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Abstract

We propose a new A5 model of leptons which corrects the LO predictions of Golden Ratio mixing
via a minimal NLO Majorana mass correction which completely breaks the original Klein symmetry of the
neutrino mass matrix. The minimal nature of the NLO correction leads to a restricted and correlated range of
the mixing angles allowing agreement within the one sigma range of recent global fits following the reactor
angle measurement by Daya Bay and RENO. The minimal NLO correction also preserves the LO inverse
neutrino mass sum rule leading to a neutrino mass spectrum that extends into the quasi-degenerate region
allowing the model to be accessible to the current and future neutrinoless double beta decay experiments.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction

It is an interesting feature of neutrino physics that two of the lepton mixing angles, the atmo-
spheric angle 6>3 and the solar angle 0;;, are both rather large [1]. Until recently the remaining
reactor angle, 013, was unmeasured. Direct evidence for 813 was first provided by T2K, MINOS
and Double Chooz [2—4]. Recently Daya Bay [5], RENO [6], and Double Chooz [7] collabora-
tions have measured sin?(263):

Daya Bay: sin2(2913) =0.089 £ 0.011(stat.) £ 0.005(syst.),
RENO: sin®(26;3) = 0.113 + 0.013(stat.) + 0.019(syst.),
Double Chooz: sin2(2913) =0.109 £ 0.030(stat.) £ 0.025(syst.). @9)
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This measurement excludes the tri-bimaximal (TB) lepton mixing pattern [8] in which the
atmospheric angle is maximal, the reactor angle vanishes, and the solar mixing angle is approx-
imately 35.3°. When comparing global fits to TB mixing it is convenient to express the solar,
atmospheric and reactor angles in terms of deviation parameters (s, @ and r) from TB mixing

[9]:

1 1 r
sinfjp = — (1 +s), sinfhs = — (1 +a), sinfj3 = —. 2)
V3 V2 V2
From the global fits in [10-12] for illustrative purposes one may consider the representative lo
ranges for the TB deviation parameters:

s =—0.03 +£0.03, a=-—0.10%£0.03, r=0.22+£0.01, 3)

assuming a normal neutrino mass ordering and a first octant atmospheric mixing angle. Notice
that even though these ranges are quoted for the normal hierarchy, the representative ranges for
the inverted hierarchy lie within these normal hierarchy ranges when considering a first octant
atmospheric mixing angle. We emphasise that the global fits do not decisively determine the
octant for the atmospheric mixing angle. As well as showing that TB is excluded by the reactor
angle being non-zero, Eq. (3) indicates a preference for the atmospheric angle to be below its
maximal value and also a slight preference for the solar angle to be below its tri-maximal value.
It seems that TB mixing no longer holds the exalted position that it did before, and perhaps now
is an opportune moment to consider other mixing patterns that have been proposed but which
have so far been somewhat eclipsed by TB mixing.
An interesting alternative to TB mixing is the Golden Ratio (GR) [13—15] mixing pattern:

|
7 %

so named because it involves ¢, = H'T“B, the famed Golden Ratio which ancient Greeks thought
aesthetically pleasing. Notice that we have reported the above lepton mixing matrix in the Particle

Data Group (PDG) convention for Upyys [ 1] where Py = Diag(1, ei“g/ 2, ei“g/ 2) is the matrix of
Majorana phases.

The history of the GR’s possible role in lepton mixing began as a footnote [13]. Several years
later, this idea was applied [ 14] in the context of a non-diagonal charged lepton basis by observing
that ), = tan~!(1 /®g) ~ 31.7° was a good leading order (LO) prediction for the solar neutrino
mixing angle. In addition to this, Ref. [14] conjectured the possible connection of this prediction
to the group As. With this in mind, the authors of Ref. [15] sought to elucidate the group theory
of As and generate the aforementioned prediction for the solar neutrino angle prediction in the
context of a non-dynamical flavour model.! Shortly after this, it was found [17] that there was
another possible prediction for the solar neutrino mixing angle involving the Golden Ratio, 61, =

os~! (¢¢/2) =36°. But instead of using As, the dihedral group D1o was utilised to dynamically

Po, “4)

S o

Ureis important to note that Ref. [16] laid a large portion of the group theoretics of A5 used in the exploration of
Ref. [15].
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generate this prediction. For two years, the idea of the Golden Ratio’s possible implication in
neutrino mixing lay seemingly dormant,” until a dynamical As model was constructed [19] in a
basis in which the charged lepton mass matrix is diagonal. Shortly afterwards, it was shown [20]
that the prediction of 61 = tan—!(1 /®g) A~ 31.7° was minimally realised in As, when assuming
a diagonal charged lepton basis. Yet a group in which the prediction 6;» = cos™! (¢g/2) was
realised under the same assumptions, could not be found. The same work [20] also contained
two dynamical models which predicted Golden Ratio mixing. It should be noted that as all of
this work using As to construct models which predicted Golden Ratio lepton mixing was being
done, A5 was also being used to construct a four family lepton model [21], and its double cover,
A%, to construct a four family model incorporating quarks [22]. In addition to this, A5 was used
to construct a flavour model explaining cosmic-ray anomalies [23].

Unfortunately the measurement of the reactor angle also excludes the GR lepton mixing pat-
tern in Eq. (4) in which the atmospheric angle is maximal, the reactor angle vanishes, and the
solar mixing angle is given by 61, = tan_1(1/¢g) ~ 31.7°, corresponding to r = a = 0 and
s &~ —0.09. These all lie outside the 1o ranges in Eq. (3), especially the reactor parameter », but
also the atmospheric deviation parameter a, and even the solar parameter s is too negative. In
the face of this disagreement, we shall interpret the GR prediction as the LO prediction and then
try to achieve consistency with the data at next-to-leading order (NLO). This is analogous to a
recent strategy that was developed for dealing with the TB prediction in the light of a non-zero
reactor angle [24], where the LO Klein symmetry based on the S4 generators S, U was broken
at NLO but the generator S was preserved in order to maintain the successful tri-maximal so-
lar prediction s = 0, leading to an atmospheric sum rule relation a = —(r/2) cos§. However,
in the present case, since we also wish to correct the solar angle prediction, we do not wish to
preserve any of the original LO Klein symmetry, and so we shall break both the correspond-
ing S and U Klein subgroup generators of As defined in Table 4 at NLO. For a general NLO
correction, this would imply arbitrary values for the deviation parameters r, s, a. However we
shall consider a minimal NLO correction leading to restricted and correlated ranges of these
parameters.

In the present paper, then, we propose a new As model of leptons which corrects the LO
prediction of GR mixing via a minimal NLO Majorana mass correction that completely breaks
the original Klein symmetry generators, S and U, thereby correcting all three mixing angles and
allowing agreement to be achieved with the global fits. Although there is no remaining mixing
angle sum rule prediction, the minimal nature of the assumed NLO correction leads to a re-
stricted and correlated range of the resulting deviation parameters r, s, a which encompasses
the 1o ranges of these parameters from the recent global fits. The minimal NLO Majorana mass
correction also has the feature that it preserves an LO inverse neutrino mass sum rule even at
NLO, leading to a quasi-degenerate neutrino mass spectrum.” This, in turn, severely constrains
the parameter space of neutrinoless double beta decay, allowing the model to be tested by next
generation neutrinoless double beta decay experiments.

The layout of the remainder of the paper is as follows. In Section 2, the Golden Lepton Flavour
Model is constructed by defining its fields and transformation properties under As as well as an
additional U (1) symmetry. The resulting LO and NLO mass matrices are constructed after elec-
troweak and flavour symmetry breaking and diagonalised to reveal the lepton mass and mixing

2 With the exception of Ref. [18] constructing a quark model by extending As to its double cover, A%, with their golden
ratio prediction of Ref. [15] in mind.
3 Note that if a singlet flavon is added then the sum rule does not exist at LO.
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Table 1

The field content of the A5 x U (1) model where x and y are carefully chosen integers. For example we have checked
that x = —9 and y = 2 leads to the desired operators with no undesirable operators.

Field L E N hy.d X ) [% A 7
As 3 3 3 1 5 5 1 3 5
u() -y Sx+y y 0 —5x —3x —Xx -y —2y

parameters. In Section 3, the vacuum alignment of the model is analysed by explicit construction
and minimisation of the model’s flavon potential. Section 4 contains a detailed analysis of the
phenomenological implications of the NLO correction on the TB deviations parameters (r, s,
and a) and the effective Majorana mass scale of neutrinoless double beta decay. In Section 5, the
discussion of the As x U(1) model is concluded. The relevant group theory of As can be found
in Appendix A and the breaking of the low-energy Golden Ratio Klein symmetry is discussed in
Appendix B.

