin wy3 cos? wlg} . (5.25)
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Figure 1. Predicted CP violation versus atmospheric angle for NH. Green (Red) regions correspond
to 3 (1) o values for the solar and reactor angles in egs. (5.18), (5.19). All predicted values for
sin? f3 lie inside its 1o region, according to the global fit [47].

Eliminating wi2 in the above relations using eq. (5.11), the mixing parameters depend
ultimately on three angles wa3, w13, 1 up to three discrete variables k1, ko, k3. Furthermore,
without loss of generality these angles are restricted to weg € [—m, 7|, wis € [—7/2,7/2]
and ¢ € [—m/2,7/2]. Notice that the angle v in this framework is responsible for the
CP violating phase in the lepton sector, since the first stage of the diagonalization process
yields a real symmetric matrix
rA1 V29 cos Y —v2)g sin Y
ZTMlEl)E - % V2Xgcost TAg +Aicostp  Apsineg , (5.26)
V21?2 —v2\s sin v A1 siny rAg — A1 COS ¥
and in the limit of vanishing 4, this matrix is already block diagonal, implying wo3 =
w1z = 0 in eq. (5.23), which in turn leads to Jcp = 0. Moreover, from eq. (5.21), notice
that if sin? #;3 is allowed to vary within 30 according to the global fit [47], then sin? 63 is
restricted to the range (0.487,0.539).

In figures 1 and 2, we give the allowed values for sin® a3 together with the corre-
sponding Jcp predictions in both mass orderings. For our analysis, we randomly generated
parameter configurations for w3, wig and ¥ corresponding to 3(1)o values for the solar
and reactor angles in egs. (5.18), (5.19). One sees that for the Normal Hierarchy (NH)
case the allowed region is severely restricted, with a fourfold degeneracy. In this case CP
must necessarily be violated in oscillations, and the predicted atmospheric angle lies in the
higher octant, inside its 1o region.

In contrast, for the case of Inverted Hierarchy (IH) one sees that CP can be conserved in
neutrino oscillations. Moreover, if violated, it is unlikely for CP to be maximally violated.
The predicted atmospheric angle lies inside its 20 region, preferably in the first octant.

6 Neutrinoless double beta decay

In this section we determine the effective Majorana neutrino mass parameter characterizing
the neutrinoless double beta (0v33) decay amplitude. It is given by:

3

vyrr2
E mz Us
i=1

1 i . . ..
=1 my (2 cos 0 cos wia cos wis + V27 sin 6, [sinwig + @ sinwi3 cos w12]> 2

Imgg| =

~13 -



0.51
0.5051
0.500
0.4951

= Sy

0.4851

sin?6,3

0.

“20.03 -0.02 -0.01 0.00 0.01 0.02 0.03

Jop

Figure 2. Predicted CP violation versus atmospheric angle for IH. Green (Red) regions correspond
to 3 (1) o values for the solar and reactor angles in eqs. (5.18), (5.19). All predicted values for
sin? fp3 in this case lie into its 20 region [47].

+ ma (—2 cos 0 sin wia cos wis + V2% gin 6, [coswig — i sinwig sin wlg]) 2

2

— ms (\/5677;0')23 sin 0y cos wig + 2i cos B sin w13> , (6.1)

where ng‘ and m,, are the lepton mixing matrix elements and the light active neutrino
masses, respectively. The light active neutrino masses can be written in terms of the
parameters of the model as

Aovg { V2tanwizsin 2 (¢ — wag) + (1 — 4 tan? (,U13) cos (21 + wa3) — cos 3was
mi = X
V2412 2 tan w3 [\/5 sin (1 + 2wa3) + 2 tanwig cos (¢ — wgg)]
(3cos2wig — 1) cos (2¢) 4+ wa3) + (cos 2wz — 3) cos 3was
2+/2 sin 2wy3 sin (1 + 2wa3)

w1 16 sin? w3 [sin (29 + wag) + sin (3wo3z)] 2
[(3cos2wig — 1) cos (2¢) + wag) + (cos2wig — 3) cos 3was] 2 |

)\2’05 ﬂtan W13 sin 2 (¢ — Ld23) + (1 — 4tan2 wlg) COS (2¢ + LL)Qg) — COS 3&)23
mo = -
V242 2 tan wis [ﬂsm (1 + 2wo3) + 2 tanwig cos (¢ — wgg)]
(3cos2wig — 1) cos (29 4 wa3) + (cos 2wz — 3) cos 3was
2+/2 sin 2wy3 sin (¥ + 2wo3)

< 1 16 sin? w13 [sin (21/) + WQg) + sin (30.)23)] 2
[(3 cos2wi3 — 1) cos (2 + waz) + (cos2wi3 — 3) cos was)

- A2vg¢ {tan2 w13 [cos (Y + 2wa3) + cos 31h] esc? (1 + 2wa3) — V2 cot wqg sin (¥ — wa3) }
3 = )

V242 1+ V2 tan wiz cos (1 — wag) csc (1 + 2wa3)
(6.2)

with
Q7 diag(mi,ma, m3)Q, = diag(my,mj, mj).

