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1 Introduction

The SU(3)c ® SU(2)r, ® U(1)y gauge theory provides a remarkable description of the
interactions of quarks and leptons as mediated by intermediate vector bosons associated to
the Standard Model gauge structure. However, it is well-known to suffer from a number
of drawbacks. Most noticeably, it fails to account for neutrino masses, needed to describe
the current oscillation data [1]. Likewise, it does not provide a dynamical understanding
of the origin of parity violation in the weak interaction. Last, but not least, it also fails in
providing an understanding of charged lepton and quark mass hierarchies and mixing angles
from first principles. Left-right symmetric electroweak extensions of the Weinberg-Salam
theory address the origin of parity violation [2, 3], while models based on non-Abelian flavor
symmetries [4] address the flavor issues [5, 6]. Combining these features is a desirable step
forward. Indeed, a predictive Pati-Salam theory of fermion masses and mixing combining
both approaches has been suggested recently [7].

In this paper we propose a less restrictive left-right symmetric electroweak extension of
the Standard Model based on the SU(3) ®SU(2)r, ® SU(2)r ® U(1)p_1, gauge group and the
A (27) family symmetry. Of the Standard Model fermions only the top quark acquires mass
through a tree level renormalizable Yukawa interaction. FExotic charged fermions acquire
mass from their corresponding tree level mass terms, while gauge singlet fermions can also
have gauge-invariant tree level Majorana mass terms. The masses for the other electrically
charged Standard Model fermions, namely quarks lighter than the top, as well as charged
leptons, are all induced by a Universal Seesaw mechanism mediated by the exotic fermions.
The mass hierarchies as well as the quark mixing angles arise from the spontaneous breaking
of the A (27) ® Zg ® Z12 discrete family group, and the radiative nature of the inverse



seesaw mechanism is guaranteed by spontaneously broken Z; and Z;» symmetries, with
Z12 spontaneously broken down to a preserved Zs symmetry. The Cabibbo mixing arises
from the up-type quark sector, whereas the down-type quark sector contributes to the
remaining CKM mixing angles. On the other hand, the lepton mixing matrix receives
its main contributions from the light active neutrino mass matrix, while the Standard
Model charged lepton mass matrix provides Cabibbo-like corrections to these parameters.
These features of our flavoured left-right symmetric theory regarding the origin of the
main contributions to the fermionic mixing parameters result from the discrete symmetries
and hold in the particular basis of the eigenstates of the generators of the flavour group.
Finally, the masses for the light active neutrinos emerge from a low-scale inverse/linear
seesaw mechanism [8—12] with one-loop-induced seed mass parameters [13, 14].

2 The model

The model is based on the left-right gauge symmetry SU(3) ® SU(2);, @ SU(2)r ® U(1)p_r,
supplemented by the discrete A (27) ® Z4,® Zg ® Z12 family group. The particle content and
gauge quantum numbers are summarized in table 1, while the transformation properties of
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the fields under the discrete symmetries are presented in tables 2, 3 and 4. Here w = e73
and the numbers in boldface denote the A (27) irreducible representations.

Notice that the fermion sector of the original left-right symmetric model has been
extended with two vectorlike up-type quarks Ty, k = 1,2, three vectorlike down type
quarks B;, three vectorlike charged leptons F; and six neutral Majorana singlets .S;, €2;,
with ¢ = 1,2, 3. The role of the new exotic vectorlike fermions is to generate the masses for
Standard Model charged fermions from a Universal Seesaw mechanism [15-27]. Neutrino
masses are in turn produced by an inverse seesaw mechanism, triggered by a one loop
generated mass scale [13, 14] from the interplay of the gauge singlet fermions S; and €;.

In the scalar sector the model includes a bi-doublet, two SU(2) doublets, and two
SU(2)r doublets with vacuum expectation values (VEVs):

<(I)>: <2[})11?2>7 <XkL>: <02L>’ <XkR>: (UI?R>’ k=12,
(2.1)

as well as several singlet scalars

g, 1, ¢, Pi, ¢i7 Tiy 51, 1= 17273' (22)
In the following, we set vo = 0 for simplicity. We assume that all singlet scalar fields
acquire nonvanishing vacuum expectation values, except for (.
Given the particle content, the following up-type, down-type quark, charged lepton
and neutrino Yukawa terms arise, respectively:
o) _ = = = Uk = = = o
—Ly = aQ3PQ3r + $11Q1LX1LT1RF + 220Q5 X1.T2R + $12Q1LX1LT2RX
- U - N
‘HUllTlLSCVJ{RQlRT + $22T2L§IRQ2R + $12T2L§IRQ13X + Z mg, T Tir + h.c.,
i=1

(2.3)



Field | Qir | Qir | Lir | Lir | Thkr, | Tkr | Bir | Bir | Eir | Eir | Si | Qi | @ | Xkr | Xkr |0 | 0| @ | pi | $i | Ti | &
SU(3). 3 3 1 1 3 3 3 1 1 111 1 1 1/1|1}1]1|1/1
SU(2)L 2 1 2 1 1 1 1 1 1 1 1,12 2 1 1/1/1]1]1|11
SU(2)r 1 2 1 2 1 1 1 1 1 1 1,12 1 2 141|111 |11

Ulpr| 2| $ |-1|-1] 35| 4 |-2|-3|-2]-2|0/0]|0| 1| 1 |0ojloflofl0o|[0|O0]|O

Table 1. Particle content and transformation properties under the SU(3) ® SU(2);, ® SU(2)gr ®
U(1)p-1 gauge symmetries. Here ¢ = 1,2,3 and k = 1, 2.

Field | Qip | Qir | Q21 | Q2r | Q3L | Q3r | Tir | Tir | Tor | Tor | Bir | Bir | Bor | Ber | Bsr | Bsgr
A(27) | 1o | Loo | Loo | 1o | 121 | 122 | Lo | Lo | 10,0 | Lo | Lo | Lo, | 1o, | Lo | Lo | Lo

Zy 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

T T 1 1
Zg -1 -1 w? w? 1 1 w2 w2 | w? w2 w2 | w2 w w 1 1

VAT 1 1 1 1 1 1 -1 -1 1 1 -1 -1 1 ) 1 1

Table 2. Transformation properties of the quarks under the flavor symmetry A (27)® Z,® Zg ® Z12.

