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Introduction : Flavor Symmetry

4D Standard Model
Mysteries of Flavor Structure

* Origin of 3 generation
* Origin of mass hierarchy
e Origin of flavor mixing }

Flavor Symmetry

— Non-Abelian Discrete Groups
(e.8.) S4(= A(24))




Introduction : Modular Flavor Symmetry

+ Compact space Geometrical Structure
(e.g.)T? = C/A (e.g.) Modular symmetry

T Y(Xp) = ¢i(x4)®1/)l{ (Va)
@ @& = [ dPX gPEORCOWC = [ dtx Yy (09GO gk (o)
a = [d*x (g [ d%y ] )] DY () PLEPI )P*(x) =

2%)

Complex Structure Modulus: T = —
1

4D Standard Model
Mysteries of Flavor Structure

* Origin of 3 generation
* Origin of mass hierarchy
e Origin of flavor mixing }

Modular Flavor Symmetry

e Finite Modular Subgroups
FN (e.g.) F4 = 54(z A(24))




Introduction : Modular Flavor Symmetry

+ Compact space
(e.g.)T? = C/A

@ , T;, T +;
all (e.g.)

Complex Structure Modulus: T = ”
1
Modular Forms of Weight k (€22): Y (1)

22 y:t->1t+1 Modular Transformation: y: 1 - ——

p: representation of

Geometrical Structure
(e.g.) Modular symmetry

y:Y(@) > ¥ () = (er + d)fp()Y (@)
yipr(xg) = (et 4+ d) " p(y);(xy) (k=2 k)

[ d*x V. (O YT )Pk (x)

at+b ad — bc =1
ct+d (a,b,c,d € Z)

Modular Flavor Symmetry

Finite Modular Subgroups
[y (e.g) T, =S,(=A(24))




Introduction : Modular Flavor Symmetry

+ Compact space Geometrical Structure
(e.g.)T? = C/A (e.g.) Modular symmetry

=T+
all (e-g-)

a3 . . at+b ad — bc =1
.1 === y:T—>71+1 Modular Transformation: y: 7 » —
Complex Structure Modulus: T 14 ct+d  (a,b,c,d € 7)

Modular Forms of Weight k (€2): 16;%’[) v:Y(r) > Y (Z:g) = (ct + d)kp(]/)Y(T)
y:r(xy) = (et +d) “p(y)Pr(xy) (k=2 ki)

Modular Flavor Symmetry
Finite Modular Subgroups
p: representation of | Iy (e.g.) ', = S’ (= A'(24))
(double covering group of I'y)




Introduction : Modular Flavor Symmetry

+ Compact space
(e g.)T? =~ C/A

(e.g.)
Complex Structure Modulus: T = =2 ¥:T—>7+1 Modular Transformation: y: 7 > ——

Modular Forms of Weight k (€2): Y(’l')

Assumption:
Flavor group, Representation, Weight

How can they be determined?

Y(Xp) = ¢i(x4)®1/)l{ (Va)
\

[dPX gPOPX)Y(X) = [d*x Ve () )P () Pk (x)
= [d*x (g [ d% ] ) O ) PHe)P! )y (x) =

y: Y(T) (ar+b

p: representation of

=2) = (et + DFp()Y (@)
Vi (xy) = (ct+ d) 1p(y);(xy) (k=2 kp)

Geometrical Structure
(e.g.) Modular symmetry

at+b ad —bc =1
ct+d (a,b,c,d € Z)

Modular Flavor Symmetry
Finite Modular Subgroups

[y (e.g) [y = S'4(= A'(24))

(double covering group of I'y)




Introduction : Magnetized 7> model

+ Compact space
(e.g.)T? = C/A

z~Z+1~z+ 71 1

(Coordinate,Modulus) : (z, 1)

with

Magnetic Flux: 2n) ™[, F =M € Z




Introduction : Magnetized 7> model

+ Compact space
(e.g.)T? = C/A |with Magnetic Flux: 2n)™* [, F=M€Z

z~z+1~z+71 ¢ ‘ 7 Y(Xp) = P (x)®; (z,7)

- ‘ (egflzél

0 all
(Coordinate,Modulus) : (z, 1)
Wavefunctions : ¥ (z, 1)

(e.g.)
«  Origin of 3 generation mm— M generation chiral fermions on magnetized T'*



Modular Flavor Symmetry in Magnetized 7> model

+ Compact space Geometrical Structure
(e.g.) T? =~ C/A |with Magneticﬁ Flux: (27‘[)_1sz F=MEe2Z (e.g.) Modular symmetry

Zz~Z+ 1~z + 1

-

1 Y(Xp) = ¢i(x4)®1plf (z,7) [21K. Hoshiya, et al., PTEP 2021 (2021) 3, 033805

(T d*x Vi (O P Ok (x)

z

LIM =4 . .
C8IM =N e (o [ 220! 0! (Dl () W COPE) =

0 alll (e.g.) Z at+b
(Coordinate,Modulus) : (z,7) y:(z 1) = (z,t + 1) Modular Transformation: y: (z,7) — (Cﬂd, CHd)
. . at+b
Wavefunctions : (z,7) YD) 2 Y ) = T+ D0z D)
Vi (xy) = (ct+d) _1/2,0(]’)_11/)1 (x4)
(e.g.) [1] S. Kikuchi, et al., Phys.Rev.D 102 (2020) 10, 105010

«  Origin of 3 generation mm— M generation chiral fermions on magnetized T'?