We show in figure 3 the effective Majorana neutrino mass parameter |mgg| versus the
lightest active neutrino mass for the cases of normal and inverted neutrino mass hierarchies.
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Figure 3. Effective Majorana neutrino mass parameter |mgg| as a function of the lightest active
neutrino mass Mmijghtest- 1he light shaded regions indicate the 3o ranges calculated from the oscil-
lation parameter uncertainties [47], and the dark shaded areas correspond to the allowed values
predicted by the model. The horizontal blue band indicates 90% C.L. upper limits on |mgg| with
136Xe from the KamLAND-Zen experiment [49)].

In order to determine the predicted ranges for |mgg| in our model, we have randomly
generated the angles wo3, wis and 1, as well as the light active neutrino mass scale m, =
\;‘% in a range of values where the neutrino mass squared splittings and the leptonic
mixing parameters are consistent with the observed neutrino oscillation data. Our predicted
range of values for the effective Majorana neutrino mass parameter has a lower bound, even
in the case of normal hierarchy, indicating that a complete destructive interference among
the three light neutrinos is prevented by our symmetry and the current oscillation data.
The corresponding Ov3f5 decay rates are within the reach of the next-generation
bolometric CUORE experiment [48] or, more realistically, of the next-to-next-generation
ton-scale Qv@fS-decay experiments. It is worth mentioning that the Majorana neutrino
mass parameter has an upper bound on |mgg| < (61 — 165) meV at 90% C.L, as indi-
cated by the KamLAND-Zen experiment from the limit on the 36Xe 0v33 decay half-life
Tlo/l’f F(136Xe) > 1.07x 1026 yr [49]. This bound will be improved within a not too far future.
The GERDA “phase-II"experiment [50, 51] is expected to reach T{)/VZB A ("6Ge) > 2 x 10%6 yr,
corresponding to |mgg| < 100 meV. A bolometric CUORE experiment, using '3Te [48], is
currently under construction and its estimated sensitivity is close to about Tlo/yf p (139Te) ~
10%° yr, implying |mgg| < 50 meV. Furthermore, there are plans for ton-scale next-to-next
generation OvB3f experiments with 13Xe [52, 53] and "Ge [50, 54], asserting sensitivities

over T8 1027

12 yr, corresponding to |mgg| ~ 12 — 30 meV.

7 Discussions and conclusions

We have proposed a realistic extension of the standard model within the Pati-Salam frame-
work. The theory incorporates a flavor symmetry based on the A (27) group and realizes a
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realistic Froggatt-Nielsen picture of quark mixing. Concerning the lepton sector, neutrino
masses arise from an inverse seesaw mechanism and the allowed ranges for the atmospheric
mixing angle 63 and CP violating phase dcp are rather restricted once one takes into
account the precise measurements of the remaining oscillation parameters. This makes the
model rather predictive. Our main neutrino oscillation results are summarized in figures 1
and 2. We find that, for normal neutrino mass ordering, the atmospheric angle must lie
in the higher octant and that CP must be violated in oscillations. In contrast, for inverse
hierarchy, the lower octant is favored and the range of allowed Jarlskog invariant extends
from zero up to a non-maximal value. Our results concerning Ov3/5 decay are summarized
in figure 3. They indicate the existence of a lower bound for the Ov3S5 decay rate, a fea-
ture also encountered in other flavor models [55-59]. As mentioned, neutrino masses arise
from a low-scale seesaw mechanism, whose messengers may be produced at the LHC either
through a charged or neutral gauge portal [14, 16, 60]. Admittedly, the model is rather
complex, especially in its scalar sector. However, it serves as a “proof-of-concept” attempt,
namely, to our knowledge this is the first time that a fully realistic and to some extent
predictive flavor realization of a Pati-Salam scenario is given.
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A  Product rules of the A(27) discrete group

