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its vacuum alignment determines the columns of Yukawa matrices. The Z5 symmetry
distinguishes the right-handed families and its breaking controls CP violation in both the
quark and lepton sectors. The Pati-Salam symmetry relates the quark and lepton Yukawa
matrices, with Y* = Y and Y? ~ Y. Using the see-saw mechanism with very hierarchical
right-handed neutrinos and CSD4 vacuum alignment, the model predicts the entire PMNS
mixing matrix and gives a Cabibbo angle - =~ 1/4. In particular, for a discrete choice
of Z5 phases, it predicts maximal atmospheric mixing, 9123 = 45° £+ 0.5° and leptonic CP
violating phase 8! = 260° 4 5°. The reactor angle prediction is 9113 = 9° + 0.5°, while the
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corresponding to a normal neutrino mass hierarchy and a very small rate for neutrinoless
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1 Introduction

The problem of understanding the quark and lepton masses, mixing angles and CP violating
phases remains one of the most fascinating puzzles in particle physics. Following the
discovery of a Standard Model (SM)-like Higgs boson at the LHC [1, 2|, it seems highly
plausible that quark masses, mixing angles and CP phase originate from Yukawa couplings
to a Higgs field. However the SM offers absolutely no insight into the origin or nature of
these Yukawa couplings, motivating approaches beyond the SM [3, 4].

In the quark sector, the Yukawa couplings are organised into 3 x 3 quark Yukawa
matrices Y* and Y%, which must be responsible for the quark mass hierarchies and small
quark mixing angles, together with the CP phase. Similarly, the charged lepton Yukawa
matrix Y ¢ must lead to a mass hierarchy similar to that of the down-type quarks. The
origin of small quark mixing and CP violation and the strong mass hierarchies of the quarks
and charged leptons, with an especially strong hierarchy in the up-type quark sector, is
simply unexplained within the SM. The nine charged fermion masses, three quark mixing
angles, including the largest Cabibbo angle 8- ~ 13°, and the CP phase are all determined
from experiment. From a more fundamental point of view, the three Yukawa matrices Y,
Y4 and Y contain 54 undetermined Yukawa couplings leading to 13 physical observables
with a calculable scale dependence [5, 6].

Following the discovery of atmospheric neutrino oscillations by Super-Kamiokande in
1998 and solar neutrino oscillations by SNO in 2002 [7, 8], Daya Bay has recently accurately
measured a non-zero reactor angle [9] which rules out tri-bimaximal (TB) [10] mixing.
However, recent global fits [11-13]! are consistent with tri-bimaximal-Cabibbo (TBC) [14]
mixing, based on the TB atmospheric angle 9l23 ~ 45°, the TB solar angle 9%2 ~ 35° and
a reactor angle 9l13 ~ 0c/v2 =~ 9°. The extra parameters of the lepton sector include
three neutrino masses, three lepton mixing angles and up to three CP phases, although no
leptonic CP violation has yet been observed and the lightest neutrino mass has not been
measured. The 9 additional neutrino observables, together with the 13 physical observables
in the charged fermion sector, requires 22 unexplained parameters in the flavour sector of
the SM. This provides a powerful motivation to search for theories of flavour (TOF) based
on discrete family symmetry which contain fewer parameters [15, 16].

The origin of neutrino mass is presently unknown and certainly requires some extension
of the SM, even if only by the addition of right-handed (RH) neutrinos which are singlets
under the SM gauge group. Since such RH neutrinos may have large Majorana masses, in
excess of the electroweak breaking scale, such a minimal extension naturally leads to the
idea of a see-saw mechanism [17-20], resulting from a neutrino Yukawa matrix Y, together
with a complex symmetric Majorana matrix Mg of heavy right-handed neutrinos, leading
to a light effective Majorana neutrino mass matrix m” ~ UQY”MﬁlY”T, where v is the
Higgs vacuum expectation value (VEV). However the see-saw mechanism does not explain
large lepton mixing angles, with the smallest being the reactor angle 9113 ~ 9°, nor does it
address any of the flavour puzzles in the charged fermion sector.

'An updated version of the results in [13] can be found at the website www.nu-fit.org, see the link
therein: “v1.2: Three- neutrino results after the TAUP 2013 Conference”.


http://www.nu-fit.org/

The origin of large lepton mixing may be accounted for within the see-saw mechanism
with the aid of sequential dominance (SD) [21-23]. For example, with an approximately

at

diagonal MEg, the lightest right-handed neutrino v%™ may give the dominant contribution

to the atmospheric neutrino mass mg, the second lightest right-handed neutrino 1/}?1 to
the solar neutrino mass ms and the heaviest, almost decoupled, right-handed neutrino y%ec
may be responsible for the lightest neutrino mass m;. The immediate prediction of SD is
a normal neutrino mass hierarchy, ms > mg > my, which will be tested in the near future.
However SD also provides a simple way to account for maximal atmospheric mixing and
tri-maximal solar mixing by adding constraints to the first two columns of the neutrino
Yukawa matrix Y, with the third column assumed to be approximately decoupled from
the see-saw mechanism. In the diagonal Y¢ basis, if the dominant first column of YV is
proportional to (0,1,1)7 then this implies a maximal atmospheric angle tan 033 ~ 1 [24].
This could be achieved with a non-Abelian family symmetry such as Ay [25], if the first
column is generated by a triplet flavon field with a vacuum alignment proportional to
(0,1,1)". In such models, it has been shown that the vacuum alignment completely breaks
the A4 symmetry, and such models are therefore referred to as “indirect” models [26]. Such
“Indirect” models are highly predictive and do not require such large discrete groups as
the “direct” models where the Klein symmetry of the neutrino mass matrix is identified as
a subgroup of the family symmetry [27-29].

Constrained sequential dominance (CSD) [30] involves the dominant right-handed
neutrino v%™ mainly responsible for the atmospheric neutrino mass having couplings to
(Ve, vy, v7) proportional to (0,1,1), as above, while the subdominant right-handed neutrino

Sol o . . . . .
vy giving the solar neutrino mass has various couplings to (ve,v,,v;) as follows:

e CSD1: (1,1,—1) leading to TB mixing with zero reactor angle 645 ~ 0° [30].
e CSD2: (1,2,0) giving 05 ~ 6° [31, 32].

e CSD3: (1,3,1) with a relative phase +7/3 giving 0!, ~ 8.5° [33].

e CSD4: (1,4,2), with a relative phase 427 /5 giving 65 ~ 9° [33, 34].

“Indirect” models of leptons have been constructed based on A4 using both CSD3 [33]
and CSD4 [34] since these are the most promising from the point of view of the reactor
angle. From the point of view of extending to the quark sector, CSD4 seems to be the
most promising since in unified models with Y* = Y, the second column is proportional
to (1,4,2)”. This simultaneously provides a prediction for both lepton mixing and the
Cabibbo angle 6 =~ 1/4 in the diagonal Y¢ ~ Y¢ basis [35].

The model in [35] was based on A, family symmetry with Z§ x Z2 and quark-lepton
unification via the Pati-Salam (PS) [36] gauge subgroup SU(4)ps x SU(2)r, x U(1)r and
the CSD4 alignment (1,4, 2). The small quark mixing angles arose from higher order (HO)
corrections appearing in Y* and Y, providing a theoretical error or noise which blurred the
PMNS predictions. Here we discuss an alternative A4 model which has three advantages
over the previous model. Firstly it is more unified, being based on the full PS gauge
group SU(4)ps x SU(2)r, x SU(2)g [36]. Secondly it introduces only a single Z5 symmetry,



replacing the rather cumbersome Z5 x Z2 symmetry. Thirdly, it accounts for small quark
mixing angles already at the leading order (LO), with all Higher Order (HO) corrections
being rather small, leading to more precise predictions for the PMNS parameters, such as
maximal atmospheric mixing. Unlike other A4 xPS models (see e.g. [37]), the present model
does not involve any Abelian U(1) family symmetry. Instead the left-handed PS fermions
are unified into a triplet of A4 while the right-handed PS fermions are distinguished by Zs,
as in figure 1.

In the present paper, then, we propose a rather elegant TOF based on the PS gauge
group combined with a discrete A4 x Z5 family symmetry. PS unification relates quark
and lepton Yukawa matrices and in particular predicts equal up-type quark and neutrino
Yukawa matrices Y* = Y, leading to Dirac neutrino masses being equal to up, charm and
top masses. The see-saw mechanism then implies very hierarchical right-handed neutrinos.
The A4 family symmetry determines the structure of Yukawa matrices via the CSD4 vac-
uum alignment [33, 34], with the three columns of Y* = Y being proportional to (0,1,1)7,
(1,4,2)" and (0,0,1)7, respectively, where each column has an overall phase determined
by Zs breaking, which controls CP violation in both the quark and lepton sectors. The
down-type quark and charged lepton Yukawa matrices are both approximately equal and
diagonal Y¢ ~ Y¢, but contain small off-diagonal elements responsible for the small quark
mixing angles 05 and 64;. The model predicts the Cabibbo angle ¢ ~ 1/4, up to such
small angle corrections. The main limitation of the model is that it describes the fermion
masses and small quark mixing angles by 16 free parameters. The main success of the
model is that, since there are 6 fewer parameters than the 22 flavour observables, it pre-
dicts the entire PMNS lepton mixing matrix including the three lepton mixing angles and
the three leptonic CP phases. The model may be tested quite soon via its prediction of
maximal atmospheric mixing with a normal neutrino mass hierarchy.

The layout of the remainder of the paper is as follows. In section 2, we give a brief
overview of the essential features of the model. In section 3, we present the full model
and show how the messenger sector can lead to effective operators, then discuss how these
operators lead to Yukawa and Majorana mass matrices. In section 4, we derive the quark
masses and mixing, including CP violation, arising from the quark Yukawa matrices, first
analytically, then numerically. In section 5, we implement the see-saw mechanism, then
consider the resulting neutrino masses and lepton mixing, with modified Georgi-Jarlskog
relations, before performing a full numerical analysis of neutrino masses and lepton mixing,
including CP violation. In section 6, we consider higher order corrections to the results
and show that they are small due to the particular messenger sector. Finally section 7
concludes the paper. Ay group theory is discussed in appendix A and the origin of the
light Higgs doublets H,, and H; in appendix B.

