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Abstract

We construct a supersymmetric model with the flavor symmetry D14 in which the CKM matrix element
|V,al can take the value |V, 4| = cos(f—4) ~ 0.97493 implying that the Cabibbo angle 6¢ is sin(f¢) ~
[Vius| = sin(ﬁ) ~ (0.2225. These values are very close to those observed in experiments. The value of
[V,al (B¢) is based on the fact that different Z, subgroups of D14 are conserved in the up and down quark
sector. In order to achieve this, D14 is accompanied by a Z3 symmetry. The spontaneous breaking of D4
is induced by flavons, which are scalar gauge singlets. The quark mass hierarchy is partly due to the flavor
group D14 and partly due to a Froggatt—Nielsen symmetry U (1)pn under which only the right-handed
quarks transform. The model is natural in the sense that the hierarchies among the quark masses and mixing
angles are generated with the help of symmetries. The issue of the vacuum alignment of the flavons is
solved up to a small number of degeneracies, leaving four different possible values for |V, 4|. Out of these,
only one of them leads to a phenomenological viable model. A study of the Z, subgroup breaking terms
shows that the results achieved in the symmetry limit are only slightly perturbed. At the same time they
allow |V,,4] (O¢) to be well inside the small experimental error bars.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The explanation of the hierarchy among the charged fermion masses and of the peculiar
fermion mixings, especially in the lepton sector, is one of the main issues in the field of model
building. The prime candidate for the origin of fermion mass hierarchies and mixing patterns
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seems to be a flavor symmetry under which the three generations of Standard Model (SM) parti-
cles transform in a certain way. Unlike the majority of studies which concentrate on the leptonic
sector we propose a dihedral group,! D14, as flavor symmetry to predict the CKM matrix element
| Via| or equivalently the Cabibbo angle 6¢. The crucial aspect in this model is the fact that | V4|
is given in terms of group theoretical quantities, like the index n of the dihedral group D,, the
index j of the representation 2; under which two of the generations of the (left-handed) quarks
transform and the indices k, 4 of the subgroups which remain unbroken in the up, Z; = (BAk“ ),
and the down quark sector, Z, = (BAkd ). Thereby, A and B are the two generators of the dihedral
group. The general formula for |V, 4| is [2—4]

(ﬂ(ku - kd)]')
cos{ ———
n

In particular, the Cabibbo angle neither depends on arbitrarily tunable numbers, nor is it con-
nected to the quark masses as is the case for the Gatto—Sartori—Tonin (GST) relation [5],
sin(Oc) ~ | V5| & o/mg/ms. The only dependence arises through the fact that the ordering of
the mass eigenvalues determines which element in the CKM mixing matrix is fixed by the group
theoretical quantities. However, since the hierarchy among the quark masses is also naturally
accommodated in our model, partly by the flavor group D14 itself and partly by an additional
Froggatt—Nielsen (FN) symmetry U (1)gn [6], this sort of arbitrariness in the determination of
the Cabibbo angle is avoided.”

In this paper we consider as framework the Minimal Supersymmetric SM (MSSM). The con-
struction used in our model is in several aspects analogous to the one used in [7] to generate
tri-bimaximal mixing in the lepton sector with the help of the group A4. The flavor group is bro-
ken at high energies through vacuum expectation values (VEVs) of gauge singlets, the flavons.
The prediction of the actual value of the mixing angle originates from the fact that different sub-
groups of the flavor symmetry are conserved in different sectors (up and down quark sector) of
the theory. The separation of these sectors can be maintained by an additional cyclic symme-
try, which is Z3 in our case. The other crucial aspect for preserving different subgroups is the
achievement of a certain vacuum alignment. As in [7], an appropriate flavon superpotential can
be constructed by introducing a U (1) g symmetry and adding a specific set of scalar fields, the
driving fields, whose F-terms are responsible for aligning the flavon VEVs. As we show, the
vacuum can be aligned such that in the up quark sector a Z, symmetry with an even index &, is
preserved, whereas in the down quark sector the residual Z, symmetry is generated by BA*¢ with
kg being an odd integer. Thus, two different Z, groups are maintained in the sectors. We can set
k, = 0 without loss of generality. However, we are unable to predict the exact value of k; such
that our model leads to four possible scenarios with four different possible values of | V,,4|. Out
of these scenarios only one, namely k; = 1 or k; = 13, results in a phenomenologically viable
value of |V,4| (and 6¢)>

|Vual = : (1

V| = cos<1”—4) ~0.97493 and sin(fc) & |Vis| ~ sin(%) ~0.2225. )

1 Dihedral symmetries have already been frequently used as flavor symmetries, see [1].

2 This cannot, for example, be avoided in the A4 models [7], which successfully predict tri-bimaximal mixing in the
lepton sector, since the hierarchy among the light neutrinos, which determines the ordering of the columns in the lepton
mixing matrix, is very mild. Actually, a certain fine-tuning is necessary to achieve that the atmospheric mass squared
difference is larger than the solar one.

3 Note that the result Oc = 1”—4 has been derived in another context in [8].
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Similar to [7], subleading corrections to masses and mixings arise from higher-dimensional op-
erators. In general they are at most of relative order € ~ A% &2 0.04, so that Eq. (2) holds within
+0.04.

The model presented here surpasses the non-supersymmetric one constructed in [4] in several
ways. Since the flavor symmetry is broken only spontaneously at the electroweak scale in the
latter model, it contains several copies of the SM Higgs doublet. In contrast to this, the model
which we discuss in the following possesses the two MSSM Higgs doublets 4, and k4, which are
neutral under the flavor group, and gauge singlets, the flavons and driving fields, which transform
under flavor. The flavons are responsible for breaking the flavor symmetry. As a consequence,
none of the problems usually present in models with an extended Higgs doublet sector, such as
too low Higgs masses and large flavor changing neutral currents, is encountered here. Addition-
ally, the problem of the vacuum alignment, which determines the value of the Cabibbo angle, is
solved, up to a small number of degeneracies. This is impossible in the case of a multi-Higgs
doublet model due to the large number of quartic couplings. Only a numerical fit can show that
(at least) one set of parameters exists which leads to the desired vacuum structure. Finally, the
breaking of the flavor group at high energies is also advantageous, because then domain walls
generated through this breaking [9] might well be diluted in an inflationary era.

In the class of models [7] which extends the flavor group A4, being successful in predicting
tri-bimaximal mixing for the leptons, to the quark sector one usually observes that the Cabibbo
angle ¢ = A ~ 0.22 produced is generically only of the order of € ~ A% and thus too small by a
factor of four to five.* This observation might indicate that it is not possible to treat the Cabibbo
angle only as a small perturbation in this class of models.

The paper is organized as follows: in Section 2 we repeat the necessary group theory of D14
and the properties of the subgroups relevant here. Section 3 contains an outline of the model in
which the transformation properties of all particles under the flavor group are given. The quark
masses and mixings, in the limit of conserved Z, subgroups in up and down quark sector, are
presented in Section 4. In Section 5, corrections to the quark mass matrices are studied in detail
and the results of Section 4 are shown to be only slightly changed. The flavon superpotential is
discussed in Section 6. We summarize our results and give a short outlook in Section 7. Details
of the group theory of D14 such as Kronecker products and Clebsch—Gordan coefficients can be
found in Appendix A. In Appendix B the corrections to the flavon superpotential and the shifts
of the flavon VEVs are given.

2. Group theory of Dy4

In this section we briefly review the basic features of the dihedral group D14. Its order is 28,
and it has four one-dimensional irreducible representations which we denote as 1;,i =1,...,4
and six two-dimensional ones called 2, j =1, ..., 6. All of them are real and the representations
2; with an odd index j are faithful. The group is generated by the two elements A and B which
fulfill the relations [11]

A4 =1, B> =1, ABA =B. (3)
The generators A and B of the one-dimensional representations read

1: A=1,B=1, (4a)

4 This also happens in a recently proposed model using the flavor group Sy [10].
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1, A=1, B=-1, (4b)
13; A=—-1,B=1, (40)
1; A=-1, B=—1. (4d)

For the representation 2; they are two-by-two matrices of the form

e 0 1
A=(T can) m=(0 ) ®

Note that we have chosen A to be complex, although all representations of D14 are real. Due to
this, we find for (a1, a2)” forming the doublet 2 ; that the combination (a7, af)T transforms as
2, rather than (aj, a3 )T The Kronecker products and Clebsch—Gordan coefficients can be found
in Appendix A and can also be deduced from the general formulae given in [2,12].