The A(27) discrete group is a subgroup of SU(3), has 27 elements divided into 11 conjugacy
classes, so that it has 11 irreducible representations. These irreducible representations are:
two triplets, i.e., 3| (which we denote by 3) and its conjugate 3] (which we denote
by 3) and 9 singlets, i.e., 1;; (k,l = 0,1,2), where k and [ correspond to the Z3 and Zj
charges, respectively [4]. The A(27) discrete group is a simple group of the type A(3n?)
with n = 3 and is isomorphic to the semi-direct product group (Z4 x Z%) x Z3 [4]. Indeed,
the simplest group of the type A(3n?) is A(3) = Z3. The next group is A(12), which is
isomorphic to A4. Thus, the A(27) discrete group is the next simplest nontrivial group
of the type A(3n?). It is worth mentioning that one can write any element of the A(27)
discrete group as b*a™a'", where b, a and @’ correspond to the generators of the Zs, Z!
and Z4 cyclic groups, respectively. These generators fulfill the relations:

aAd=ad==1, ad' = da,
bab~! = a7 ta' ™, ba'b! = a, (A.1)
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hl Xi,. | X304 | X310
¢y [1] 1 3 3
i 1] 1 3w? | 3w
1c? 1] 1 3w | 3w?
3cOD | 3] s 0 0
3C02 | 3| w2 0 0
P3| w0 |0
P | 3 | w2t | g 0

Table 5. Characters of A(27)

The characters of the A(27) discrete group are shown in table 5. Here n is the number
27

of elements, h is the order of each element, and w = e3 = —% + z@ is the cube root of

unity, which satisfies the relations 1 + w + w? = 0 and w® = 1. The conjugacy classes of

A(27) are given by:

Ch: {e}, h=1,
C{l) : {a,a?}, h =3,
C’P) : {a? d'}, h =3,
C:go’l) : {a?a'?}, h =3,

CéO’Q) : {a a? ad'}, h =3,
Cél’p) : {baP baP~ta’P~2a?}, h = 3,
Céz’p) : {baP, baP~'a’P~2a?}, h = 3.
The tensor products between A(27) triplets are described by the following relations [4]:

T1,-1 Y1,—-1 T1,-1Y1,—-1 1 Z0,1Y-1,0 + T—1,0%0,1

0,1 ® | Yo,1 = 20,1Y0,1 2] 5 | 1oy + x1,-1Y-1,0

Xr_ _ T _ _ — 1 — xT _ —
10/ 5 Y-1,0 3 1,0Y-1,0 3s, 1,-1Y0,1 + Z0,1Y1,—1 3s,

20,1Y-1,0 — T—-1,0¥%0,1
@5 T-1,0Y1,—1 — X1,-1Y-1,0 ) (A.2)
r1,-1Y%0,1 — Z0,1Y1,—1 5

34
T2 2 Y2,—2 T2, —2Y2,—2 1 0,2Y—2,0 + T-2,0Y0,2
Z0,2 @ | Yo,2 = Z0,290,2 b B T—20Y2,—2 + T2, —2Y—20
20/ 5 Y—20/ 5 T-2,0Y-2,0 T2,-2Y0,2 + T0,2Y2,—2
3 33, 3s,
Z0,2Y—-2,0 — T-2,0Y0,2
@5 | v-2092,-2 — 22,-2y-20 , (A.3)
x2,-2Y0,2 — X0,2Y2,—2 3
A
T1,-1 Y-1,1
_ 2r r
zo1 | @ [wo—1| =D (w111 4w @oay0, 1+ W T 10010)1,,
T-1,0/) 4 Y10 ) 5 r
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Singlets | 101 102 11 11 119 190 1oy | 122
1o 1o2 1oo 11 15 110 1y 122 | 120
1o2 1oo 101 112 110 113 12 10 |12
110 1y 119 190 1o 122 1oo lo1 | Loz
1y 12 110 12 12 120 101 lo2 | 1oo
112 110 113 12 13 1o 1p2 loo | o1
120 12 122 1oo 101 1oz 10 111 | 112
1o 122 120 1o 1o2 1oo 1y 112 | 1o
122 120 1o 1o2 100 1o1 159 10 | 1n

Table 6. The singlet multiplications of the group A(27).

