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ABSTRACT: The Kéhler potentials of modular symmetry models receive unsuppressed
contributions which may be controlled by a flavor symmetry, where the combination of the
two symmetry types is referred to as eclectic flavor symmetry. After briefly reviewing the
consistency conditions of eclectic flavor symmetry models, including those with generalised
(g)CP, we perform a comprehensive bottom-up study of eclectic flavor symmetry models
based on (1) = A(27) x T’ consisting of the flavor symmetry A(27) in a semi-direct
product with the modular symmetry 7”. The modular transformations of different A(27)
multiplets are given by solving the consistency condition. The eight nontrivial singlets
of A(27) are related by 7" modular symmetry, and they have to be present or absent
simultaneously in any ©(1) model. The most general forms of the superpotential and Kéhler
potential invariant under (1) are discussed, and the corresponding fermion mass matrices
are presented. Based on the eclectic flavor group Q(1), two concrete lepton models which
can successfully describe the experimental data of lepton masses and mixing parameters
are constructed. For the two models without gCP, all six mixing parameters vary in small
regions. A nearly maximal atmospheric mixing angle 23 and Dirac CP phase dop are
obtained in the first model. After considering the compatible gCP symmetry and the
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assumption of $7 = 0 in the first model, the u — 7 reflection symmetry is preserved in the
charged lepton diagonal basis. As a consequence, the atmospheric mixing angle and Dirac
CP phase are predicted to be maximal, and two Majorana CP phases are predicted to be 7.

KEywoRrDS: CP Violation, Discrete Symmetries, Flavour Symmetries, Neutrino Mixing

ARX1v EPRINT: 2303.02071


https://arxiv.org/abs/2303.02071

Contents

1 Introduction 1
2 Formalism of eclectic flavor group 3
2.1 Eclectic flavor group and gCP )

3 The eclectic flavor group Q(1) = A(27) x T 7
3.1 Finite modular group I'y = 7" and gCP 8
3.2 T’ modular transformations of A(27) multiplets 8

4 Effective action invariant under 2(1) eclectic flavor symmetry 14
4.1 Superpotential 14
4.1.1 The superpotential of Majorana mass terms 17

4.2 Kahler potential 19

5 Q(1) = A(27) x T' eclectic models of lepton mass and mixing 24
5.1 Example model 1 26
5.2  Example model 2 32

6 Conclusion and outlook 34
A Traditional flavor group A(27) 36
B The finite modular group I'; = T’ 39
C Modular forms of level N =3 41
D Alternative method to derive the Majorana superpotential 43

1 Introduction

The modular flavor symmetry is a promising approach to address the flavor puzzle of
the standard model (SM) [1]. The superpotential is strongly constrained by the modular
symmetry and all higher-dimensional operators are unambiguously fixed in the limit of
unbroken supersymmetry. In particular, the modular symmetry enforces the Yukawa
couplings and fermion mass matrices to be modular forms which are holomorphic functions
of the complex modulus 7. The modular flavor symmetry has been extensively studied from
the bottom-up approach, see the recent review [2] and references therein for more details.
The modular flavor symmetry allows one to construct quite predictive fermion mass models,
all the lepton masses and mixing parameters can be described only in terms of six real free



parameters in the known minimal model [3]. It is remarkable that the modular invariant
models exhibit a universal behavior around the fixed points, and the scaling of fermion
masses and mixing parameters is independent of the details of the theory [4, 5]. However,
the Kéahler potential is less constrained by modular symmetry, the most general Kéhler
potential compatible with modular symmetry is of the following form [6, 7],

K= (—ir+im)* (vf) + 30 (i ir) Rt (ot My y) (1)

n,r1,r2

)

weight n # 0 modular form in the representation r of the finite modular group. Usually only

where 9 stands for a generic matter field multiple with modular weight ky, and Yr(n isa
the first term of eq. (1.1) is taken, this is the so-called minimal Kéhler potential. However,
we see that the Kéhler potential generally has a lot of terms and the couplings ¢(™"172) are
not suppressed. Consequently these additional terms can be as important as the first term,
and thus the predictive power of modular flavor symmetry would be reduced [6].

On the other hand, the modular symmetry has been studied in the top-down approach
motivated by string theory, and models with modular symmetry have been constructed
in heterotic orbifolds [8, 9] and magnetized toroidal compactifications [10-16]. It is found
that the modular symmetry and traditional flavor symmetry appear together in top-down
constructions. This leads to the concept of eclectic flavor group [17, 18], and it has been
developed in a series of papers [8, 9, 17-20]. The eclectic flavor group is a maximal extension
of the traditional flavor group by finite modular group, and certain consistency conditions
have to be fulfilled in order to consistently combine modular symmetry with traditional
flavor symmetry. The scheme of eclectic flavor group is more predictive than the finite
modular group and the traditional flavor group alone, and it combines the advantages of
both approaches, in which the superpotential and the Kéhler potential would be severely
restricted. In particular, the Kéhler potential would be constrained to be the minimal
form plus higher order corrections suppressed by powers of (®)/A, where A denotes the
cutoff scale and (®) represents the vacuum expectation value (VEV) of flavons breaking
the traditional flavor symmetry. It is known that Kéhler potential is suppressed by powers
of (®)/A in the traditional flavor symmetry models [21-25]. Flavon fields are necessary in
eclectic flavor models to break the traditional flavor symmetry, otherwise the unbroken flavor
group would constrain the fermion mixing matrix to be the unit matrix up to possible row
and column permutations. The eclectic flavor group considered here is a nontrivial product
of the modular symmetry and traditional flavor symmetry. The choices of such eclectic
symmetries are quite restrictive, with only three choices of flavor group Z3 x Zz, A(27)
and A(54) catalogued so far allowing for a non-trivial eclectic extension with a CP-like
transformation [17, 18]. This is unlike the quasi-eclectic flavor symmetry which is the direct
product of a finite modular symmetry and a traditional flavor symmetry [26], where the
modular and traditional flavor groups can be freely chosen, but the Kéhler potential is
also under control due to the presence of traditional flavor symmetry. Moreover, the first
string-derived model based on the eclectic flavor group €(2) = [1944, 3448 consisting of the
traditional flavor group A(54), the finite modular group 7" and a Zf;“ R-symmetry, has been
constructed, and it can give a successful fit of flavor in both the quark and lepton sectors [27].



The eclectic flavor group opens a new approach to understand the flavor puzzle of
SM. In the present work, we shall study the eclectic flavor group (1) = [648,533] in a
bottom-up way, here we adopt the naming scheme of GAP [28] and the group order of Q(1)
is 648. The eclectic group €2(1) is the semi-direct product of the traditional flavor group
A(27) with the finite modular group I's = T”. If the generalized CP (gCP) symmetry is
included, the eclectic flavor group (1) would be enlarged to [1296, 2891] [17]. The finite
modular group should be a subgroup of the automorphism group of the traditional flavor
group in the scheme of eclectic flavor symmetry. The outer automorphism group of A(27)
is GL(2,3) which really contains the finite modular group 7" as a subgroup. We find that
the eight nontrivial singlet representations of A(27) transform into each other under 7"
modular symmetry. Hence there must be seven other fields in the remaining nontrivial
singlet representations of A(27), if a ©(1) eclectic flavor model contains a field which is
a nontrivial singlet of A(27). Consequently the (1) eclectic flavor symmetry is more
restrictive than A(27) flavor symmetry alone and terms allowed by the modular group may
be forbidden by the traditional flavor group and vice versa. We shall give the most general
form of the superpotential and Kéhler potential invariant under Q(1). The deviations from
the canonical kinetic term are found to be suppressed by the VEVs of flavons. Furthermore,
we shall construct two concrete lepton models with Q(1) eclectic flavor symmetry. The field
content, the modular weights and representations of the fields are assigned at will, while
they are derived from the underlying geometry in top-down models. Since there are three
generations of quarks and leptons, the matter fields can be assigned to triplets/anti-triplets
or trivial singlets of A(27), but nontrivial singlets would have to form a reducible octet, as
mentioned above, leading to too many families.

The rest of this paper is organized as follows: we review the formalism of eclectic
flavor group in section 2. The eclectic flavor group (1) is discussed in section 3. The
modular transformation and flavor symmetry transformation are closely related through the
consistency condition in the eclectic flavor group, and the 7" transformations of different
A(27) multiplets are determined by solving the consistency condition. Moreover, the gCP
transformation matrices are fixed. In section 4 we present the most general form of the
Q(1) invariant superpotential and Ké&hler potential for the fermion masses. Two concrete
example models are presented in section 5, in which the light neutrino masses are generated
by the Weinberg operator and type I seesaw mechanism, respectively. We summarize
our results and give the conclusion in section 6. The appendix A and appendix B are
for the group theory of A(27) and T” respectively, and we present the modular forms of
level 3 in appendix C. The superpotential for Majorana fermion mass is derived in an
alternative method by firstly considering 7" modular symmetry, then A(27) flavor symmetry
in appendix D.

2 Formalism of eclectic flavor group

We shall recapitulate the scheme of eclectic flavor group in this section. The modular group
SL(2,Z) denoted as I' is the group of two dimensional matrices with integer entries and



unit determinant,

SL(2,Z) = { (“ 2)

The modular group is an infinite discrete group generated by the two elements S and T

with
s=( %Y, o= ('), (2.2)
10 01

which satisfy the following relations

ad—bc:l,a,b,cjdGZ} . (2.1)

St = (ST =1y, S*T =TS?, (2.3)

where 15 denotes the 2-by-2 unit matrix. Under the action of a modular transformation,
the complex modulus 7 and a generic matter field multiplet ¢ transform as follow [1]

l} G7—+b
T T = s
7 cT +d

b (er + d) (e, = ( Z) €SL2,Z),  (24)

where ky, is the modular weight of 1) and p is a unitary representation of the finite modular
group I'y = I'/ £ T'(N) or its double covering Iy = I'/T'(IV), and I'(IV) is the so-called
principal congruence subgroup of level N. For N < 5, the defining relations of I'y and I"y;
are given by [1, 29]

Ty = {S,T‘SZ = (ST} =TV = 1} :
= {S,T‘S“ = (ST)* =TV =1, $*T =78} . (2.5)

Additional relations are needed to render the group finite for N > 6 [30]. Notice that the
representation matrices p(S) and p(T') should also satisfy the defining relations of Iy and
Iy in eq. (2.5). Modular invariance constrains the Yukawa couplings to be modular forms
which are holomorphic functions of 7. The level N and integer (even) weight ky modular
forms Y (#v) (1) can be arranged into multiplets of Ty ('x) [1, 29]:

Y (r) 5 Y™ (37) = (er + d)™ py (1) Y (7) (2.6)

where py () is a unitary representation of Iy (I'y).

The eclectic flavor group is a nontrivial product of modular group and the traditional
flavor group denoted as G y. The modulus 7 as well as modular form Y ) (7) is invariant
under the flavor group G, and the flavor transformation of the matter multiplet ¢ is

where p(g) is a unitary representation of Gy. In order to consistently combine a finite
modular group with a traditional flavor group, certainly consistency condition has to be
fulfilled [17]. Let us first perform a modular transformation v € T', subsequently a traditional
flavor transformation g and last perform the inverse modular transformation y~!. Since



the modulus 7 is invariant under this chain of transformations, the resulting transformation
should be another traditional flavor symmetry transformation ¢’ [17], i.e.

p(Vp(@)p (V) =plg), 9,9 €Gy, ~eT. (2.8)

This is the consistency condition between traditional flavor group and finite modular
group. Eq. (2.8) implies that the modular transformation « maps the traditional group
element g into another element ¢’. Therefore eq. (2.8) defines a homomorphism of the
traditional flavor group Gy. Furthermore, the modular transformation is bijective. Hence
modular transformation is an automorphism of the traditional group Gy. Indeed the
possible representation matrices of the finite modular group Iy form a representation of
the automorphism group Aut(Gy) of the traditional flavor group Gy, i.e.

p(MNp(@)p~ (V) = pluy(g)), Vg e Gy, (2.9)

where p(y) represents the automorphism u, : Gy — Gy. If uy is the trivial identity
automorphism with u. = 1 for any modular transformation v so that u,(g) = g, the modular
symmetry transformation would commute with the flavor symmetry transformation and
consequently the eclectic flavor group is the direct product Gy x I'y or G x Iy [17]. Hence
one can freely choose both I'y, I'y and Gy, the resulting flavor model would be more
complex than the traditional flavor symmetry models and modular models. If u, is an
inner automorphism of Gy, the modular symmetry transformation p(y) would coincide with
certain flavor symmetry transformation besides the automorphy factor (cr + d)~*». Hence
u is required to be outer automorphism of Gy in the paradigm of eclectic flavor group [17].
As a consequence, the mathematical structure of the group comprising the traditional flavor
symmetry Gy and the finite modular group I'y (I'y) is in general a semi-direct product
Gy T’y (Gf xT'y). Since the finite modular groups I'y and I"y can be generated by the
two generators S and T, it is sufficient to only discuss the two outer automorphisms ug
and up and the consistency condition in eq. (2.9) reduces to

p(S) p(g) p~'(S) = plus(g)),  p(T)plg) p~(T) = plur(g)) . (2.10)

Since p(S) and p(T) are representation matrices of the finite modular group, the outer
automorphisms ug and up should also satisfy the multiplication rules eq. (2.5) of the finite
modular group Iy (I'y):

N

(ug)™ = (ur)™ = (

ug oup)® =1, (ug)? our = ur o (ug)? , (2.11)

with Ny =4 for Iy and Ns = 2 for I'y, additional relations are necessary for level N > 6.
Therefore the finite modular group Iy (I'y) must be a subgroup of the full automorphism
group of the traditional flavor group G.

