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ABSTRACT: The electric dipole moment (EDM) of electron is studied in the supersymmetric
A, modular invariant theory of flavors with CP invariance. The CP symmetry of the lepton
sector is broken by fixing the modulus 7. Lepton mass matrices are completely consistent
with observed lepton masses and mixing angles in our model. In this framework, a fixed
7 also causes the CP violation in the soft SUSY breaking terms. The electron EDM arises
from the CP non-conserved soft SUSY breaking terms. The experimental upper bound of
the electron EDM excludes the SUSY mass scale below 4-6 TeV depending on five cases
of the lepton mass matrices. In order to see the effect of CP phase of the modulus 7,
we examine the correlation between the electron EDM and the decay rate of the y — ey
decay, which is also predicted by the soft SUSY breaking terms. The correlations are
clearly predicted in contrast to models of the conventional flavor symmetry. The branching
ratio is approximately proportional to the square of |d./e|. The SUSY mass scale will be
constrained by the future sensitivity of the electron EDM, |d./e| ~ 1073 cm. Indeed, it
could probe the SUSY mass range of 10-20 TeV in our model. Thus, the electron EDM
provides a severe test of the CP violation via the modulus 7 in the supersymmetric modular
invariant theory of flavors.
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1 Introduction

The non-Abelian discrete groups have been discussed to challenge the flavor problem of
quarks and leptons in the standard model (SM) [1-10]. Indeed, supersymmetric (SUSY)
modular invariant theories give us an attractive framework to address the flavor symmetry
of quarks and leptons with non-Abelian discrete groups [11]. In this approach, the quark
and lepton mass matrices are written in terms of modular forms which are holomorphic

functions of the modulus 7. The arbitrary symmetry breaking sector of the conventional



models based on flavor symmetries is replaced by the moduli space, and then Yukawa
couplings are given by modular forms.

The well-known finite groups Ss, A4, S4, and Ajs are isomorphic to the finite modular
groups 'y for N = 2,3, 4,5, respectively [12]. The lepton mass matrices have been given
successfully in terms of Ay modular forms [11]. Modular invariant flavor models have
been also proposed on the I'y ~ Sz [13], Ty ~ Sy [14] and T's ~ Aj [15]. Based on
these modular forms, flavor mixing of quarks and leptons have been discussed intensively
in these years. Phenomenological studies of the lepton flavors have been done based on
Ay [16-18], S4 [19-21] and A5 [22]. A clear prediction of the neutrino mixing angles and
the Dirac CP phase was given in the simple lepton mass matrices with the A4 modular
symmetry [17]. The Double Covering groups T’ [23, 24] and S} [25, 26] were also realized
in the modular symmetry. Furthermore, phenomenological studies have been developed in
many works [27-77] while theoretical investigations have been also proceeded [78-97].

The supersymmetric modular invariant theory of flavors addresses not only the flavor
structure of quarks and leptons, but also the flavor structure of their superpartners and
leads to specific patterns in soft SUSY breaking terms [73, 74]. Soft SUSY breaking terms
were studied in several models with non-Abelian flavor symmetries [98-102]. Such physics
can be observed indirectly in the low energy experiments like lepton flavor violating (LFV)
processes [74].

The vacuum expectation value (VEV) of the modulus 7 plays an important role in
modular flavor symmetry, in particular realization of quark and lepton masses and their
mixing angles. The modulus VEV is fixed as the potential minimum of the modulus
potential, so called the modulus stabilization in modular flavor models [80, 86, 88, 89]. At
such a minimum, the F-term of the modulus F7 may be non-vanishing, and leads to SUSY
breaking, that is the moduli-mediated SUSY breaking [103-106]. This specific pattern of
soft SUSY breaking terms has been discussed in the LFV [74].

On the other hand, the modular invariance has been also studied in the framework
of the generalized CP symmetry [107], which is the non-trivial CP transformation in the
non-Abelian discrete flavor symmetry [108-113]. A viable CP invariant lepton model was
proposed in the modular Ay symmetry [68], in which the CP symmetry is broken by fixing
7, that is, the breaking of the modular symmetry (see also [69]). The phenomenologi-
cal implication of those models were studied by focusing the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) mixing angles [114, 115] and the CP violating Dirac phase of leptons. In
this framework, a fixed 7 also causes the CP violation in the soft SUSY breaking terms.
The electric dipole moments (EDMs) of charged leptons arise from the CP non-conserved
soft SUSY breaking terms. The current experimental upper bound of the electron EDM,
|de/e| < 1.1x1072 cm at 90% confidence level has been reported by the ACME Collabora-
tion [116], and the future sensitivity is expected to reach up to |d/e| ~ 1073 cm [117, 118].
This future sensitivity put forward the theoretical studies of some models [119, 120].

In our work, we discuss the electron EDM in the framework of the supersymmetric
modular invariant theory of flavors. We take the level 3 finite modular groups, I's for the
flavor symmetry since the property of A4 flavor symmetry has been well known [121-127].
Indeed, viable CP invariant lepton models have been investigated linking to the leptogenesis



recently [128]. In this flavor symmetry, we study the electron EDM by fixing 7 in the soft
SUSY breaking term while the observed lepton masses and PMNS mixing angles are com-
pletely reproduced. The SUSY mass scale is also significantly constrained [74] by inputting
the observed upper bound of LFV, that is the u — ey decay [129]. In order to see the effect
of CP phase in the modulus 7, we examine the correlation between the electron EDM and
the decay rate of the u — ey decay. The correlation is clearly seen by putting the SUSY
mass parameters. That is contrast to the case of the conventional non-abelian discrete fla-
vor symmetric model [102, 130, 131]. Indeed, our mass insertion parameters are obtained
without uncertainty once the lepton mass matrices and the SUSY mass scale are fixed.

The paper is organized as follows. In section 2, we give a brief review on the CP
transformation in the modular symmetry. In section 3, we present the soft SUSY breaking
terms in the modular flavor models. In section 4, we present the CP invariant lepton mass
matrix in the A4 modular symmetry. In section 5, we present formulae for the electron
EDM and the branching ratio of the u — ey decay in terms of the soft SUSY breaking
masses. In section 6, we present the numerical result of the electron EDM as well as the
branching ratio of the ; — ey decay. Section 7 is devoted to the summary. In appendices A
and B, we give the tensor product of the A4 group and the modular forms, respectively.
In appendices C and D, we present the relevant renormalization group equations (RGEs)
and loop functions, respectively. In appendix E, we show the charged lepton mass matrix
with only weight 2 modular forms and corresponding slepton mass matrix.

2 CP transformation in modular symmetry

2.1 Generalized CP symmetry

The CP transformation is non-trivial if the non-Abelian discrete flavor symmetry G is set
in the Yukawa sector of a Lagrangian [113, 132]. Let us consider the chiral superfields. The
CP is a discrete symmetry which involves both Hermitian conjugation of a chiral superfield
Y(z) and inversion of spatial coordinates,

U(z) = Xeh(2p), (2.1)

where zp = (t,—x) and X, is a unitary transformation of ¢)(z) in the irreducible represen-
tation r of the discrete flavor symmetry (. This transformation is called a generalized CP
transformation. If X, is the unit matrix, the CP transformation is the trivial one. This is
the case for the continuous flavor symmetry [132]. However, in the framework of the non-
Abelian discrete family symmetry, non-trivial choices of X, are possible. The unbroken
CP transformations of X, form the group Heop. Then, X, must be consistent with the
flavor symmetry transformation,

P(z) = pe(g)(z), g€@, (2.2)

where py(g) is the representation matrix for ¢ in the irreducible representation r.
The condition, which has to be respected for consistent implementation of a generalized
CP symmetry along with a flavor symmetry, is given as follows [133-135]:

Xepi ()Xt = pe(d)), 9,9 €G. (2.3)

This is called the consistency condition for X,.



2.2 Modular symmetry

The modular group I' is the group of linear fractional transformations v acting on the
modulus 7, belonging to the upper-half complex plane as:

b
, where a,b,c,d €7 and ad—bc=1, Im[r] >0, (2.4)

which is isomorphic to PSL(2,Z) = SL(2,Z) /{1, -1} transformation. This modular trans-
formation is generated by S and T,

1
ST — ——, T:7T—71+1, (2.5)
T

which satisfy the following algebraic relations,
S?=W, (ST =K. (2.6)

We introduce the series of groups I'(V), called principal congruence subgroups, where
N is the level 1,2,3,.... These groups are defined by

I(N) = {(Z 2) € SL(2,Z) | (Z Z) — (; ?) (modN)}. (2.7)

For N = 2, we define I'(2) = I'(2)/{I, —1}. Since the element —I does not belong to I'(N)
for N > 2, we have T'(N) = T'(N). The quotient groups defined as T'y = I'/T'(V) are finite
modular groups. In these finite groups I'y, TV = W is imposed. The groups I'y with
N =2,3,4,5 are isomorphic to S3, A4, S4 and Az, respectively [12].

Modular forms f;(7) of weight k are the holomorphic functions of 7 and transform as

fi(r) — (er + d)fp(7)ij fi(r), ~€T, (2.8)

under the modular symmetry, where p(7y);; is a unitary matrix under I'y.
Under the modular transformation of eq. (2.4), chiral superfields 1; (i denotes flavors)
with weight —k transform as [136],

i — (em +d) Fp()ijb; - (2.9)

We study global SUSY models. The superpotential which is built from matter fields
and modular forms is assumed to be modular invariant, i.e., to have a vanishing modular
weight. For given modular forms this can be achieved by assigning appropriate weights to
the matter superfields.

The kinetic terms are derived from a Kéhler potential. The Kéhler potential of chiral
matter fields ; with the modular weight —k is given simply by

M Z i, (2.10)

where the superfield and its scalar component are denoted by the same letter, and 7 = 7*
after taking VEV of 7. The canonical form of the kinetic terms is obtained by changing



the normalization of parameters [17]. The general Kdhler potential consistent with the
modular symmetry possibly contains additional terms [137]. However, we consider only
the simplest form of the Kahler potential.

For I's ~ A4, the dimension of the linear space M (I'(3)) of modular forms of weight k
is k41 [138-140], i.e., there are three linearly independent modular forms of the lowest non-
trivial weight 2, which form a triplet of the A4 group, Y3(2) (1) = (Yi(7), Ya(7), Y3(7))T.
These modular forms have been explicitly given [11] in the symmetric base of the Ay
generators S and T for the triplet representation (see appendix A) in appendix B.

2.3 CP transformation of the modulus 7 and modular multiplets

The CP transformation in the modular symmetry was discussed by using the generalized
CP symmetry in ref. [107]. The CP transformation of the modulus 7 is well defined as:

r (2.11)

The CP transformation of modular forms were given in ref. [107] as follows. Define
a modular multiplet of the irreducible representation r of I'y with weight k as Yl(pk) (1),
which is transformed as:

Y (r) s v (), (2.12)

under the CP transformation. The complex conjugated CP transformed modular forms
Yl(pk)*(—T*) transform almost like the original multiplets Y& (1) under a modular trans-

formation, namely:
Y97 (=) = Y (=(37)7) = (er + ) pi () Yi0 (=), (2.13)

where u(y) = CPyCP~'.! Using the consistency condition of eq. (2.3), which gives
X;FP:(U(V)) = pr('y)XE‘, we obtain

XTY 8 (—7%) L (er + ) pe (1) XTY S (—7%) | (2.14)

Therefore, if there exists a unique modular multiplet at a level N, weight k& and represen-
tation r, which is satisfied for N = 2-5 with weight 2, we can express the modular form
v (1) as:

Y (7) = kXTYE* (=77, (2.15)

where k is a proportional coefficient. Make Yl(-k)*(—T*) by using eq. (2.15) and substitute

it for Y,(.k)*(—T*) in the right hand side of eq. (2.15). Then, one obtains X} X, = |x|2¥;
since Yl(pk)(—(—T*)*) = YE«k)(T). Therefore, the unitary matrix X, is symmetric one, and
k = €'? is a phase, which can be absorbed in the normalization of modular forms. Thus, the
modular symmetry restricts X, being symmetric. In conclusion, the CP transformation of
modular forms is given as:

Y ) - vy () = X, Y (7). (2.16)

L4 acts on the generator as u(S) = S and u(T) = T~ [107].



It is also emphasized that X, = W, satisfies the consistency condition eq. (2.3) in a basis
that generators of S and T" of Iy are represented by symmetric matrices because of pi(S) =
pi(S) = pe(S™Y) = pe(S) and pi(T) = pi(T) = pe(T~1). Our basis of A4 generators of
eq. (A.1) is symmetric one in appendix A.

The CP transformations of chiral superfields and modular multiplets are summarized
as follows:

T ) B Xdep), Y)Y () =X, Y, (217)

where X, = ;. can be taken in the basis of symmetric generators of S and 1. We use this
CP transformation of modular forms with X, = ¥, to construct the CP invariant lepton
mass matrices in section 4.

3 Soft SUSY breaking terms

Let us consider the moduli-mediated SUSY breaking [103-106]. We present the soft SUSY
breaking terms due to the modulus F-term, using the unit Mp = 1, where Mp denotes the
reduced Planck scale. In supergravity theory, the action is given by the Kahler potential
K, the superpotential W and the gauge kinetic function f. The kinetic terms are derived
from a Kéhler potential.

The Kéhler potential of chiral matter fields v; with the modular weight —k; is given

simply by
Kmatter — K_|w‘2 K- — 1 (3 1)
il Pl i [2(7_' —T)]ki : :
Then, the full Kéhler potential is given as:
K = KQ(T, M) + Kmatter’
Ko(t,M) = —In (i(T — 7)) + K(M, M), (3.2)
where M denotes moduli other than 7.
The superpotential W is given as:
W = Yiji(7) @ + My (1) ®;®j -+ - . (33)

We suppose that the gauge kinetic function is independent of the modulus 7, i.e. f(M)
since the modulus 7 does not appear in the gauge kinetic function at tree level.

Let us consider the case that the SUSY breaking occurs by some F-terms of moduli
X, FX (FX #0). The canonical form of the kinetic terms is obtained by changing the
normalization of parameters. In the canonical normalization, the soft masses m; and the
A-term are given as [103]:

i =myy — Y |[FXPoxdgxnK,;, (3.4)
X
and
FX
Aij = Ai + A5 + A — ; maXYijk ;
A =Y F¥oxIme MBK (3.5)
X



where 7, j and k denote flavors. Here, Yukawa couplings ﬁjk in global SUSY superpotential
are related with Yukawa couplings Y;;; in the supergravity superpotential as follows:

Vijkl? = ™0Vl (3.6)

That is, the global SUSY superpotential has vanishing modular weight while the super-
gravity superpotential has the modular weight —1. Our modular flavor model is studied in
global SUSY basis.