2. The model
2.1. Fields, symmetries, and Yukawa superpotentials

In this section, we present an As model of leptons as a framework in which to study the
generation of a non-zero 013 from As. We begin this discussion by noting that the left-handed
lepton doublets L = (I, I, ;), the right-handed charged lepton singlets £ = (e%, %, 7). and
the right-handed neutrinos N = ((v})e, (Vz)u, (Vg)7) all transform under the 3-dimensional ir-
reducible representation of As. Furthermore, the up- and down-type Higgs doublet fields %, and
hg are assumed to be blind to the flavour symmetry. As a result of this minimal field content and
its transformation properties h, LN, NN, and hyLE are the only allowed terms in the Yukawa
superpotential because 3 ® 3 = 15 @ 35 @ 5¢ contains a singlet (see Appendix A for the group
theory of As). However, these terms lead to undesirable phenomenological predictions, namely
degenerate charged lepton and neutrino masses as well as no leptonic mixing.

To fix the problematic predictions of the simplest LO terms (h, LN, NN, and hyLE), it is
necessary to introduce additional scalar fields (i.e. flavon fields) which will couple to the existing
matter fields, as well as an additional U (1) symmetry to forbid problematic operators which
lead to un-phenomenological results. The U (1) symmetry will not be gauged, in order to avoid
constraints associated with anomaly cancellation. Yet, it will be spontaneously broken by the
flavon fields acquiring vacuum expectation values (VEVs). In general, this will lead to massless
Goldstone bosons, unless the symmetry is also explicitly broken. Therefore, the U (1) symmetry
is assumed to be explicitly broken in the hidden sector of the theory, so that Goldstone bosons
become pseudo-Goldstone bosons with mass around 1 TeV. The additional fields, as well as
the original matter fields, and their transformation properties under A5 x U (1) can be found in
Table 1. Using these transformation properties, the Yukawa operators invariant under the As x
U (1) symmetry can be constructed.

The construction of the As x U(1) invariant Yukawa superpotential is begun in the neutrino
sector. Using the fields and transformation properties defined in Table I, the neutrino Yukawa
superpotential may be schematically written to NLO as

szyLNth+y2NN(p+AWV7 (5)
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Table 2

The vacuum alignments of the flavons used in the model in terms of
complex VEVs. Justification of the flavon alignments follows from a
detailed discussion of the minimisation of the flavon potential in Sec-

tion 3.

Flavon VEV VEV alignment

(#) (0,0,0, vg,0)7

(x) (0,0,vy,0,0)7

(1) 0,0,a3)"

() (\/g(vz +v3).v2,03,03,02)"

where AW, denotes the NLO correction to the superpotential which will generate a non-zero 613
and a correction to 63 and 61>; it will be discussed more fully in Section 2.4. Proceeding to the
charged lepton sector, the superpotential resulting in the generation of the charged lepton masses
and mixings can be schematically expressed as

y4 Y5 2 Y6 5
Wi==—LExh ~= LEO~¢h ~——<LEBhy. 6
1= 7 LEYhd+ =3 Pha + =3 d (6)

With the charged lepton and neutrino superpotentials in hand, we now turn to the construction of
the charged lepton and neutrino mass matrices after electroweak and flavour symmetry breaking.

2.2. The charged lepton mass matrix and its predictions

Using the superpotential in Eq. (6), the charged lepton mass matrix, after electroweak and
flavour symmetry breaking, can be constructed. This is done by utilising the Clebsch—Gordan
coefficients of Appendix A to appropriately contract the flavon fields, thereby extracting the
singlets from the product representations. Then, the VEVs of ¢ and x given in Table 2, as well
as (0) = vy are applied to reveal the charged lepton mass matrix, M,, after electroweak and
flavour symmetry breaking, to be

2o vp 0 0
M, =vy 0 \/6% v§v¢ %vg . (7)
0 %vg «/Byj‘vx

By assuming all flavon field VEVs are of the same order, i.e. % ~ €, and absorbing factors of J6
into y4 and ys, a charged lepton hierarchy of €* : €2 : 1 is obtained. With the added assumption
that € ~ 0.15, a phenomenologically viable charged lepton mass spectrum is obtained. Further-
more, the associated charged lepton mixing matrix is the identity to O(e*). Therefore, charged
lepton mixing may be neglected with respect to the mixing originating from the neutrino sector,
as will be seen.

2.3. The leading order neutrino mass matrix

In the case of As a non-zero value for 613 can be generated by adding flavons which develop
VEVs which break the U generator of the Klein symmetry (cf. similar logic applied in Ref. [24]).
Yet before adding these flavons whose VEVs break the Klein symmetry leading to deviations
away from GR mixing, we must deduce which flavons should be added whose VEVs preserve
the Klein symmetry and lead to GR mixing.
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To deduce the possible irreducible representations of the Klein symmetry preserving flavons,
we begin by noting that since we choose to couple all of our flavons to NN, where N ~ 3 and
3®3=1,® 3, d 5, three flavons could be added transforming under the corresponding 1,
3., and 54 representations. Yet the 3, contained in 3 ® 3 is antisymmetric (as denoted by the
subscript “a”), and hence it vanishes. One could include the 15 from the 3 ® 3, as in Ref. [20],
but its addition alone will not yield GR mixing, and when added with the 55 in 3 ® 3 will not
lead to an LO neutrino mass sum rule. Thus we choose not to include it. Therefore, to LO we
only include a single flavon ¢ ~ 5 which acquires a VEV (up to basis transformations) (¢) =

(\/g (v2 + v3), V2, v3, v3, v2)T, where v, and vs are left unspecified by As. This VEV alignment
is preserved by the five-dimensional representations of the S and U generators in Appendix A,
and hence respects the corresponding Zzs X Zg Klein symmetry of the LO neutrino Majorana
mass matrix,

2\/2(1)2 +v3) —/3v; —/3v;
MR =y, —/3v; V6u3 —\/g(vz +v3) |- ®)
—/3v; —@(Uz +v3) NS

It is straightforward to see that

UlrMECUgr = Diag(ME0, ME0, M59), 9
where
6

o »2(2(6¢g —2) + 4v3) Lo 2@us—n(g+2)

M] = 3 M2 == ’
V6 NG
2 4

MO — wj;”ﬁ (10)

It is clear the above masses obey the sum rule
MEO + M50 = mE0. (11)

Having constructed and diagonalised M éo, it is trivial to construct the LO Dirac mass matrix, as
itis just the 15 in 3® 3 resulting from the y L N h,, operator in the superpotential (cf. Eq. (5)). After
the spontaneous breaking of electroweak and flavour symmetries, the LO Dirac mass matrix has
the form

1 00
mp = yv, (0 0 1). (12)
01 0

Notice that the LO neutrino mass matrices given in Egs. (8) and (12) respect Form Dominance
[26]. Applying the Seesaw Mechanism [25] to mp and M]LQO generates the light neutrino mass
matrix, M‘I;O, that is diagonalised by the Ugg of Eq. (4) after a matrix of unphysical phases
P’ =Diag(l, 1, —1) has been applied to Ugg. Furthermore, we will neglect the Majorana phases
of Ugr in the diagonalisation so the resulting masses are complex. Performing this procedure
yields the complex light neutrino masses
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ml0 — \/gyzvg ml0 — ngzvg
L »(0a(6¢, —2) +4v3)’ 2 s — v (L +2)

3T (v2 +4v3)y2 (13)
Notice that these complex masses obey the inverse neutrino mass sum rule [20]
1 1 1
mi0 o = o 1

For the remainder of this work, it is useful to re-express the complex neutrino masses in terms
of new parameters 8, &, and § such that

m{ﬂ: p __ m12‘0= : B y mgoz—’g — . (15)
6pg — 2 +4eids 4eis — (5 +2) 2(1 + 4%%)
8
To arrive at the above forms of the complex neutrino masses, let v2 = |v3|e/?2 and v3 = |v3]e!®.
2.2
Then, define & = |v3|/|vz2| and § = 63 — 6. Then, it is clear f = W6 Notice that & and § are

Al
real parameters, where § should not be confused with the Dirac CP phase. Note that the argument

of B corresponds to an overall phase and hence is unphysical.

