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Measurable neutrino mass scale in A, X SU(5)
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We propose a supersymmetric A4, X SU(5) model of quasidegenerate neutrinos which predicts the
effective neutrino mass m,, relevant for neutrinoless double beta decay to be proportional to the neutrino
mass scale, thereby allowing its determination approximately independently of unknown Majorana phases.
Such a natural quasidegeneracy is achieved by using A4 family symmetry (as an example of a non-Abelian
family symmetry with real triplet representations) to enforce a contribution to the neutrino mass matrix
proportional to the identity. Tribimaximal neutrino mixing as well as quark CP violation with & = 90° and
a leptonic CP phase Syns = 90° arise from the breaking of the A, family symmetry by the vacuum
expectation values of four “flavon” fields pointing in specific postulated directions in flavor space.
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I. INTRODUCTION

Over the past dozen years or so our knowledge of the
neutrino sector has increased dramatically with the discov-
ery of neutrino mass and mixing in atmospheric and solar
neutrino oscillations, followed by the observation of
terrestrial neutrino oscillations in long baseline neutrino
experiments which have confirmed and refined the earlier
results [1]. Yet, despite this progress, which may even be
termed a ‘“‘neutrino revolution,” there are many questions
about neutrinos which remain unanswered. Perhaps the
most pressing of these is the origin, nature, and magnitude
of neutrino mass, since neutrino oscillations only provide
information about the squared mass differences between
neutrino species which are independent of the absolute
neutrino mass scale or the nature of the neutrino mass
(i.e. Dirac or Majorana). In the absence of any confirmed
experimental signal from either beta decay end-point ex-
periments or neutrinoless double beta decay experiments,
the most stringent limits on the absolute neutrino mass
scale come indirectly from cosmology where one typically
obtains the limit on the absolute neutrino mass scale ex-
pressed in terms of the lightest neutrino mass as Mmyjgpie =
0.2 eV [2]. Thus, there remains the interesting possibility
that neutrinos are quasidegenerate, which one may roughly
define as myjgpies > 0.05 €V, where the lower limit is ap-
proximately set equal to the square root of the atmospheric
neutrino mass squared difference.

The current generation of running or planned neutrinoless
double beta decay experiments is capable of discovering
quasidegenerate neutrinos, as defined above, within the next
years. Such a discovery would herald a new neutrino revo-
lution to rival the last one and would lead to an explosion of
interest in theoretical models capable of accounting for
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quasidegenerate neutrinos. In general having quasidegener-
ate neutrinos does not lead to a sharp prediction for the
neutrinoless double beta decay observable m,, as a function
of m| = m, = m5 due to the presence of unknown phases in
the neutrino mass matrix [3]. The general conclusion that
unknown phases enter the prediction for m,, also remains
valid in models which combine the experimental observa-
tion of (at least approximate) tribimaximal (TB) [4] lepton
mixing with the possibility of a quasidegenerate neutrino
mass spectrum. The reason is that the relevant phases enter-
ing m,, are Majorana phases. Allowing for arbitrary
Majorana phases and considering a quasidegenerate neu-
trino mass spectrum and TB mixing, m,, can still be in the
approximate interval n,, € [Mijighesi/ 3, Miightest-

What would we learn about the origin of neutrino mass
from the discovery of quasidegenerate neutrinos in neutri-
noless double beta decay? Clearly this would imply that
neutrinos are Majorana, and possibly (but not necessarily)
that would indicate that a seesaw mechanism is at work,
but what kind of seesaw mechanism; i.e. is it type I or II?'
There are known examples of type I and type II seesaw
models which can lead to quasidegenerate neutrinos as
well as TB lepton mixing, so clearly quasidegenerate
neutrinos would not distinguish different types of seesaw
mechanism. For example, the supersymmetric (SUSY)
grand unified theory (GUT) based on SO(10) with family
symmetry PSL(2, 7) proposed in [5] is based on the type II
seesaw mechanism, leads to TB mixing, and allows quasi-
degenerate neutrinos. On the other hand, the SUSY A,
model in [6] based on the type I seesaw mechanism also
leads to TB mixing and allows quasidegenerate neutrinos.
Interestingly, the SUSY A, X SU(5) model with a type I
seesaw mechanism does not favor quasidegenerate neutri-
nos [7], whereas a related model with a type II seesaw
mechanism does allow quasidegenerate neutrinos [8].

"We shall not consider the type III or further types of seesaw
mechanism in this paper.
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More generally, there is a huge literature on family sym-
metry models based on A, [9] or other symmetries [10].
However, to our knowledge, in all above examples, quasi-
degenerate neutrinos are subject to the mentioned phase
uncertainties in the prediction of m,, as a function of m;.

It is interesting to ask, in what class of theories would we
learn the most about the neutrino mass scale mjgpeq from
the discovery of a measurement of m,, in neutrinoless
double beta decay? Clearly the answer would be those
theories which predict m,, uniquely as a function of
Mijghiest Without ambiguities from unknown phases, but
the next question is do such theories exist? Perhaps sur-
prisingly the answer is in the affirmative, and, even more
surprisingly, the class of theories which have this property
turn out to suggest the way that the neutrino mass matrix is
generated, namely, by a usual type I seesaw contribution
with two or three right-handed neutrinos, plus an additional
contribution proportional to the unit matrix. In [11], two of
us proposed a class of theories of exactly this kind which
we referred to as a “‘type II upgrade of type I seesaw
models.” In this class of models the additional contribution
to the neutrino mass matrix was realized by an additional
type II seesaw. The type I seesaw part of the neutrino mass
matrix, which controls the mass squared differences and
mixing angles, was governed by sequential right-handed
neutrino dominance [12]. The effect of such an additional
unit matrix structure implies that for quasidegenerate neu-
trino masses the Majorana CP phases are small and thus
Mee = Myjghiest- Although the class of models was specified,
no realistic type II upgrade model has ever been proposed.