Suppose the case of X = 7. The Kéhler potential K in eq. (3.2) leads to the soft mass

[F?

Ao (3.7)

where mg/, is the gravitino mass. It is remarked that m? becomes tachyonic if
ki|F7|?/(2Im7)? is larger than m§/2. Since m; should be at least larger than O(1)TeV,
eq. (3.7) provides a significant constraint with our phenomenological discussion.
On the other hand, the A-term is written by
A, = A?jk + A
Fr , _ F7 dYiu(n)
2Im 7’ ik Yijg dr

Al = (1= ki — kj — k) (3.8)
Then, we have the soft mass term h;;, = YijxA;j,. Note that in our convention 7 is
dimensionless, and F7 has dimension one. Gaugino masses can be generated by F-terms
of other moduli, F™, while F™ has universal contributions on soft masses and A-terms.

If we have common weights for three generations in the modular flavor model, the soft
mass m; is flavor blind. Then, the left-handed and right-handed slepton mass matrices
Mer; and Mep; are universal as:

Mo = Miro, MeRi = Mipo (3.9)
that is, they are proportional to the unit matrix, which does not contribute the LFV.
This is the case in the previous study of ref. [74]. However, the condition of the universal
slepton masses is relaxed in our phenomenological discussion by the assignment of different
weights for the three right-handed charged leptons. Non-universal slepton mass matrices
contribute to the LFV.

The first term of A;j;, term of eq. (3.8) A?jk also contributes to the LFV in addition
to the second term A;jk in the case of different weights for the three right-handed charged
leptons.

4 CP invariant lepton model in A; modular symmetry

4.1 Lepton mass matrices

The CP invariant lepton mass matrices have been proposed in the A4 modular symme-
try [68, 128]. We adopt those ones in order to discuss the soft SUSY breaking terms. The



L| (ec,pe,7) | Ne | Hy | Hy | Y3V
SU2) | 2 1 122 1
Ay |3l @,11) | 3] 11| 3
weight | 1 | (ke, ku, kr7) | 1 010 k

Table 1. Representations and weights for superfields and relevant modular forms of weight k.

three generations of the left-handed lepton doublets are assigned to be an Ay triplet L, and
the right-handed charged leptons e, u¢, and 7¢ are Ay singlets 1, 1” and 1/, respectively.
The three generations of the right-handed Majorana neutrinos are also assigned to be an
Ay triplet N€ [128]. The weight of the superfields of left-handed leptons is fixed to be 1 as a
reference value. The weight of right-handed neutrinos is also taken to be 1 in order to give
a Dirac neutrino mass matrix in terms of modular forms of weight 2. On the other hand,
weights of the right-handed charged leptons e, u¢ and 7¢ are put (ke, kyu, kr). Weights of
Higgs fields H,, H, are fixed to be 0. The representations and weights for MSSM fields
and modular forms of weight k& are summarized in table 1.

At first, we present the neutrino mass matrices. In table 1, the A4 invariant superpo-
tential for the neutrino sector, w,, is given as:

Wy, = Wp + WN,
_ c (2) ! nTC (2)
wp =y NH,YP L+~ N H, YV L,
wy = ANN°Y D (4.1)

where 7, and v/, are Yukawa couplings, and A denotes a right-handed Majorana neutrino
mass scale. By putting v, for VEV of the neutral component of H, and taking a triplet
(Ve, Yy, vr) for neutrinos, the Dirac neutrino mass matrix, Mp, is obtained as

2, (=1+gp)Y3 (-1 —-gp)Yo
Mp =y | (=1 —gp)Y3 2Y5 (-1 +gp)\V1 : (4.2)

(=1+4gp)Ys (-1 —gp)V1 2Y3 RL

where gp = 7/,/7,. On the other hand the right-handed Majorana neutrino mass matrix,
My is written as follows:

2V —-Y; —Ys,
My =A|-Y; 2, -Y; . (4.3)
-Y, -] 25

RR

By using the type-I seesaw mechanism, the effective neutrino mass matrix, M, is obtained
as

M, = MSMy'Mp . (4.4)



We propose the charged lepton mass matrices with minimum number of parameters
to reproduce the observed lepton masses and PMNS mixing angles. Indeed, there are
four choices of weights right-handed charged leptons, those are (k. =1, k, = 1, kr = 5),
(ke =1,ky =3,k =5), (ke=1,ky,=1,k; =7) and (k. = 1, k, = 3, k; = 7) labeled as
cases A, B, C and D, respectively in our numerical study, as will be discussed later. Then,
we need modular forms of weight 2, 4, 6 and 8, which are presented in appendix B.

Then, the A4 invariant superpotential of the charged leptons, w,, by taking into account
the modular weights is obtained as

We = e HyY3) L 4 B HyYa VL 4 qor HyYS " VL + e HY S, (45)

where ., fe, Ve, and 7. are constant parameters. Under CP, the superfields transform as:

CcP cpP — CcP — CcP - CP —
ec—) Xi(éc, ,LLC—>XI//,LLC, TC—> XI/TC7 L—>X3L, Hd—>nde7

(4.6)
and we can take 1y = 1 without loss of generality. Since the representations of S and T’
are symmetric (see appendix A), we can choose Xg = W3 and X7 = Xy = Xy» = W as
discussed in eq. (2.17).
Taking a triplet (er, pur, 71) in the flavor base, the charged lepton mass matrix Mg is
simply written as:

o 0.0 52 v ) v (1)
Melr) = 06 0 v () v (7) Y™ (r) ,
00 7% \B" () 0.5 (1) 170+, () (1) 9.1 (7)

(4.7)
where m = k, + 1 and n = k, + 1 for weights of modular forms in our case. The new
parameter g. is defined as g. = 7./7. and vy is VEV of the neutral component of Hg.
The coefficients a., 8. and ~,. are taken to be real without loss of generality. Under CP
transformation, the mass matrix Mg is transformed following from eq. (4.7) as:

M (7) S5 M (—7%) = M* (1) (4.8)
a, 0 0 Yl(2) (r)* Y3(2) (r)* Y2(2) (r)*
=vq| O /Be 0 YQ(m) (,7_)* Yl(m) (T)* Y's(m) (7_)*

0 0 7 ) \ " () + 07" (7) Y (1) + g2V (7)* Vi (r) 4+ g2V ()

In a CP conserving modular invariant theory, both CP and modular symmetries are
broken spontaneously by VEV of the modulus 7. However, there exists certain values of
which conserve CP while breaking the modular symmetry. Obviously, this is the case if 7

is left invariant by CP, i.e.

r & g , (4.9)

which indicates 7 lies on the imaginary axis, Re[r] = 0. In addition to Re[r] = 0, CP is
conserved at the boundary of the fundamental domain.



Due to eq. (2.17), one then has
M, () = M (7), Me(T) = MZ(7), (4.10)

if g and gp are taken to be real. Therefore, the source of the CP violation is only non-
trivial Re[7] after breaking the modular symmetry. Numerical results of the CP violation
have been obtained by fixing the modulus 7 with real g. and gp.

4.2 Soft masses of sleptons

As presented in section 3, the SUSY breaking due to the modulus F term gives the soft
mass terms of sleptons, m%, fn% and m% ; as:

N [F7|? - _ 9 |F7?
(MgR)ii = M3y — kzm ; (e )jj = M3 — kjm ;
FT dYi(7)
~ 2 —
(terr)ij = vahije = va(l = ki —kj) 57 —Yij + UdFT% : (4.11)

where ¢, j denote the right-handed and left-handed flavors and the subscript index k is
omitted in h;j, and the weight of Higgs fields kj in eq. (3.8) is set to be zero without loss
of generality. The subscript indices L and R refer to the chirality of the corresponding SM
leptons. The Yukawa matrix Yj; is given by the charged lepton mass matrix in eq. (4.7) of
subsection 4.1 as Mg /vg. Slepton mass matrices Tth and ng are diagonal matrices, on
the other hand, mg 1, has off-diagonal entries in the present flavor basis.? It is noted that
the mass term mgLR is given by ﬁiRJ,rL.

Let take the models in subsection 4.1, where weights of three right-handed charged
leptons are k., k, and k., respectively. On the other hand, k; of weights for left-handed
leptons are universal as 1, because left-handed leptons are constituents of a A4 triplet.

The soft masses of L and R are given:

m3 ., — Imp|? 0 0
Mep, = 0 m3 ., — [mp? 0 : (4.12)
0 0 m§/2 — |mp|
m3 ., kelmp| 0 0
Mep = 0 mg/g - ku‘mFP 0 ) (413)
0 0 m§/2 krlmpg|
where P
= ) 4.14
me 2ImT ( )

Thus, Mm?2; matrix is universal for flavors (proportional to unit matrix), but m2p one is
not universal in our models. Therefore, after moving to the super-PMNS base (diagonal

2The SUSY sector of neutrinos is neglected since the right-handed Majorana neutrinos decouples at the
high energy scale in our model. The effect of the right-handed neutrinos is discuss in section 6.

~10 -



base of the neutrino and charged leptons), the off-diagonal entries of ng appear, but the
off-diagonal entries of 72, are not induced.?

As discussed in eq. (3.7), the slepton masses become tachyonic if k;|F7|?/(2Im7)? is
larger than mg /2 Therefore, the magnitude of F” is significantly constrained for the larger
weight k; in our phenomenological discussion.

The mg r, Matrix has a different flavor structure, which is shown as:

meRL ~ 'Ud
k. 00 e y® y®

X |mp 0 _k,uﬂe 0 }/’Z(m) Yl(m) Y3(m)

0 0 _k‘r'Ye YE}(”) + ge}/?)(”) Yg(n) +geYQ (n) Yl(n) +geY1 (n)

o 0 0 e y® y®

d
+FT0 B 0| o v, y,m™ y{m™ . (4.15)
0 0 Ve Yg(n) "‘gng(n) Y2(n) +gey2(n) Yl(n) +geY1 (n)

where m = 2 or 4, and n = 6 or 8 for weights of modular forms in our models. The second
term of right-hand side in eq. (4.15) is the derivative of the modular forms with respect to
the modulus 7.

The parameters in these slepton mass matrices, m3/, and F" are taken to be real to
give the CP conserving modular invariant model. The CP violation is caused by fixing 7 in
the soft mass terms as well as in the lepton mass matrices. We also suppose real gaugino
masses.

In order to study the phenomenological implications of the soft SUSY breaking sector,
we rotate these slepton mass matrices into the physical basis where the Yukawa matrices
are real diagonal and positive, i.e. the super-PMNS basis. Any misalignment between the
lepton and slepton flavor matrices gives a source of CP violation and LFV in the low-energy
phenomena.

With these soft masses, the amount of flavor violation can be addressed in terms of
the dimensionless mass insertion parameters. We adopt the definition in ref. [102] for
mass insertion parameters because slepton masses are not universal for flavors. The (i, 7)
elements of mass insertion parameters are given as:

m2 ) (mZ ) (m2 ) (mQ )
56 ij = ~6Ll]7 56 )i‘:%Mv 66 i':%, (56 i'zw,
Cers)is =gy, Cermlo =g, Corndi="gaja s (enrly e

where the averaged masses in the denominators are defined by

(me)ss = /(120 (M) (4.17)

By using these parameters, we discuss the phenomenological implication of our modular
invariant models.

3We neglect RGE effects from Yukawa couplings of leptons since they are very small at tan 8 ~ 5, which
is used in the numerical calculations of section 6.

- 11 -



4.3 RGEs effect of sleptons

Our model of leptons are set at the high energy QQg. Therefore, we take into account the
running effects of slepton mass matrices at the low energy scale (). The renormalization
group equations (RGEs) are shown in appendix C. Since Yukawa couplings of charged
leptons are small, the evolutions of off-diagonal elements are dominated by the gauge
couplings. Thus, the largest contributions of the RGEs evolution for off-diagonal elements
of A-term is flavor independent. Then, we can estimate the running effects by [101, 141, 142]

-1 (< 9
Ac,;(Q) ~ exp 5 / dt <g% + 3g§> Ae;;(maut) =~ 1.4 X Ae,;;(Qo), (4.18)
1672 Jo, " \5

where g1 2 are the gauge couplings of SU(2);, x U(1)y and t = In Q/Qo. Numerical coeffi-
cient 1.4 is obtained by taking Qo = 10'6 GeV and @ = 1TeV for a reference.

Therefore, the mass term mg g1 is given as

~ 2 ~
MmepL = 1.4Ud

koo 0 0 y® v y®
X |mp 0 —kuBe O v Y™ Y3(m)
0 0 _kT7€ Y:g(n) 4 961/3/(”) YQ(”) + geYQ,(n) Yl(n) 4 geyll(n)
a 0 0 y? v v
d
+F 08 0| v, y,m™ v{m™ . (4.19)
009) \¥"+gv" v 4 g™ v 4 gy

where m = 2 or 4, and n = 6 or 8 for weights of modular forms.
In the supergravity framework, soft masses for all scalar particles have the common
scale denoted by my, and gauginos also have the common scale M /5. Therefore, at Qo,

we take real masses as:

M1(Qo) = Ma(Qo) = My 2, (4.20)

where My and Ms are the bino and wino masses, respectively. The effects of RGEs lead at
the low energy scale @ to following masses for gauginos [141, 142]

a1(Q) a2(Q)

M ~ M , M- ~ M. , 4.21

1(Q) o1 (Q0) 1(Qo) 2(Q) 22(00) 2(Qo) (4.21)

where o; = ¢?/4m (i = 1,2) and according to the gauge coupling unification at Qo,
a1(Qo) = a2(Qo) ~ 1/25. Then, the low energy gaugino masses

M1 ~ 0.49 M1/2 N MQ ~ 0.86 M1/2 N (422)

by taking Qo = 10'® GeV and Q = 1 TeV.

- 12 —



On the other hand, taking into account the RGEs effect on the average mass scale in

m2; and M2y, we have [141, 142]

m2p(Q) ~ 2 (Qo) + K2(Q) + iKl(Q) ) (4.23)

mZp(Q) ~ m2p(Qo) + K1(Q)

K@ =25k [ agomar,  m@ =20k [ agwmn?. @2

We neglect the hyperfine splitting O(M%) in the slepton mass spectrum produced by elec-
troweak symmetry breaking because of M/ > Mz. We obtain numerically

(K1, Ka) = (0.14M7 5, 0.40M7 ), (4.25)

which are flavor independent. The soft masses of L and R are given as:

mg—m3 0 0 014 100
m2 ~ 0 mi-m% 0 . <0.40+ 4> Miylo10],
0 0  mi—m% 001
mé — kem3 0 0 100
mip ~ 0 mg — k,m% 0 +0.14 M7 01 0], (4.26)
0 0 mé — kym% 001

where m3/, = my is put.