The re-parametrisation of the complex neutrino masses in terms 8, &, and § concludes the
construction of the LO lepton model. Notice that this model yields a zero reactor angle, maximal
atmospheric mixing, and a solar mixing angle given by 61, = tan_l(l/¢g) ~ 31.7° which are
all in conflict recent global fits. Therefore, it is necessary to consider the NLO corrections to the
existing minimal LO GR model resulting from the addition of operators which, upon application
of the flavon fields’ VEVs, lead to corrections to the neutrino mass matrix that leave it no longer
invariant under the S and U generators, providing a correction to the problematic leading order
predictions.

2.4. The neutrino sector at NLO

In order to generate a non-zero reactor mixing angle in the context of As, a flavon field must
be added which breaks the U generator of the Z2S X Z2U Klein symmetry. To do this, an addi-
tional flavon field A transforming as a 3 under As is introduced. Recall that the contraction of
a flavon field transforming as a 3 and N N necessarily vanishes due to the anti-symmetry of the
3, contained in 3 ® 3. Thus, we allow for a quadratic coupling of A to NN. As a result, the
superpotential receives a next-to-leading-order correction of*

AW, = ZL (NN G, + 2 (NN)5,0)5,), - (16)
This corrects the LO Majorana mass matrix in Eq. (8) to yield

Mg = ME? + AMg, (17)
where M]LeO is defined in Eq. (8). Before proceeding to calculate AMp, it is useful to note that

the coefficient y4 will not enter the eigenvectors of the corrected/perturbed mass matrix since

4 The pair of contractions given here form a basis for all possible contractions.
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the associated operator has a simple structure in which its contribution to A M, is of the form of
a singlet of As which is compatible with the preservation the Golden Ratio Klein Group. Thus,
such a contribution still leads to GR mixing. Therefore, it will not affect the corrected mixing.’
Thus, we choose an alignment for (1) = (a1, a2, a3)” such that the operator associated with y4
vanishes. This will require a; = 0 and either a; or a3 to be zero. We choose a; = 0 implying
() = (0,0, a3)”. This choice will be justified in the detailed discussion of the minimisation of
the flavon potential in Section 3.

Having assumed XA develops VEV (1) = (0,0, a3)T, the correction AMp takes the rather
simple form

0 0 0
AMg = <() 6ycva 0) , (18)
0 0 0

where vq4 = a% /A. As discussed in Appendix B, this correction turns out to be sufficient to break
both the S and U Klein symmetry generators associated with the unsuccessful LO Golden Ratio
predictions of a vanishing reactor angle and a solar angle that which is too small. Both of these
generators must be broken because (from Section 1) breaking U will lead to a non-zero reactor
angle and a non-maximal atmospheric angle and breaking § will affect the solar mixing angle
prediction.

Recall that the LO Golden Ratio mixing matrix is given by the usual GR form as in Eq. (4),
up to charged lepton corrections (which are small as can be seen in Eq. (7)), where Ugg has been
brought into the PDG convention [1]. In the presence of A, the PMNS mixing matrix is given as

UI/JMNSZUGR‘FAU, (19)
where the prime on Uj,), indicates that it is not yet in standard PDG form due to the correction.
Assuming

2

V4 = U2,V 20
2 3

enables a perturbative calculation of the correction AU. To first order in v4/v3 3, the corrections
to the columns of the PMNS matrix are

€ 3
ANUyGW~—= | ——, 21
1 5 ,2¢g\/§ 21
€ [ 3¢,
AUp~ - | —=, 22
12 5‘/2\/3 (22)

AUz~ 186\/§D7], (23)

AUsi ~ €,/3¢g (2p55€™® — dg +12) D5, (24)
3 .

AUy ~e /¢—(12¢g+ 1—2&6°) Dy, (25)
8

AU ~3ev/6(1 —28¢°) D!, (26)

5 However, its existence will shift the neutrino masses depending on the alignment of (A).
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AUs1 ~ €,/3¢g (2p55e™® — ¢y — 18) D5, (27)
3 )

AU ~e /¢—(1 — 18¢, —2£€"°) D5 !, (28)
8

AUs3 ~3ev/6(1 —28¢°)D; !, (29)

where

Dy =2v2(462%° +28¢"° — 11), (30)

Dy =10 x 574 (g +3 — 245 €™), (3D

D3 =10 x 5'4(3¢, — 1 +2£€%), and (32)

e=2C% (33)

v2y2

For simplicity, we will identify the € of Eq. (33) with € ~ v; /A used in Eq. (7). This is justi-
fied/motivated by assuming that yc and y, are of O(1) and that any VEV over the cut-off scale
A should be of similar size. Hence, v4 = a% /A ~ €az and a3 ~ vy. From this it is clear that the
quantity € ~ % defined below Eq. (7) and that in Eq. (33) will be of similar size and perturba-
tively indistinguishable. Therefore the correction to the PMNS matrix is

AU = (AU AUpn AUs). (34)

As noted in Section 1, a general lepton mixing matrix can be expressed in terms of the TB
deviation parameters r, s, and a. Doing so allows one to write the lepton mixing matrix as [9]
211 1 1 —is
21— 39) NS 7e
Uppins ~ —ﬁ(l +5—a+red) %(1 — s —a—tre) %(1 +a) | P, (35)
ﬁ(l +s+a—red) —%(1 — %s +a+ %rei‘s) %(1 —a)
where the diagonal matrix P = Diag(1, el/2 oies/ 2) contains the usual two Majorana phases in
the PDG convention [1]. The result of Eq. (35) can be compared to the corrected GR matrix to
show how the breaking of the S and U generators corrects the leading order prediction of r, s,
and a. However before we make this comparison, phase conventions must be matched. Again,
we use the freedom to multiply unphysical phases from the left since they may be absorbed
into charged lepton rotations. Multiplying phases from the right corresponds to a redefinition of
the Majorana phases. Once this redefinition has been made, the NLO PMNS matrix is in the
PDG convention. Then, we may identify the deviation parameters r, a and s resulting from the
corrected Uggr mixing matrix. They are

r =\/§|AU13|, (36)
a= ﬁRe(AUB exp<_l2a3>>, (37)
3 ! +3 ! Re<AU ex (_ia2>> (38)
S = = — = - = 9
2¢g\/§ > ¢g\/§ 12 €Xp )

where a» and o3 are the redefined Majorana phases in the PDG convention [1].
We pause here to comment on the lack of a concrete prediction even though we have only
introduced one parameter. As remarked earlier the LO neutrino mass matrices given in Egs. (8)
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and (12) respect Form Dominance [26]. As such the GR mixing matrix of Eq. (4) contains no
free parameters. By adding the correction, AMg (cf. Eq. (18)) to Mg, “one” additional free pa-
rameter is introduced (ycv4). However because of the way that the parameter enters, i.e. only
in the (22) entry of Mg, the Majorana mass matrix can no longer be diagonalised with a trans-
formation independent of parameters of the model, and the resulting Upyys Will no longer be
parameter free. Hence, at NLO the mixing angles will depend on parameters in the model, as
Form Dominance has been broken.

A similar (slightly easier) perturbative exercise may be performed to calculate the NLO cor-
rections to the light neutrino masses. Performing this calculation reveals the light, complex
masses at NLO to be

9

ml]VLO ~mkO _ p ¢,

2¢5+/30(1 — 3¢y — 2£¢i8)2

9

mIZVLO ~ mlio _ Bog ¢,

24/30(2 — 3¢, + 2£ei0)2

9

mgw“o ~ mto —'3 39

- . €,
2V/6(1 + 4ge%)?
where the miLO are as defined in Eq. (15). Notice that the LO sum rule still exists at NLO, i.e.