In this paper we shall propose a model following the idea
of an additional contribution the neutrino mass matrix
proportional to the unit matrix based on A, family symme-
try with SU(5) grand unification. The model contains
tribimaximal neutrino mixing after the A, family symmetry
is broken as an indirect result of the assumed aligned
“neutrino flavons™ in the type I seesaw sector via con-
strained sequential dominance [13]. These neutrino flavons
break the A4 symmetry, being assumed to be aligned along
the columns of the TB mixing matrix, but quadratic combi-
nations of the neutrino flavons respect accidentally the
neutrino flavor symmetry as discussed in [14]. Further
“quark flavons™ are assumed to be misaligned compared
to the neutrino flavons and are, together with the neutrino
flavons, responsible for quark and charged lepton masses
and quark mixings. As expected, due to a possibly large
type I seesaw contribution, or alternatively due to an addi-
tional type I seesaw contribution from an additional triplet
representation of right-handed neutrinos, the model can
naturally predict the neutrinoless double beta decay mass
observable to be approximately equal to the neutrino mass
scale. We also make a detailed fit to quark masses and
mixing using the misaligned quark flavons and show that a
simple ansatz for the phase of one of the misaligned quark
flavons leads to successful quark CP violation. In order for
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radiative corrections not to modify too much the TB mixing
for quasidegenerate neutrinos [15], we shall restrict our-
selves to low values of the ratio of Higgs vacuum expecta-
tion values (VEVs) tanB < 1.5. For such low tanB8 < 1.5, a
viable GUT scale ratio of y, /y; is achieved within SUSY
SU(5) GUTs using a Clebsch factor of 9/2, as proposed
recently by two of us in [16]. For the third generation we
use b-7 Yukawa coupling unification y,/y, = 1 atthe GUT
scale which is viable for low tanf (see, e.g., [17]).

The layout of the remainder of the paper is as follows. In
Sec. II we present the model. In Sec. III we perform a
numerical fit to the quark and charged lepton masses and
quark mixing angles and CP violating phase and discuss
the neutrino masses and lepton mixing angles. Section IV
summarizes and concludes the paper. In Appendix A we
give a renormalizable superpotential and explicit expres-
sions for the effective couplings, and Appendix B contains
a possible vacuum alignment.

II. THE MODEL

In this section, we propose and describe a SUSY GUT
model based on the unified SU(5) gauge group as well as
on the family symmetry A, amended by some discrete
73 X 73 symmetries and an U(1) symmetry as specified
in Table I.

A. Symmetries and field content of
the SU(5) GUT model

Let us start introducing the model by specifying the field
content and the symmetries. The standard model matter
fields fit nicely into the two representations 5, which we
call F, and 10, which we call T. Explicitly they are given as

Fi=(dy dy dg e -v),

0 —ug ug  —up —dg
1 ug 0 —uy —up —dp 2.1
Ti = —= _M% l/l;‘e 0 —Ug dG ,
V2 ug up ug 0 —e€

dR dB dG e 0

where the lower indices R, B, and G denote the quark
colors and i = 1,2, 3 is the family index. In our model,
we consider that the three generations F; form a triplet
representation 3 of an A, family symmetry whereas
the three generations 7; form singlets 1 under A,.% In the
following, we suppress the A, indices. In addition, we
consider two right-handed neutrinos, singlets under
SU(5) as well as under A4, labeled by N, and N,.

*We note that in principle any non-Abelian family symmetry
with real triplet representations, like, e.g., SO(3), would in
principle be suitable for the construction of models with addi-
tional contributions to the neutrino mass matrix proportional to
the unit matrix. In this paper we focus on A, as a specific
example.
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Representations and charges of the superfields. The subscript i on the fields 7}, N;,

and C; is a family index. The flavon fields ¢; and ¢~>23 can be associated to a family via their
charges under Z% X Zﬁ. The subscripts on the Higgs fields H and H and extra vectorlike matter
fields A and A denote the transformation properties under SU(5).

SU(5) A, Z, zZ, zZ, Z, U(l)g
Chiral matter
F 5 3 + 0 + 0 1
Ty, Ty, Ty 10,10,10 1,1,1 +,+,— 0,1,0 +,+,+ 1,0,0 1,1,1
N, N, 1.1 1,1 +, 0,1 +, + 1,0 1,1
Flavons and Higgs multiplets
b3, D123> D3 1 3 +,+,— 0,3,0 +,+,+ 3,0,0 0,00
b 24 3 + 3 - 0 0
Hs, Hs 55 1,1 +, 0,0 +, + 0,0 0,0
Hs, Hs 15,15 1,1 +, 0,0 +, + 0,0 0,0
Hys, Hus 45,45 1,1 +, 0,0 - = 0,0 0,0
Matterlike messengers
As, As 55 1,1 +, 1,3 - - 0,0 1,1
Aoy Ao 10, 10 3,3 +, 0,0 +, + 0,0 1,1
A, 1 3 + 0 + 0 1
Higgs-like messengers
B. B 575 1,1 +, + 2,2 +, + 0,0 0,2
c,, C 1,1 1,1 +, + 0,0 +, + 2,2 2,0
C,, G, 1,1 1,1 +, + 2,2 +, + 0,0 2,0

We furthermore consider 15-dimensional Higgs repre-
sentations H s and H,5 which contain SU(2), -triplet Higgs
fields that obtain induced VEVs after electroweak symme-
try breaking. H,s induces in this way a type II seesaw
contribution to the neutrino mass matrix which is, to lead-
ing order, proportional to the unit matrix and can increase
the neutrino mass scale without modifying the values for
the leptonic mixing angles.

SU(5) is spontaneously broken by the VEV of the ¢»;
field, electroweak symmetry is broken by the VEVs of the
Higgs fields Hs, Hs, Hys, and H,s5, and A, is spontaneously
broken by the VEVs of the flavon fields, i.e. the family
symmetry breaking Higgs fields ¢ 3, ¢23, 3, and do;.
We comment below on the specific directions in which we
assume A, to be broken by the flavons.

On top of that, we consider additional ‘“messenger”
fields which are heavy and which, after effectively inte-
grating them out of the theory, give rise to higher-
dimensional operators generating the Yukawa coupling
matrices as well as the mass matrix of the gauge singlet
(right-handed) neutrinos N;.