Field | Ly | Lir | Lo | Lor | L3 | Lsr | E1r | Big | Eor | Eor | B3 | Esp | S Q
A(27) | 120 | 120 | 1200 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 3 3
Zy 1 1 1 1 1 1 1 1 1 1 1 1 1 7

2 3 T 1| I _I T 1 1
Zg -1 -1 w w w2 w2 w2 | w2 w w w2 | w2 1 w2
Zip | =1 | 1| =1 ] =1 | =1 | =1 ] 1 1| =i | —i | =1 | -1 | -w?|w>2

Table 3. Transformation properties of the leptons under the flavor symmetry A (27)® Z,® Zs ® Z12.

Field | @ | xir | xar | X2L | X2r | © n © p ¢ T §
A(27) | 102 | Loo | 1o | 121 | 122 | oo | loo | loo | 3 3 3
4 1 1 1 1 1 1 1 7 1 1 1 -1
Ze | 1| 1| 1| 1] 1 |wz|w | w2l w | -1]|1 |
Zipy | 1|1 1| i 21w | wer | wE | w?

Table 4. Transformation properties of the scalars under the flavor symmetry A (27)® Z,® Zs® Z12.

2
b _ _ _
—Cé ) = yllQlLX1LBlR% + y22Q2LX1LBZR% +y33Q3.X21 B3R
- o3 - o2
+Z/13Q1LX1LB3RF + y23Q2LX1LB3Rp
*\2 *
Bt nQ@un L 4 4 BorxnQ@onl + yss Barxh
y11B1rx1pQ1R A2 + Y22 2LX1RQzRA + Y3383 X3 r W3R
« 7. A (07)° B oA () N~
+y13B3rx1r@1R A + Y23 B3 X1 p Q2R A2 + Z mp, B B;r +h.c., (2.4)
i—1
(E) - 772 a n -
Ly = leLlLX1LE1Rp + 322L2LX1LE2RX + 233L3rx10 B3R
— 0'2 — g
+313L1LX1LE3RE + 223L2LX1LE3RX



Field | S; | 4 | @ | xer | Xkr | O |0 |0 | pi | & | T | &
v lol1]o| o 0o ojoj1lo]o0|o0]2
v 1o lol o | o |ojo[1]|-1]-1|=-1]0
v 1lojol 1| -1]|ofjoj1]o0o o0 |o0]O
v 11 o] o |0 |ojo2|-1|-1]-1]2
v 1| 1o 1| -1]ofloj2/0]0| 0|2

Table 5. Accidental Uga) ® Uﬁb) ® Ugc) ® Ugd) ® Ugc) symmetries.

2

+211E1LX1RL1R(7ZX) +222E2LX1RL2R +ZS3E3LX1RL3R

A

*

ag
A) + 223E3LX13L2R* + Z mpg, EiLEig + h.c., (2.5)

i=1

+213E3LX11:3L1R

(§§A)1U N (§§A)10 . (€€ )10,

*E;V) = 1Li.®Lig Az

+ v3L3 ®Lyp—>

+%Z1L%1L (pS) + 22 Torxar (68)

120 A A + L3LX1L (r9)

g
120 A A 120 A

*

L (5%), Rty 5 (579), atan 5 (577), Shetany

+21 (Q0)5, £+ (A0%)5, £+ 25 (SQ7),, ¢+he, (2.6)

Let us note that the neutrino Yukawa terms given in eq. (2.6) have accidental Uga) ® U(lb) ®
U(C) ® U(d)
1 1
VEVs of the scalar fields charged under these symmetries. As a result, massless Goldstone
bosons are expected to arise from the spontaneous breakdown of these symmetries. How-

® Uge) symmetries described in table 5. These are spontaneously broken by the

ever, these can acquire masses from scalar interactions like A\p?£? and M X; 1 PX2R, invariant
under the symmetry group G of our model, but not under the accidental Ul(a) X Ul(b) X Ul(d)
and Ul(c) X Ul(e) symmetries, respectively.

Notice that the lightest of the physical neutral scalars is a combination of (®),;, (®)ss,
Xk (k = 1,2) and should be interpreted as the SM-like 125 GeV Higgs particle found at
the LHC. Furthermore, our model at low energies corresponds to a four Higgs doublet
model with 2 scalar singlets coming from yxgr. As seen from eq. (2.3), the top quark mass
arises only from (®),;. Consequently, the dominant contribution to the SM-like 125 GeV
Higgs arises mainly from (®),;. Here we note that there are enough free parameters in the
low energy scalar potential to adjust the required pattern of scalar masses. This allows us
to safely assume that the remaining scalars are heavy and outside the current reach of the
LHC. In addition, the loop effects of the heavy scalars contributing to precision observables
can be adequately suppressed 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.

We now explain the different group factors of the model. In the present model, the
A (27) group is responsible for the generation of a neutrino mass matrix texture compatible



with the experimentally observed deviation of the tribimaximal mixing pattern. In addition
it allows for renormalizable Yukawa terms only for the top quark, the gauge singlet Ma-
jorana fermions Q; (¢ = 1,2,3) and tree level mass terms for the exotic charged fermions.
This allows for their masses to appear at the tree level. Let us note that the A(27) discrete
group is a non trivial group of the type A(3n?), isomorphic to the semi-direct product
group (Z5 x Z4) x Zsz [4]. This group was proposed for the first time in ref. [28] and it
has been employed in order to construct the Pati-Salam electroweak extension proposed
in [7]. This group has also been used in multiscalar singlet models [29], multi-Higgs doublet
models [30, 31], Higgs triplet models [32] SO(10) models [33-35], warped extra dimensional
models [36], and models based on the SU(3)c ® SU(3);, ® U(1)x gauge symmetry [37-39].