1 1 1
ml]VLO + m]2\1L0 = m13VL0' (40)

This surprising result can be explained by first observing that the NLO correction to the heavy,
right-handed neutrino masses will be given by the corresponding diagonal element of the matrix
U GTRAM RUGR. A calculation of these corrections reveals

3vayc 3vageyc
M{VLO — MfO + , MéVLO — M2L0 + 8 ,
V3¢, V5
MY = ME© 4 vy 1)

for the corrected heavy neutrino masses. Clearly M{VLO + MéVLO = MéVLO, preserving the LO

sum rule for the heavy right-handed neutrino masses of Eq. (11). Furthermore, because of the
form of m p, it can be shown that

m; = v,fszi_l. (42)

Hence, M{VLO + Mﬁ"LO = M?”‘O implies l/mZIVLO + l/mIZVLO = l/méVLO. In summary, due to the
form of the correction to AMpg (cf. Eq. (18)), the resulting matrix which governs the corrections
to the heavy neutrino masses, U(T;RAM rRUGR, also shares the same sum rule between its diagonal
elements, allowing for the preservation of the sum rule for the heavy neutrino masses at NLO.
Then, because of the form of mp (cf. Eq. (12)), it is possible to deduce that the heavy neutrino
masses, M; are inversely proportional to m;, preserving the light neutrino mass sum rule to
O(v4/v2,3).

Before concluding this section, we briefly discuss NLO corrections to the mass matrices.
These will depend on the specific choice of charges x, y, z. For the choice x = -9,y =2,z=5
we find that the NLO operators first enter at order €3, and involve auxiliary flavons, i.e. @ and ¢’,
which must be added to aid in the Golden Model’s vacuum alignment, cf. Section 3. Examples
of such operators are:
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1 2 2 1 2 1 /3
1
FNNMQ@Z, (43)

where A’ is the Majorana mass scale and A is the messenger mass scale for the Yukawa sector.
As will be seen in the next section, these additional (auxiliary) flavon fields must be added to
aid in the minimisation of the flavon potential. Clearly these operators, will contribute to higher
order corrections to the neutrino mass matrices and charged lepton mass matrix. Notice that
these results arise when coupling at least more than four flavons to the leptons. Therefore, the
results of the preceding sections are good through order at least €*. Furthermore, recall that the
charged lepton mass matrix was only approximately diagonal to order €*, so these additional
flavon couplings cause no further problems.

3. Vacuum alignment

Flavour models of this type must have the alignment of the VEVs of the flavon fields justified
by minimising a flavon potential. Therefore, the explicit VEVs quoted in Section 2 must be
derived from a flavon potential. Herein lies the goal of the present section.

To properly align the VEVs of the flavon fields of the As x U (1) Golden Model, a set of
auxiliary flavon fields will be added as well as a set of “driving fields”. Recall that with the
choice of charges x = —9, y =2 and z =5, the auxiliary fields will not contribute to the heavy
neutrino mass matrix until at least 6 flavon fields are involved, e.g. with operators of the form
NNxgp3w? /A3, cf. Eq. (43). They will also not contribute to the Dirac neutrino mass matrix until
5 flavons are involved in operators like Lh, NAw?@?/A>, and they will not couple to the charged
lepton mass matrix until at least 6 flavons are involved in operators like LhgExwe’ ¢/ A®. No-
tice that there is also a coupling like Lh, Lh,Apw?/A’ A* contributing to the effective neutrino
mass matrix. As previously discussed, the suppression of these operators provides negligible cor-
rections to the mass matrices. Driving fields in turn are similar to flavons in that they are gauge
singlets and transform in a nontrivial way under As x U (1). However, their difference becomes
apparent when an additional U (1) symmetry is introduced.® Under this symmetry, we define
all chiral superfields containing Standard Model fermions to have a U (1) g charge of +1. Then,
all chiral superfields containing Higgs and flavon fields have a U (1) g charge of 0. Driving fields
will have a U (1) charge of +2. Since the superpotential carries a +2 U (1) g under these con-
ventions, the driving fields may only couple linearly to flavon fields. Furthermore, we will work
in the supersymmetry preserving limit so that to minimise the flavon potential it is only neces-
sary to enforce that the F-terms of the driving fields vanish identically. These so-called F'-term
conditions will give rise to the vacuum alignments. The driving fields, additional flavon fields,
and their transformation properties under As x U (1) x U (1)g can be found in Table 3.

To begin the minimisation of the flavon potential, the first step is the construction of the flavon
superpotential from the fields’ transformation properties given in Tables 1 and 3. A straightfor-
ward calculation shows the “LO” flavon superpotential may be constructed from contractions of
the operators

0% 090°, 0x9’, ¢ xp°, dxx’ woy®,  wee,
Aar?, and  Axé&C. (44)

5 Uy R is broken to R-parity when supersymmetry breaking terms are included.
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Table 3

Auxiliary flavon and driving fields of the A5 x U (1) model where x, y, and z are carefully chosen integers (e.g. x = —9,
y=2and z =5).

Field ¢ w o0 o0 50 o0 40 £0 »0
As 5 4 5 4 3 1 3 5
U(l) —6x z 6x 11x 8x 2y —z 2y Sx+y -2z
U(Dgr 0 0 2 2 2 2 2 2 2

Because some of these operators have multiple independent contractions that can result from
them, it is necessary to explicitly write the flavon superpotential in terms of the relevant contrac-
tions. Doing this yields

Wa=M(¢'0°), + &1((#9)5,,0°);, + &2((@9)s5,,0°) +&3(0(x6°) 1)1
+84((8'0)3,0%)1, +£5(104,x°)y, + 26(@104,x°)y, + &7((@)5,¥°) .
+gs((@9)390);_ + 29 (M1,2%); + g10((0)3E°), - (45)

As previously discussed, the superpotential can be used to construct the driving fields’ F-terms,
that when vanish, minimise the flavon potential. The vanishing F-term of p° and x° that provide
the alignment for the VEVs of ¢, ¢/, and x are

W, / / / ,
ﬁg = g4(—¢5X2 —2¢,4x3 + 254 + ¢2X5) =0,
1
oW,
WS‘ = ea(—V3b5x1 — V28 x2 + V20 xa + V36| x5) =0,
2
aw,
ﬁod = g4(V3¢5x1 — V3¢ x2 — V28 x3 + V294 x5) =0,
3
oW,
1
+ 86(—V2x1¢5 +V3x204 — V3xah2 + V2x561) =0,
oW,
Wg = g5(3v2x104 — V3x203 — V3x3¢2 + 3V2 401 + 43 x505)
2
+ 86(\/5)(1(]54 + \/§X2¢3 - «/5)(3(}52 - ﬁx4¢l) =0,
oW,
Wg = 85(3v21193 + 4v/3)202 + 3V2301 — V30tuds + x564)
3
+ gf’(\/iX1¢3 - \/§X3¢’l + «/g()(5¢>4 — X4¢5)) =0,
oW,
Wg = 25(3V2x162 + 3V2061 — V3(xa85 — 4xada + X593))
4

+86(—V2x102 + V2x201 + V3(x5¢3 — x3¢5)) =0 (46)

which have the non-vanishing solutions necessary for spontaneous symmetry breaking:

(x)=1(0,0,v,,0,0)7, (#) =(0,0,0,v4,0)" and (¢') = (0, vy, vy, 0,0)". (47)
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We turn now to the F-term conditions resulting from ¢°. These are found to be

% = M| + 281 (07 + pops — 2¢3¢4) + 282(¢7 — 20265 + p3a) + 830 x1 =0,

% = M@, +281(p1¢5 + V6drcps) + g2(—4¢1¢s + V663) + g30 x5 =0,

% = M@} + g1 (=414 +V603) +282($1¢04 + V6¢2903) + 830 x4 =0,

% = M@} + g1 (—441¢3 + V603) + 282(d163 + V6¢adbs) + g36 x3 =0,

% = M@} +281(p1¢0 + V6¢305) + g2(—4¢1¢ + V663) + g30 x2 = 0. 48)

Applying the previous results for the alignments of (x), (¢}, and {¢’), collapses these equations
to the rather simple constraints

Mvg + g3v9v, =0 and  Muvg +v/6g205 =0 (49)

which together imply vé = jgg veVy . Notice that since v, # 0 and vy # 0, then vy # 0.
2

To find the other nontrivial solutions of Egs. (46) and (48) which yield the same relationship
between the VEVs of ¢, 6 and y, i.e. vé = \/‘%3 VgV, we must only act with all As group
2

elements on the VEVs given in Eq. (47) and verify which still solve the F-term conditions given
in Egs. (46) and (48), while keeping the desired aforementioned relationship between the flavon
VEVs. It has been verified that 17 other nontrivial A5 group elements acting on the preceding

VEV alignments produce Ué = \/573 VgV, providing a complete set of degenerate, non-vanishing
92

solutions (for this particular choice of alignment).” The other 60 — (17 4+ 1) = 42 elements acting
on the VEV alignments in Eq. (47) fail to produce the same relationship between the flavon
VEVs. Thus, they will be neglected.