The field content of our model as well as the symmetries
is specified in Table I. We note that it is always possible to
replace any product of commuting discrete symmetries by a
single Abelian group U(1) with a suitable choice of charges
for the fields, so it is possible to replace the Z3 X Z3
symmetry by a single U(1) symmetry, with an appropriate
choice of charges. Indeed many models in the literature use
an Abelian U(1) symmetry rather than a product of Z
symmetries to control the operators. Although this looks
simpler, it should be remarked that, first, an Abelian

symmetry has infinitely many more group elements than
any discrete symmetry, and, second, one must then confront
the question of Goldstone bosons once the assumed global
Abelian symmetry is broken. If the Abelian symmetry is
gauged, one must further complicate the model by ensuring
that it is anomaly-free. Therefore an auxiliary discrete
symmetry, even a large one, has definite advantages over
an Abelian symmetry. Furthermore discrete symmetries are
ubiquitous in string theory constructions. Finally, the
auxiliary discrete symmetry used here is rather a simple
one consisting of a product of Z, and Z, parity factors.
Thus we regard the use of the discrete 7, and 7, symme-
tries as being a well motivated, simple, and attractive
alternative to the use of an Abelian U(1) symmetry.

We would like to remark that we do not explicitly
consider the full flavor and GUT Higgs sector of the model
and just assume that the SU(5) and A, breaking VEVs are
aligned in the desired directions of field space. We assume
that in these sectors issues like doublet-triplet splitting are
resolved. Without specifying these sectors, a reliable cal-
culation of the proton decay rate must also be beyond the
scope of the present paper. The focus of the present paper is
thus to illustrate that quasidegenerate light neutrino masses
can be realized together with a type II seesaw in a SU(5)
GUT framework.

We would furthermore like to remark that in addition to
the type II seesaw contribution there is a possible addi-
tional contribution to the neutrino mass matrix propor-
tional to the unit matrix from the messenger field A,
which is a singlet under SU(5) and a triplet under A,.
When it is integrated out, it also induces a contribution to
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the neutrino mass operator which is proportional to the
unit matrix.

B. The effective A, X SU(5) symmetric superpotential

The renormalizable superpotential resulting from
Table I is given in Appendix A. Integrating out the heavy
messenger superfields denoted by A, B, and C, the
Feynman diagrams in Figs. 1-3 then lead to the effective
nonrenormalizable superpotential terms in the SU(5) and
A, unbroken phase:

V2

Wy, = M—F(al¢23T1 + ay 13T, + a3p3T3)Hss
A]U
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Wy = F(a, ¢23N, + a,,$123N,)Hs, (2.4)
A]U
W2 = y\H|sFF, (2.5)
<2
W= = _E FH FHS, (2.6)
MA1
ag ag
Jr = Mzll $3;NT + Mzz2 $13N3
Ao Ao
le (h123 - h23)N|N,. (2.7)
Ao

After GUT symmetry breaking the SU(2); doublet

\/Ea 5 components from Hs and H,s, respectively, Hs and H s
t F 3T s, (22)  mix and only the light states acquire the SU(2), breaking
As VEVs which give the fermion masses, as discussed in
l(ap a3 Appendix A where the effective couplings a appearing in
T, T +——T,T .
O 4<M§m RGN L) Mﬁm 1T3(¢3° $23) the effective superpotential are also explicitly given.
1 a
ax 22
+ MTT2T3(¢123 : ¢3))H s+ Z<Cl33 T3 + e T3¢%; C. Assumed vacuum alignment
A A
N v In the following we assume that the VEVs of the Ay4
M2 T2¢>23 Mzzz T2¢>23>H5, (2.3)  breaking flavon fields point in the following directions in
A As field space such that
H; ¢ s Hys
a) b)
FIG. 1. Supergraph diagrams inducing the effective superpotential operators for the down-type quarks and charged leptons.
T; H; T;
\ ’ A /
KT KTi
/ Al[) AlO AIO AIO \
T
% a) 2 ’
~ ag Hjy
Ty H; P13, P23
\ ’ A / T3 °)
K,T (/ya
/ ? s oo \
Ty P13, P23
b)

FIG. 2. Supergraph diagrams inducing the effective superpotential operators for the up-type quarks.

013005-4



MEASURABLE NEUTRINO MASS SCALE IN A, X SU(5)
N; F

oi Hs

YA

F

PHYSICAL REVIEW D 83, 013005 (2011)
N;

;
F F
Kp K
Ay Ay
H; 2 o
Hi;

FIG. 3. Supergraph diagrams inducing the effective superpotential operators for the neutrino sector.

S TN Bt DR N e T
My, - My,
0 (2.8)
(p3) _
by;——=10 |e&;
MAIO 1

The b; are defined in Appendix A. These relations also
define the quantities €;,3, €53, and €3. The breaking of A,
along the field directions of ¢,3 and ¢,3 allows us to
realize tribimaximal neutrino mixing via constrained se-
quential dominance [12]. It is also worth noting that the
flavon VEVs (¢ ,3) and {¢,3) are orthogonal, causing
some of the terms in the superpotential to give a vanishing
contribution to the mass matrices. In the following, we
assume that CP is only broken spontaneously by the VEV
of the flavon (;’323.

For the flavon ¢,; one may suppose a priori a less
constrained alignment:

2.9)

However empirically we find that the numerical fit to quark
masses and mixings, in particular, quark CP violation,

seems strongly to prefer that the vacuum alignment of
the flavon ¢,3 has its second component along the imagi-
nary direction. To simplify the results of the numerical fit
we shall restrict ourselves to the case

(2.10)

In some future more ambitious theory one may attempt to
reproduce Eq. (2.10) as a result of some special vacuum
alignment, but here we shall simply regard it as a special
choice, or ansatz, which leads to a successful fit to quark
CP violation.

In Appendix B, we will discuss another possibility,
namely, to realize the flavon ¢,; effectively by splitting
it up into two flavons ¢, and ¢5, where one gets a purely
real and the other a purely imaginary VEV. For the effec-
tive superpotential in Egs. (2.2), (2.3), (2.4), (2.5), (2.6),
and (2.7) this would correspond to simply replacing q’?é —
(f;% + (Z;% and (2)231345 i (£2H45 + (,{;31?/5 with an addi-
tional Higgs field H.. The field content of this extended
version of the model that now includes also a vacuum
alignment sector is presented in Appendix B in Table IV.
The predictions of the two model variants are identical at
the level of precision discussed here.
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ITII. NUMERICAL FIT TO FERMION
MASSES AND MIXINGS

A. The quark and charged lepton sector

We define our conventions for the Yukawa matrices such
that the operators of the form FT¢H and T?>¢$>H give the
following Yukawa terms in the Lagrangian:

Ly = _(Y:;)ijQid_de —(¥7);;L;e;H, — (Yy,);;0;11;H,
+ He, 3.1)

where the SU(5) relation Y, = Y7 would be fulfilled, if all
Clebsch-Gordan factors were one. The convention we use
here is the same as the one used by the Particle Data Group
[18].

