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We present a SUSY SU(5) X T’ unified flavor model with type I seesaw mechanism of neutrino mass
generation, which predicts the reactor neutrino angle to be 6,3 = 0.14 close to the recent results from the
Daya Bay and RENO experiments. The model predicts also values of the solar and atmospheric neutrino
mixing angles, which are compatible with the existing data. The T’ breaking leads to tribimaximal mixing

in the neutrino sector, which is perturbed by sizeable corrections from the charged lepton sector. The
model exhibits geometrical CP violation, where all complex phases have their origin from the complex
Clebsch-Gordan coefficients of T'. The values of the Dirac and Majorana CP violating phases are
predicted. For the Dirac phase in the standard parametrization of the neutrino mixing matrix we get a
value close to 90°: § = 7/2 — 0.450¢ = 84.3°, 0° being the Cabibbo angle. The neutrino mass spectrum
can be with normal ordering (2 cases) or inverted ordering. In each case the values of the three light

neutrino masses are predicted with relatively small uncertainties, which allows one to get also unambig-
uous predictions for the neutrinoless double beta decay effective Majorana mass.
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L. INTRODUCTION

Understanding the origin of the patterns of neutrino
masses and mixing, emerging from the neutrino oscilla-
tion, *H B decay, etc. data is one of the most challenging
problems in neutrino physics. It is part of the more general
fundamental problem in particle physics of understanding
the origins of flavor, i.e., of the patterns of the quark,
charged lepton, and neutrino masses and of the quark and
lepton mixing.

At present we have compelling evidence for the exis-
tence of mixing of three light massive neutrinos v;, i = 1,
2, 3, in the weak charged lepton current (see, e.g., Ref. [1]).
The masses m; of the three light neutrinos »; do not exceed
approximately 1 eV, m; =<1 eV, i.e., they are much
smaller than the masses of the charged leptons and quarks.
The three light neutrino mixing is described (to a good
approximation) by the Pontecorvo, Maki, Nakagawa,
Sakata (PMNS) 3 X 3 unitary mixing matrix, Upyns. In
the widely used standard parametrization [1], Upyns 1S
expressed in terms of the solar, atmospheric, and reactor
neutrino mixing angles 6,, 6,3, and 63, respectively, one
Dirac— &, and two Majorana [2]— B, and 8, CP violat-
ing phases:

Upmns = U = V(012, 023, 013, 6)Q(By, B2),  (1.1)

where

*aurora.meroni @sissa.it

TAlso at Institute of Nuclear Research and Nuclear Energy,
Bulgarian Academy of Sciences, 1784 Sofia, Bulgaria.

*spinrath @sissa.it

1550-7998/2012/86(11)/113003(21)

113003-1
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1 0 0 C13 0 sp3¢ 1
V=10 c¢p3 sx3 0 1 0
0 —sp3 ¢33/ \ =53¢ 0 cp3
cp s O
X| —s;p cpp 01, (1.2)
0 0 1
and we have used the standard notation ¢;; = cosf;;, s;; =
sind;;, and’
Q = Diag(e™1#1/2, ¢7182/2 1), (1.3)

The neutrino oscillation data, accumulated over many
years, allowed us to determine the parameters that drive the
solar and atmospheric neutrino oscillations, Am3 = Am3,,
01, and [Am?%| = [Am3,| = |Am3,], 0,3, with a rather high
precision (see, e.g., Ref. [1]). Furthermore, there were
spectacular developments in the last year in what concerns
the angle 6,5. In June 2011 the T2K Collaboration reported
[3] evidence at 2.50 for a nonzero value of 63.
Subsequently the MINOS [4] and Double Chooz [5] col-
laborations also reported evidence for 6,3 # 0, although
with a smaller statistical significance. Global analysis of
the neutrino oscillation data, including the data from the
T2K and MINOS experiments, performed in Ref. [6],
showed that actually sinf3 # 0 at = 3¢. In March 2012
the first data of the Daya Bay reactor antineutrino experi-
ment on 6,5 were published [7]. The value of sin*26,; was

"This parametrization differs from the standard one. We use it
for ‘“‘technical” reasons related to the fitting code we will
employ. Obviously, the standard one can be obtained as
Diag(1, el el@s1) =¢F1/2Q, with ay; = B, — B, and ay; = B,.
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measured with a rather high precision and was found to be
different from 0 at 5.20-

sin?26,3 = 0.092 = 0.016 = 0.005,

(1.4)
0.04 = sin?26,; = 0.14,

30,

where we have given also the 3¢ interval of allowed values
of sin?26 5. Subsequently, the RENO experiment reported
a 4.9 evidence for a nonzero value of 85 [8], compatible
with the Day Bay result:

sin?26,3 = 0.113 = 0.013 = 0.019. (1.5)

The results on 65 described above will have far reaching
implications for the program of future research in neutrino
physics (see, e.g., Ref. [9]).

A recent global analysis of the current neutrino oscil-
lation data, in which the Daya Bay and RENO results on
615 are also included, was published [10]. In Table I we
show the best-fit values and the 99.73% C.L. allowed
ranges of Am3,, sin®6y, |Am3, 5|, sin®63, and sin’3,
found in Ref. [10].

Stimulated by the fact that all three angles in the PMNS
matrix are determined with a relatively high precision, we
report in the present article an attempt to construct a unified
model of flavor, which describes correctly the quark and
charged lepton masses, the mixing and CP violation in the
quark sector, and the mixing in the lepton sector, including
the relatively large value of the angle 6,5, and provides
predictions for the light neutrino masses compatible with
the existing relevant data and constraints. The unified
model of flavor we are proposing is supersymmetric and
is based on SU(5) as a gauge group and 7"’ as a discrete
family symmetry. It includes three right-handed (RH) neu-
trino fields Ny, [ = e, u, 7, which possess a Majorana
mass term. The light neutrino masses are generated by
the type I seesaw mechanism [12] and are naturally small.

TABLE I. The best-fit values and 30 allowed ranges of the
3-neutrino oscillation parameters derived from a global fit of the
current neutrino oscillation data, including the Daya Bay and
RENO results (from Ref. [10]). These values are obtained using
the “new’ [11] reactor #, fluxes. If two values are given the first
one corresponds to normal hierarchy and the second one to
inverted hierarchy.

Parameter Best fit (£ 10) 30

Am3 [107° eV?] 7.62 +0.19 7.12-8.20

|Am3| [1073 eV?] 2.53759%8 2.26-2.77
—(2.401319 —(2.15-2.68)

sin6, 0.32072913 0.27-0.37

sin?6,; 0.49*9-08 0.39-0.64

0.530%

sin%6 3 0.026*5:903 0.015-0.036

0.02755:903 0.016-0.037
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The corresponding Majorana mass term of the left-handed
flavor neutrino fields v (x), [ = e, u, 7 is diagonalized by
a unitary matrix which, up to a diagonal phase matrix, is of
the tribimaximal form [13]:

V273 V130
—J1/6 V173 =172 |
—J1/6 V173 J1/2

In order to account for the current data on the neutrino
mixing, and more specifically, for the fact that 6,3 # 0,
Urgm has to be “corrected.” The requisite correction is
provided by the unitary matrix originating from the
diagonalization of the charged lepton mass matrix M,
(for a general discussion of such corrections see, e.g.,
Refs. [14-16]). Since the model is based on the SU(5)
grand unified theory (GUT) symmetry, the charged lepton
mass matrix M, is related to the down-quark mass matrix
M,. As a consequence, in particular, of the connection
between M, and M,, the smallest angle in the neutrino
mixing matrix 6,3 is related to the Cabibbo angle 6°¢:
sin?6;3 = C?(sin’6¢)/2 = (sin’6¢) /2.5, where C = 0.9 is
a constant determined from the fit.

The down-quark mass matrix M, and the charged lep-
ton mass matrix M,, by construction are neither diagonal
nor CP conserving. The matrix M, is the only source of CP
violation in the lepton sector. Actually, the CP violation
predicted by the model in the quark and lepton sectors is
entirely geometrical in origin. This aspect of the SU(5) X
T’ model we propose is a consequence, in particular, of one
of the special properties of the group 77,% namely, that
its group theoretical Clebsch-Gordan coefficients are
intrinsically complex [20]. The idea to use the complexity
of the Clebsch-Gordan coefficients of 7’ to generate the
requisite CP violation in the quark sector and a related CP
violation in the lepton sector was pioneered in Ref. [21].
For the class of models where the CP violation is geomet-
rical in origin, it is essential to provide a solution to the
vacuum alignment problem for which all the flavon vac-
uum expectation values (vevs) are real. In this paper we
present a solution for this problem for the models based on
the SU(5) X T' symmetry.