2 Overview of the model

2.1 Symmetries of the model
The model is based on the Pati-Salam gauge group [36], with A4 X Z5 family symmetry,
SU(4)c x SU(2)r x SU(2)g X Ay X Zs5. (2.1)



Figure 1. A to Z of flavour with Pati-Salam, where A = A, and Z = Z5. The left-handed families
form a triplet of A4 and are doublets of SU(2)y,. The right-handed families are distinguished by Z5
and are doublets of SU(2)g. The SU(4)¢ unifies the quarks and leptons with leptons as the fourth
colour, depicted here as white.

The quarks and leptons are unified in the PS representations as follows,

uuuv
FZL': 47271i: i)Li7
(4.2.1) <ddde>a<cz )
- u® u® u® v°
F¢ = 41212 ?7 ?, ?7‘9’ 2.9
7 (7 ? ) <dc dc dc ec).%(uz dz V’L ez) ( )

where the SM multiplets Q;, L;, us, d,v5, ef resulting from PS breaking are also shown
and the subscript i (= 1,2,3) denotes the family index. The left-handed quarks and
leptons form an A4 triplet F, while the three (CP conjugated) right-handed fields Ff
are Ay singlets, distinguished by Z5 charges a,a?,1, for i = 1,2, 3, respectively. Clearly
the Pati-Salam model cannot be embedded into an SO(10) Grand Unified Theory (GUT)
since different components of the 16-dimensional representation of SO(10) would have to
transform differently under A4 x Z5, which is impossible. On the other hand, the PS gauge

group and A4 could emerge directly from string theory (see e.g. [38-40]).

2.2 Pati-Salam breaking
The Pati-Salam gauge group is broken at the GUT scale to the SM,

SU4)c x SU(2)r, x SU(2)r — SU(3)c x SU(2)r, x U(1)y, (2.3)

by PS Higgs, H¢ and He¢,

H¢ = (4,1,2) = (u%y,d%y, v, €5),

He = (4,1,2) = (a,dS;, 05, €5). (2.4)

These acquire vacuum expectation values (VEVs) in the “right-handed neutrino” direc-
tions, with equal VEVs close to the GUT scale 2 x 106 GeV,

(H®) = (%) = (H) = (75) ~ 2 x 10'6 GeV, (2.5)



so as to maintain supersymmetric gauge coupling unification. Since the PS Higgs fields do
not carry any A4 X Zs charges, the potential responsible for supersymmetric PS breaking
considered in [41] is assumed to be responsible for PS breaking here.

2.3 CP violation

Our starting point is to assume that the high energy theory, above the PS breaking scale,
conserves CP [42, 43]. We shall further assume that CP is spontaneously broken by the
complex VEVs of scalar fields which spontaneously break A4 and Z5. The scalars include
Ay triplets ¢ ~ 3, Ay singlets £ ~ 1, and other one dimensional A4 representations such
as X, ~ 1’ and ¥4 ~ 1”. In addition all of the above fields carry Zs charges denoted as

2mi/5 and n is an integer. For example £ ~ a? under Zs. The

the powers o, where a = e
group theory of Ay is reviewed in appendix A, while Z5 corresponds to a® = 1.

Under a CP transformation, the A4 singlet fields transform into their complex conju-
gates [44, 45],

§ — é*v z:u — 227 2d — 227 (26)

where the complex conjugate fields transform in the complex conjugate representations
under A4 x Z5. For example if € ~ o*, under Z5, then £* ~ «. Similarly if ¥, ~ 1/, £g ~ 17,
under Ay, then ¥ ~ 1”7, ¥% ~ 1. On the other hand, in the Ma-Rajarsakaran [25] basis
of appendix A, for Ay triplets ¢ ~ (1, ¢2,¢3), a consistent definition of CP symmetry
requires the second and third triplet components to swap under CP [44, 45],

¢ — (91, 93, b3). (2.7)

CP violation has also been considered in a variety of other discrete groups [46-51]. With
the above definition of CP, all coupling constants g and explicit masses m are real due
to CP conservation and the only source of phases can be the VEVs of fields which break
A4 X Zs. In the model of interest, all the physically interesting CP phases will arise from
Zj5 breaking as in [42, 43].

For example, consider the Ay singlet field ¢ which carries a Z5 charge a*. The VEV
of this field arises from Z5 invariant quintic terms in the superpotential [42, 43],

gP </§Z — m2> (2.8)

where, as in [42, 43], P denotes a singlet and the coupling g and mass m are real due to
CP conservation. The F-term condition from eq. (2.8) is,

'<€>5_m2
A3

2
= 0. (2.9)

This is satisfied, for example, by (&) = |[(A3m?)'/5|e=%7/5  where we arbitrarily select
the phase to be —47/5 from amongst a discrete set of five possible choices, which are
not distinguished by the F-term condition, as in [34]. We emphasise that CP breaking is
controlled by the Abelian Z5 symmetry rather than the non-Abelian A4 symmetry.



2.4 Vacuum alignment

Let us now consider the A4 triplet fields ¢ which also carry Z5 charges. In the full model
there are four such triplet fields, or “flavons”, denoted as ¢Y, ¢, gb‘li, qbg. The idea is that
@5 are responsible for up-type quark flavour, while gbf are responsible for down-type quark
flavour. These VEVs are driven by the superpotential terms,

u u u (88)° ¢f)°
921 Po1 ($50 + M3)) + g12Pra(f 3 £ M) + Py (gii ( Ag) + g5 ( A3) + M7 ), (2.10)

where P;; are linear combinations of singlets as in [34]. The coupling constants g;;, mass
parameters M;; and cut-off scale A are enforced to be real by CP while the fields ¢;' and
qbff will develop VEVs with quantised phases. If we assume that ¢} both have the same
phase, e?™™/5_ then eq. (2.10) implies that qﬁgl should have phases €™/ such that

arg(¢}) = -, arg(@) =, n4m=0  (mod5),  (211)

where n, m are positive or negative integers.
The structure of the Yukawa matrices depends on the so-called CSD4 vacuum align-
ments of these flavons which were first derived in [34], and we assume a similar set of

alignments here, although here the overall phases are quantised due to Zs,

0 1
u VYI imm /5 i ‘/'2u imm /5
— L, 1], -2, 4|, 9.12
and
1 0
(of) =vilem™ o Lo |, (@) =Vl 1] (2.13)
0 0

We note here that the vacuum alignments in eq. (2.13) and the first alignment in eq. (2.12)
are fairly “standard” alignments that are encountered in tri-bimaximal mixing models,
while the second alignment in eq. (2.12) is obtained using orthogonality arguments, as
discussed in [34], to which we refer the interested reader for more details.

2.5 Two light Higgs doublets

The model will involve Higgs bi-doublets of two kinds, h, which lead to up-type quark
and neutrino Yukawa couplings and hg which lead to down-type quark and charged lepton
Yukawa couplings. In addition a Higgs bidoublet hs3, which is also an A4 triplet, is used to
give the third family Yukawa couplings.

After the PS and A4 breaking, most of these Higgs bi-doublets will get high scale masses
and will not appear in the low energy spectrum. In fact only two light Higgs doublets will
survive down to the TeV scale, namely H, and Hy. The precise mechanism responsible for
this is quite intricate and is discussed in appendix B. Analogous Higgs mixing mechanisms
are implicitly assumed in many models, but are rarely discussed explicitly (however for an
example within SO(10) see [52]).



The basic idea is that the light Higgs doublet H, with hypercharge Y = +1/2, which
couples to up-type quarks and neutrinos, is a linear combination of components of the
Higgs bi-doublets of the kind h,, and hs, while the light Higgs doublet H; with hypercharge
Y = —1/2, which couples to down-type quarks and charged leptons, is a linear combination
of components of Higgs bi-doublets of the kind hgy and hs,

hu, h3 — Hu, hd, h3 — Hd. (2.14)

2.6 Yukawa operators

The renormalisable Yukawa operators, which respect PS and A4 symmetries, have the
following form, leading to the third family Yukawa couplings shown, using eqgs. (2.2), (2.14),

F.thgc — QgHuug + Qngdg + L3HuV§ + Lngeg, (2.15)

where we have used egs. (2.2), (2.14). The non-renormalisable operators, which respect PS
and A4 symmetries, have the following form,

F.¢'h,Ff — Q{¢¥YHyuf + L.(¢%)H,uf, (2.16)
F.¢lhaFy — Qo) Had§ + L.(¢¢)Hyef, (2.17)

where i = 1 gives the first column of each Yukawa matrix, while ¢ = 2 gives the second
column and we have used egs. (2.2), (2.14). Thus the third family masses are naturally
larger since they correspond to renormalisable operators, while the hierarchy between first
and second families arises from a hierarchy of flavon VEVs.