2.1 Eclectic flavor group and gCP

The modular symmetry group I' can be consistently combined with the gCP symmetry.
Then a new generator K, corresponding to gCP transformation could be introduced and
the modular group I" = SL(2, Z) is enhanced to I'* = GL(2, Z) [31]:

F*:{Ti>—1/7', Ti>7_+17 Tﬁ_%}a (212)



where the action of the CP transformation K, on the modulus 7 is represented by the matrix

K. = (1 0 ) . (2.13)
0-1

As a consequence, the action of I'* on the complex modulus 7 is given by

ar +b

T — for ad—bc=1,
@b e cr +d (2.14)
cd at+b
T — — for ad—bc=-1.
cT+d

On the other hand, the CP transformation acts on the matter field and the modular form
multiplets as

W) 5 oK), —2)]T, V() B Y(-7) = p(K)Y (), (2.15)

where the unitary matrix p(K,) is the gCP transformation matrix of a generic matter field
1. Note that the obvious action of CP on the possible spinor indices has been suppressed
in eq. (2.15). As the CP transformation K, is order 2, then one can find

p(K.) p*(K,) =1 or equivalently p*(K,) = p }(K.). (2.16)

The consistency between the modular symmetry and gCP symmetry requires the following
consistency condition has to be satisfied [31, 32]

p(K)p"(v)p~ H(Ky) = p(u(v)),  ~v€T, (2.17)

where u() denotes an outer automorphism of the modular group with

v = (a b) —u(y) = KyK; ' = ( ¢ _b> . (2.18)
cd —c d

It is easy to check that u(S) = S~1 and u(T) = T~L. Tt is sufficient to impose the consistency
condition in eq. (2.17) on the generators S and T of the modular group I', then one can
obtain [31-33]

p(K)p* () (K) = p7 (), p(K)p"(T)p~ ' (K.) = p 1(T). (2.19)

If one works in the basis where both representation matrices p(S) and p(7T') are unitary and
symmetric, p(K,) would reduce to the canonical CP transformation,

p(K,) =1, (2.20)

where an arbitrary overall phase is omitted.
Furthermore, it is known that the following consistency condition has to be satisfied
when combining the traditional flavor Gy with the gCP symmetry [34-38]:

p(K)p*(9)p~ ' (K.) = pluk.(9)), Vg€ Gy, (2.21)



where ug, is an automorphism of the traditional flavor group Gy. Furthermore, the CP
transformation p(K) with order 2 must be subject to the consistency condition in eq. (2.19).
Consequently, the automorphisms wu, , us and ur of the traditional flavor group G; should
satisfy the following multiplication rules

(us)™ = (ur)Y = (ugour)’ =1, (us)’ our = ug o (ug)*,
1, UK, O US O UK, :ugl, UK, O UT O UK, :u;«l7 (2.22)
for N < 5 and additional multiplication rules should be imposed for N > 6.

From the general formalism sketched above, one could find all possible corresponding
eclectic flavor groups and gCP for a given traditional flavor group Gy. It is necessary to
find out all outer automorphisms of the traditional flavor group Gy and determine whether
there exist particular outer automorphisms ug, ur and ug, satisfying the multiplication
rules in eq. (2.22). For a field multiplet transforming in the representation p(g) of the
traditional flavor group Gy, one cannot freely assign the modular transformation of the fields
as in modular symmetry alone. Nevertheless, the modular transformation matrices p(.5),
p(T") and the gCP transformation p(K,) should be determined by solving the consistency
conditions in egs. (2.10), (2.19) and (2.21). In general, the representation matrices p(5),
p(T') span a reducible representation of the finite modular group I'yy (I'y). In the following,
we shall study the eclectic flavor group (1) which is semi-direct product of the traditional
flavor group A(27) with the finite modular group 7".

3 The eclectic flavor group (1) = A(27) x T”

In the present work, we shall consider the eclectic flavor group (1) which is the extension
of the traditional flavor symmetry A(27) by finite modular group 7. The mathematical
structure of the group (1) arising from the combination of the flavor symmetry A(27) and
the 7" modular symmetry is a semi-direct product of the form Q(1) = A(27) x T’. The
group theories of the traditional flavor group A(27) and the finite modular group 7" are
given in appendix A and appendix B, respectively. The finite modular group compatible
with A(27) must be generated by the outer automorphisms of A(27). We find that the
outer automorphism group of A(27) is GL(2,3):!

Out (A(27)) 2 Aut (A(27)) /Inn (A(27)) = GL(2,3), (3.1)

where Aut (A(27)) and Inn (A(27)) represent the automorphism group and inner automor-
phism group of A(27), respectively. Their group ID in GAP system are Aut (A(27)) =
[432,734] and Inn (A(27)) = Z3 x Z3 = [9,2]. The group GL(2,3) contains two finite
modular groups I'y & S3 and I'; = 7" = SL(2,3) which can be generated by the outer
automorphisms. This implies that the traditional flavor group A(27) can be extended to
eclectic flavor group in two ways: A(27) x S3 or A(27) x 7" [17]. In the present work, we
are concerned with the traditional flavor group A(27) and its eclectic extension by I'y = T,
and the scenarios with/without gCP will be studied.

1GL(Z, 3) is the group of all 2 x 2 invertible matrices whose elements are from the three-member ring Zs.



3.1 Finite modular group I'; = T” and gCP

The two outer automorphisms ug and ur can be taken to be [17]
us(A) = B*A,  ug(B) = B?A%,  up(A)=BA,  ur(B)=DB, (3.2)

where A and B are the generators of A(27), see the appendix A for the group theory
of A(27). One can check that the outer automorphisms ug and ur in eq. (3.2) satisfy
the multiplication rules in eq. (2.11) with Ny = 4 and N = 3. As a consequence, the
A(27) flavor symmetry could be extended by the finite modular group is I'y = 7" in the
paradigm of eclectic flavor group. If gCP symmetry is considered further, the corresponding
automorphism ug, should be included. The three automorphisms ug, ur and ug, should
satisfy the following multiplication rules

(us)' = (ur)’ = (usour)’ =1,  (ug)” o ur = uro (ug)?,
(uK*)Qz 1, UK, O US O UK, :ugl, UK, O UT O UK, :u;l, (3.3)
where the outer automorphism ug, acts on the generators A and B as follows

ug,(A) = A’B,  ug,(B) = A’BA. (3.4)

Then the resulting eclectic flavor group is [1296, 2891}, it has 1296 group elements. Moreover,
the gCP transformation matrix p,(K.) must satisfy eq. (2.16) and the consistency condition
in eq. (2.19). In our basis given in eq. (B.4), the group generators S and 7" are represented
by symmetric matrices for all irreducible representations of T”. As a consequence, the
expressions of p,(K,) are identity matrices for all irreducible representations up to an
overall phase, i.e.

or(Ky) = 1, r=1,1,1" 22 2" 3. (3.5)

The modular forms of level N = 3 up to weight 10 are given in appendix C. From the
discussion of appendix C, we find that the CP transformation acts on the modular form
multiplets Y;\¥) (1) as follow [31-33]

Yr(ky)(T) £> Yr(ky)(_;) — (Yr(kY)(TD* , (3.6)

where E(kY)(T) represents the weight ky and level 3 modular multiplets in the irreducible
representation 7 of the finite modular group 7".

3.2 T’ modular transformations of A(27) multiplets

Automorphisms are mappings from a group into itself, and they can be divided into inner
automorphisms and outer automorphisms. It is known that all inner automorphism maps
each conjugacy class into itself, while certain conjugacy classes are mapped into different
ones by the outer automorphisms. In order to determine the explicit form of the modular
transformations p(S), p(T') and the gCP transformation p(K,) corresponding to the outer
automorphisms ug, ur and ug,, one needs to know the actions of the three automorphisms
ug, up and ug, on the conjugacy classes and representations of A(27). It is necessary to



consider how these three automorphisms act on the character table of A(27), the results
are summarized in table 6.

Firstly, we discuss how the three automorphisms ug, ur and ug, act on the eleven
conjugacy classes of A(27). From egs. (3.2) and (A.4), we see that the outer automorphism
ug : (A, B) — (B%A, B2A?) acts on the all conjugacy classes elements of A(27) as

ug: 3080 =308 3089 30 53¢, 30 3¢l -3¢l -3¢l 3¢l
(3.7)
and the elements of the remaining three conjugacy classes are mapped to the elements of
the same conjugacy classes under the action of the automorphism ug. Now let us discuss
the action of the outer automorphism up on the eleven conjugacy classes of A(27). From
egs. (3.2) and (A.4) we find that the results of the outer automorphism ur acting on the
conjugacy classes of A(27) are given by

ur : 3¢5 =308 53¢ 53¢l 3l 3¢l 5308 S 3c) . (3.8)

Furthermore, the outer automorphism wuy acting on the other five conjugacy classes of A(27)
will make them unchanged. If gCP symmetry is imposed, we need to consider the actions
of the outer automorphism ug+ on the eleven conjugacy classes. We find that the outer
automorphism ug, acts on the conjugacy classes as

ug, : 1080 =108, 308) &30, 3¢ 3¢, 3¢ o3¢, (3.9)

where the symbol “«+” denotes that the outer automorphism wug, interchanges the two
conjugacy classes on the two sides of it. The remaining three conjugacy classes of A(27)
are invariant under ug, .

Secondly, let us show how the two automorphisms ug and ur act on the eleven
irreducible representations of A(27). The consistency condition eq. (2.9) may be understood
as the action of an outer automorphism u, on an irreducible representation p of traditional
flavor symmetry as follow

uy:p—p, with p=pou,. (3.10)

Then we have
' (u'(9)) = plg) - (3.11)

This implies that automorphisms are symmetries of the character table. The action of the
automorphism on the group elements and irreducible representations is to exchange the
rows and columns of the character table. Eq. (3.10) indicates that a modular transformation
connects the irreducible representation p of traditional flavor symmetry to another irreducible
representation p’ = pou,. If p’ # p, then p does not contain all representations that are
connected via the outer automorphism u., there is no modular transformation that fulfils the
consistency condition (2.9). To implement this modular transformation, the representation
p therefore has to be enlarged by the missing representations, i.e. we should extend the
irreducible representation p to a reducible representation which contains the irreducible
representations p and p’ at the same time. This is the reason why we have to define



modular transformation on the reducible representation of A(27) sometimes, as shown in
the following. Now let us give the actions of outer automorphisms ug and up on irreducible
representations of A(27) and show how to choose the representations in which modular
transformation fulfils the consistency conditions eq. (2.10). The outer automorphism ug
acts on the eight nontrivial singlet irreducible representations as

us : 1071 — 1272 — 10,2 — 11’1 — 1071, 1170 — 11,2 — 12,0 — 12’1 — 11,0 . (312)

In a similar way, we find that the outer automorphism w7 acts on the eight nontrivial singlet
representations as

ur: 1o — 11,1 —121— 10,1, lo2—122—112—1p,2, 110—110, 1l20—120.
(3.13)
The action of the automorphisms ug and uz on the character table of A(27) is shown in
table 6. The automorphisms ug and ur act on the character table by interchanging its the
columns and rows, such that the table keeps invariant, as an outer automorphism should
do.

In short, the eight nontrivial one-dimensional representations 1, ) of A(27) with
r,s # 0 are related by the 7" modular symmetry, in order to fulfil the consistency con-
dition eq. (2.10) with ug and up given by eq. (3.2), the eight nontrivial one-dimensional
representations must be extended to a eight-dimensional reducible representation

8=10,1Dlo2D1l10D 11,1 DLl12D 120D 121 D 122. (3.14)

Without loss of generality, the eight-dimensional reducible representation matrices pg(A)
and pg(B) can take the following form

pS( ) dlag Plo,1 ( ) Plo,2 (A) P11 (A)v Pl1,1 (A)7 P1y,2 (A)v Pl2,0 (A)a P1z1 (A)> Plz2 (A))

(

= diag(1, 1, w,w,w, w2, w? w2)
(
(

PS( ) diag P101( ) P102(3> P14 O(B)vpll,l(B)ap11,2(B)ap12,0(B)ap12,1 (B)7p12,2(B))
= diag(w,w?, 1,w,w? 1, w,w?). (3.15)

Analogously the outer automorphisms ug and up map the trivial singlet representation
10,0 to itself. Furthermore, the two three-dimensional representations 3 and 3 of A(27) are
invariant under the actions of ug and ur. Hence the three irreducible representations 1¢,0,
3 and 3 need not be enlarged to other reducible representations to implement the outer
automorphisms ug and up. In order to obtain the solutions of the consistency conditions
in eq. (2.10) for the outer automorphisms in eq. (3.2), we should find the solutions of the
following equalities

pr(S) pr(A) o 1 (S) = pr(B*A),  pr(S) pr(B) p; ' (S) =
pr(T) pr(A) pr 1 (T) = pr(BA), pr(T) pr(B) p; {(T) =

(B> 4%),

Pr
or(B). (3.16)

where 7 can be the three irreducible representations 1g0, 3 and 3, and the reducible
eight-dimensional representation 8 in eq. (3.14) of A(27). As elements S and T are the
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generators of the finite modular group I'j, then the solutions of p,(S) and p,(T) must
satisfy the multiplication rules in eq. (B.1), i.e.

pr(S) = p}(T) = [pr(S)pr(T)) = 1, p7(S)pr(T) = pr(T)P;(S) - (3.17)

For the trivial singlet r = 1g,0, it is easy to see p14,(S) = 1 and p1,,(T) = 1,worw?.