Since we derive the value of the element |V, 4| (the Cabibbo angle 6¢), through a non-trivial
breaking of Dy4 in the up and down quark sector, we briefly comment on the relevant type of Z,
subgroups of Dy4. These Z, groups are generated by an element of the form BA* for k being
an integer between 0 and 13. With the help of Eq. (3) one easily sees that (BAK)2 = BA¥BA* =
BAF~IBA%~! —... = B2 = 1. For k being even, singlets transforming as 13 are allowed to have
a non-vanishing VEV, whereas k being odd only allows a non-trivial VEV for singlets which
transform as 14 under Dy4. Clearly, all singlets transforming in the trivial representation 1; of
D14 are allowed to have a non-vanishing VEV. Note that however the fields in the representation
1, are not allowed a non-vanishing VEV, since BA¥ = —1 for all possible values of k. In the case
of two fields ¢ > which form a doublet 2; a Z;, group generated by BAF is preserved, if

<<¢1>>o<<e”%”> ©
(92) I

In order to see this note that the vector given in Eq. (6) is an eigenvector of the two-by-two matrix
BA¥ to the eigenvalue +1. Due to the fact that singlets transforming as 13 can only preserve Z,
subgroups generated by BAX with k even and singlets in 14 only those with k odd, it is possible to
ensure that the Z, subgroup conserved in the up quark is different from the one in the down quark
sector. Note that for this purpose the dihedral group has to have an even index, since only then the
representations 13 4 are present [2]. So, it is not possible to choose D7 as flavor symmetry, as it
has been done in [3,4], to predict 6¢, if distinct values of k in the up quark and down quark sector
are supposed to be guaranteed by the choice of representations. One can check that the subgroup
preserved by VEVs of the form given in Eq. (6) cannot be larger than Z,, if the index j of the
representation 2; is odd, i.e. the representation is faithful. For an even index j the subgroup is a
D, group generated by the two elements A7 and BAX with k being an integer between 0 and 6.5
Obviously, in the case that only flavons residing in representations 1;, i = 1, ..., 4, acquire a
VEYV the conserved subgroup is also generally larger than only Z,.

5 In general, for fields in representations 2 ;, whose index j has a greatest common divisor with the group index n larger
than one, the preserved subgroup is larger than a Z, symmetry. In the case under consideration, namely n = 14, this
statement is equivalent to the statement that the preserved subgroup is larger than Zj, if the index j of the representation
2 is even. We note that there is a mistake in the first version of [2] concerning this aspect.



A. Blum, C. Hagedorn / Nuclear Physics B 821 (2009) 327-353 331

3. Outline of the model

In our model the left-handed quarks Q; and Q; are unified into the D4 doublet 2, denoted
by QO p, while the third generation of left-handed quarks O3, the right-handed up-type quark #¢,
and the right-handed down-type quark s€, transform trivially under D4, i.e. as 1;. The remain-
ing two generations of right-handed fields, i.e. ¢ and u€ in the up quark and d¢ and b€ in the
down quark sector, are assigned to the one-dimensional representations 13 and 14.° The MSSM
Higgs doublets &, and kg do not transform under D14. Therefore, we need to introduce gauge
singlets, flavons, to form Di4-invariant Yukawa couplings. These flavons transform according
to the singlets 11, 13, 14 and the doublets 21, 2> and 24. All Yukawa operators involving flavon
fields are non-renormalizable and suppressed by (powers of) the cutoff scale A which is expected
to be of the order of the scale of grand unification or the Planck scale. Additionally, we have to
introduce a symmetry which allows us to separate the up and down quark sector. The minimal
choice of such a symmetry in this setup is a Z3 group. We assign a trivial Z3 charge to left-
handed quarks, right-handed up quarks and to the flavon fields ¥y ,, x{',, &', and ", which
ought to couple dominantly to up quarks. The right-handed down quarks transform as w?> under
Z3 withw = e% . The flavon fields I/fﬁz, Xf{ 2 Sﬁ 2 n? and o, mainly responsible for down quark
masses, acquire a phase w under Z3. The MSSM Higgs fields transform trivially also under the
Z3 symmetry. Since the right-handed down quarks have charge w? under Z3, whereas Qp, Q3
and hy are neutral, the bottom quark does not acquire a mass at the renormalizable level, unlike
the top quark. As a result, the hierarchy between the top and bottom quark is explained without
large tan 8 = (hy)/(hg4). The hierarchy between the charm and top quark mass, m./m; ~ 0(62)
with € &~ A2 ~ 0.04, is naturally accommodated in our model. To achieve the correct ratio be-
tween strange and bottom quark mass, m;/mj ~ O(€), we apply the FN mechanism. We add the
FN field 6 to our model which is only charged under U (1)pn. Without loss of generality we can
assume that its charge is —1. Note that we distinguish in our discussion between the FN field 6
and the flavon fields w{‘)z, X{‘,zv 5{"2, n", w]d’ 2 Xf{ . gf{ 2 77“' and o which transform non-trivially
under D14 x Z3. If we assign a U (1)gn charge +1 to the right-handed down-type quark s¢, we
arrive at mgy/mp ~ O(€). Finally, to reproduce the hierarchy between the first generation and
the third one, m, /m; ~ O(e*) and my/mp ~ O(€?), also the right-handed quarks, ¢ and d°¢,
have to have a non-vanishing U (1)pn charge. The transformation properties of the quarks and
flavons under D4 X Z3 x U(1)pN are summarized in Table 1. Given these we can write down
the superpotential w which consists of two parts

W=wg+ws. (7

w, contains the Yukawa couplings of the quarks and w the flavon superpotential responsible
for the vacuum alignment of the flavons. The mass matrices arising from w, are discussed in
Sections 4 and 5, while w  is studied in Section 6.

As already explained in the introduction, the prediction of the CKM matrix element |V,4|
or equivalently the Cabibbo angle 6¢ is based on the fact that the VEVs of the flavons
{1/;{"2, X ﬁ2’ & {‘)2, n"} preserve a Z, subgroup of D4 which is generated by the element BAK«,

6 The fact that the transformation properties of the right-handed down quark fields are permuted compared to those
of the right-handed up quark fields is merely due to the desire to arrive at a down quark mass matrix M which has a
large (33) entry, see Eq. (18). However, since this is just a permutation of the right-handed fields it is neither relevant for
quark masses nor for mixings.
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Table 1

Particle content of the model. Here we display the transformation properties of fermions and scalars under the flavor
group Diq x Z3 x U(1)gN. The symmetry Z3 separates the up and down quark sector. The left-handed quark doublets
are denoted by Op = (01, 02)T, 01 = (u, d)T, 02 = (¢, )T, 03 = (¢, b)T and the right-handed quarks by u€, ¢¢, 1€
and d¢, s¢, b°. The flavon fields indexed by a u give masses to the up quarks only, at lowest order. Similarly, the fields
which carry an index d (including the field o) couple only to down quarks at this order. We assume the existence of a
field 6 which is a gauge singlet transforming trivially under D14 x Z3. It is responsible for the breaking of the U (1)gN
symmetry. Without loss of generality its charge under U (1)gN can be chosen as —1. Note that w is the third root of unity,

2mi

ie.w=e3 .

: c c c c c c u u u u d d d d
Field Op 03 u c t d s b hu,d quz Xi,2 51'2 n %,2 X122 51,2 n a
Dig 2 L 14 Iz 4y I3 L L4 L 2 22 2 13021 2 24 1y 1
Z3 1 1 1 1 1 o o o 1 1 1 1 1l 0o o o o o
Uy O 0 2 0 O 1 1 0 0 0 0 0 0 0 0 0 0 0

whereas the VEVs of {1#1‘12, Xf2, Sld 25 n¢, o} coupling dominantly to down quarks keep a Z»

group originating from the element BA* conserved with k, # k4. Due to the fact that n* trans-
forms as 13 and nd as 14 under Dy4 k, has to be an even integer between O and 12 and kg
an odd integer between 1 and 13, implying the non-equality of k, and k4. Since k, # kg, it is
also evident that D14 is completely broken in the whole theory. As mentioned, the separation of
the two symmetry-breaking sectors is maintained by the Z3 symmetry. However, in terms with
more than one flavon in the down and more than two flavons in the up quark sector the fields
{‘M,z’ xf‘yz, 51”’2, n"} couple to down quarks and {wf{z, x]dl, éf{z, nd, o'} to up quarks so that this
separation of the two sectors is not rigid anymore. Similarly, non-renormalizable operators in the
flavon superpotential mix the two different sectors inducing shifts in the aligned flavon VEVs.
This fact is explained in more detail in Sections 5 and 6.2. To elucidate the origin of the pre-
diction of |V, 4| (6¢c) we first consider in Section 4 the mass matrices arising in the case that
the two different Z, subgroups remain unbroken in up and down quark sector. Then we turn in
Section 5 to the discussion of the mass matrix structures including the subgroup non-preserving
corrections from multi-flavon insertions and VEV shifts and show that the results achieved in the
limit of unbroken Z, subgroups in both sectors still hold, especially the prediction of |V,4| (6¢)
is valid up to O(¢) corrections.