Let us note finally that a model of flavor based on the
symmetry group SU(5) X T’ was proposed, to our knowl-
edge, first in Ref. [22] and its properties were further
elaborated in Refs. [21,23]. Although some generic fea-
tures, like the connection between the reactor mixing angle
6,3 and the Cabibbo angle #¢, which are based on the
underlying SU(5) symmetry, are present both in the model
constructed in Refs. [21,22] and in the model presented
here; the detailed structure and the quantitative predictions
of the two models are very different. The quark, charged

Urgm = (1.6)

>There have been also 7/ models without a GUT embedding,
e.g., Refs. [17-19].
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lepton, RH neutrino mass matrices, and the matrix of the
neutrino Yukawa couplings have different forms in the two
models. This leads to considerable differences in the
predictions for various observables. In the quark sector, for
instance, the value of the Cabibbo-Kobayashi-Maskawa
(CKM) phase we find is in much better agreement with
experimental data. More importantly, in the model proposed
in Refs. [21,22], the reactor mixing angle 6,5 is predicted to
have the value sinf; = sinf°/(3+/2) = 0.016, which is
ruled out by the current data on 3. In contrast, due to
nonstandard SU(5) Clebsch-Gordan relations between the
down-type quark and the charged lepton Yukawa couplings
[16,24], we get arealistic value for this angle. Moreover, in the
model we propose, both neutrino mass spectra with normal
and inverted ordering are possible, while the model developed
in Refs. [21,22] admits only neutrino mass spectrum with
normal ordering [23].

The paper is organized as follows. Section II is a brief
overview of the considered model. In Sec. Il we discuss
the quark and charged lepton sector including a y? fit to the
experimental data. Section IV is completely devoted to the
neutrino sector. There we describe in detail the predictions
for the mixing parameters (including CP violating phases),
the mass spectra, and observables such as the sum of the
neutrino masses, the neutrinoless double beta [(88)y,]
decay effective Majorana mass, and the rephasing invariant
related to the Dirac phase in the PMNS matrix, J-p. We
summarize and conclude in Sec. V. In the appendices we
discuss the properties of the discrete group 77, the mes-
senger sector that generates the effective operators for the
Yukawa couplings, and the superpotential, solving the
flavon vacuum alignment problem.

II. MATTER, HIGGS FIELD, AND FLAVON
FIELD CONTENT OF THE MODEL

In this section we describe the matter, the Higgs field,
and the flavon content of our SU(5) X T’ unified model of
flavor. A rather large shaping symmetry, Z;, X Z3 X Z% X
Z,, is needed to solve the vacuum alignment issue and
forbids unwanted terms and couplings in the superpotential
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(specifically in the renormalizable one as described in
Appendix B, as well as in the effective one after integrating
out heavy messenger fields). We further impose an addi-
tional U(1)r symmetry, the continuous generalization of
the usual R parity. The messenger fields and auxiliary
flavons used for the flavon superpotential are discussed in
the appendices.

The model includes the three generations of matter
fields in the usual 5 and 10, representations of SU(5),
F=(dL),,and T = (g, u’, e), and three heavy right-
handed Majorana neutrino fields N, singlets under SU(5).
The light active neutrino masses are generated through the
type I seesaw mechanism [12]. Furthermore we introduce a
number of copies of Higgs fields in the 5 and 5 representa-
tion of SU(5) that contain as linear combinations the two
Higgs doublets of the MSSM. To get realistic mass ratios
between down-type quarks and charged leptons [24] and to
get a large reactor mixing angle [16], we have introduced
Higgs fields in the adjoint representation of SU(5) that are
as well responsible for breaking the GUT group.

The matter and Higgs fields including their transforma-
tion properties under all imposed symmetries are summa-
rized in Table II. Note that the right-handed neutrinos N
and the five-dimensional matter representations are organ-
ized in T’ triplets, while the tenplets are organized in a
doublet and a singlet. On the one hand this will give us
tribimaximal mixing (TBM) in the neutrino sector before
considering corrections from the charged lepton sector and
on the other hand the complex Clebsch-Gordan coeffi-
cients for the doublets will give us CP violation in the
quark and in the lepton sector finally.

There are 13 flavons, which will give us the desired
structure for the Yukawa couplings that will be discussed
in the next section. First of all we have three triplets that will
develop vevs into two different directions in flavor space,

0 0 1

<¢> =10 | <¢~>> =10 <l770, <§> =11 |é.
1 1 1

2.1

TABLE II. Matter and Higgs field content of the model including quantum numbers.

» 1, F N HY HY #BY A AY AY 8! By #AY
sui) 10 10 5 1 5 5 5 5 5 5 5 24 24
T’ 1 2 3 3 1 1 1 1 1 1 1”7 1 17
Uz 1 1 1 1 0 0 0 0 0 0 0 0 0
zt, 2 11 1 9 8 8 2 9 3 6 3 0 3
zd 4 0 2 6 0 4 0 1 4 7 7 4 2
Z 7 6 2 0 2 6 4 1 1 5 7 4 0
Zg o 5 2 2 0 0 6 0 0 6 6 4 2
Zs 5 0 1 0 2 5 2 2 0 2 2 0 0
Z 2 3 1 0 2 5 2 5 0 2 2 0 0
Z, 3 3 0 0 2 0 2 0 1 1 0 0 1
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TABLE III. Flavon fields coupling to the matter sector includ-
ing their quantum numbers. In fact, ¢’ does not couple directly to
the matter fields, but it behaves similarly like the other flavons
and not like the auxiliary flavons e that will be introduced in
Appendix C.

o P AL by WL Ep B
sus) 11 1 1 1 1 1 1 1 111
T’ 3 272 1Y 3 20 2 1”1 311
Ul)y 0 0 0 0 0 0 O O O 0 0 0 O
zZ% 0 3 9 0 06 3 9 6 066 6
zd 00 0 0 0 2 1 7 6 4 44 4
zy 4 1 7 0 0 2 7 1 6 4000
Zg 4 7 5 4 0 2 5 3 6 4 4 4 4
Zs 4 4 2 4 2 0 3 3 0 0000
Z 4 4 2 4 23 0 0 0 00 0O
Z, 02 2 0 00 3 1 2 0000

The first two flavons will be relevant for the quark and the
charged lepton sector and the third one couples only to the
neutrino sector.

Then we have introduced four complex T’ doublets.
Notice that these spinorial representations of the T’ group
are essential since, having complex Clebsch-Gordan coef-
ficients (see Appendix A), they are responsible of the CP
violation in both quark and charged lepton sectors. We
assume that CP is conserved on the fundamental level
(all couplings are real) and all flavon vevs are real. In
Appendix C we give a superpotential that has the desired
flavon vev directions as a solution and also fixes the phases
of the vevs up to a few discrete choices. For the doublets we
find the vev alignments

1 0
<t/f’>=<0)¢(), <¢f”>=<1) o
7.1 1 7.1 7.1 0 i

Furthermore we have introduced six flavons in one-
dimensional representations of 7" that receive all nonvan-
ishing (and real) vevs

2.2)

=g =& D=1 03
@Y= D =po D= b

All flavons including their quantum numbers are summa-
rized in Table III. As we will see soon the flavon field ¢’
does not directly couple to the matter sector. Nevertheless,
we mention it here because it behaves differently than the
auxiliary e flavons which we have introduced to get the
desired alignment and make all vevs real, see Appendix C.

III. THE QUARK AND CHARGED
LEPTON SECTOR

In this section we describe the superpotential of the
quark and charged lepton content of the chiral superfields
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of the model under study. We will consider the
three generations of matter fields in the usual 5 and 10,
five- and ten-dimensional, representations of SU(5),
F=(d L), and T = (q, u¢, e°);. The elements of the
Yukawa coupling matrices are generated dynamically
through a number of effective operators whose structure
is tightly related to the matter fields assignment under the
T’ discrete symmetry. Indeed the Yukawa coupling matri-
ces can be written only after the breaking of the 7’ discrete
symmetry. As will be clear soon, in this description CP
violation in the quark and charged lepton sector is entirely
due to geometrical origin, specifically from the use of the
spinorial representation of the 7’ group. Finally, in this
section we will present a y? fit analysis that has been
performed by us to get the low-energy masses and mixing
parameters in the quark and charged lepton sector. We
show as well that the simple CKM phase sum rule from
Ref. [25] can be applied here.

A. Effective operators and Yukawa matrices

Before we come to the effective operators that will give
us the Yukawa couplings, we first fix the conventions used
for the Yukawa matrices. Throughout this paper we will
use the right-left convention, i.e.,

—L =Y, fifiH + Hc. (3.1)

or in other words we have to diagonalize the combina-
tion Y'Y, Keep in mind also that F = (d, L), and
T = (g, u%, e),.

We restrict ourselves to effective operators up to mass
dimension seven. These operators generate Yukawa cou-
plings of the order of 107> or smaller (see our fit results in
Table V). Higher dimensional operators hence can be
expected to give only negligible corrections.