2.7 Yukawa matrices

Inserting the vacuum alignments in egs. (2.12) and (2.13) into egs. (2.16) and (2.17),
together with the renormalisable third family couplings in eq. (2.15), gives the Yukawa
matrices of the form,

0b0 200
Yi=Y"=]adb0|, Yi~ven |00 0]. (2.18)
a 2bc 0 Oyg

The PS unification predicts the equality of Yukawa matrices Y* = Y" and Y% ~ Y, while
the A4 vacuum alignment predicts the structure of each Yukawa matrix, essentially iden-
tifying the first two columns with the vacuum alignments in egs. (2.12) and (2.13). With
a diagonal right-handed Majorana mass matrix, Y leads to a successful prediction of the
PMNS mixing parameters [34]. Also the Cabibbo angle is given by 6 ~ 1/4 [35]. Thus
eq. (2.18) is a good starting point for a theory of quark and lepton masses and mixing,
although the other quark mixing angles and the quark CP phase are approximately zero.
However above discussion ignores the effect of Clebsch factors which will alter the relation-
ship between elements of Y% and Y¢, which also include off-diagonal elements responsible
for small quark mixing angles in the full model.



name field | SU(4)c x SU(2)r, x SU(2)r | A Zs R
Quarks F (4,2,1) 3 1 1
and leptons | Ff, 3 (4,1,2) 1 |31 |1
PS Higgs | H¢, H¢ (4,1,2), (4,1,2) 1 1 0
Ay triplet Ty (1,1,1) 3 1ata?2|0
flavons ¢¥,2 (1,1,1) 3 | o, 0
hs (1,2,2) 3 1 0

Higgs Dy, (1,2,2) 1" a 0
bidoublets | hg,hds (1,2,2), (15,2,2) 1| a®a* | 0
R (15,2,2) 1 a 0

Dynamical Yu (1,1,1) 1” 0
masses Y, 2% (1,1,1), (15,1,1) 17| a?a® |0
Majoron £ (1,1,1) 1 at 0
Xry, (4,2,1) " | aa® |1

Fermion Xpr, (4,2,1) | a0® |1
Messengers Xﬁ; (4,2,1) 1 a’ 1
X, (1,1,1) 1 a 1

Table 1. The basic Higgs, matter, flavon and messenger content of the model, where o = ¢27%/%

under Zs. R is a supersymmetric R-symmetry.

3 The model

The most important fields appearing in the model are defined in table 1. In addition to the
fields introduced in the previous overview, the full model involves Higgs bi-doublets his
in the adjoint of SU(4)¢, as well as messenger fields X with masses given by the VEV of
dynamical fields . The effective non-renormalisable Yukawa operators therefore arise from
a renormalisable high energy theory, where heavy messengers X with dynamical masses
(X) are integrated out, below the energy scale (X).

3.1 Operators from messengers

Although the Yukawa operators in the up sector of the full model turn out to be the same
as in eq. (2.16), the Yukawa operators in the down sector of the full model will involve
Clebsch factors which will imply that Y¢ and Y¢ are not equal. In addition Y¢ and Y
will involve off-diagonal elements which however are “very small” in the sense that they
will give rise to the small quark mixing angles of order V,; and V. The Cabibbo angle
arises predominantly from the second column of Y, with the prediction V,s ~ 1/4 being
corrected by the very small off-diagonal elements of Y¢.

The allowed Yukawa operators arise from integrating out heavy fermion fields called
“messengers” and will depend on the precise choice of fermion messengers. In table 1



' Xgim Xgp FY F Xg Xp Fy F Fy

Figure 2. The fermion messenger diagrams responsible for the operators leading to the up type
quark and Dirac neutrino masses. The fermions depicted by the solid line have even R-parity.

we have allowed messengers of the form Xz for charges o (i =1,...,4), with a very
restricted set of messengers Xp (X FIH) and Xpy (X Fg’) with charges o and a3, in the 1/
(1”) representation of Ay.

The assumed messengers X, have allowed couplings to ¢F as follows,

X5, ¢\ F + X5, ¢1F + X 05 F + Xp, ¢5F. (3.1)
The messengers X and Xpr have allowed couplings to hF} as follows,
XprhuFs + Xprho FY + X prhaFy + X poh{s F§ + X prh{s Fs. (3.2)

The messengers couple to each other and become heavy via the dynamical mass fields X
which appear in table 1,

XpSuXp, + XpySuXp, + Xpy (SaXp, + 5% X7,) + XpySaX, . (3.3)

The leading order operators responsible for the Yukawa couplings involving the first
and second families to Higgs fields are obtained by integrating out the heavy messengers,
leading to effective operators.

The diagrams in figure 2 yield the following operators which will be responsible for the
up-type quark and neutrino Yukawa couplings,

U u
W = F.E—lhuFf + F;—?huFQC + F.h3Fy. (3.4)
u u

The above operators are similar to those in eq. (2.16) and will yield a Yukawa matrix
Y* =YY as in eq. (2.18).

The diagrams in figure 3 yield the operators which will be responsible for the diagonal
down-type quark and charged lepton Yukawa couplings,

. d d
Wi = £ S haE + F.gzhi%Ff + FhyF. (3.5)
15

These operators are similar to those in eq. (2.17) and will yield Yukawa matrices similar
to those in eq. (2.18) but with Y¢ # Y due to the Clebsch-Gordan coefficients from the
Higgs in the 15 dimensional representation of SU(4)c. In addition, the above messenger
sector generates further effective operators which give rise to off-diagonal down-type quark
and charged lepton Yukawa couplings,
ett—dios _ p A pa pe O (P + s F) (3.6)
Yuk - -2(115 154°3 Dy al’l 154°3 /- .

~10 -



o s ha ¢4 Sa his hs

F Xp Xpp FC F  Xg Xpp FS F FS

Figure 3. The fermion messenger diagrams responsible for the operators which lead to the diagonal
charged lepton and down type quark masses. The fermions depicted by the solid line have even
R-parity.

He f € ‘F,IC He f I—,IC He HC

A A A A A A

FY{ Xeo Xe, Xe, Xe Xe, Xe, FY Fy Xe, Xy Xey Xey Fy Fy Xe Xe F3

5

Figure 4. The fermion messenger diagrams responsible for the effective operators in eq. (3.7)
leading to the diagonal heavy (right-handed) Majorana neutrino masses. The fermions depicted by
the solid line have even R-parity.

The operators responsible for the heavy Majorana neutrino masses are given by,

¢ TeHe ¢HOHT . HOHC .
& HOHT ST pepe  HUHE pe .
A A AT A st T el (3.7)

corresponding to the diagrams in figure 4. These operators are mediated by the singlet

——FFy + F5F5 +

messengers X¢;, and involve the explicit messenger mass scale A which may take values
higher than the A4 x Z5 and Pati-Salam breaking scales. The first three of these operators
are controlled by the Majoron fields &; in table 1, which carries a non-trivial phase due to
the Z5 symmetry, as discussed later.

Note that the dynamical mass ¥ fields do not enter the Majorana sector since they
transform under A4 as 1’,1” and hence do not couple to pairs of X¢,. Also note that
the Majoron ¢ fields which transform under A4 x Zs as & ~ (1,a*) do not enter the
charged fermion sector since they do not couple XE to the messengers Xpr and Xpr
which transform under A4 as 1’ and 1”.

3.2 Yukawa and Majorana mass matrices

According to the mechanism discussed in appendix B, the four Higgs multiplets in the
fourth block of table 1, hs, hy, hy, hcll5, result in two low energy light Higgs doublets
H.,,Hg,

hy — Hyg, hy — €uHy, hg— eqHg,  hls — Hy, (3.8)

where H,, is predominantly composed of the Higgs doublet from third component of h3 with
a small admixture €, of the Higgs doublet from h,. Hy is predominantly composed of the
Higgs doublet from hil5 plus the third component of h3, together with a small admixture g
of the Higgs doublet from hg. The particular admixtures assumed in eq. (3.8) correspond
to a particular choice of masses in appendix B.
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With the vacuum alignments in eq. (2.12), the operators in eq. (3.4) then result in
non-diagonal and equal up-type quark and neutrino Yukawa matrices,

0b0
Y*=Y"=|a4b0]|, (3.9)
a2bc
where,
v Vy!
an~ €=, b~ ey, c~ 1 (3.10)
(Zu) (Xu)

Note that since Y* = Y¥, the up-type quark masses are equal to the Dirac neutrino masses,
my = m?), me =mby, my = mb. (3.11)
From eq. (3.9) the up-type quark masses are given to excellent approximation by,
My = YuUy = avu/\/ﬁ, Me = Yoy = V1Tbuy, My = CUy,. (3.12)
The Yukawa coupling eigenvalues for up-type quarks are given by,

1
~ 41079, Yo~ b 2% ~ 1073, Yy~ (3.13)

a

y’LLN \/3>4

where we have inserted some typical up-type quark Yukawa couplings, hence,

U

a W
~2.107° br107% — — ~ L ~ 21077 3.14
a , 7 , (3.14)
where the ratio of up to charm masses is accounted for by the 2% ratio of flavon VEVs.
Similarly, with the vacuum alignments in egs. (2.12), (2.13), the operators in egs. (3.5),
(3.6) then result in down-type quark and charged lepton Yukawa matrices related by
Clebsch factors,

yg 0 Ayg —ya/3 0 Ayq
y?d = Byg Y2 Cyg , Y¢= Byg —3yY —3Cy2 , (3.15)
Byg 0 yg + C’yg Byg 0 yg — 3Cy25

where the diagonal Yukawa couplings for down-type quarks are given by,

0 Vld 5 0 VQd 3 0 2
yd ~ Ed@ ~ 5.10™ 5 yS ~ @ ~ 10 5 yb ~ 5.10™ 5 (316)
15

where €, 4 were defined in eq. (3.8) and for low tan 3 we have inserted some typical down-
type quark Yukawa couplings, assuming that the mixing angles are small. The off-diagonal
entries to the down-type quark and charged lepton Yukawa matrices are given by,

0 Vld Vo Vlu

Ayg ~ ——, ByY ~ eg—1—, CyY ~ ——, 3.17
gy PEemy 47
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where,
C 1
A~ = ~ =, 3.18
5”5 (3.18)
From eq. (3.15) the diagonal down-type quark and charged lepton Yukawa couplings are
related by,

0
y
ve="3  Uu=3u, =u (3.19)

These are the well-known Georgi-Jarlskog (GJ) relations [53], although the factor of 1/3
which appears in the first relation above arises from a new mechanism, namely due to
non-singlet fields which appear in the denominator of effective operators as discussed in
detail in [54]. The viablity of the GJ relations for mass eigenstates is discussed in [5, 6].
However here there are small off-diagonal entries in the Yukawa matrices which will provide
corrections to the mass eigenstates, as well as other corrections to the GJ relations, as
discussed later.
Finally, from eq. (3.7), we find the heavy Majorana mass matrix,