4. Quark masses and mixings in the subgroup conserving case

As mentioned above, all Yukawa terms containing up to two flavons in the up and one flavon
in the down quark sector preserve a Z, group generated by BAM and by BA, respectively. In
the up quark sector the only renormalizable coupling generates the top quark mass

O3t hy. ®)

Here and in the following we omit order one couplings in front of the operators. The other
elements of the third column and the (32) element of the up quark mass matrix M, arise at the
one-flavon level through the terms

1 1
Z(wau)tchu and ZQ3(CCn”)hu, (€))
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respectively. We denote with (- - -) the contraction to a D14 invariant. The elements belonging to
the upper 1-2 subblock of M, are generated at the level of two-flavon insertions

92 2 2 92

i (Qou X" Y+~ (Qou (6) ) + — (@Y 0" (10)
1 1 1

3 (Qpex"E Y+ E(QDcC(su)z)hu + -3 (") (0" e (11)

Thereby, the (11) and (21) entries stem from the terms in Eq. (10), while the terms in Eq. (11)
are responsible for the (12) and (22) elements of M,,. Also the elements of the third column re-
ceive contributions from two-flavon insertions which, however, can be absorbed into the existing
couplings (if we are in the symmetry preserving limit). Therefore, we do not mention these terms
explicitly here. Only the (31) element of M, vanishes in the limit of an unbroken Z, subgroup
in the up quark sector, since the existence of the residual symmetry forbids a non-zero VEV for
a flavon (a combination of flavons) in the D14 representation 14 for even k,. The VEVs of the
fields ‘M,z’ Xﬁz and & 1”,2, which preserve a Z, symmetry generated by the element BA*«, are of

the form
u _miky u . _ 27iky
Iﬂh>>:vu(e 7 ) (<X1>>:wue”’7k” (e 7 >
%) 1 <X2> 1
2miky e_%
( >=Zue7 ( | > (12)

together with (n,) # 0. As can be read off from Eq. (1), only the difference between k,, and k, is
relevant for | V,,4|. Thus, we set k, = 0. Obviously, the conserved Z; group in the up quark sector
is then generated by B. The up quark mass matrix has the generic form

=

ug2, 2 u, 2 u
—Olll € oy € oz€

M, = aﬁ‘tzez aé‘ez afe | (hu) (13)
0 aje v

in the Z symmetry limit. The couplings o' and y; are in general complex. The small expansion
parameters € and ¢ are given by

wl,{ u (nu >

ATATAT A
All flavon VEVs are of the order of M , which is the mass parameter in the flavon superpotential
w,, in Eq. (41), unless we assume accidental cancellations among the dimensionless parameters
of w r,,, compare Eq. (44). Eq. (14) thus holds for qup ~ € A. Additionally, we take ¢ and € to be
real and positive and assume

=

9
~ex~2?~0.04 and %:z. (14)

|c
|!\l

t~exA?x0.04 (15)

in the following.

We can discuss the down quark mass matrix M, in a similar fashion. Taking into account
only terms with one flavon we can generate apart from the (33) entry of the matrix the elements
of the second column,

1 ‘ 0 . 0 ‘
ZQ3(b‘nd)hd, FQ3s°ahd and F(QDwd)s%d. (16)
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Actually, the first term is responsible for the (33) entry, while the second one leads to a non-
vanishing (32) entry and the third one gives the dominant contribution to the (12) and (22)
elements of M. The flavon VEVs preserving the subgroups generated by BA* are of the form

<<w§>>:vd(e—”+k>’ <<x§>>:wden7m <e> and

(%) 1 . (X2> 1

<sf>) _d <e—”7’)

<<s§> el ) 4

with (n¢) and (o) being non-zero. Since we already set &, to zero, we omitted the subscript d
of the parameter k which has to be an odd integer ranging between 1 and 13. As discussed in
Section 6, the value of k cannot be uniquely fixed through the superpotential w s. The form of
the down quark mass matrix is then

0 afte 0
Mag=|0 e ™*7te 0 | (ha). (18)
0 ozgte Vb€

Again, the couplings aid and y;, are complex. The expansion parameter € is given by

— —, L e xar A 0.04. (19)

Again, the fact that all VEVs are of the same order of magnitude (for no accidental cancellations
due to some special parameter choice) can be derived from the flavon superpotential w 7,4, see
Egs. (47) and (48). Eq. (19) holds for (o) = x &~ € A. We assume that € in Eq. (19) is the same
as in Eq. (14), i.e. the VEVs of all flavons are expected to be of the same order of magnitude.
Eq. (15) thus also holds.

For the quark masses we find

mﬁ:mf:mt2~68:e4:l, (20a)
my:im?imi~0:€2:1, (20b)
miim?~e 1, (20¢c)

where the third equation holds for small tan §. As one can see, the hierarchy among the up quark
masses and the ratio mg/my are correctly reproduced. The down quark mass vanishes at this
level and is generated by Z, symmetry non-conserving two-flavon insertions, see Eq. (37). The
CKM matrix is of the form

lcos()| [sin(A)| 0 0 O 0@
Vekml = [ [sin(42)|  Jcos(5T)| 0 |+ | Oed O O |. 1)
0 0 1 Oe) 0O(e) O(e?)

The elements |V,4|, |Vusl, | Vea| and | Vig| are determined by the group theoretical parameter k.
Since k takes odd integer values between 1 and 13 we arrive at four possible scenarios: If k
takes the value k = 1 (minimal) or k = 13 (maximal), we arrive at |V,4| = cos({3) ~ 0.97493.
This value is very close to the central one, |Vyglexp = 0.97419f8:888§§, [13]. For the other three
elements of the CKM matrix, also only determined by k, we then find

[Vud| & |Ves| 2 0.97493  and  |Vis| & |Vea| & 0.2225, (22)
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which should be compared with the experimental values [13]

[Veslexp = 0.97334T0000%3 [ Viglexp = 0.2257F00010 [Veaglexp = 0.2256 730010,
(23)

As the experimental errors are very small, the values predicted for |V, 4|, |Viusl, | Vel and
|Ves| are not within the error bars given in [13]. However, as we show in Section 5 the terms
which break the residual Z, subgroups, change the values of the CKM matrix elements |V, 4],
[Viusls | Vea| and | Vg | by order € so that the results of the model agree with the experimental data.
The three other possible values for |V, 4| which can arise are cos(i—’i) ~ (.78183 for k = 3 and
k=11, cos(sl—’i) ~(0.43388 if k =5 or k =9 and finally |V, 4| vanishes for k = 7. Thus, k has to
be chosen either minimal or maximal to be in accordance with the experimental observations. The
other values cannot be considered to be reasonable, since we cannot expect that the corrections
coming from symmetry breaking terms change the element |V, 4| by more than € ~ 0.04. For this
reason, we set k = 1 in the following discussion. The CKM matrix elements in the third row and
column are reproduced with the correct order of magnitude, apart from | V,,;| which is slightly too
small, €2 &~ 1% instead of A3, and from |V, 4| which is slightly too large, € ~ A? instead of A3. The
value of |V,;| gets enhanced through the inclusion of Z; symmetry breaking terms. In any case
by including Z, symmetry breaking terms it becomes possible to accommodate all experimental
data, if some of the Yukawa couplings are slightly enhanced or suppressed. Jcp, the measure of
CP violation in the quark sector [14], is of the order €3 &~ A% and thus of the correct order of
magnitude.

Finally, we briefly compare the form of the mass matrices M, and M to the general results
we achieved in [2]. According to [2] the most general mass matrix arising from the preservation
of a Z; subgroup generated by the element BAFwd for left-handed fields transforming as 21 + 1
and right-handed fields as three singlets is given by

_Aq Bq Cfi
My =| Age™™*/T B mik/T  Coemka/T | forg=u.d. (24)
0 D, E,

The parameters A,, B, Cy4, D,y and E; contain Yukawa couplings and VEVs and are in general
complex. Comparing Eq. (24) with Eq. (13) shows that M,, is of this form with k, = 0. The
down quark mass matrix My, given in Eq. (18), equals the matrix in Eq. (24), if k = k4 and the
parameters Ay and C; are set to zero. This happens, since our model only contains a restricted
number of flavon fields and we do not take into account terms with more than one flavon at this
level.