After integrating out the heavy messenger fields, see
Appendix B, we obtain the effective operators

(u)
u y i 3
Wy = yg3)H§1)T3T3 + 7/6 (Ta¢)sz§2)(T3 ")
u
y(u) . . _
+ —K% (T, p")s(Hg ) (T, 96"
u
y(u) . 5 _ _
+ —K}; (Ty )y (Hs Iy (' (T, 00")3)
u

(1)

A (@Bl HY (T B)e (32)

u
which give the up-type quark Yukawa matrices after the
flavons developed their vevs. Here A, stands for the mes-
senger scale suppressing the nonrenormalizable operators
in the up sector and in the down sector we will introduce
A, correspondingly. We have also given the 7’ contrac-
tions as indices on the round brackets. Note that in general
there are many different contractions possible [for T’ and
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to a less degree for SU(5)], which give different results.
Nevertheless, we have specified in Appendix B the fields
mediating the nonrenormalizable operators that transform
in a specific way under 7’ such that we pick up only the
contractions that we want.

Multiplying the 7’ and SU(5) indices out, we obtain
for the up-type quark Yukawa matrix at the GUT scale
(which is roughly equal to the scale of T’ breaking)

oa, ib, 0
Y,=| ib, c, wd, |, 3.3)
0 wd, e,

where @ = (1 +1i)/~/2 and @ = (1 — i)/+/2. The parame-
ters a,, b,, c,, d,, and e, are (real) functions of the
underlying parameters. Note at this point that the phases
of the flavon vevs have to be fixed. Otherwise the coeffi-
cients in the Yukawa matrix are complex parameters
and we would not be able to make definite predictions
anymore.

For the down-type quarks and charged leptons [remem-
ber that those two sectors are closely related in SU(5)], we
find for the superpotential

Wy, = y33 ((H(Z)F)3¢)1/(H W T3)
J’%) (1)
((d’T o HY)o (' (H5 ' F)3),
y(é) 3)
(((T HY) o (Fp )y )3 tp") o (HS )y
(d)

y21 ((Fm (&"AN) 1 (T, ),

(d)

12 e ((Fl,b//)z (HY, ")y BY) (T "), (34)

where we have again specified the T’ contractions. From
this superpotential and considering the correct SU(5) con-
tractions, which we could not display here for the sake of

readability, we get the down-type quark and charged lepton
Yukawa matrices

[wa, b, O
Yy=|®b; c;, O and
\ 0 0 d,
[~ % wa,; by 0
Y, = 6ib/, 6cy 0 , 3.5)
\ 0 0 —3d,

where a,, by, b)), c;, and d; are (real) functions of the
underlying parameters.

Note that the prediction from the minimal SU(5) model
Y, = Y! is broken. Indeed it has to be broken to get
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realistic fermion masses. For the second generation this
was known for a long time [28]. In some recent work [24]
some new relations to fix this issue were proposed. From
those we will use here y./y, = —3/2 and y,/y, =6
where y;, y,, ¥, and y, stand for the eigenvalues of the
Yukawa matrices associated with the masses of the 7, the
M, the b, and the s quark, respectively. Furthermore, it was
shown in Ref. [16] (see also Ref. [29]) that those new
SU(5) Clebsch-Gordan coefficients might also give a large
reactor neutrino mixing angle 6,5. For the current paper we
have chosen one of the possible combinations given in
Ref. [16] but we remark that in principle other combina-
tions also are still possible that might be realized in another
unified flavor model with a similar good fit to the fermion
masses and mixing angles.

B. Fit results and the CKM phase sum rule

In the last section we discussed the structure of the
Yukawa matrices in the quark and the charged lepton
sector. These matrices have five free parameters, which
in principle can be fitted to the low-energy mass and
mixing parameters using the renormalization group. But
in doing so one has to take into account SUSY threshold
corrections [30] that modify the masses and mixing angles
significantly. For example without including them, the
GUT scale Yukawa coupling ratio, y./y,, would be
roughly 1.3, which is not close to the usual GUT prediction
of 1. There is a large amount of literature on how to use
SUSY threshold corrections to get » — 7 Yukawa unifica-
tion; for recent papers see, for instance, Refs. [24,31,32].
From these studies it is known that in order to get b — 7
Yukawa unification, it is necessary to either consider a
negative u term or to have a very high, O(10 TeV),
SUSY scale. Nevertheless, we will not use unification but
instead we use the recently proposed GUT scale relation
v,/yp = 3/2 induced by the vev of an adjoint of SU(5)
[24], which is viable in a large region of the parameter
space even in constrained MSSM scenarios.

Because of the importance of the threshold corrections
for our fit, we briefly revise the most important formulas
that also define our parametrization. In Ref. [33] the ap-
proximate matching conditions at the SUSY scale, Mgygy,

yiM - = (1 + € tanB)yY55M cos B, (3.6)
i = (1 + e, tanB)y}$Mcos, 3.7
yM = (1 + (e, + €4) tanPB)y)5McosB,  (3.8)
for the Yukawa couplings and
gSM — 1+ €,tanf MSSM (3.9)
1+ (e, + €4)tanB B
o) = oVSSM, (3.10)
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5SM

— SMSSM
CKM o

MSSM_ (3.11)

for the quark mixing parameters were given, where the
SUSY threshold corrections are parametrized in terms of
the three parameters ¢, €, and e€4,. We will adopt this
parametrization neglecting €;, which is usually one order
smaller than €, [31]. Furthermore, we want to assume that
SUSY is broken similar to the constrained MSSM scenario
with a positive p parameter and hence we adopt the
recently proposed GUT relation y,/y, = 3/2 for the third
generation, as mentioned earlier. For the second generation
we use y, /v, = 6 [24].

We have fixed the SUSY scale to 750 GeV, the GUT
scale to 2 X 10'% GeV, and tanf to 35. Therefore, we have
to fit the ten parameters in the Yukawa matrices and the
two parameters from the SUSY threshold corrections to
the thirteen low-energy observables in the quark and the
charged lepton sector (nine masses, three mixing angles,
and one phase), so that we have one prediction (degree of
freedom).

The renormalization group equation (RGE) running and
diagonalisation of the matrices was done using the REAP
package [34]. Performing a y? fit we have found as mini-
mum the results listed in Table IV for the parameters, and
in Table Vand in Fig. 1 we have presented the results of the
fit for the low-energy observables compared to the experi-
mental results. Note that we have assumed an uncertainty
of 3% on the Yukawa couplings for the charged leptons.
Their experimental uncertainty is much smaller, so that
their theoretical uncertainty (accuracy of RGEs, neglecting
SUSY threshold corrections for the leptons, NLO effects,
etc). is much bigger, which we estimate to be 3%.

We find good agreement between our model and experi-
mental data with a minimal y? per degree of freedom of

TABLE IV. Values of the effective parameters of the quark and
charged lepton Yukawa matrices for tan8 = 35 and Mgygy =
750 GeV. The two parameters €, and €4 parametrize the SUSY
threshold corrections. The numerical values are determined from
a x* fit to experimental data with a lowest x> per degree of
freedom of 2.76.

Parameter Value

a, 5.81 X 107

b, -9.96 X 107
Cy —8.55x 107
d, 1.99 X 1072

e, 0.525

a, —2.82 X 107
by —-573 X107
b, —5.09 X 107*
cy 2.50 X 1073

dy 1.82 x 107!

€,tanf3 0.1788

€, tanB —0.0001
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TABLE V. Fit results for the quark Yukawa couplings and
mixing and the charged lepton Yukawa couplings at low energy
compared to experimental data. The values for the Yukawa
couplings are extracted from Ref. [26], the ratio y,/y, is taken
from Ref. [27], and the CKM parameters from Ref. [1]. Note that
the experimental uncertainty on the charged lepton Yukawa
couplings are negligibly small, and we have assumed a relative
uncertainty of 3% for them. The x? per degree of freedom is
2.76. A pictorial representation of the agreement between our fit
and experiment can be found as well in Fig. 1.

Quantity [at m,(m,)] Experiment Model  Deviation
y, in 1072 1.00 0.99 —0.388
Y, in 1074 5.89 5.90 0.044
y, in 107° 279 2.79 —0.003
yp in 1072 1.58 = 0.05 1.57 —0.157
ysin 1074 2.99 +0.86 2.57 —0.484
Ys/Va 189+ 0.8 18.9 —0.012
¥ 0.936 +0.016 0936 0.0001
Yo in 1073 3.39 + 0.46 2.79 —-1.317
y, in 107° 7.017378 7.01 —0.0003
oK™ 0.22577590% 02257  —0.0107
HSKM 0.0415700010  0.0416 0.1268
oTKM 0.0036 = 0.0002  0.0036 0.2043
Sckm 1.2023*9078¢  1.2610 0.7465

2.76. In fact, this agreement is not accidental. We have
chosen the SU(5) coefficients such that we expect good
agreement and we have also enough free parameters to fix
the mixing angles. In other words, one could determine the
eigenvalues and mixing angles from the data and then the
CKM phase would be a prediction. But as we will demon-
strate now, the choice for our phases in the Yukawa matri-
ces was done in such a way that we can expect a good
prediction for the CKM phase as well.