M1 0 M13
Mp=| 0 M 0 |. (3.20)

The heavy Majorana neutrino masses from eq. (3.7) are in the ratios,

My : My : My ~E%:¢€:1, (3.21)

where,

:_ (8
There is a competing correction to M; coming from the off-diagonal element, namely
M123 /M3 ~ 52 with the same phase, which may be absorbed into the definition of the

lightest right-handed neutrino mass. Since we need to have a strong hierarchy of right-

(3.22)

handed neutrino masses we shall require (see later),
M ~5.10° GeV, My ~5.10" GeV, Mz~ 5.10'° GeV, (3.23)
which may be achieved for example by,
£~107°. (3.24)

Typically the heaviest right-handed neutrino mass is given by,
)2
Mz ~ <A> ~ 5.10"° GeV, (3.25)

which is within an order of magnitude of the Pati-Salam breaking scale in eq. (2.5). This
implies that A ~ 5.10' GeV and hence, from eq. (3.24),

(&) ~5.10MGeV. (3.26)

The Majoron fields £ act like a dynamical mass for My, with an effective coupling (NSNS
with a coupling constant of about 0.1. In principle they could play a role in leptogenesis.
For example, the effect of Majorons on right-handed neutrino annihilations, leading to
possibly significantly enhanced efficiency factors, was recently discussed in [55].
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4 Quark masses and mixing

4.1 Convention

We shall use the convention for the quark Yukawa matrices,
L= —v“Yij“ﬂiuf% - degaidf{ + h.c. (4.1)

which are diagonalised by,

Yu 00 Yd 00
U YU, = 0w 0|, Uyv'Ul =[0y 0] (4.2)
0 0yt 0 0w

The CKM matrix is then given by,
Uckym = U U}, - (4.3)

In the PDG parameterization [56], in the standard notation, Uckm = Re;U{s R{, in terms
of s;]j = Sin(ng) and c;-]j = cos(@fj) and the CP violating phase §9.

4.2 Analytic estimates for quark mixing

In the above convention, the quark Yukawa matrices differ from those given in egs. (3.9),

(3.15) by a complex conjugation,?

0bo0 v 0 Ayl
Ye=|a4b0|, Yi=|[BySy? 9 |, (4.4)
a2bc Byg 0 yg+0y2

where the parameters defined in egs. (3.13), (3.16), 3.17 are given below,

0 eqe B 91078 b e YE 08 oy (4.5)
(Zu) ’ (Xu) ’ ’
) ~ ede—i"’fﬁv—ld ~5.107°, 0 ~ e /5 s 1073 y) ~5.1072 (4.6)
! <Eil5> C (Xa) 7 ’ 7
Ayg ~ 6—m7r/5 1 Byg ~ 6d6—zm7r/5 1 vag ~ e—zmw/5 1 (47)

(xf5)" (Za)’

where we have displayed the phases from egs. (2.12), (2.13) explicitly in the new convention.

(Xa)’

Cabibbo mixing clearly arises predominantly from the up-type quark Yukawa matrix
Y, which leads to a Cabibbo angle ¢ ~ 1/4 or ¢ ~ 14°. The other quark mixing angles
and CP violating phase arise from the off-diagonal elements of Y¢, which also serve to
correct the Cabibbo angle to yield eventually 0¢ =~ 13°.

2The complex conjugation of the Yukawa matrices arises from the fact that the Yukawa matrices given in
egs. (3.9), (3.15) correspond to the Lagrangian £ = —v“Y%uj,u§ — v*Y;d} dS + h.c. involving the unbarred
left-handed and CP conjugated right-handed fields. Note that our LR convention for the quark Yukawa
matrices in eq. (4.1) differs by an Hermitian conjugation compared to that used in the Mixing Parameter
Tools package [57] due to the RL convention used there.
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Recall that any 3x3 unitary matrix UT can be written in terms of three angles 05,
three phases d;; (in all cases ¢ < j) and three phases p; in the form [24],

Ut = UpsUy3Us2 diag(e™', €2, 3) | (4.8)
where

C12 8126_i612 0
Uio = —5126i612 C12 0 (4.9)
0 0 1

and similarly for Ui3, U3, where s;; = sinf;; and ¢;; = cos0;; and the angles can be made
positive by a suitable choice of the d;; phases. We use this parameterisation for both UJ;L
and U;L, where the phases p; can be absorbed into the quark mass eigenstates, leaving

drrrdryrd
UJL = U;;Ufgf Uf2L ) UJL = Uy Uiz Uy, (4.10)

ij» while UC}LL contains 9% and (5%. The CKM matrix before
phase removal may be written as

where UJL contains 9% and %

drprdrprd
Utkm = U{J2LTU;L3LTU2U3LTU23LU13LU12L . (4.11)
On the other hand, Uy, can be also parametrised as in eq. (4.8),
Utk = diag(e, €2, %) UpsUysUya (4.12)

The angles 0;; are the standard PDG ones in Uckar, and five of the six phases of Ul
in eq. (4.12) may be removed leaving the standard PDG phase in Uckwm identified as [24]:

51 = 5%, — 5%, — 59, (4.13)

In the present case, given Y, it is clear that 6 ~ 653 ~ 0. Similary, given Y4, we see
that 6¢, ~ 0. This implies that eq. (4.11) simplifies to:

dr 7rd
Utk & U{J2LTU23LU13L . (4.14)

Then, by equating the right-hand sides of eqs. (4.12) and (4.14) and expanding to leading
order in the small mixing angles, we obtain the following relations:

Oge %% ~ Oy "% (4.15)
(9?36_2'6%3 ~ 9f3e_i5l113 - 971‘26_"51”26§l3e_i533 , (4.16)
Olpe™0 m —flhe 02 (4.17)
from which we deduce,
d 5 d
01 ~ 615, 035 ~ b33, 075 — 075033 | ~ 013, (4.18)
where,
1 Cyl Ayl
U~ Y N‘d , 6 N‘d : (4.19)
12 4 23 ?/19 13 yl?
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Notice from egs. (4.18), (4.19) that the magnitudes of the Yukawa matrix elements are all
approximately fixed in terms of physical quark mixing parameters,

CyY . A0
0%, ~ ‘%d ~0.040, |09 — 09,09, | ~ ‘%d ~ 0.009. (4.20)
b Yp
Since |y)/yg| ~ 0.001, eq. (4.20) implies that,
A~9, C~40, B~CJA~A4, (4.21)

where the last relation uses eq. (3.18).
Concerning the phases, from eq. (4.7) we find, in the convention of eq. (4.9),

C'1/0 A0
01y ~ 0, 04y ~ —arg <Zéd> ~ mm/5, 0y ~ —arg (%d> ~ nm/5, (4.22)
Yy Yp

where, from eq. (2.11), n + m is a multiple of 5. Hence, from eqs. (4.15), (4.16), 4.17,
. 1 .
89, ~0, 0~y ~mm)5, 8y ~ —arg (0.0096—2””/5 - 40.046—2”””/5) . (4.23)

so the physical CP phase is given by the very approximate expression,

mm

69 = 0%y — 6y — 6%, ~ — arg(0.009e /5 — 0.010e /) — - (4.24)

Clearly CP violation requires n # m, indeed d? only depends on the difference n — m with
a positive value of §7 ~ % in the first quadrant requiring n < m. Since n + m must be
a multiple of 5, then the only possibility is n = 2, m = 3 which corresponds to one of the

discrete choices of phases in eq. (2.11).

4.3 Numerical results for quark mixing

With the phases fixed by the choice of discrete choice of phases n = 2, m = 3, as discussed
in the previous subsection, the only free parameters are a, b, ¢ in the up sector, and A, B,C
and 9,92, 40 in the down sector matrices, where we have explicitly removed the phases
from these parameters, in order to make them real,

0 be=BT/5 e
YU = | ae=®7/5 4be=37/5 | . (4.25)
ae—i37r/5 2be—i37r/5 c

ye=i27/5 0 Aylei2n/s
Yd _ Bygefz:?ﬂr/f) ygefiQﬂ/E) Cygefi?ﬂr'/5 (426)
By26713w/5 0 yg + Cy267237r/5

Note that we have introduced a small correction term € in the (1,3) entry of Y* which will
mainly affect 67;. Physically this corresponds to a small admixture of the first component
of the Higgs triplet hs contributing to the physical light Higgs state H,, as discussed in
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Figure 5. CKM parameters resulting from eqs. (4.25), (4.26), all plotted in degrees as a function
of C, using the parameters in eqgs. (4.27), (4.28). Green dot dashed lines are for A =5, B = 3 with
€ = 0. Purple dotted lines are for A =5, B = 7 with ¢ = 0. Blue dashed lines are for A =9, B =7
with € = 0. Red solid lines are for A =9, B = 7 with e = —2.4 x 1073,

appendix B. The previous analytic results were for ¢ = 0, but we find numerically that the
best fit to CKM parameters requires a non-zero value of e.

For the following results, we shall fix the parameters which approximately determine
the six quark masses at the high scale to be,

a=1.6.10"7, b=0.8.10"7, c = 0.75, (4.27)

¥ =09.10"°  3¥=1410"1 = y)=-09.1072 (4.28)

Although the quark results are insensitive to the sign of yg, the lepton sector results lead

to a better fit with the negative sign of yg as discussed later. Using the Mixing Parameter

Tools (MPT) package [57], in figure 5 we show the CKM parameters for different choices of

A, B as a function of C. 01, is really only sensitive to C' only, while 6, is mainly sensitive to

B. 6], and §7 are both sensitive A. The effect of the correction € is to shift the blue dashed

curve to the red solid curve, lowering 6], while leaving 63, almost unchanged, allowing the
best fit of the CKM parameters for C' = 36.