5. Quark masses and mixings including subgroup-breaking effects

In this section we include terms which break the residual Z, symmetries explicitly. These
lead to corrections of the results shown in Section 4. They are generated by multi-flavon inser-
tions in which flavon fields belonging to the set {1//{{ 2 Xf{ 2 Sﬁ 2 n¢, o} give masses to up quarks
and flavons belonging to {‘M,z’ sz’ & 1“’2, n*} to down quarks. Additionally, non-renormalizable
terms in the flavon superpotential lead to complex shifts in the flavon VEVs in Egs. (12) and (17).
They can be parameterized as in Eq. (50) in Section 6.2 (with k = 1). At the same time, x re-
mains a free parameter. The corrections to the flavon superpotential are discussed in detail in
Sections 6.2 and Appendix B. The analysis given in these sections shows that the generic size of
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the shifts is

VEV
SVEV ~ O(T>VEV ~€eVEV, (25)

if all VEVs are of the order € A, see Eqgs. (14) and (19). Thus, the VEV shifts inserted in Yukawa
terms with p flavons contribute at the same level as Yukawa terms containing p + 1 flavons.

In the up quark sector we find that the (11) and (21) elements receive Z, symmetry breaking
corrections through the following operators

62 : : 62 : 62 :
F[(QD”‘M“%") + (Qpux"8&") | hu + F(QDM?"fSS“)hu + F(QD5¢"ﬂ”u‘)hu
0° dod\(.d c 62 el d\3 62
+—5(wa X )(77 u )hu+F(QDM (X ) )hu+F
02 ) 62
+ 5 (Qou X! (6 Yhu + —5(Qou (x!) & Yhu + —5 (Qoux ') o

2
+ 0 (ou ) )ohu + L5 (Qov!) (Yo 26)
The notation of, for example, § x* indicates that the VEV of the fields Xf‘,z’ shifted through the
non-renormalizable operators correcting the flavon superpotential, is used, when calculating the
contribution to the up quark mass matrix. Thus, all contributions from the operators in the first
line of Eq. (26) arise from the fact that the VEVs become shifted. Note that we omitted the oper-
ator stemming from the shift of the VEV of 5", since this field only transforms as singlet under
D14 and thus does not possess any special vacuum structure. (We also do this in the following
equations.) The other operators arise from the insertions of three down-type flavon fields. There
exist similar operators containing three up-type flavons. However, these still preserve the Z»
symmetry present in the up quark sector at lowest order and therefore can be absorbed into the
existing couplings. Analogously, we find that the following operators give rise to Z, symmetry
breaking contributions to the (12) and (22) elements so that also these are no longer equal

(Qpu (¥9)6)h,

1 1 1
—a(Qesx"e") + (Qoex"85") Ju + 5 (QpeE 56" Y + —5 (Qody™) (n"
1 1 . 1
+ F(QDccdednd)hu + F(QDCC (Xd)3)hu + F(QDCC(wd)zgd)hu
1 1 1
+ F(QDchd(sd)Q)hu + F(QDcC(xd)zsd)hu + 5 (Qoe x5 ),

1 . 1 X
+5(Qpc (") )oh, + —5(@pcynt)oh,. 27)

Again, the operators in the first line are associated to the shifted VEVs. The rest of the oper-
ators originates from three-flavon insertions of down-type flavons. The contributions from the
analogous operators with up-type flavons can again be absorbed into the existing couplings. The
dominant contribution to the (13) and (23) elements which breaks the residual Z, symmetry
stems from the VEV shift of the fields ‘M,z

1 u\4C
—(Cpdy*)ths. (28)

All other contributions up to three flavons are either Z, symmetry preserving or breaking, but
subdominant. The (31) element which has to vanish in the symmetry limit is generated through
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the following three-flavon insertions of down-type flavons
62 2
—503(n"u)o s +—Q3( u) (V) +—Qa( u)(x ) hu
2
+ 2503 (n"u) (5) hu + -5 Qs( u)(n)’hu + FQ3(ucwdxdEd)hu

2
+ ﬁgz(ucwd(sd)z)hu. (29)

Note that there are symmetry-conserving couplings, i.e. operators with three up-type flavons, of
the same order. These, however, vanish, if the vacuum alignment in Eq. (12) is applied. They can
only contribute at the next order, if the VEV shifts are taken into account; however, such effects
are subdominant. The (32) and (33) elements of the up quark mass matrix already exist at the
lowest order and only receive subdominant contributions from higher-dimensional operators and
VEV shifts. The up quark mass matrix can thus be cast into the form

2 (— ot“62+/31“ Y o« ez—i—ﬂ aé’e—}—ﬁé‘ez
M, = alit?e? aye? ale (hy). (30)
ﬂfjt263 oc4 Ve

We note that without loss of generality we can define the couplings 0‘114,2,3 and ,B{"M in such a
way that the corrections stemming from Z, subgroup breaking terms only appear in the first row
of M. Due to this and due to the absorption of subdominant contributions the couplings o
only coincide at the leading order with those present in Eq. (13). This also holds for y,. Again,
all couplings are in general complex. The matrix in Eq. (30) is the most general one arising in
our model, i.e. all contributions from terms including more than three flavons can be absorbed
into the couplings «;', B and y,.

Similarly, we analyze the Z, symmetry breaking contributions to the down quark mass matrix
M. The (11) and (21) elements of M, are dominantly generated by Z, symmetry breaking
effects from two-flavon insertions involving one down- and one up-type flavon. We find five
independent operators

0 . 0 . 0 .
F(QDdcédX“)hd + F(QDdCdeu)hd + F(QDd‘sds“)hd
0 0 .
+ F(de)(n“cf)hd + F(dew’x/f“)/u. (31)

Since they are Z, symmetry breaking, the (11) and (21) entries are uncorrelated. We note that
Z> symmetry preserving contributions can only arise, if operators with more than two flavons
are considered. However, these are always subdominant compared to the operators in Eq. (31).
Similar statements apply to the generation of the (13) and (23) element of M, . The dominant
(Z, symmetry breaking) contributions stem from the operators

1
—(QobEx )hd+—(QDb‘fx"é Jha+— L (0obE s ha
1 : :
+ 5 (Qob Y 0" ha + —5 (oY) (1 (32)

The (12) and (22) elements Wthh are already present at the lowest order are corrected by Z»
symmetry breaking terms from the VEV shift of the fields g[ff{z

0 ‘
ﬁ(QDwd)schd (33)
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as well as from two-flavon insertions with one up-type and one down-type flavon

0
F(QDxdw )s¢ha + —(and ")stha+ 5 (QDw )orsChq. (34)

The (31) entry, which must vanish in the symmetry 11m1t, is generated dominantly by a single
operator

0
“303(n"d)oha. (33)

Similarly to the up quark mass matrix, the (32) and (33) elements of M, also receive contri-
butions from Z, symmetry breaking effects, which can be absorbed into the leading order term.
Eventually, the most general form of the down quark mass matrix M in our model reads

ﬂfltez t(ozfe + ﬂfez) ﬂgez
Mg=| pite?  ade™/Tte  Ble? | (hy). (36)

ﬂgz re? Olg te Vb€
The parameters ocf and ,Bf have been defined so that Z, symmetry breaking contributions only
appear in the (12) element. Note again that all parameters al.d, ﬂid and yp, are complex. Also note
that al.d and yj;, only coincide at leading order with the corresponding parameters in Eq. (18) due

to the absorption of subdominant effects.

Before calculating quark masses and mixings the parameters B;, oy, yr, ,33d , agl and yp, in

the third row of M,, and M, are made real by appropriate rephasing of the right-handed quark
fields. The resulting quark masses are then (for t X €)

1 i
m2 =2l ()2 +O(°),  mi= S 1B —pieT | (ha)2e® + O(€7), (37a)
ui2
m2 = 2'“30“*y—2y’w<ht,>2e4 +0().  m?=2]ad | (ha)2e* + O(), (37b)
t
m? =y (h)? +0(€%),  mj=yiha)?e* +O(e*). (37¢)

At the subdominant level thus also the correct order of magnitude of the down quark mass is
reproduced. The CKM matrix elements are given by

|Vud|_cos<14)+(9(€) |Vm|_cos<14)+(9(e) (38a)

[Vis| = sm<14> + Ofe), = sm(14> + O(e), (38b)

Vol = 5 ’35;’36 —2;%? G

|V,s|=\% pe +y;:ge’%’ ~ ad(14e7) Lo | | 50)

Vil = fz’%ybﬁg +OE), Vil = ﬁ’% y’:g”—“g‘(l;’m +0(),
(38d)

Vsl =1+ O(€?). (38¢)
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Table 2

Driving fields of the model. The transformation properties of the driving fields under the flavor symmetry D14 x Z3.
Similar to the flavons none of the driving fields is charged under U (1)gN. The fields indexed with an u (d) drive the VEVs
of the flavons giving masses dominantly to the up (down) quarks. Note that all these fields have a U (1) g charge +2.