We will show in the following that the sum rule given in
Ref. [25] can be used here. To apply the sum rule we have
to find approximate expressions for the complex mixing
angles (see Ref. [25]). For the rest of the subsection we will
use the the notation of Ref. [25], which we just briefly

x*/dof =2.76

C O e
FIG. 1 (color online). Pictorial representation of the deviation
of our fit from low-energy experimental data for the charged
lepton Yukawa couplings and quark Yukawa couplings and
mixing parameters. The deviations of the charged lepton masses
are given in 3% while all other deviations are given in units of
standard deviations o.
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summarize here for convenience. The CKM matrix Ucgy

can be written as
Uckn = U, U}, = (USUBUSTUSULUS,  (3.12)

where the matrices U,, and U,, diagonalize the up- and
down-type quark mass matrices and the unitary matrix

cosfy sinf,e %2
U12 = - Sin012615]2 COSt912 0 (313)
0 0

The matrices U;; and U,; are given by analogous
expressions.

We find at leading order for the respective mixing angles
and phases

. b T
Ohe b = |2 |7, oh=0h=0 G149
TSu b 5o . d 5n
\/Ecu e,
FSu d T
9?36_’513 = u2u e if, (3.15)
eM
where we have used for 6/, that d2 =~ —1/2c,ande, = 0.5

from our fit. So we see that 6}, is not simply 77/2 as one
would expect from a quick first inspection. Note also that the
phase sum rule was derived for #%; = 6¢; = 0, which is not
exactly true in our case for 6{;. But in fact it is sufficient that
01, < 61,053, which is fulfilled here.

The angle « in the CKM unitarity triangle is experimen-
tally measured to be a = (90.7753)° [35] for which the
sum rule

a =54 — 8% (3.16)

was given in Ref. [25]. Plugging in our approximate ana-

lytical expressions for 5%”, Egs. (3.14) and (3.15), we find
that @ = 77/2, and our model is in good agreement with
experimental data as we have also seen it before from our
numerical fit.

IV. NEUTRINO SECTOR

The model includes three heavy right-handed Majorana
neutrino fields N that are singlets under SU(5) and a triplet
under T". Through the type I seesaw mechanism [12], we
generate light neutrino masses. The neutrino sector is
described by the following terms in the superpotential:

W, = L\NN& + NN(Ayp + A3p) + %(NF)I(ng)p)l

Vv iy (1@ =
+ X (VP (HS ), (4.1)
where we have given the T’ contractions as indices at the
brackets for nonrenormalizable terms and from now on A
labels a generic messenger scale. Note that the contraction
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of three triplets in general is not unique; see also Table VII,
because the product of two triplets contains a symmetric
and an antisymmetric triplet. But since we multiply here
two N’s with each other only, the symmetric combination
gives a nonvanishing contribution. In the following we will
discuss the phenomenological implications of this super-
potential (including corrections from the charged lepton
sector).

A. The neutrino mass spectrum

From Eq. (4.1) we obtain for the mass matrix for the
right-handed neutrinos and the Dirac neutrino mass matrix

(2Z+X —Z -z
Mp=| -z 2Z —Z+X|
-Z —Z+X 2z
(1 0 0 / “4.2)
Mp=10 o 1|2,
A
\0 1 0

where X, Z, and p’ are real parameters depending on the
couplings and the vevs in Eq. (4.1). The right-handed
neutrino mass matrix My is diagonalized by the TBM
matrix [13]

V273 130

Umsm = | ={1/6 1/3 =172 | (43)
—J1/6 J1/3 J1)2
such that the heavy RH neutrino masses read
UlgmMrUrgy = Dy = Diag(3Z + X, X, 3Z — X)
= Diag(M, €', Mye'%2, Myel?s),
M,,5>0, 4.4)

where
M, = |X + 3Z| = |X||]1 + ae'?|, ¢, = arg(X + 32),

4.5)

M, = |X]|,

¢y = arg(X), (4.6)

M; = |X —3Z| = |X||1 — ae'?|, ¢ = arg(3Z — X).

4.7)

Here o = |3Z/X| > 0 and ¢ = arg(Z) — arg(X). Since X
and Z are real parameters, the phases ¢, ¢,, ¢3, and ¢
take values O or 77. A light neutrino Majorana mass term is
generated after electroweak symmetry breaking via the
type I seesaw mechanism:

M, = —MLMz' M, = U:Diag(my, my, my)UL,  (4.8)

where
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U, = iUTBMDiag(ei¢1/2, eiP2/2 ¢ih3/2) = iUTBMQr

~ . . . 4.9)
0= Diag(eld)l/z’ el¢2/2’ €1¢3/2)’
and m 53 > 0 are the light neutrino masses,
p'\2 1 .
m; = (X) ﬁi’ i=17223. (4.10)

The phase factor i in Eq. (4.9) corresponds to an unphysical
phase and we will drop it in what follows. Note also that
one of the phases ¢, say ¢, is physically irrelevant since
it can be considered a common phase of the neutrino
mixing matrix. In the following we always set ¢; = 0.
This corresponds to the choice (X + 3Z) > 0.

The type of the neutrino mass spectrum in the model is
determined® by the value of the phase ¢. Indeed, as it is not
difficult to show, we have

1 (p’)4 4a cosg
IXI2\A/ |1 + ac?|?|l — ael?|?”
4.11)

2 — —
Amz = Amy

Thus, for cos¢p = +1, we get Am%1 >0, i.e., a neutrino
mass spectrum with normal ordering (NO), while for
cos¢p = —1 one has Am§1 < 0, i.e., neutrino mass spec-
trum with inverted ordering (I0). We have also

1 N4 a(a + 2 cose)
(p) ¢

Am? = Amd = — (& g
21 ° |IXP\A [1 + ael?|?

(4.12)
For a given type of neutrino mass spectrum, i.e., for a fixed
¢ =0 or 7, a constraint on the parameter « can be
obtained from the requirement that Am3, >0 and from
the data on the ratio

Am? 1
r= |AZ§ = Z(a + 2cos¢)(1 — 2a cosep + a?)
= (0.032 = 0.006. (4.13)

Using the values of « thus found and the value of, e.g.,
Am3,, one can get (for a given type of the spectrum) the
value of the factor in Eq. (4.12), |X|"2(p’/A)*. Knowing
this factor and «, one can obtain the value of the lightest
neutrino mass, which together with the data on Am3,
and Am%1(32) allows one to obtain the values of the other
two light neutrino masses. Knowing the latter one can find
also the two ratios of the heavy Majorana neutrino masses.

In the case of NO neutrino mass spectrum (¢ = 0), there
are two values of « that satisfy Eq. (4.13) for r = 0.032:
a = 1.20 (solution A), and & = 0.79 (solution B). In the
case of solution A, as it is not difficult to show, the phases

¢, =0, ¢; =0, solution A (NO), (4.14)

and the three neutrino masses have the values

*We are following in this part the similar analysis performed in
Ref. [36].
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my =4.44X 1073 eV,
my;=4.89 X107 2eV,

m,=9.77%x 1073 eV,

) (4.15)
solution A (NO).
Evidently, the spectrum is mildly hierarchical. The ratios
of the heavy Majorana neutrino masses read M,/M; =
11.0 and M,/M; = 5.0. Thus, we have Mz < M, < M,.
For solution B we find

b, =0, solution B (NO),

3 =, (4.16)

while for the values of the three neutrino masses we get

m;=5.80X10"3eV,
my=4.90% 102 eV,

m,=1.05x10"2eV,

solutionB (NO). 4.17)
The heavy Majorana neutrino mass ratios are given by
M|/M; =833 and M,/M; = 4.67. Therefore also in
this case we have M; < M, < M,.

For the IO spectrum (¢ = ), we find only one value of
a which satisfies Eq. (4.13) with r = 0.032: o = 2.014.
The phases ¢, and ¢5 take the values: ¢, = 7, ¢z = 0.
The light neutrino masses read

m;=5.17X10"2eV, my=5.24%10"2eV,

ms;=1.74X10"2eV (10), (4.18)
i.e., the light neutrino mass spectrum is not hierarchical
exhibiting only partial hierarchy. For the heavy Majorana
neutrino mass ratios we obtain: M;/M, = 1.014 and
M;/M, = 3.01. Thus, in this case N, and N, are quaside-
generate in mass: M| = M, < M;.

In the Figs. 2 and 3 we present the dependence of the
neutrino masses with respect to r for normal and inverted
ordering, respectively.