Modular Flavor Symmetry

— Finite Modular Subgroups
p:representationof [ (e.g)[, = 5‘4(z 5(24))

(quadruple covering group of I, ;)

Flavor group, Representation, Weight
can be determined !




Modular Flavor Symmetry in Magnetized T72/Z, model

+ Compact space
(e.g) T*/Z,

Z~Z+1~Z+T
H Z~—Z

with

Geometrical Structure

Magnetic Flux: 2m)™! [, F = M € 2Z (e.g.) Modular symmetry
‘ » Table.1: eigenmode [(a4, a;) = (0,0)]
— M
0 7 (e g.)ZM 4 /9SG0 2 3 4 5
,-even

12/Z,0dd 9 l 2 '3

l [3] S. Kikuchi, et al., arXiv:2101.0082
A(6M?) A(96) A(384)
v (xy) = (ct + d) _1/2,0(]/)_11/)1 (x4)
(e.g.)

«  Origin of 3 generation mm— 3 generation chiral fermions on magnetized TZ/ZZ

Flavor group, Representation, Weight
can be determined !

| Modular Flavor Symmetry
Finite Modular Subgroups

p: representation of (f‘ZM D)Z(6M2) (M = 4,8)

‘ (quadruple covering group of A(6M?))




Modular Flavor Symmetry in Magnetized T72/Z, model

+ Compact space
(e.g) T*/Z,

Z~Z+1~Z+T
H Z~—Z

* Origin of 3 generation ¢m— 3

with

Magnetic Flux: (2m) ™" [, F = M € 2Z + 1

Geometrical Structure
(e.g.) Modular symmetry

‘ » Table.2: eigenmode [(aq, ;) = (1/2,1/2)]

[3] S. Kikuchi, et al., arXiv:2101.0082

v X Zg As X Zg PSL(2,Z,) X Zg
Vi (xy) = (ct+d) _1/210(]/)_11/)1 (x4)

(e.g.)

generation chiral fermions on magnetized T*/Z,

Flavor group, Representation, Weight
can be determined !

p: representation of

| Modular Flavor Symmetry
Finite Modular Subgroups

[ X Zg (M = 5,7)




Modular Flavor Symmetry in Magnetized T72/Z, model

+ Compact space
(e.g) T*/Z,

Z~Z+1~Z+T
H Z~—Z

* Origin of 3 generation ¢m— 3

with

Magnetic Flux: (2m) ™" [, F = M € 2Z + 1

Geometrical Structure
(e.g.) Modular symmetry

‘ » Table.2: eigenmode [(aq, ;) = (1/2,1/2)]

[3] S. Kikuchi, et al., arXiv:2101.0082

v X Zg As X Zg PSL(2,Z,) X Zg
Vi (xy) = (ct+d) _1/210(]/)_11/)1 (x4)

(e.g.)

generation chiral fermions on magnetized T4/Z,

Flavor group, Representation, Weight
can be determined !

p: representation of

Anomalous? ‘| Modular Flavor Symmetry
Finite Modular Subgroups

[ X Zg (M = 5,7)




|dentification of Anomalous/Anomaly Free Symmetry

in Path Integral 7 = lelep =Sl

Y = Ugy, Y- Ugp = DYDY — (detlU,) 2Dy Dy

|

at+b
cTt+d

vy () - (ct+d) 7 2p()i(xs)  p(y) € Flavor Group G

Modular Transformation: y: 7 —

detp(y) = 1 = Anomaly Free

detp(y) # 1 = Anomalous

[4] Y. Kariyazono, et al., Phys.Rev.D 100 (2019) 4, 045014



|dentification of Anomalous/Anomaly Free Symmetry

k
detp(a) =1 detp(b) =e”™8 Zs

a b
m M
— 3] S. Kikuchi, et al., arXiv:2101.00826
M - 5;7 FM X ZB [ ]