The parameter p is given through the requirement of the correct electroweak symmetry
breaking [102, 130, 141, 142]:
Y, —my, tan? 1

2
- = . 4.2
tan? B — 1 "z (4.27)

ul* =

At the low energy, |u|? turns to [130]

m% 51+ 0.5tan? 3 5 0.5+3.5tan?p

~ 4

g Mo tan? 3 — 1 + My tan?8 -1 '

|ul? (4.28)

which is determined by fixing mq, M/, and tan 8. We also take p to be real positive.

Our predictions of the electron EDM and the branching ratio of y — ey are given at
the 1TeV mass scale. The RGE effects of them below 1TeV are induced by the Yukawa
couplings of charged leptons and gauge couplings g1 and go. We can neglect these RGE
effects since the Yukawa couplings of charged leptons are small in our model and there is
no QCD couplings in the one-loop level. The gauge coupling contributions below 1TeV are
O(1)%. This contribution does not affect our numerical results.
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5 Electron EDM and g — e+ decay

5.1 Electron EDM

The current experimental limit for the electric dipole moment of the electron is given by
ACME collaboration [116]:

|de] < 1.1x107% ecm, (5.1)

at 90% confidence level. Precise measurements of the electron EDM are rapidly being
updated. The future sensitivity is expected to reach up to |d./e| ~ 10730 cm [117, 118].
This bound and future sensitivity can test the framework of the supersymmetric modular
invariant theory of flavors. The corresponding EDM formula of leptons is given as [102]:

de o1 My _ ¥
= 8771777113 Mel, Im[ — (0eLr)11CB(T) Mer
+{(5eLL)1i(5eLR)ilcj,B,L(j) + (5eLR)1i(5eRR)i101,37R(j)} Me (5:2)

—{(5eLL)1i(5eLR)z‘j(5eRR)j1 + <5eLR)1j(6eRL)ji(6eLR)i1}Cg(i') meRjj] ;

where m.;, and mer are first mass eigenvalues of mgL and ng, respectively, and m,. is
the averaged mass of L and R as M. = \/MerMmer. Moreover m.p,. denotes the i-th mass
eigenvalue of m?2 r- The expression of eq. (5.2) is proportional to the bino mass M;. The
dimensionless loop functions C'p(Z) etc. are presented in appendix D. Since our slepton
masses of L and R are not so different each other, we adopt the approximate formulae for
Cp(Z), Cp(Z) and Cf (%) [102] by using & = (M /).

The dominant contribution to the electron EDM comes from the first term of the
right-hand side, which is the single chirality flipping diagonal mass insertion (derr)11,
so called flavor-conserving EDM. Its imaginary part is non-zero due to the VEV of the
modulus 7, which allows a non-trivial CP phase in T”anL to be different from the phases
of the charged lepton mass matrix. The next-to-leading order term is so called flavored
EDM [143], which is related with the FCNC of leptons. We will examine both contribution
to the electron EDM.

5.2 Branching ratio of p — e~y

Once non-vanishing off-diagonal elements in the slepton mass matrices are generated, LE'V
rare decays like 1 — ey are naturally induced by the one-loop diagrams with the exchange
of gauginos and sleptons [144-146]. The branching ratio of y — e is given as [102]:

3 _p? tan? 3
BR(1 — ey) = dem Gy tan’ Oy My, z Tg X
2
m LmeR 1 meLmeR
5 _ 5 6701 70/ Cl 6 -
X(‘( eLL)12 ( ( eLR)22M tan m, B.L T 9 L + 2) +( ELR)HM tan Bm,,

MeLMeR
4

2
5 ) 53

«  MeLMeR / / *
(0eRR)12 (-(5eLR) ———Cgpr—C ) + (6eLRr)
2 an B, CBR TR 21

p tan Smy,

— 14 —



Current bounds Future prospects

|de/e] cm 1.1 x 10729 [116] ~ 10730 [117, 118]
BR(pu — ey) | 4.2x 10713 [129, 157] | 6 x 107 [152]
BR(u — eee) 1.0 x 10712 [157] ~ 10716 [153-155]

CR(uN — eN) 7.0 x 10713 [157] ~ 10716 [153-155]

Table 2. Current experimental bounds and future prospects of relevant processes.

where we put sin®6y = 0.231. The dimensionless loop functions are presented in ap-
pendix D. In our model, the leading terms come from (d.rr)12 and (derr)s; due to the
chiral enhancement. The next-to-leading ones arise from (d.rr)12. The off-diagonal com-
ponent (derz,)12 does not come out in our model.

In SUSY models, the branching ratio of ¢; — Ej&jk and the conversion rate of u/N —
eN are related simply as [146]:

BR(6; — kly) Qe (

my.
2log — -3
BR(EZ — @’y) 3T ©8

) ’ CR(uN — eN) (5.4)
mgk

BR(& — gj"}/) = Cem

where e, is the electromagnetic fine-structure constant.
Current experimental bounds and future prospects of EDM, u — ey and relevant
processes are summarized in table 2.

6 Numerical results

As discussed in subsection 4.1, the CP invariant lepton mass matrices have been given in
the A4 modular symmetry [128]. The tiny neutrino masses are obtained by type-I seesaw.
The CP symmetry is broken spontaneously by the VEV of the modulus 7. Thus, the fixed
value of 7 breaks the CP symmetry as well as the modular invariance. The source of the CP
phase is the real part of 7. Lepton mass matrices of four cases of weights (k., k., k-) are
completely consistent with observed lepton masses and PMNS mixing angles. Then, the
CP violating Dirac phase is predicted clearly at the fixed value of 7 [128]. The predicted
CP phases of five cases are different as seen in table 3.

By using those successful charged lepton mass matrices, we calculate the electron EDM
and the branching ratio of u — e7y. In our numerical analyses, we take four cases A, B, C
and D with weights of right-handed charged leptons (ke, k., k-):

(ke, ku, kr) + A(1,1,5), B(1,3,5), C{1,1,7), D(1,3,7).

We also discuss the alternative case E, where the charged lepton mass matrix is written
with only weight 2 modular forms, (k., k., k) = (1, 1, 1) (see appendix E), in which the
branching ratio of u — ey was studied in ref. [74]. In the case of E, the neutrino mass

matrix is given by the dimension-five Weinberg operator instead of type-I seesaw.?

“In the case of the charged lepton mass matrix with only weight 2 modular forms, a simple neutrino
seesaw mass matrix is not obtained for the model of spontaneously CP violation.
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(Key Ky, kor) A(1,1,5) B(1,3,5) C(1,1,7) D(1,3,7)
T —0.1912+1.11944 | 0.1931 +1.12404 | 0.0901 +1.00474 | -0.1027 + 1.0050 i
gD —0.800 —0.800 —0.660 0.685
e —0.905 —0.900 —0.530 —0.573
Be/ e 3.70x 1073 4.73x1073 5.94x 1073 6.30 x 1073
Ye/ e 9.71 10.1 17.6 16.0
sin® 61, 0.305 0.309 0.324 0.326
sin? fg3 0.569 0.574 0.441 0.479
sin? 613 0.0222 0.0225 0.0222 0.0223
Sbp 172° 187° 183° 176°
> m; 62.5 meV 62.8 meV 60.5 meV 60.7 meV
NG 1.08 1.43 2.16 2.38

Table 3. Numerical values of parameters 7, gp, ge, Se/Qe, Ve/e and output of best fitting three
mixing angles. The CP violating Dirac phase §5p and the sum of three neutrino masses > m; are
predicted. The square root of the sum of x? are also shown.

In table 3, we show five parameters of models, out put of three mixing angles and
predicted the CP violating Dirac phase and the sum of neutrino masses at the best-fit
values for cases A, B, C and D in the normal hierarchy of neutrino masses (NH),”> where
neutrino data of NuFit 5.0 are put [149]. The charged lepton masses are fitted at the
high energy scale 2 x 106 GeV with tan 3 = v,/vg = 5 [150, 151]. The parameter gp
appears in the neutrino Dirac mass matrix in eq.” (4.2) and is real as seen in eq. (4.10).
Since we discuss sleptons, which are the superpartner of the charged lepton sector, gp does
not affect our numerical results of the electron EDM and the LFV. On the other hand,
real parameters ge, e/, Ve/ in addition to complex value of 7 determine the charged
lepton mass matrix. By using those four real parameters gp, ge, Be/e, Ye/e and one
complex parameters (Re [7] and Im [7]), we performed y?-fit, where we adopted the sum of
one-dimensional x? function for four accurately known dimensionless observables, the ratio
of two neutrino mass squared differences Amgtm / Amgol, sin® f19, sin®#a3 and sin? 63 in
NuFit 5.0 [149]. In addition, we employed Gaussian approximations for fitting the charged
lepton mass ratios, me/m, and m,/m,. Since free six parameters fit six observables, we
can predict the CP violating Dirac phase 5é p and the sum of neutrino masses > m;.

Parameters of the case E are shown in appendix E.

We fix the charged lepton mass matrices by using fe/ae, Ve/e and g in addition
to the modulus 7 in table 3 apart from the normalization of the mass matrix. Then, the

mass insertion parameters are determined including CP phases if the SUSY parameters

5There are no allowed parameter set within 3o confidence level for the inverted hierarchy of neutrino
masses.
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Figure 2. The predicted BR(p — ev) versus

Figure 1. The predicted |d./e| versus mq with mo with putting F7 — mg/2 in case A. The

. . . L
putting F" = mp/2 in case A. The grey region is grey region is excluded by the experimental up-

excluded by the experimental upper bound. per bound.

mgzjp = mo, My and F7 are put. In order to calculate the electron EDM and the
branching ratio of p — e, the slepton mass matrices of egs. (4.19) and (4.26) are rotated
into the physical basis where the charged lepton mass matrix is real diagonal and positive.

As discussed in egs. (3.7) and (4.14), the magnitude of F”™ should be significantly
constrained for the larger weight k; to prevent the tachyonic slepton. Since the largest
weight is k; = 7, we take |F7| = mg/2 in the following numerical analyses. We will discuss
later if |F7| is set to be larger than = mg/2 with keeping the slepton mass of O(1) TeV.

At first, we present our numerical results of the electron EDM, |d./e| for case A. The
SUSY mass parameters are variable in M;,, = 6-18 TeV and mo = 1-20TeV, which are
allowed in the slepton, bino and wino searches of the LHC experiments [147, 148]. We plot
|dc/e| versus mg in figure 1, where F™ = mg/2 is put. Three curved lines correspond to
M/, = 6,12, 18 TeV, respectively. As seen in figure 1, the predicted electron EDM is
lower than the experimental upper bound as far as the SUSY mass scale is larger than a
few TeV for F™ = mg/2. Indeed, the predicted value is consistent with the experimental
upper bound if the gaugino mass scale M is larger than 4 TeV.

It would be helpful to comment on the behavior of the predicted curves. The maximum
values are apparently found at the low mg region. The predicted values increase at myq close
to 1 TeV. This behavior is due to taking F'7 = mg/2 in order to reduce the number of free
parameters, although mg rp (A-term) is proportional to F” and independent my as seen in
eq. (4.19). If F7 is fixed to, for example, 1TeV, the prediction becomes a monotonically
decreasing function against mg.

The SUSY mass scale is also significantly constrained by the experimental upper bound
of the branching ratio for the . — ey decay [74] . We plot BR(u — e7y) versus my in figure 2,
where we put F'” = mg/2 again. It is found that the predicted BR(pu — ev) is lower than
the experimental upper bound as far as the gaugino mass scale My, is larger than 6 TeV.
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Figure 3. The predicted |d./e| versus mq with
putting F™ = mg/2 in case B. The grey region is
excluded by the experimental upper bound.

Thus, the g — ey process constrains more severely the SUSY mass scale compared with
the electron EDM for case A.

In contrast to case A, the electron EDM constrains tightly the SUSY mass scale in
case B. We present our numerical results of the electron EDM, |d./e| and BR(u — ey) for
case B. We plot |d./e| versus mg in figure 3, where F7 = mg/2 is put. It is found that
the predicted electron EDM exceeds the experimental upper bound at mg < 5TeV if the
gaugino mass scale My is 6 TeV.

We show BR(p — e) versus mg with putting F'™ = my/2 in figure 4. The predicted
BR(p — e) is almost same as the one in case A of figure 2.

Thus, the constraints of the SUSY mass scale from the upper bounds |d./e| and
BR(p — e7y) depend on the model of the charged leptons.

In order to see the importance of CP phases via the modulus 7, we examine the
correlation between the electron EDM and the decay rate of the i — ey decay for both
cases A and B. The correlation is clearly seen in figures 5 and 6. We plot them in the range
of mp = 1-20TeV with fixing M)/, = 6 and 18 TeV in figure 5, on the other hand, in the
range of M/, = 6-18 TeV with fixing mo = 1, 10 and 20 TeV in figure 6.

We find the linear correspondence between BR(p — e7) and |d. /e in the logarithmic
coordinates for both cases A and B. The branching ratio is approximately proportional
to the square of |de/e|. The slope of the line is independent of the value of F'", although
F7™ = my/2 is taken in these figures. Similar correlations are also found in other cases B-E.
This provides a crucial test for our predictions in future. It is also seen that the predicted
decay rate of u — ey is almost same for both cases A and B while the predicted |d./e| of
case B is larger than the one of case A in factor 5. Thus, the magnitude of the predicted
electron EDM depends on the charged lepton mass matrix considerably.
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Although the bound of the electron EDM is |d/e| < 1.1 x 1072% cm [116], the future
sensitivity is expected to reach up to |de/e| ~ 10730 cm [117, 118], which is denoted by the
vertical dashed grey line. For case A, their sensitive mass scale is much below 10 TeV for
mgo and M 5 as seen in figures 5 and 6. On the other hand, for case B, the electron EDM
can probe the mass scale mg of 10-20 TeV as seen in figures 5 and 6. The future sensitivity
of the branching ratio BR(p — ey) is 6 x 107'* [152], which is shown by the horizontal
dashed grey line, excludes only the SUSY mass region much below 10 TeV.