To take a concrete example, for the red solid at the value C' = 36, with the above input
parameters A = 9, B = 7 (cf. eq. (4.21)) and € = —2.4 x 1073, we find the quark Yukawa
eigenvalues at the high scale,

yu = 3.9.107°, ye =3.3.107%, ;= 0.75, (4.29)
yg=0.81.107°, y,=1510"% 3, =0.91.10"2 (4.30)
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and the CKM parameters at the high scale,
09, = 13.02°, 0% =017°, 0L, =209°,  §7=70.4° (4.31)

These parameters are consistent with those given, for example, in [5, 6], after including
RG corrections, in particular due to the large top Yukawa coupling. Notice that there
are as many input parameters as there are physical observables in the quark sector, so
no prediction is claimed. However we emphasise two interesting features, firstly that the
Cabibbo angle is understood to arise from Y leading to fc ~ 1/4 or Oc =~ 14%, with a
small (one degree) correction mainly controlled by B. Secondly the phases which appear
are quantised according to Zs, which also controls the leptonic phases as discussed in the
following subsection. Indeed, with Y¥ = Y fixed by the quark sector, the entire neutrino
sector only depends on three additional right-handed neutrino masses, which determine
the three physical neutrino masses, with the entire neutrino mixing matrix then being
fully determined, with only very small charged lepton mixing corrections appearing in the
PMNS mixing matrix.

5 Lepton masses and mixing

In this section we discuss the leading order predictions for PMNS mixing which arise from
the neutrino Yukawa and Majorana matrices in eq. (3.9) which result in a very simple form
of effective neutrino mass matrix, after the see-saw mechanism has been applied.

5.1 Convention

The neutrino Yukawa matrix Y is defined in a LR convention by?

L= —v"YY0Rvk + hec.

i

where o = e, u, 7 labels the three left-handed neutrinos and i = 1,2, 3 labels the three
right-handed neutrinos.

The physical effective neutrino Majorana mass matrix m” is determined from the
columns of Y” via the see-saw mechanism,

m’ = -2 YYMg'y"h (5.1)

where the light Majorana neutrino mass matrix m” is defined by* £, = —%m” vLyf +
h.c., while the heavy right-handed Majorana neutrino mass matrix Mg is defined by £ =
—%M RVRVR + h.c. and m” is diagonalised by

mq 0 0
U, m" Ul =| 0 ms 0 |. (5.2)
0 0 ms

3This LR convention for the Yukawa matrix differs by an Hermitian conjugation compared to that used
in the Mixing Parameter Tools package [57] due to the RL convention used there.

4Note that this convention for the light effective Majorana neutrino mass matrix m"” differs by an overall
complex conjugation compared to that used in the Mixing Parameter Tools package [57].
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The PMNS matrix is then given by
Upmns = Ue UJ (5.3)

We use a standard parameterization Upying = RbsUlsRi, Pl in terms of séj = sin(Gﬁj),

céj = cos(@éj), the Dirac CP violating phase ' and further Majorana phases contained
N

in P! = diag(ele,eZTQ, 1). The standard PDG parameterization [56] differs slightly due

to the definition of Majorana phases which are by given by PllDDG = diag(1, ei%,ei%).

Evidently the PDG Majorana phases are related to those in our convention by as; = 84— 3!

and ag| = —ﬁ{, after an overall unphysical phase is absorbed by U, .

5.2 See-saw mechanism

The neutrino Yukawa and Majorana matrices are as in eq. (3.9), with Y = Y* in eq. (4.25),

0 befiSﬂ'/S 0 M1€8i7r/5 0 0
YV = | aeB37/5 4pe=37/5 | | Mg ~ 0  Mye¥ /5 ¢ |, (5.4)
ae~B7/5 9pe=i3T/5 0 0 M

where we have ignored the small off-diagonal Majorana mass M;3 which gives a tiny mixing
correction of order 10~ from eq. (3.24), and dropped the correction € which is completely
negligible in the lepton sector due to sequential dominance (see below). We have also
assumed a phase in the Majoron VEV (£) ~ ¢%™/5 in the operators in eq. (3.7) responsible
for the right-handed neutrino masses, as discussed below.

Using eq. (5.4), the see-saw formula in eq. (5.1) leads to the neutrino mass matrix m”,

000 142 000
m' =mg |01 1] +mpe® (4168 | +mee®|000], (5.5)
011 2 8 4 001
where,
2,2 2,,2 2,2
a“vi b*vs cvg
_ 2% = u 5.6
ma Ml’mb M27mc M37 ( )

are three real parameter combinations which determine the three physical neutrino masses
my, ma, ms, respectively. According to sequential dominance m. will determine the lightest
neutrino mass m; where we will have m; < mgy < mg, so that the third term arising from
the heaviest right-handed neutrino of mass M3 is approximately decoupled from the see-saw
mechanism. (This is why the correction € is completely negligible in the lepton sector.)

In order to understand the origin of the relative phases n = 27/5 which enter the
neutrino mass matrix mY, it is worth recalling that the see-saw operators responsible for
the dominant first two terms of the neutrino mass matrix in eq. (5.5) have the form

v o (G Gaim) " (B0 (o) (5.7)

(€)? (€

where we have written ¢atm = oY, ¢so1 = ¢4 to highlight the fact that the first term
gives the dominant contribution to the atmospheric neutrino mass mgs, while the second
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term controls the solar neutrino mass meo. The mild neutrino hierarchy between ms and
mg emerges due to the choice of Majoron VEV (&) in eq. (3.24) which partly cancels the
hierarchy in the square of the flavon VEVs in eq. (3.14). The lightest neutrino mass m;
arises from smaller terms (not shown), leading to a normal neutrino mass hierarchy, where
the heaviest atmospheric neutrino mass ms is associated with the lightest right-handed

neutrino mass M as in light sequential dominance [21-23].

—i37/5 5 _4in/5
)

Since (@Patm) and (dso1) have the same phase, e , and (£) has a phase® e
eq. (5.7) shows that the atmospheric term has a phase (e~ %37/5)2/(e47/5)2 = —14in/5

dim/5

while the solar term is real. After multiplying m” by an overall phase e , which we

are allowed to do since overall phases are irrelevant, the atmospheric term becomes real,

4m/5  This is equivalent to having a phase

while the other two terms pick up phases of e
n = 27/5 in eq. (5.5). Different choices of phase for 7 are theoretically possible, but the
phenomenologically successful choice for the relative phase of the atmospheric and solar
terms (the first and second terms in eq. (5.5)) is n = 27 /5, whereas for example n = —27/5
leaves the mixing angles unchanged but reverses the sign of the CP phases [33-35]. The
dependence on see-saw phases was fully discussed in [33]. Here we only note that in this
model the see-saw phases are restricted to a discrete choice corresponding to the fifth roots
of unity due to the Z5 symmetry. The fact that the decoupled third term proportional
to m. (responsible for the lightest neutrino mass m;) has the same phase as the second
term proportional to my (responsible for the solar neutrino mass) is a new prediction of
the current model and will affect the m; dependence of the results.

From egs. (3.11), (3.12), the Dirac neutrino masses are equal to the up-type quark
masses which are related to a,b,y; and hence eq. (5.6) becomes,

2 2 2

m m m
mg = 17—%, my & —t

T = 7L, Me = v (5.8)

Using eq. (5.8), the three right-handed neutrino masses M;, M, M3 may be determined
for particular values of mg, my, m., and the known quark masses m,,, me, m; (evaluated at
high scales).

The neutrino mass matrix in eq. (5.5) may be diagonalised numerically to determine
the physical neutrino masses and the PMNS mixing matrix as in eq. (5.2). We emphasise
that, at leading order, with the phase n = 27/5 fixed by the previous argument, the
neutrino mass matrix involves just 3 real input parameters my, myp, m. from which 12

physical parameters in the lepton sector are predicted, comprising 9 lepton parameters
!

ijo
8,8, B, and the 3 light neutrino masses m;) together with the 3 heavy right-handed

from diagonalising the neutrino mass matrix m"” in eq. (5.5) (the 3 angles 6;., 3 phases

neutrino masses M; from eq. (5.8). The model is clearly highly predictive, involving 12
predictions in the lepton sector from only 3 input parameters.

5This phase is the complex conjugate of the phase given in the previous convention in eq. (3.7).
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5.3 A first numerical example

To take a numerical example, diagonalising the neutrino mass matrix in eq. (5.5), with the
three input parameters

mq = 0.035 eV, mp =0.002 eV, m.=0.002¢V, (5.9)
the Mixing Parameter Tools package [57] gives the physical neutrino masses,
my =3.29.10"% eV, my=8.6210"3¢eV, mg=4.93.10"2¢V, (5.10)
corresponding to the mass squared differences,
Am3, =7.42.107° eV?,  Ami; =243.107% eV?, Ami, =2.36.107% V2, (5.11)
and the lepton mixing parameters,
0, =32.2° 65 =93° 6L, =416° & =248°, pL=114°, BL=90°. (5.12)

The PDG Majorana phases [56] are given by a9y = Bé — Bi and ag; = —5%. For the choice
of input parameters in eq. (5.9) and the high scale quark masses,

my =1 MeV, m. =400 MeV, m; =100 GeV, (5.13)
eq. (5.8) then determines the three right-handed neutrino masses to be,
M; =5x10° GeV, M, =5x10° GeV, Ms=5x 10" GeV. (5.14)

eq. (5.9) shows the 3 input parameters, while egs. (5.10), (5.12), 5.14 shows the 12 output
predictions. One may regard the 3 input parameters in eq. (5.9) as fixing the 3 light physical
neutrino masses in eq. (5.10), with all the 6 PMNS matrix parameters in eq. (5.12) as being
independent predictions, along with the 3 right-handed neutrino masses in eq. (5.14).

