
Lepton Flavor Violations from soft SUSY breaking terms  
in modular flavor models

Takashi Shimomura

(Miyazaki U.)

based on 

Tatsuo Kobayashi (Hokkaido U.)

Morimitsu Tanimoto (Niigata U.)

March. 24th, 2021 @ KEK-PH Flavor Workshop

“Soft supersymmetry breaking terms and  
lepton flavor violations in modular flavor model”

in collaboration with

arXiv:2102.10425



�2

Introduction

S3, A4, S4, A5, etc
A4 is minimal to embed three families of leptons  
in one irreducible rep.

‣ The origin of flavor is one of the important questions in particle physics.
•Non-Abelian flavor symmetries are interesting approach,

[E. Ma and G. Rajasekarn, PRD (2001)]

‣Modular symmetry is a new direction of flavor symmetry approach.
[Ferugulio, 1706.08749]

(Flavons are not necessary in modular symmetry models)

•Modular symmetry arises from the compatification of higher  
dimensions in superstring theory.

�2 ' S3, �3 ' A4, �4 ' S4, �5 ' A5,

•Modular groups       are isomorphic to the finite groups,�N

•The lepton mass matrix can be given by the modular forms.

[Kobayashi et al, PRD (2018)]
[Tanedo, Petcov, NPB (2019)]
[Novichkov et al, JHEP (2019)]

•The modulus    which characterizes the shape of compact space  
plays an important role to determine flavor structure. 

⌧
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Introduction
‣ Flavor symmetries also control flavor structure of superpartners.

•Specific patterns appears in soft SUSY breaking terms.
•Such specific patterns can be observed in LFV processes like  
μ→e+γ if SUSY particles are light.

In this talk,

‣ Flavour structure of soft SUSY breaking terms from the modulus  
F-term in simple modular A4 models.

‣ μ→e+γ decay to see flavor structure and parameter dependence.

[Ko, et al PRD (2008), Ishimori et al PRD (2008), etc]

[See e.g. Kobayashi and Vives, PLB (2001)]

‣ In modular symmetry models, the F-term of the modulus     can be  
non-vanishing, and lead to SUSY breaking.

•Such SUSY breaking terms show specific patterns of modular symm.

⌧
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Modular Symmetry

‣Modular transformations     acting on the modulus � ⌧

⌧ �! �⌧ =
a⌧ + b

c⌧ + d
where a, b, c, d 2 Z and ad� bc = 1, Im[⌧ ] > 0

‣Chiral superfield with modular weight         transforms as
: unitary rep.  
  matrix

‣Holomorphic functions which transform under modular trans., are called  
modular form with weight k

f(⌧ ) ! (c⌧ + d)kf(⌧ ),

�kI

�(I) ! (c⌧ + d)�kI⇢(I)(�)�(I), ⇢(I)(�)

[Ferugulio, 1706.08749]

‣Superpotential can be formed using chiral superfields and modular forms
W = f(⌧ )�(I1)�(I2)· · ·�(In),

The superpotential is invariant under the modular trans. when

⇢(I1) ⇥ ⇢(I2)· · ·⇥ ⇢(In) = 1

k� kI1 � kI2 · · ·� kIn = 0



L (ec, µc, ⌧ c) ⌫c Hu,d Y
(2)
3

SU(2) 2 1 1 2 1
A4 3 (1, 100, 10) 3 1 3
k �1 �1 �1 0 2
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Modular A4 flavor model

‣We consider two models in which the charged lepton Yukawa is given by  
A4 triplet modular form with weight 2.

