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1. Motivation Flavor puzzle 1

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

~ e e ™
mass: 2.2° 1,270 173,100 125,180

charge: 2/3 2/3 2/3 O
o

spin: 1/2 1/2 1/2 1

top Higgs boson

2

~
4,180

-1/3

1/2

bottom

-~
1,776.8

-1

L

lectron muon tau
L SeGuo o = 2 J

e N7 N ~
<0.00000012 <0.00000012 <0.00000012
O o O

1 1/2@ 1/20

electron muon tau
i i i W boson
9 neutrino I neutrino AW neutrino y \_

2024 RS20 RAE



eV keV MeV GeV TeV H
g _l_|_|'|'|'|'|'||_|_|'|'n|'|-'||'ﬂ'|_|_|_|'|'|'|'|'|| |T|‘ T |T|l} |'|T|'| IJII|T|'|'|' T ﬂTI']_nTI'l'lTl'l illllllll |||.|rrr|e|| I|'|T|| TT |'|T|| IIIII|'|T| IIIIl|'||'| IIIII|'|T| T [Z'Z'XIngj
= v3 : u t
S 5| M. A iy A _ Phys.Rept.
| o I
5 i ; 854 (2020) 1-
vaooo d s b 147]
2 — > | I ; —
vy | | e T
1 s g e v v -
10 510"410 10 210 . 1 10 10 10 10 10 10 ‘107 10 10 10 10 10
mass (eV)

« Why fermion mass hierarchies?

* Why are neutrino masses so small?
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Flavor puzzle 3: Why different quark and lepton mixing

® Cabibbo (1963)-Kobayashi-Maskawa (1973) Matrix:

1 0 0Y) ¢, 0 s,e™)c¢c, s, 0)
U =10 Cp Sy 0 1 0 -S, €, O
0 S Cpu (-8 0 ¢y JLO 0 1
0,,+v13° - 0,3~2° - 0,;~0.2° — 0 ~65°

© © 0O D

® Pontecorvo (1957) -Maki-Nakawaga-Sakata (1962) Matrix:

1 0 O C, 0 s.e™\c, s, 01 0O 0
Upns =| 0 Cpy Sy 0 1 0 -s, C, 00 g*” 0
0 -S,, Cyu/)|l—-Ss."" 0 ¢ 0 0 1)l0 0 e=?

0,, ~42.2° or49° — 0,,~33.4 - 0,,~8.58° — 8/0;/0t3,~22?

G
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Flavor puzzle 3: Why different quark and lepton mixing

® Cabibbo (1963)-Kobayashi-Maskawa (1973) Matrix:

(1
UCKM =10
\O

® Pontecorvo (1957) -Maki-Nakawaga-Sakata (1962) Matrix:
E BA
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2. Flavor symmetry

 TB mixing: [P.F. Harrison,W.G. Scott, Phys.
" Lett. B 535 (2002) 163-169]
\P - 0 Exp data(NuFIT5.2
3 \/§ 9;'38 :450’ Xp ata( u . )
1 1 1 : 39.7° < 0:2P< 51.0°
U =|— -—=|| =) |6 =35.26, = 723 =
Tl Ve V32 oy 31.31° < 95P< 35.74°
1 1 1 13 — o exp o
— — 8.23° < 6,,"< 891
J6 3 2 23

 In the basis of diagonal charged leptons, the neutrino mass matrix is:

Mv — UTBdiag(ml’ m2’ mB)U:I!_B

m (% 2 =2\ (1 1 1\ p /0 0 0
-Mv=?—2 I EE I R R T

-2 1 1 1 1 1 0o -1 1
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« Symmetry of TB neutrino mass matrix:

SM ST =M, P.M PL=M
with
(-1 2 2) (1 0 0)
szé 2 -1 2| P,=|0 0 1| mmp S°=P;=1
2 2 -1 0 1 0,

« Diagonal charged lepton mass matrix is defined by invariance under T:

M, =diag(m,,m,,m.), T'M/MT =M/M,

minimal choice

(1 0 0)
T=|0 w 0| w=e"® =) T3=1
\O O a)Z)
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* The group generated by S, T and P, h= q) h=3
§° =T =P, =(ST)’ = (SPy)’ ‘&/ X /Qj’
, \ = S, ——
— (TP23) — (STP23) =1 E \'i":
o Breaking pattern : [Lam, 0708.3665, 0804.2622] ;."‘"{'- ;:(- :‘.‘ -

S4

(1)

\(kﬁ

UPMNS
(S.Py3)
K4 23
charged lepton neutrino
+ Mixing matrix:  |Upuns = Uts
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Flavor symmetries

Non Abelian discrete flavor symmetry

Flavor symmetry %
A | & h

< =
- Leptons Ge GV
gauge
- Quarks
.., a

constrain mixing and Dirac phase

[Altarelli and Feruglio, Nucl.Phys.B 741 (2006) 215-235;
C.S. Lam, Phys.Lett.B 656 (2007) 193-198;

Feruglio, Romanino, Rev.Mod.Phys.93(2021);

Altarelli and Feruglio, Rev.Mod.Phys. 82, 2701 (2010)...]
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1%
>4HCP

charged lepton neutrino
Constrain mixing angles, Dirac phase and Majorana phase

[Feruglio, Hagedorn, Ziegler , JHEP 07 (2013) 027;

Holthausen, Lindner, Schmidt, JHEP 04 (2013) 122;

Ding, King, Luhn, Stuart, JHEP 05 (2013) 084;

Chen, Fallbacher, Mahanthappa, Ratz, Trautner, Nucl.Phys.B 883
(2014) 267-305...]
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S, X Hqp

[C. C. Liand G. J. Ding, Nucl.Phys.B
881 (2014) 206-232]
ZzsUXH(V:P
« Mixing matrix: | |
PR charged lepton  neutrino
(2 cosd sin @
V3 J3 J3
U ::_ 1 : cos¢9+isin6? _icosé’+sin6?
w6 VB V2 V2 B
I 1 1 cos@ ising icosH+sin9
L V6, B 2 2 B

N o =

. Mlxmg parameters:
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Problems with the traditional approach

W Drawback:

® Introduced many gauge smglet flavons.

® Higher dimensional operators.

® High number of free parameters in effective Lagrangian.
® Spontaneous breaking in flavon sector.
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Modular symmetry: a new approach to flavor puzzle

« The homogeneous modular group ar+b

cr+d’

a b r
= (-~ ,
4 c d
e GeneratorsSand T

0 1 1 1 S:TH—E, T+l
S = : T= , T
-1 0 01

S*=(ST)’ =1, S°T =TS".
* Principal congruence subgroups of SL(2,Z), N =2,3,4...

_ a b a bY (1 0
F(N)—{(C d)GSL(2,Z), (C d)_(() 1) (mOdN)}

m T"I(N)

TH YT =

b
F=SL(2,Z):{[(Zl dj‘ad —bc=1, a,b,c,d EZ}.
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« Inhomogeneous finite modular groups

[, =T/xI(N)

[Feruglio, 1706.08749]

[, =3, [,=A, [',=S5,, [,

) S’_(ST)*=TV=1 for N <5

112

A

 Homogeneous finite modular groups:

[X.G.Liu and G.J.Ding,
JHEP 08 (2019) 134]

r=s, T,=T,

[ =T/T(N) ey S‘—(ST)*=T"=1, S*T =TS? for N<5

..
N
112
P
.
—]
ol
|12

A

The Kahler potential is not under control
and can not obtain analytical results !
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The Kahler potential under control

 In traditional flavor symmetry the Kahler potential is under
control

[Chen M.C. et al, 1208.2947,...]

K> (pLL), /A andlor (p@LL), /A2,

« Combine the advantages of both approaches traditional
flavor symmetry and modular symmetry

=G x G [Chen M.C. et al, 2108.02240]

Gflavor traditional modular

-G UG [A. Baur et al, 1901.03251;
traditional modular| A Baur et al, 1908.00805]

G

eclectic

20245 R RS HIL



Eclectic flavor groups

20249FREZHI0

How does this work?