The auxiliary Zg and Z12 symmetries select the allowed entries of the charged fermion
mass matrices and shape their hierarchical structure, so as to get realistic SM charged
lepton masses as well as quark mixing out of order one parameters. We assume that the
Z19 symmetry is broken down to a preserved Zy symmetry, which allows the implementation
of an inverse/linear seesaw mechanism [8-12] for the generation of the light active neutrino
masses. This is triggered by one-loop-induced seed mass parameters, in a manner analogous
to the models discussed in [13, 14].

The spontaneously broken Z, symmetry also ensures the radiative nature of the inverse
seessaw mechanism. This group was previously used in some other flavor models and
proved to be helpful, in particular, in the context of Grand Unification [40-42], models
with extended SU(3)c ® SU(3);, ® U(1)x gauge symmetry [43, 44], extension of the inert
doublet model [45] and warped extra-dimensional models [46]. It is worth mentioning that
one or both of the Zg and Z;5 discrete groups were previously used in some other flavor
models and proved to be useful in describing the SM fermion mass and mixing pattern,
in particular in the context of two and three Higgs doublet models [47, 48], models with
extended SU(3)c®SU(3),®@U(1) x gauge symmetry [14, 43, 49], Grand Unified theories [41]
and models with strongly coupled heavy vector resonances [50].

Despite its extended particle spectrum, our model is minimal in the sense that each
introduced field plays its own role in predicting viable fermion mass matrix textures that
give rise to the observed SM fermion mass spectrum as well as fermion mixing parameters.
This is achieved without the need to introduce hierarchy between the Yukawa couplings and
heavy exotic fermion masses. The role of the different particles of our model is explained
in the following:

1. The heavy exotic vector-like quarks Ty, (k = 1,2), B; and heavy exotic charged leptons
E; (i = 1,2,3) represent the minimal set of exotic charged degrees of freedom needed
to generate the masses for the up, charm, down, strange and bottom quarks and
charged leptons via a Universal Seesaw mechanism. Note that for each SM charged
fermion lighter than the top quark, one needs one exotic vector-like charged fermion
to mediate the Universal Seesaw mechanism responsible for its mass. A reduced set
of charged exotic fermions would lead to a proportionality between the rows and
columns of the SM charged fermion mass matrix resulting after the implementation
of the Universal Seesaw mechanism, thus giving rise to a vanishing determinant for
this matrix.



2. The scalar bi-doublet ® is needed in order to build the renormalizable Yukawa term
that gives rise to the tree-level top quark mass.

3. The SU(2)r, doublet x17, and SU(2)r doublet x1r are crucial for generating the up,
charm, down and strange quark masses, as well as the masses of the charged leptons
and the Cabbibo angle 619

4. The SU(2);, and SU(2)r doublets xar, and x2r, respectively, are crucial to generate
the bottom quark mass, and the quark mixing parameters sin Hég) and sin 9%) as well

as the quark CP violating phase §.

5. The gauge singlet scalar field o is required to generate a Froggatt-Nielsen picture of
the CKM quark mixing matrix, crucial for naturally explaining the observed hierar-
chies of the quark mixing parameters, in terms of powers of the Wolfenstein parameter
A = 0.225. In addition, the singlet scalar field o is crucial for generating the Cabbibo-
sized corrections to the leptonic mixing parameters (whose main contribution arises
from the light active neutrino mass matrix). This is needed to generate a realistic
leptonic mixing pattern.

6. The scalar singlet 7 is needed to account for the SM charged fermion mass hierarchy.
Note that, despite the presence of several heavy vector-like fermions to trigger the
Universal Seesaw mechanism, we assume that all of these have masses of the same
order of magnitude, thus implying the need of implementing a Froggat-Nielsen mech-
anism. This, in combination with the Universal Seesaw mechanism, yields the SM
charged fermion mass and quark mixing pattern.

7. The A (27) anti-triplet gauge singlet scalars p, ¢ and 7 are crucial to make diagonal
the heavy matrix blocks associated to the Dirac neutrino states. This makes the light
active neutrino mass matrix arising from the inverse seesaw, directly proportional to
the submatrix p, which characterizes the violation of lepton number by two units.
On the other hand the A (27) triplet gauge singlet scalar £ is necessary to generate
the Dirac neutrino mass submatrix, which is diagonal, due to the symmetries of our
model. Thus, a realistic and predictive light active neutrino mass matrix exhibiting
a generalized p — 7 symmetry emerges, thanks to the presence of the A (27) triplet
gauge singlet scalar . This also provides TeV-scale masses for the gauge singlet right
handed Majorana neutrinos ; (i = 1,2, 3) that mediate, together with scalar singlet
©, the one-loop level inverse seesaw mechanism for the generation of the light active
neutrino masses.

8. The gauge singlet scalar ¢ is the only scalar in the model, which does not acquire
vacuum expectation value. Its inclusion is crucial for the implementation of the
radiative inverse seesaw mechanism (at one-loop level) that produces small masses
for the light active neutrinos.

As seen from egs. (2.3), (2.4), (2.5) and (2.6), we introduced several non-renormalizable
Yukawa operators. These allow us to explain the observed hierarchies in the SM fermion



mass spectrum and the fermion mixing parameters while keeping all the Yukawa couplings
of order unity and the exotic fermion masses around the same order of magnitude. We now
comment on the possible ultraviolet origin of these non-renormalizable operators. Notice
that all of them have the following form:

f1S1FR <zj\1> 1 FrSofr <zj\2> 1 (2.7)

where f and F stand for light and heavy fermions, respectively, n1, no are integers and Sy,
So, 31 and Yo are scalars. Here, for simplicity, we have omitted family and fermionic type
indices. One sees that these non-renormalizable operators in eq. (2.7) can all arise from
the following renormalizable operators:

FLS3FR ELS4FR ELSSFR
F1S6FR F1S7Fg F1SsFr (2.8)

where S, (k = 3,4, ---8) are extra scalars and F extra very heavy fermions. Assuming that
the S5 and Ss scalars acquire vacuum expectation values much larger than the remaining
scalars, the fermions F will get very large masses. As a result, they can be integrated out,
yielding effective non-renormalizable operators as in eq. (2.7).