Let us discuss the model dependence among A-E. We show the correlations between
|de/e| and BR(u — e) for all cases A-E in figures 7 and 8. We plot them in the range of
mo = 1-20 TeV with fixing M7/, = 6 and 18 TeV in figure 7, on the other hand, in the range
of My, = 6-18TeV with fixing mo = 1, 10 and 20 TeV in figure 8. The predicted |dc/e|
and BR(u — e7) of case A and case C are similar each other, and those of case B and case
D are also similar each other as seen in figures 7 and 8. The prediction of case E overlaps
somewhat with the one of case A, but its region of case E extends upward considerably. The
i — ey process of case E constrains most severely the SUSY mass scale among A-E. On
the other hand, the electron EDM of case D constrains most severely the SUSY mass scale.

The future sensitivity of the electron EDM, |d./e| ~ 1073% cm [117, 118] will probe the
SUSY mass scale of 10-20 TeV for B, D and E. On the other hand, the future sensitivity
of the branching ratio BR(u — ev), 6 x 10714 [152] can probe the SUSY mass scale close
to 10 TeV only for case E. For cases A—D, their sensitive mass scale is much below 10 TeV.

It is noted that the branching ratio of 4 — 3e and the conversion rate of uN — eN will
be sensitive for proving the SUSY mass scale of higher than 10 TeV although the predicted
branching ratio and conversion rate are significantly below the current experimental upper
bounds as discussed later [153-155].

We have listed predicted mass insertion parameters and d./e, BR(u — evy), BR(u —
eee) and CR(uN — eN) at My = 6TeV, mg = 10TeV and F™ = 5TeV in table 4. In
this setup, the gaugino masses are given as M; = 2.9TeV and My = 5.2TeV at Q = 1TeV,
respectively.

The dominant contribution to the electron EDM comes from the imaginary part of the
single chirality flipping diagonal mass insertion (d.rr)11 (flavor-conserving EDM) as seen
in eq. (5.2). Therefore, the flavor-conserving EDM is almost proportional to Im(derr)11
up to its sign. The small differences of m.r among five cases cause the slight dispersion
of the proportionality. The largest flavor-conserving EDM is obtained in case D. The
next-to-leading term is the flavored EDM, which arises mainly from the non-vanishing
(0err)ij- Therefore, it is considerably suppressed in case E since (dcrr)ij vanish. The
largest magnitude of the flavored EDM is obtained in case C. The sum of flavor-conserving
EDM and flavored one is in the range of (0.62-7.2) x 1073 cm for all cases. The future
experiment can reach up to this range.

We can also calculate the leading contribution of the muon EDM by using (d.rr)22 of
table 4. Tt is predicted as:

|d, /el ~5x107*" cm,, (6.1)

for case A. This predicted value is significantly below its observed upper bound, 2 x 10~1?
at BNL-E821 [118]. The improvement up to 2 x 1072 is expected at FNAL [118].

—90 —



Cases A B C D E
(Serr)11 x 108 0.46 —0.5614 1.843.04 ~12—-1.00 | —28-5.67 | —56—2.2i
(Serr)22 X 10° —1.74+40.427 | 1.0+0.427 | —1.3-0.394 | 0.62—0.37i | —0.15—0.95i
(Serr)12 x 10° 0.91—-4.42¢ | —0.83—-4.2¢ | 11-0.60i | —11—1.04 7.4+18i
(6eLr)13 x 10* 0.464+0.54i | —0.45+0.557 | 1.5+4.3i 1.4—3.8i 0.15—1.94
(6eLr)21 x 107 —0.214-0.047 | —1.7—0.12¢ | 0.70—0.137 | 1.04+0.2i | 0.28—0.87i
(Serr)23 x 10° 0.65—18i —0.53—-17i | —12-30i —114-27i 34.34+2.44
(6eLr)s1 x 107 —0.2240.14% | —0.104-0.494 | 0.62—0.97¢ | —0.10+1.84 | 0.087+40.543
(8erRr)21 X 10° —0.04—0.235 | —48+21i | 0.19-0.009i | 26+1.4% 0
(8erR)31 X 10° —2.99+2.415 | —0.82+9.2i | 2.2-9.2; 4.5+14i 0
(SerR)32 X 10 0.7241.34 0.7-1.2¢ | —0.38+1.2¢ | 0.39+1.3¢ 0

flavor-conserving d./ecm | 7.2x1073 | —3.7x107%° | 1.3x107%° | 7.6x107% | 29x107*
flavored d./ecm —51x107% | —2.4x107%" | =3.9x1073 | 25x1073*" | —1.9x107%
|>"de/e| cm 6.7x 1073 3.9x1073%% | 91x107% | 7.9x107%° | 2.9%x 10730
BR(u— ev) 7.8x1071 6.6x107" | 45x107™ | 48x107" | 14x107'
BR(u — eee) 4.6x10717 3.9%x1071 | 2.7x107¢ | 28x107'% | 8.3x107'¢
CR(uN —eN) 5.7x 1077 4.8x10717 | 33x107% | 35x107% | 1.0x107'°

Table 4. Mass insertion parameters and predicted d./e (flavor-conserving EDM, flavored one and
those sum), BR(p — ev), BR(u — eee) and CR(uN — eN) at M;;3 = 6TeV, mg = 10TeV and
FT =5TeV.

The leading terms of the branching ratio BR(u — ev) are given in terms of (dczr)12
and (derr)iy as seen in eq. (5.3) due to the chiral enhancement. The next-to-leading ones
arise from (dcgrp)i;. However, the contribution of the next-to-leading terms are suppressed
enough compared with the leading ones in all cases. The branching ratio is predicted in
rather broad range 6.6 x 1071°-9.4 x 10~!* for all cases. Case E will be tested since the
future sensitivity is expected to be 6 x 1074 [152].

In SUSY models, the branching ratio of u — 3e and the conversion rate of ulN — eN
are simply related to BR(u — ev) as seen in eq. (5.4). The five branching ratio and
conversion rate are enough below the current experimental upper bounds 1.0 x 107!? and
7.0 x 10713 [157], respectively, as seen in table 4. Since future experiments will explore
these predictions at the level of 10716 for y — 3e and uN — eN [153-155], it will probe
the SUSY mass scale of my ~ 10 TeV.

We can also calculate the branching ratios of tauon decays, 7 — ey and 7 — u~y. Both
branching ratios are at most O(107!3), which are much below the current experimental
upper bounds 3.3 x 1078 and 4.4 x 1078, respectively [157].
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As well known, large flavor-violating trilinear coupling may generate instabilities of
the electroweak vacuum, which constrains the magnitudes of mass insertion parameters
derr [156]. It is noted that our predicted ones do not spoil the vacuum stability.

We also comment on the effect of neutrino Yukawa matrix in the type-I seesaw to the
1 — ey decay. If there are right-handed neutrinos which couple to the left-handed neutrinos
via Yukawa couplings, the RGEs effects, which is the running from the high scale Qg to
the right-handed Majorana mass scale Mg, can also induce off-diagonal elements in the
slepton mass matrix as follows [158, 159]:

6m2 Qo
(Berp)12 > —————2 (Y} Yp)12In 22 | (6.2)
¢ 167T2Tn’§1epton b R

where Yp is Dirac neutrino Yukawa matrix in the diagonal base of the charged lepton.
One should check its effect to the p — ey decay since our models use type-I seesaw. In
conclusion, the effect of neutrino Yukawa couplings is still at the next-to-leading order of
our prediction as far as we take Mp < 10 GeV. For example, in case A, we have

(berr)12 = 4.9%x 1073 (6.6 x107%),  BR(u — ey) ~4.8x 10716 (8.5 x1071%), (6.3)

for Mr = 1013 (10'?) GeV, where we take M; = 2.9TeV, My = 5.2TeV and mgepton =
mg = 10TeV, and the branching ratio includes only the contribution of neutrino Yukawa
couplings.

In our numerical results, we take F™ = mg/2 to prevent the tachyonic slepton since
the largest weight is k; = 7 in our lepton mass matrix. Our predicted electron EDM is
almost proportional to the magnitude of F'", and the branching ratio of u — e is roughly
proportional to |F7|? in the following numerical analyses. We have checked the numerical
results in the case of F7 = myg for case E, where tachyonic sleptons are prevented due to
small weight 1. Indeed, the calculated |d./e| is approximately two times lager than the one
for F™ = mg/2, while BR(u — e7v) is four times lager. Thus, we can estimate roughly |F|

dependence of our numerical results.

7  Summary

We have studied the electron EDM in the supersymmetric A4 modular invariant theory
of flavors with CP invariance. The CP symmetry of the lepton sector is broken by fixing
modulus 7. In this framework, a fixed 7 also causes the CP violation in the soft SUSY
breaking terms. The electron EDM arises from this CP non-conserved soft SUSY breaking
terms. We have examined the electron EDM in the five cases A—E of charged lepton mass
matrices, which are completely consistent with observed lepton masses and PMNS mixing
angles. It is found that the present upper bound of |d./e| < 1.1 x 10729 excludes the SUSY
mass scale, mo and M, below 4-6TeV depending on cases A-E.

The SUSY mass scale is also significantly constrained by considering the experimental
upper bound of the branching ratio of the y — ey decay.

In order to see the effect of CP phase in the modulus 7, we examine the correlation
between the electron EDM and the decay rate of the u — ey decay. The correlations are
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clearly seen in contrast to models of the conventional flavor symmetry. We have found
the linear correspondence BR(p — e7) between |d/e| in the logarithmic coordinates for
cases A—E. The branching ratio is approximately proportional to the square of |d¢/e|. The
slope of the line is independent of the value of F™ although F7 = mg/2 is taken in our
calculations.

The predicted d./e and BR(p — e7) of case A and case C are similar each other, and
those of case B and case D are also similar each other. The u — ey decay constrains most
severely the SUSY mass scale in case E compared with other cases. On the other hand, the
electron EDM constrains most severely the SUSY mass scale in case D among five cases.

Although the current experimental upper bound of the electron EDM is |d./e| <
1.1 x 1072 cm, the future sensitivity of the electron EDM is expected to reach up to
|de/e| =~ 1073 cm. Then, the SUSY mass scale will be significantly constrained by |d/e].
Indeed, it will probe the SUSY mass scale of 10-20 TeV.

On the other hand, the future sensitivity of the branching ratio BR(y — e), 6 x 10714
probes at most the SUSY mass scale of 10 TeV. It is also remarked that the branching ratio
of © — 3e and the conversion rate of uN — eN will be sensitive for probing the SUSY
mass scale of higher than 10 TeV.

Thus, the electron EDM provides a severe test of the CP violation via the modulus 7
in the supersymmetric modular invariant theory of flavors.
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A Tensor product of Ay group

We take the generators of A4 group for the triplet as follows:

X -1 2 2 100
S:g 2 12|, T=]owo]|, (A.1)
2 2 -1 00 w?

where w = ¢/5™ for a triplet. In this base, the multiplication rule is

a1 by
ag | @by | = (arbi + agbs + azba); ® (asbs + arbe + agbi)y
az) b3 3
@ (a2bz + a1bs + azbi),x
2a1b1 — agbs — asba azbz — azbo
@ 3 2a3bs — a1by —asb; | D B airbs — ashy ,
2a9by — a1bg — agby 3 agb1 — a1bs 3
1®1=1, 11 =1", 1"®1"=1', 1®1"=1, (A.2)
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where

T1) =w, T(1") = w2

More details are shown in the review [2, 3].

B Modular forms with weight 2, 4, 6, 8 in I'3 group

(A.3)

We present modular forms with weight 2, 4, 6, 8 in A4 modular group. The triplet modular

forms can be written in terms of 7(7) and its derivative [11]:

o b (O A0 e o)
Y B (Ca) v s
i () (D) (- 2)3)
n= (e / ( )
/

o (L

They are also expressed in the ¢ expansions, where ¢ = €'2™7, as follows:
Y1 1+ 12q + 36¢% +12¢% + . ..
2
Y:(;)(T): Yo | = | —6¢"3(1+7¢+842+...)
Ys —18¢%3(1 +2¢+5¢*>+ ...)

For weight 4, there are five modular forms by the tensor product of 3 ® 3 as:

Y(14) (1) =Y +2YaY3, Y(I%) (1) =Y + 271 Vs,
Y1(4) Yf Y,V

Y = | vV | = |2 -ny,
Y3(4) Y22 —YYs

For k = 6, there are seven modular forms by the tensor products of A4 as:

Y =P+ Y5 4+ VS - 3niveys,

y® v y!©
YO = [V | =@ +e) (v |, YY) = |0 | =072 +2mi)
y® Y, y,©®
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For k = 8, there are 9 modular forms by the tensor products of Ay as:

Y = (V2 1 2ve13)?, YY) = (V2 4 2%aYs)(YE + 211 Ye)
Y = (77 +2vYa)?,
y® v
Y= |v® =+ Y+ Y - 3nney) [ v |,
y® Y,
Yl’ (8) YZ-YY;
YO = |r,® | = (v2+2viYs) [ Y2 - VoY,
Ygl (®) Y2 - WYs

C RGE:s of leptons and slepton

The relevant RGEs are given by [141, 142];

3 g2

=gt S 5

d (.

10725 (), = = (508 0P+ g3 [Vl ) 3 —
()Y YV (mZ )
+2 (Y 002R) Ve + iy, YIY. +ATA>J :

6 5

591 S 0ij

+2 (g YoY + VoY mip)k ),

d /. 24
16772% (mZR)ij = ——g% | My | bij +

A (V2] i VY] AT, o
16772% (Ae)y; = <_29f — 3¢5 + 3Te (YY) + Tf(YeTYe)) (Ae)s;
+2 (2 2My + 393 My + 3Tr (Y] Ag) + Tr(Y,] A, )> eij
4 (YeYJAe)ij +5 (AeYJYe)ij :
16%2%1’% _ <_§g§ — 3¢5 + 3Tr(YaY)) + Tf(YeYeT)> Ye,; +3 (YngYe)z‘j '

In these expressions, g1 2 are the gauge couplings of SU(2)y, x U(1)y, M are the corre-
sponding gaugino mass terms, Y, 4 are the Yukawa couplings for charged leptons and down
quarks, A. = (M2 p)/va4, and

— ~2 ~2 ~2 ~2 ~2 ~2 ~ 2
S_Tr(qu+de_2muR_meL+meR) — My, +mHu7

~2 =2 =9 : ~ ~ .
where Mg, Mg, My,p are mass matrices of squarks and mmp, and mpg, are the Higgs
masses. The parameter ¢ is t = In QQ/Qo, where @ is the renormalization scale and Q) is a
reference scale.
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D Loop functions

The dimensionless functions C, C p, Cz 1 and C are given approximately as [102]:

Cp ~ h(z), (D.1)
Cho = o~ 5 [hn(2) + k(7). (D.2)
ot~ % b (Z) + 2k (3)] (D.3)

where we take M. = /e Mer as the average slepton mass and put & = (M /).
On the other hand, functions C7, C; and Cj are exactly given as:

Ol = Co Yo [y (1) — ha (ur), (D.A4)
mer YL — L
Ch = Co—g—2— [y (wr) — b ()], (D.5)

Mep YR — TR
M, cot? 0w YL

Cl = C() h2 JZI - h2 L)| > D.6
2 MlmiL yL — @, [ 2 (27,) (ye)] (D.6)
with
M7 M , M3 p? p?
= — s = — y = — s = —F 3 = —5 5 D7
o miL o mZR o miL - mZL un mizz (B-1)

where Cy = m¢/u?. Functions h(z), he(z) and ki(z) are defined as:

144z —52? + (22 + 4z)Inx

hi(2) s , (D-8)
$2 xr — — $2 a nr

ho(z) = Ta® +4 112(x2—(1)4+6 +2)1 | (D.9)

k() = %[z ha ()] . (D.10)

Note that M; and p? are real positive values.