[Hans Peter Nilles et al, 2001.01736;
Hans Peter Nilles et al, 2004.05200]



3. Eclectic Flavor Groups

m Transformation properties

TFS: |7 +5 7, o 5 pl9)w,  g€Gy,

ar + b
ct +d’

T =T = Y(r) 5 Y (77) = (er + &) p(7) Y (),

MS:
¥ L (er + d) e p(y)p, A ( b)eSL(2,Z),
d

Combining MS with TFS

~ € SL(2, Z2) g <€ Gy
/ — (e 4+ d) *p(v)y /—\
) (e + d) % p(v)p(g)y

\—* p(g") = p(v)p(g)p~ (V)Y e//
3 9 € Gy ~~1 € SL(2, Z2) T



3. Eclectic Flavor Groups

m Transformation properties

TFS: |7 +5 7, o 5 pl9)w,  g€Gy,

ar + b
ct +d’

T =T = Y(r) 5 Y (77) = (er + &) p(7) Y (),

MS:
Y > (et +d) ™ p(v), = ( b) c SL(2,7),
c d

Combining MS with TFS
v € SL(2,2Z2) g € Gy

/ — (e 4+ d) *p(v)y /—\

Y p()p@)p ()=p@), 9.9 €G,, yel|(cT +d)"*p(v)p(g)y

\—* p(g") = p(v)p(g)p~ (V)Y e//
3 9 € Gy ~~1 € SL(2, Z2) T




m The consistency condition

p(Mp(9)p~ ' (v) = pluy(g))

VQ'EGf,

) (0, G — Gy

=>

traditional flavor transfromation

Gecl = Gf X F{N (Gf X FN).

Wy, ¢,Y (7)) ——>W (o, (9, p,,(9)8,Y (z)) =W (v, 4,Y (7))

m |f ycorresponds to an inner automorphism

W (y.4,Y (7)) ———>W (p, (9)y. p,,(9)4, o, (9)Y () =W (v, ¢,Y (7))

) Y (1) ———p, (»)Y(7) = p,(9)Y(r) =Y (7)

Finite modular group must

be subgroup of the outer
automorphism group of G;.

20245 R RS HIL
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m The consistency condition

p(Mp(9)p~ ' (7) = p(uy(9)), Vg€ Gy,

> ’U/fYZCTYf—>C-TYf ) G =GrxI'y(GfxTy).

traditional flavor transfromation

W(y.¢.Y () —>W(p, (9)y. £, (9)8.Y (7)) =W (y,4.Y (7))
m |f ycorresponds to an inner automorphism

W (y.0.Y (2) ——2W (p, (9)v, £, (9,). £, ()Y (1)) =W (v, .Y (1))

Traditional flavor group

) |Y(7)—— : >10r3(g3)Y (z) =Y (7) A, = Q[812 3]

Co X Qg = [16 12]

(04 X CQ) Pl Cg = [16 13]

Finite modular group must

(03 X 03) A Cg [18 4]

be subgroup of the — . fQ - 24[211 X
. X 08 = 24,
automorphism group of G;. Oy x Ay = [24,13)
CQ X OQ X 83 O [24, 14]
A(27) = [27,3]

N 44 =VAun

Co x C3 = [27, 4]




» It is sufficient to only discuss:

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

» The finite modular group:

Ty :{S}TSZZ(ST)SZTNZJL},

I, :{S?TS‘i:(ST)g:TN:l, SQT:TSQ}, N<5.

(ug)™* = (ur) = (ugour)®* =1,  (ug)*our = uro (ug)* ,
N,=2 = Ty, Ng=4 = TV

[Hans Peter Nilles et al, 2001.01736]
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m The consistency between the modular symmetry and gCP

p(K)p*(S)pH (K.) = p~(S),  p(K.)p"(T)p ' (K.) = p~ 1(T).