From Egs. (2.2), (2.3), (2.8), (2.9), and (2.10), the
Yukawa matrix coupling the up-type quarks to the light
up-type Higgs doublet with the b coefficients as defined in
Appendix A is given as

2b,, €% 0 3 bis€x€;
Y, = 0 3by €2y + (W2 — 1)b3,&, byienes |,
bi3€3€3 by3€123€3 b33
3.2)

whereas the Yukawa matrices coupling the down-type
quarks and charged leptons to the light down-type Higgs
doublet are given as

( 0 €23 —€x )
Yo=| €125 €123 T i€z €03+ wéps |, (3.3)
O 0 €3
0 C23€23 T C23€3
Y, = <C123€123 C123€123 T iCy3€23 C1p3€103 T W523é23>,
0 0 c3€3

3.4)

where c¢3, €53, €53, and ¢35 are the Clebsch-Gordan factors
arising from GUT symmetry breaking; see, e.g., [16]. We
have used the orthogonality of {¢,3) and {¢,3) and con-
sidered the above described notation for the flavon VEVs.
We note that in the definition for the Yukawa matrices we
have introduced a complex conjugation which here appears
as a phase factor of +i in the 2-2 elements of the down-
type quark and charged lepton Yukawa matrices.

With the given representations of the flavons, we obtain
the following Clebsch-Gordan coefficients:

ci3 =1, 3 =1, c3 =1, Gy =9/2. (3.5)

For small values of tanf as we consider, the 1-loop SUSY
threshold corrections are small and, taking the actual ex-
perimental values of the strange quark and muon masses
into account, the GUT scale value of y, /y, prefers ¢,; =
9/2, as argued in [16] (see also [19]).

From the charged lepton Yukawa matrix we can derive
the following approximate relations for the eigenvalues:

PHYSICAL REVIEW D 83, 013005 (2011)

Vi = lciz€nns + iyénl,
_ C23€23C123€123
Yu

Yr = C3€3,
(3.6)

e

Furthermore, since there is no 1-2 mixing from the up
sector, the mixing angle 6, is approximately given as

€23

QCKM —
12 + .~
€123 T €23

(3.7)

From those four equations the four €’s can be calculated
and the relation for the Cabibbo-Kobayashi-Maskawa
(CKM) phase gives at the GUT scale

€23

€123

|tan5CKM| = ~ 1.22. (38)

The renormalization group (RG) evolution of the measured
value for dcgy gives a GUT scale value of 1.20. So the
value for the CKM phase (based on our assumed vacuum
alignment) is already remarkably good if we only take the
lepton masses and the value for 6, into account which are
measured to high accuracy.3

For the detailed fit of the model to the data we applied
the following procedure: We have taken the GUT scale
Yukawa matrices from Egs. (3.2), (3.3), and (3.4) and
calculated their RG evolution down to the scale m,(m,)
for tanB = 1.4* and Mqysy = 500 GeV with the REAP
software package [21]. At the low scale we performed a
x° fit to the quark masses and mixing and charged lepton
masses depending on the parameters of the GUT scale
Yukawa matrices. The fit gave a total > of about 3.5 where
we have assumed a relative error of 1% for the charged
lepton masses, and for the other observables we have taken
the experimental errors. Since we have 11 parameters and
13 observables this corresponds to a x?/dof of about 1.6.
This is a good fit since we have neglected theoretical
uncertainties like, e.g., threshold corrections which
could be treated as additional errors on the data lowering
the total y?.

The results for the GUT scale parameters are listed in
Table II. We would like to remark that these parameters
depend on tan8 and Mgygy and also are subject to several
theoretical uncertainties. For example, we note that the
Higgs fields H,s and H s containing the Higgs triplets of
the type II seesaw mechanism have masses at intermediate

*We would like to remark that with the assumed spontaneous
CP violation, real detY, and detY,, and the small |&;| =
O(10™%), the model might also provide a solution to the strong
CP problem, along the lines discussed in [20].

“We note that in the minimal supersymmetric standard
model small values of tan8 are somewhat constrained due to
bounds on the Higgs mass. However, we emphasize that our
model may well be formulated in the context of the nonminimal
supersymmetric standard model or other nonminimal SUSY
models where tan of order one can readily be realized without
these constraints.
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TABLE II. The model parameters for tanf = 1.4 and
Mgysy = 500 GeV from a fit to the experimental data [18,22].

Parameter Value
2by €3, in 107° 9.62
3by €l in 1074 -1.10
(W? — 1)by &, in 1073 -1.10
bis€x€5 in 1073 —2.92
by3€1p3€3 in 1072 321
b33 2.44
€123 in 1073 5.88
€y in 1077 4.30
&y in 1074 —1.61
€ in 1072 1.12
w 1.44
TABLE III. Fit results for the quark Yukawa couplings and

mixing and the charged lepton Yukawa couplings at low energy
compared to experimental data [18,22]. A pictorial representa-
tion of the agreement between our fit and experiment can also be
found in Fig. 4.

Quantity [at m,(m,)] Model Experiment Deviation
y,in 1072 1.00 1.00 —0.027%
y, in 1074 5.89 5.89 —0.029%
y in 107° 2.79 2.79 —0.130%
yp in 1072 1.58 1.58 = 0.05 0.0860
y, in 1074 2.83 2.99 +0.86 —0.1840
ygin 1076 27.6 15.915% 1.7230
Vi 0.938 0.936 = 0.016 0.0840
yo in 1073 3.54 3.39 £ 0.46 0.3180
y, in 107° 6.70 7.01+378 —-0.1340
o5KM 02257  0.225773:50% —-0.0220
HSKM 0.0413  0.041573%01 0.0040
oM 0.0036  0.0036 +0.0002 —0.157c
Sckm 1.1782  1.2023%5:9780 —0.5600

energy scale between Mgyt and Mgyw. Their effects are not
included in the RG analysis. The effects are small and may
be neglected if y, is small, but they could be sizable if y, is
large.” Because of the additional theoretical uncertainties
we do not explicitly give the errors on the high energy
parameters or low energy fit results. The important input
parameters for us are the charged lepton masses and quark
mixing angles which have an experimental error much
smaller than these uncertainties.