E Mass matrix M, with only weight 2 modular forms

We present the charged lepton mass matrix in terms of only weight 2 modular forms, in
which BR(u — ey) was discussed in ref. [74]. The mass matrix is given as:

Qe 00 Y1 }/3 Y2
Me=wva| 0 B.0]||YaY1Y5], (E.1)
00 Ve YE’: 1/2 Yl

where Y;’s are given in eq. (B.1). The neutrino mass matrix is given by the dimension five
Weinberg operator. We present the best fit parameter set for the observed lepton masses
and flavor mixing angles [68] as follows:

E : 7=-0.0796 + 1.0065 1, Qe/Ve = 6.82 x 1072, Be/ve =1.02 x 1073, (E.2)

which is referred as the case E in the text.
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The slepton mass matrix m2p; including RGE effect is written as:

ac 0 0) (Y1 Y3 Yy ac 0 0 Y1 Ys Yy
Mepy = 1dvg |[=mp | 0 B 0 [ |2 Yy Ys [ +F7[0 6 0| | Y2 Y1 Y
007)\¥sY2Y: 007/ \¥3¥2Y

Since the first term of the right-hand side is proportional to M., it does not contributes to

de/e| and BR(u — ey). On the other hand, m?;; and M2y are proportional to the unit

matrix. Then, these mass terms do not contribute to |d./e| and BR(u — e7).

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

1]

2]

G. Altarelli and F. Feruglio, Discrete flavor symmetries and models of neutrino mixing,
Rev. Mod. Phys. 82 (2010) 2701 [arXiv:1002.0211] [InSPIRE].

H. Ishimori, T. Kobayashi, H. Ohki, Y. Shimizu, H. Okada and M. Tanimoto, Non-Abelian
discrete symmetries in particle physics, Prog. Theor. Phys. Suppl. 183 (2010) 1
[arXiv:1003.3552] [INSPIRE].

H. Ishimori, T. Kobayashi, H. Ohki, H. Okada, Y. Shimizu and M. Tanimoto, An
introduction to non-Abelian discrete symmetries for particle physicists, Lect. Notes Phys.
858 (2012) 1 [INSPIRE].

D. Hernandez and A.Y. Smirnov, Lepton mizing and discrete symmetries, Phys. Rev. D 86
(2012) 053014 [arXiv:1204.0445] [INSPIRE].

S.F. King and C. Luhn, Neutrino mass and mizring with discrete symmetry, Rept. Prog.
Phys. 76 (2013) 056201 [arXiv:1301.1340] [INSPIRE].

S.F. King, A. Merle, S. Morisi, Y. Shimizu and M. Tanimoto, Neutrino mass and mizing:
from theory to experiment, New J. Phys. 16 (2014) 045018 [arXiv:1402.4271] [INSPIRE].

M. Tanimoto, Neutrinos and flavor symmetries, AIP Conf. Proc. 1666 (2015) 120002
[INSPIRE].

S.F. King, Unified models of neutrinos, flavour and CP-violation, Prog. Part. Nucl. Phys.
94 (2017) 217 [arXiv:1701.04413] [INSPIRE].

S.T. Petcov, Discrete flavour symmetries, neutrino mizring and leptonic CP-violation, Eur.
Phys. J. C 78 (2018) 709 [arXiv:1711.10806| [INSPIRE].

F. Feruglio and A. Romanino, Lepton flavor symmetries, Rev. Mod. Phys. 93 (2021) 015007
[arXiv:1912.06028] [INSPIRE].

F. Feruglio, Are neutrino masses modular forms?, in From my vast repertoire. . .: Guido
Altarelli’s legacy, A. Levy, S. Forte and G. Ridolfi eds., World Scientific, Singapore (2019),
pg. 227 [arXiv:1706.08749] [INSPIRE].

R. de Adelhart Toorop, F. Feruglio and C. Hagedorn, Finite modular groups and lepton
mizing, Nucl. Phys. B 858 (2012) 437 [arXiv:1112.1340] [INSPIRE].

— 97 -


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/RevModPhys.82.2701
https://arxiv.org/abs/1002.0211
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1002.0211
https://doi.org/10.1143/PTPS.183.1
https://arxiv.org/abs/1003.3552
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1003.3552
https://doi.org/10.1007/978-3-642-30805-5
https://doi.org/10.1007/978-3-642-30805-5
https://inspirehep.net/search?p=find+J%20%22Lect.Notes%20Phys.%2C858%2C1%22
https://doi.org/10.1103/PhysRevD.86.053014
https://doi.org/10.1103/PhysRevD.86.053014
https://arxiv.org/abs/1204.0445
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1204.0445
https://doi.org/10.1088/0034-4885/76/5/056201
https://doi.org/10.1088/0034-4885/76/5/056201
https://arxiv.org/abs/1301.1340
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1301.1340
https://doi.org/10.1088/1367-2630/16/4/045018
https://arxiv.org/abs/1402.4271
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1402.4271
https://doi.org/10.1063/1.4915578
https://inspirehep.net/search?p=find+J%20%22AIP%20Conf.Proc.%2C1666%2C120002%22
https://doi.org/10.1016/j.ppnp.2017.01.003
https://doi.org/10.1016/j.ppnp.2017.01.003
https://arxiv.org/abs/1701.04413
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1701.04413
https://doi.org/10.1140/epjc/s10052-018-6158-5
https://doi.org/10.1140/epjc/s10052-018-6158-5
https://arxiv.org/abs/1711.10806
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.10806
https://doi.org/10.1103/RevModPhys.93.015007
https://arxiv.org/abs/1912.06028
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.06028
https://doi.org/10.1142/9789813238053_0012
https://arxiv.org/abs/1706.08749
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1706.08749
https://doi.org/10.1016/j.nuclphysb.2012.01.017
https://arxiv.org/abs/1112.1340
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1112.1340

13]
[14]
[15]
[16]
17)
18]
[19]

[20]

[21]
[22]
23]

[24]

[25]

[26]

[27]
28]
[29]
[30]

[31]

T. Kobayashi, K. Tanaka and T.H. Tatsuishi, Neutrino mixing from finite modular groups,
Phys. Rev. D 98 (2018) 016004 [arXiv:1803.10391] [INSPIRE].

J.T. Penedo and S.T. Petcov, Lepton masses and mizing from modular S4 symmetry, Nucl.
Phys. B 939 (2019) 292 [arXiv:1806.11040] [INSPIRE].

P.P. Novichkov, J.T. Penedo, S.T. Petcov and A.V. Titov, Modular As symmetry for
flavour model building, JHEP 04 (2019) 174 [arXiv:1812.02158] [INSPIRE].

J.C. Criado and F. Feruglio, Modular invariance faces precision neutrino data, SciPost
Phys. 5 (2018) 042 [arXiv:1807.01125] [INSPIRE].

T. Kobayashi, N. Omoto, Y. Shimizu, K. Takagi, M. Tanimoto and T.H. Tatsuishi, Modular
Ay invariance and neutrino mizing, JHEP 11 (2018) 196 [arXiv:1808.03012] [INSPIRE].

G.-J. Ding, S.F. King and X.-G. Liu, Modular A4 symmetry models of neutrinos and
charged leptons, JHEP 09 (2019) 074 [arXiv:1907.11714] [nSPIRE].

P.P. Novichkov, J.T. Penedo, S.T. Petcov and A.V. Titov, Modular Sy models of lepton
masses and mizing, JHEP 04 (2019) 005 [arXiv:1811.04933] InSPIRE].

T. Kobayashi, Y. Shimizu, K. Takagi, M. Tanimoto and T.H. Tatsuishi, New A4 lepton
flavor model from Sy modular symmetry, JHEP 02 (2020) 097 [arXiv:1907.09141]
[INSPIRE].

X. Wang and S. Zhou, The minimal seesaw model with a modular Sy symmetry, JHEP 05
(2020) 017 [arXiv:1910.09473] [INSPIRE].

G.-J. Ding, S.F. King and X.-G. Liu, Neutrino mass and mizxing with As modular
symmetry, Phys. Rev. D 100 (2019) 115005 [arXiv:1903.12588] [INSPIRE].

X.-G. Liu and G.-J. Ding, Neutrino masses and mixing from double covering of finite
modular groups, JHEP 08 (2019) 134 [arXiv:1907.01488] [INSPIRE].

P. Chen, G.-J. Ding, J.-N. Lu and J.W.F. Valle, Predictions from warped flavor dynamics
based on the T family group, Phys. Rev. D 102 (2020) 095014 [arXiv:2003.02734]
[INSPIRE].

P.P. Novichkov, J.T. Penedo and S.T. Petcov, Double cover of modular Sy for flavour model
building, Nucl. Phys. B 963 (2021) 115301 [arXiv:2006.03058] [INSPIRE].

X.-G. Liu, C.-Y. Yao and G.-J. Ding, Modular invariant quark and lepton models in double
covering of Sy modular group, Phys. Rev. D 103 (2021) 056013 [arXiv:2006.10722]
[INSPIRE].

I. de Medeiros Varzielas, S.F. King and Y.-L. Zhou, Multiple modular symmetries as the
origin of flavor, Phys. Rev. D 101 (2020) 055033 [arXiv:1906.02208] [INSPIRE].

G.-J. Ding, S.F. King, C.-C. Li and Y.-L. Zhou, Modular invariant models of leptons at
level 7, JHEP 08 (2020) 164 [arXiv:2004.12662] [INSPIRE].

T. Asaka, Y. Heo, T.H. Tatsuishi and T. Yoshida, Modular A4 invariance and leptogenesis,
JHEP 01 (2020) 144 [arXiv:1909.06520] [INSPIRE].

T. Asaka, Y. Heo and T. Yoshida, Lepton flavor model with modular Ay symmetry in large
volume limit, Phys. Lett. B 811 (2020) 135956 [arXiv:2009.12120] INSPIRE].

M.K. Behera, S. Mishra, S. Singirala and R. Mohanta, Implications of A4 modular
symmetry on neutrino mass, mixing and leptogenesis with linear seesaw,
arXiv:2007.00545 [INSPIRE].

~ 98 —


https://doi.org/10.1103/PhysRevD.98.016004
https://arxiv.org/abs/1803.10391
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1803.10391
https://doi.org/10.1016/j.nuclphysb.2018.12.016
https://doi.org/10.1016/j.nuclphysb.2018.12.016
https://arxiv.org/abs/1806.11040
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1806.11040
https://doi.org/10.1007/JHEP04(2019)174
https://arxiv.org/abs/1812.02158
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.02158
https://doi.org/10.21468/SciPostPhys.5.5.042
https://doi.org/10.21468/SciPostPhys.5.5.042
https://arxiv.org/abs/1807.01125
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.01125
https://doi.org/10.1007/JHEP11(2018)196
https://arxiv.org/abs/1808.03012
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.03012
https://doi.org/10.1007/JHEP09(2019)074
https://arxiv.org/abs/1907.11714
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1907.11714
https://doi.org/10.1007/JHEP04(2019)005
https://arxiv.org/abs/1811.04933
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.04933
https://doi.org/10.1007/JHEP02(2020)097
https://arxiv.org/abs/1907.09141
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1907.09141
https://doi.org/10.1007/JHEP05(2020)017
https://doi.org/10.1007/JHEP05(2020)017
https://arxiv.org/abs/1910.09473
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.09473
https://doi.org/10.1103/PhysRevD.100.115005
https://arxiv.org/abs/1903.12588
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.12588
https://doi.org/10.1007/JHEP08(2019)134
https://arxiv.org/abs/1907.01488
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1907.01488
https://doi.org/10.1103/PhysRevD.102.095014
https://arxiv.org/abs/2003.02734
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.02734
https://doi.org/10.1016/j.nuclphysb.2020.115301
https://arxiv.org/abs/2006.03058
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.03058
https://doi.org/10.1103/PhysRevD.103.056013
https://arxiv.org/abs/2006.10722
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.10722
https://doi.org/10.1103/PhysRevD.101.055033
https://arxiv.org/abs/1906.02208
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.02208
https://doi.org/10.1007/JHEP08(2020)164
https://arxiv.org/abs/2004.12662
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.12662
https://doi.org/10.1007/JHEP01(2020)144
https://arxiv.org/abs/1909.06520
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1909.06520
https://doi.org/10.1016/j.physletb.2020.135956
https://arxiv.org/abs/2009.12120
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.12120
https://arxiv.org/abs/2007.00545
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.00545

[32]
[33]

[34]

[35]

[36]

[37]
[38]
[39]
[40]

[41]

42]
43]
44]
5]
[46]

[47]

[48]
[49]

[50]

S. Mishra, Neutrino mizing and leptogenesis with modular S symmetry in the framework of
type-I1I seesaw, arXiv:2008.02095 [INSPIRE].

F.J. de Anda, S.F. King and E. Perdomo, SU(5) grand unified theory with A4 modular
symmetry, Phys. Rev. D 101 (2020) 015028 [arXiv:1812.05620] [INSPIRE].

T. Kobayashi, Y. Shimizu, K. Takagi, M. Tanimoto and T.H. Tatsuishi, Modular
Ss-invariant flavor model in SU(5) grand unified theory, PTEP 2020 (2020) 053B05
[arXiv:1906.10341] [INSPIRE].

P.P. Novichkov, S.T. Petcov and M. Tanimoto, Trimazimal neutrino mizing from modular
Ay invariance with residual symmetries, Phys. Lett. B 793 (2019) 247 [arXiv:1812.11289]
[INSPIRE].