[Novichkov et al, 1905.11970;
Ding et al, 2102.06716]

m The consistency between the traditional symmetry and gCP

p(K)p*(9)p M (KL) = p(uk.(9)), Vg€ Gy,

[Feruglio, Hagedorn, Ziegler , JHEP 07 (2013) 027;

Holthausen, Lindner, Schmidt, JHEP 04 (2013) 122;

Ding, King, Luhn, Stuart, JHEP 05 (2013) 084;

Chen, Fallbacher, Mahanthappa, Ratz, Trautner, Nucl.Phys.B 883

(2014) 267-305...]
m The automorphisms of G; satisfy

(us)™ = (ur) = (ugour)’ =1,  (us)? our = ur o (ug)?*
UK 2 = UK, OUS O UK :u_l, UK, CUT OUK, = Up
* *® * S * T
[Hans Peter Nilles et al, 2001.01736]
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Examples of traditional flavor groups

flavor group ~ GAP Aut(Gy) finite modular eclectic flavor
o ID groups group
Qs [ 8,4 ] Sy without CP S3 GL(2,3)
with CP - -
Zg X Zg [ 9, 2 ] GL(Q, 3) without CP 83 A(54)
with CP S3 X Zis 1108, 17]
A4 [ 12, 3 ] 84 without CP 83 54
Sy Sy
with CP - -
T’ [ 24, 3 | Sy without CP S3 GL(2,3)
with CP - -
R 127 3] [ [T [wihon CF |~ 5[ - AT
_________ ] _8d)
| with CP S3 X 7o 1108, 17] :
_________ - GL{2,3) | [1290, _2'891]
A(54) [ 54, 8] | [ 432,734 ] | without CP T’ (1)
with CP GL(2,3) | [1296, 2801]

[Hans Peter Nilles et al, 2001.01736]
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/1

flavor group

finite modular group

EFG

Group id

Ss GL(2,3) = [48,29] —
Qs Ay Qs x Ay = [96,204] | [192,1494]
Sy Qs % Sy 192, 1494]
s Ss A(54) (54, §]
T (Z3 x Z3) x T 216, 153]
S3 Ag 3 Ss 72, 43]
Ay Ay Ag X Ay 144, 184]
Sy Ag X Sy 288, 1026]
S3 Sy % S3 (144, 183]
Sa Ay Sy % Ay 288, 1024]
Sy Sy % Sy (576, 8653]
S3 T' % S5 144, 125]
T Ay T' x Ay 288, 860]
- W SR TS5 _ _| [576,8282] |
A@T) S3 A(27) % S5 [162,46] |!
il AQ2T) xT' = Q(1) | [648,533)
A5A) S3 A(54) % Ss 324, 122]
T A(54) x T 1296, 2895]




The EFG A(27) % S,

m The multiplication rules of A(27)

A = B3 = (AB)? = (AB?)? =1.

our working basis PREPLTE

lrs @ p1,..(A4) =w', p1,.(B)=w’, with 7,5=0,1,2,
(01 0) (10 o)

3 psA)=1o00 1| eB=0w 0 |
\1 0 0 \ 0 0 w? )
(01 0) (1 0 o)

3 : pA=1001]| mB=|0 w2 o0 |-
\1 0 0) \0 0 w )
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m The outer automorphism group of A(27)

Aut (A(27)) = [432,734]

finite modular subgroups: |S,, Z,xS,, T', GL(2,3)
m The three outer automorphisms ug , Ur and Uyx

ug(A) = A%, up(4) = A%,
us(B) = B*,  up(B) = A*B*A, » u,, U, = TI,=S,
ug, (A) = A, ug, (B) = AB*A.
[Hans Peter Nilles et al, 2001.01736]

no GCP

) [A(27) xS, =[162,46)

EFG+GCP

20245 R RS HIL



m Solving the following consistency conditions

p,,,.(S)p,r.(A)p,;l(S) = PT(AQ)J pT(T)pr(A)pgl(T) = p'r'(A2):
pr( Pr )pr(B)P;l(T) = Pr(A2B2A)a

2
k=
%
—
Z
N
[E—
@)
~—
|
ks
.3
—~
Sy
[\
~
—
~

m U; and u; act on irreducible representations as

us, ur : lo,1 <> 102, lio< 120, 111122, 112127,
10,0 — lo,0, 3 — 3, 3 - 3.