So far we have ignored charged lepton corrections which are expected in the model
to be small. However the corrections are not entirely negligible as the following example
shows. The charged lepton Yukawa matrix is given from eq. (3.15),

—(40/3)e= 27/ 0 AyQe—127/5
Y¢ = Byge*f‘%/5 —3yge*i2”/5 —3C’y26*i37'r/5 . (5.15)
By26—137r/5 0 yl()] _ 3Cy2€—z37r/5

which should be compared to the down quark Yukawa matrix in eq. (4.26). The off-diagonal
elements of Y¢ are small, similar to those of Y¢ which are responsible for the small quark
mixing angles and a correction to the Cabibbo angle of one degree. The quark mixing
angles fix the three real parameters to be for example A =9, B = 7,C' = 36 and the down
quark couplings in eq. (4.28). Including the charged lepton Yukawa matrix with these
parameters and the same neutrino mass parameters as in eq. (5.9), the MPT package gives
the lepton mixing parameters,

0L, =32.15°, 03 =8.9° 6 =452° &' =259°, pBl=92° pL=70° (5.16)
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Comparing the results in eq. (5.16) to those in eq. (5.12), we see that the atmospheric angle
has increased by about 3° to become maximal due to the (2, 3) element in the charged lepton
Yukawa matrix, which is enhanced by a Clebsch factor of 3 relative to the same element in
the down Yukawa matrix. The reactor angle has decreased slightly, and the CP oscillation
phase has increased. With yg taken to be positive instead of negative, and all the other
parameters unchanged, we find the results below,

0Ly =32.27°, 0, =9.65° 0L, =37.3° o' =240°, pBl=132°, BL=106°. (5.17)
The main effect of the sign of yg is on the atmospheric and reactor angles.

5.4 Modified Georgi-Jarlskog relations

Since the charged lepton masses are known with much higher precision than the down type
quark masses, the down Yukawa couplings in practice will be predicted from inputting the
charged lepton masses in order to accurately fix yg, y?, yg. Comparing Y€ in eq. (5.15) to
Y% in eq. (4.26), we find that we do not get exactly the GJ relations in eq. (3.19) due to
the off-diagonal elements which also involve Clebsch factors. Numerically we find that, for
yg negative and the other parameters as above, the Yukawa eigenvalues at the GUT scale
are approximately related as,

Yo = 2‘%, o= 2.8ys, Y =097y, (5.18)
while for yl? positive we find,
Yd
V=59 Yn=2Tys  yr =105y (5.19)

These may be compared to the phenomenological relation [5, 6],

Yu Ya

" =10.7153. (5.20)
S €

For example for 3/19 negative we find the r.h.s. to be 7.3 which differs by more than 4 sigma.
In order to bring this relation into better agreement with experiment we would need to
increase this ratio, for example by increasing the muon Yukawa eignenvalue compared to
the strange quark Yukawa eigenvalue. One way to do this is to introduce a flavon qbg”’
with the same charges as ¢¢ but in the adjoint 15 of SU(4)c. The middle diagram in
figure 3 involving ¢4'® involves a Clebsch factor of +9 as compared to the factor of -3 with
#% [54]. Below the PS the colour singlet component of ¢35 mixes with ¢¢, to yield a light
flavon combination,

¢4 = 3 cosry + siny¢d. (5.21)

Hence middle diagram in figure 3 involving ¢§l/ implies the relation,

0

Y .

y—g =9cosy — 3siny. (5.22)
S
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For example by suitable choice of the mixing angle v we can arrange yg = 4.59,

f(y2/3)6_i27r/5 0 Ayge—z?n/t’)
Vo= | Byle /> —45y0e727/5  _3CyQe=B7/5 || (5.23)
Byge—i3w/5 0 yl()) _ BCyge—iSﬂ'/S

By comparing Y in eq. (5.23) to Y¢ in eq. (4.26), we find the modified GJ relations,

d
Ye = %6, Yo =41ys, Y- =097y, (5.24)
and hence,
In¥d| _ 107, (5.25)
Ys Ye

which reproduces the central value in eq. (5.20). In the above estimate we have assumed
A=9,B=7,C =36 and the other couplings in eq. (4.28). Using the same neutrino mass
parameters as in eq. (5.9), the MPT package gives the same lepton mixing parameters as
for the GJ form in eq. (5.16), to very good accuracy.

5.5 Numerical results for neutrino masses and lepton mixing

In our numerical results we shall use the charged lepton Yukawa matrix in eq. (5.23),

together with the neutrino mass matrix in eq. (5.5), as summarised below,

000 142 000
m' =mg |01 1| +mpe™® 4168 | +mee/>[000], (5.26)
011 28 4 001
_(y2/3)6—i27r/5 0 Ayge—i2w/5
Ye=| Byle ®/° —45y0e /5 —30yQe 5 | (5.27)
Byge_i3”/5 0 yg — 3C’y26_i3”/5

As discussed previously, the lepton mixing depends on predominantly on m" which involves
the three real mass parameters m,, my, m., which are effectively fixed by the neutrino
masses. However there are small corrections coming from Y€ which involves the real
parameters A, B, C' which determine the quark mixing angles and the real Yukawa couplings
yg, y?, yg which were previously determined from the down-type quark masses.

As discussed previously (cf. egs. (5.12), (5.16), 5.17) the effect on lepton mixing depends
on the sign of yg where the negative sign pushes up the atmospheric angle towards maximal,
while also decreasing the reactor angle, while the positive sign has the opposite effect. Here
we shall show results for the negative sign of yl?, as in eq. (4.28). We shall also use the same
real parameters A = 9, B = 7,C = 36 which gave a good fit to the quark mixing angles
and CP phase in eq. (4.31). Since lepton mixing depends mainly on the three real mass
parameters mg,, mp and m. which also determine the neutrino masses, we shall show results
as a function of the neutrino mass parameters. Here we shall restrict ourselves to showing
results where we keep the parameters appearing in Y¢ fixed at the above “benchmark”
values, and vary only mg,, mp and m.. The parameter m, is mainly responsible for the
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Figure 6. The neutrino mass squared parameters Am3, and Am3, resulting from eq. (5.26),
plotted as a function of the lightest neutrino mass m;. Each line corresponds to a fixed m, and my
with varied m.. The (Blue, Red, Green) coloured lines correspond to m, = (0.036,0.035,0.034) eV,
respectively, and give (High, Central, Low) values of Am3,. The (Dashed, Solid, Dotted) styles
correspond to m; = (0.00210,0.00205,0.00200) eV, respectively, and yield (High, Central, Low)
values of Am3,. The parameter m,. is varied from 0—0.004 eV corresponding to m; = 0—0.006eV.

atmospheric neutrino mass and hence Am%l, while my is mainly responsible for the solar
neutrino mass and hence Am3;, with m, being mainly responsible for the lightest neutrino
mass mq, which is zero for m. = 0. Once the parameters m, and my are chosen to fix
Am3, and Am3; for m. = 0 , then all neutrino parameters are predicted as a function of
m. and hence mq, as described below.

Using the Mixing Parameter Tools package [57], in figure 6 we show the neutrino mass
squared differences as a function of the lightest physical neutrino mass mi, corresponding
to varying m. for various fixed values of mg, m; as given in the figure caption. Note that
Am3, actually increases with m;. This is because, with fixed m, and my, switching on
m,. also increases msy. Since m% increases linearly with m., after expanding, this has a
more significant effect on Am3; than the quadratic increase of m?, in the region of small
me. In figure 7 we show the resulting model predictions for the lepton mixing angles and
CP oscillation phase. In all the plots (blue, red, green) coloured lines correspond to (high,
central, low) values of Am%;, while the (dashed, solid, dotted) styles correspond to (high,
central, low) values of Am3,. Note that the presently 3o allowed range of mass squared
parameters are [12, 13]: Am3; = (2.25 —2.65).1073eV?, Am3; = (7.0 — 8.0).10%eV?, and
our choice of parameters covers most of these ranges. Thus the red solid curve corresponds
to central values of both Am%; and Am2, for low values of m1, while the other curves reflect
the uncertainty in the PMNS predictions due to the present precision in the neutrino mass
squared differences.

Using the Mixing Parameter Tools package [57], in figure 7 we show the PMNS pre-
dictions of the model, resulting from egs. (5.26), (5.27), plotted as a function of the light-
est neutrino mass my. From figure 7, the PMNS parameters are predicted to be in the
following ranges:

0y, =34° —31°, 03 =84°—-9.7°, 6y =44.4°—46.4°, & =266°—256°. (5.28)
These predictions should be compared to the presently 3o allowed ranges:

0, =31°—36°, 03 =55°—10°,  Hhy =37°—55°, & =0°-360°, (5.29)
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Figure 7. PMNS predictions of the model, resulting from egs. (5.26), (5.27), plotted as a function
of the lightest neutrino mass m; for charged lepton parameters given by A =9, B =7,C = 36 and
the down quark couplings in eq. (4.28). Each line corresponds to a fixed m, and m; with varied
me, using the same values as in figure 6, with the colour coding and line styles as before.

and the best fit values for a normal hierarchy with 1o errors [11]:

0, = 34.63°7502 0L, =8.80°T03T, 6L, = 4890716 5 =241°TL1"  (5.30)
The solar angle prediction is 34° > 6, > 31°, for the lightest neutrino mass in the range
0 < myp < 0.5 meV, corresponding to a normal neutrino mass hierarchy. Since the solar
angle is very insensitive to Am%l and Am2, values, and decreases as mj increases, an
accurate determination of the solar angle will accurately determine m; in this model. The
model also predicts a reactor angle 9’13 = 9° 4+ 0.5°, close to its best fit value, with a
significant dependence on Am3, and Am3,. A striking prediction of the model is the
atmospheric angle which is predicted to be close to maximal to within about one degree for
nearly all allowed Am3; and Am3,. The bulk of the parameter space for low m; predicts
in fact 0, = 45° £0.5°. It is worth noting that the most recent fit [11] is quite compatible
with maximal atmospheric mixing to within 1o for the case of a normal mass squared
ordering, when the latest T2K disappearance data is included. The model also predicts
accurately the CP phase with the bulk of the parameter space around §' = 260° + 5°,
compatible with the best fit value, although the latter has a much larger error.