2
® Z($1,71y0,71 +w wo1Y1,0 + W' T_1,0Y-1,1)1(,1)

T

® Z(-’Ifl,flyl,o +w¥ro Y11+ W' T_1,0Y0,-1)1(,,,  (A4)
T

where we introduced the shorthand notation 3y = 3 and 3g2] = 3 used in eq. (2.8).
In the above formulas 34 and 3, , are an antisymmetric and two variants of symmetric
triplets. The multiplication rules between A(27) singlets and A(27) triplets are given by [4]:

T(1,-1) T(1,-1)%

Z(0,1) ® ()1, = | Wr)? , (A.5)
2r

P10 3(o1) YE10% 3011+1)

T(2,-2) T(2,-2)%

(17(072) & (Z)lk,l = WTZE(O,Q)Z . (A6)
2r

T(=20 3(0)(2] YE=20) 3(12+1]

The tensor products of A(27) singlets 1j ¢ and 14 ¢ take the form [4]:

ko ® L r = 1g4k/ mod 3,64/ mod 3- (A7)

From the equation given above, we obtain explicitly the singlet multiplication rules of the
A(27) group, which are given in table 6.

B Scalar potential for one A(27) scalar triplet
The scalar potential for a A(27) scalar triplet, i.e., £ is given by:

Vo= i (%) 100 + K1 (€67 10 (66100 + K2 (E€7)1, o (6615 0 F i3 (€67)10 , (6610
1 [ (661, (66715, +hoc] + 5 (6803, (6°€7)g,, + Fo (€6)g,, (€767,
7 | (665, (6°€7)g,, +hc] (B.1)
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Assuming the VEV configuration for the A(27) scalar triplet &:

© = Jrg (v ™), 2

We find that the scalar potential minimization equations are:

ov 21}? {(2/—;3 + k4 + 2K7) cos + 1 [2/—;3 + K4+ 267+ 2 (k1 + K2+ /{5)7‘2]}

%, (r2 +2)3/?
2v¢ [2 (2k1 — Ko + K3 — K4 + Kg) rfug cos 29 — ,ugr (r* + 2)}
_|_
(r2 + 2)3/2
=0
oV e [4(ky + Ko + Ks) + 2 (261 — Ko + K3 — Ky + Kg) 7€
06y (r2 + 2)3/2
eWy3 [4,%1 — 2K9 + 26 + 2k71% + 2K3 (7“2 + 1) + Ky ('r2 — 2)]
L
(r2 +2)%/?
e~ 3w {Ug’ [2 (2k3+ kg +2k7) 7€V 4+ (2K3+ Ky +2k7) re5i¢] —2,u2 (T2 + 2) 62“%5}
+
(r2 4+ 2)3/2
oV e_%wvg [4 (k1 + Ko + k5) €2 + 2 (2K — Ko + K3 — Ky + Kg) r263“¢’]
083 (r2 4 2)3/2
+e_2wv§’ [ew’ (4/@‘1 — 2k9 + 2Kg + 26712 + 2K3 (7‘2 + 1) + Ky (7’2 — 2))]
(r2 +2)3/?
e 2 {Ug’ [2 (2K3+ Ka+2K7) re?™ + (263 + Ka+2k7) 7] —2,ug (r*+2) engg}
+
(r2 + 2)%/2
= 0. (B.3)
Then, from the scalar potential minimization equations, we find the following relations:
2 Ve 2
g = m{(2l€3+/{4+2/€7)608¢+7’ [253—%/{44—2/@7—1—2(51 + Ko+ K5)T ]

+2(2K1 — K2 + K3 — K4 + Kg) T COS 2¢},

2 [—6/{2 — 4k + 2k + 2/&77‘2 + 2K3 (7‘2 + 1) + K4 (7“2 — 2)] sin ) cos

+[2 (263 + K4 + 2k7) 7 cos 2 + 3 (263 + Ky + 2k7) 7] sinep = 0,

(2K3 + K4 + 2K7) (7“2 — 1) cos 2¢)

—1{2(2K3 + K4 + 2k7) + [6k2 — 43 + Ka + 4i5 — 2 (K6 + K7)] 77 } cos 1)

+ (2k3 + K4 + 2K7) (27"2 - 1) + 2 (3ka — k3 + kg + 2K5 — Kg)rcos 3y = 0.  (B.4)

Thus, the VEV pattern for the A(27) triplet, i.e., £ given by eq. (B.2), is compatible with
a global minimum of the scalar potential of eq. (B.1) for a large region of parameter space.
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C Scalar potential for three A(27) scalar triplets
The scalar potential for the three A(27) scalar triplets p, 7 and 7 is
V=V, +V,+V,+ Ve + Vi + Vs, (C.1)

where V,, V. and V;, are the scalar potentials for the A(27) scalar triplets p, 7 and 7,
respectively, whereas V, -, V., and V,,,, describe interaction terms involving the pairs (p,
7), (7, n) and (p, n). The different parts of the scalar potential for the three A(27) scalar
triplets take the form:

Vo = =115 (09 )10 + K01 (09 )10 (0P )10 + 02 (0971, o (PP )1

03 (09 )10,y (09 V102 + Kt |00 )14 (P71, + 1] + K (0P)gg, (P79 )s,

06 (0P)3g, (P70 )3, + Ko7 {(pp)gsl (0" )3, + h-C-} , (C.2)
VT = ‘/p (p — Ty lp =7 Pry Kpj — H’T,j) ) (C?’)
Vi = Vo p =, lp — s Kpj — Knj) (C.4)

Vor = %om1 (9915 (T ) 10,0+ Kt (0716 (6 T) 100 +mz [ (09 )1, (777)1, , + B
+Kpr2 :(PT*)ILO (P )10 + h.c.] + Ypr.3 [(pp*)loyl (T7") 10,5 + h.c.}
78 | (0T 100 (P10 + 1| +9pma [(097)1, , (777)s, , + e
+Kpra :(pT*)ll’l (pT*)1272 + h.c.] + Yor,5 [(pp)gsl (T*T*)351 + h.c.}
o [(00)ag, (77 Vg, + 1] Hiprs (97)5g, (07 )ay, + ors (7)ag, (P'7)g,
PP)ga, (77 )ag, + 0] + gt [(p7)ag, (P77)sg, + ic.]

Fhprs [ (0705, (973, + 1] + Kprg [(07)g, (0777, + Dic]

(
+’Yp’r,7 (

+hprt0 |(PT)g, (P°7)gg, + b (C.5)
Vp777 = ‘/Pﬂ' (7_ — n?MT — /’Ln’ HT7j — ﬁﬁy]) ? (C'G)

VTJ? = Vvﬂﬂ? (p_> T’MP - lu'T”{'pvj - K'Tnj) :

Now we determine the conditions under which the VEV pattern for the A (27) scalar
triplets is a solution of the scalar potential given in eq. (C.1). In view of the very large
number of parameters of the scalar potential for the A (27) scalar triplets and in order to
simplify the analysis, we assume universality in its trilinear and quartic couplings, i.e.

Rpi = Rri = R, = Ki, Yori = Von,i = VYrng = Vis 1= 17 27 e T

Kprj = Kpnj = Kryj = )\J7 .] = 17 27 -+ 10 (CS)
Considering the VEV alignment

{p) = (1, 0,0), (n) = (0,vy,0),, () =(0,0,vr), (C.9)
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We find the following scalar potential minimization equations:

ov. v, 2 2 2,2
3p1 = E |: — 4/j,p+8 (Hl—l—lig + K5) Up—2/\1[) (UT_Un)

+ (47 — 472 + A+ 22) (2 +02) |,

=0
ov ov
By = U007 (X = A0) =0, B = UeVn (hs =) =0,
oV ov
Brr = Urth (s = M) =0, Bry = 20tr (7 + A3+ M) =0,
ov. v, 2 2 2 4 .2
ars 2 (=443 + 8 (k1 + k2 + K5) V2 + (491 — 472 + A6 + 2Xs — 2A10) (v + v7) ]

= 0.
oV ov
om 2020, (77 + A3 + A1) =0, ons 2”122”71 (77 + A3+ A1) =0,
oV () 2 2 2 2
67772 =5 4p,+8 (nl+/€2+/€5)vn+2>\10 (Up—UT)

T (4 — 2+ D+ 208) (1 +02) |
o (C.10)

Then, from the scalar potential minimization equations, we find the following relations:
>\4 - 2)\37 77:7()‘34»)‘4)’

1 1
,ui = 2 (k1 + K2 + K5) vz — 5)\10 (vz — v%) + 1 (4y1 — 42 + X + 2)8) (vz + v%) ,

1

,uz = 2 (k1 + K2 + K5) 1)72. + 1 (4y1 — 42 + X6 + 28 — 2A10) (UZ + U%) , (C.11)
1 1

M727 =2 </<[,1 + ko + /435) Ug + 5)\10 (’U% — ’1)72.) + Z (4"}/1 —4dvo + g + 2/\8) (1}/2) + 1}72_) .

Consequently, the VEV patterns for the three A(27) triplet scalars given by eq. (C.9) are
compatible with a global minimum of the scalar potential of eq. (C.1) for a large region of

parameter space.

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