B. The mixing angles and the Dirac
and Majorana CP violation phase

The PMNS neutrino mixing matrix received contribu-
tions from the diagonalization of the neutrino Majorana
mass matrix M, and of the charged lepton mass matrix
M, =v;Y,: Upyns = U:LU,,, where U, is given in
Eq. (4.9) with @ = Diag(1, €'%2/2, ¢1¢3/2) and the values
of the phases ¢, and ¢; in the cases of NO and IO
spectra were specified in the preceding subsection. The
matrix of charged lepton Yukawa couplings Y,, Eq. (3.5),
and thus M,, has a block-diagonal form. The unitary
matrix U,; diagonalizes the Hermitian matrix M M,:
MiMm, = U, (MU}, where M¢ = diag(m,, m,, m,),
m; being the mass of the charged lepton /. As a conse-
quence of the block-diagonal form of M,, the matrix
U,; can be parametrized in terms of one mixing angle
(6$,) and one phase (¢): U, = PR»(65,), where & =
diag(1, e'?, 1) and

113003-8



SUPERSYMMETRIC SU(5) X T/ UNIFIED ...
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FIG. 2 (color online).
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The values of the three light neutrino masses corresponding to the solutions A (left panel) and B (right panel) in the

case of the NO spectrum, versus r. The dotted, dashed, and solid lines correspond to the three light neutrino masses m, m,, ms. The gray region
is excluded by present oscillation data. The vertical dashed line corresponds to the best fit value for » = 0.032. See text for further details.
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FIG. 3 (color online). The values of the three light neutrino
masses in the case of the solution corresponding to the IO
spectrum, versus r. The dotted, dashed, and solid lines corre-
spond to the three light neutrino masses ms, m;, m,. The gray
region is excluded by present oscillation data. The vertical
dashed line corresponds to the best fit value for r = 0.032.

cosf{, sinff, O
R,(65,) = | —sinf, coshs, 0 (4.19)
0 0 1

Because of the SU(5) symmetry of the model, ¥, and Y,
(and therefore the corresponding down quark and charged

N2/3¢$, + 1/65%e71¢ \J1/3¢¢, — [1/35¢,e71
V27355, — J1/6c5,e7¢ 1/35%, + 4[1/3¢5,e71¢

Upmns =

—J1/6

lepton mass matrices) are expressed in terms of the same
parameters. As a consequence, the angle 69, in the model
considered is related to the Cabibbo angle 6¢ = 0.226.
Using, for example, the approximate formulas from
Ref. [16], we find that

ba

¢, = 6° = 0.96°, (4.20)

where we have used the values of b/, and b, from
Table IV.

Comparing next the expressions on the two sides
of the equation MIM,=U, (MU' we get,
particular,

in

. s . 3
e @t (m2, — m?) cosb, sinds, = v§<§ bgas — 36Cdb21)~
(4.21)

Using the fit results in Table IV one can check that the
right-hand side of the last equation is real and positive.
Comparing the phases of the two expressions one con-
cludes that

3
¢ =T

5 4.22)

In the approximation we are using the PMNS matrix is
given by

V1/2s¢,e71
—J1/2¢¢,e7¢ |0,
Ji/2

(4.23)

V173

where ¢§, = cos#,, s¢, = sinf,, and Q is the diagonal phase matrix defined in Eq. (4.9). It follows from the above
expression for the PMNS matrix that the angle 65 is given approximately by
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1 sin6°
) = 1 (2ecin2h¢ =
sin 013—2C sin“6 75

PHYSICAL REVIEW D 86, 113003 (2012)

= 0.02, C=09, (4.24)

where we took into account the relation in Eq. (4.20) and the value of C = |b/,/b,|.
As was shown in, e.g., Ref. [16], the phase ¢ and the Dirac phase 6 in Eqs. (1.1) and (1.2) are related (at leading order) as

follows:
S§=¢+m (4.25)
Thus, for the Dirac phase we get from (4.22):
T
6= 4.26
5 (4.26)
Numerically, for ¢ = 37/2 and s¢, = 0.203 [see Eq. (4.20)], the PMNS matrix, Eq. (4.23), reads
0.804¢581°  0.577¢71150° (), 144¢~1270.000°
Upnns = | 0.433¢716785°  0,577£7850°  —(,692¢~1270.000° | (4.27)
—0.408 0.577 0.707

Thus, comparing the absolute values of the elements
Ui, Ug, U3, and U5 of the PMNS matrix in the stan-
dard parametrization, Eq. (1.1), and in Eq. (4.27), we
have C1pC13 = 0804, S12C13 = 0577, §723C13 = 0692,
and cy3c13 = 0.707. Using the predicted value of 63,
Eq. (4.24), these relations allow us to obtain the values of
61, and 6,3. We note that the tribimaximal mixing value of
the solar neutrino mixing angle 6;,, which corresponds to
sin6;, = 1/3, is corrected by a quantity which, as it fol-
lows from the general form of such corrections [14-16], is
determined by the angle #,5 and the Dirac phase &:

1

242
sin?6,, = - + = sinf5 cosd, (4.28)

(O8]

where 6 is the Dirac phase in the standard parametrization
of the PMNS matrix. As we have seen, to leading order

8 = /2. The Majorana phases 8, 3, (or a; and a3;) are
determined, as it follows from Egs. (1.1) and (4.23) [or
(4.27)], by the diagonal matrix Q and take CP conserving
values. Note, however, that the parametrization of the
PMNS matrix in Eq. (4.27) differs from the standard one:
it corresponds to one of the several possible parametriza-
tions of the PMNS matrix [15]. Thus, in order to get the
values of the Dirac and Majorana phases 6 and 8, 8, (or
a5y, a3;) of the standard parametrization of the PMNS
matrix, one has to bring the expressions (4.27) in a form
that corresponds to the “standard” one in Eq. (1.1). This can
be done by using the freedom of multiplying the rows of
the PMNS matrix with arbitrary phases and by shifting some
of the common phases of the columns to a diagonal phase
matrix P. The results for the numerical matrix in
Eq. (4.27) is

0.804 0.577 0.144¢i8425°
Upyins = | —0.433611059°  0.577¢1575° 0.692 PO, (4.29)
0.408¢11156°  —(,577¢1575° 0.707

where 0 = (1, e2/2, ¢1#3/2) = ¢i¢s/2Djag(e 1¢3/2)
e~ i(#3=42)/2 1) and the new phase matrix P=Diag(e!'!5%",
e 81" —1). Now comparing Eq. (4.29) with Eq. (1.1) we
can obtain the values of the Dirac and the two Majorana
phases of the standard parametrization of the PMNS ma-
trix, predicted by the model. For the Dirac phase we find
8 = 84.3°. Note that the Majorana phases 8,/2 and 3,/2
(or ay;/2 and as;/2) in the standard parametrization are
not CP conserving [23]; due to the matrix P they get CP
violating corrections to the CP conserving values 0 and
/2 or 37/2.

As we have seen, the value of the Dirac phase & pre-
dicted by the model is close to 77/2. This implies that the

magnitude of the CP violation effects in neutrino oscilla-
tions is also predicted to be relatively large. Indeed, the
rephasing invariant associated with the Dirac phase [37],
Jep =Im(U;, U, U, U;3), which determines the magni-
tude of CP violation effects in neutrino oscillations [38],
has the following value:

Jep = 0.0324. (4.30)

The values we have obtained for both sinf;5 and J are in
very good agreement with the numerical results in Table VI
derived using the REAP package [34].
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TABLE VI. Numerical results for the neutrino sector. The
experimental results are taken from Ref. [6] apart from the value
for 6,5, which is the Daya Bay result [7].

Quantity Experiment (20 ranges) Model
sin%6,, 0.275-0.342 0.340
sin%6y; 0.36-0.60 0.490
sin?65 0.015-0.032 0.020
1 s 84.3°

It is possible to derive simple analytic expressions that
explain the numerical results obtained above and quoted in
Table VI. Indeed, up to corrections of order (6¢,)* we have

1 V2

0, = arcsin— + — (6¢,)2, 4.31
12 \/?—’ 8 ( 12) ( )

1 e
613 = \/—5612, (432)

T 1

03 = 1 Z(efg)z, (4.33)

T 1 .
6 25_50]2, (434)
B =27 — 205, + ¢, 4.35)
By =2m + 0%, + ¢3 — by, (4.36)

where 6{, = 0.88860°. Note that the expression for ¢ is
correct up to O(6¢,) only because it appears always with
013, which is of order 65, itself. Numerically, these approx-
imations give for 6, = 0.2:

sin%6,, = 0.340, (4.37)
sin%0,; = 0.020, (4.38)
sin20,; = 0.490, (4.39)

5 =843, (4.40)

B, = 337.1° + o3, (4.41)
B, = 11.5° + 3 — . (4.42)

As we see, the results obtained using the approximate
analytic expressions are in very good agreement with those
derived in the numerical analysis.