T. Kobayashi, Y. Shimizu, K. Takagi, M. Tanimoto, T.H. Tatsuishi and H. Uchida, Finite
modular subgroups for fermion mass matrices and baryon/lepton number violation, Phys.
Lett. B 794 (2019) 114 [arXiv:1812.11072] [INSPIRE].

H. Okada and M. Tanimoto, CP wiolation of quarks in Ay modular invariance, Phys. Lett.
B 791 (2019) 54 [arXiv:1812.09677] [INSPIRE].

H. Okada and M. Tanimoto, Towards unification of quark and lepton flavors in Ay modular
invariance, Eur. Phys. J. C 81 (2021) 52 [arXiv:1905.13421] [INSPIRE].

T. Nomura and H. Okada, A modular Ay symmetric model of dark matter and neutrino,
Phys. Lett. B 797 (2019) 134799 [arXiv:1904.03937] [INSPIRE].

H. Okada and Y. Orikasa, Modular S3 symmetric radiative seesaw model, Phys. Rev. D 100
(2019) 115037 [arXiv:1907.04716] [INSPIRE].

Y. Kariyazono, T. Kobayashi, S. Takada, S. Tamba and H. Uchida, Modular symmetry
anomaly in magnetic fluz compactification, Phys. Rev. D 100 (2019) 045014
[arXiv:1904.07546] [INSPIRE].

T. Nomura and H. Okada, A two loop induced neutrino mass model with modular Ay
symmetry, Nucl. Phys. B 966 (2021) 115372 [arXiv:1906.03927| InSPIRE].

H. Okada and Y. Orikasa, Neutrino mass model with a modular Sy symmetry,
arXiv:1908.08409 [INSPIRE].

T. Nomura, H. Okada and O. Popov, A modular Ay symmetric scotogenic model, Phys.
Lett. B 803 (2020) 135294 [arXiv:1908.07457] [INSPIRE].

J.C. Criado, F. Feruglio and S.J.D. King, Modular invariant models of lepton masses at
levels 4 and 5, JHEP 02 (2020) 001 [arXiv:1908.11867] INSPIRE].

S.F. King and Y.-L. Zhou, Trimazimal T My mixing with two modular Sy groups, Phys.
Rev. D 101 (2020) 015001 [arXiv:1908.02770] [INSPIRE].

G.-J. Ding, S.F. King, X.-G. Liu and J.-N. Lu, Modular Sy and A4 symmetries and their
fized points: new predictive examples of lepton mizing, JHEP 12 (2019) 030
[arXiv:1910.03460] [INSPIRE].

I. de Medeiros Varzielas, M. Levy and Y.-L. Zhou, Symmetries and stabilisers in modular
invariant flavour models, JHEP 11 (2020) 085 [arXiv:2008.05329] [INSPIRE].

D. Zhang, A modular Ay symmetry realization of two-zero textures of the Majorana
neutrino mass matriz, Nucl. Phys. B 952 (2020) 114935 [arXiv:1910.07869] [INSPIRE].

T. Nomura, H. Okada and S. Patra, An inverse seesaw model with As-modular symmetry,
Nucl. Phys. B 967 (2021) 115395 [arXiv:1912.00379] [INSPIRE].

~ 99 —


https://arxiv.org/abs/2008.02095
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.02095
https://doi.org/10.1103/PhysRevD.101.015028
https://arxiv.org/abs/1812.05620
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.05620
https://doi.org/10.1093/ptep/ptaa055
https://arxiv.org/abs/1906.10341
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.10341
https://doi.org/10.1016/j.physletb.2019.04.043
https://arxiv.org/abs/1812.11289
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.11289
https://doi.org/10.1016/j.physletb.2019.05.034
https://doi.org/10.1016/j.physletb.2019.05.034
https://arxiv.org/abs/1812.11072
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.11072
https://doi.org/10.1016/j.physletb.2019.02.028
https://doi.org/10.1016/j.physletb.2019.02.028
https://arxiv.org/abs/1812.09677
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.09677
https://doi.org/10.1140/epjc/s10052-021-08845-y
https://arxiv.org/abs/1905.13421
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.13421
https://doi.org/10.1016/j.physletb.2019.134799
https://arxiv.org/abs/1904.03937
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1904.03937
https://doi.org/10.1103/PhysRevD.100.115037
https://doi.org/10.1103/PhysRevD.100.115037
https://arxiv.org/abs/1907.04716
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1907.04716
https://doi.org/10.1103/PhysRevD.100.045014
https://arxiv.org/abs/1904.07546
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1904.07546
https://doi.org/10.1016/j.nuclphysb.2021.115372
https://arxiv.org/abs/1906.03927
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.03927
https://arxiv.org/abs/1908.08409
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.08409
https://doi.org/10.1016/j.physletb.2020.135294
https://doi.org/10.1016/j.physletb.2020.135294
https://arxiv.org/abs/1908.07457
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.07457
https://doi.org/10.1007/JHEP02(2020)001
https://arxiv.org/abs/1908.11867
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.11867
https://doi.org/10.1103/PhysRevD.101.015001
https://doi.org/10.1103/PhysRevD.101.015001
https://arxiv.org/abs/1908.02770
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.02770
https://doi.org/10.1007/JHEP12(2019)030
https://arxiv.org/abs/1910.03460
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.03460
https://doi.org/10.1007/JHEP11(2020)085
https://arxiv.org/abs/2008.05329
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.05329
https://doi.org/10.1016/j.nuclphysb.2020.114935
https://arxiv.org/abs/1910.07869
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.07869
https://doi.org/10.1016/j.nuclphysb.2021.115395
https://arxiv.org/abs/1912.00379
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.00379

[61] T. Kobayashi, T. Nomura and T. Shimomura, Type IT seesaw models with modular Ay
symmetry, Phys. Rev. D 102 (2020) 035019 [arXiv:1912.00637] [iNSPIRE].

[52] J.-N. Lu, X.-G. Liu and G.-J. Ding, Modular symmetry origin of texture zeros and quark
lepton unification, Phys. Rev. D 101 (2020) 115020 [arXiv:1912.07573] [INSPIRE].

[53] X. Wang, Lepton flavor mizing and CP-violation in the minimal type-(I+II) seesaw model
with a modular Ay symmetry, Nucl. Phys. B 957 (2020) 115105 [arXiv:1912.13284]
[INSPIRE].

[54] S.J.D. King and S.F. King, Fermion mass hierarchies from modular symmetry, JHEP 09
(2020) 043 [arXiv:2002.00969] [INSPIRE].

[65] M. Abbas, Fermion masses and mizing in modular A4 symmetry, Phys. Rev. D 103 (2021)
056016 [arXiv:2002.01929] [NSPIRE].

[56] H. Okada and Y. Shoji, Dirac dark matter in a radiative neutrino model, Phys. Dark Univ.
31 (2021) 100742 [arXiv:2003.11396] INSPIRE].

[67] H. Okada and Y. Shoji, A radiative seesaw model with three Higgs doublets in modular Ay
symmetry, Nucl. Phys. B 961 (2020) 115216 [arXiv:2003.13219] InSPIRE].

[58] G.-J. Ding and F. Feruglio, Testing moduli and flavon dynamics with neutrino oscillations,
JHEP 06 (2020) 134 [arXiv:2003.13448] [iNSPIRE].

[59] T. Nomura and H. Okada, A linear seesaw model with Ag-modular flavor and local
U(1)p_r symmetries, arXiv:2007.04801 [INSPIRE].

[60] T. Nomura and H. Okada, Modular A4 symmetric inverse seesaw model with SU(2)r,
multiplet fields, arXiv:2007.15459 [INSPIRE].

[61] H. Okada and M. Tanimoto, Quark and lepton flavors with common modulus T in Ay
modular symmetry, arXiv:2005.00775 [INSPIRE].

[62] H. Okada and M. Tanimoto, Modular invariant flavor model of Ay and hierarchical
structures at nearby fixed points, Phys. Rev. D 103 (2021) 015005 [arXiv:2009.14242]
[INSPIRE].

[63] K.I. Nagao and H. Okada, Neutrino and dark matter in a gauged U(1)g symmetry, JCAP
05 (2021) 063 [arXiv:2008.13686] [INSPIRE].

[64] K.I. Nagao and H. Okada, Lepton sector in modular Ay and gauged U(1)r symmetry,
arXiv:2010.03348 [INSPIRE].

[65] C.-Y. Yao, X.-G. Liu and G.-J. Ding, Fermion masses and mizing from the double cover
and metaplectic cover of the A5 modular group, Phys. Rev. D 103 (2021) 095013
[arXiv:2011.03501] [INSPIRE].

[66] X. Wang, B. Yu and S. Zhou, Double covering of the modular As group and lepton flavor
mizing in the minimal seesaw model, Phys. Rev. D 103 (2021) 076005 [arXiv:2010.10159]
[INSPIRE].

[67) M. Abbas, Modular A4 invariance model for lepton masses and mizing, Phys. Atom. Nucl.
83 (2020) 764 [INSPIRE].

[68] H. Okada and M. Tanimoto, Spontaneous CP-violation by modulus T in A4 model of lepton
flavors, JHEP 03 (2021) 010 [arXiv:2012.01688] [INSPIRE].

[69] C.-Y. Yao, J.-N. Lu and G.-J. Ding, Modular invariant Ay models for quarks and leptons
with generalized CP symmetry, JHEP 05 (2021) 102 [arXiv:2012.13390] INSPIRE].

— 30 —


https://doi.org/10.1103/PhysRevD.102.035019
https://arxiv.org/abs/1912.00637
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.00637
https://doi.org/10.1103/PhysRevD.101.115020
https://arxiv.org/abs/1912.07573
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.07573
https://doi.org/10.1016/j.nuclphysb.2020.115105
https://arxiv.org/abs/1912.13284
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.13284
https://doi.org/10.1007/JHEP09(2020)043
https://doi.org/10.1007/JHEP09(2020)043
https://arxiv.org/abs/2002.00969
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.00969
https://doi.org/10.1103/PhysRevD.103.056016
https://doi.org/10.1103/PhysRevD.103.056016
https://arxiv.org/abs/2002.01929
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.01929
https://doi.org/10.1016/j.dark.2020.100742
https://doi.org/10.1016/j.dark.2020.100742
https://arxiv.org/abs/2003.11396
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.11396
https://doi.org/10.1016/j.nuclphysb.2020.115216
https://arxiv.org/abs/2003.13219
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.13219
https://doi.org/10.1007/JHEP06(2020)134
https://arxiv.org/abs/2003.13448
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.13448
https://arxiv.org/abs/2007.04801
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.04801
https://arxiv.org/abs/2007.15459
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.15459
https://arxiv.org/abs/2005.00775
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.00775
https://doi.org/10.1103/PhysRevD.103.015005
https://arxiv.org/abs/2009.14242
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.14242
https://doi.org/10.1088/1475-7516/2021/05/063
https://doi.org/10.1088/1475-7516/2021/05/063
https://arxiv.org/abs/2008.13686
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.13686
https://arxiv.org/abs/2010.03348
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.03348
https://doi.org/10.1103/PhysRevD.103.095013
https://arxiv.org/abs/2011.03501
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.03501
https://doi.org/10.1103/PhysRevD.103.076005
https://arxiv.org/abs/2010.10159
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.10159
https://doi.org/10.1134/S1063778820050038
https://doi.org/10.1134/S1063778820050038
https://inspirehep.net/search?p=find+J%20%22Phys.Atom.Nucl.%2C83%2C764%22
https://doi.org/10.1007/JHEP03(2021)010
https://arxiv.org/abs/2012.01688
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.01688
https://doi.org/10.1007/JHEP05(2021)102
https://arxiv.org/abs/2012.13390
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.13390

[70] F. Feruglio, V. Gherardi, A. Romanino and A. Titov, Modular invariant dynamics and
fermion mass hierarchies around T =i, JHEP 05 (2021) 242 [arXiv:2101.08718]
[INSPIRE].

[71] S.F. King and Y.-L. Zhou, Twin modular Sy with SU(5) GUT, JHEP 04 (2021) 291
[arXiv:2103.02633] [NSPIRE].

[72] P. Chen, G.-J. Ding and S.F. King, SU(5) GUTs with Ay modular symmetry, JHEP 04
(2021) 239 [arXiv:2101.12724] [NSPIRE].

[73] X. Du and F. Wang, SUSY breaking constraints on modular flavor Ss invariant SU(5) GUT
model, JHEP 02 (2021) 221 [arXiv:2012.01397] [INSPIRE].

74] T. Kobayashi, T. Shimomura and M. Tanimoto, Soft supersymmetry breaking terms and
Y Y Y g
lepton flavor violations in modular flavor models, Phys. Lett. B 819 (2021) 136452
[arXiv:2102.10425] [INSPIRE].

[75] P.P. Novichkov, J.T. Penedo and S.T. Petcov, Fermion mass hierarchies, large lepton mizing
and residual modular symmetries, JHEP 04 (2021) 206 [arXiv:2102.07488] [INSPIRE].

[76] G.-J. Ding, S.F. King and C.-Y. Yao, Modular Sy x SU(5) GUT, Phys. Rev. D 104 (2021)
055034 [arXiv:2103.16311] [INSPIRE].

[77] H. Kuranaga, H. Ohki and S. Uemura, Modular origin of mass hierarchy: Froggatt-Nielsen
like mechanism, JHEP 07 (2021) 068 [arXiv:2105.06237] [INSPIRE].

[78] T. Kobayashi and S. Tamba, Modular forms of finite modular subgroups from magnetized
D-brane models, Phys. Rev. D 99 (2019) 046001 [arXiv:1811.11384] INSPIRE].

[79] A. Baur, H.P. Nilles, A. Trautner and P.K.S. Vaudrevange, Unification of flavor, CP, and
modular symmetries, Phys. Lett. B 795 (2019) 7 [arXiv:1901.03251] [INSPIRE].

[80] T. Kobayashi, Y. Shimizu, K. Takagi, M. Tanimoto and T.H. Tatsuishi, A4 lepton flavor
model and modulus stabilization from Sy modular symmetry, Phys. Rev. D 100 (2019)
115045 [Erratum ibid. 101 (2020) 039904] [arXiv:1909.05139] [INSPIRE].

[81] H.P. Nilles, S. Ramos-Sénchez and P.K.S. Vaudrevange, Eclectic flavor groups, JHEP 02
(2020) 045 [arXiv:2001.01736] [INSPIRE].

[82] H.P. Nilles, S. Ramos-Sanchez and P.K.S. Vaudrevange, Lessons from eclectic flavor
symmetries, Nucl. Phys. B 957 (2020) 115098 [arXiv:2004.05200] [INSPIRE].