Field % 4 ol P o™ % o PiY
Diy 1 2 23 25 1 2 23 25
Z3 1 1 1 1 ® ® w 0}

As one can see, |Vugl, |Vusl, |Veal and |Vig|, which are determined by the group theoretical
indices of this model, get all corrected by terms of order €, so that they can be in full accordance
with the experimental values [13]. The elements of the third row and column are still of the
same order of magnitude in € after the inclusion of Z, subgroup breaking terms, apart from
|Vup| which gets enhanced by 1/e. For this reason, |V;4| and | V| are both slightly larger in
our model, |V;4|, |Vup| ~ € =~ 22, than the measured values, which are of order A3. However,
only a moderate tuning is necessary in order to also accommodate these values. For the Jarlskog
invariant Jcp we find

2

deo = r—sin( T ) @onel(a)" (6 — ) — (B = 84P) + O(). (9
4)’1, Vi 7

Similar to | V5| Jcp gets enhanced by 1/€ compared to the result in the symmetry limit. Thus,

it has to be slightly tuned to match the experimental value, Jcp exp = (3.051’8:58) x 1079 [13],

which is around €3 & 1°. However, already the factor sin(%)/4 ~ 0.11 leads to a certain sup-

pression of Jcp.

6. Flavon superpotential
6.1. Leading order

Turning to the discussion of the flavon superpotential w s we add—analogously to, for ex-
ample, [15]—two additional ingredients. First, we introduce a further U (1) symmetry which is
an extension of R-parity called U (1)g. Second, a set of so-called driving fields whose F-terms
account for the vacuum alignment of the flavon fields is added to the model. Quarks transform
with charge 41, flavon fields, 4, 4 and 6 are neutral and driving fields have a charge 42 under
U(1)g. In this way all terms in the superpotential w ; are linear in the driving fields, whereas
these fields do not appear in the superpotential wy, responsible for the quark masses. Since we
expect the flavor symmetry to be broken at high energies around the seesaw scale or the scale
of grand unification, soft supersymmetry breaking effects will not affect the alignment so that
considering only the F-terms is justified. The driving fields, required in order to construct w,
can be found in Table 2. The flavon superpotential at the renormalizable level consists of two
parts

Wf=Wfy+Wfd, (40)

where wy,, gives rise to the alignment of the flavons with an index u, and w 7,4 to the alignment
of the flavons coupling mainly to down quarks. w r,,, reads
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= M (U + 3 y) + au (Vi xi' 03" + vs x5 ol)
+bu (WS + P X E) +eu(WE O + UE6D)
(el + 50 + e (Wil A8 +usEs o)
+ fun (o2 + x¥ o) + guo M Yt + Lo ™ x4
+ 0 MEEY + g0 (). (41)
The conditions for the vacuum alignment are given by the F-terms

8U)f’u

o = My¥y +bu¥ix; =0, (42a)
!
Jw
L — MYyt + by xt =0, (42b)
Yy
Jw
3(pgf =ay s + ey +dun"§i =0, (420)
1
Jw
awj(;’"u = Vi +clyb +din"éy =0, (42d)
2
Jw
Tt = e Vsl + fun" i =0, (42e)
00,
Jw
Lt = e el + fun'x3 =0, (42)
90,
w )
aaj(;u" =gV vy + Luxt x3 + nué'€y +qu(n)” =0. (42¢)

If we assume that none of the parameters in the superpotential vanishes and ¥ acquires a non-

zero VEV, we arrive at
u . _2miky
()= ().
(x2) 1

(b)=(17)
W) r)
(
(

Aiky
$u> 2miky e 7
( ey )= ) (43)
with
MY u
u 14 u w 2
=- , = +./4a,d ,
w by, z 2dye, (Cufu \/ aydyey fu + (cu fu) )
i u\2 u\2 ik u_u ik
(v”)zz— « () +’Z"Z§Z )" and (nu)z_e_”v i — (44)
8u +‘Zu(/£u')u)2 Ju w

as unique solution. The flavon VEVs are aligned and their alignment only depends on the param-
eter k, which is an even integer between 0 and 12 (see Section 2). Thus, all vacua conserve a Z»
subgroup of D14 generated by the element BA«. Since only the difference between k, and k is
relevant for the prediction of the CKM matrix element |V, 4|, we set k, = 0, as it has been done in
Section 4, when we study quark masses and mixings. The size of the flavon VEVs is determined
by the dimensionless parameters ay, by, ... in w, and the mass parameter M:;/- Assuming the
dimensionless parameters are order one couplings leads to flavon VEVs which are all of the order
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of M]’Z ~ €A, as done in Sections 4 and 5. Choosing the parameters in w,, appropriately, we
can make all VEVs in Egs. (43) and (44) positive for k, = 0.
Analogously, the flavon superpotential which drives the vacuum alignment of the fields ‘//flz’

Xfl,z’ Ef{z, n¢ and o is given by
wra =myo (V{3 + 3y +aa (Wi xi'ey? + w3 xs i)
+ba(Wixs v + v v2") + ca (W8 01! + v58 0"
+dan (510" — &/03") + ea (Vi & 03" + v585 p})
+ fd’?d(XfiP?d - Xgpgd) + gdUOdwfwf + ldcr()dxfxg + ndJOdéfgg
+ quOd (nd)2 + deOdaz. (45)

Setting the F-terms of the driving fields }[f?aé, <p?d2, p?dz and 0% to zero we find

W d _.d d_d

2y 0d =myoy; +bayix; =0, (46a)
1

dwy.d d _d d.d

a0 =myoyy +ba; xy =0, (46b)
2

W f.d d. d ded ded

a % =aq¥y Xy +ca¥iéy +dan sy =0, (46¢)

ow d

a(pgd = aq{ x{! + ca¥3 & —dan'&l =0, (46d)
2

ow d
gd =€d1/f§€§ +fd7)d)(1d =0, (46e)

ap
1

ow d

3pgd =€dw1d€1d —fdrld)(ﬁl =0, (46f)
2

ow d 5

3(,](;[1 =gd1ﬂ1dl/f§i +ldX]dX2d +nd§1d~§§ +Qd(nd) +pd02 =0. (46g)

These equations lead to the same VEV structure as shown in Eq. (43), if we assume that again
none of the parameters in the flavon superpotential vanishes and the two fields wf and o get
a non-vanishing VEV. Thus, (wf{z), <de,2> and (Eflz) have the same form as (1/;{"2), (Xb} and
(E]“’z) with obvious replacements {v¥*, w", 7"} — (v, w?, 79}, ky — kg and kg being an odd

integer. w¥, z¢ and v? are given by
d d
m, X
d v d w 2
=——— and = +/4aqd, ,
w by = e (cata \/ad aed fa + (cafa)?)
Li(w®)2 dy\2 2 i
(v 2_ law%) tnj(z )"+ pax il )
qd(F47)* = 8a
and the VEVs of the two singlets n¢ and o read
d,d 4ik,
(n?) = 4V~ and (o) =x. (48)

" faw?
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We find that the parameter x remains as free parameter in the model. However, taking the di-
mensionless parameters of w4 to be of similar size all flavon VEVs are of the same order of
magnitude, i.e. x = ¢ A. Note further that the two possible signs appearing in Egs. (44) and (47)
are uncorrelated. We can choose the parameters such that v, w?, 79 and x are positive. The
parameter k; is an odd integer in the range {1, ..., 13}. Similar to k, being even, k,; is required
to be odd by the transformation property of the flavon n¢ under D14. Especially, ky is different
from k, so that we preserve different Z, subgroups in both sectors. As a consequence, the de-
rived mixing angle is non-trivial. However, we cannot uniquely fix the parameter k; and thus the
mixing angle by the vacuum alignment deduced from w y. As discussed in Section 4, we are left
with a small number (four) of different possible values for |V, 4|. Due to the different subgroups
preserved in up and down quark sector D14 is eventually completely broken in the whole theory.
As we already set k, to zero, we omit the index of the parameter k; from now on also in the
discussion of the flavon superpotential.

We end with a few remarks about the VEVs of the driving fields, the absence of a -term and
the mass spectrum of the gauge singlets transforming under D4. The VEVs of the driving fields
are determined by the F'-terms of the flavon fields. We find that the VEVs of all driving fields can
vanish at the minimum, if we plug in the solutions for the VEVs of the flavons found in Eqs. (43),
(44), (47) and (48). The term wh, hy is forbidden by the U (1) g symmetry. It cannot be generated
through terms including one driving field, 4, and A, and an appropriate number of flavon fields
(to make it invariant under the symmetry D14 X Z3), as long as the driving fields do not acquire
non-vanishing VEVs. Thus, the p-term should originate from another mechanism, see also [15].
Massless modes which might exist in the spectrum of flavons and driving fields are expected to
become massive, if soft supersymmetry breaking masses are included into the potential.