As a consequence, a field invariant under A(27) should be T” singlet 1, 1’ or 1”. For the
reducible octet representation r = 8 of A(27), we find that three solutions for p,(S) and
pr(T) which fulfill both the consistency conditions in eq. (3.16) and the multiplication rules
in eq. (3.17). In the basis of eq. (3.15), the three solutions of p,(S) and p,(T) take the

following form:

00000001 00010000
00010000 00000001
00001000 00100000
P, (5) = 10000000 ,,Osk(T):wk 00000010 7 (3.18)
00000100 01000000
00000010 00000100
00100000 10000000
01000000 00001000

with £ = 0,1,2. For the three solutions, the eight-dimensional representation matrices
s, (S) and ps, (T) generate the finite modular group I'; = 7" and the corresponding
eight-dimensional representations decompose into different irreducible representations of 7"
as follows:

8, = 1% @ 2lk+1 @ olk+2 ¢ 3 (3.19)

in notation of appendix B. The representation matrices of the reducible octet 8 can be
made block-diagonal by performing the similarity transformations (g, ps, (v)ng with the

unitary matrices {lg, given by

V3 V3 V3 V3 V3 V3 V3 VB
2w —2w 0 2w? =2 0 2 —2w?
V2 V2 —iv6 —vV2 V2 iV V2 V2
Ué“ V2w V2w ivVEw —V2w V2w —ivVbw —V2w V2w

Qg, = —— , (3.20)
v o 9 0 —22 2w 0 % 22
—w? —w? 3w? —w? —w?  3w? —w? —w?
2w 2w 0 2 22 22 2
2 2 2w 2w? 2?2 2w
with
15 0
Us=| " , (3.21)
0P
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where the matrix P is given in eq. (B.8). Using these similarity transformation, we can
obtain the decomposition of the octet ®g, = (¢1, ¢2, ¢3, b4, G5, b6, ¢7, ¢s)T into one singlet,
two doublets and one triplet of the finite modular symmetry 7’

15 Sl (91 + o+ s+ ba+ 65 + G + 1 + 6s)
st 1 [ VE[w(01 — 62) + w204 — dx) — 65 + 61] )
V3 \ 1+ o — iv/3s — ba+ b5+ iv3s — b7+ s )
olk+2] . ﬁ w (—¢1 + ¢2 4 iV3p3 — ds + 5 — ivV/3ds — P7 + ¢>8) ) 7 (3.22)
V2 [—¢1 + ¢2 — wP(ds — ¢8) + w(ds — ¢7)]
—w?(¢1 + ¢2 — 33 + du + b5 — 3¢6 + d7 + ¢hs)
3: % 2 [w(p1 + ¢2) + Pa + Ps + W (d5 + ¢7)]
2 [p1 + d2 + w(ds + @) + w?(¢5 + ¢7)]

Furthermore, for the three-dimensional representation 3 of A(27) in eq. (A.5), the modular
transformation p,(S) and p,(7T") which must fulfil the consistency conditions in eq. (3.16)
and the multiplication rules in eq. (3.17) are determined to be

WP ww w00
7
P3k(5) = % wwwl| . P3k(T) = WP OwoO], (3.23)
w? w?1 001

for k = 0,1,2. The three dimensional representation ps, (S) and ps, (T') generate the finite
modular group I's = 7”7, and it can be reduced to the direct sum of a one-dimensional and
a two-dimensional irreducible representations of 7",

3), = 11l g olk+2] (3.24)

The reducible triplets ®3, = (¢1, P2, ¢3) transforming as ps, under 7" will decompose to one
singlet and one doublet of T”, which can be obtained by performing the following similarity

transformation
) 1-1 0
Q3, = — . 3.25
3= 5|00 V2w (3.25)
11 0
Then the corresponding irreducible singlet and doublet are given by
1 1
e L gy and i L[ V290 ) (3.26)
V2 V2 \ 61+ ¢s

For the 3 representation, the compatible modular transformations p,(S) and p,(T) are
denoted as p3, (S) and ps, (T) which are the complex conjugate of ps, (S) and p3, (T) in
eq. (3.23), respectively. The three reducible three-dimensional representations of 7" are
labelled as 3;, and we find the following decompositions

3), = 127K g g[t=H] (3.27)
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The corresponding irreducible singlet and doublet for the three reducible triplets 3j are all
given by the linear combinations

V2 V2 \ V2w

Finally, we shall consider the action of the automorphism g, on the eleven representations

102-K] . i(gbl —¢), and 207K 1 ( 1+ 2 ) : (3.28)

of A(27). Note that the consistency condition eq. (2.21) may be read as a similarity
transformation between the representations p* and poug,. Similar to the two automorphisms
ug and ur, we define the action of the outer automorphism ug, on representation as
ug, : p — poug,. Following the discussion above, we find that the automorphism wug, in
eq. (3.4) acts on the irreducible representations of A(27) as

ug, : log <> 111, 1o,2 < 122, 11,0 < 12,0, 33, (3.29)

and the other irreducible representations are invariant under the action of the outer
automorphism ug,. The action of the automorphism ug, on the conjugacy classes and
the representations of A(27) is shown in the table 6, and the character table of A(27) is
invariant under ug,. In order to obtain the solution of the gCP transformation p(K,), one
should solve the following consistency conditions

pr(K.) pr(S) pr (KL) = p ' (S),  pe(KL) (1) pr (KoL) = pr N(T), () = py (K,
pr(K)pr(A)p, ' (Ke) = pr(A’B), - pr(KL)pr(B)py ' (K.) = pr(A°BA) . (330)

The automorphism wug, in combination with the automorphism ug and up implies that the
solutions of p,(5), pr(T) and p,(K,) in the consistency conditions eq. (3.16) and eq. (3.30)
can be obtained in the representations 1o, 3, 3 and 8 of A(27). The possible gCP
transformation acting on the fields ®g, which is the reducible octet representation 8 of
A(27) is found to be of the following form

00 01
OP 00 Vol
ps, (Ki) = , with  P'=|010], (3.31)
00 PO
100
10 00

up to an overall phase. For the representations 3, the expressions of ps, (K) are given by

010
p3, (K )=1100 |- (3.32)
00w

For the 3}, representations, the CP transformation pz . (K,) takes the complex conjugate of
p3, (K) in eq. (3.32). We see that the gCP transformation matrix pg, (K) and ps, (K) are
not diagonal, and the different nontrivial singlets of A(27) are related by gCP symmetry.
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4 Effective action invariant under (1) eclectic flavor symmetry

As shown in egs. (3.12), (3.13), the eight nontrivial singlets of A(27) are related by the T’
modular symmetry. As a consequence, all the eight nontrivial singlets carrying the same
SM quantum numbers must be present or absent in a (1) eclectic model. In other words,
if a field is assigned to a nontrivial singlet representation of A(27), then the (1) eclectic
model has to contain other seven fields in the remaining nontrivial singlets of A(27) while
transforming in the same way under SM gauge group. Consequently the three generations
of quarks and leptons fields can only be assigned to triplets 3, 3 or trivial singlet 1¢,0
of A(27), and the Higgs fields can only be in 1¢,9 if no more Higgs fields are introduced.
Nevertheless, the flavons can be trivial singlet, triplet and reducible octet 8 of the traditional
flavor symmetry A(27). The left-handed (LH) quark/lepton doublet, the right-handed (RH)
quark/lepton fields and the flavon field are denoted as v, ¢ and ®, respectively. For
illustration, we assume that both ¢ and ¢ transform as 3 under A(27) while the Higgs H,
and H, are invariant under A(27). As shown in eqs. (3.23), (3.24), the 7" transformation
of both %) and ¥¢ would be the reducible triplet 3¢, 31 or 32, in the following 3¢ is chosen
as an example. The results for other assignments of matter fields can be fixed analogously.

In the following, we shall preform a general analysis for the superpotential W and the
Kéhler potential K invariant under the eclectic flavor group Q(1) = A(27) x T”, and the
framework of N' = 1 global supersymmetry is adopted. We assume that the level 3 modular
form multiplets at weight ky comprise all possible irreducible multiplets of T”, i.e.

Y (r) =1, Y (r) = vs, Y (r) =Ys, (4.1)
Y, Y, Y: Yio
() = ( ) - W)= ( 6) o Y= ( 8) IRCRUORS
Ys Y7 Yy
Y12

If certain modular multiplets are absent, one can set the corresponding modular forms Y;
to be zero. If there are several linearly independent modular form multiplets at a given
weight, their contributions to the effective action are of similar form and they can be
straightforwardly read out from the general results in the following subsections. We shall
firstly give the general form of the superpotential which is a holomorphic function of the
matter fields and flavons and the couplings are generally expressed in terms of modular
forms. Then we shall perform a detailed analysis of the Kéahler potential.

4.1 Superpotential

Given the assignment 1, 9¢ ~ (3, 3¢),? from the Kronecker products of A(27) in eq. (A.6),
we find that the flavon ® = (¢1, ¢2, ¢3)7 transforming as 3 under A(27) must be introduced
to obtain Q(1) invariant Yukawa superpotential, and it should form a 7" reducible triplet
3. The modular transformation of @ is taken to be 3¢ for example. Here the flavon ® with

2In the notation (r,r’), the two representations r and r’ refer to the transformations under A(27) and
T’, respectively. For any A(27) representation 7, the consistency condition of eq. (3.16) allows to fix the
modular transformation in the representation r’, as discussed in section 3.
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modular weight kg can be understood as a single flavon or combination of several flavons.
Then the superpotential for the charged lepton/quark field i) can be written as

1
- - (ky) )¢
D=7 ; S: ers (Y @y ¢)(10,0,1),3 Hyas (4.2)

where ky = ky + kye + ko, the subscripts 190 and 1 refer to trivial singlet of A(27)
and T respectively, and one has to sum over all modular multiplets at weight ky and
all independent singlet contractions s. Invariance under the action of A(27) requires Wp
should be of the following form

=3 Z () [er 1 (V51161 + 500262 + Uiisds)

+ cr 2 (V{0203 + YTY3d2 + Y51P3d1 + Y51¢3 + PSihida + Y5y )
+ ¢r 3(VTV203 — Y302 + V3h3d1 — P51¢3 + Y5102 — ¢3¢2¢1)]> ud- (4.3)

We denote the above three A(27) invariant contractions as Zy, Zo and Z3 with

Ty = i1 n + V5ot + USiiads = (W0)5,, @)

10,0

Ty = Y thaiy + VSusdo+ Yttt + 150103+ 1Yo+ Uitan = ((U0)z,, @)

10,0

T3 = Y123 — 1b3da + 150301 — Y513 + Y512 — 5hady = (WC%Z))?,A ‘I’) oo (4.4)

Since all the three fields 1 = (11, ¥2,3)", ¢ = (U5, 95, v5)", ® = (¢1, ¢2, ¢3)" are T’

reducible triplet 3¢, we find that the modular transformations of Z; o 3 under S and T are

given by
S 7 )
7T — —%L — ﬁng, T l) T s
Iy — ——wTh + —=1o, 1To— wly,
2 \/g 1 \/?: 2 2 2
T -5 Ty, Ty D W (4.5)

Hence the combination Z3 transforms as the singlet 1” under 7”, Z; and Z5 span a two-
dimensional representation space and they can be arranged into 7" doublet 2/, i.e.

Iz ~2 I3~ 17. (4.6)
—\/5&)2.’[1

Therefore only the modular form multiplets Yl(,lC ) = ¥, and Y2(,]fY) = (Y&, Yy)” can contract
with Zj 2 3 to form modular invariant combinations under the finite modular group T'. Thus
the eclectic symmetry group §2(1) severely constrains the superpotential to be

Wp = %[WQIYQ(%%% — i3 + P51301 — Y51d3 + Y5ida — P5haen)
+ V2 Ys (U1 1 + Y5hada + P5ihses)
+ wapYy (Vi2¢3 + Yih3da + V5ihsdr + V511 ¢3 + Y51 do + ¢3¢2¢1)} ud, (4.7)
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where cgr 1 = — 2w202u,2 = —V2a and ¢y 3 = iway. With the above convention for
coupling constants, both a1 and oy would be enforced to be real by the gCP transformation
K., see eq. (4.12). After the electroweak symmetry breaking, one can read off the mass
matrix of the fermion v as

; 0 ¢3 —¢o V2¢1Ys wesYy weaYy
My = Xd warYs [ —g3 0 ¢1 | taz| wesYe V2pYs woiYy , (4.8)
¢2 —¢1 0 wpaYy w1y V2¢3Ys

where the mass matrix M, is given in the convention °My. Note that the first term

) and ky should be even, and the

second term proportional to aso arises from the coupling with Yz(,]fY) for odd ky.

proportional to «q arises from the coupling with Yl(,k Y

When the gCP transformation K, is included in the theory, the transformation prop-
erties of modular multiplets, matter fields and flavons can be obtained from egs. (3.6)
and (3.32), i.e.

Koy o (v vl o (vi)™

1 i S 5! 1 il
b |2l | us | w | e || el |- (49
b3 wipl W wip§! 3 weh

Consequently under the action of K, the superpotential Wp transforms into

1

wp 2 {iwtany] [wstuies — vituie] + vitulel — vitulol + ustulo] - vsfulel]
+ V2 ¥y (05 wlol + viTole] + usTulol] + wrao¥y [usTulel + vsTuls]
+uiTelol +witulel + viTule] +vstulsh] LHL 4, (4.10)

which must be equal to W}) due to gCP invariance. As a result, the couplings a; and as
should fulfill

ap = of, ag = a;. (4.11)
Consequently both a; and as are real, i.e.
arg(a1) =0 (mod 7), arg(ag) =0 (mod 7). (4.12)

In the same fashion, we can write out the (1) invariant superpotential and subsequently
read off the mass matrix for other assignments of matter fields and flavons. For instance,
when the flavon fields are nontrivial singlets of A(27) with ¢ ~ (3, 39), ¢ ~ (3, §0> and
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® ~ (8, 8p) under €2(1), the fermion mass matrix is determined to be

w(d3+wds) Gotdstds 1 +Hwidstwdr
Vy,d

’ R .
My =—= linYs P1+pat o7 Westwds  d2twds+w s

p2+w’ds+wos ¢1+wostwer ¢3+ s

—3Y10 (¢6 +w2¢3) wY100258 — 2110852 —2Y120h55 Yio@hi7 —2w V116147 —2Y120 47
002 | W¥i01ar—2Vi1 @y —2Yiadhns —3Y10 (¢s+w’¢s) Yiokas — 2w Y11 258 —2Y12 g5 ’
Yiops0s —2Y11P582 —2Y12258  Yiogr14 —2Y11¢741 —2Y12¢147 —3wY10(¢p3+ds)
(4.13)

for even ky = ky + kyc + ko and

V3iwYr (—d3 +woe)  —Yrdass + V2Yedhsy —V2 Vet + Yooy
My = ’de o1 | Yrgur — V2Yedhy  V3iwYr (—wés + ¢6) V2 Yedisy — Yighsg
V2wHYsdass — Yrdhgs —V2w?Yshuar + Yidly,  V3iYr(—¢3 + o)
V3iYs (3 —wos) —w?Ysgoss — V2 Yodhsgs V2 Yohrar + Yadhy
Tiwas | W Vgdiar + V2Yodlyr  V3iYs(whs —ds)  —Yadhsa — V2Yodoss ||
—Yadhsy — V2Yodhss  Yadhn +V2Yodhe  V3iw?Ya(¢s — ¢6)

(4.14)

for odd ky = ky + kye + ko. Here the functions ¢;;; and qb;jk are defined as
Gijk = i+ bj + I Dl = di + Wy + Wiy (4.15)
Furthermore, we summarize the fermion mass matrices for all independent assignments of

quarks/leptons and flavons in table 1. The mass matrix would become its transpose, if the
transformation properties of 1) and ¢ are exchanged.