Quark masses and mixing parameters are modeled with the help of the scalar singlets
o and 1. We assume that these scalars acquire vacuum expectation values of order AA,
where A = 0.225 is the Cabibbo angle and A is the cutoff of our model. Consequently, we
set the VEVs of the scalar fields to satisfy the following hierarchy:

VL~ UL ~ U L VR ~ Vg L Vp ™~ Vg ~ Up ~ Uy ~ Vg ~ AN, k=1,2. (2.9)

Here v = 246 GeV is the electroweak symmetry breaking scale and vyr 2 O(10) TeV
(k = 1,2) the scale of breaking of the left-right symmetry. It has been shown in detail in
ref. [51] that this lower bound on the scale of breaking of the SU(2) p symmetry is obtained
from stringent flavor constraints, assuming that all the gauge and quartic couplings remain
perturbative up to the GUT scale. This makes it hard to detect the SU(2)r gauge bosons
at the LHC. However, a future 100 TeV proton-proton collider could probe signatures
associated to Wgr and Zi gauge bosons and hence test the model. Moreover, our model
can also be tested via the production and decays of the heavy vector-like fermions that
mediate the Universal Seesaw Mechanism. As seen from egs. (2.3), (2.4) and (2.5), the
masses of these exotic fermions are not related to the SU(2)r symmetry breaking scale
could be of the order of few TeV, making them potentially accesible to LHC searches. A
detailed study of the collider phenomenology of our model goes beyond the scope of this
work and is deferred for future studies.

The resulting mixing angles of £ with p, n and 7 are very tiny since they are suppressed
by the ratios of their VEVs, which is a consequence of the method of recursive expansion
proposed in ref. [52]. Thus, the scalar potential for £ can be studied independently from the
corresponding one for p, n, 7. As shown in detail in ref. [7], the following VEV alignments



for the A(27) scalar triplets are consistent with the scalar potential minimization equations
for a large region of parameter space:

(0) =0 (1,0,0), () =5 (0,1,0), (1) =v-(0,0.1), () = = (e, ).
(2.10)

Summarizing, the full symmetry of the model exhibits the following spontaneous break-
ing pattern

G =SU®B)c®SUR),®SUR2),®@U(1)p_ @A (27) @ Z4 & Zs @ Z13 (2.11)
U Aing
SUB)c ®SU(2), ®SU(2)p @ U(1)p_1, ® Z4 ® Zo
U vkR, ve
SUB)e ©SUQR), @ U(l)y ® Z
U vi,ver
SUB)e ® U(l)g ® Zs.

3 Lepton masses and mixings

3.1 Charged lepton sector

From the charged lepton Yukawa terms in eq. (2.5), we find that the mass matrix contain-
ing the charged leptons in the basis (I11,l2r, 31, F1r, Far, E3) versus (Iig, lar, I3r, E1r,
Esg, EsR) takes the form:

v, 211)\2 0 213)\2 meg 0 0
03)(3 ZT/— 1
Mg = Tvg 2 , z = 0 299X z93A |, mg = 0 mg, O
T ==
va 0 0 233 0 0 mpg,

Given that the exotic charged lepton masses mpg, (i = 1,2, 3) are much larger than vy,
and vp, it follows that the SM charged leptons get their masses from an Universal seesaw
mechanism mediated by the three charged exotic leptons E; (i = 1,2,3). Then, the SM
charged lepton mass matrix becomes

mg
<mEj Z%l + 2%3) A4 213223)\3 213233)\2
Vi VLVR —1.T mg VLVR
= = 2 2 2
ME 5 ZMp z 213223)\3 (mEZ 239 + 223> A 223233>\ 2mE
3
2 2
213233 293233\ 233
611)\7 612)\6 613)\5 v
_ 6 5 4
= 612/\ 622)\ 623)\ ﬁ7 (3.1)

€13 /\5 €923 )\4 €33 )\3

where the effective Yukawas e;; are naturally expected to be of order one. The Stan-
dard Model charged lepton mass matrix is diagonalized by a unitary matrix through



VITM EM;VI diag(m?, mi, m2). In order to illustrate how the charged lepton mass spec-

trum arises from eq. (3.1), we can choose the benchmark point
€11 — €12 =— €92 — €923 — 1.3622, €13 — 1.61464, €33 — 0.759133, (3.2)

assuming real entries in M, E, to get the mass eigenvalues m,=0.487 MeV, m,=102.8 MeV,
m, = 1.75 GeV with the charged lepton mixing matrix

0.952869 —0.288859 0.0927446
Vi =1 —0.302746 —0.885564 0.352309 | . (3.3)
0.0196361 0.363782 0.931277
3.2 Neutrino sector
From the neutrino Yukawa interactions in eq. (2.6), we obtain the following mass terms:

vp

1 /— —
- ﬁgnya)xss = 5 (Vg VR S) M, l/g + H.c, (34)
¢

where the neutrino mass matrix M, is given in block form as:

v ’L)2
O3x3 M v;Tng 1100 2 K1 0 oo
M, = MI o M. s Mi=| 0% 0 |25 M= 0 % 0 |—F%
v vpo 1 3x3 2 1 V2 V2A2 2 K2x ’ V2A
oMy My 00 v 0 0 k3%

) F(ﬁ,mR,mI) eV F (AQS\/TDQ{,mR,mI) Aoe™ “/’F(/\f;%g,m}g,mj)

1) i1 v,
W= Aoe¥ F ()‘Ze\/va mR,mI) e~ “Z’F(Ai/efvf mR,mI) A F (\T/ﬂ mR,mI) ﬁ,
r
Y ,ZwF Aoe™ ”’vg Ao F r)\2v§ A id,F )\167"1/)’!15
2€ V22 , MR, My T A2 W:mRamI 1€ vaR,mI
(3.5)

with mp = mgey and my; = mim, and the loop function [53]:

Y m3 m3 m32 m3
F (m1,ma,m3) = 7 [ 2 5 In —g — 27321n —g . (3.6)

672 | m2 —m? my mz — mj my
The one-loop Feynman diagrams contributing to the entries of the Majorana neutrino mass
submatrix p are shown in figure 1. The splitting between the masses mge,, and myy, , arises

from the term
K

5 (P () (37)
For the sake of simplicity, we assume that the singlet scalar field ¢ is heavier than the

right-handed Majorana neutrinos ; (i = 1,2, 3), so that we can restrict to the scenario

A2 222y
2 2 17¢ 1%¢
My, M7 > max <2+r2’ 2+r2)’ (3.8)
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Figure 1. Loop Feynman diagram contributing to the Majorana neutrino mass submatrix entries
,uij, With i,j = 1,2,3.

and m2R — m? < m% + m%, for which the submatrix p takes the form

rA1 Age® Nge W
Aoe e ™ g . (3.9)
)\ge_iw A9 A1 et

o A3 (mp —mi) ve

M Sm (mh+ m2) V2 2

The structure of the resulting neutrino mass is a particular case of that in ref. [54]
(see below). Besides the three active Majorana neutrinos the physical states include the
six heavy exotic neutrinos. After seesaw block-diagonalization [55] we obtain

1) vog vLv} T @) 1 ™, 1 @ _ 1 Ty, L
Ml/ = VUaVR M_URA2 (M1+M1 ) 5 MV = —5 (M2+]\/[2 )+§/4L7 MI/ = 5 <M2+M2 )+§M
(3.10)

where we have simplified our analysis setting v; = x; (i = 1,2,3). Here M,Sl) corresponds
to the effective active neutrino mass matrix resulting from seesaw diagonalization, whereas
M£2) and M,S3) correspond to the heavy blocks associated to the exotic Dirac states. These
form three quasi-Dirac pairs that can lie at the TeV scale, with a small splitting p. The
first term in Mlgl) corresponds to the inverse seesaw piece [8, 9], while the latter comes
from the linear seesaw contribution [10-12].

The light neutrino mass matrix can be further simplified ignoring the diagonal contri-
butions from the linear seesaw term (v; < vg). In this approximation, the mass matrix
becomes simply M,El) = p. Taking real Yukawa couplings A\; and VEVs, we find that M,El)
has explicit generalized p — 7 symmetry [6, 54, 56]

XTMVX = MV*, (3.11)
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with
100
X=1001]. (3.12)
010

The most general matrix V,, that diagonalizes M,El) with VVTM,EI)V,, = diag(m},m§, m¥)
can be written as [57, 58]

Vi, = ¥023013012Q,, (3.13)
where the matrix
10 O
_ 1 i
YX=10 VARG , (3.14)
0L —_i
V2 V2

stands for the Takagi factorization of X, satisfying X = ¥%7. The O;; are 3 x 3 orthogonal
matrices parameterized as

1 0 0 coswiz 0 sinwis
023 = 0 COS W23 SiIlLOQg 5 013 = 0 1 0 5
0 —Sin(UQg COS Wa3 —sinwlg 0 cos w13
(3.15)
coswie Sinwig 0
012 = —sinwlg COS W12 0 y
0 0 1
and Q, = diag(e*”klﬂ,e*”k?m,e*i’rk3/2) is a diagonal matrix of phases, with k; =

0,1,2,3.
Due to the reduced number of parameters in our model, we have the following relations
among the parameters of the mixing matrix:
4 sin wyg [sin (29 +was)-+sin 3was)
(3 cos 2w13—1) cos (2¢p+wag )+ (cos 2wi3—3) cos 3waz ’

tan 2wio =

A1 = —V/2)\; tan wy3 cos (Y —was) csc (1h+2was3)

V2 [sin w3 cos (Y—wa3) cos (1)+2wa3) 42 cos wi3 cot 2wi3 sin (1) —was3) sin (Y+2wa3)]

r=—
V/2sin wi3 cos (1) —wa3)+cos wig sin (Y+2wa3)
(3.16)
Finally, the light active neutrino mass spectrum is
dlag(mlllv mg’ mg) = dilag(mla ma, m3)QV7 (317)

with positive definite physical masses m;, ¢ = 1,2, 3, and

{ V2tanwizsin 2 (¢ — wa3) + (1 — 4tan? wlg) cos (29 + wag) — cos 3was
mi = my

2tanwiz [V2sin (¢ + 2wag) + 2 tan wyz cos (1 — wag) |

(3 cos2wiz — 1) cos (24 + wag) + (cos 2wz — 3) cos 3was
2/2 sin 2w 3 sin (1 4 2ws3)

y \/1 n [( 16 sin® w3 [sin (21) + wag) + sin (3woz)] 2

3cos2wiz — 1) cos (29 + wag) + (cos 2wiz — 3) cos 3was) 2

- 11 -



V2tanwizsin2 (¢ — wa3) + (1 — 4 tan?® U.)13) cos (21 + wag) — cos 3was
mo =m
2 0 2 tan wis [\@sin (1 + 2we3) + 2 tan wyg cos (¢ — wgg)]
(3cos2wig — 1) cos (2¢) 4+ wa3) + (cos 2wz — 3) cos 3was
2+/2 sin 2w 3 sin (1 + 2wo3)

w1+ 16 sin? w3 [sin (29 + wag) + sin (3woz)] 2
[(3cos 2wz — 1) cos (2¢) + wag) + (cos 2wi3 — 3) cos 3wag) 2

tan? w13 [cos (¢ + 2wa3) + cos 31 csc? (1 + 2wa3) — /2 cot w3z sin (Y — wo3)
msg = 1m )
3 0 1 +v/2tanwis cos (1) — was) csc (¥ + 2wa3)