6.2. Corrections to the leading order

In the flavon superpotential, terms containing three flavons and one driving field lead to cor-
rections of the vacuum alignment achieved through the superpotential w 7, i.e. they induce (small)
shifts in the VEVs of the flavons. Such terms are suppressed by the cutoff scale A. Due to the
Z3 symmetry two types of three-flavon combinations can couple to a driving field with an index
u, namely either all three flavons also carry an index u or all three of them belong to the set
{Wﬁz, de,zv §ﬁ2, n¢, o). If the driving field has an index d, two of the three flavons have to be
down-type flavons, while the third one necessarily has to carry an index u. These corrections to
the flavon superpotential can be written as

Awyr=Awys, + Awyg, (49)

where the terms of Awy, (Awyy) are responsible for the shifts in the VEVs of the flavons
uncharged (charged) under the Z3 symmetry. The exact form of the terms is given in Appendix B.
We choose the following convention for the shifts of the VEVs

W)= bant,  ()=utbsuf, (5=t ek

u e V2" u d —zik o d d d d d
(n")=—— o', {Yi)=eT T (4 8v),  (Yg) =0T+,
Su wt
2mik

) =eF ! wout). () =e (o woud). (ef) =TT (4 8cd),

. . d,d
) = (O racd) ama ()= (ST ), 0
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while
(o) =x (1)

remains as free parameter. As can be read off from the equations given in Appendix B, x is
also not fixed by the corrections to the superpotential. We do not fix the parameter k in Eq. (50),
although we showed in Section 4 that only k = 1 and k = 13 lead to a phenomenologically viable
model. This is done, because the complexity of the calculation of the shifts does not depend on
the actual value of k. (k still has to be an odd integer.) One finds that also the inclusion of the
corrections to the flavon superpotential does not fix the value of k. The detailed calculations
given in Appendix B show that the generic size of the shifts is

VEV
SVEV ~ O (T)VEV ~ eVEV (52)

for all VEVs being of the order € A. The shifts are expected to be in general complex, without
having a particular phase.

7. Summary and outlook

We presented an extension of the MSSM in which the value of the CKM matrix element
|Viua| or equivalently the Cabibbo angle O¢ is fixed by group theoretical quantities of the fla-
vor symmetry D14, up to the choice among four different possible values. The determination
of |V,4| originates from the fact that residual Z, symmetries of D4 exist in the up and down
quark sector. We have shown that these can be maintained by the vacuum alignment result-
ing from a properly constructed flavon superpotential. Furthermore, it is ensured through the
choice of flavon representations that the Z; symmetries of the up and down quark sector do
not coincide so that the quark mixing cannot be trivial. It turns out that the vacua of Z, sym-
metries generated by BAK with k being either even or odd are degenerate so that we arrive at
the mentioned four possible values for |V,4|. Out of these only one is phenomenologically vi-
able, namely |V,4| = cos(f—4) ~ (0.97493. The CKM matrix elements |V,;|, |Vcq| and |V,,| are
as well predicted to be |V,s| & |Veq] & 0.2225 and | V| = | Vya| = 0.97493. For the other el-
ements we find the following orders of magnitude in € ~ A? (including Z, subgroup breaking
effects): |Vepl, |Visl, |Vapls |Vial ~ € & A% and |V;p| = 1 + O(€?) = 1 + O(A*). Thus, |Vg| and
|Vup| turn out to be slightly too large. The same is true for Jcp which is of the order of €2 ~ 1*
instead of A°. However, it only requires a moderate tuning of the parameters of the model to ac-
commodate the experimentally measured values. All quark masses are appropriately reproduced.
The large top quark mass results from the fact that the top quark is the only fermion acquiring
a mass at the renormalizable level. Since the bottom quark mass stems from an operator in-
volving one flavon, the correct ratio mp/m; ~ € is produced without large tan 8. The hierarchy
my meimy~€e* €21 in the up quark sector is accommodated in the Z, subgroup conserv-
ing limit. Thereby, the suppression of the up quark mass is (partly) due to the non-vanishing
FN charge of the right-handed up quark. The correct order of magnitude of the strange quark
mass can as well be achieved through the FN mechanism. The down quark mass which vanishes
at the lowest order is generated by operators with two-flavon insertions. Also its correct size is
guaranteed by the FN mechanism. The main problem which cannot be solved in this model is
the fact that the parameter k(;)—and therefore also |V,4|—is not uniquely fixed, but can take a
certain number of different values. We presume that a new type of mechanism for the vacuum
alignment is necessary which also fixes the (absolute) phase of the VEVs of the flavons so that



344 A. Blum, C. Hagedorn / Nuclear Physics B 821 (2009) 327-353

the parameter k(4 is determined. One possibility might arise in models with extra dimensions.
For a recent discussion of the breaking of a flavor symmetry with extra dimensions see [16].

As a next step, it is interesting to discuss the extension of our model to the leptonic sector. In
the literature models with the dihedral flavor group D3 (= $3) [17] or D4 [18] can found which
also use the fact that different subgroups of the flavor symmetry are conserved in the charged
lepton and neutrino (Dirac and right-handed Majorana neutrino) sector to predict the leptonic
mixing angle 6,3 to be maximal and 03 to be zero. These models are non-supersymmetric and
contain Higgs doublets transforming non-trivially under the flavor group in their original form.
However, recently variants of [18] have been discussed whose framework is the MSSM and in
which only gauge singlets break the flavor group spontaneously at high energies [19]. A possibil-
ity to combine such a variant with the model presented here by using a (possibly larger) dihedral
group is worth studying.

As has been discussed in [2], the assignment 2 + 1 for the left-handed and 1 + 1 + 1 for the
right-handed fields is not the only possible one in order to predict one element of the mixing
matrix in terms of group theoretical quantities only. Alternatively, we can consider a model in
which both, left- and right-handed fields, are assigned to 2 + 1. Such an assignment usually
emerges when we consider grand unified theories (GUTs), e.g. in SU(5) where the left- and right-
handed up quarks both reside in the representation 10.” However, the following problem might
occur: the product 2 x 2 contains an invariant of the dihedral group, if left- and right-handed fields
transform as the same doublet. The group theoretical reason is the fact that all two-dimensional
representations of dihedral groups are real. The existence of the invariant leads to a degenerate
mass spectrum among the first two generations, e.g. in an SU(5) GUT to the prediction that up
quark and charm quark mass are degenerate. One possibility to circumvent this difficulty might
be to resort to a double-valued dihedral group. Such a group additionally possesses pseudo-real
(two-dimensional) representations. One of their properties is that the product of a representation
with itself contains the invariant/trivial representation 1; in its anti-symmetric part. In an SU(5)
model one can then use the fact that the contribution of a Higgs field in the GUT representation
5 to the up quark mass matrix leads to a symmetric mass matrix, in order to avoid the invariant
coupling. However, it is still not obvious whether the mass hierarchy among the up quarks can
be generated (through the FN mechanism) without tuning the parameters. Even in non-unified
models in which the two-dimensional representations under which left- and right-handed fields
transform do not have to be equivalent, it might not be obvious that the fermion mass hierarchy
can be appropriately accommodated (with an additional FN symmetry).

Finally, further interesting aspects to analyze are the anomaly conditions holding for the flavor
symmetry D14 which in general lead to additional constraints [20] as well as the origin of such a
flavor symmetry, see for instance [21].
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Appendix A. Kronecker products and Clebsch—-Gordan coefficients

Here we list the explicit form of the Kronecker products as well as the Clebsch—Gordan co-
efficients. More general results for dihedral groups with an arbitrary index n can be found in
[2,12].