With the justification of the alignment of (x), (¢), and (0), we turn ourselves to aligning the
flavons associated with the neutrino sector.

Aligning the flavons associated with the neutrino sector we begin by minimising the F-terms
associated with ¥°. We find the following conditions on the alignment of the auxiliary field w:

% = g7(2\/§a)1a)4 — 2\/§w2w3) =0,
% = g7(2v203 — 22w w3) =0,
2%5 = 87(2v2w10; — 2v/203) =0,
s o 250

7 These solutions can be obtained by the action of 7', T2, T3, T4, S, U,ST, TS, UT, TU, SU, TzS, T2U, UT2,
T3S, T3ST3, or T3ST* on the VEV alignments in Eq. (47).
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oW,
" — 1(2v203 — 2v2wp04) =0, (50)
Y5
which have nontrivial solutions of the form
1 o 0 0 0\"/1
mrn [ 1) _ a0 2 0 0] [1
(oIl =" o 0 3 o I Gh
1 0 0 0 p* 1
in which p = e2™i/5 and m,n =0, 1, 2, 3, 4. For the rest of this work, we take m = n = 0 such

that (w) = v, (1,1, 1, DT.
With the alignment for (w) calculated, we turn now to the F-terms associated with ¢ and
find the following F-term conditions:

aWy,
B—(po =88 (\/E(PSCUI + 2\/5(/)40)2 - 2\/§§03a)3 - \/5(/)2604) =0,
1
oWy
a—<p0 = g8(—2¢301 + 22 + \/6@1603 —3ps5wq) =0,
2
oWy,
F = gsBpw) — «/ggolwz — @sw3 + 2¢paw4) = 0. (52)
#3

Since v, # 0 and by assuming the previous solution for (w), the above equations yield the solu-

tion
) T
(p) = (,/ 32+ v3), 02,03, 03, vz) . (53)

The remaining set of F-terms to analyse belong to 1 and £°. They are

oWy 2

W — gg()\l —{—2)»2)»3),

oWy

@ = glo(\/g)\l)(] + )L3X2 +)‘«2X5),
1

oWy,

3—;;:0 = glo(_\/i)LZXii +A1xa — \/5)\3)(5)7
2

oWy

280 = g10(—v2A2x2 + A1 x3 — V2A3(4). 4
3

Upon applying the previously found alignment for (x) (i.e. (x) o (0,0, 1,0,0)7), these F-terms
vanish when (A) is aligned as

0
(A) o (O) , (55)
1

the Z5 x Z¥ breaking alignment for (1) used in Section 2.4. Before concluding the discussion
of the flavon potential, we pause to comment on the generality of the A5 x U (1) model’s vacuum
solutions.

Because the alignment of (w) was not dependent on the results of the alignments for (),
(@), and (¢') it is possible to begin the consideration of possible A5 vacua by considering the
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alignment of (w), which may be brought to the desired (1, 1, 1, 1)7 by action of the T generator.
Then, having properly aligned (), the VEV alignment of (¢) is determined uniquely. Then, the
VEVs of the flavons associated with the charged leptons (i.e. x, ¢, and ¢’) may be brought to
the desired form by application of relevant powers of S, 7', and U matrices. In general, these
transformations will change the already aligned (w) by multiples of 7. This in turn will force
(p) out of the alignment needed for GR mixing. Therefore, Nature is required to choose one
of five vacua necessary for the Golden Model. This is a mild assumption. It is worth pointing
out that we have not justified the relative size of each of the flavon VEVs with respect to each
other. Hence, in this paper we impose by hand the relative sizes of the VEVs with respect to each
other. Said in a different way, there are 7 flavon field VEVs (8 flavon VEV parameters due to

the presence of v» and v3 in (¢)) and one equation relating 3 of the VEVs, i.e. vé = J%—ngg Vy.
2

Therefore, this model has at least 7 complex flat directions corresponding to the undetermined
complex VEVs.

Before discussing the phenomenological predictions of the Golden Model, we pause here to
discuss the NLO corrections to the flavon superpotential. The NLO contributions coming from
the charges in Tables 1 and 3 with x = —9, y =2 and z = 5 enter in when 3 flavons and 1 driving
field are involved, for example

Lo 2 L)
TP Xe Vidiand (56)
Notice that the first operator in the above equation exists for any integer value for x, y, and z, but
the latter does not. Further observe that in particular there are no additional renormalisable oper-
ators which are introduced. Thus, we shall assume that the above non-renormalisable operators
give a negligible contribution to the vacuum alignment, for example due to a heavier messenger
mass scale here than in the Yukawa sector.

4. Phenomenological predictions

In this section of the paper, we study the phenomenological implications of the complex mass
sum rule of Eqgs. (14) and (40). Although this sum rule has been studied before in S4 and A4
flavour symmetry based models [27], this work was done in the era of a small reactor angle.
There has been some mass sum rule studies after the advent the measurement of a large value
for 613 [28], but this work did not go into great detail for the inverse mass sum rule we have
generated in our model. Hence, we are motivated to perform our own analysis.

We begin the analysis of the phenomenological implications of the Golden Model by re-
expressing the complex mass sum rules of Eqs. (14) and (40) in terms of the physical neutrino
masses, |m;|, and Majorana phases, oy and «3 (note the sign convention change on «; ):

1 —ioy —i3
e e 57)

lmil — |mal  |m3]

where the superscripts “LO” and “NLO” have been dropped on m;. From the above formula, it
is easy to see that Eq. (57) implies that

1 _ 1 n 1 2cos A
Imil>  |ma?  |m3® |mallm3|’

(58)
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Fig. 1. Mass vs. cos(A) for the normal and inverted neutrino mass orderings.

where A = ay — 3. With the realisation of this form, it becomes clear that together with the two
experimentally measured values of the neutrino mass squared differences Am%1 and |Am%3|,
where Amiz. = |m;|* = |m j|2, it is possible to numerically calculate the individual neutrino
masses for a specified value of A. The results of this analysis can be found in Fig. 1. The plot
of Fig. | was made using the central value mass squared differences of Ref. [10]. Using another
global fit or including a 30 error band on the masses would produce negligible plot differences
or slightly thicker lines for the light neutrino masses, respectively. The former results from the
relatively small variance between the global fits’ values for the Aml.zj, and the latter results from
the 30 deviation being not large enough to produce a noticeable difference on the plot when
considering the inverse mass sum rule, i.e. the same behaviour.

The plot of Fig. | contains many interesting features. The first of which is the discontinuity
at cos(A) ~ 0.5. Namely, given the experimentally measured values for Aml.z' and the neutrino
sum rule from Eq. (58) no solution exists. The second interesting feature is that only normal
ordered neutrino masses can only exist below cos(A) &~ 0.5, and inverted only above cos(A) &~
0.5. This implies that varying A provides a transition between normal and inverted neutrino
mass orderings, the justification of why there is no solution for neutrino masses at cos(A) ~
0.5.

The physical masses as a function of cos(A) serve as a stepping stone for numerically calcu-
lating the values of &, §, and | 8| (cf. Eq. (15)) for a fixed value of cos(A). To correctly calculate
these parameters to NLO, it is necessary to use the NLO masses of Eq. (39). However, notice
that these masses include an additional complex parameter € = |¢|e!% . We find |¢| by demanding
that the TB deviation parameter » (cf. Eq. (36)) matches the corresponding value derived from
the central value of the reactor angle given in Ref. [10], i.e. » = 0.22. Then, |¢| may be solved for
as a function of the £, §, | 8| parameters and removed from the NLO masses of Eq. (39) leaving 4
unknown real parameters. 6. can be eliminated by minimising and maximising the masses with
respect to O. After this, the maximised and minimised NLO masses may be expressed in terms of
only &, §, and |B]|. Setting these analytic forms for the maximised and minimised NLO neutrino
masses equal to their corresponding values found in Fig. | reveals the values of the parameters &,
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Fig. 2. 5 vs. cos(A) for fixed r = 0.22: The region between the red lines represents the possible values the s parameter
can take for normal ordered neutrino masses, and the region between the light blue lines represents the possible values
for the inverted ordering. The thickness of the lines takes into account the 1o ranges for the Am% used in producing the
plot, and the grey area represents the experimentally allowed 1o range from Eq. (3). The LO Golden Ratio prediction is
given by the dashed line. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

8, and |B| as a function of cos(A).® Notice that the parameters entering in the masses also appear
in the analytic forms of the corrected mixing matrix elements, cf. Egs. (21)—(33). Therefore, it
is possible to numerically calculate the elements of the PMNS matrix and find the TB deviation
parameters s and a of Egs. (37)—(38) as a function of cos(A).