In Table III the low energy results are shown and com-
pared to experimental data [18,22]. A graphical illustration

3Since the coupling y, gives a contribution proportional to the
unit matrix, it affects only the RG evolution of the mass
eigenvalues but not of the mixing angles. Nevertheless, the
possibility of additional RG effects from y, provides a theoreti-
cal uncertainty in our setup.
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FIG. 4 (color online). Pictorial representation of the deviation
of our fit from low energy experimental data [18,22] for the
charged lepton Yukawa couplings and quark Yukawa couplings
and mixing parameters. The deviations of the charged lepton
masses are given in percent while all other deviations are given
in units of standard deviations o. The straight blue lines give the
1% (10) bound while the dashed lines give the 2% (20) bound.
The red crosses denote our fit results.

is given in Fig. 4. They illustrate that our minimal example
model, with the assumed vacuum alignment of Eqgs. (2.8)
and (2.9), can fit well the data. We turn now to the results
for the neutrino sector.

B. The neutrino sector

The neutrino Yukawa matrix is obtained from

Eq. (24) as
0 byzfm
YV = bl/l €23 bV26123 (39)
—b,,] €23 bu2€123

Additionally we have a diagonal mass matrix for the two
right-handed neutrinos from Eq. (2.7):

_ 2bR|€%3 O
MR_( 0 3bgey )

and a contribution proportional to the unit matrix coming
from Egs. (2.5) and (2.6):

(3.10)
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mg 0 O
O 0 mgy
Using the seesaw relation
m, =M; — vﬁY,,M,;lYZ, (3.12)
we obtain for the neutrino mass matrix
1 0 0 1 1 1
ml
m,,=m0010+?2111
0 0 1 1 1 1
; 0 0 0
+% 0 1 -1 (3.13)
0o —1 1
with
Yadis K3
my = C%vﬁ +c2 3M—F,
! Ay (3.14)
b2 b2
mh=—v2"2  and ml=—vi"
bRZ ) le

In our model we therefore identify the neutrino masses
as m; = my, my = my + mb, and m3 = my + mf, where
without loss of generality we can take m,, to be positive and
real while m!, m} are real but can take either sign. With
|mg| > |mi|, Im!| a quasidegenerate mass spectrum of the
light neutrinos can be explained in a natural way. In the
following, we will mainly restrict ourselves to this case.

From the structure of these matrices we see that we
obtain tribimaximal mixing in the neutrino sector:

1
. =45°, 07, = arcsinﬁ ~ 35.3°.

(3.15)

From the lepton sector we get the additional mixing
contributions

05, =0,

C123€123 (3.16)

—— =~ 4.6°.
C123€123 — 1C3€23

There is also a complex phase introduced by the charged
lepton Yukawa matrix which can be calculated in the same
way as in the quark sector:

C3€3 _ g5 40

0{, = arctan
C123€123

(3.17)

For the approximate calculation of the Maki-Nakagawa-
Sakata (MNS) mixing parameters at the GUT scale we can
use [23]

PHYSICAL REVIEW D 83, 013005 (2011)
Slz\%Ns ~ 533 — 05,

_ i SMNS —3
sVNS@=i03™ ~ gr. — 5% 0%, 1%, (3.18)

MNS ,—ioMNS _ v _ v v pe ,—id¢
Siy e = sty —epch e 0,

where we have already discarded all trivial phases and RG
corrections which we will discuss later. For the total
leptonic mixing angles we obtain

011\/£NS ~ 35.1°, gll\gNS ~ 3.3°, H%NS = 45.0°.

(3.19)

For the phases we have &N =7 — 8¢, ~94.6°,
VNS = 4.6°, and 6 = 0° from which the final MNS
phases can be calculated according to [23]
5MNS = S%NS - 6]1\/£NS = 90.00,

a = Z(S%NS + B%NS) = 2511\’£NS ~ 9.3°,

a, = 2612\/:[5NS = Oo,

(3.20)

where «| and «, are the Majorana phases as in the Particle
Data Group parameterization where they are contained in a
diagonal matrix diag(e’®1/2, ¢i®2/2 1).

We note that with the mixing pattern of our model, i.e.
tribimaximal mixing produced in the neutrino sector, and
charged lepton mixing corrections only from 65,, the lep-
tonic mixing angles and the Dirac CP phase Oyng satisfy
the lepton mixing sum rule [24]

OMNS — GVMINS og(Syns) = arcsin(1/+/3). 3.2
The approximately maximal CP violation, i.e. dyns =
90°, affects that although the charged lepton corrections
generate O)INS = 3.3°, the solar mixing angle remains very
close to its tribimaximal value of arcsin(1/+/3). So far, we
have discussed the neutrino mixing parameters at the GUT
scale. To calculate the low energy values we have to take
RG running of the parameters into account.

C. Renormalization group corrections

For a quasidegenerate neutrino mass spectrum, RG cor-
rections to the neutrino parameters can in principle change
the high scale values dramatically. However, as has been
discussed for type II upgraded seesaw models in [11] and
more generally in [21,25], for small tanf and small neu-
trino Yukawa couplings (in our example model they are
much smaller than y,) the corrections to the mixing angles
and CP phases are under control. Setting the small
Majorana phases to zero and with Syng = 90°, we can
estimate in leading order [21,25]

aoyss vz

lmy + my |
— 2
dIn(p/ o) 3277

2 )
Amsol

(3.22)

sin(20MNS) (s)INS
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deMNS

— 2 =), 3.23
din(u/ g) 629

MNS 2
4033 ~ -7 5 sin(205

dln(,U«/Mo) 32
(CMNS 2|lmy + mal? + ($Y9)2my + ms|?