4.1.1 The superpotential of Majorana mass terms

The Majorana mass term for the fermion field ¢¢ (e.g., the right-handed neutrinos) can be
generally written as

Wi =Y dns (VI 0eue), , (4.16)

10,0,1),s

where ky = 2kye + ko, and ® can be interpreted as one/several flavons or as combination
of Higgs fields with flavons.? For illustration, we consider the case that both ¢ and ®
transform as (3, 3¢) under the eclectic symmetry group Q(1).

From the tensor product 3 ® 3 = 351 @ 3g,2 ® 34 of A(27) in appendix A, we know
the contraction of ¥ gives rise to two symmetric triplets:

(v§)? Va3
(WY)55, = | W92, WU)z., = | v5u5 | - (4.17)
(¥5)° Y5

3For example, ® is the combination of two Higgs fields and flavon in the Weinberg operator, ¢ would be
the LH lepton doublet.
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W (A(27),T) v,y M,

3,3 a1 a1g2 193
Wp1 ¥~ (3,30), ® ~ (3,30) v (ky) Vu.a Vi by ady ind
(%Wéﬂ/{%) ~ (1(0’0),1[3_"’]) 1k A 201 G2@2 2Q3

a3p1 302 33

Y ~ (3,30), Yl(kY) a1Yi91 ar1Yi¢2 a1Yi¢3
Wps Ui ~ (10,00, 1™ 1), Yl(’kY) RIPF | 0aYa) aaVagy anYags
P ~ (3,3) Yl(,IfY) azYapr azYogr azYogs
Wos | 1, 14° ~ (3,30), ® ~ (3,30) | Y y k) M, in eq. (4.8)
Wpi | %, 9° ~ (3,30), ® ~ (3,31) | Y™, vi) My, (Ys — Y1, Ys — Yg, Yy — ¥7)
Wps | 9, 4 ~ (3,30), ® ~ (3,32) | Yo, v My, (Yo — Y3, Ys — Yi, Yy — Vi)
Wpe | ¥, ¢~ (3,30), @ ~ (3,30) Yl(/ITY)a Yz(ka) My (Y2 = wY3,Yg — Y7,Yy — —wYs)
Wpr | %, 9° ~ (3,30), @ ~ (3,31) | Y\, Y | My (Yo = ¥, Ys — Yo, Yo — —w¥s)
Wps | %, 9° ~ (3,30), @~ (3.32) | YO, vi™) | M, (Yo = wYa,Ys — Y5,Ye — —w¥i)
" Y~ (8,30), V¢~ (g,go), Yl(ky), Yg,(ky) M{b in eq. (4.13) for even ky
D9
O ~ (8,80) VAREI WAL MY in eq. (4.14) for odd ky
W B~ (3,30), v~ (3,30), | Y Vg™ | My (o v, vy — YY)
D10
® ~ (8,81) R A I A R R PR A
W )~ (3,30), ¥ ~ (3,30), | Y, v M, (Yl = Yo, Vi) PQY?f’“Y))
D11
® ~ (8,8,) v v | g (V) = wv) v — W)

Table 1. The mass matrices of the charged leptons/quarks 1 for all independent assignments
of ¥, ¥° and ® under the eclectic symmetry group Q(1) = A(27) x T, where P is permutation
matrix given in eq. (B.8). In the third column, we list the modular form multiplets which give
nonzero contributions. In our convention, all couplings in M, are fixed to be real by the gCP
transformation K.

Consequently there are only two A(27) invariant contractions for the Majorana mass
term YY°P,

(0055, @), = (5)61 + (15)62 + (45)%6s,
(0055, @), = U5uses + 50500 +ustsor (4.18)

The modulus and modular forms are invariant under A(27) flavor symmetry, thus A(27)

1o

invariance constrains the superpotential W, to be
War =30 (V) [dra (W5)7 61+ (15) b2 (45)°63) + dr 2 (5050 +U 500 + 050501 | ) -
(4.19)

The two A(27) singlet contractions in eq. (4.18) can be arranged into a 7" doublet 2:
( U§USGs + USU§0s + S ) L

(4.20)
—w? (5)2P1 + (V5)2p2 + (15)%03) /V/2
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W (A(27),T") y, k) Mye
Wit | ¢° ~ (3,30), ® ~ (3,30) | Y& Mye in eq. (4.22)
Wiz | 4~ (3,30), ® ~ (3.31) | Yo | Mye (Ys = Yo, Yo — ¥7)
Wirs | 4° ~ (3,30), @ ~ (3,32) | Ya™) | Mye (Ys = Y4, Yy — Y5)
Wars | 1° ~ (3,30), @ ~ (3,30) | YY) | Mye (Ys — Y7, Yy — —w¥p)
Wars | ¥¢ ~ (3,30), @ ~ (3,31) | YY) | Mye (Ys = Yo, Yo — —wY3)
Wase | 1° ~ (3,30), @ ~ (3,32) | &™) | Mye (Ys = Y5,Yp — —wY))

Table 2. The mass matrices of the Majorana fermion ¢ for possible independent assignments of
¢ and ® under the eclectic symmetry group Q(1) = A(27) x T’. The singlet assignments of ¢°
and ® are omitted, as (1) would play less rule. In the third column, we list the modular form
multiplets giving nonzero contributions. In our convention, all couplings in M. are fixed to be real
by the gCP transformation K,.

Consequently modular invariance of W) requires da» o = —v/2wdar 1 and only the modular
multiplet Y2(,lfY)(T) = (Ys,Yo)” is relevant. Thus the eclectic flavor symmetry (1) fixes the

superpotential Wy to be

Wi = o { V25 [ ()21 + (15)% 0 + (15)%@s] + 20Yo (Y63 + Uuson + vusen) |
(4.21)
where a = w2d2n72 /2 is a general complex number. Thus we can read out the Majorana
mass matrix of ¢¢ as follow

V2Ysh1 wYods wYoeho
Mye =a | wYeps V2Yspo wYodr | - (4.22)
wYogdy wYodr V2 Ysos

If the gCP transformation K, is considered, the superpotential W, transforms as
War 25 a{Vavd [(wsh?eb+ (w520l +(ush)?el | +202v (usTusT ol +usTusTol +uiTusTel) |
3
which must equal to W]TV[ Then we have a* = o and consequently | )
arg(a) =0 (mod 7). (4.24)

For other assignments of ¢¢ and ®, the corresponding predictions for the mass matrix of ¢
are listed in table 2.

4.2 Kaihler potential

The Kéhler potential is a hermitian function of the modulus 7, the chiral superfields of
quarks/leptons v, ¢ and the flavon superfield ® as well as their complex conjugates 7T,
YT, ¢°T and ®f. As shown in eq. (1.1), many terms on the same footing as the minimal
Kaéhler potential are compatible with modular symmetry [6]. They can affect the fermion
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masses and mixing parameters significantly, see refs. [6, 7] for explicit examples. In the
paradigm of eclectic flavor symmetry, the Kéhler potential has to be invariant under both
modular symmetry and the traditional flavor symmetry transformations. In particular, the
traditional flavor symmetry can impose severe constraints on the Kahler potential so that
it can be expanded in power of (®)/A, where ® denotes the VEVs of the flavon fields. As
explained in previous section, the matter fields 1) and ¢ can only be singlet 1g g or triplets
3 and 3 of A(27). As an example, we assume that both v and ¢ transform as (3, 3¢)
under Q(1) eclectic flavor group in this section. Since the Kéhler potential of ¢ has a very
similar form to that of ¢, consequently we shall focus on ¥ in the following.
At leading order, the Kéhler potential for the matter fields 1 can be written as?
Kio= Y (—ir+in) ™ (v myty)

n,r1,7r2,s

(oo1)s (4.25)
where the couplings of each independent term are dropped, and we should sum over the
weights n € N and representation 7 of all linearly independent modular multiplets Yr(n) (1)
and all (1) singlet contractions labelled by the index s. The modular form with weight
zero is a constant and it is taken to be YT(O) = 1 without loss of generality. The minimal
Kahler potential corresponds to the term of n = 0. Because the modular forms are invariant
under A(27) flavor symmetry, ¥4 has to be a A(27) trivial singlet, i.e.

(), , = elvn+odos +odus = (vhe) (4.26)

’1)

which is also an invariant singlet 1 of the 7" modular symmetry. Hence the invariance of K
under A(27) requires the leading order Kéhler potential in eq. (4.25) to be of the following

form
= s P —k¢+n (”)T (n) t
Kro m;ﬁ( iT 4 10T) (le Yo, )(107071) <¢ TP)(lO’O’l) . (4.27)
Note that the non-vanishing contraction (Yr‘(ln ) Yr(zn )) (10.0.1) requires that 7y and ro should
0,0,

be the same representation 1 = r9 = 7 of T”. Moreover, from the Kronecker products and
Clebsch-Gordon (CG) coefficients of 7" in appendix B, we see that there is only a unique

singlet contraction (Yr(n)TYr(n))(l L for any irreducible representation of 77, i.e.
0,0,
(o) = v (1.25)

Then the most general leading order Kéahler potential invariant under (1) for ) takes the
form

Kro = 3 (—ir +ir) et (v,miy,m) o) (vfv) o)

n,r

= S (i 4 im) et (vt ) " (0l + vl + vfus) - (4.29)

(1o

4The modular transformation of —ir + i7 is

—it 4+ 07 1 |e7 + d| 72 (—iT + 7).
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Hence the Kéahler metric is diagonal and it is proportional to a unit matrix at leading
order. In order to get canonical kinetic terms, we have to rescale the matter fields ¢. The
effect of such rescaling on fermion masses can be absorbed into the parameters of the
superpotential. Thus leading order Kéhler potential invariant under ©(1) does not introduce
any corrections to the flavor observables due to the traditional flavor symmetry A(27). If
the three generations of matter fields ¢ transform as (1¢,0,1%) under the eclectic flavor
group A(27) x T, they are generally distinguished by the different charges under auxiliary
abelian symmetry, so that the Kéhler potential would be still diagonal.

Then we proceed to consider the next-to-leading-order (NLO) corrections to the Kéhler
potential of . It involve only one flavon ® and its most general form is given by

K = —i i)~ ketm (v (m)ty (0),T )@ h.c., 430
Lo m,n%m,s( T ZT) ( 1 T2 1/} 1/} )(10,0,1),3 +he ( )

where the modular weight k¢ of the flavon ® should fulfill
ko =n—m. (4.31)

If some auxiliary symmetry is imposed, obviously the flavon ® should be chargeless under

the auxiliary group. From the A(27) tensor product 3 ® 3 = Z%,s:o 1,5 in eq. (A.6), we

know the contractions of fy are
(vo)  =wlvn+ i +fus,
(1o,0,1)

it + is + i
Dis + Y + vlvs
i1 + wpleps + wiplips
(hy) = Wiis + wibhiis +ufun | (4.32)

(880) | wipleps + vl + wplepn
Y1 + wipfips + w2l
wiplips + w2y + Yl
Wiz + iy + wiplyps

Invariance under A(27) require f4)® should be a trivial singlet of A(27), so that the flavon
®,; must transform as 1g,0 or 8 under A(27). In the case of ® ~ (19,0, 1%), we find

(#7%) 4y 10
(K‘(;?%)Tn(:)wqp@)(

(910) 40 0ay @ = (Wl + 04 + wlus) @

— (ym)ity®) T
107071) (Y’I‘l Y'f‘2 )(10’071[3—16]) <¢ w) (10,071) (I) i (4'33)
which is proportional to 1/11% + w;wg + Qp;wg. As a result, the corresponding contribution
can be absorbed into the LO Kéhler potential in eq. (4.29), and it yields no corrections
to the observable fermion masses and mixing. If the flavon transform as ® ~ (8, 8), the
NLO Kahler potential Knpo invariant under the eclectic flavor group (1) would be of the
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following form

. o =\ —ky+m (m)ty-(n) f
]CNLO = Z ( 1T + ZT) v (le Y’I‘z )(10,0’1[3—k]) <(¢ ¢) (8,80) ) (10,0,1 1[k]

M )
+ mg;lh —iT +47) Retm ((Yr(fl)TYT(;))(lo’mz[z K1) <(¢T¢) 880) 100 o[1+k] ) 00,1
. n’zr;m(_h S ((quf%)fn<2"))(10’072[1_,@]) ((w*w) s50) 100 Sk ) toon
+ mm%;ﬂ(—” +r) Rt ((vafmyr(:)) (10,0,3) ((WUJ) (8,80) (I)> (10,0,3)> (1o.0,1) e
s

The general formulas for the A(27) trivial singlet contractions of two octets x ~ (8, 8) and
v ~ (8,8;) are given by:

(X@)(lo,o,l[wk']) = X1P2 + X201+ X3¥P6 + X498 + X507 +X6P3 T X705+ X8P4

V2 (wxip2 —wxep1 +w?xaps — X597+ X705 — W Xsp4)

(X@)(l 2[k+k’/+1]) =
> —X192 + X201 — V3 X306 — Xa¥s + X507 +1V3 X693 — X795 + X894

i

X192 — X291 — V3 X396 + XaPs — X507 + V3 X693 + X705 — Xsp4

(X@)(l 2L+ +2]) =
0’0 V2 (w?x102 —w2x291 +WXaPs — X597+ X705 — WX8P4)

X102 + X201 — 3X3%6 + X498 + X507 — 3X6¥@3 + X7¥5 + X8¥4
—2(w?x1902 +w? X201 +WXaps + X507 + X705 + WXsp4) ;
—2(wx1p2 +wxa2p1 +wXaps + X507 + X705 + W X8P4)

(X?) (10,0,3) = P***

(4.35)

with the permutation matrix P given in eq. (B.8). Using the contraction rules in eq. (4.35),
we can write out the explicit expression of Kni,0, yet it is too lengthy to show here. We
find that Knpo will give rise to off-diagonal elements of the Kéhler metric and they are
suppressed by (®)/A in comparison with Kro.