4.1. NLO corrections to s and a

In this section, we report the results obtained from using the previously discussed method
for determining |€|, |B], &, and § to calculate the TB deviation parameters s and a to NLO.
Notice that in the definitions of a and s in Eqgs. (37)—(38), the unknown Majorana phases o>
and «3 appear. s and a are minimised and maximised with respect to these phases to remove
their dependence on them. Then, the calculation of how the s and a parameters vary as a
function of cos(A) is straightforward. The plots resulting from parameter scans ranging over
values of cos(A) € [—1, 1] for the s and a parameters can be found in Figs. 2 and 3, respec-
tively.

The plots in Figs. 2 and 3 show some interesting features. The first feature to notice is that the
LO GR prediction is contained in the allowed region predicted by the NLO Golden Model. This

is due to the fact that if AUlze_iaTz and AUzge_"aT3 are purely imaginary then the corrections
to s and a vanish, respectively, as can be seen from Egs. (37)—(38). The second slightly more
interesting feature to notice is that the at cos(A) = 0.5 there exists no solution, a relic of the mass
vs. cos(A) analysis.” Yet, the most intriguing result of this analysis is that the values for s and a

8 Numerical instabilities in some of the solutions for the &, 8, and |B| results of the minimised NLO neutrino masses
urged us to use the maximised results in our analysis. Although, the stable results show little difference between the two
cases.

9 1t should be noted that in the graph of a vs. cos(A), the value of @ in the inverted hierarchy takes larger values which
begin to break down the r, s, a, perturbative expansion for the PMNS matrix in a.
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Fig. 3. a vs. cos(A) for fixed r = 0.22: The region between the red lines represents the possible values the “a” parameter
can take for the normal ordered neutrino masses, and the region between the light blue lines represents the possible values
for the inverted ordering. The thickness of the lines takes into account the 1o ranges for the Am?. used in producing the
plot, and the grey area represents the experimentally allowed 1o range from Eq. (3). The LO Golden Ratio prediction is
given by the dashed line. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

can actually lie within the 1o band of Eq. (3). Clearly, the NLO corrections provide the needed
adjustment to the Golden Model’s problematic LO predictions of r =a =0 and s = —0.09, by
allowing them to be shifted to agree with current experimental bounds.

Having calculated the allowed ranges which s and a can take (as a function of cos(A)),
there still exists another plot which needs to be generated to further probe the predictions of
the Golden Model, a vs. s. The plot of a vs. s will further restrict our parameter space of
the Golden Model through the correlation of a and s. The method for generating this plot is
straightforward because all relevant parameters are known with the exception of the Majorana
phases, a» and a3, and the phase of €, .. Unfortunately A = oy — a3 does not enter in either
of the forms of the a or s parameters in Egs. (37)—(38), so the method of taking the maxi-
mum and minimum values cannot be used here because we want a value of a for each s. Thus,
it is necessary to introduce another parameter X' = oy + «3, so that the parameter A may be
utilised when analysing how s and a vary with each other. Doing this enables o and a3 to
be re-expressed as ap = 1/2(A + ¥) and a3 = 1/2(X — A). Since all parameters are known
for each value of A, all that is left unknown is X and 6. Generating random values for X,
0. € [0, 2x], while keeping the consistency of the definition of the Majorana phases, yields the
plot found in Fig. 4. As can be seen, this plot further constrains the parameter space of the
Golden Model, as it contains a subset of the values displayed in the plots of Figs. 2 and 3,
through the correlation of a and s. Yet even though the correlation of a and s further reduces
the Golden Model’s parameter space, the experimentally determined values for @ and s can be
still accommodated by the Golden Model, providing consistent phenomenological predictions
which are able to match the bounds of Eq. (3). However, to further analyse the phenomenology
of this model, we next consider the Golden Model’s predictions for neutrinoless double beta
decay.
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Fig. 4. a vs. s for fixed r = 0.22: Purple represents predictions from normally ordered neutrino masses and the light blue
points from inverted neutrino masses. The purple region is also where they overlap. The black rectangle designates the
allowed lo region of Eq. (3) and the black cross is the LO Golden Ratio prediction. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. mgg vs. cos(A): The red region corresponds to the values that mgg can take in the normal neutrino mass ordering,
the light blue region corresponds in the inverted ordering, and the grey region is the experimental range of upper bounds
that mgg can take from EX0O-200 [29]. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

4.2. Neutrinoless double beta decay

From the plots in Figs. 2 and 3, it is seen that as the parameter A varies, a transition be-
tween normal ordered and inverted ordered neutrino masses occurs. Therefore, it is interesting to
analyse the behaviour of the effective Majorana mass parameter, mgg, as a function of cos(A),
where

mgp = |Im1|U3; + Ima|lUbe ™2 + |m3|Uiye ™). (59)

Notice that in Eq. (59), U;; represent the entries of the PMNS matrix without Majorana phases.
This analysis is preformed by utilising the previously discussed parameters A = o — a3 and
Y =y + a3, so that Eq. (59) may be re-expressed in terms of X' and A, instead of o> and «3.
Then, it is possible to invoke the work from previous sections to numerically generate a plot
revealing how mgg changes as cos(A) varies. The results from this analysis can be found in
Fig. 5. Notice that (as postulated), cos(A) “disentangles” degenerate neutrino orderings, as can
be seen from the transition at cos(A) = 0.5. Also, the results are consistent with the experimental
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Fig. 6. mgg vs. mjjgpsess: The red and light red regions represent the model independent values that the inverted neutrino
mass ordering can take based on the central value and 1o deviation of Ref. [10], respectively. The blue and light blue
regions are the analogue of this for the normal neutrino mass ordering. The gold regions correspond to the Golden
Model’s prediction for mgg in both the normal and inverted orderings. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

upper bounds on mgg reported by EXO-200 [29]. Yet the most important conclusion one can
draw from Fig. 5 is that the Golden Model is testable in the near future. Due to the neutrino mass
sum rule of Egs. (14) and (40), the normal neutrino mass ordering’s prediction for mgg cannot
be arbitrarily small. Hence, the model has the capability of being tested by the next generation
of neutrinoless double beta decay experiments.

We continue the analysis of the Golden Model’s phenomenology by constructing, mgg vs.
Miightest- This is possible to do since the neutrino masses and mgg are known for each value of
cos(A). Thus, it is straightforward to find the maximum and minimum values of mgg as well as
the value of the lightest neutrino mass (i.e. m in the normal ordering and m3 in the inverted or-
dering) for each value of cos(A). These results can then be combined to produce the gold regions
of the plot found in Fig. 6. The plot in Fig. 6 also contains blue and red regions corresponding to
the normal and inverted neutrino mass orderings if there was no neutrino mass sum rule. The dif-
ferent shades of the blue and red regions correspond to the different ranges obtained when taking
into account the best fit and 1o deviations away from the best fit.'” It should be clear from Fig. 6
that the Golden Model’s inverse mass sum rule severely restricts the allowed values that m gg can
take, leading to a lower bound of mjgpses: 2, 0.01 €V and mgg 2 0.005 eV for the normal mass
ordering, with the mass spectrum extending into the quasi-degenerate region. As previously dis-
cussed, this allows the Golden Model to be tested by near future neutrinoless double beta decay
experiments.

Before concluding, we comment on the absence of the Dirac CP violating phase in the pre-
ceding discussion. Since we are working within the standard PDG parametrisation of the PMNS
matrix, it can be seen that the last term in Eq. (59) involves both the Dirac phase and a Majo-
rana phase. In the plots we have considered this term to be described by only one independent
phase. Hence, the neutrinoless double beta decay plots do not depend on the value of the Dirac
CP phase in our approach. However we also briefly mention that the Golden Model is consistent
with a Jarlskog Invariant of J = Im(U11Us3U5U3;) ~ 0.05sin(8).