Model A : Weinberg operator Model B : type-I Seesaw

Neutrino superpotential

L (ec, µc, ⌧ c) Hu,d Y
(2)
r , Y

(4)
r

SU(2) 2 1 2 1

A4 3 (1, 100, 10) 1 3, {3,1,10}

k �2 0 0 2, 4

W⌫ = �
1

⇤
(HuHuLLY (4)

r )1

We = ↵(LY
(2)
3 )1e

c
RHd + �(LY

(2)
3 )10µc

RHd + �(LY
(2)
3 )100⌧ c

RHd

W⌫ = g(LY
(2)
3 ⌫c)1Hu +⇤(Y (2)

3 ⌫c⌫c)1

Charged lepton superpotential

Neutrino superpotential

↵, �, � : fixed by charged lepton masses

[Okada and Tanimoto,  EPJC(2021), PRD(2021), JHEP(2021)]
[Kobayshi et al, JHEP(2018), Asaka et al, JHEP(2019)]
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Charged Lepton Yukawa

‣ The triplet modular form with weight 2

Y (2)
3 =

0

@
Y1

Y2

Y3

1

A Y 2
2 + 2Y1Y3 = 0satisfying

‣      (i=1,2,3) is a function of the modulus    .Yi ⌧

Y (2)
3 =

0

@
Y1

Y2

Y3

1

A =

0

@
1 + 12q + 36q2 + 12q3 + · · ·
�6q1/3(1 + 7q + 8q2 + · · ·)
�18q2/3(1 + 2q + 5q2 + · · ·)

1

A with q = e2⇡i⌧

Once    is determined, the Yukawa is fixed.⌧

We = ↵(LY
(2)
3 )1e

c
RHd + �(LY

(2)
3 )10µc

RHd + �(LY
(2)
3 )100⌧ c

RHd

Yijk = diag[↵,�,�]

0

@
Y1 Y3 Y2

Y2 Y1 Y3

Y3 Y2 Y1

1

A

RL

,

‣Charged lepton Yukawa 

� lRiYijkHjlLk

(i,k = e,μ,τ, j=Hd)
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Soft SUSY breaking terms

‣ Soft SUSY breaking terms originating from the modulus F-term are given  
in supergravity theory. (Mp=1)

L
soft

= m̃2

LL̃
†L̃+ m̃2

eẽ
†
RẽR + (Y AL̃†HẽR + h.c.)

Modular form (Y) determines the flavor structure of A term

A-term
Aijk = A0

ijk +A0
ijk

flavor universal

where

flavor dependentA0
ijk =

F ⌧

Yijk

dYijk(⌧ )

d⌧

A0
ijk = (1� ki � kj � kk)

F ⌧

(2Im(⌧ ))
= A0

soft mass
ki is common for 3 flavor.

flavor universal
m̃2

i = m2
3/2 � ki

|F ⌧ |2

(2Im(⌧ ))
= m2

0

charged lepton Yukawa

[SUSY breaking: Kaplunovsky and Louis, PLB306, 1993]
[Kobayashi, TS, Tanimoto, arxiv:2102.10425]



Allowed region of Modulus

‣ The modulus is determined by neutrino oscillation data in each model
Figure 3: The prediction of Majorana phases
↵
21

and ↵
31

for NH in model I(a).
Figure 4: The prediction of mee versus m1

for
NH in model I(a). The red vertical line de-
notes the upper-bound of m

1

.

Im[⌧ ] Re[⌧ ] g �g ↵/� �/�

0.66 – 0.73 ±(0.25 – 0.31), ±(0.46 – 0.54), 1.20 – 1.22 ±(87 – 88)� 202 – 203 3286 – 3306
1.17 – 1.32 ±(0.66 – 0.75), ±(1.25 – 1.31), ±(92 – 93)�

±(1.46 – 1.50)

Table 4: The parameter regions consistent with the experimental data of Table 3 for model I(a).
Results do not change under the exchange of ↵/� and �/�.

We also show the predicted Jarlskog invariant JCP [39], characterizing the magnitude of
CP violation in neutrino oscillations, versus sin2 ✓

23

for NH of neutrino masses in Fig.2. The
magnitude of JCP is predicted to be 0 – 0.035 depending on ✓

23

.
We show the prediction of Majorana phases ↵

21

and ↵
31

in Fig.3. The predicted regions are
restricted in ↵

21

= ±(118�–138�) and ↵
31

= ±(86�–130�). This result is used in the calculation
of neutrinoless double beta decay.