(3.18)

in terms of a common mass scale mg

2
)\QA% (m% B m%) Uf UU? ~ )\2)% (m%i - m%) ’Ué‘ Uzvg (3 19)
8m2V/2 + 12 (m% +m?) \ UpUsUR 8T2ANW2 + 12 (m% + m3) At

mo =

3.3 Lepton mixing matrix
The lepton mixing matrix is thus given by

U=V, (3.20)

where we take V; to be approximated as

cosny sinm; 0 1 0 0 cos”p cosmgsinm sinng sinng
Vix | —sinn cosn 0 0 cosme sinmy | = | —sinn cosnycosne cosnysinngg |,
0 0 1 0 —sinng cosmng 0 —sinng cos 12
(3.21)

with 11 and 72 of the same order as the Cabibbo parameter A, as indicated by our estimate
in eq. (3.3). In the fully “symmetrical” presentation of the lepton mixing matrix [59, 60]

c12€13 s12c13€ 1912 s13e 1018
U= | —5120236"12—c19513503e (9287013)  ¢15co3—519813503¢ (#23F9127013) ¢ 3593077023
5125936 (9237912) 0155130936713 — 198936923 —519513¢03H 9127913) ¢ pae0g

(3.22)
with ¢;; = cosf);; and s;; = sinf;;, we find the relation between mixing angles and the
entries of U to be given as

sin? 013 = [Ues|?, sin6ig = el and  sin? 3 = Uil (3.23)
’ 1 |Uesl® 1~ |Ues|®
The Jarlskog invariant Jep = Im (U, Us3U13U21 ), takes the form [60]
1
JCP = g sin 2912 sin 2023 sin 2913 COS 913 Sin(¢13 — ¢23 — ¢12) s (3.24)
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This is the CP phase relevant for the description of neutrino oscillations. The two additional
Majorana-type rephasing invariants I; = Im (U4U;?) and I, = Im (U3U;?) are given as

I = % sin? 2015 cos? 013 sin(—2¢12) and I = i sin? 2013 cos? f19 sin(—2¢13) . (3.25)

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

sin? 0153 = % [2 sin? m+(14+3 cos 2m1) sin? wi3—v2sin 211 sin 2w 3 sin w23] , (3.26)
. 2 .2 .2 2
sin® 012 = [2 sin® m1+ (143 cos 2m1 ) sin” w12 cos” wig

72\/5 sin 271 sin w2 cos w13 (cos w12 COS Wa3—Sin w12 sin w3 sin LUQ3) ] (3.27)

X [472 sin? m—(1+3cos2m) sin® wis+v/2sin 211 sin 2wi 3 sin wgg] -t ,

sin? Oa3 = {5+cos 2w13 (1+3 cos 211 —6 sin? 71 COS 2772) —cos 21142 sin? 71 COS 212

+8 cosm2 coswis [2 sin 12 cos 11 cos wi3 cos 2w23+\/§ sin w13 sin wa3 (sin 271 cos 2 —2 sin 7y sin 7]2)} }

x {4[4—2 sin® 11 — (143 cos 211 ) sin” wi3+v/2 sin 21, sin 2w13 sin was] }71 ,
(3.28)

leading to the correlations

cos? 013(cos 2012 —cos 2wi2) = — cos 2w1a sin? N1+ ——= sin 291 sin 2w15 COS W13 COS Wa3, (3.29)

V2

1
cos? 013 cos 2053 = Z{ sin? 71 cos 212 (3 cos 2wi3—1)—4 sin 215 cos 1)1 cos 2was cos? w13

+2v/25sin 71 sin 2w13 sin weg (sin 21, —cos 71 cos 212) }
(3.30)

The right-hand side of both relations vanishes in the limit 71,72 — 0, recovering the
predictions of generalized p — 7 symmetry, namely, 612 = w12 and a3 = 7/4.

Analogously, the rephasing invariants can be written in terms of the model parame-
ters as

1 . .
Jop = 61 { sinm {\/5{ sin 212 cos? un [4 sin 2w13 cos 2w12 cos 3waz—+-sin 2wi 2 sin 3wz (cos 3wiz—5 cos w13)]

—(2cos m1 cos 2mz+sin 21z cos 21 ) [4 sin 2w13 cos 2w12 COS waz+sin 2wz Sin wa3 (cos wis+3 cos 3wis)] }

416 sin 771 sin 272 cos 71 sin 2wa3 cos 2w12 oS 2w13}—|—4 sin 2wis Sin w1s {4 Cos 211 cos 212 cos? w13

—sin® 71 sin 212 cos m [4 cos® wiz+(1—3 cos 2w13) cos 2was] } },

(3.31)
(=pkathe 3 : 2 .3 .
I = 3 sin 71 cos w13 4v/2 cos 11 sin 2wz sin was cos” wiz—sin® 71 sin 2wi2 sin 2w 3
+2sinm cos? M1 [sin 2w12 sin 2w1s (2—cos 2wa3 ) —2 sin 2wa3 cos 2w12 COS w13) (3.32)

+v25sin? 71 cos M1 [sin 2w12 sin waz (1—3 cos 2w13)—4 sin w13 cos 2wi2 €OS was] },
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(71)k1+k3

.2 2 . .2 .2 2
I, = 16{25111 1 {4 cos” n1 sin 2wa3 (sin” wiz sin® wis+cos 2wis cos” wiz)

—sin 2w12 sin wis [(5 cos 211 +3) cos? wi3-+4 cos> ™ sin? w13 cos 2w23] } (3 33)

-l-\/i sinn; cos N1 cos w13{ sin 2w12 Sin wa3 [cos 2m (3—5 cos 2wi3)+2 cos? w13]

—8sinwis coswas (cos 2n1 cos 2wia+cos’ n1) } }

In the above expressions, the angle wis can be eliminated using eq. (3.16). Thus, the
lepton mixing parameters depend on three angles wis, wes, 1 (restricted in our analysis
to satisfy eq. (3.16) with real values for A1, Ay and ), two additional angles coming from
charged lepton mixing and subject to n1 ~ 172 ~ A and three discrete variables ki, ko, k3
entering in the Majorana phases.