In general one can expect corrections coming from renormalisation group (RG) run-
ning [58, 59] as well as canonical normalisation corrections [60-62]. For a SUSY GUT with
light sequential dominance, as in the present model, the RG corrections for high tan 5 ~ 50
have been shown to be [59]: AfLs ~ +1°, ABy ~ +0.4°, Afl; ~ —0.1°, where the positive
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Figure 8. Majorana phases (in PDG convention defined below eq. (5.3)) as predicted by the model,
resulting from egs. (5.26), (5.27), plotted as a function of the lightest neutrino mass m; for charged
lepton parameters given by A =9, B = 7,C = 36 and the down quark couplings in eq. (4.28). Each
line corresponds to a fixed m, and my; with varied m., using the same values as in figure 6, with
the colour coding and line styles as before.

sign means that the value increases in running from the GUT scale to low energy, while for
low tan 8 < 10 the RG corrections are negligible compared to the range of the predictions.
In particular the effect of right-handed neutrino thresholds [58] is expected to be negligible
in this model since the heaviest right-handed neutrino mass is close to the GUT scale, while
the lighter right-handed neutrinos have very small Yukawa couplings given by a ~ 2.107°
and b ~ 1073 from eq. (3.14).

We emphasise that, since the parameters in Y in eq. (5.27) are fixed from the quark
sector, and the light neutrino masses are determined by three real parameters mg, my, m.
in eq. (5.26), the entire PMNS matrix containing 3 mixing angles and 3 CP phases emerges
as a prediction of the model, although 2 of these CP phases will be difficult to measure
for a normal neutrino mass hierarchy, so we have not plotted their predictions. The model
may be tested most readily by its prediction of maximal atmospheric mixing and a normal
neutrino mass hierarchy. It would be interesting to perform a x? analysis of the quark and
lepton masses and mixing angles predicted by the model, but that is beyond the scope of
the present paper.

5.6 Majorana phases, neutrinoless double beta decay and sum of neutrino
masses relevant for cosmology

The Majorana phases a1, as; (in PDG convention defined below eq. (5.3)) predicted by
the model are displayed in figure 8, using the same parameter sets and colour coding as
for the other plots. Note that ag; ~ —90°, similar to the oscillation phase §'.

The Majorana phases aa1, a1 enter the effective mass |mee| observable in neutrinoless
double beta decay parameter given by,

|Mee| = \mlcﬁc%g + mgs%QCfgemm + m33%3ei(a31*25)]. (5.31)

In the present model |m..| is predicted to be always very small and unobservable in the
foreseeable future. For example, for the parameters in eq. (5.9), (5.10) and (5.16), we find,

[Mee| 2 10.2 + 2.4~ 012 4120017 meV 2 2.1 meV. (5.32)
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Figure 9. The neutrinoless double beta decay parameter |m..| (left panel) and the sum of neutrino
masses Ym; (right panel) as predicted by the model, resulting from egs. (5.26), (5.27), plotted as a
function of the lightest neutrino mass m, for charged lepton parameters given by A=9,B=7,C =
36 and the down quark couplings in eq. (4.28). Each line corresponds to a fixed m, and m; with
varied m,, using the same values as in figure 6, with the colour coding and line styles as before.

The sum of neutrino masses is relevant for cosmology, since it contributes to hot
dark matter, leading to a constraint on its value and eventually a measurement. This is
defined by,

Ym; = Y3 m; = my + ma + ms. (5.33)

Due to the rather strong normal hierarchy, this value is dominated by the value of mg,
which is controlled by the parameter m, in the neutrino mass matrix in eq. (5.26).

In figure 9 we show the neutrinoless double beta decay parameter |m..| (left panel) and
the sum of neutrino masses ¥m; (right panel) as predicted by the model, using the same
parameter sets and colour coding as for the other plots. Note that for |m..| (left panel) the
three colours corresponding to different values of m, lie accurately on top of each other. The
three dashed curves predict |me.| &~ 2.15 meV, the three solid curves predict |mee| = 2.10
meV and the three dotted curves predict |me.| ~ 2.05 meV, corresponding to the three
different values of my = 2.15,2.10,2.05. This can be understood from the neutrino mass
matrix in eq. (5.26), since |mee| = |mY;| = my, with the charged lepton matrix in eq. (5.23)
providing only very small corrections to this result. The fact that eq. (5.31) was used to
calculate the results and agrees very accurately with the expectation |me.| = [mY;| = my
provides a highly non-trivial check on our calculation of PMNS parameters and neutrino
masses, and gives confidence to all our results. Note that |me.|, being equal to my, is
approximately fixed by Am2, in figure 6. Since |me.| is predicted to be too small to
measure in the foreseeable future, an observation of neutrinoless double beta decay could
exclude the model. Similar comments apply to a cosmological observation of Ym;.

6 Higher order corrections

6.1 HO corrections to vacuum alignment

The triplet vacuum alignments are achieved by renormalisable superpotentials, as discussed
in [34]. Since the messenger scale associated with any non-renormalisable corrections to
vacuum alignment is unconstrained by the model, it is possible that any such terms may
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be highly suppressed. In the present analysis we shall therefore ignore any HO corrections
to the vacuum alignments in egs. (2.12), (2.13).

6.2 HO corrections to Yukawa operators

Let us now consider HO corrections to the operators in egs. (3.4), (3.5), 3.6, consisting of
extra insertions of ¢, leading to effective operators of the type,

AW@mk:li(§>nhFﬂ (6.1)

for n > 1. For example, %i and ;—% are both singlets of Z5, so either of these ratios may
in principle be inserted into any of the LO operators in egs. (3.4), (3.5) 3.6. However in
practice, which HO insertions are allowed will depend on the details of the messenger sector.
In order for an effective operator to be allowed, it is necessary that that the messenger
diagram responsible for it can be drawn, and whether this is possible or not will depend
on the choice of charges of the messenger fields X and X3 under all the symmetries.

In order to allow such HO operators as in eq. (6.1), for n > 1, at least one of the
messenger fields X and X3 would have to be a triplet of A4 in order to permit the
coupling Xp¢p X4 where ¢ is a triplet, as is clear from figure 10 (left panel). Such triplet
messenger fields Xz and X3 are not required in order to construct the LO operators and
must be introduced for the sole purpose of allowing the HO operators of this kind.

Moreover, such triplet messenger fields would be dangerous since they may allow oper-
ators of the kind in eq. (6.1) for n = 1 involving the Higgs triplet A3 which could contribute
to up and charm quark masses for example.

For these reasons we have chosen not to introduce any messenger fields Xz and X
which are triplets of Ay, thereby forbidding HO operators of the type shown in eq. (6.1)
for n > 2 involving any Higgs fields or involving the A4 triplet Higgs hs for n > 1.

The couplings in egs. (3.1), (3.2), 3.3 can also lead to HO operators of the generic kind,
after integrating out the messengers, as shown in figure 10 (right panel).

st £ (2) (2) 62

where n > 1. At the order n = 1, only a single operator of this kind is generated,

¢4 24
Am%:R( Zd ) b, FE, (6.3)
w=F s )5,

which gives a correction in the (1,1) entry of Y and hence a contribution to the up quark
Yukawa coupling,

Vi (Za)  eu(Za)
(Zh) (Bu) e (Bw)

where we have used ¢ given in eq. (3.16). The correction is small if €,(34) < €4(Sy).

Ay, ~ € yg, (6.4)
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Figure 10. Some possible higher order diagrams. The left panel shows a generic diagram involving
triplet fermion messengers, which if present, would lead to effective higher order operators as in
eq. (6.1). In our model we assume such triplet messengers to be absent which prevents diagrams
with more than one ¢ field. The right panel shows a generic diagram responsible for the effective
higher order operators as in eq. (6.2).

6.3 HO corrections to Majorana operators

The relevant bilinear charges in the Majorana sector are
F{Ff ~ a2, FPFS ~at, FEFS ~a, FSFS ~a, FSFS~a®, FSF§~1.  (6.5)

The messengers which transform under A4 x Z5 as X¢, ~ (1,a') can couple to the Majoron
field £ ~ (1,a*) leading to the LO operators in eq. (3.7) (dropping H¢ and A),

FYF{€®,  F{F¢,  F5F5¢,  F5F§~1. (6.6)

Since each insertion of ¢ carries a suppression factor of (¢)/A ~ 1075, HO operators
involving more powers of ¢, such as FFF§&4, are negligible.

7 Conclusions

In this paper we have proposed a rather elegant theory of flavour based on the Pati-Salam
gauge group combined with A4 X Z5 family symmetry which provides an excellent descrip-
tion of quark and lepton masses, mixing and CP violation. Pati-Salam unification relates
quark and lepton Yukawa matrices and in particular predicts Y* = Y”, leading to Dirac
neutrino masses being equal to up, charm and top masses. The see-saw mechanism involves
very hierarchical right-handed Majorana neutrino masses with sequential dominance. The
Ay family symmetry determines the structure of Yukawa matrices via CSD4 vacuum align-
ment, with the three columns of Y% = Y* being proportional to (0,1,1)7, (1,4,2)7 and
(0,0,1)7, respectively, where each column has a multiplicative phase determined by Zj
breaking, which controls CP violation in both the quark and lepton sectors. The other
Yukawa matrices Y% ~ Y€ are both approximately diagonal, with charged lepton masses
related to down quark masses by modified GJ relations, and containing small off-diagonal
elements responsible for the small quark mixing angles 67, and 64;. The model hence
predicts the Cabibbo angle 8¢ =~ 1/4, up to such small angle corrections.