Let us show the prediction of the e↵ective mass mee which is the measure of the neutrinoless
double beta decay as seen in Appendix C. The prediction of mee is presented versus m

1

in Fig.4.
It is remarkable that mee is around 22meV while m

1

is 40meV. The red vertical line in Fig.4
denotes the upper bound of m

1

, which is derived from the cosmological bound
P

mi < 160meV.
The obtained value of m

1

indicates near degenerate neutrino mass spectrum, m
1

' m
2

' 40meV
and m

3

' 60meV. The prediction of mee ' 22meV is testable in the future experiments of
the neutrinoless double beta decay. We predict the rather large sum of neutrino masses asP

mi ' 145meV, which is required by consistency with the observed value of sin2 ✓
13

.
The parameters of our model are determined by the input data of Table 3. Numerical values

are listed in Table 4.
We have also scanned the parameter space for the case of IH of neutrino masses. We have

found parameter sets which fit the data of�m2

sol

, �m2

atm

and three mixing angles sin2 ✓
23

, sin2 ✓
12

,
and sin2 ✓

13

. However, the predicted
P

mi is around 190–200meV. Therefore, we also omit to
show numerical results.

9

Model B : type-I SeesawModel A : Weinberg operator

‣Neutrino Yukawa is also given by modular forms.

⌧ = �0.0796 + 1.0065i

⌧ = 0.48151 + 1.30262i
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SUSY mass scale dependence
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10-11

 4  6  8  10  12  14  16  18  20

B
r(

µ
→

e
+

γ
)

m0 (TeV)

A
B

A:
�/� = 1.02⇥ 10�3

B: ⌧ = 0.48151 + 1.30262i⌧ = �0.0796 + 1.0065i
�/� = 3.30⇥ 103↵/� = 2.03⇥ 102,↵/� = 6.82⇥ 10�2,

solid:
M1 = 3 TeV

dashed:
M1 = 5 TeV

present bound : 4.2×10-13

m0 = ml̃ = F ⌧

8TeV
5TeV

gaugino mass

tan� = 5with

Mass insertions A: B:|(�RL
` )µe| ' 2.1⇥ 10�5

✓
F ⌧

10TeV

◆

|(�LR
` )µe| ' 9.7⇥ 10�8

✓
F ⌧

10TeV

◆

|(�RL
` )µe| ' 8.4⇥ 10�6

✓
F ⌧

10TeV

◆

|(�LR
` )µe| ' 3.7⇥ 10�8

✓
F ⌧

10TeV

◆
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Modulus dependence
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10-13

10-12

 1  1.2  1.4  1.6  1.8  2

B
r(

µ
→

e
+

γ
)

Im(τ)

|Re(τ)|
0.5

0.25
0

solid:

dashed:

F ⌧ = ml̃

F ⌧ = M1

present bound : 4.2×10-13

ml̃ = 10 TeV, M1 = 3 TeV

Depends on both Re(τ) and Im(τ) below Im(τ) < 1.4
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Summary

We have studied the SUSY breaking and LFV in modular flavor models,

‣Soft SUSY breaking terms from the modulus F-term are obtained.

‣Flavor structure of the SUSY breaking terms are determined by  

modular form of the charged leptons.

‣The SUSY mass scales are larger than 8 (model A) and 5 (B) TeV.

‣The branching ratio significantly depends on τ for Im(τ) < 1.4,  

and is independent of Re(τ)  for larger Im(τ).

and showed the LFV decay in two A4 models,

‣Similar and detailed analyses are important in other flavor models.

‣Specific patterns of soft SUSY br. terms are studied in LFV process.

Messages are 