Note that all these relations were derived neglecting
RGE corrections. Indeed they are under control. For the
inverted ordering the RGE corrections can be expected to
be largest, because there m; and m, are almost equal [39].
We have found numerically with the REAP package [34]
that the biggest deviation is in &, which goes down to
81.2°. The Majorana phases run less than 1° and also the
mixing angles stay well within their two sigma ranges.
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C. Predictions for other observables
in the neutrino sector

We derive in this section the predictions for the sum of
the neutrino masses and the effective Majorana mass |(m)|
in neutrinoless double beta decay (see, e.g., Ref. [40])
using the standard parametrization of the PMNS mixing
matrix as in (1.2) and the results on the neutrino masses,
mixing angles, and CP violation phases obtained in the
preceding subsections of this section.

In the case of solution A for the NO neutrino mass
spectrum we get for the sum of the neutrino masses

3
D m=631X10"%¢eV, solution A (NO).  (4.43)
k=1

In this case we have ¢, = ¢3 = 0 (see Sec. IVA) and for
the effective Majorana mass we obtain using Eqgs. (4.15)
and (4.29)

3
Z (Upnns) &M
P

=490 X 1073 eV,

[m)|

solution A (NO). (4.44)

The same quantities for solution B of the NO spectrum
have the values:

3
Y m=654x10"%¢eV,  solution B (NO), (4.45)
k=1

and

lim)| =7.95X 1073 eV,  solution B (NO),  (4.46)

where we have used the fact that for solution B we have
¢, = 0and ¢p3 = 7. As a consequence, in particular of the
values of ¢, 3, the three terms in the expression for |(m)|
essentially add.

Finally, in the case of the IO spectrum we obtain

3
D mp=12.1x 1072 eV (10), (4.47)
k=1
and
[(m)] = 2.17 X 1072 eV (10). (4.48)

We recall that for the 10 spectrum we have ¢, = 7 and
¢ =0, and there is a partial compensation in [(m)|
between the dominant contributions due to the terms
S mg and « my.

V. SUMMARY AND CONCLUSIONS

We have presented here the first SU(5) X T' unified
model of flavor, which predicts the reactor neutrino
mixing angle 6,3 to be in the range determined by
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Daya Bay [7] and RENO [8] experiments, and all other
mixing angles are predicted to have values within the
experimental uncertainties. It implements a type I see-
saw mechanism and from the breaking of the discrete
family symmetry 7, we obtain tribimaximal mixing in
the neutrino sector. The relatively large value of 65 is
then generated entirely by corrections coming from the
charged lepton sector. This is a generic effect in GUTs
where Yukawa couplings are related to each other. Here
we have used recently proposed SU(5) GUT relations
[24] between the down-type quark Yukawa matrix and
the charged lepton Yukawa matrix to get the relatively
large prediction for the reactor mixing angle 6,3 along
the lines proposed in Refs. [16,29].

The corrections to the solar and the atmospheric neu-
trino mixing angle are under control due to the structure of
the charged lepton Yukawa matrix and the pattern of the
complex CP violation phases. The model exhibits a special
kind of CP violation, the so-called ‘“‘geometrical” CP
violation. All parameters and vevs are real and all non-
trivial phases are coming from the complex Clebsch-
Gordan coefficients of 7' and are integer multiples of
/4. We have given the renormalizable superpotential
that generates effectively the Yukawa matrices after inte-
grating out heavy messenger fields and plugging in the
family symmetry breaking flavon vevs, which was missing
so far in the literature for SU(5) X T’ models. The flavon
vevs point in special directions in flavor space and are
all real. These results come out as solutions to the flavon
alignment superpotential we have presented in the
Appendix C.

We have shown, in particular, that the phase pattern in
the Yukawa matrices actually gives a good fit of the quark
and charged lepton masses and the CKM parameters at low
energies. This fit fixes the charged lepton Yukawa matrix
completely and since we find tribimaximal mixing in the
neutrino sector itself, we can make predictions for the
neutrino masses and all PMNS parameters. The angle 603
is predicted to have a value corresponding to sin’f; =
0.8sin?#¢/2 = 0.02. For the Dirac phase 8 we obtain in the
standard parametrization of the PMNS matrix 6 = 84.3°.
Our model also predicts sin’6;, = 0.340 and sin’6,; =
0.490. There are three different possible solutions for the
neutrino masses, two with normal ordering (solutions A
and B) and one with inverted ordering. All three cases can
be tested in experiments determining the absolute neutrino
mass scale (or the sum of the three neutrino masses), in
experiments that can measure the solar and atmospheric
neutrino mixing angles with a high precision, in experi-
ments searching for CP violation in neutrino oscillations,
and in neutrinoless double beta decay experiments. For the
sum of three neutrino masses we get [with relatively small
uncertainties; see Figs. 2 and 3]: 22:1 my = 6.31 X
1072 eV (NO, A); 6.54 X 1072 eV (NO, B), and 12.1 X
1072 eV (I0). The (88),-decay effective Majorana mass
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for the three solutions is also unambiguously predicted:
[(m)] =4.90 X 1073 eV (NO, A); 7.95 X 1073 eV (NO, B);
2.17X 1072 eV (I0). The three solutions differ only in the
values of the three neutrino masses and of the Majorana
phases, so that we make one single prediction for the
rephasing invariant that determines the magnitude of CP
violation effects in neutrino oscillations: J-p = 0.0324.
This value of Jp is relatively large and can be tested in
the experiments on CP violation in neutrino oscillations.

In conclusion, with the recent measurement of the last
unknown neutrino mixing angle, neutrino physics has
entered a new era. All angles are determined with a rather
good precision, constraining flavor models severely. Since
6,5 turned out to be relatively large, the observation of CP
violation in the lepton sector might be feasible with data
from the running and upcoming neutrino oscillation
experiments. Explaining the data on leptonic CP violation
would pose another challenge for flavor models. The
model we proposed here is from this point of view rather
comprehensive combining many ideas that have been pro-
posed elsewhere but have been combined here consistently
for the first time. Because of the GUT structure we can fit
the quark masses and mixing parameters and the charged
lepton masses, and using the latter we make definite pre-
dictions for the neutrino mass spectrum, the leptonic mix-
ing angles, and the leptonic CP violating phases. Our
model is therefore testable in a variety of experiments.
We are looking forward to the outcome of these tests.
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APPENDIX A: 7': THE RULES OF THE GAME

T’ is the double-covering group of the tetrahedral sym-
metry T that is isomorphic to Ay, the group of the even
permutations of four objects. 77 contains three inequiva-
lent one-dimensional representations, called 1, 1/, and 17,
one three-dimensional, 3, and three two-dimensional rep-
resentations, 2, 2/, and 2”. Two of these representations
are real, 1 and 3, one is pseudoreal 2, and the other four
are complex. We list in Table VII the relevant tensor
products of T'. For more details on 7', see, e.g.,
Ref. [17] and references therein.
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TABLE VIIL.
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The Clebsch-Gordan coefficients for the tensor products of 77
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APPENDIX B: MESSENGER SECTOR

In our model we consider nonrenormalizable operators.
In general the contraction of the SU(5) and T’ indices may
not be unique, which is nevertheless essential for our
model. Our predictions are based on the fact that only a
certain contraction is allowed as we have, for example,
indicated in Eq. (3.2) for the T” indices. For the connection
between the so-called UV completion and predictivity of
a model, see also Ref. [41]. Hence we have to specify the
so-called messenger fields that generate only the desired
contractions in the operators after being integrated out in a
specific order.

The full list of messenger fields of our model is given in
Table VIII. Every messenger pair in every line receives a
mass term in the superpotential, like, for example,
Ms.2{2]. For the sake of brevity we do not write down

all of the mass terms, but it is important to note that there
are no mass terms between messengers in different lines
allowed. We assume all the messenger masses to be above

the scale of 7' and SU(5) breaking, which are closely
related in our model as we will see in the next section.
Many messengers carry SU(5) quantum numbers so that
above the messenger scale, which we denote by A, the
gauge coupling becomes quickly nonperturbative, so that
we are not predictive above this scale.

Having given these general remarks, we now turn to the
superpotential that describes the couplings of the various
fields to the messengers. We start with the messengers
coupling to the matter, Higgs fields, and flavon fields.
The supergraphs showing these couplings are given in
Figs. 4-6. From these diagrams one can read off all the
relevant contractions and couplings. Nevertheless, we give
now the renormalizable superpotential containing the mes-
senger fields.

Apart from the messenger mass terms (which we do not
write down explicitly) there are no terms with one or two
fields involving matter, Higgs fields, and flavon fields. For
the down-type quark diagrams we find (here and in this
whole section we do not write down the couplings)
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TABLE VIII. Messenger fields used in our model. After integrating out these fields we end up with the desired effective operators.
For the sake of brevity we do not list all of the mass terms in the text. The messenger pair in every line has a mass term and there are no
cross terms allowed.