In figure 2 we show the allowed values for the leptonic Dirac CP violating phase ¢
versus the atmospheric mixing parameter sin? 63, for both normal and inverted neutrino
mass orderings. These values were generated by randomly varying the model parameters
w13, w23, ¥, |m| and |n2| within a range that covers reactor and solar mixing angles inside
the 20 experimentally allowed range. In particular, we varied |n| and |n2| in the range
[0.5X,3)\]. Furthermore, the light active neutrino mass scale was randomly varied in the
range 1074 eV < mgy < leV, consistent with 20 allowed values for the neutrino mass
squared splittings.

To close this section we note that, in contrast to the Left-right symmetric models
of refs. [61, 62], where the p — 7 symmetry is broken softly, our departure from p — 7
symmetry is induced by the mixing in the charged lepton sector, parameterized by the 7,
and 79 angles, assumed to be of the same order as the Cabibbo angle .

4 Neutrinoless double beta decay

In this section we present the model predictions for neutrinoless double beta (0v33) decay.
The effective Majorana neutrino mass parameter is

3
vrr2
E m; Ug;
i=1

where m,, are the light active neutrino masses and U, 621 are the squared lepton mixing matrix

_ R V.2 2 s V.2 —2idus
Imgg| = = ”m1012013 + My siaCize + mgsize ) (4.1)

elements, respectively. The current experimental sensitivity on the Majorana neutrino mass
parameter is illustrated by the horizontal band in figure 3 and comes from the KamLAND-
Zen limit on the '3Xe OvB3 decay half-life Tlo/VQ'BB(BGXe) > 1.07 x 10*yr [63], which
translates into a corresponding upper bound on |mgg| < (61-165) meV at 90% C.L. as
indicated by the horizontal band in figure 3. For those of other experiments see refs. [64—
68]. The “expected” regions for the effective Majorana neutrino mass parameter |mgg|
consistent with the constraints from the current neutrino oscillation data at the 2¢ level are
indicated by the other broad shaded bands. There are two cases, corresponding to normal
and inverted neutrino mass orderings. These are generic, arising only by imposing current
oscillation data. In contrast, the thinner (darker) bands include also the model predictions
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Figure 2. Allowed values for the leptonic mixing parameters for Normal Ordering (NO) and
Inverted Ordering (I0O). All points lie within the 20 regions of the neutrino oscillation parameters.
For comparison, the green regions correspond to the generic 90, 95 and 99% C.L. regions from the
Global fit in [1].

described in the previous section. These regions are obtained from our generated model
points by imposing current neutrino oscillation constraints at the 20 level.

One sees that our “predicted” ranges for the effective Majorana neutrino mass parame-
ter have lower bounds in both cases, of normal and inverted mass orderings, indicating that
a complete destructive interference amongst the three light neutrinos is always prevented
in our model. These lower bounds for the Ov33 amplitude are general predictions of the
present model, and can easily be understood.

In fact, as mentioned above, the structure of our g —7 symmetric neutrino mass matrix
is a particular case of that in ref. [54]. Comparing with the results of ref. [57] one sees that,
indeed, the possible destructive interference amongst the three light neutrinos is prevented
(as limy, 0 [12 = 0), thus explaining the absolute lower bound we obtain.

The experimental sensitivity of Ov 53 searches is expected to improve in the near future.
For our model, the predicted OvB3 decay rates may be tested by the next-generation
bolometric CUORE experiment [69], as well as the next-to-next-generation ton-scale Ov33-
decay experiments [63, 67, 70, 71].

5 Quark masses and mixings

In this section, we illustrate how the model is capable of reproducing the correct masses and
mixings in the quark sector. From the quark Yukawa interactions, we find that the up-type
mass matrix in the basis (a1, Uar, sz, TlLa TQL, TgL) versus (u1R, Uor, Usr, T1r, Tor, T3R)
is given by:

O2x2  O2x1 xE
v V2 11 A 219\ mp, 0 v
My = | Oix2 asz 5 O1x2 [, 2= , My = . omy = aﬁ,

0 T99
xT 2R My

s 021
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Figure 3. Effective Majorana neutrino mass parameter |mgg| as a function of the lightest active
neutrino mass Mijghtest for normal and inverted neutrino mass orderings. The dark regions corre-
spond to points satisfying 20 constraints for all mixing parameters. The current sensitivity of the
KamLAND-Zen experiment is indicated in purple.

while the down type quark mass matrix is given as:

Oaxz YUk yuA® 0 yi® mp, 0 0
Mp=| TV = 0 gy Mp=1| 0 0
D ) Y Y22 Y23 ’ B mp, ’
y' Uk Mp 0 0 s 0 0 mp,
(5.2)

expressed in the basis (diz,dsr,dsr, Bir, Bar, Bar)—(dir, dor, d3r, Big, Bag, B3r). As-
suming the exotic quark masses to be sufficiently larger than vy, and vg, it follows that the
SM quarks lighter than the top quark all get their masses from a Universal seesaw mecha-
nism mediated by the three exotic up-type and down-type quarks U; and D; (i = 1,2, 3).
It is worth mentioning that the top quark does not mix with the remaining up-type quarks.
As a result, the SM quark mass matrices take the form:

2 mry, 2 2 2VLVR VLVUR
<x12 + mry .’L'll)\ ) Ae LR xlgxgg)\ 0

2mT 2mT
VLYR -1.T 2 2
M B 2 acMT X 02><1 - S 5 vion
U — - $12$22)\2mT $222mT 0
2 2
O1x2 my
0 0 my
2
a2 2) 6 5
(a22 +K)\ ))\ alg)\ 0
AP M - (5.3)
= ai12 aA* 0 NGA .
2
0 0 «
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<m33 v + y%g/\z) A Y13Y23\° Y13Y33\>

mBl
~  WLWR g p ULYR
MD = 5 yMB Yy = y13y23)\5 (:ij y%Q +y%3)\2> )\2 y23y33)\2 2mB3
Y13Y33\> Yo3y33\? Y33
bn)\7 blg)\g blg)\G
v
= 8 5 5 | —, 5.4
bi2X* X bay)® | 5 (5.4)

b13A% boz\® b3z \3

where we have set vy, = )\4‘{—2;77175 =\ \f;’mBQ. Let us note that in our model, the
dominant contribution to the Cabbibo mixing arises from the up-type quark sector, whereas
the down-type quark sector contributes to the remaining CKM mixing angles. In order to
recover the low energy quark flavor data, we assume that all dimensionless parameters of
the SM quark mass matrices are real, except for b3, taken to be complex.