A matm

. (3.29)

where p is the renormalization scale. In the case of
quasidegenerate neutrino masses we can further use the
approximation ms = m, =~ m; = my. Integrating these
equations approximately with the parameters on the right
side taken constant and equal to their GUT scale values,
and plugging in these numbers, we obtain the estimated
low energy values of the mixing angles as

2

N,y = 013 gy + 0.15° —(o vy 32
Q%Nslmr(mx) = Q%NslMGUT’ (326)

mz
OYNS | my) = OXNS |pgy * 0.01° ——2 (3.27)

0.1 eV)?*

In the last equation, the ““+”* applies for a normal neutrino
mass ordering, whereas the “—"" applies for an inverse
mass ordering, i.e. the case Am2,, < 0. It is important to
note that both mass orderings can be realized in our model.
The strong suppression for the RG running of YN is
caused by the particular values of the CP violating phases
in our model. For similar reasons the running of the CP
phases themselves is also suppressed, as can be seen using
the analytical results in [21,25]. In summary, RG correc-
tions are under control in our setup and only cause com-
paratively small corrections to the mixing parameters in
the lepton sector.

In summary, the leptonic mixing parameters in our
model are compatible with the experimental 10 ranges at
low energy which are 6N = (34.5 + 1.0)°, ) =
(5.7%39)°, and OXNS = (42.33_3 , taken from [26], as
long as myg is smaller than the cosmological bounds
suggest: mg < 0.2 eV [2].

The values for the leptonic mixing angles and Dirac CP
phase 6yg resulting from our assumed vacuum alignment
and stated in Eqgs. (3.19), (3.20), and (3.21) can be tested
accurately by ongoing and future precision neutrino oscil-
lation experiments [27].

D. Predictions for beta decay experiments
The effective mass relevant for neutrinoless double beta
decay is
My, = Imic et/ + mystyc3,e'® + mysiyeiows|,

(3.28)
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while the kinematic mass accessible in the single beta
decay end-point experiment KATRIN [28] is

2 — 2.0
mg=m c12c13+m2 12c13+m 13

(3.29)
For quasidegenerate neutrino mass spectrum (mg, = m; =
m, = m3) we obtain that

directly gives information about the absolute neutrino mass
scale.

On the other hand, due to the phases appearing in
Eq. (3.28) there is typically a sizable ambiguity in the
relation between m,, and mg, as long as the Majorana
CP phases are not predicted. Allowing, for instance, for
arbitrary Majorana phases and considering a quasidegen-
erate neutrino mass spectrum (my = m; = m, =~ m3) and
with small )N, m,, can still be in the approximate
interval Mep € [mllghtest/3> mlightest]-

This ambiguity is resolved in our model, since the large
contribution to the neutrino mass matrix proportional to the
unit matrix® (with |mg| > |mi], Imi|) results in small
Majorana CP phases, and thus we predict

My = M. 3.31)
The assumed dominance of mg in our model allows us to
realize a quasidegenerate neutrino spectrum (with normal
or inverse mass ordering) in a natural way, without any
tuning of parameters. The possible values for m,, as a
function of the lightest neutrino mass mjgheq 1S Shown in
Fig. 5.

We would like to remark that for smaller m one can also
naturally extend the model to hierarchical or inverted
hierarchical neutrino masses without changing the leptonic
mixing angles. With |mg| = |ml]| or |my| = [m}| or both
we then also encounter cases where the Majorana phases
are close to 7. For a quasidegenerate spectrum the model
disfavors these unnatural cases since they would corre-
spond to heavily fine-tuned parameters of the model.
Similarly, an inverse strongly hierarchical spectrum would
require unnatural tuning between mg and m4 to make m; =
|mg — mi| very small. By contrast, for a typical parameter
choice of the model, a normally ordered hierarchical spec-
trum simply corresponds to |mg| << |[m4], |m4| and does not
require any tuning at all. It is also interesting to note that
with the phases in our model there is no possibility to have
cancellations in Eq. (3.28) that could make m,, vanish
exactly.” Neutrinoless double beta decay is thus, also for

®In our model this part of the neutrino mass matrix is induced
by a standard type I (with right-handed neutrinos) and an addi-
tional type II seesaw contribution. Nevertheless, the conclusions
remain the same as for the pure type II seesaw case since we
assume that the type II contribution is dominant.
"In fact we find numerically that m,, = 0.007 eV.
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FIG. 5 (color online). The effective mass m,, in our setup
relevant for neutrinoless double beta decay as a function of the
mass Mijgpes; Of the lightest neutrino, for an inverted neutrino
mass ordering (Am3, <0, upper line) and for a normal mass
ordering (Am3, > 0, lower line). The bands represent the ex-
perimental uncertainties of the mass squared differences. The
mass bounds from cosmology [2] and from the Heidelberg-
Moscow experiment [32] are displayed as gray shaded regions.
The red lines show the expected sensitivities of the GERDA
experiment in phase I and II [33].

smaller m, an unavoidable consequence in this class of
models.

IV. SUMMARY AND CONCLUSIONS

We have proposed a model of quasidegenerate neutrinos
which predicts the neutrinoless double beta decay mass
observable to be approximately equal to the neutrino mass
scale Myighesi> thereby allowing its determination approxi-
mately independently of unknown Majorana phases. In
general such quasidegenerate neutrino masses may be
naturally realized if there exists a non-Abelian family
symmetry with real triplet representations that enforces
an additional contribution to the neutrino mass matrix
proportional to the unit matrix, hence determining the
neutrino mass scale. In our model, the additional contribu-
tion was generated by a type Il seesaw or, alternatively, by
another type I seesaw contribution from an additional
triplet representation of right-handed neutrinos (or neu-
trino messenger fields). In addition, the standard type I
seesaw contribution determines the neutrino mixing an-
gles. Although such a mechanism (called a type II upgrade
in [11]) has been known for some time, the model in this
paper is the first of its kind to combine this mechanism with
tribimaximal mixing arising from A, family symmetry
together with a SU(5) SUSY GUT.

The SUSY A, X SU(5) model considered here has sev-
eral attractive features. The full renormalizable superpo-
tential for the coupling of matter to flavons, messenger
fields, and Higgs fields is specified, and only discrete
auxiliary symmetries are introduced, rather than the more
common continuous Abelian symmetry that is typically

PHYSICAL REVIEW D 83, 013005 (2011)

invoked in such models. In the considered model, the
neutrino mass scale can originate either from the induced
vacuum expectation value of a SU(2),, triplet contained in
a 15-dimensional representation of SU(5) or from an addi-
tional contribution to the neutrino mass operator induced
by SU(5) singlet messenger fields in the triplet representa-
tion of A,4. Since the type I seesaw contribution involves
very hierarchical additional neutrino mass contributions,
responsible for the tiny mass splittings between the quasi-
degenerate neutrinos, we use the constrained sequential
dominance mechanism which is well suited for achieving
such strongly hierarchical contributions. In such a model
the neutrino flavor symmetry associated with tribimaximal
mixing is achieved indirectly from the family symmetry,
given the assumed vacuum alignment. We have included
renormalization group corrections to the mixing angles and
shown that they are under control for small values of tans
in our framework and do not significantly modify the
leptonic mixing angles. We have therefore considered
small values of tanfB throughout our study.