10 1tis important to note that in order to generate the model independent case of Fig. 6, we have used the code developed
in Ref. [30] with the global fit values of Ref. [10].
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5. Conclusions

The Golden Ratio mixing prediction of a zero reactor angle means that this model, along
with other simple schemes such as TB mixing, is no longer viable. Similarly, there is increas-
ing evidence that the atmospheric angle lies in the first octant, and so the prediction of maximal
atmospheric mixing, also shared by TB mixing, is also disfavoured. However, while the TB
prediction for the solar angle remains viable, the Golden Ratio solar angle prediction is also
disfavoured. This provides a motivation for considering the Golden Ratio predictions at NLO.
Unlike the case of TB mixing, however, where the LO solar angle prediction is viable, and
so one may preserve a subgroup of the Klein symmetry, in the case of the Golden Ratio pre-
dictions there is a strong motivation to completely break the original Klein symmetry at the
NLO.

In this paper we have proposed a new As model of leptons which corrects the LO predic-
tions of Golden Ratio mixing via a minimal NLO Majorana mass correction which completely
breaks the original Klein symmetry of the neutrino mass matrix. The minimal nature of the NLO
correction leads to a restricted and correlated range of the mixing angles allowing agreement
within the one sigma range of recent global fits. Yet even though the Golden Model cannot pre-
dict the sign of the correction to the solar and atmospheric mixing angles, agreement with recent
global fits can be reached in a specific region of parameter space allowed by the model. Re-
markably, the minimal NLO correction also preserves the LO inverse neutrino mass sum rule,
implying a neutrino mass spectrum which extends into the quasi-degenerate region, allowing
the model to be accessible to the current and future neutrinoless double beta decay experi-
ments.
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Appendix A. The group theory of As

As is a simple group.'' By definition, it is the group of all even permutations of a set of five
elements. As such, it has 5!/2 = 60 elements. In fact, it can be shown to be isomorphic to the
Icosahedral Symmetry Group, Z, the group of all rotations of an icosahedron which preserve
the icosahedron’s orientation. This isomorphism turns out to be insightful when considering the
conjugacy classes of A5 =7, as one can express the conjugacy classes in terms of Schoenflies
notation where they are denoted by C,’f and represent rotations by % With the further definition
that the number in front of Cfl is the number of elements contained in a conjugacy class, the con-
jugacy classes of As can be written as: I (the conjugacy class consisting solely of the identity),
15C21, 20C3] , 12C 5] and 12C52. Using these conjugacy classes and the theorems that posit that the

11 A5 contains no nontrivial normal subgroups.
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Table 4
The S, T, and U elements of A5 for the 1-, 3-, 3'-, 4-, and 5-dimensional irreducible representations in which p = emi/s
and ¢pg = (1 + V/5)/2 is the Golden Ratio.
S T U
1: 1 1 1
12 -2 10 0 -1 0 0
3 % V2 —¢g be P 04 0 0 -1
V2 g =4 00 p 0 -1 0
-1 J? V2 1 0 0 -1 0 0
3 NG V2 o5 % 0 02 0 0 0 -l
_1 0 0 p° 0 -1 0
V2 ¢ % P
1 L ¢, -1
. % § e 0 0 0 0001
4 e U % 002 0 0 0010
‘ Sleg 1 -1 4 00 o o0 0100
| | lg 0 0 0 p* 1 000
— ‘pg @
-1 V6 V6 V6 6
1 2
Vo o T2 g 3 100 0 0 10000
0O p O 0 O 00 0 01
5: %f"’g % 92 g 00 p2 0 0 00010
2 1 2 3
J6 o po ¢g —2¢¢ 00 0 p O4 001 00
3 00 0 0 p 010 00

O

number of elements of a group is equal to the sum of the squares of the dimensions of the irre-
ducible representations and that the number of irreducible representations of a group is equal to
the number of conjugacy classes, it is easy to see that A5 has a one-dimensional irreducible repre-
sentation (1), two three-dimensional irreducible representations (3 and 3’), one four-dimensional
representation (4), and one five-dimensional irreducible representation (5) because

14154204+ 12+12=60=1>+3>+3% + 4> + 5°. (A.1)

Yet in order to do anything physically useful with these five irreducible representations, an ex-
plicit matrix representation for each irreducible representation of A5 must be calculated/found.
To do this it is helpful to find a set of generators and rules defining their multiplication (i.e. a
presentation) which generate As. We choose to work in the basis given in Ref. [20] in which As
is generated by two generators, S and 7', satisfying the presentation rules

§?=7>=(T)}=1. (A.2)

The explicit forms of S and T can be found in Ref. [20]. For completeness, we choose to list
them again here along with another element of As, U = T3ST>ST3S. Notice that the S and U
elements generate a ZZS X Zg Klein subgroup of As. Recall that in Section 2.3 of this work,
spontaneously breaking As to this Klein subgroup (in the neutrino sector) was used to generate
Golden Ratio mixing. The explicit forms of S, T and U for each irreducible representation can
be found in Table 4.
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Table 5

The invariant VEV alignments for one and only one of the S, T, and U elements. The w; and v; represent components
of the 4- and 5-dimensional flavon VEVs left unspecified by S and U, respectively. Notice that there exists no nontrivial
VEV invariant under the action of 7j.

S T U
B L 1 0
3 NGTH 0 1
-1 0 -1
V2¢g
1
g 1 0
k% V2 0 1
e 0 —1
V2
W3¢§ — wady wi
4 wy _ w
w3 w2
wydZ — wady wy
Vg v3dg 2
NN I Vi ! vl
v 0 v2
5 v3 0 v3
Vg 0 v3
3 V4 0
e g + vy v2

Each of the elements in Table 4 will leave invariant a different flavon VEV alignment (up
to proportionality), i.e. G(¢) = (¢) where G = S, T or U and (¢) is the VEV of a flavon field
preserved by the action of the group element G. These alignments are crucial when considering
the spontaneous breaking of As to ZZS X Zg , as having flavons develop VEVs invariant under
the action of the S and U preserves the Klein subgroup. A listing of these “invariant” alignments
is given in Table 5.

Notice that if both S and U generators are unbroken, such that the Klein symmetry exists
at low energies, then the only nontrivial alignments that exist are for the 4- and 5-dimensional
irreducible representations. The VEV which preserves both S4 and Uy is given by

1

e (A3)

1

whereas the VEV which preserves S5 and Us is given by
2

J3wa o)
%)
V3 . (A4)
v3
v2

Recall that the five-dimensional VEV given above was crucial in constructing the LO Golden
Model of Section 2.3. In addition to constructing these invariant VEVs the S and 7' elements/gen-
erators can also be used to calculate the Clebsch—Gordan coefficients associated with the partic-
ular irreducible representations of As. This is the goal of the remainder of this appendix.
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A.l. The Kronecker products and Clebsch—Gordan coefficients of As

From the matrix representations of the S and 7 elements/generators of As given in the
previous section, it is straightforward to calculate the Clebsch—Gordan coefficients for the de-
composition of the product representations, which we now list for this basis in detail. We use a;
to denote the elements of the first representation, b; to indicate those of the second representation
of the product, and the subscripts “a” and “s” to indicate a representation which is antisymmetric
or symmetric, respectively.

393=1,83,85]

1s ~aiby +apbs +azby
arb3 —azby

3a~ | a1by —azxby
azby —aybs

2a1by —ayby —azby

—3a1by — /3ayb,

3R¥=1,03,05

1s ~a1by +axbz +azby
aybs —azby

3y~ | atby —azby
azby —ayb3

2a1b1 —apxby —azby
V6azb3

5¢ ~ V6ayby 56~ | —v3Baiby —3azb;
V6azbz —/3a1bz — /3azb;
—/3ayb3 — +/3azb; Véayby
33 =405
ﬁazbl +azby \/galbl
—arbs —ash azby —2a3by
4~ 19274393 1 5~ | a1by — v2a305
—V2a1b3 — arby arbs — arb
N2azby + azbs 173 272
azby — \/Euzb_v,

304=30405|

—2ayby — ~2a3b,
3 ~ | V2a1by — azby +azbj
ﬁa1b3 +apby — azby

ajby —2a3by
—a1by — 2ayb;
arbs +~2azby
—ayby +2azb3

V6ayby — «/66!317]
Zﬁalbl + 2a3by
—2a1by + arby + 3azb;
ﬁa1b3 —3arby —azby
—2/2a1bs — 2a3b3