The main limitation of the model is that it does not predict the charged fermion masses.
However the third family masses are naturally larger since they arise at renormalisable
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order, while the hierarchy between first and second family masses can be understood to
originate from hierarchies between flavon VEVs. Although the model does not predict the
small quark mixing angles, it does offer a qualitative understanding of both CP violation
and the Cabibbo angle 6 =~ 1/4, which, as discussed above, is closely related to the lepton
mixing angles via the CSD4 vacuum alignment. Moreover, the model contains 6 fewer
parameters in the flavour sector than the 22 parameters of the SM, and hence predicts
the entire PMNS matrix, as is clear from eqgs. (5.26), (5.27) where all the parameters
which appear there are fixed by fermion (including neutrino) masses and small quark
mixing angles. Hence the model predicts the entire PMNS lepton mixing matrix with
no free parameters, including the three lepton mixing angles and the three leptonic CP
phases with negligible theoretical error from HO corrections. The resulting PMNS matrix
turns out to have an approximate TBC form as regards maximal atmospheric mixing
and the reactor angle 0113 ~ 9°, although the solar angle deviates somewhat from its tri-
maximal value, corresponding to a negative deviation parameter s ~ —0.03 to —0.1, where
sin 0y = (14 s)/+/3 [63].

The predictions of a normal neutrino mass hierarchy and maximal atmospheric angle
will both be either confirmed or excluded over the next few years by current or near
future neutrino experiments such as SuperKamiokande, T2K, NOvA and PINGU [64-68].
The Daya Bay II reactor upgrade, including the short baseline experiment JUNO [69-
71], will also test the normal neutrino mass hierarchy and measure the reactor and solar
angles to higher accuracy, enabling precision tests of the predictions 9l13 = 9° 4+ 0.5° and
34° > ¢, > 31°, for the lightest neutrino mass in the range 0 < my < 0.5 meV. With
such a mass range, neutrinoless double beta decay will not be observable in the foreseeable
future. In the longer term, the superbeam proposals [72] would measure the atmospheric
mixing angle to high accuracy, confronting the prediction 9l23 = 45° +0.5°, and ultimately
testing the prediction of the leptonic CP violating oscillation phase 8! = 260° + 5°.
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A Ay

Ay has four irreducible representations, three singlets 1, 1’ and 1” and one triplet 3. The
products of singlets are:

19l=1101"=11"l'=1"1"g1" =1. (A.1)

The generators of the A4 group, can be written as S and T with S? = T3 = (ST)3 = Z.
We work in the Ma-Rajasakaran basis [25] where the triplet generators are,

10 0 010
sS=lo-10 |, T=[001]. (A.2)
00 —1 100
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In this basis one has the following Clebsch rules for the multiplication of two triplets,

(ab)1 = a1by + azbs + azbs;

(ab)1r = a1by + wagby 4+ w?asbs ;
(ab)1n = a1by + w?agby + wazbs ; (A.3)
(ab)s, = (agbs,azby,a1bs);

(a’b)32 = (a3b27 Cleg, Gle) ’

where w? =1, a = (a1, a2,a3) and b = (b1, ba, b3).
Under a CP transformation in this basis we require [44, 45],

a— (ay,a3,a3),  b— (b1, b3,b3), (A.4)

so that
(ab)y — a3t + waibh + wiajby = (a*b*)

(ab)1r — @bt + w?aibl + waiby = (a*b*)y .
B Two light Higgs doublets H,, and Hy,

We have introduced five Higgs bi-doublet multiplets hs, hy, hq, hil5, his, distinguished by
Ay and Z5 charges. Ignoring SU(4)¢ and A4 quantum numbers, a generic Higgs bi-doublet
under SU(2)z x SU(2)r may be written as

0 5+
h=(22)= (211_ };1220) (B.1)

where hy and hy form two SU(2);, doublets with U(1)r,, charges of —1/2 and 1/2. Hence-
forth it is convenient to use a slightly different notation as follows. We label each of the
Higgs bi-doublets as h,(2,2) and, below the SU(2) g breaking scale, each of them will split
into two Higgs doublets, denoted as hif (2, 41/2) labelled by their U(1)r,,, charges of £1/2,
rather than their electric charges as shown in eq. (B.1). Thus the five bi-doublets above

will yield eight Higgs doublets from A, hf and the colour singlet parts of h‘fgt, hifgt, plus

additional colour triplet and octet Higgs doublets from hfgt, hlfgt, together with the six
Higgs doublets from h?. We shall arrange for nearly all of these Higgs doublets to have
superheavy masses near the GUT scale, leaving only the two light Higgs doublets H,, and
H,, as follows.

The h3 multiplet, which will be mainly responsible for the third family Yukawa cou-
plings, is a triplet of A4. We introduce a triplet ¢3 ~ 3 which is a PS and Z5 singlet and
couples as ¢3hghs. If ¢3 develops a VEV in the third direction,® (¢3) ~ (0,0,V3), then,

using the Clebsch rules in eq. (A.5), this gives a large mass to the first two A4 components

5Vacuum alignment may be achieved by a superpotential term C¢szps where ¢ is an A4 triplet driving
field, leading to {(¢3) ~ (0,0,V3). In general, small corrections to this vacuum alignment can lead to
(¢p3) ~ (&0,1)V3 corresponding to a small admixture € of the first component of the Higgs triplet hs
contributing to the physical light Higgs state H,, and hence a small correction to Y* in eq. (4.25). Similar
corrections to Y'¢ may be absorbed into the existing parameters in eq. (4.26).
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Figure 11. The diagram shows the higgsino messenger diagrams responsible for the effective
operators in egs. (B.2), (B.3) leading to GUT scale higgsino doublet masses. The higgsinos depicted
by the solid line have odd R-parity.

of hg while leaving the third component massless. Introducing a TeV scale mass term
pwhshs will give a light mass to the third component of hs. The Higgs bi-doublets in the
third A4 component of hg will mix with other Higgs bi-doublets as discussed below and
two linear combinations of the mixed states, H, and Hg, will remain light, allowing the
renormalisable third family Yukawa couplings.

The operators involving the Higgs fields h,, hg, hcfs, his, collectively denoted as hg,
have the general form,

(ha H)(H hy) , (H°)(H)

hih, = Myhlh, B.2
Sab <Sab> b b b ( )

where S, are Pati-Salam singlet fields which develop VEVs somewhat higher than the
Pati-Salam breaking scale. When H® gets a VEV in its right-handed neutrino component,
it will project out the T3z = +1/2 component of h,, which we write as h. Similarly when
He¢ gets a VEV in its right-handed neutrino component, it will project out the Tzg = —1/2
component of hy, which we write as hy .

The diagrams responsible for generating the operators of the form in eq. (B.2) are
shown in figure 11. These diagrams should be considered as Higgsino doublet mixing
diagrams. The Higgsino messenger fields which couple to (h,H€) are denoted as Xy,
and those which couple to (H¢h) are denoted as XHT’ where the messenger masses are
generated by the couplings Xy, SabXH—b when S, develops its VEV, leading to the effective
operators in eq. (B.2).

The choice of singlets S11, S33, So4, S34 With appropriate Zs and A4 charges, lead to
the following particular operators of the general form of eq. (B.2):

(0T (IR (0 ) (D)
5117 5337
, (haHO)(HHY) | (b HO) (ohy)
5247 Sa4 -
(s H) (Fohys)  (hyHE)(HoD)
S34 534

. (B.3)

Note that Sy, has the same A4 X Z5 charges as Sp,.
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In addition we require the following three operators, involving the third component of
h3, given by h3.¢3,

(63 haHO)(Hhy)  (haHO)(Tohgdy) (WU HO) (Hehs.)
A3S01 A3S30 A3S40 '

(B.4)

Since the matrix of charges is symmetric (since S, has the same Ay X Z5 charges as Sp,)
the operators above must be given by a particular messenger sector which forbids similar
operators with H¢ and H¢ interchanged.

The operators in eqgs. (B.3), (B.4) and the term phghs lead to the following Hig-
gsino mass matrix, in the basis where the rows correspond to hi, ht, hj{, hf;, hqf; and the
columns correspond to hz, b, ,h;, h‘fg Jhis s

1% M(]1 0 0 0

0 Mi; 0 0 O

0 0 0 0 Moy]|. (B.5)
Mz 0 0 Mss M3y

The Higgsino masses from eq. (B.5) can be written explicitly as,

phihy + (Mothy + Miih)hy + b Moshly
+h(1igr(M30h§ + Mgghcllg + M34h¥57)
+h1f;_(M40hg + M42h; + M43hcllg). (B.6)

By studying these mass terms it is apparent that, only one linear combination of the Higgs
doublet h; and the third component of the Higgs doublet in h}fr has a large mass, namely
Mmh; + Mnh;f , while the orthogonal linear combination will remain light. It is also clear
that only two linear combinations of the Higgs doublet h; and the colour singlet Higgs
doublet in h‘lig and the third component of the Higgs doublet in h; has a large mass, while
the orthogonal linear combination will remain light. By contrast, the Higgs doublets in A,
his . h;;, h‘ll;r and h;‘gr all appear in three different terms and will all become very heavy.
In particular the colour triplet and octet components of h‘fgﬁ will combine with those of
h{F so that all coloured Higgs doublets become very massive.

In summary, most of the Higgs doublets will gain large masses near the GUT scale,
leaving only two light Higgs doublets, H, and H;. The light Higgs doublet which couples
to up-type quarks and neutrinos, H,,, will be identified as a linear combination of the third
component of the Higgs doublet in h§+ and h;l. The light Higgs doublet, Hy, which couples
to down-type quarks and charged leptons will be identified as a linear combination of the
Higgs doublet A, the third component of the Higgs doublet in h; and the colour singlet
Higgs doublet from h‘fg. The light mass term ,uh;hg will lead to the term pH, H,; term as
in the MSSM. This term may alternatively be induced by a singlet S term Shj h; which
will lead to the term SH,H; term as in the NMSSM, generating a light Higgsino mass
from the TeV scale singlet VEV.
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