Starting from the following benchmark point:

a1z ~ —1.375,  ag ~ 1.599, Kk~ 1.724, a~0.989, by ~0.595, b~ 0.847,
bog =~ 0.640,  |b13| =~ 1.168, arg(by3) ~ —158.2°, boz ~ 1.104, b33 =~ 1.414 (5.5)

one can check that the resulting values for the physical quark mass spectrum [72, 73],
mixing angles and Jarlskog invariant [74] are indeed consistent with the experimental data,
as shown in table 6. This establishes the viability of our model also for the quark sector.
Note that the dimensionless parameters of the benchmark point (5.5) are all ~ O(1) in
absolute value. This means that our model reproduces the quark mass and mixing hierarchy
by its symmetries resulting in certain distribution of the powers of A among the entries of
the mass matrices (5.3), (5.4).

6 Features of the model

We now sum up the main theoretical features of our model.

1. Only the top quark and the gauge singlet Majorana neutrinos §2; (i = 1,2, 3) acquire
masses from renormalizable Yukawa interactions. The exotic charged fermions all
have bare tree level mass terms.

2. The masses for the SM charged fermions lighter than the top quark arise from a
Universal Seesaw mechanism mediated by charged exotic fermions. The quark mixing
angles and the hierarchy between quark masses arise from the spontaneous breaking
of the Zg ® Z19 discrete group.

3. The Cabibbo mixing arises from the up-type quark sector, whereas the down-type
quark sector induces the remaining CKM mixing angles. On the other hand, the
leptonic mixing parameters receive their dominant contributions from the light active
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Observable | Model value Experimental value
my(MeV) 1.92 1457039
me(MeV) 744 635 + 86
my(GeV) 172.1 172.14+0.6 + 0.9
mg(MeV) 2.82 2.9704
ms(MeV) 60.3 57.7H182
mp(GeV) 2.82 2.8270-09

sin 0} 0.225 0.22536 + 0.00061

sin fa3 0.0414 0.0414 £ 0.0012

sin 613 0.00355 0.00355 + 0.00015
J 3.08x 1070 | 2.961520 x 107°

Table 6. Model and experimental values of the quark masses and CKM parameters.

neutrino mass matrix, whereas the charged lepton mass matrix provides Cabibbo-
sized corrections to these parameters.

4. The masses for the light active neutrinos emerge from a one loop level inverse seesaw
mechanism, whose radiative nature is guaranteed by the spontaneously broken Z, and
Z19 symmetries, with Z1o spontaneously broken down to a preserved Zs symmetry.

5. The mass terms for the gauge singlet sterile neutrinos S; (i = 1,2,3) are generated
from at one loop level, mediated by the real and imaginary components of the electri-
cally neutral gauge singlet scalar ¢ as well as by the gauge singlet Majorana neutrinos
Q; (i =1,2,3). These mass terms break lepton number by two units, triggering the
one loop level inverse seesaw mechanism responsible for the light active neutrino
masses.

7 Discussion and conclusions

In summary, we have built a viable extension of the left-right symmetric electroweak ex-
tension of the Standard Model capable of explaining the current pattern of SM fermion
masses and mixings. Our model is based on the A(27) discrete symmetry, supplemented by
the Z4 ® Zg ® Z19 discrete family group. In our model, the masses of the light active neu-
trinos emerge from a one loop level inverse seesaw mechanism, whereas the masses of the
Standard Model charged fermions lighter than the top quark are produced by a Universal
Seesaw mechanism. Of the Standard Model fermions only the top quark acquires mass
through a tree level renormalizable Yukawa interaction. In our model the Cabibbo mixing
arises from the up-type quark sector whereas the down-type quark sector contributes to
the other CKM mixing angles. On the other hand, the leptonic mixing parameters receive
their dominant contributions from the light active neutrino mass matrix, whereas the SM
charged lepton mass matrix provide Cabibbo sized corrections. The observed hierarchy of
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SM charged fermion masses and mixing angles is caused by the spontaneous breaking of
the A (27) ® Zg ® Z12 discrete flavor group, whereas the radiative nature of the inverse
seessaw mechanism is guaranteed by spontaneously broken Z, and Z15 symmetries, having
Z192 spontaneously broken down to a preserved Zs symmetry. Our model features a gener-
alized p — 7 symmetry and predicts a restricted range of neutrino oscillations parameters,
with the neutrinoless double beta decay amplitude lying at the upper ranges associated to
normal and inverted neutrino mass ordering.

Notice also that our low-scale left-right symmetric radiative seesaw scheme not only
accounts for the light neutrino masses and mixings that lead to oscillations and Ov3-decay,
but can also lead to signatures that can make it testable at collider experiments such as
the LHC. For example, the heavy quasi Dirac neutrinos can be produced in pairs at the
LHC, via a Drell-Yan mechanism mediated by a heavy non Standard Model neutral gauge
boson Z’. These heavy quasi Dirac neutrinos can decay into a Standard Model charged
lepton and W gauge boson, due to their mixings with the light active neutrinos. Thus,
the observation of an excess of events in the dilepton final states with respect to the SM
background, would be a signal supporting this model at the LHC. Moreover, lepton flavor
violation is expected in these decays, even if suppressed at low energies [75, 76]. A detailed
study of the collider phenomenology of this model is beyond the scope of the present paper
and is left for future studies.
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