If the (1) eclectic model does not contain a flavon ® transforming as (8, 8;) under
A(27) x T’, the off-diagonal contributions to the Kéahler metric of the matter field ¢ could
arise from the next-to-next-to-leading order (NNLO) terms which can be written as:’

Knnpo= Y. (—ir+ir) he-hetm (Y<m Ty, () w%eﬁ@) +he.  (4.36)

1 1),s
m,n,ri,ra,s (10,0,1),

We see that two generic flavons & and © are involved and they could be identical with
® = 0. The total modular weight of each term should be vanishing and consequently the

*Depending on the transformation properties of the matter fields and flavons under Q(1), KnnLo can

(7“_ + Z»,]—_)—kw—keﬁ—m (Y;T)TY;:>¢T1#@(P) + h.c.,

(10,0,1),s

possibly admit the terms of form

m,n,r1,7r2,8

which can be analyzed in a similar way.
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modular weight should fulfill the following relation
m—n=ko —ko. (4.37)

The traditional flavor symmetry A(27) requires the combination ¢T¢@T® be a A(27) singlet
10,0, thus we have the contractions

(¢T¢@T(I)) (Lo,0,7) - (Q'Z)Tw)(lo,o,l) <@T(I))(10,0,7‘) o {(1#“#) (8,80) (@T(I)> (8’8’“)} ’

(1o,0,7)
(4.38)
which contracts with the modular form YT(lm )TYT(ZH ) to form 7" invariants, here r are certain

representations of 7" modular group. As can be seen from the expressions of (W@b) (1o.0.1)

t ' i f T
and (zp zp) (8.80) in eq. (4.32), the first contraction (1/) 1/))(10’0’1) (@ @)(10’0’T leads to a
diagonal Kahler metric and its contribution can be absorbed in the overall normalization

while the second contraction [(1{)%{)) (8.80) (@T(I)) gives rise to an off-diagonal
;00

(&SkJ 1o,0,7
Kihler metric. Moreover, we see that ©T® should be( the )invariant singlet 1g,0 or the
reducible octet 8 of the A(27) flavor symmetry. The flavons © and ® can transform as 19,0,
3, 3 or 8 under A(27), and they can contribute to the Kéhler potential Xnnpo only for the
following assignments.

1) O~ 10’0, D ~ 10’0
In this case, only the first contraction in eq. (4.38) is allowed, and the resulting Kéahler
potential is of the same form as the minimal Ké&hler potential.

In terms of the components of the two A(27) triplets © = (¥1,09,93)", & =
(61,2, 63)", we have

T —of f |
(07®) 1y = P01+ 0hon + 0hos.

Dy + Va3 + 9Ly

95 + 951 + 9l
19%1 + w219;¢2 + wﬂgqﬁg
(@be) = w2191¢2 + wﬂ12-¢3 + 79;’% for 6,9~ 3,
®81) | wilgs + 9o +w20len
I+ widldy + w9 ps
Wil g + w3 + Vi,

w2191¢>3 + 19£¢1 + w19;t)¢2
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9163 + 951 + e,
o + 953 + 0
9161 + w9 do + wiles
(e'e) = s+ wibor +wiion | o g (4.39)

®80) | 9igy +wips + wil
D1 + wil gy + w9ies
I s + wil) + w29y

19%2 + w19£¢3 + W279£<Z51

Then both singlet and octet contractions in eq. (4.38) are allowed, and the explicit
expressions can be obtained from egs. (4.32), (4.35), (4.39). Obviously these contribu-
tions depend on the flavon VEVs and are suppressed by (®)2/A? with respect to the
leading order term Kio.

ili) O ~ 1, P ~80orO~8 &~ 1po
Only the octet contractions in eq. (4.38) is allowed in this case, and it leads to
off-diagonal Kahler metric of the matter fields.

iv) © ~8 and & ~ 8

For this assignment, eight independent singlet contractions (G)TCD)(l 18 and seven
0,0,

independent octet contractions (@T@) g, CA1 be built. They generally induce
1Ok
corrections to the canonical kinetic terms of matter fields.

In short, generally the Kéhler potential Knnpo can yield deviations from canonical
kinetic terms of quark/lepton fields after the flavons develop VEVs, unless all the flavons ©
and ® are invariant singlet of A(27). However, the induced corrections to the quark/lepton
mixing parameters are suppressed by (®)?/A? which are usually small enough to be negligible.
In the following example models, we do not introduce a flavon transforming as (8, 8;,) under
A(27) x T'. Hence the corrections to the minimal Kéhler potential arise from nNpo-

5 Q1) = A(27) x T' eclectic models of lepton mass and mixing

In this section, we shall construct two concrete lepton models based on the eclectic flavor
group Q(1) = A(27) x T in the framework of rigid N' = 1 global supersymmetry. Then
modular invariance requires that the modular weight of each term in the Lagrangian should
be vanishing. In the two example models, the neutrinos are assumed to be Majorana
particles and their masses are generated through the Weinberg operator and the type I
seesaw mechanism, respectively. The model construction is guided by the principle of
minimality and simplicity, and consequently we shall introduce as few flavon fields as
possible besides the complex modulus 7. The VEVs of flavons spontaneously break the
A(27) flavor symmetry, and the breaking of 77 modular symmetry can arise from the VEVs
of both flavons and modulus 7. Without loss of generality, the VEV of 7 is limited in the
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z Res. CP (¢3) /vy (¢3)/v0 (¢8)/vy
73 — (1,1, )T (1,1,1)7 vg, = (1,2,0,0,0,0,0,0)7
A (1,0,0)T (1,0,0)T vs, = (0,0,w?,0,0, —wz,0,0)T
z$ AB (@2,0,007 | (w,0,0)T Vs,
BAB? (w,0,0)” (w?,0,0)" s,
BAB?A? | (1,w%,1)7T (1,w, )T 8 = (0,0,0,0,1 —ix,0,1 +ix,0)T

ZéqB ABA’B? | w(1,w?, )T | W?(1,w, )T Vs,
AB wWw(1,w?, DT | w1, w, )T Vg,
BAB%A? | w(1,1,0®)T | w?(1,1,w)? Vg,
Zg?A ABA?B? | (1,1, | w(1,1,w)” (N
BA (1,1,w?)T (1,1,w)T Vg,

Z4\BA — (1,w? )T | (1,w,w)T vg, = (0,0,0,1,0,0,0,2)7
7B — (1,L,w)T | (1,1,w?)T vg,
ZBA® — (Lw, DT | (1,2 17 vg,
Z:)?ABQ — (1,w,w?)T (1,w?,w)T vs,
Z§2AB — (1,w?,w)T (1,w,w?)T vs,
A? (0,1,0) (0,1,0) 3,
Z$PBA 1 p2a?p | w(0,1,0)7 | w?(0,1,0)7 v,
BA?2B? | w%0,1,0)T | w(0,1,0)7 vg,

BAB?A%? | (0,0,1)T (0,0,1)T vs, = (0,0,1,0,0,,0,0)"
Z$BA 1 ABA?B? | w(0,0,1)T | w?(0,0,1)T vs,
AB2A? | w%(0,0,1)T | w(0,0,1)T Vg,
BAB%A? | (w2%,1,1)T (w,1,1)7 Vg,
ngBA2 ABA?B? | w(w?, 1,1)T | W?(w,1,1)T (R
A2BA? | W2 1,7 | w(w,1,)T (N

ZfABQAz — — — general 8-D vector

Table 3. The most general vacuum alignment invariants under the Zs subgroups of A(27) and
residual CP symmetry, where ¢3, ¢35 and ¢g denote the flavons which transform as 3, 3 and reducible
8 respectively under A(27), and =z is a real free parameter. The residual CP symmetry in the second
column refers to p(g)p(K,) with g € A(27), and we only present the element g for simplicity. The
overall VEV vy is constrained to be real by the residual CP symmetry.
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fundamental domain D of SL(2, Z):
D={r||Rr|<1/2, ST >0, |7| >1}. (5.1)

Other values of 7 are related by modular transformations to those in D. In both example
models, the Higgs doublets H,, 4 are invariant under both A(27) and 7" with vanishing
modular weights. The flavon fields transform as trivial singlet 1g or triplet 3, 3 under
A(27), and we don’t introduce any flavon in nontrivial singlet representation of A(27)
otherwise there would be a flavon octant, as explained in section 3. Extensive studies of
the discrete flavor symmetry approach to the flavor problem have revealed that the flavon
fields have to develop a set of particularly VEVs [1]. Hence we will consider the vacuum
configuration of flavon which preserve certain subgroup of A(27) and the most general
invariant VEVs of all Z3 subgroups of A(27) are given in table 3. It is known that rather
elaborate scalar potentials of flavons should be designed to get the correct vacuum alignment
in traditional discrete flavor symmetry approach. On the other hand, it is still an open
question to determine the VEV of 7 from first principles in modular flavor symmetry, this
is the so-called modulus stabilisation problem [39, 40]. The presence of both flavons and
complex modulus in eclectic flavor symmetry exacerbates the vacuum selection problem
mentioned above. Hence we will not attempt to build the most general supersymmetric
and eclectic symmetry invariant scalar potential for the modulus 7 and flavons. Both 7 and
flavons will be treated as spurions, and the VEV of 7 is freely varied in the fundamental
domain to adjust the agreement with the data.

In previous section, we have performed a general analysis for the (1) invariant
superpotential and Kéhler potential. Given the representation assignments of the lepton
fields and flavons in the two example models, we find that the nontrivial corrections to
the minimal Kéhler potential arise at the NNLO. The corresponding contributions to
the lepton masses and mixing parameters are suppressed by (®)2/A? such that they are
negligible. We shall present the two example models based on the eclectic flavor symmetry
Q(1) =2 A(27) x T" in the following.

5.1 Example model 1

The light neutrino masses are generated by the Weinberg operator in this model. All the
fields and their classifications under the traditional flavor group A(27) and the finite modular
group T" are summarized in table 4. The LH leptons L, RH charged leptons E¢, the flavon
¢ in the charged lepton sector and the flavons ¢ and x in the neutrino sector are all assumed
to be triplet 3 of A(27). Then these fields must transform as reducible three-dimensional
representations 3¢, 31 or 32, and the corresponding representation matrices of generators S
and T are given in eq. (3.23). Furthermore, one A(27) trivial singlet flavon £ is introduced
in the model. In order to eliminate the unwanted operators, we introduce the auxiliary
symmetry Zs X Zs in the model. Then we can read out the superpotential for the charged
lepton and neutrino masses, which is invariant under the symmetry of the model,

O er 0 (5) B e @)
w=2 (B Lovy, )(10,071) Ha+ 45 (B Leovi?) 1001y T
9 (5) 9 7)
+ 553 (LLQDYT, )(10’0’1) HuH, + 555 (LLXY2, )(1070’1) H,H,. (5.2)
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Fields L | B¢ | H, | Hy o | o | x | ¢ |
SU2) x UMy | (2,—3) | (1, 1) (2, 5)[(2,—3) | (1,0)|(1,0) | (1,0)| (1,0) | (1,0)
A(27) 3 3 |1loo | loo 3 3 3 | 100 | 1loo

T, =T 30 30 | 1 1 31 | 30| 31| 1 r
modular weight 0 0 0 0 5 5 7 -1 | ky
Zy 1 —1 | 1 1 -1 1 1 1 1

Z3 w w? 1 1 1 w w 1 1

Table 4. The matter fields, flavon fields of the example model 1 and their transformation properties
under A(27) and T’, where V%) refers to the level 3 and weight ky modular multiplet in the
irreducible representation r of T".