A.l. Kronecker products

The products 1; x 1; are
1, x1; =1, 1, x1Li=1 fori=1,...,4,
1 x 13 =14, LLx1ly=13 and 13x1s=1>.
For 1; x 2; we find
11ox2;=2; and 134x2;=2;_; forall,.
The products of 2; x 2; decompose into
[2i x2;]=11+2; and {2; x2;}=1>,

where the index j equals j = 2i for i < 3 and j = 14 — 2i holds for i > 4. [v x v] denotes
thereby the symmetric part of the product v x v, while {v x v} is the anti-symmetric one. For the
mixed products 2; x 2; with i # j two structures are possible either

2i x2; =24 +2,

withk =i — j| and [ beingi + j fori + j <6and 14 — (i + j) fori + j > 8. Fori + j =7 we
find instead

2i x2j =13+ 14+ 2,

where k is again |i — j|.
A.2. Clebsch—Gordan coefficients

For s; ~ 1; and (a;, ax)T ~ 2; we find

sia 5201 s$3a2 s4a2
)~ 25, ~2j, ~27-j and ~27-j.
s1az —S$2a) $3d1 —s4d1

The Clebsch-Gordan coefficients of the product of (a;, a2)”, (b1, b2)T ~ 2; read
b b

arby + axby ~ 14, arby —axb1 ~ 1, A ~2; or 20 ~2;
arby arby

depending on whether j = 2i as itis for i < 3 or j = 14 — 2i which holds if i > 4. For the two
doublets (a1, a2)” ~2; and (b1, by)T ~2; we find fori + j #7

b b
(‘” 2>~zk (k=i—j) or (“2b1>~zk (k=j =),
a

azbi 1b2

<a1b1>Ngl (I=i+j) or <a2b2>Ng’ (I=14—=G+))-

axby arby
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If i 4+ j =7 holds the covariants read

b b
ayby +axby ~ 13, arby —axby ~ 1y, an ~2 or @201 ~ 2.
azbl a1b2

Again, the first case is relevant for k =i — j, while the second form for k = j —i.
Appendix B. Corrections to the flavon superpotential

In this appendix we discuss the form of the VEV shifts induced by the corrections of the
flavon superpotential. These corrections can be written as

Awy=Awys, + Awyg.

We can parameterize the shifted VEVs as shown in Eq. (50). x remains unchanged, since it is
a free parameter. As mentioned, since the complexity of the calculation is not increased, if k is
not fixed, it is kept as parameter in the VEVs. For the actual calculation of the shifts we choose
a plus sign in z* and z¢ in front of the square root as well as the positive root for v* and v?, see
Egs. (44) and (47). The corrections to the flavon superpotential, which induce shifts in the VEVs
of the fields with an index u, are given by

16 11 12 9
1 R, s, T, P,
Awjs, = X(Zrm TSP Y Y pra). (B.1)
=1 =1 =1 =1
The invariants IZR’“ read

M=o i ). = v ) )
IzR’uz (Wle‘p ¢2X1w ) 1 (wl‘ﬁ + 93 ’\” )( )
If fyd gyt (i), I = (e v + v xg el v,

st = (v

If” (‘/fﬂﬂ + Sy “) (i), 11 (‘ﬁlesz + U xS E ),

I = (v + ) (' xg), 15 =t (el - xS e v,

I8 = (W + 95 v?) (dag), L =n" (v + &),

= (w +udui)Ele), LS = () v - (&) u),

I = (i + vy ), L = ((E) v+ (8 v ) (B.2)

For IS’” we find

R =o(wixied" +vixel), = (Ve + s ),
15 = o (wiEd ol + ydei o). = ((xi!) vs e + () wilel).
17" = o (6ol — &6, S“—((Xi‘) vies + () viel),
L= () e+ @) el). g =n" () el — (1) ).

3 3 2 2
5= ((y ) S () o), = () e + (xd) 63,
" = (vixgs fiwg“ + v xied o), (B.3)
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and for / IT‘”

I =o (el +udelol). 1= (e v el + xs & vl o).

Lt =ont (e —x8ed). a5 = (xS s o),

5= () o = 8) e8). 1 = () oY+ () us o).

=0 () + (03)°08"). 1" = (&) wt o + (81) w3,

15 = )08+ 8 () o). 1 = (o — x5 3,

I = W () o s () ). 5" =" (e oY T g ). (B

Finally, 7" read

= (W) + (W) ), 1 =0 (o),

Rt =o" ((Xl) & + (Xz) &), " =007,

P =o%eydyd 1P =% ()2 xd + (9)2x9).

If’" = Jouaxfixg, IgP’u =00u((Xf1)2§g + (Xg)zéfi)’

ISP,M — o VoEded. (B.5)

The shifts in the VEVs of the set of fields {Wfi,z’ xf{z,éﬁz,nd,a} originate from non-
renormalizable terms which are of the form

21 14 16 7
1 d s.d d d
Awf,d:Z<Zrﬁ1,R' A sy Y pl ). (B.6)
=1 =1 =1 =1

The invariants / ZR’d are the following

IR = o2 (plydd 4 yy ), 1R = (pdyd — gy g,
Iz“—a(w v+ uddud®), = e e (),
L = o (g + vixiwdd), e (%Xl%w + 93 x3512").
Ifdz(( )Wz‘/fz +(v3) ‘[flw?d)’ s =(¢f1 rE v + v va),
15 = (g + iy (i), (wlxlw + v i e,
18T = (W8 xd 2 + wdy s xb), 11R7’ = (x &l v — x5y,
1 = (i + udutind). g =t (el - xdeivd?),
184 = (g9 + 92 (i xd). 1(;”’= n (e + x589,
Ing (viva'sles +wsviiessl). oo =n' (&l el - gleu)?),

= ({v'elel +uduieler), LY =0t () v + () ),

Z(‘pl Y3l + iy )(51 52)- B.7)

The second set reads

d
=o(yixied +vixdel). 1= (el o) + v xiEd o)),
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o (Vi xi'ed + v x3el?). = (W xb el o3 + v x (& o)),

o (Vi'& o) + viEl 039, = (VxS &l ) + v x{Ex0)?).
ISd—U(lﬂléé‘w?”%Ef‘wgdl () wsod + () 2yt

2 —Un (&) — g5 p3), X xiwd o3 + xd xxwile)),
12" =on" (5o + &8 63). fsd n?(x in‘sO?"—xfxé’f/)S")s
2= () e + (W) wse®), 15 =0 () e + () e)  B.8)

and IZT’d are given by

d 0d d 0d d 0d d 0d
=0 (Y1'E] 0 + U385 1), (Xlgl v o3 + x5 5y of )

=0 (v{'&'y + w3y nl), = (x{'&fv5 03" + xs & v ).
13T"1= n“ (xi o + x5 3%, 1”—( feivs 03 + x&wi o),
14”=0'7 (xi o} = x5 3%, 13d=((€1) v + (g5) v o),
= (Vv o} = vi v ), = (er&i vl n) + &6 vs 03),
18 = () o + (wd)*p3Y), 11T4d n? (x5 & 01! — xi'85 03%),
=( ”( )2 Od"“/fz(Xz)zp?d)v 115’ an(XszP?d X15§p(2)d)’
=i e i el). 1 = (SE P + xiE 0. B

For 1, ZP’ we find

W)y + (W) xt). 15 =0 (il + udvl).
1)y

(
ZUOd(( +(x ) &), I6P’d—UOdU(XfJX5'+X2X1)
ZUOd( {xsut + v xivy). I7P’d=" Yo (&fEy +E5E]),
If’d= “(xied x4+ xSEAS). (B.10)

To actually calculate the shifts of the VEVs we take the parameterization given in Eq. (50) and
plug this into the F-terms arising from the corrected superpotential. We then linearize the equa-
tions in §VEV and 1/A and can derive the following for the shifts of the flavons with index u
from the F-terms of the driving fields wl % (pl % ,01 5 and ou

1
by (v"swh + w" (svf —8v5)) + — " {r{‘xzvd + réxvdw?

. d\2 u N\ 2
d\3 _ mik €4z 3 ey
+ (v9)’e™ 7 |:r§‘—r9” <—fdwd> j|+(v”) |:rf(+ri‘0<—f:wu> ]
d
2. d w(. u\2. u d(.d\2| u u €d u €dz
+ ¥ (w) v 4 (w") v 409 (z |:r —rih— —r (—):|
P o P e S (45

+v”(z”)2|:r8” —r{‘4e—“ —r{‘()(eu—z>i| +ri vl w4 i v wiz } 0, (B.11)
Su Suwt
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1 ik
bu(v”8w’f+w”(8v’2‘—5v’f))+X{r’f = 2l +r“ef+xvdwd
3 _2mik eqz? 2 3 enz \? ik 2
d —LE ) u u u u u u u —4E o d d
+(v')e T |\ry—rg| —— + (v ry +r +rse 7T (w) v
e ¥ [t =g (525 ) |+ [t o5 ) ] e )
d
u u\2, u d(.d —mik | u €d u €d<
+rg (w") 0" + v () e T TS\ fd