[83] K. Ishiguro, T. Kobayashi and H. Otsuka, Spontaneous CP-violation and symplectic
modular symmetry in Calabi- Yau compactifications, arXiv:2010.10782 [INSPIRE].

[84] S. Kikuchi, T. Kobayashi, S. Takada, T.H. Tatsuishi and H. Uchida, Revisiting modular
symmetry in magnetized torus and orbifold compactifications, Phys. Rev. D 102 (2020)
105010 [arXiv:2005.12642] [iNSPIRE].

[85] S. Kikuchi, T. Kobayashi, H. Otsuka, S. Takada and H. Uchida, Modular symmetry by
orbifolding magnetized T? x T?: realization of double cover of I'n, JHEP 11 (2020) 101
[arXiv:2007.06188] INSPIRE].

[86] T. Kobayashi and H. Otsuka, Challenge for spontaneous C'P violation in type IIB
orientifolds with fluzes, Phys. Rev. D 102 (2020) 026004 [arXiv:2004.04518] [INSPIRE].

[87] G.-J. Ding, F. Feruglio and X.-G. Liu, Automorphic forms and fermion masses, JHEP 01
(2021) 037 [arXiv:2010.07952] INSPIRE].

[88] K. Ishiguro, T. Kobayashi and H. Otsuka, Landscape of modular symmetric flavor models,
JHEP 03 (2021) 161 [arXiv:2011.09154] [INSPIRE].

~ 31—


https://doi.org/10.1007/JHEP05(2021)242
https://arxiv.org/abs/2101.08718
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2101.08718
https://doi.org/10.1007/JHEP04(2021)291
https://arxiv.org/abs/2103.02633
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.02633
https://doi.org/10.1007/JHEP04(2021)239
https://doi.org/10.1007/JHEP04(2021)239
https://arxiv.org/abs/2101.12724
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2101.12724
https://doi.org/10.1007/JHEP02(2021)221
https://arxiv.org/abs/2012.01397
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.01397
https://doi.org/10.1016/j.physletb.2021.136452
https://arxiv.org/abs/2102.10425
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2102.10425
https://doi.org/10.1007/JHEP04(2021)206
https://arxiv.org/abs/2102.07488
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2102.07488
https://doi.org/10.1103/PhysRevD.104.055034
https://doi.org/10.1103/PhysRevD.104.055034
https://arxiv.org/abs/2103.16311
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.16311
https://doi.org/10.1007/JHEP07(2021)068
https://arxiv.org/abs/2105.06237
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2105.06237
https://doi.org/10.1103/PhysRevD.99.046001
https://arxiv.org/abs/1811.11384
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.11384
https://doi.org/10.1016/j.physletb.2019.03.066
https://arxiv.org/abs/1901.03251
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1901.03251
https://doi.org/10.1103/PhysRevD.100.115045
https://doi.org/10.1103/PhysRevD.100.115045
https://arxiv.org/abs/1909.05139
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1909.05139
https://doi.org/10.1007/JHEP02(2020)045
https://doi.org/10.1007/JHEP02(2020)045
https://arxiv.org/abs/2001.01736
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2001.01736
https://doi.org/10.1016/j.nuclphysb.2020.115098
https://arxiv.org/abs/2004.05200
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.05200
https://arxiv.org/abs/2010.10782
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.10782
https://doi.org/10.1103/PhysRevD.102.105010
https://doi.org/10.1103/PhysRevD.102.105010
https://arxiv.org/abs/2005.12642
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.12642
https://doi.org/10.1007/JHEP11(2020)101
https://arxiv.org/abs/2007.06188
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.06188
https://doi.org/10.1103/PhysRevD.102.026004
https://arxiv.org/abs/2004.04518
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.04518
https://doi.org/10.1007/JHEP01(2021)037
https://doi.org/10.1007/JHEP01(2021)037
https://arxiv.org/abs/2010.07952
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.07952
https://doi.org/10.1007/JHEP03(2021)161
https://arxiv.org/abs/2011.09154
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.09154

[89] T. Kobayashi, Y. Shimizu, K. Takagi, M. Tanimoto, T.H. Tatsuishi and H. Uchida, CP
violation in modular invariant flavor models, Phys. Rev. D 101 (2020) 055046
[arXiv:1910.11553] [INSPIRE].

[90] K. Hoshiya, S. Kikuchi, T. Kobayashi, Y. Ogawa and H. Uchida, Classification of
three-generation models by orbifolding magnetized T? x T?, PTEP 2021 (2021) 033B05
[arXiv:2012.00751] [INSPIRE].

[91] S. Kikuchi, T. Kobayashi and H. Uchida, Modular flavor symmetries of three-generation
modes on magnetized toroidal orbifolds, Phys. Rev. D 104 (2021) 065008
[arXiv:2101.00826] INSPIRE].

[92] G.-J. Ding, F. Feruglio and X.-G. Liu, CP symmetry and symplectic modular invariance,
SciPost Phys. 10 (2021) 133 [arXiv:2102.06716] [INSPIRE].

[93] H.P. Nilles, S. Ramos-Sénchez and P.K.S. Vaudrevange, Eclectic flavor scheme from
ten-dimensional string theory — I. Basic results, Phys. Lett. B 808 (2020) 135615
[arXiv:2006.03059] InSPIRE].

[94] A. Baur, M. Kade, H.P. Nilles, S. Ramos-Sanchez and P.K.S. Vaudrevange, The eclectic
flavor symmetry of the Zy orbifold, JHEP 02 (2021) 018 [arXiv:2008.07534] [INSPIRE].

[95] H.P. Nilles, S. Ramos-Sanchez and P.K.S. Vaudrevange, Eclectic flavor scheme from
ten-dimensional string theory — II detailed technical analysis, Nucl. Phys. B 966 (2021)
115367 [arXiv:2010.13798] [INSPIRE].

[96] A. Baur, M. Kade, H.P. Nilles, S. Ramos-Sanchez and P.K.S. Vaudrevange, Siegel modular
flavor group and CP from string theory, Phys. Lett. B 816 (2021) 136176
[arXiv:2012.09586] [INSPIRE].

[97] A. Baur, M. Kade, H.P. Nilles, S. Ramos-Sdnchez and P.K.S. Vaudrevange, Completing the
eclectic flavor scheme of the Zy orbifold, JHEP 06 (2021) 110 [arXiv:2104.03981]
[INSPIRE].

[98] P. Ko, T. Kobayashi, J.-H. Park and S. Raby, String-derived D4 flavor symmetry and
phenomenological implications, Phys. Rev. D 76 (2007) 035005 [Erratum ibid. 76 (2007)
059901] [arXiv:0704.2807] [INSPIRE].

[99] H. Ishimori, T. Kobayashi, H. Ohki, Y. Omura, R. Takahashi and M. Tanimoto, Soft
supersymmetry breaking terms from Dy X Zs lepton flavor symmetry, Phys. Rev. D 77
(2008) 115005 [arXiv:0803.0796] [INSPIRE].

[100] H. Ishimori, T. Kobayashi, Y. Omura and M. Tanimoto, Soft supersymmetry breaking terms
from Ay lepton flavor symmetry, JHEP 12 (2008) 082 [arXiv:0807.4625] INSPIRE].

[101] H. Ishimori, T. Kobayashi, H. Okada, Y. Shimizu and M. Tanimoto, A(54) flavor model for
leptons and sleptons, JHEP 12 (2009) 054 [arXiv:0907.2006] [INSPIRE].

[102] M. Dimou, S.F. King and C. Luhn, Phenomenological implications of an SU(5) x Sq x U(1)
SUSY GUT of flavor, Phys. Rev. D 93 (2016) 075026 [arXiv:1512.09063] [INSPIRE].

[103] V.S. Kaplunovsky and J. Louis, Model independent analysis of soft terms in effective
supergravity and in string theory, Phys. Lett. B 306 (1993) 269 [hep-th/9303040]
[INSPIRE].

[104] A. Brignole, L.E. Ibafiez and C. Muoz, Towards a theory of soft terms for the
supersymmetric Standard Model, Nucl. Phys. B 422 (1994) 125 [Erratum ibid. 436 (1995)
747] [hep-ph/9308271] [INSPIRE].

~32 -


https://doi.org/10.1103/PhysRevD.101.055046
https://arxiv.org/abs/1910.11553
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.11553
https://doi.org/10.1093/ptep/ptab024
https://arxiv.org/abs/2012.00751
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.00751
https://doi.org/10.1103/PhysRevD.104.065008
https://arxiv.org/abs/2101.00826
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2101.00826
https://doi.org/10.21468/SciPostPhys.10.6.133
https://arxiv.org/abs/2102.06716
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2102.06716
https://doi.org/10.1016/j.physletb.2020.135615
https://arxiv.org/abs/2006.03059
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.03059
https://doi.org/10.1007/JHEP02(2021)018
https://arxiv.org/abs/2008.07534
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.07534
https://doi.org/10.1016/j.nuclphysb.2021.115367
https://doi.org/10.1016/j.nuclphysb.2021.115367
https://arxiv.org/abs/2010.13798
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.13798
https://doi.org/10.1016/j.physletb.2021.136176
https://arxiv.org/abs/2012.09586
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.09586
https://doi.org/10.1007/JHEP06(2021)110
https://arxiv.org/abs/2104.03981
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2104.03981
https://doi.org/10.1103/PhysRevD.76.035005
https://arxiv.org/abs/0704.2807
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0704.2807
https://doi.org/10.1103/PhysRevD.77.115005
https://doi.org/10.1103/PhysRevD.77.115005
https://arxiv.org/abs/0803.0796
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0803.0796
https://doi.org/10.1088/1126-6708/2008/12/082
https://arxiv.org/abs/0807.4625
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0807.4625
https://doi.org/10.1088/1126-6708/2009/12/054
https://arxiv.org/abs/0907.2006
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0907.2006
https://doi.org/10.1103/PhysRevD.93.075026
https://arxiv.org/abs/1512.09063
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1512.09063
https://doi.org/10.1016/0370-2693(93)90078-V
https://arxiv.org/abs/hep-th/9303040
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9303040
https://doi.org/10.1016/0550-3213(94)00068-9
https://arxiv.org/abs/hep-ph/9308271
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9308271

[105]
[106]
[107]
[108]
[109]
[110]

[111]

[112]
[113]
[114]
[115]
[116]

[117]

[118]

[119]
[120]
[121]
[122]

[123]

T. Kobayashi, D. Suematsu, K. Yamada and Y. Yamagishi, Nonuniversal soft scalar masses
in superstring theories, Phys. Lett. B 348 (1995) 402 [hep-ph/9408322] [INSPIRE].

L.E. Ibanez, C. Mufioz and S. Rigolin, Aspect of type-I string phenomenology, Nucl. Phys. B
553 (1999) 43 [hep-ph/9812397] [INSPIRE].

P.P. Novichkov, J.T. Penedo, S.T. Petcov and A.V. Titov, Generalised CP symmetry in
modular-invariant models of flavour, JHEP 07 (2019) 165 [arXiv:1905.11970] INSPIRE].

G. Ecker, W. Grimus and W. Konetschny, Quark mass matrices in left-right symmetric
gauge theories, Nucl. Phys. B 191 (1981) 465 [INSPIRE].

G. Ecker, W. Grimus and H. Neufeld, Spontaneous CP wviolation in left-right symmetric
gauge theories, Nucl. Phys. B 247 (1984) 70 [INSPIRE].

G. Ecker, W. Grimus and H. Neufeld, A standard form for generalized CP transformations,
J. Phys. A 20 (1987) L807 [iNSPIRE].

H. Neufeld, W. Grimus and G. Ecker, Generalized CP invariance, neutral flavor
conservation and the structure of the mizing matriz, Int. J. Mod. Phys. A 3 (1988) 603
[INSPIRE].

W. Grimus and M.N. Rebelo, Automorphisms in gauge theories and the definition of CP
and P, Phys. Rept. 281 (1997) 239 [hep-ph/9506272] [INSPIRE].

W. Grimus and L. Lavoura, A nonstandard CP transformation leading to maximal
atmospheric neutrino mizing, Phys. Lett. B 579 (2004) 113 [hep-ph/0305309] [INSPIRE].

7. Maki, M. Nakagawa and S. Sakata, Remarks on the unified model of elementary
particles, Prog. Theor. Phys. 28 (1962) 870 [nSPIRE].

B. Pontecorvo, Neutrino experiments and the problem of conservation of leptonic charge,
Zh. Eksp. Teor. Fiz. 53 (1967) 1717 [Sov. Phys. JETP 26 (1968) 984] [INSPIRE].

ACME collaboration, Improved limit on the electric dipole moment of the electron, Nature
562 (2018) 355 [INSPIRE].

D.M. Kara, I.J. Smallman, J.J. Hudson, B.E. Sauer, M.R. Tarbutt and E.A. Hinds,

Measurement of the electron’s electric dipole moment using YbF molecules: methods and
data analysis, New J. Phys. 14 (2012) 103051 [arXiv:1208.4507] [INSPIRE].

W.C. Griffith, Measurements and implications of of EDMs, plenary talk at Interplay
between particle & astroparticle physics,
https://indico.ph.qmul.ac.uk/indico/conferenceDisplay.py?confld=1, Queen Mary
University, London, U.K. (2014).

M. Fujiwara, J. Hisano, C. Kanai and T. Toma, Electric dipole moments in the extended
scotogenic models, JHEP 04 (2021) 114 [arXiv:2012.14585] [INSPIRE].

M. Fujiwara, J. Hisano and T. Toma, Vanishing or non-vanishing rainbow? Reduction
formulas of electric dipole moment, arXiv:2106.03384 [INSPIRE].

E. Ma and G. Rajasekaran, Softly broken A4 symmetry for nearly degenerate neutrino
masses, Phys. Rev. D 64 (2001) 113012 [hep-ph/0106291] [INSPIRE].

K.S. Babu, E. Ma and J.W.F. Valle, Underlying Ay symmetry for the neutrino mass matriz
and the quark mizing matriz, Phys. Lett. B 552 (2003) 207 [hep-ph/0206292] [INSPIRE].

G. Altarelli and F. Feruglio, Tri-bimazimal neutrino mixing from discrete symmetry in
extra dimensions, Nucl. Phys. B 720 (2005) 64 [hep-ph/0504165] [INSPIRE].