The first and second rows of eq. (5.2) are the mass terms of charged leptons and neutrinos,
respectively. The charged lepton superpotential is the case of Wp4 in table 1, and the two
neutrino mass terms correspond to Wys1 and Wy o in table 2, respectively. Notice that the
second term contains two flavons and it is suppressed by (£)/A with respect to the first
term. We assume that the traditional flavor symmetry A(27) is broken down to Z{{‘ZBAZ in
the charged lepton sector by the VEV of ¢, and the VEVs of the flavons ¢ and x entering
in neutrino sector are invariant under Z{;‘BA2 and Z33, respectively. As a consequence, the
residual traditional flavor symmetry Z§42BA2 is preserved in the charged lepton sector after
symmetry breaking, while the A(27) flavor symmetry is completely broken in the neutrino
sector. As shown in table 3, the assumed residual symmetry allows us to fix VEVs of

flavons &, ¢, ¢ and x as follows,

<§> = Vg, <¢> = (w27 1, 1)TU¢7 <(P> = (O> 0, 1)TU<,07 <X> = (17 0, O)TUX ) (5'3)

where v, v4, v, and v, are undetermined and generally complex. After the electroweak
and flavor symmetry breaking in the way of eq. (5.3), we obtain the charged lepton mass
matrix and the light neutrino mass matrix as follows

5 5 5
vy \/§w2Y2(,7)1 wY2(,7)2 wY2(,7)2 Z'BY(4)U ot 0 w —w
m== v v v [ w0 1|
WYyy o YYh VYY) w —1 0
L[ 0 WYy o0 V2Y,ho 00
g1V 0y, G2Uy Uy
my = 5 WYy, 0 0 + =3 0 0 wYy) | (54
0 0 VaYy) 0 WYy, o0
(ky) )

where we use Y, to represent the ith component of modular multiple YT(kY . Obviously we

T

have p;(AQBAQ)m;mZ p3(A2BA?) = mlel which implies that the charged lepton mass ma-

5The residual symmetry of the Majorana neutrino mass matrix can only be Z» or K for three nonvanishing
light neutrino masses [41, 42]. Since the A(27) flavor group does not have Z, and K4 subgroups, no residual
flavor symmetry should be preserved in the neutrino sector.
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trix is invariant under the residual flavor symmetry Zg“QBAQ. Therefore the unitary transfor-

mation U; diagonalizing the hermitian combination m;ml via U l’rermlUl dlag(m mi, m2)
is of the form:
) 1 w? w
Ul - ﬁ wQ w2 w2 . (55)
1 w w?
The charged lepton masses are given by
(4)
_ (5) y(5)  VBBueYy | awgug
Me = \/§Y2’,1 - Y2’,2 - al A
\[ngYl( ) QUyVq
- Y / / ,
my, V2 2 + oA A
my = \/iyz(fj)l + 2V, O‘”K”d (5.6)

Since L and E° are assigned to be triplet of A(27), both couplings o and ( are relevant
to the three charged lepton masses. Consequently some fine-tuning in the values of 7 and
Pve/(aA) is necessary to accommodate charged lepton mass hierarchies. We transfer to the
charged lepton diagonal basis by redefining the LH lepton fields L — UL, then the light
neutrino mass matrix is given by

m., = Ul'm,U,
) \fyz(f;)l +2Y2(§)2 w (\[Yz" 17 2“)2> (\[Y2('E; 17 25)2)
= g1jiévu (\[YZ('S’)I Yz('E') 2) w? (\[Yz" 1 +2Y2(")2> \fyz" 1 2")2
(\[Yz" 1 Y2('E;)2) sz,, 1~ 2(3)2 w ( 2" 1T 2}/2")2>
5 sz, 1 +2Y2('7) (\[Yzf —Yy 2) w (sz, Y2(,7))
el (m@l ) e (Vi) gl ). 6)
w(VEYyh—Yah) VAL Yy W (VEYy vy

Let us proceed to perform a numerical analysis for the model. We first consider the scenario

without gCP. This model involves 6 real free parameters besides the complex modulus 7.
All the six lepton masses, three lepton mixing angles and three CP violation phases rely on
the following six dimensionless real parameters

Rr, 37, |Bug/(ah)], arg(Bue/(ah)),  |g2vy/(9100)],  arg(gavy/(91ve)),  (5.8)

and two overall scales avgvy/A and giv2v,/A? which can be taken to real. In order to
quantitatively estimate how well the model can describe the experimental data on the
following seven dimensionless observable quantities

2 .2 .2 2 2
Mme/my, my/ms,  sin®6ig, sin“6y3, sin”6as, Jdcp, Amy/Ams;, (5.9)

which only depend on the six dimensionless real parameters in eq. (5.8), we perform a
conventional y? analysis to determine the best fit values of the free parameters as well
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as the corresponding predictions for the flavor observables. We adopt the following the
experimental data and errors to build the y? function:

Me +0.00004 My +0.000465 .2 +0.012
= 0.004737"y 0.05876 " sin® 012|pit+10 = 0.3037 ¢
11y bt 10 0000047 o f 0.000465 1 b+ 10 0.012
2 +0.00056 2 0.019
sin? 013]ber 10 = 0.0222570 00020, sin® Oas|ber10 = 045170018
dcp Am3
_ +0.20 21 _ +0.00088
=1.2891020 2= 00294100008, (5.10)
T Ibf+1o Ams3; Ibf+1o

where the data of the lepton mixing angles and CP phase dcp is taken from NuFIT5.2 [43],
the charged lepton mass ratios are taken from [44] with Mgygsy = 10 TeV and tan 5 = 5. We
notice that this model yields a successful fit to current experimental data for certain values
of the input parameters. We find the minimum value of the x? function is x2;, = 10.68,
and the best fit values of the free parameters are

R(r) =0.00157, I(r) =1.120, |Bvg/(aA)| =0.0478, arg(fve/(al)) = 1.036m,
|g2vy /(g1v,)| = 0.9786, arg(gavy/(g1v,)) = 1.005,
aevgvg/A* = 267.2MeV g10,02 /A? = 5.40 meV . (5.11)

The overall scales avqvy/A and giv2v,/A? are fixed by the measured electron mass and the
solar neutrino mass square difference Am3,. We see that the real part of modulus R(7) is
quite small, and both phases arg(fSve/(aA)) and arg(govy/(91v,)) are very close to 7. At
the best fit point, the lepton masses and mixing parameters are determined to be

sin? A3 = 0.02252, sin? f15 = 0.3283, sin? fy3 = 0.4954, dcp = 1.4357,

a9 = 0.961m, asgp = 0.9277, m1 = 15.12meV, mo = 17.40meV ,
3

m3 =52.30meV, Y m; =84.82meV, mgp = 5.617meV ,
i=1

me = 0.511 MeV, m,, = 107.9 MeV, m, = 1.836 GeV , (5.12)

where m; (i = 1,2,3), m;j(j = e,pn,7) and mgg refers to the absolute masses of the
three light neutrinos, the masses of the three charged leptons and the effective mass in
neutrinoless double beta decay, respectively. The effective Majorana mass is determined to
be mgg = 5.617meV which is much below the current most stringent limit mgg < 36 — 156
meV from KamLAND-Zen [45]. The next generation neutrinoless double decay experiments
of ton-scale can improve the sensitivity to mgg considerably. For example, the SNO+ Phase
IT could probe the effective mass mgg in the range of 19 — 46 meV [46]. The LEGEND
experiment is expected to reach the sensitivity of (15-50) meV by operating 1000 kg of
detectors for 10 years [47]. The experiment nEXO will be able to probe mgg down to
5.7—17.7 meV after 10 years of data taking [48]. Thus our prediction for mgg is a bit below
but close to the future sensitivity. Moreover, the three neutrino mass sum is predicted to
be 84.82meV which is compatible with the upper bound z;”:l m; < 120meV on neutrino
mass sum from Planck [49].
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If the gCP symmetry is imposed on the model, all the couplings would be enforced to be
real, as discussed in section 4. Moreover, certain residual CP symmetry require the flavons
vacuum parameters v, vg, v, and vy in eq. (5.3) be real, as shown in table 3. Thus the two
phase parameters arg(fve /(o)) and arg(gav,/(91v,)) in eq. (5.8) are 0 or 7w because of
the gCP symmetry. Furthermore, if the modulus 7 lies on the imaginary axis with 7 = 0,

2mT a5 well as the modular forms

the VEV of 7 preserves the gCP symmetry K,, and ¢ =e¢
Yi(7) and Ya(7) in eq. (C.9) would be real. Hence all the integer weight modular forms of
level 3 are real for pure imaginary 7, as can be seen from appendix C. As a consequence,

the neutrino mass matrix m/, in the charged lepton diagonal basis in eq. (5.7) satisfies

(m;/)ee - (m:/)ew (mu)llﬂ' = (m;/);kn" (m;/)eT - (m;/):;u (m;/)#ﬂ = (m;/);k'Tv (513)

which is exactly the requirement of a theory invariant under p — 7 reflection symmetry [50—
52]. In other words, the neutrino mass matrix m,, in eq. (5.7) really fulfills the p — 7
reflection symmetry

PLml P, = (m),)", (5.14)
with
100
Pr=1001]|" (5.15)
010

It is known that the p— 7 reflection symmetry leads to maximal atmospheric angle, maximal
Dirac CP phase and trivial Majorana CP phases: 023 = 7/4, dop = +7/2, a9, a31 =
0,7 [50-52] After imposing the gCP symmetry and the assumption of 7 = 0, we find
that all the seven dimensionless flavor observables in eq. (5.9) would only depend on three
dimensionless real parameters in the model,

St Bug/ah),  gavy/(g1v,). (5.16)

Analogously performing a numerical analysis, we find that the minimum value of y? function
is x2,, = 11.75 when the free parameters take the following values

(1) = 1.1204, Bue /(o) = —0.0482, G20y /(g1v,) = —0.9804,
avguevy/A* = 267.3MeV g102v,/A% = 5.409 meV . (5.17)

Accordingly the lepton masses and mixing parameters are determined to be

sin? 613 = 0.02239, sin? f15 = 0.3266, sin? fa3 = 0.5, Scp = 1.5m,
Qo) = T, azp =T, mq1 = 15.17TmeV, mo = 17.44meV ,

mg = 52.42meV, Y m; = 85.03meV, mps = 5.595meV

(2

me = 0.511MeV, my, = 107.9MeV, m; = 1.836GeV . (5.18)

In order to show the viability and predictions of this model with/without gCP, we scan
over the parameter space of the model, the six (three) dimensionless real parameters in
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Figure 1. The predicted correlations among the input free parameters, neutrino mixing angles and
CP violation phases in the example model 1. The green and red regions denote points compatible
with experimental data for models without gCP and with gCP plus R7 = 0, respectively. The light
blue bounds represent the 1o and 30 ranges respectively with SK atmospheric data [43]. The orange
(blue) dashed lines in the last panel represent the most general allowed regions for NO (IO) neutrino
masses respectively, where the neutrino oscillation parameter are varied within their 30 ranges. The
present upper limit mgg < (36 — 156) meV from KamLAND-Zen [45] is shown by horizontal grey
band. The vertical grey exclusion band denotes the current bound from the cosmological data of
>, m; < 0.120eV at 95% confidence level given by the Planck collaboration [49]. Notice that we
have sharp prediction for the effective mass mgg, the green region (without gCP) almost coincides
with the red region (with gCP) in the last panel.

eq. (5.8) (in eq. (5.16)) are taken as random numbers. Then we can evaluate the predictions
for lepton masses and mixing parameters and only keep the points for which the flavor
observables are within their experimentally allowed 30 regions. Some interesting correlations
among the observables and free parameters are obtained. The results are shown in figure 1.
Here the results without gCP and with gCP plus 87 = 0 are displayed in green and red,
respectively. In the case that gCP is considered with R7 = 0, the u — 7 reflection symmetry
is reproduced, the predictions for 023, dcp, as; and a3 are labelled with a red pentagram.
From figure 1, we see that all the mixing parameters and mgg are predicted to lie in
Narrow ranges:

sin? 013 € [0.02172,0.02398], sin? 015 € [0.319,0.341], sin? 63 € [0.486,0.514] ,
Scp € [1.317,1.697], ag1 € [0.8817,1.1197], az1 € [0.778,1.218],
mgp € [5.328 meV, 6.109 meV] , (5.19)
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Fields L | Bc| N°| H, | Hy o | o | € |y
SU2), x Uy | (2,—3) | (1, 1) [(1,0)|(2,3) | (2,—3) | (1,0) | (1,0)| (1,0) | (1,0)
A(27) 3 3 3 | 1loo | lopo 3 3 | 100 | Lloo
=7 30 30 | 3o 1 30 | 31| 1 | r
modular weight 0 0 1 0 0 3 -1 7 ky
Zy 1 1 | -1] 1 1 1 | -1 ] 1 1
Z3 w w w 1 1 w w 1 1

Table 5. The matter fields, flavon fields of example model 2 and their transformation properties
under the eclectic flavor symmetry A(27) x 77 and the auxiliary symmetry Zs X Zs.

for the case without gCP, and

Sin2 923 = 0.5, (5013 == 1.571', 91 = (31 = T,
sin? 13 € [0.02172,0.02282], sin’® 65 € [0.324,0.331], mgp € [5.328 meV, 5.776 meV]
(5.20)

for the case with gCP plus 7 = 0. Furthermore, this model predicts a nearly maximal
atmospheric mixing angle 623 and a nearly maximal Dirac CP phase dcp when gCP is
not imposed. Notice that the model predicts a nearly maximal atmospheric mixing angle
f23 even if gCP isn’t imposed. It is remarkable that the variation region of the effective
Majorana neutrino mass mgg is very small because of the linear correlation between as;
and a1 shown in figure 1.

The NLO correction to the minimal K&hler potential is of the form

Knro = Y+ (—ir +i7)" [ @y D)L L]

n,r A (1o,0,1)

1
1. \n (n)t (n—1) ct e
+ A( 1T + ZT) [Yr (7')Yr (T)E B d (1o,0,1) ’

The corresponding Kéahler metric for both LH lepton doublet L and RH charged leptons E°
is a unit matrix so that its contribution can be absorbed into the minimal Kéhler potential.

(5.21)

Hence the non-diagonal contributions of Ké&hler metric come from NNLO corrections and
they are suppressed by (®)?/A%. Therefore the contributions of Kihler potential to the
lepton mixing parameters and masses are suppressed by (®)2/A? and can be neglected.