Messenger fields SU(5) T U(1)g zv, zd zy Zg Zs VA Z

g, 34 1,1 1,1 0,2 4,8 0,0 0,0 0,0 2,4 2,4 0,0
b, 5% 1,1 1,1 0,2 4,8 0,0 0,0 0,0 0,0 0,0 0,0
34, 3 1,1 11" 0,2 6,6 4,4 4,4 4,4 0,0 0,0 2,2
3b, 3 1,1 11" 0,2 8,4 4,4 4,4 4,4 4,2 4,2 0,0
3¢, 2 1,1 11" 0,2 8,4 0,0 0,0 0,0 2,4 2,4 0,0
54, 34 1,1 1,1 0,2 6,6 4,4 0,0 4,4 L5 L5 0,0
sk, 3 1,1 1,1 0,2 0,0 6,2 2,6 6,2 3,3 3,3 0,0
3¢, 36 24,24 1,1 0,2 3,9 2,6 0,0 6,2 0,0 3,3 1,3
34, 35 1,1 2", 2 0,2 9,3 53 7.1 1,7 3,3 3,3 3,1
sk, S5 1,1 2", 2 0,2 9,3 4,4 53 3,5 4,2 1,5 2,2

¢, 34 1,1 3,3 0,2 6,6 4,4 0,0 4,4 1,5 1,5 0,0
sk, 5% 1,1 3.3 0,2 0,0 6,2 2,6 6,2 3,3 3,3 0,0

S, 35 1,1 33 0,2 0,0 0,0 4,4 0,0 3,3 3,3 2,2
34, 34 1,1 3,3 0,2 0,0 0,0 0,0 4,4 0,0 3,3 2,2
Ba, B 55 v, 1 1,1 5.7 0,0 4,4 0,0 51 5.1 2,2
Eg. B 55 2,2 1,1 2,10 7,1 53 3,5 2,4 51 3,1
Eg., B 55 2,2 1,1 8, 4 53 7,1 1,7 2,4 51 1,3
4, Of 55 1,1 0,2 2,10 0,0 2,10 4,4 5.1 5.1 0,0
e, Q1 55 11" 2,0 8,4 0,0 8,4 0,0 4,2 4,2 2,2
b, 0b, 55 1,1 2,0 9,3 1,7 9,3 2,6 4,2 1,5 2,2
4, QF 55 2", 2 2,0 9,3 2,6 9,3 7,1 L5 4,2 2,2
4, 04 55 1,1 0,2 0,0 3,5 0,0 4,4 4,2 4,2 1,3
Y4, Y 10, 10 1,1 1,1 2,10 1,7 53 2,6 3,3 3,3 2,2
Yb,, Y5, 10, 10 1,1 1,1 2, 10 0,0 3,5 4,4 5.1 2,4 3,1
Y4, Y4 10, 10 2,2 1,1 11,1 0,0 2,6 1,7 4,2 1,5 3,1
Y5, Y3 10, 10 2,2 1,1 5,7 2,6 0,0 7,1 0,0 0,0 3,1
Y, Y$ 10, 10 2,2 1,1 5.7 6,2 4,4 3,5 0,0 0,0 3,1
Y4, Y5, 10, 10 2/, 2" 1,1 11,1 0,0 2,6 1,7 4,2 1,5 3,1
Y5, Y3, 10, 10 2/, 2" 1,1 5,7 0,0 4,4 7,1 4,2 L5 3,1
Y5, Y5, 10, 10 2/, 2" 1,1 5.7 2,6 0,0 7,1 0,0 0,0 3,1
Y4, Y4, 10, 10 2/, 2" 1,1 11, 1 0,0 2,6 53 2,4 5.1 3,1
Y3, Y5 10, 10 2", 2 1,1 5.7 4,4 0,0 7,1 3,3 0,0 L3
YL, Y 10, 10 21,2 1,1 11,1 0,0 2,6 1,7 4,2 L5 3,1
Y5, Y5 10, 10 2", 2 1,1 2,10 2,6 6,2 7,1 0,0 3,3 0,0
Y4, Y4 10, 10 2,2 1,1 11,1 0,0 2,6 53 2,4 51 3,1
Y, Y4 10, 10 2", 2 1,1 11,1 0,0 6,2 53 0,0 0,0 L3
Y4, Y4 10, 10 3.3 1,1 2,10 0,0 7.1 4,4 4,2 1,5 1,3
Y%, Y4 10, 10 3.3 11 8,4 0,0 53 2,6 2,4 5,1 1,3
Y, Y5 10, 10 3,3 1,1 8,4 2,6 53 6,2 5.1 5.1 3,1
Y, Y4 10, 10 3.3 1,1 2,10 53 5,3 6,2 33 0,0 0,0
re, Iy 24,24 2", 2 2,0 9,3 3,5 53 7,1 3,3 0,0 1,3
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FIG. 4. The supergraphs before integrating out the messengers for the down-type quark and charged lepton sector.
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FIG. 5. The supergraphs before integrating out the messengers for the up-type quark sector.
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Wi = FADYS + ¢ YSY?, + HY,TY? (B1)

+ T, Y5 + HY,YSYS + o' YsYS + FALYS (B2)

+ T AYYS +HY /08, + Q% ¢/ 04 + Q4YS, ES (B3)

+ Fy/ES + ES YO0 + ("AVQN + Y YE + T, Y3 (B4)

+ Fy"ES, + ESELTS + HY,p"T% + AYESL Y + Y4T, 4", (BS)

Wi = HOTS + T,¢Y4 + HOY4 Y, + T30 Y4 (B6)
+ T, 3"Y$ + ZHPQL + Q4 Y5YS (B7)

+ T, dYe + YL00YL + HVZ O + §/Y5 Y5 + Y41, 9/ (B8)

+ T, dYS + Ye&'Y4 + HOYL, Y + F'YL YL, + T,4YL, (B9)

and for the neutrino sector
Wi = N2¢ + N?p + N*j + FNQS
+ HP pQf + HY pQ. (B10)

There are five additional operators that generate dimension
eight or more operators in the matter sector, which we
neglect. For completeness we give them as well:

Me;,gatter — {/YEYEH + YEY‘;(//N + l//”Qa Qg

2/!
+T9YS YS + T4 Y8 Ye. (B11)
\ .\v
N N
P \\ / pp
/ Qf O
N HF)Z)

FIG. 6. The supergraphs before integrating out the messengers
for the neutrino sector.

We turn now to the messengers, which give the non-
renormalizable terms in the flavon alignment superpoten-
tial that we denote collectively with 2.. In this sector all of
the supergraphs have the structure as given in Fig. 7. (The
role of the auxiliary € fields is described in the next section
and their quantum numbers are given in Table X.) For the
sake of brevity we do not give all the diagrams for the
flavon sector, but all diagrams can easily be derived from
the renormalizable flavon superpotential. We give here
only the terms where a messenger is involved. The terms
that have no messenger involved will be discussed in the
next section, when we discuss the superpotential respon-
sible for the flavon alignment. The superpotential involv-
ing the 3 fields reads

// 4
o] €1

FIG. 7. One typical diagram for the messengers in the flavon
sector. We consider only effective operators up to dimension
four. For the sake of brevity we only show one diagram. The
others are quite similar with the driving field on one side and the
auxiliary € fields on the other side.
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(B12)
(B13)
(B14)

€3¢ + Sfel, (B15)

€12

(B16)

Apart from these there are as well operators that give dimension five operators in the flavon alignment superpotential
after integrating out the messenger fields, which we will neglect. These operators are

WL — SUBASh + SUSPES, + SU54, 36, + SY3h,3h, + §US434 + S/3L3E

+ SY, SIS+ SY, SIS+ (S, + Sp + S,)BE5S + (S, + S + 5,)34354

Now we have discussed the messenger sector. After
integrating out the messengers from the renormalizable
superpotential we end up with the effective operators that
give us the desired flavon vev alignments and structures of
the Yukawa matrices.

APPENDIX C: FLAVON VACUUM ALIGNMENT

In this appendix we present the solution for our flavon
vacuum alignment. In the present model, all of the dis-
cussed results crucially depend on the vev structure and on
the fact that all flavon vevs are real.

In the flavon potential two new kinds of fields are
introduced. First we have to add driving fields that are
gauge singlets but transform in a nontrivial way under
the family and shaping symmetries and have a U(1)g
charge of two. Minimizing the F term equations of these
fields will give us the correct alignment (including phases)
as one possible solution. Second we introduce auxiliary
fields €;,i = 1, ..., 13, which are singlets under SU(5) and
T’, but they transform in a nontrivial way under the addi-
tional shaping symmetries. They appear only in the flavon

(B17)

(B18)

I
superpotential. Indeed, these fields are introduced to com-
pensate the charges of different operators, so that they are
related to each other in the F term equations. Note that we
have to include for our alignment nonrenormalizable op-
erators, where we restrict ourselves to operators with mass
dimension not higher than four in the superpotential. The
driving fields are listed in Table IX and the auxiliary fields
are listed in Table X.