S5~

324=30405|

—2ayb3 — ~2a3by
3~ | V2a1b; +asby —azbs
\/Ealh4 —apby +azby

aiby +~2azb;
ajby — V2azby
—ab3 +2azb)
—a1by — ﬁazbz

«/6&2173 — «/6(13172
N2ai1by —3arby — azbs
24/2a1by + 2a3by
—Zﬁa1b3 —2ayby
7\/§a1b4 +arby + 3azby

5~
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305=303 0495
2

2\/§a1b2 - \/Bazbl + azbs
—2a1b3 + 2ayby — 3azby

—2a1by + ﬁazbs + \/503172
3aiby + arby — /6azb3
«/§a1b5 — «/Ea2b4 +azbq

)
)

V3aiby + arbs +azby
a1by — ~2apby — N2azby
ayby — ~2ayb3 — 2a3bs

4~
\/Ealb4 + 3ayb3 — 2a3bs
—24/2aybs — azby + /6azby
VBazbs — 3azby
—ayby —/3ayb; — ﬁa3b3
5~ —2a1b3 — N 2ayby

2a1by + /2a3bs5
aibs +~2ayby +/3azb,

3®5=303 0495

3~

g

V3aiby + azbs + azbs
ayjby — \2arbs — N 2azby )
a1bs — «/5(12173 - \/Ea3b2
—2a1by +Basbs + V/3azb;
\/galb3 +arby — «/6a3b5
3aiby — /6asby + azby

( )

«/zalbz + 3apbs — 2azby
2/2a1b3 — /6ayb| + a3bs
—Zﬁa1b4 —arby +/6azb;
—~/2a1bs + 2arb3 — 3azby

VBazby — 3azbs
2a1by + «/ia3b4
—a1bz — /3ayb; — ~/2az3bs
arby +~2ayby +3azb,
—2a1bs — ﬁazb3

4R4=1,03,03, D4 D5,

15 ~ a1by + axbs + azby + asby

(EEE)
(")

ds~

—arbg +arby — azby + agby
ﬁa2b4 - «/§a4b2
V2a1b3 — \2azb;

arbs +axbz —azby —asby
\/Ea3b4 - \/ia4b3
V2a1by — 2azb;

arby + azbz +asb;
a1by +azbg 4+ agbs
arby + axby + agby
a1by +axby + azby

V3a1by — ~/3arby — v/3azby + v/3asb,
—ﬁa2b4 + Zﬁa3b3 - \/Ea4b2
—242a1by + v2azby + 2a4b3

V2a1by +V2a3b1 — 2/ 2a4b4
7\/501173 + Zﬁazbz — ﬁa3bl

5¢ ~

g

3/~(

4~

51~

5y~

[4895=303 0405 05

2v/2a1bs — v2aybs + 2a3b3 — 2+/2a4b,
—\/éalhl +2aybs5 + 3azby — agbs
a1by —3axbz —2a3by + V6ayby

ﬁalbs + 2\/5[12[74 - 2\/5031)3 - \/504172
3a1by — ~/6ayby — azbs + 2asby
—2a1b3 +arby + \/Ea:;b] —3aybs

«/§alb1 - \/Eazbs + \/Ea3b4 - 2\/5041)3
—2a1by — 3azby + 2«&03[)5 +V2ay4by
ﬁa1b3 + Zﬁazbz - ﬁa3b1 - ﬁa4b5
—23/2a1by + 2arb3 — N 2azby + /3ashy

V2a1bs — N2ayby — 2a3b3 + v2a4by
—2a1b; — /3azby — /3asb3
V3aiby + v2ayb1 + 3azbs
V3ayby +~2a3by + /3aybs
—/3a1by — «/gazb3 — \/Ea4b1

2a1bs5 + 4arby + 4azbs + 2a4by
da by + 2\/602[75
—/6a1by 4 2ayb; — v/6azbs + 2v/6a4by
2«/6a1b3 - \/8612})2 + 2a3by — \@a4b5
2\/6613172 + day by

)
)
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‘5®5=15@3a@33@4s@4a@51,5@52,5’

15 ~a1by + apbs + a3by + agbsz + asby

—3ayby + vBayby +~2a3bs — v2asb3

aybs +2a3by — 2a4b3 — asby
3a~
V3aybs + N2ayby — 2a4by — v/3asb,

2aybs — azbyg + asbz — 2asb;
3.~ | V3aibz —Bazby + v2asbs — v2ashy
—v/3aibs + v2ayb3 — N2a3by + v3agb)

3\/5(11}72 + 3\/5612})1 - \/§a3b5 +4\/§a4h4 - «/§a5b3
3v/2a1 b3 + 4/3azby + 33/2azby — v/3agbs — /3ashy
3\/5&111)4 — \/?:azbg, — ﬂa3b2 + 3ﬁa4b1 +4«/§a5b5
3«/§a1b5 - ﬁa2b4 + 4\/5031)3 - \/§a4b2 + Sﬁasbl

4~

V2ayby — N2ayby +v/3azbs — v3asbs
—v2a1b3 + v2a3by + ~/3asbs — v3asby
—v2a1b4 — v3ayb3 + v/3a3by + v/2a4b;

V2a1bs — N/3ayby + ~/3ashy — v2asb)

4~

2a1b1 + apbs — 2a3bgy — 2a4b3 + asby
arby + azby + v/6azbs + /6asbs
51,S ~ —2a1b3 + \/gazbz —2a3by
—2a1by —2a4b1 + \/6(15175
arbs +~/6ayby + /6asby + asb,

2a1b1 — 2aybs5 + azby + agbz — 2as5by
—2a1by — 2ayby + /6agby
525~ arbs + azby + v/6aybs + /6asby
arby + v/6ayb3 + /6a3by + ashy
—2a1bs + v/6a3bz — 2asb,

Appendix B. Breaking the GR Klein symmetry

In this appendix we show that the assumed correction to the superpotential (cf. Eq. (16)),

AW, = 2L (NN G, + 22 (VN)5,00)5,)y, -

675

(B.1)

is sufficient to completely break the Klein symmetry associated with the unsuccessful LO Golden
ratio prediction. We begin by first noting that so long as a; # 0 and/or a; # —a3, a non-zero value
of 613 will be obtained because a VEV proportional to (0, 1, —D7T will be preserved by Usz (cf.
Table 5). Furthermore, by construction, any representation formed from the combination of two
triplet fields preserving Uz will preserve said representation’s corresponding U . For example, the

5 constructed from two A fields where the a; are left arbitrary is
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2a12 —2apa3
—2\/§a1a2
(()s,) ~ V6a? . (B.2)
V6a3
—2«/§a1a3

In the above result, the subscript “Ss” on (AA) denotes that we are selecting the S¢ from the tensor
product 3 ® 3 = 15 @ 3, D S55. From the form of Us given in Table 4, it is clear to see that only
two solutions exist which leave Us invariant (i.e. satisfy Us((AL)s,) = ((AA)s5,)):

{alzo and a = —as, (B.3)

ap)=a3 and aj arbitrary.

From these two solutions, the latter may be interpreted as resulting from general invariance of
a VEV acted upon by Us and the former existing because the 55 was constructed from two
3-dimensional irreducible representations. In either case, the assumed VEV of (1) = (0, 0, a3’
breaks U3z and the corresponding ((AA)s,) breaks Us providing a correction to the problematic
vanishing reactor mixing angle. Next, we turn to the invariance of ((AA)s,) under the S generator.
From the form of S3 (cf. Table 4), it is straightforward to see a (1) o (—«/Eqbg, 1, DT is left
unchanged by the action of S3 (cf. Table 5). This, in turn, implies the conditions for the invariance
of a triplet VEV under the 3-dimensional S generator:

a1 =—2¢gaz and a =a;. (B.4)

Then, acting S5 (cf. Table 4) on ((AA)s) implies S5 is preserved by the ((A)1)s) VEVs constructed
from

—$V2\ (V2 — DY\ [ bVZ N\ [y
(A) 1 , 1 A Qo +1) ], 1 . (B.5)
1 1 -1 as

Notice that the first two solutions preserve S3 and Sy, respectively. The final two alignments
preserve Ss (when it acts on their corresponding ((AX)s) contraction). From these S-preserving
alignments it is easy to see (L) = (0,0, a3)” will also break the S generator. Furthermore, it is
interesting to see that, as noted in Ref. [20], it is impossible to preserve both S3 and U3 simul-
taneously by any VEV given to a flavon field transforming under the 3-dimensional irreducible
representation. However, this is exactly what is needed to correct the problematic predictions of
LO golden ratio mixing given in Eq. (4).
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