(e.g.)
M =48 A(6M?) =~ A(BM?»)xZg (cf A(6M?) =~ A(BM?)xZ,)

detp(y) =1
e

p(y) € Flavor Group G = Gy X Zy

Anomaly Free Anomalous  [5]in progress

detp(y) = 1 = Anomaly Free = G, = {g, € G|detg, = 1} is Normal Subgroupof G = G /Gy = Zy

it 1
detp(y) # 1 = Anomalous 3g, which satisfies detg; = e*™ N is g, € Zy



Broken Symmetry by Non-Perturbative Effect

(non-perturbative effect) _Syy f d2ad?p e—d(T)a aiBive Vk: 3-generation (a = 1,2,3) Right-Handed Neutrinos
D-brane instanton effect (Assume) from M = 4 Z,-even modes

l = (e Seteypnd(T)g d(T)§ )VRVR = triplet of A(96)
Majorana mass term of v = m(1)4,v&v2

a;, fj: zero-modes (i,j = 1,2) appeared

(A(96) 2) 5", A(96) A(96) by D-brane instanton effect

[6] K. Hoshiya, arXiv:2103.07147

(T-dual) Intersecting D-brane model

\ D-brane instanton
a B
Vg A(96) =~ A(48) x Zg
U U U
Compactspace S’y =~A'(24) ~=A(12) %7, = A, X Z,




Broken Symmetry by Non-Perturbative Effect

(non-perturbative effect) iy f d2ad?p e—d(T)a @iV Vk: 3-generation (a = 1,2,3) Right-Handed Neutrinos
D-brane instanton effect (Assume) from M = 4 Z,-even modes

| = triplet of A(96)
Majorana mass term of v = m(1)4,v&v2

a;, fj: zero-modes (i,j = 1,2) appeared

(A(96) 2) ', A(96) A(96) by D-brane instanton effect

at+b

ct+d Pinst V) = pa(¥)pp(¥)

Vi (xy) = (et + d) _1/210()’)_1'701(954) = d’a dzﬁ - (cT + d)zdetpinst(y)dz dZ,B

Y m(DapVEVE > m@)apV'§V'h = (7 + d)2detpins (M) g1y VEVE' 51 progress

Modular Transformation: y: 7 —

A(96) = A(48) x Zg
U U U
S',=N(Q24) =A12) X Z, = A, ¥ Z,



Broken Symmetry by Non-Perturbative Effect

(non-perturbative effect) iy f d2ad?p e—d(T)a @iV Vk: 3-generation (a = 1,2,3) Right-Handed Neutrinos
D-brane instanton effect (Assume) from M = 4 Z,-even modes

| = triplet of A(96)
Majorana mass term of v = m(1)4,v&v2

a;, fj: zero-modes (i,j = 1,2) appeared

(A(96) 2) ', A(96) A(96) by D-brane instanton effect

at+b

ct+d Pinst V) = pa(¥)pp(¥)
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Modular Transformation: y: 7 —
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a b

_ Mm Mm
A(96) =~ A(48) X Zg
U U U

S', = N(Q24) =~ AN12) X Z, =~ A, X 7,



Broken Symmetry by Non-Perturbative Effect

(non-perturbative effect) —Sg f d2ad?p e—d(‘f)a aiBjv VE: 3-generation (a = 1,2,3) Right-Handed Neutrinos
D-brane instanton effect (Assume) from M = 4 Z,-even modes
| = triplet of A(96)
i — a.b
Majorana mass term of VR = m(lf)ivav{{ a;, Bj: zero-modes (i,j = 1,2) appeared
Z, is broken (8096 =) Sf A(i6) A(f6) by D-brane instanton effect

by:anomaly 96y 5 s, A'(96) A'(96) A'(96) invariant

at+b

ct+d Pinst V) = pa(¥)pp(¥)

Vi (xy) = (et + d) _1/210()’)_1'701(954) = d’a dzﬁ - (cT + d)zdetpinst(y)dz dZ,B

Y m(DapVEVE > m@)apV'§V'h = (7 + d)2detping (M) g1y VA VE' 51 progress

Modular Transformation: y: 7 —

detpinst(a) =1 detpinst(bz) =1

a b?

m m
N'(96) ~ A(48) X Z,
U U U

~AQ24) = A(12) X Z, =~ A, ¥ Z,



Conclusion

We have studied modular symmetry in magnetized T#/Z, orbifold models.

>3 generation chiral fermions from magnetized T#/Z, orbifold transform as
modular A(6M?%) =~ A(BM?) x Zg (M = 4,8) triplets or I, X Zg (M = 5,7)
triplets with modular weight -k=-1/2.



Conclusion

A(6M?) =~ A(3M?) x Zg [y X Zg

Modular symmetry can be anomalous, in general.

»Anomaly free transformation generate normal subgroup Gy of modular
flavor group G and the residue class group G /G, is isomorphic to Zj.

= There are cases when G can be decomposed as semidirect product of
anomaly free Gy and anomalous Zy, (i.e.) G = Gy X Zy

Anomaly Free Anomalous

* A part of anomalous Z, symmetry is actually broken by non-perturbative
effect (e.g.) Majorana mass term by D-brane instanton