m The representations of EFG must be

1,,,2;,3and 3
where 2, (i=1,2,3,4) are defined as

21 = (Lo1,102)", 22=(111,122)7,

23 = (11,07 12,0)T; 24 = (11,2, 12,1)T
20245RR} A/




The representations of the EFG A(27) x S3 = [162, 46]
A B S T
15,0 1 1 (—1)* (—1)°
20 1y 1y p2(S5) p2(T)
2i,m p2;(A) p2,;(B) P2,m (5) P2s,m (1)
3¢ p3(A) p3(B) p3a(S) p3a(T)
3¢ p3(4) p3(B) p3a(S) p3a (1)
6=3®2 | p3(4) @1y | p3(B) @1y | p30(S) @ p2(S) | pso(T) ® p2(T)
6=3"®20 | p3(A) @12 | p3(B) @12 | p30(S) ® p2(S) | p30(T) @ p2(T)

o = O
e
w
Q
—~
~
~—
|
—~
|
—_
~—
)
o = O
o O =
_— o O
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Analytical results ?

(1)

charged lepton

G, Iy () =11,
\<I> and (z) (p,)=(0,1,-1)",
U s <T> =1,
G, cI'y A(27)x S,
— -G -7" G, =25
neutrino
2 1 )
3 5 0 |
. . [ cos@® sin@e @ 0)
U — — || —sin@e” cos® O
PMNS \/6 \/§ \/E
0 0 1
1 1 1 |\ /
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4. Effective action invariant under A(27) X S;

B Level 2 modular form multiplets Superpotential

Y:
"=y, YW@=, ¥3"™()= (Yz) .

B The assignment

v~3w~3, O=(4,4,4) ~3"

B The mass matrix of the fermion v

o1 0 O 0 ¢3 ¢ 0 —¢3 @2
atYir | 0 o2 0 | +aYi| o3 0 @1 | +azYo| o3 0 —¢ :
0 0 ¢3 o2 ¢1 0O —¢p2 o1 0

(3.18)

20249FREZHI0




B The assignment
W~3O’WC ~ 3, CDE(¢11¢2)T ~ 2,

B The mass matrix of the fermion v

AUy d
MII — u,
YA

d1(Ys —iYy) 0 wpy(Ys 4 1Yy)
wpa(Ys +1iYy)  o1(Ys —iYy) 0

( 0 wpa(Ys +1iYy)  ¢1(Ys —1Yy) )
(3.34)

20249FREZHI0




1 4% A(27) x S5 Y\ k) M,y Constraints of gCP
Wyt | 9, ¢ ~ 3%, & ~ 30 | yF) y () My, in Eq. (3.18) Eq. (3.19)
Wy | 9, 9 ~ 3%, & ~ 31 | y°r) | y i) My (Y1 = Ya,Y; o 1) Eq. (3.19)
Wys | ¢, 9° ~3° & ~3° | yv{™) v ) My Eq. (3.22)
Wy | 0, ¢ ~ 30 & ~ 31 [ VP v () My (Y1 = Ya,Y; = V) Eq. (3.22)
W w ~ 303 1/)5 ~ :_:_’)0, Y(ky) Y(ky) M/ in Eq (3 28) Eq (3 30)

¥ B~ 210 L v v |
Y~ 3% 9° ~ 30, (ky) < (ky) / 2 ;
Wye oo yiF) ylky DM, (Y1 = w?Y1,Ys — iwY3) Dg Eq. (3.30)
~ 23,2
Wiy Y~ 3% ¢~ 30, y )y (hy) p1(a1Y1 + apY3)diag(w, w?, 1) -
D ~ 234 L +¢a(a1 Y] — anYs)diag(w, 1, w?)
st @b s 305 wc s 307 Y(ky) Y(ky) PZSDRM’ (PZBDR)T L
(I) ~ 24’2 1 2 1/ ";‘b
wN30’77ch307 (ky) /"o /
W B~ 241 Vo M, in Eq. (3.34) -
77[) ~ 307 lbc ~ 307 k 2
W10 o2y, Y Fv) MY (41 = w?¢1, Yy — —Y)) —
d}N307 wCNgov (ky) 2 1
Dy M/ID o =
Wi B~ 250 Y25 w DMy Dp Sa =0
~ 307 C 30’
Wy12 v > Nvﬁz ) YA DMy (¢1 — ¢1,¢2 = w2, Yy = —Y4) Dy Sa=0
Wors W ~ 30, ¢ ~ 30, yi(kv) af¢y (Vs — iYy)diag(w, w?, 1) -
b ~ 23,0 2 +¢52(Y3 + iY4)diag(w2,w, 1)]
le‘l P~ 307 We ~ 30, Y(ky) Of[qb]_(Yg + iY4)diag(1,w,w2) -
D~ 254 2 +¢o (Y3 — iV} )diag(w?, w, 1)]
~ 30, cig 30’
Wa1s v v Y Fv) P23DEMJDEP23 —