The model has several interesting phenomenological
features which emerge from our numerical fit to the quark
and lepton masses and quark mixing. In addition to b-7
unification that may be viable for small tanf, the model
realizes the GUT scale relation y, /v, = 9/2 proposed in
[16], which is favorable for small values of tanS3. In the
quark sector, we observe that the correct dcgy (corre-
sponding to the right unitarity triangle with a = 90°) can
be realized for the simple ansatz in Eq. (2.10). We remark
that this simple ansatz leads to an interesting alternative
texture (different from [29]) that gives rise to a right-angled
unitarity triangle with a = 90°. For the leptonic mixing
angles and CP phases we find 01N = 3.3°, MNS =
35.1°, OYNS = 45.0°, and Sys = 90°. The leptonic mix-
ing angles satisfy the “lepton mixing sum rule” proposed
in [24] with only small theoretical errors since the 1-3
mixing in the charged lepton mass matrix is very small and
the 2-3 mixing vanishes. The Majorana CP phases are
small for quasidegenerate neutrino masses via a large addi-
tional contribution proportional to the unit matrix, as ex-
pected, and the model thus predicts the neutrinoless double
beta decay mass observable to be approximately equal to
the neutrino mass scale, or lightest neutrino mass, i.e.
Mee = Mijghest-

In conclusion, if neutrinoless double beta decay were
observed in the near future, then this would herald another
neutrino revolution in which neutrino masses would be
quasidegenerate. Among the many possible models of
quasidegenerate neutrinos, the model with an additional
contribution to the neutrino mass matrix proportional
to the unit matrix, as considered here, is distinguished
by the prediction that the neutrinoless double beta decay
mass observable is approximately equal to the neutrino
mass scale myjgpes- We have proposed the first realistic
model of this kind involving A, and SUSY SU(5) GUTs.
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The A, family symmetry has the dual effect of enforcing,
on the one hand, quasidegeneracy via the additional unit
matrix contribution to the neutrino mass matrix and, on the
other hand, tribimaximal mixing via the type I seesaw
mechanism and constrained sequential dominance. A nu-
merical fit to quark masses and mixing angles reveals that a
simple ansatz describing quark CP violation with o = 90°
also leads to the leptonic phase Syng = 90°. In such
models the absolute neutrino masses could be directly
measurable by experiment quite soon.
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APPENDIX A: THE RENORMALIZABLE
SUPERPOTENTIAL AND EFFECTIVE
COUPLINGS

With the field content and symmetries specified in
Table I the superpotential contains the following renorma-
lizable terms:

Wy = wsHsHs + wisHsHs + pasHysHys

+ AisHysHsHs + AysHysHsHs, (Al
WA = MAloAl()AlU + MA5A5A5 + MAIA% + MBBB
+ MCI C] Cl + MC262C2; (AZ)

Wi = kpFHsA g + RpFdoAs + kriTihiArg
+ RppToHysAs + yaHisFF + AHsA Ay
+ AHsCyB + KpBT3 + k!, Cyplys + K, Crb3s
+ a,HsT3 + kpFHsA| + kyiN;ip; Ay + € 4,Cip?
+ EniCiN;. (A3)

As discussed in the main text, after GUT symmetry
breaking the SU(2); doublet components from Hs and
H,s, respectively, Hs and H,s mix and only the light states
acquire the SU(2), breaking VEVs which give the fermion
masses. We parameterize the Higgs mixing with the mix-
ing angles 7y, respectively, y:
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()= (5 o))

H45 S.y C y H h ’

()= (&)

Hys Sy ¢y J\H, )
where we have used the common abbreviation ¢, = cosy
and similar for the sine and the other angle y. The light
Higgs doublets are denoted with an index / while the heavy

Higgs doublets are denoted with an index h.
The effective couplings a appearing in the effective
superpotential in the main text can be expressed in term

of the fundamental couplings from Eq. (A3) and the mes-
senger masses from (A2):

(A4)

a; = KpKrj, ay = KpKrj, (AS)
— 2
ay = AKyy,
2
_ 2 Yo Ajg
ay = AKp + AkyK ’ (A6)
¢MBMC2
AK>
ass a; + M2T3 y
A
oo
~ — /\K/ Rl 5
a ™o M
sMc,
al'j = /\KTiKTj’ for i * j, (A7)
a, = KyjK M—Alo
v, = RKNi‘F ’
i MAI
2 2 2
agp = K2 MAlo + §¢ fN'MAm ag. = KN-KN'MAIO
i Ni iSNi ’ 12 1%Nj .
MAI MC[ MAI

(A8)

The effective couplings b appearing in the Yukawa
couplings can be expressed in terms of the couplings a
and the Higgs mixing angles as

bi = c'j/air b2 = s‘?er (A9)
Cy ajj ~ Cy ¢y &
bj=—7— bn=53—=, bun=cat5—,
3 a;a; §3 a3 3 a3
(A10)
c, a,,
b, =2 4n (AL1)
¢y a
1 ap. 1 ag
br, = =5 —" br, = 5 . (Al2)
cs a; 5 aa,

APPENDIX B: A POSSIBLE VACUUM ALIGNMENT

In this appendix, we will discuss a possibility to extend
the model in the main part by a viable vacuum alignment.
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This possibility is based on realizing the flavon ¢,; effec-
tively by splitting it up into two flavons ¢, and ¢5, which
get purely real or purely imaginary VEVs by a vacuum
alignment as described below, i.e.

(h23) = (b2) + (3), where
5 0 5 0 (B1)
() =1 —i |& and (P3) =] 0 |&x.

0 w

For the effective superpotential in Egs. (2.2), (2.3), (2.4),
(2.5), (2.6), and (2.7) this would mean to simply replace
b33 — §5 + 3 and $ysHys — $yHys + $3HL with an
additional Higgs field H.. The field content and the sym-
metries of this extended version of the model is given in
Table IV. We note that, at the level of precision discussed
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here, the model predictions are the same as in the main part
of the paper.