Before going into the more complicated details of
the flavon vacuum alignment, we briefly discuss the
“alignment” of the auxiliary flavons, which is simply the
question of how to give them a real vev. For this purpose
we used the simple idea advocated in Ref. [42], which we
can directly illustrate at the alignment for the € fields itself.
The superpotential for their alignment reads

W, =5.(e7 —M2) + Sel_(% € — Mﬁj), (C1)
where i = 1,..., 11 and j = 12, 13. Note that for the sake
of readability we do not include any couplings. The driving
fields S, and S are total singlets so that terms like S M?

TABLE IX. List of the driving fields from the superpotential that give the desired vacuum
alignment. All driving fields are SU(5) gauge singlets and charged under U(1)g with charge +2.

b, S, S S8 DbDy, D, S/ D S S, S§ 8§, S S S,
r 3 1 1 1 3 3 1 3 1 1 1 1 1 1 1
zZ, 6 0 0 0O 6 0 0 6 0 0 0 6 6 4 0
zZZ 4 0 0 O O 2 4 4 0 0 0 4 5 0 0
ZZ 4 0 0 0 4 2 4 4 0 0 0O 0 2 0 0
Zg 0 4 0 4 0 2 4 4 0 0 0O 0 2 0 0
Zg 10 4 0 3 0 0 3 0 0 0 0 5 2 0
Z 1 0 4 0 O 3 0 3 0 0 0 3 5 2 0
Z 0 0 0 0 0O 2 0 2 0 0 0 2 1 0 0
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TABLE X. List of the auxiliary flavon fields that do not couple to the matter sector. The ¢;
fields are all SU(5) X T’ singlets and carry no U(1); charge.

€] €2 €3 €4 €s €6 €7 €3 €9 €10 €11 €12 €13
VAN 6 6 0 6 6 6 6 6 6 0 6 8 8
Zg’ 4 4 0 4 0 4 0 4 4 0 0 0 4
VA4 4 0 0 0 4 0 0 4 4 0 0 0 0
Zg 0 0 4 4 0 4 0 4 4 4 0 0 0
Zs 3 3 0 3 3 0 0 0 3 0 0 4 0
Z 3 3 0 3 3 0 0 0 3 0 0 4 0
Zy 0 0 0 0 2 0 2 0 2 0 2 0 0

are allowed. The F term equations for the driving fields
give, e.g.,
Fy

— e - M2 =0 (C2)

€1
And since we assume that our fundamental theory is CP
conserving, the mass M., is real (like the coupling parame-
ters, which are not shown) and, hence, the vev of €, is real
and nonvanishing. For €, and €53 this has to be slightly
modified. For those we find three possible solutions, two of
them complex and only one real. But we assume that the real
solution is picked up, which could be preferred by higher
order corrections, supergravity corrections, or some low-
energy soft terms in the scalar potential. To discuss these
corrections in detail is beyond the scope of the current paper.

Note also that all of the S, driving fields have the same
quantum numbers and hence can mix with each other. In
other words, each of these driving fields could couple to
each e field. We have chosen here the basis in which the
superpotential has the above structure, which makes the
alignment clear (see also the appendix of Ref. [42]).

The same method can be applied to the real triplet and
singlet flavons of our model, after we have fixed their
alignment by some different kind of operators. But for
the complex doublets (2/, 2’) and singlets (1/, 17) we
have to use other relations, because the representation
squared cannot form a total singlet.

Before we come to these complex representations we
discuss the alignment for the flavons appearing in the
neutrino sector (£, p, p) where this complication is
absent.* The superpotential for these flavons reads

D
wé‘,p,ﬁ = Tg(fzﬁg + épeg + Epeg) + 55(52 — M?)

+S,(p* + p* — M3). (C3)
The first thing to note here is that we used the auxiliary
flavon €4 in the first set of operators involving the triplet
driving field D¢. Since €y appears in all three operators, it

“The alignment for the triplets follows the discussion in the
seminal paper [43].

drops out in the F term conditions, but nevertheless it is
real and hence would just modify the value of the vev
without introducing any phase. The F term conditions are

oW, ,
# =261 —26E+ E(p+p) =0, (CH
&
oW, ,
SRt =28 266+ Gl +5) =0, (C3)
&
R
=28 =266 + bp + p) =0, (C6)
&3
IWe i
awfﬂﬁ 2
_ PP - + p>—M>% =0.

p

Besides the trivial solution &; = 0, i = 1, 2, 3, we find for
the first three of these equations by cyclic permutations in
¢, the desired solution for which &; = &, # 0 if py =
—po- The fact that the vevs are nonvanishing and real
can then be read off from the last two equations for which
we used the method from Ref. [42] discussed above.
Now we come to the most complicated part of the flavon
alignment sector, the flavons present in the quark and
charged lepton sectors. Although we have two different
sets of flavons, one for the up-quark sector on the one hand
and one for the down-type quark and charged lepton sector
on the other hand, we cannot separate their alignments
completely. In fact, we found that the alignments themselves
are independent from each other, but the simplest solution
that we found to make all vevs real involves cross couplings
between the two sectors. The flavon superpotential reads
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Dy . - - R - - IR
W, ==L de+lle) + ST+ —Mpl) + 5" - Mzey) ©9)
+§ T L F +% + 1 _’_ﬂ 2 + ! C10
(" = ") A (ppes + pl"es) A (") es + d{'€7) (C10)
&2
U R (ISR Y R ) 1)
~ € ~
8w - M)+ Su(@Pen — (@) €12)
|
where in the last equations the cross couplings between the n :
two sectors are written. We do not want to discuss here the 3 D = &((3)° + €7¢3¢" =0, (C22)
whole alignment extensively; instead we will only discuss v
the phases of the vevs of the complex fields in a bit more
detail. Nevertheless, we quote all the F' term conditions, in BW - s .
which it is then quite easy to plug in the flavon vevs from aD, = igg((¢])* + €720 =0, (C23)
Egs. (2.1), (2.2), and (2.3) and see that they form a viable :
solution. The F term conditions read for the up sector oW
oW o . T = (L= Ded Y + 110 =0, (C24)
5= @dt —252dy) + bl =0, (C13) "
o
awf 1ol 2
9w . . - ag  Wr — vl — M, =0 (C25)
—L =624~ 24143 + £, 0" =0, (Cl4) '
Dy,
oW, €2
oW, ] (7R EE
D, €293 —2d19,) + 263" =0,  (Cl5) ¢
3
and for the cross couplings between the two sectors
oW, . - .
=" =Mpl' + $3+2414, =0, (C16) oW, : €
a5¢ ‘ G5 = WdE g E - M5 =0 (€2))
Wy _ =7 — M;e; =0 (C17)
65! a , GWf 2 712
os] = (Ve — ({)€13=0. (C28)
awf T T T 131
as, Uiy =i =80 =0 (C18) g0 how do we make the vevs of the complex representa-
tions real? Exemplary we discuss the complex singlets { ",
for the down sector [, ¢", and {'. From Eqgs. (C16) and (C17) we find a
ol in A
awf ) ) polynomial in
D, €42¢7 = 2¢23) + €52 =0,  (C19) o .
¢ (&) + (@5 +2¢1dy) —MpMzes =0, (C29)
oW f which has a real solution (at least for a certain choice of
D €243 —2¢1¢3) + €5$1{" =0, (C20)  parameters and plugging in the real vev of $) which we
2 ick here. Then we know that ({”')? is real, while ¢’ has the
p g
opposite phase of " so it is real as well. From Eq. (C28)
TW we then find {’ to be real and from Eq. (C26) we obtain ¢
MRS g 64(2¢§ —2¢,d,) + esp3l" =0, (C21) to be real and all the singlet vevs are real. For the doublets a
9Dy, similar mechanism applies.
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The last alignment we want to discuss here is, strictly
speaking, not an alignment. But since we have used
adjoints of SU(5) in our operators to get the desired
Yukawa coupling relations between the charged leptons
and the down-type quarks, we add here a mechanism that
generates the vev of these adjoints and also shows explic-
itly that they are real. For the fields HY, and HY, we can
write down the following superpotential using the two
driving fields S%, and S,

S// - 5
Wy = SY,(HY,HY, — &) + %(HQ4H/2/4610 — Eeyy).

(C30)

PHYSICAL REVIEW D 86, 113003 (2012)

We see that the vev of ¢ triggers a vev for the two adjoint
fields and even more these two vevs are directly related to
the T’ symmetry breaking scale. That means that in
our model the GUT scale and the scale of T’ coincide
(up to some order one coefficients). In principle, we can
again choose here between two different vevs for the
adjoints: one pointing into the SM direction and the other
one pointing into the SU(4) X U(1) direction and we
assume the first option to be realized. We also note here
that the solution of the doublet-triplet-splitting problem
and hence the construction of the whole Higgs sector is
clearly beyond the scope of this paper.
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