5.2 Example model 2

In the second model, the neutrino masses are described by the type I seesaw mechanism
with three RH neutrinos. This model is also based on the eclectic flavor group (1) with
the extra symmetry Zs x Z3 to eliminate undesired operators. The three generations of LH
doublet leptons L, the RH charged leptons £ and the RH neutrinos N¢ are all embedded
into the triplet 3 of A(27), and we introduce three flavons ¢, ¢ and & which transform as 3,
3 and 19,0 under A(27) respectively.” The fields content and their classification under the

"Similar results can be obtained if the representation 3 instead of 3 is used.
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eclectic flavor group (1) and the auxiliary symmetry Z x Z3 are listed in table 5. The
superpotential for the leptons can be written as

_ Qe (3) B e (10) 91 nre
=3 (E LoYy )(10,0,1) Ha+ 73 (E Loehy >(1o,o,1) Ha+ 70 (N L) 10,0,1) Ho
92 (e (7) I (e nre ()
* A2 <N Lipthz )(10,071) H 2 <N NoYy )(10,071) . (5.22)

In this model we assume that the VEV of flavon ¢ breaks the traditional flavor symmetry
A(27) down to Z§423 while the subgroup Z{;‘ is preserved by vacuum of flavon ¢. Hence the
VEVs of flavons &, ¢ and ¢ take the following form:

<€> = V¢, <¢> = (17 17(")2)TU¢>7 <90> = (17 L, 1)TU§0 : (5'23)

From table 3, we see that no nontrivial residual CP transformation is consistent with the
residual flavor symmetries ngPB and ng‘. Therefore we do not consider gCP symmetry
in this model, thus all coupling constants and the VEVs v, vy, v, are generally complex.
After flavor symmetry and electroweak symmetry breaking, we can straightforwardly read
out the charged lepton mass matrix, the Dirac neutrino mass matrix and the Majorana
neutrino mass matrix,

Ve, —ov) ) 0w

2 (10)
_awgug 3) 3) 3) iBY] T vgvgug
mp = A _CUY2/71 \/§Y2/72 _w2Y2/71 + A —w 0 (.U2 )
—w2Y2(,37)1 —w2Y2(,3,)1 \/§sz2(,37)2 w? —w? 0

L, 0 1 -1 VYD 2y —wtyy?

W g1V G20y, VeV f ) ¢
mp=———"| 10 1 [ +7 g | ) vyl ey |

1 -1 0 RE E W A LVO) ALl

5 5 5
VYyh —w¥y) WYy
mpy = hvg —sz(,Et)l \@Yz(,%)2 —w2Y2(/Ej)1 . (5.24)
v, v V)
The light neutrino mass matrix is then given by the seesaw relation:
my, = —mhmy'mp . (5.25)

Since both flavons ¢ and ¢ enter into the neutrino mass terms and their VEVs preserve
different Z3 subgroups of A(27), the traditional flavor group A(27) is completely broken in
the neutrino sector. One can easily check that the hermitian combination m;m; is invariant
under the action of p5(A2B). It implies that the residual flavor symmetry is Z:’{‘QB in the
charged lepton sector. We find that the experimental data can be accommodated rather
well for certain values of the input parameters. The best fit point is found to be given by

R(r) =0.256, (1) =0.987, [Bue/(al)| =0.127,  arg(Buve/(aA)) = 0.459,
|g2ve /(91 A)]| = 0.0416, arg(gove/(g1A)) = 0.552m,
avguevy/A? = 226.1 MeV g102v, /A% = 29.25 meV (5.26)
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Figure 2. The predicted correlations among the input free parameters, neutrino mixing angles, CP
violation phases and the effective mass in neutrinoless double beta decay in the seesaw model.

with x2;, = 1.940. Accordingly the lepton masses and mixing parameters are

sin? 013 = 0.02222, sin? 015 = 0.291, sin? fa3 = 0.465, Sop = 1.4321,
o1 = 1.159, as; = 0.186, m1 = 0.950meV, my = 8.649meV
m3 =50.02meV, Y m; = 59.61 meV, mgp = 2.981 meV ,
7

me = 0.511 MeV, my, = 107.9 MeV, m; = 1.836 GeV . (5.27)

We perform a numerical analysis for this model, and the results are plotted in figure 2.
It is remarkable that the phenomenologically viable parameter space is actually small.
We find that the mixing angles 013 and 615 can take any value in their 30 ranges, the
atmospheric mixing angle sin? 3 is predicted to be in the range [0.420,0.529], the Dirac
CP violation phase d¢cp is limited in the range [1.2477,1.627x], and the two Majorana CP
violation phases lie in narrow regions ag; € [1.1137,1.1877] and as; € [0.0977,0.2227]. The
forthcoming long-baseline neutrino oscillation experiments DUNE [53] and T2HK [54] can
significantly improve the sensitivity to 623 and dop. It is expected that a 5o discovery of
CP violation can be reached after ten years of data taking. We expect that the predictions
for 023 and dcp can be tested at DUNE and T2HK.

6 Conclusion and outlook

In the present work, we elaborate how to construct models based on the so-called eclectic
flavor group [17] which is in general a semi-direct product of the traditional flavor group
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with the finite modular group in the bottom-up approach. The concept of eclectic flavor
group originated in top-down model building motivated by string theory. In the scheme of
eclectic flavor groups, which allows us to combine the advantages of modular symmetries
and traditional flavor symmetries while avoiding their limitations, the superpotential and
the Kéhler potential are both severely restricted at the same time. However, there are
no remaining exact flavor symmetries in nature, flavon fields should be introduced in this
kind of models, and their VEVs break the flavor symmetries. It turns out that the choices
for such eclectic symmetries are quite restrictive, with only three choices of flavor group
Zs x Z3, A(27) and A(54) catalogued so far allowing for a non-trivial eclectic extension
with a CP-like transformation [17, 18].

We perform a comprehensive analysis of the superpotential and Kéhler potential of
models based on the eclectic flavor group (1) which is semi-direct product of the traditional
flavor group A(27) with the finite modular group 7”, and find three generations of quarks
and leptons can only be assigned to triplet, antitriplet or trivial singlet of A(27). From the
discussion in section 4, the general form of fermion mass matrices can be obtained for any
modular weight and any number of flavons. If a A(27) octet flavon which is invariant under
auxiliary cyclic symmetries is imposed in a model, we find that the contributions to the
fermion masses and fermion mixings from higher order corrections of Kédhler potential are
suppressed by powers of (®)/A, or they will be suppressed by (®)2/A2.

In order to extract general lessons from the eclectic flavor symmetry scheme, we construct
two concrete lepton models invariant under the eclectic flavor group Q(1) = A(27) x T”
in the framework of A/ = 1 global supersymmetry. In the two models, all lepton fields
are assigned to A(27) triplet and the three light neutrino masses are generated by the
Weinberg operator and the type I seesaw mechanism, respectively. To break the traditional
flavor group A(27), three (two) triplet flavons and a trivial singlet flavon are introduced in
the first (second) model. Then the higher order corrections from Kéhler potential to the
lepton mixing parameters and masses are suppressed by (®)2/A% and can be neglected. For
the first model, we assume that the traditional flavor group A(27) is broken down to the
subgroup Zg“QBAQ in the charged lepton sector and is broken completely in the neutrino
sector. For the second model, the subgroup Z;{‘QB is preserved by the VEVs of the flavon in
the charged lepton mass terms and neutrino Majorana mass term, while the subgroup Z?f‘ is
preserved by vacuum of flavon in the neutrino Dirac mass terms. Furthermore, we perform
a comprehensive analysis of the two models for lepton masses and mixing parameters. In
both of the two models, the six lepton masses and six lepton mixing parameters depend on
two complex coupling constants, two real coupling constants and the complex modulus 7 in
the case of without gCP. From the numerical scan of the parameter space, we find that
all six mixing parameters vary in very small regions, and a nearly maximal atmospheric
mixing angle f23 and Dirac CP phase dop are obtained in the first model. When the
conditions gCP and R7 = 0 are imposed in the first model, the experimental data of
lepton masses and mixing parameters can be successfully described in terms of five real
parameters, and the y — 7 reflection symmetry is preserved in the charged lepton diagonal
basis. Then atmospheric mixing angle and Dirac CP phase are predicted to be maximal,
and two Majorana CP phases are predicted to be m. Furthermore, the predictions for the
effective mass in neutrinoless double beta decay are obtained in both of the two models.
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All the predictions of the two models are compatible with the experimental data and could
be tested at forthcoming long baseline neutrino experiments and neutrinoless double beta
decay experiments.

In general, the main advantage of eclectic flavor symmetry is that it leads to predictive
lepton mass and mixing models with the Kéhler potential under control. Also, the represen-
tation of the matter fields under the flavor symmetry is constrained by the eclectic flavor
symmetry. For example, in the considered models, this means that non-trivial singlet repre-
sentations are not permitted since they would have to form a reducible octet, which is not
phenomenologically possible. Also, we have seen that the modular symmetry transformation
is determined by the flavor symmetry transformation through the consistency condition.

Looking ahead, it would be interesting to explore how to implement top-down ingredi-
ents, such as the constrained choice of modular weights, in the future bottom-up eclectic
models. Also, the problem of modulus stabilisation in theory based on modular symmetry
still persists, and the presence of flavons only exacerbates the problem. Such problems are
left for future work. In the present paper, we have developed the formalism of eclectic flavor
symmetry from the bottom-up point of view, focusing on an attractive class of models
based on (1), where the imposition of gCP symmetry leads to a predictive model with
u — 7 reflection symmetry.
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A Traditional flavor group A(27)

The A(27) group as flavor symmetry has been studied in the literature, see [55-58] and
references therein. It is a non-Abelian group of order 27 with GAP ID [27,3] [59], and the
group structure of A(27) is A(27) = (Z3 x Z3) X Z3. In detail, A(27) can be generated by
two generators A and B which satisfy the multiplication rules

A? =B = (AB)3 = (AB?)® = 1. (A1)
The multiplication rules of A(27) in refs. [58, 59] are given by:

Ad=ad?=0=1, ad =da, bab~t = ata L, ba'b ' =a. (A.2)
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Note that the chosen generators A and B in the present work are related to the generators
a, a’ and b of refs. [58, 59] via

a=BAB?, d=A4, b=DB. (A.3)

The traditional flavor group A(27) has eleven conjugacy classes and they are

10y = {1}, 30 = {A2B?, B2A% AB2A}
30(2) - {AQB,ABA, BA2} , 3¢ = {A BAB? BQAB}
- {ABQ,BAB,BQA} : 3¢ = {AB BA A2BA2}

303

{A2, B2A%B, BA2B2} . 3¢l = {B AB2A? A232A}
{B,AQBA,ABA2} , 10V = {BAB2A2} ;10 = {ABAQBz} :

(A.4)
where k£C,, denotes a conjugacy class which contains k elements with order n. Group A(27)
contains seventeen nontrivial abelian subgroups in total: thirteen Z3 subgroups and four
Zs X Zs subgroups. In terms of the generators A and B, the concrete forms of these abelian
subgroups are as follows

e /3 subgroups

Zi = {1,A, A%},  zZPBAP’ = {1, BAB® BA?B?},  zP'AP = {1, B*AB, B*A*B},
7B ={1,B,B%,  zZ{"BA={1,A’BA,A2B%A},  Z{P* = {1,ABA% AB?A?},
B —{1,AB,B2A%},  7ZPA={1,BA A*B%},  Z{PA = {1, AB%A, A2BA?%}
74P = {1, A’B, B2A}, ZA32 = {1,AB?, BA%},  Z{BA={1, ABA, BAB}

ZBAB*A® — (1 BAB®A%, ABA*B?}.

The thirteen Zs subgroups in each line above are related with each other by group
conjugation.

o 73 X Z3 subgroups
74 x ZBAB® = (1, A, BAB®>A? A® BAB? ABAB? B*A’B, B*AB, BA’B?},
7B x 7{BA* — (1, B, BAB?A%, B?, A2BA, ABA?B? AB2A% ABA%, A2B2 A},
ZBA « 7B°A* — (1, BABA®, AB, ABA%B? BA, A2B? A2BA?, B2A?, AB2 A},
ZBA « 7B°A = (1, BAB*A®, ABA®B? A’B, AB?, ABA, BAB, BA?, B2A} .
All the four Z3 x Zs subgroups are related with each other by group conjugation.

As the number of irreducible representation is equal to the number of conjugacy class, the
traditional flavor group A(27) has eleven inequivalent irreducible representations with nine
singlets labelled as 1(, ) (r,s = 0,1,2) and two triplets labelled as 3 and 3. The character
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E A’B? A’B A AB? AB A? B? B BAB?A? ABA’B?

ITeIRE: 10, QAN Yo S 10 T To) U Yo - Vo) ANE: 10/ (LY. o) NS Vo ) 1c$?
1 1 1 1 1 1 1 1 1 1 1
1 w? w 1 w? w 1 w? w 1 1
1 w w? 1 w w? 1 w w? 1 1
1 w? w? w w w w? 1 1
1 w w w? w? w? w 1 1
1 1 w w w? 1 w? w w? 1 1
1 w w w2 w2 w2 w 1 1
1 1 w? w? w 1 w w? w 1 1
1 w? 1 w? 1 w w w w? 1 1
3 0 0 0 0 3w 3w?
3 0 0 0 0 0 0 0 0 3w? 3w

Table 6. The character table of A(27), where w is the cube root of unity w = €2>7*/3. The arrowed
lines show the transformation of the irreducible representations and conjugacy classes of A(27) under
the actions of the outer automorphisms ug(blue), ur(red) and uk, (green).

table of A(27) is shown in table 6. The first line of table 6 indicates representatives of the
eleven conjugacy classes in the second line. In our working basis, the eleven irreducible
representations of A(27) are taken to be

1s: p1,,(A) =uw", p1,,(B) =w?®, with r,5=0,1,2,
010 10 0
3: p3(A)=1]001], p3(B)=[0w 0 |,
100 00 w?
010 100
3: ps(A)=1001 |, ps(B)=10w?20 |- (A.5)
100 00 w

From the character table, it is easy to calculate the Kronecker products of two different
irreducible representations of A(27) as

Lrs ® Lo g = Ljpgp), s+s']5 lrs®3 =3, Ls®3=3,
2
303=38519352934, 3®3=351©352®34, 393=) L.,
r,s=0

(A.6)

where r, 5,7, s’ = 0,1,2, the integer [n] = n (mod 3), and the subscript S (A) denotes
symmetric (antisymmetric) combination. In the following, all CG coefficients are presented
in the form a ® 3, where a; denotes the elements of the first representation and j3; stands
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for the elements of the second representation of the tensor product. In the following, we
shall adopt the convention B3 = By = Ss.