— 33 —


https://doi.org/10.1016/0370-2693(95)00194-P
https://arxiv.org/abs/hep-ph/9408322
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9408322
https://doi.org/10.1016/S0550-3213(99)00264-3
https://doi.org/10.1016/S0550-3213(99)00264-3
https://arxiv.org/abs/hep-ph/9812397
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9812397
https://doi.org/10.1007/JHEP07(2019)165
https://arxiv.org/abs/1905.11970
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.11970
https://doi.org/10.1016/0550-3213(81)90309-6
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB191%2C465%22
https://doi.org/10.1016/0550-3213(84)90373-0
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB247%2C70%22
https://doi.org/10.1088/0305-4470/20/12/010
https://inspirehep.net/search?p=find+J%20%22J.Phys.A%2C20%2CL807%22
https://doi.org/10.1142/S0217751X88000254
https://inspirehep.net/search?p=find+J%20%22Int.J.Mod.Phys.%2CA3%2C603%22
https://doi.org/10.1016/S0370-1573(96)00030-0
https://arxiv.org/abs/hep-ph/9506272
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9506272
https://doi.org/10.1016/j.physletb.2003.10.075
https://arxiv.org/abs/hep-ph/0305309
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0305309
https://doi.org/10.1143/PTP.28.870
https://inspirehep.net/search?p=find+J%20%22Prog.Theor.Phys.%2C28%2C870%22
https://inspirehep.net/search?p=find+J%20%22Sov.Phys.JETP%2C26%2C984%22
https://doi.org/10.1038/s41586-018-0599-8
https://doi.org/10.1038/s41586-018-0599-8
https://inspirehep.net/search?p=find+J%20%22Nature%2C562%2C355%22
https://doi.org/10.1088/1367-2630/14/10/103051
https://arxiv.org/abs/1208.4507
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1208.4507
https://indico.ph.qmul.ac.uk/indico/conferenceDisplay.py?confId=1
https://doi.org/10.1007/JHEP04(2021)114
https://arxiv.org/abs/2012.14585
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.14585
https://arxiv.org/abs/2106.03384
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2106.03384
https://doi.org/10.1103/PhysRevD.64.113012
https://arxiv.org/abs/hep-ph/0106291
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0106291
https://doi.org/10.1016/S0370-2693(02)03153-2
https://arxiv.org/abs/hep-ph/0206292
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0206292
https://doi.org/10.1016/j.nuclphysb.2005.05.005
https://arxiv.org/abs/hep-ph/0504165
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0504165

[124]
[125]

[126]

[127]

[128]

[129]

[130]

[131]
[132]
[133]
[134]
[135]
[136]

[137]

[138]
[139]
[140]

[141]

G. Altarelli and F. Feruglio, Tri-bimazimal neutrino mixing, A4 and the modular symmetry,
Nucl. Phys. B 741 (2006) 215 [hep-ph/0512103] InSPIRE].

Y. Shimizu, M. Tanimoto and A. Watanabe, Breaking tri-bimaximal mizing and large 013,
Prog. Theor. Phys. 126 (2011) 81 [arXiv:1105.2929] INSPIRE].

S.T. Petcov and A.V. Titov, Assessing the viability of Ay, S4 and As flavour symmetries
for description of neutrino mizing, Phys. Rev. D 97 (2018) 115045 [arXiv:1804.00182]
[INSPIRE].

S.K. Kang, Y. Shimizu, K. Takagi, S. Takahashi and M. Tanimoto, Revisiting A4 model for
leptons in light of NuFIT 3.2, PTEP 2018 (2018) 083B01 [arXiv:1804.10468] INSPIRE].

H. Okada, Y. Shimizu, M. Tanimoto and T. Yoshida, Modulus T linking leptonic
CP-violation to baryon asymmetry in Ay modular invariant flavor model, JHEP 07 (2021)
184 [arXiv:2105.14292] [INSPIRE].

MEG collaboration, Search for the lepton flavour violating decay pt — et~y with the full
dataset of the MEG experiment, Eur. Phys. J. C 76 (2016) 434 [arXiv:1605.05081]
[INSPIRE].

F. Feruglio, C. Hagedorn, Y. Lin and L. Merlo, Lepton flavour violation in a
supersymmetric model with Ay flavour symmetry, Nucl. Phys. B 832 (2010) 251
[arXiv:0911.3874] [NSPIRE].

H. Ishimori and M. Tanimoto, Slepton mass matrices, u — ey decay and EDM in SUSY Sy
flavor model, Prog. Theor. Phys. 125 (2011) 653 [arXiv:1012.2232] [INSPIRE].

G.C. Branco, R.G. Felipe and F.R. Joaquim, Leptonic CP-violation, Rev. Mod. Phys. 84
(2012) 515 [arXiv:1111.5332] [INSPIRE].

M. Holthausen, M. Lindner and M.A. Schmidt, CP and discrete flavour symmetries, JHEP
04 (2013) 122 [arXiv:1211.6953] [INSPIRE].

M.-C. Chen, M. Fallbacher, K.T. Mahanthappa, M. Ratz and A. Trautner, CP violation
from finite groups, Nucl. Phys. B 883 (2014) 267 [arXiv:1402.0507] INSPIRE].

F. Feruglio, C. Hagedorn and R. Ziegler, Lepton mizing parameters from discrete and CP
symmetries, JHEP 07 (2013) 027 [arXiv:1211.5560] [INSPIRE].

S. Ferrara, D. Liist, A.D. Shapere and S. Theisen, Modular invariance in supersymmetric
field theories, Phys. Lett. B 225 (1989) 363 [INSPIRE].

M.-C. Chen, S. Ramos-Sanchez and M. Ratz, A note on the predictions of models with
modular flavor symmetries, Phys. Lett. B 801 (2020) 135153 [arXiv:1909.06910]
[INSPIRE].

R.C. Gunning, Lectures on modular forms, Princeton University Press, Princeton, NJ,
U.S.A. (1962).

B. Schoeneberg, Elliptic modular functions, Springer-Verlag, Berlin, Heidelberg, Germany
(1974).

N. Koblitz, Introduction to elliptic curves and modular forms, Springer-Verlag, New York,
NY, U.S.A. (1984).

S.P. Martin and M.T. Vaughn, Two loop renormalization group equations for soft
supersymmetry breaking couplings, Phys. Rev. D 50 (1994) 2282 [Erratum ibid. 78 (2008)
039903] [hep-ph/9311340] [INSPIRE].

— 34 —


https://doi.org/10.1016/j.nuclphysb.2006.02.015
https://arxiv.org/abs/hep-ph/0512103
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0512103
https://doi.org/10.1143/PTP.126.81
https://arxiv.org/abs/1105.2929
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1105.2929
https://doi.org/10.1103/PhysRevD.97.115045
https://arxiv.org/abs/1804.00182
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.00182
https://doi.org/10.1093/ptep/pty080
https://arxiv.org/abs/1804.10468
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.10468
https://doi.org/10.1007/JHEP07(2021)184
https://doi.org/10.1007/JHEP07(2021)184
https://arxiv.org/abs/2105.14292
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2105.14292
https://doi.org/10.1140/epjc/s10052-016-4271-x
https://arxiv.org/abs/1605.05081
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.05081
https://doi.org/10.1016/j.nuclphysb.2010.02.010
https://arxiv.org/abs/0911.3874
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0911.3874
https://doi.org/10.1143/PTP.125.653
https://arxiv.org/abs/1012.2232
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1012.2232
https://doi.org/10.1103/RevModPhys.84.515
https://doi.org/10.1103/RevModPhys.84.515
https://arxiv.org/abs/1111.5332
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1111.5332
https://doi.org/10.1007/JHEP04(2013)122
https://doi.org/10.1007/JHEP04(2013)122
https://arxiv.org/abs/1211.6953
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1211.6953
https://doi.org/10.1016/j.nuclphysb.2014.03.023
https://arxiv.org/abs/1402.0507
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1402.0507
https://doi.org/10.1007/JHEP07(2013)027
https://arxiv.org/abs/1211.5560
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1211.5560
https://doi.org/10.1016/0370-2693(89)90583-2
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB225%2C363%22
https://doi.org/10.1016/j.physletb.2019.135153
https://arxiv.org/abs/1909.06910
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1909.06910
https://doi.org/10.1007/978-3-642-65663-7_1
https://doi.org/10.1007/978-1-4684-0255-1
https://doi.org/10.1103/PhysRevD.50.2282
https://arxiv.org/abs/hep-ph/9311340
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9311340

[142] S.P. Martin, A supersymmetry primer, Adv. Ser. Direct. High Energy Phys. 18 (1998) 1
[Adv. Ser. Direct. High Energy Phys. 21 (2010) 1] [hep-ph/9709356] [INSPIRE].

[143] J. Hisano, M. Nagai and P. Paradisi, Electric dipole moments from flavor-changing
supersymmetric soft terms, Phys. Rev. D 78 (2008) 075019 [arXiv:0712.1285] [INSPIRE].

[144] F. Borzumati and A. Masiero, Large muon and electron number violations in supergravity
theories, Phys. Rev. Lett. 57 (1986) 961 INSPIRE].

[145] F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, A complete analysis of FCNC and
CP constraints in general SUSY extensions of the standard model, Nucl. Phys. B 477
(1996) 321 [hep-ph/9604387] [InSPIRE].

[146] W. Altmannshofer, A.J. Buras, S. Gori, P. Paradisi and D.M. Straub, Anatomy and
phenomenology of FCNC and CPV effects in SUSY theories, Nucl. Phys. B 830 (2010) 17
[arXiv:0909.1333] [INSPIRE].

[147] CMS collaboration, Searches for supersymmetry in CMS, in 9"

new frontiers in physics, (2021) [arXiv:2105.01629] [INSPIRE].

[148] ATLAS and CMS collaborations, Ezperimental SUSY overview, PoS LHCP2020 (2021)
166.

[149] I. Esteban, M.C. Gonzalez-Garcia, M. Maltoni, T. Schwetz and A. Zhou, The fate of hints:
updated global analysis of three-flavor neutrino oscillations, JHEP 09 (2020) 178
[arXiv:2007.14792] INSPIRE].

international conference on

[150] S. Antusch and V. Maurer, Running quark and lepton parameters at various scales, JHEP
11 (2013) 115 [arXiv:1306.6879] [INSPIRE].

[151] F. Bjorkeroth, F.J. de Anda, I. de Medeiros Varzielas and S.F. King, Towards a complete
Ay x SU(5) SUSY GUT, JHEP 06 (2015) 141 [arXiv:1503.03306] [INSPIRE].

[152] MEG II collaboration, The design of the MEG II experiment, Eur. Phys. J. C' 78 (2018)
380 [arXiv:1801.04688] [INSPIRE].

[153] A. Blondel et al., Research proposal for an experiment to search for the decay p — eee,
arXiv:1301.6113 [INSPIRE].

[154] MU2E collaboration, Mu2e conceptual design report, arXiv:1211.7019 [INnSPIRE].

[155] COMET collaboration, COMET phase-I technical design report, PTEP 2020 (2020)
033C01 [arXiv:1812.09018] NSPIRE].

[156] J.-H. Park, Metastability bounds on flavour-violating trilinear soft terms in the MSSM,
Phys. Rev. D 83 (2011) 055015 [arXiv:1011.4939] [INSPIRE].

[157] PARTICLE DATA GROUP collaboration, Review of particle physics, PTEP 2020 (2020)
083C01 [xSPIRE].

[158] J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi and T. Yanagida, Lepton flavor violation in
the supersymmetric standard model with seesaw induced neutrino masses, Phys. Lett. B 357
(1995) 579 [hep-ph/9501407| [INSPIRE].

[159] J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, Lepton flavor violation via right-handed
neutrino Yukawa couplings in supersymmetric standard model, Phys. Rev. D 53 (1996) 2442
[hep-ph/9510309] [INSPIRE].

— 35 —


https://doi.org/10.1142/9789812839657_0001
https://arxiv.org/abs/hep-ph/9709356
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9709356
https://doi.org/10.1103/PhysRevD.78.075019
https://arxiv.org/abs/0712.1285
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0712.1285
https://doi.org/10.1103/PhysRevLett.57.961
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C57%2C961%22
https://doi.org/10.1016/0550-3213(96)00390-2
https://doi.org/10.1016/0550-3213(96)00390-2
https://arxiv.org/abs/hep-ph/9604387
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9604387
https://doi.org/10.1016/j.nuclphysb.2009.12.019
https://arxiv.org/abs/0909.1333
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0909.1333
https://arxiv.org/abs/2105.01629
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2105.01629
https://doi.org/10.22323/1.382.0166
https://doi.org/10.22323/1.382.0166
https://doi.org/10.1007/JHEP09(2020)178
https://arxiv.org/abs/2007.14792
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.14792
https://doi.org/10.1007/JHEP11(2013)115
https://doi.org/10.1007/JHEP11(2013)115
https://arxiv.org/abs/1306.6879
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1306.6879
https://doi.org/10.1007/JHEP06(2015)141
https://arxiv.org/abs/1503.03306
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1503.03306
https://doi.org/10.1140/epjc/s10052-018-5845-6
https://doi.org/10.1140/epjc/s10052-018-5845-6
https://arxiv.org/abs/1801.04688
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1801.04688
https://arxiv.org/abs/1301.6113
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1301.6113
https://arxiv.org/abs/1211.7019
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1211.7019
https://doi.org/10.1093/ptep/ptz125
https://doi.org/10.1093/ptep/ptz125
https://arxiv.org/abs/1812.09018
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.09018
https://doi.org/10.1103/PhysRevD.83.055015
https://arxiv.org/abs/1011.4939
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1011.4939
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://inspirehep.net/search?p=find+J%20%22PTEP%2C2020%2C083C01%22
https://doi.org/10.1016/0370-2693(95)00954-J
https://doi.org/10.1016/0370-2693(95)00954-J
https://arxiv.org/abs/hep-ph/9501407
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9501407
https://doi.org/10.1103/PhysRevD.53.2442
https://arxiv.org/abs/hep-ph/9510309
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9510309

	Introduction
	CP transformation in modular symmetry
	Generalized CP symmetry
	Modular symmetry
	CP transformation of the modulus tau and modular multiplets

	Soft SUSY breaking terms
	CP invariant lepton model in A(4) modular symmetry
	Lepton mass matrices
	Soft masses of sleptons
	RGEs effect of sleptons

	Electron EDM and mu -> e gamma decay
	Electron EDM
	Branching ratio of mu -> e gamma

	Numerical results
	Summary
	Tensor product of A(4) group
	Modular forms with weight 2, 4, 6, 8 in Gamma(3) group
	RGEs of leptons and slepton
	Loop functions
	Mass matrix M(e) with only weight 2 modular forms