We now turn to the discussion of the vacuum alignment
sector with the desired purely real or imaginary alignment
(see also [30]). At the effective theory level the new
operators involving the ‘““driving fields” P;, D;, and O;
that are generated by the fields and symmetries specified in
Table IV are given by [dropping O(1) coupling constants]

74
MC

- M?) +Di(¢; * b)) + 61‘;‘(1;1'(5]‘, (B2)

Wg.,, = Dip3(Edroy + hioy * b13)

4 &
+ P123(

2 22
123 + + 1235

-M %23>: (B3)
M%IZS M%IZS M%IZS

TABLE IV. Representations and charges of the superfields. The subscript i on the fields 7; and N; is a family index, while for P; and
P; the i matches the corresponding flavon field. The flavon fields ¢; and ¢35 can be associated to a family via their charges under
7, X Z4. The subscripts on the Higgs fields H and A and extra vectorlike matter fields A and A denote the transformation properties

under SU(5).

SU(5) Ay Z, z 7% 7y 7y U(1)g
Chiral matter
F 5 3 + 0 0 0 0 1
T,, T, Ts 10, 10, 10 1,1,1 +, +, — 0,1,0 0,0, 0 0,0,0 1,0,0 1, 1,1
Ny, N, 1,1 1,1 +, + 0,1 0,0 0,0 1,0 1,1
Flavons
b3, D13, D3 1,1, 1 3,33 +, +, — 0,3,0 0,0, 0 0,0,0 3,0,0 0,0,0
b1, ba, by 1,24, 1 3,33 -+, + 3,3,3 3,3,0 3,0,3 0,0,0 0,0,0
£ 1,1 1,1 + 1,3 0,0 0,0 0,0 0,0
Higgs multiplets
Hs, Hj 55 1,1 +, + 0,0 0,0 0,0 0,0 0,0
HL, HY 55 1,1 +, + 0,0 0,0 3,1 0,0 0,0
His, Hs 15,15 1,1 +, + 0,0 0,0 0,0 0,0 0,0
H,s, Hys 45, 45 1,1 +, + 0,0 3, 1 0,0 0,0 0,0
Matterlike messengers
As, As 55 1,1 +, + 1,3 1,3 0,0 0,0 1,1
AL, AL 55 1,1 +, + 1,3 0,0 1,3 0,0 1,1
A, Ay 10, 10 33 +, + 0,0 0,0 0,0 0,0 I, 1
A 1 3 + 0 0 0 0 1
Higgs-like messengers
B, B 55 1,1 +, + 2,2 0,0 0,0 0,0 0,2
Cys, Cn3 1,1 1,1 +, + 0,0 0,0 0,0 2,2 2,0
Ci, Cia 1,1 1,1 +, + 2,2 0,0 0,0 0,0 2,0
C.. C 1,1 1,1 +, + 2,2 2,2 2,2 0,0 2,0
C,, G, 1,1 1,1 +, + 2,2 2,2 0,0 0,0 2,0
Cs, Cy 1,1 1,1 +, + 2,2 0,0 2,2 0,0 2,0
Driving fields
P, P; 1,1 1,1 +, + 0,0 0,0 0,0 0,0 2,2
D3, Dy 1,1 3,3 +, + 2,0 0,0 0,0 0,0 2,2
D,, D,, Dy 1,1, 1 3,33 +, +, + 2,2,2 2,2,0 2,0,2 0,0,0 2,2,2
01, 013, O3 24,1, 24 1,1, 1 - =+ 2,2,2 2,1, 1 1,2, 1 0,0,0 2,2,2
0,3, O3 ,24 1,1 - - 1,1 1,1 1,0 0,0 2,2
0123, O123.03 1,1 1,1 -+ 1,1 1,0 1,0 0,1 2,2
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Wy, = P3(¢p3 — M3) + D;3(d3 % ¢3) + 0136, b5

+ O3y b3, (B4)

Wy, = P23<—23 - M%s) + 01;23$1¢23 + 0123030 123D 23

(B5)

The minimization of the resulting F-term potential leads
to the desired vacuum alignment for all flavons. We note
that the new flavons £ and ¢, are only “auxiliary” in the
sense that they do not couple to the matter sector but are
only relevant for the flavon alignment. The flavon & leads
to an additional term contributing to the charm mass;
however, its effect can be absorbed in the messenger
masses such that the predictions of the model are un-
changed. The four parts Wd3’ W4, We,, and W, - have
the following meaning:

(1) The terms in W enforce nonvanishing VEVs of the
three flavons d;l, &2, and <;l~>3 that are orthogonal to
each other and have only one nonzero element, due
to the effects of the terms with the driving fields D;.
Here the * denotes the symmetric triplet combina-
tion of A4 (see, e.g., [31]). With real M; due to the
assumed spontaneous CP violation ¢} are forced to
be real which means that the VEVs (¢;) are either
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purely real or imaginary. We will choose a vacuum
where ¢, is imaginary and ¢; is real. The VEV of
&, can be either real or imaginary since its phase
does not affect the results.

(i) The part W, - leads to the desired alignment for the
flavon VEV (¢ ,3)along the (*1, £ 1, = 1) direction
(see also [6]) in the minima of the potential with
(¢123) # 0 and (€) # 0. Again, due to the ¢?,; in
the term with P53 the VEV can be either real or
imaginary, and we choose the real vacuum in the
(1, 1, 1) direction.

(iii) The terms in Wy and Wy, finally provide the
alignment for the flavons ¢3; and ¢,3. The terms
with the driving fields O; force the VEV of ¢5 to be
orthogonal to (¢, ) and (¢,) and the VEV of ¢,; to
be orthogonal to () and {¢,y3), leading to the
alignments in the desired direction in flavor space.
We can again choose the purely real vacuum as
explained above.

We note that the driving fields P; and P; have the same
quantum numbers and therefore, a priori, a linear combi-
nation of such fields couples to each of the above terms
Gi/ME — M} and $}/ME — MZ;. Without loss of gen-
erality we have written the driving fields here already in the
field basis where only one driving field couples to one of
these terms. This can always be achieved by a proper field
redefinition.
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