1’I‘S®1 / '_1[7‘-‘,-7"],[3-‘,-8/] 1T,S®3:3 11‘,8 ®§:§
B1—s] Blits)
1[r+r] [s+5] tanfBy 3:0q WTIB[QfS] 3:m WTB[QJFS]
WQT/B[st] w2r()41,8[3+s]
3®3=>%,-0Ller 393=385,©3s,®34 |33 =35, P35, 324
1o,0 : @181 + a2f2 + a3 fs a1/ a1y
lo,1 : 183 + a1 + azfe 35, 1 | asBs 35, 1 [ agBe
lo,2 : a1f2 + a2f3 + azf o333 asfs
11,0 : @11 + wlaofs + wasBs 233 + a3 P2 azf33 + azfB2
11,1 B3+ wlaof +wasBs | 3s, 0 | asBy + a1fs 35, ¢ | asfi +a1fs
11,2 : o1 B2 + wlasfs + wasf a1 + asf a1 B2 + anf
12,0 : 11 + wagfs + wazfs aofl3 — azfa aofl3 — a3z
121 : a1fs +wasf + w?asfe | 34 | asBi — aifs 34| asfi —ai1fs
12,2 : a1 B2 + wasfs + wiasfi 12 — asBy a1y — asB

B The finite modular group I'; = T"

The finite modular group I'y = T contains 24 elements and it can be generated by two
generators S and T with [7, 29, 60, 61]

St=T3=(ST)® =1, S*T=T82%. (B.1)

The 24 elements of T” can be divided into the seven conjugacy classes as follows,

101 = {1}, 10y ={S%}, 604 = {S,T?ST, TST? T?S3T, TS*T?, 53},
aclt = {12, $3T? 7253 TS*T} acP) = {T, TS, ST, T>ST?}
actt = {TS% TS, S3T, 72531}, AP = (ST, T2S, TST, T2}, (B.2)

where the conjugacy class is denoted by nCj with n elements and the subscript k is the
order of the elements. The finite modular group 7" has three singlet representations 1, 1’
and 1”, three doublet representations 2, 2’ and 2, and one triplet representation 3. The
character table of T” group is given in table 7. The Kronecker products between different
irreducible representations can be obtained from the character table

1% 10 = 1le+b] 1% © 20 = 2lat+b] 1°©3=3,  2°x20=1lttlg3
2°23=202"92"  383=19101"®35®34, (B.3)
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Classes | 10y | 10, | 4¢P | acl? | 6y | 40V | 40P
1 1 1 1 1 1 1 1
1’ 1 1 w? w 1 w w?
1” 1 1 w w? 1 w? w
2 2 -2 -1 -1 0 1 1
2/ 2 —2 | —w? —w 0 w w?
27 2 2| —w | —w? 0 w? w
3 3 3 0 0 -1 0 0

Table 7. Character table of the finite modular group 7".

where a,b = 0,1,2 and we denote 1° =1, 1 = 1/, 12 = 1” and similarly for the doublet
representations. On the right-hand-side [a + b] is defined as a + b modulo 3. In the present
work, the seven irreducible representations are taken to be

1%: p1a(9) =1, p1a(T) = w*,
i 1 V2 10
20,: pza(S):i y pza(T):wa+1 s
vV3lva -1 0 w
. -1 2 2 10 0
3: p3(5)=§ 2 —1 2 |, p3(T)=10 w 0 |, (B.4)
2 2 -1 0 0 w?

with @ = 0,1,2. From the irreducible representation matrices of 7" in eq. (B.4), one can
easy to check that

p5(T) = U3 p2(T)Us, p5(S) = Ul p2(S)Us,
Py (T) = U par (T) U, P (S) = Udpan(S)Us, (B.5)
p3(T) = Ulps(T)Us, p5(S) = Ulps(S)Us,
with
100
0—1
ng( ) Us=|001] - (B.6)
1 0
010

It implies that the irreducible representations 2’ and 2" are complex conjugated to each
other by a unitary transformation Us, and the irreducible representations 2 and 3 are real
representation. Thus we have

a=(ag, )’ ~ 2, — (—ab, o) ~ 2,
a=(a, )l ~2/, = (—ab,af)T ~ 2", (B.7)
a=(a, )l ~2" - (—ab, af)T ~ 2/,
a=(a,ag,03)T ~ 3, = (af,a%,a5)T ~ 3
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In the end, we present the CG coefficients of T” in the chosen basis. As the same as the
CG coefficients of A(27), we use the notation «; (5;) to denote the elements of the first
(second) representation. Furthermore, we shall adopt the following notation to facilitate
the expressions of CG coeflicients

001
P=1100]- (B.8)
010

Then all the CG coefficients of T for the decomposition of product representations can be

written as
19 @ 20 = 2latb] 1°23=3 20 20 = 1latbl 5 3
1+ o By — By
b1
a2 + asf
olattl . o [P1) | 3. a,p0 5 5. plots
B2 5 : V223
3 —V2a1
33=19131"®35P34 2003=202"¢2"
1: 0161 + af3 + azfo
2 +
1" : a1 82 + asBi + asfs 29 : V20205 + anfh
17 : 15 + aafe + asbr V2018 — azf

20181 — 283 — a3 B2
oli+al . (\@OQﬁl + Oé1ﬁ2>

a9 fls — a3 fa
\@O&Qﬁz + a1 53
34: — 2lztel

At | af —agfh (\/ial,éﬁ — Oz253>

azfi — o183

C Modular forms of level N = 3

The modular forms of weight k£ and level 3 are holomorphic functions of the complex
modulus 7 and they span a linear space My (I'(3)) with dimension

dinML(T(B3) =k+1, k>1, (C.1)

where the modular weight k is a generic non-negative integer. Each modular form fi(k) (1)
of weight k and level 3 is invariant under the traditional flavor symmetry and transforms
under the action of I'(3) in the following way

i) = 1 () = (er + ) (@), W= ( ”) €T(3). (C:2)
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Furthermore, the modular forms fi(k) (1) can be arranged into some modular multiplets
v, (1) = (f1(7), fo(7),-- )T which transform as certain irreducible representation = of the
finite modular group 7" [1, 29]

Y (7) = (er + ) pr ()Y F(r),  Vyerl, (C.3)

where 7 is the representative element of the coset 4/T'(IN) in 77, and p,(7y) is the representation
matrix of « in the irreducible representation r of T".

The modular forms of level 3 can be generated by the products of Dedekind function
n(7), and there are only two linearly independent weight 1 and level 3 modular forms which
can be taken to be [29]:

ou(r) = TOD gy 2 TS) (C.4)

where the Dedekind function n(7) is defined as
n(r) =q"* loi(l —q"), q=eTT (C.5)
Under the actions of the two generators S and T of T', n(7) transforms as
n(r) S a(=1/7) =V=iT (), () S a(r+1) =), ()
which lead to the following transformation properties [29]

e1(r) -2 3732 (—ir)ea(r),  éa(r) - 33/2(—ir)ey(r). )

1(
~ T ~ ~ T ~ N
e1(r) — wei(7), éa(1) — 3(1 —w)éy + é2

The two independent weight 1 modular forms of level 3 can be arranged into a doublet 2
of T" in our basis given in appendix B and the corresponding modular multiplet Y2(,1)(7') is

defined as
v = (1)) (3a(n) +é(n)) o3
2 (7) (YQ(T)) ( 3v/2¢1(7) )

The expressions of the g-expansions of Y;(7) are given by

Yi(1) = 1+ 6q + 6¢° + 6¢* + 12¢" + 64" ,

Ya(r) = 3v2¢' (1 + ¢+ 2¢° + 2" + ¢ + 2¢° + ¢ + 2¢°). (C.9)
The higher weight modular multiplets can be constructed by the tensor products of lower
weight modular multiplets. One can find the modular multiplets of any integral weight by

using the weight 1 modular multiplet Y2(,1,) (1) and the CG coefficients of 7" in appendix B.
We summarize the modular multiplets of level N = 3 up to weight 10 in table 8. Their
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weight Modular form Yr(k) weight Modular form Yr(k)
k=1 Yy k=2 a2

k=3 v, vy k=4 v vt v

k=5 Va2 v, v k=6 PRI AR )

k=7 Y v0 v v k=8 | YO v® vd v® v
k=9 | 3", Yo, Yo Yam Yams | k=10 | ¥{" v vig® v, v

Table 8. The higher integral weight modular multiplets of level 3 up to weight 10, the subscript r
denotes the transformation property under homogeneous finite group I'; = T".

explicit forms of these modular multiplets are

WO = (v D). v = (V) v = (),
O (rOv) v - () v - ().
v = (y;my;?))l, vy = (Y;”Y;f”))l B (Y?,(Q)Yz(?’)f ,
O (YD) v - () v - ().
v = (Yz(?)Y§4))1 .oy = (y;?>y1<4>)3 . Y= (Y2(,3)Y1<f‘))3

2 2/ T o’
V= (VPV) O (Y S (v e
v = () o v = (WyY) Yo = (v{v3")

17 v 3’ v 3’
WO (V). D= (), L = (),
Van = (valvi®) L v = (vava)., . W = (V).
O = (), T - (), (),
D - (),

D Alternative method to derive the Majorana superpotential

As shown in section 4, it is convenient to first consider the constraints of traditional flavor
symmetry and then the modular symmetry in the paradigm of eclectic flavor symmetry.
Likewise we can first analyze the constraints of modular symmetry and subsequently the
traditional flavor symmetry. In the following, we shall revisit the superpotential W, for
the Majorana fermion mass in this alternative method. The general expression of W)y is
given in eq. (4.16), where ¢ and ® are assumed to transform as (3, 3¢) under the eclectic
symmetry group A(27) x T".

Let us first study the 7’ invariance of the superpotential W);. Notice that 3¢ can
be decomposed into a singlet 1’ and a doublet 2" of T” with 39 = 1’ @ 2”, as shown in
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eq. (3.24). With the modular form multiplets defined in eq. (4.1), the T” invariant terms of
Wy result from the following 7" tensor products

1c(1lelael”"s202’¢2"03)0(1'e2") 0 (1'e2") 2 (1 ®2"). (D.1)
From the Kronecker product of 7”7 in eq. (B.3) we know
1Tae2) e 1e2)=1"a20201" ¢ 3. (D.2)

Since the contraction (1)), = 0 and the two doublet contractions (1°)¢)2 should be
symmetrized, the non-zero T’ contraction of (1)), are

PTe2Ye(@e2") =1"02¢3. (D.3)

Consequently the trivial singlet 1 resulting from the tensor products of T” representations

are
1c(lelel”"s20202”"03)2(1"0203)2 (1’0 2”)
cletel"e202¢2"03)0(102'9302’91" 030292’ ®2"). (D4)

Hence, we can obtain nine 7" invariant contractions when the modular form multiplets run

over all possible irreducible multiplets of 7. The results are given by

Wir = 01 Y1 (4§ — 95)(¢1 — da) — 2V 2wara Yo (95 — 15) [f3 (45 +105) — 15 (1 + )]
s (V2U5Ys —wPYa(U5 +05) ) (U5(61+ 62) — b (05 +15))

wY7(Pf +15)* (61 + ¢2)
V2

(05 —5)? [ V2Yods —w?Yi(é1+ o)

+au [205¥a0a(1-+05) - 05 (Ya(61+00) +VEo¥ron )|

)
V2
+206(45 —5) (91— 02) |Ya (W5 +15) — V2wt Yo |

+ % [\/iYg (W5 +15)2 (P1 + do) + 452 d3) + 2wYo (V5§ +15) (3 (W5 +105) + 205 (1 +¢2))]
+2v2as (1§ — 15) [w¥11(ds(¥5 +05) + 15 (b1 + h2)) + Yio (05 +05) (b1 + h2) — 2w Y5 Y1203
+ ?(qﬁ — a) [—2w PS5 Y11 (V5 +95) —wYio (¥ +1b5)% + 4295 V10] (D.5)

Furthermore, invariance under A(27) requires that Wy must be a trivial singlet 19,0 of
A(27). As both matter field ¥¢ and flavon field ® are assigned to A(27) triplet 3, while the
modular forms are invariant under the actions of A(27). Consequently the trivial singlet
19,0 resulting from the tensor products of A(27) representations are

loo C 3933 =(3510352034) ®3=(351035,) 3.

Hence there are only two A(27) invariant terms in Wy,

12
War = 3 i [as (65)° 61+ (15)° 62 + (15)” ) + af (U5050s + viuison + v5usen)) -
=1
(D.6)
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We find that the A(27) flavor symmetry imposes the following restrictions on the coefficients
a; in eq. (D.5):

w
ol =y =a3=aa4 =ag = ag =0, a5:\@wa6:§a7zwa. (D.7)
Thus the superpotential W), reduces to

War = o |V2Y5 (85)° 61 + (45)° 6 + (45)° 0s) + 2wYo(U5056s + U5us62 + Uuso1) | |
(D.8)
where the complex coupling « is enforced to be real by the gCP transformation K,.. We
obtain the same superpotential Wy, as that of eq. (4.21), and only the modular form doublet
Yz(,]fY)(T) = (Y3, Ys)" gives non-vanishing contribution.
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