2 e e 7t
+v“(z“) rg —rﬁ—" — s R +rie” 7 vdwdzd+r12v w'z" 1 =0,
fu fuw

(B.12)

u
ay (v“&wg + wuévg) —i—cu(v”(Szg —i—z”Svi’) +d, 7" |:8n” - <%)8z’f]
u

1 i e d
+— 1 {e 7 slxvdwd +eTxvd d[ 55 —sé‘(%)} +sZ(vd)3 +s§(v“)3

faw
d.d_d. 2 ( u u€d eu)
+v?wiz%e T | s¥ — st — | +vHw"" — ¥
< 6 10fd> ( 11 fu
ik
+e7 siv? (wd)? + séo* (w“)2} =0, (B.13)
u u ug. . u ug_u ug.u u u euvu u
au(v Swi +w 6v1)+cu(v dzi +z 8v2)+duz on" — m 8z,
u
1| _o2mik d d wik 44 S u edzd w 3Tk N3
— 7 T — _— 7
+ A{e slxv w” +e xXvUzh s, — 83 fdwd +s5,e (v )
+ 54 (v ) +vlwizde (s’g—s’foe—d>
Ja
ik g d\2 wou (. u\2
+vwz( Sllf) T v(w) + sV (w)}:O, (B.14)
u u 1 i
fuw"dn" + e, | v"8z5 — < Sw] +z"8v) xvdzde%_k t{‘—tfe—d
2 fa
d u
ﬂ'k d\3( €d<? u u3(€uZ ) u 2Zk g0 d\2
—t¥e v — ) =14 (Vv +t:e 7T v (w
e ( )(fdwd) 1) (£ ) + e o )

+tgv”( ) +tje = vdwdzd+t vHrw "

_vd(Zd)Zezg_ik <t9 +t”f ) (to_tlzf )}20, (B.15)

“z" 3mik e
Juw"Sn" + ey (vu&'f ——dwj +z"5v1) {xv z%e™77 ([r _;;f_j)

. d u
3mik 3 eqz 3 ey 3nik 2
+t§te 7 (Ud) (W) IZ(UM) <fuwu> +t56 ]T7 d( d)

2 3z
1l () e T oz gyt

- ”d(zd)ze_%(tg + 11 fd) +0"(z )2<If’o —fﬁ;—z)} =0, (B.16)
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u
v (81}1‘ + 811'2‘) +luw“(5w’f + Sw’f) +n,z" (8z’f + 5z’§) — 26]1411”(;“5)“)577”
u

1 2 2 ik 2 eaz? 17
Lo+ e e ) (ot - [ 5]
+ pi (wd)zx + ps (zd)zx + pixd + 2(p§‘e_”71k( d)zwd + pgy (wd)zzd)} =0. (B.17)

Note that we replaced the mass parameter M:;/ by the VEV w¥. Analogously, we replace the

dimensionless coupling mdw with the VEV w?. We also frequently use the fact that k is an odd
integer in order to simplify the phase factors appearing in the formulae.

Similarly, we can deduce another set of equations from the F-terms of the driving fields w%,
gp?flz, ,0?"12 and % which gives rise to the shifts in the VEVs of the flavons I/ffl,z, Xf{z, éﬁ 2 7
and o

1 zik ik
bd(vd(Swg + wd(év‘li - Svg)) + — " r{iv”x2 +rge Todwhx +r§leTv”wdx

) d u d\?2
2 _ mik 3mik eqeu7- 2 _nik [ €4Z
+v”(vd) [rff—i— 7 §’ rfze 7 (7d u)_"fS ! < d) i|
Ja fuww faw

wik _ mik 2
+ vlww" (e rd 4e r?)—l—rgv”(wd)
. d
dod.ul 2k 4 ik g 2mk 4 €d mik 4 [ €dz
+vzz[ Trgt+e 7 rjg— 7r18fd e T ry fwd
u . . u
d\2| .d ik a ( €uZ wyd d| d T g -3k €uZ
+v"(2) [’11"‘e 1 Fowi e T —rige 7
Juw* Juwt
. d .
xik eqz _2mik
+vlwhz%e T |rd —rl [ =2 ) |+ rde™ 7T vlwiz L =0, (B.13)
15 =117\ 16
wik 1 xik
efde(vdSw‘f—}—wd((Svg —(Sv‘ll)) + A{riiv”xz—i—rélvdw x—l—r_if T vtwix
) d_u
ik 2mik eje
+ v”(vd) EaET s o r5 +rie = %
fa fuw?w"

7
_mik _mk
—rfSe 7 (fdwd> + vl ww" e 7 rg+r7)

d
d\2 d.d.u _3znik 4 ik g4 3nik g eq ik g eqz
—}—rgv (w) +vzz[e Trgt+eTrgg—e rig7— —¢€7 Iy
fa faw?
u u
2 3mik euz nik ik [ eyz
+v*(z¢) [rfl +e7 r%(f wu>]+v"wdzd[rl4e T — e 7 w”)}
u u
. d .
_ 2k eqz ik
+odwizde T | rd —rd | 22— ) | +rde T viwit Y =0, (B.19)
15 17 fdwd 16

e’ T |:ad (v/sws +w'sve) + ca(v9825 +298v¢) — dyz ([

ik 2mik k e Z
s9e™ T xvtw? + sdxvlw* + xvz?|sde™ —e” “
Sp€ 2 §3¢€ f wh

u




€
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. . d
_mik 3nik [ €42 2 wik
+xvdz“|:sffe T —sde™T (—d)] + 5§ (v)) 0" + sfe T v tw?!
w

2mik ed _ ik 2k 2
+olwhz9e™ [s8 — 54 L) + 5% e T viwdzt 4+ s e v”(wd)
9 13 Iz 10 11

d . d d d —2zik a2 et
+ st wlw" —sie” 7 v (w?) <f,,w”)}=0’ (B.20)

d
eqv
7 |:ad (vswd +wisvd) + cq(v982] + 296v9) — daz? <|: 17 1szd + 817‘1)]
k

_ 27ik

1 _zik zik i ik e
+ —1sde T xvtw? +s8e T xvdwt + xvizd|sde™TT —e 7T s9( X
A 1 2 3 6 f w

u

. d
sik ( eqz Comik g2 _xik
+xvdz”[sf+s§e 7 < )} +s9e” 77 (V) V" +sfe T v wizd

faw?
_ 3mik eq _2nik 2 _xik
+vlwhzde 7 (sg—sf3—>+sf0vdwdz”+sfle 7 v”(wd) +sfze 7 vwdw
Ja
. u
2mik 2 euz
—ste™T v (wf) (f“ u)}:o, (B.21)
w
u

ik deod | _dg.d vl d do d Vf g omik g au
7 |ea| v¥8zy +270vy — —— 0wy | — faw"dnT |+ —qffe T xv " +1x0%2
w

. d . u
_mik euw 3wk eqw
—tge 7 xv“z“( “ )—tfe 7 xvdzd( )

Suw" fa’wd
. d . u
2 wik [ eqz _omik (eyz 2mik 2 mik
_(Ud) Uu|:tge 7 ( d)+tge 7 (u—u>i| +[§1€ 7 U”(wd) +t§ie 7 wadwu
Jaw Juw
. d
wik edz
+w'z%%e™T tg - tii4 I —|—tf10vdwdz”
faw
3mik _xik [ e,Z" 3mik 2
+ w14 e —1de “ —1Le™7 v”(zd)
11 16 Fawt 12
u
dodo—E( d | a ¢
+7"7%v% T <t13—l—t15— =0, (B.22)
Ja
— 3zik ded | _dg.d ‘2z d dg. d Lf g —omik oy
e eq| v98z] + 2 8v] d6w2 faw“dn +Z rfe” 7 xv'z

Suw" fdwd
d
2 3mik €4z eyl _ 2mik 2 _ 2mik
+(vd) v”|:t5de 7 <f d>_ g(fu - ]—f—t?e 7 v“(wd) +t§ie 7 vl wdwt
dW uw
_2mik eqz _ mik
+wzdvle™ T [tg_tld“(fd d):|+tf0e 7 vlwd

w
3mik it [ e,7"
+ w1l e —d ™ T LGux
11 16 Fowt
u

3mik 2mik e,
—tihe™ "7 vt (Zd)2 4 g4 pd <;1d3 + fiisf—d) } =0, (B.23)
d
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. d
_mik eqz
e 7 Ud(é’d(rsv‘li +6v§1) —2qd[ ]87}‘1) +ldwd(8w‘f +8w§)

d
faw?

2 k ik
+ndzd(8z‘11+8zg)—i—z{cos(%)(p{ie 7 (v ) w" + pfwiwz? + pdwlw"x)

+ cos(#)(ﬂ;(w )22+ pdazdz) + COS(?—j)e_W v (pfw + pgx)} =0.

(B.24)
One can infer the generic size of the shifts of the VEVs from these equations. In the case of no

accidental cancellation among the various terms present here we expect all of them to be of the
order VEV?/A which is e VEV & €2 A for all VEVs being of the order € A with € ~ A% 2 0.04.
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