Kahler potential

B The Kahler potential of the fermion

K=K o+ Kyo+ Ko T

Ko (g (vl + viva + vivs)

without off-diagonal element of the Kahler metric

where

Ko €an be absorbed into the K| 4

. (D)?
KynLo Which is suppressed by ¥

will give rise to off-diagonal elements.
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5. A(27) X S; eclectic lepton model

’———m

Fields L E° | N°¢ | H, Hy b © X 9
SU2)L x ULy | (2,—3) | (1,1) | (1,0) | (2,5) | (2,—3) 4 (1,0) | (1,0) | (1,0) |
A(27) x S5 3° 3° 30 | 13, 190 I 3% | 220 | 3° |
Modular weight 0 0 0 0 0O 1 6 4 0
Z3 W W 1 1 1 W w? 1
Kahler potential :
x 1 2
: P
— Correction ~ <AZ
K = Kio+KxrLo+ KnNro + .. 3
Ignore!
L ey keketm (it )t o
Z P(_?’T + 47T) (le Yy 'O (I)) (10.0.1).8 +h.c.
m,n,T1,72,8 e
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5. A(27) % S; eclectic lepton model

Fields L E¢ | N¢ | H, H;y ¢ | ¢ | x
SU@2)r x U1y (27_—%) (1,1) | (1,0) (2,5) | (2,-3) (1,0) | (1,0) | (1,0) |
A(27) x S5 3° 3° 30 | 13, 190 Il 3° | 220 | 3° |
Modular weight 0 0 0 0 0O 1 6 4 0
Zs3 W w 1 1 1 W w? 1
Superpotential :
O (e 1 (6) B (et 36 Y ey iy 6)
Wi = A (E LoYy )(10,0,1),1 Ha+ A (E Lo¥y )(10,0,1),2 Ha+ A (E LoYy, )(10,0,1) Ha,
h c (2) g1 c nTC g2 caTC
W, = A (N LYy )(10,0’1) Hy, + E(N N X)(10,0,1),1+ g(N N X)(lo,o,l),Q ; (4

(@) = (Lw,w*) v, (o) =110,  (x)=1,2,1)" vy,
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completely
broken

charged lepton neutrino
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B Best fit values of the free parameters

R(T) = —0.0621 (0.496),  {7) =0.998(0.965),  arg(a) = 0.1007 (0.08337),
v/la| = 0.207 (—0.778),  arg(gi) = 0.119(0.0111), 2 = 1.882(0.987),
a|vgug /A = 739.4GeV (159.3GeV),  hPogus/(lg1|vA?) = 0.815¢V (1.803 V),

B The predictions for various observable quantities

sin? 013 = 0.02233 (0.02216),  sin® 61 = 0.3041(0.3025),  sin® o3 = 0.4645 (0.5945),
dcp = 1.2267 (1.4987) , a1 = 0.7297 (1.9987), as; = 1.9237 (0.9947),
myp = 1.173meV (72.26 meV), my =8.676 meV (72.77meV), mg = 50.13meV (52.84 meV)

3
D mi=159.98meV (197.9meV),  mgg = 1.298meV (71.98 meV),
1=1
me = 0.511 MeV (0.511 MeV), m,, = 107.9MeV (107.9 MeV), m, = 1.837 GeV (1.836 GeV) .
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5. Conclusions

We develop methods to determine the eclectic flavor groups

A comprehensive analysis of the superpotential and Kahler
potential of models based on the EFG A(27) ¥ S,

Kahler potential are suppressed by powers of (®)?/A°
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20249FREZHI0




Feruglio, 1706.08749]
s N =1 global supersymmetry

e The action :

S =[d*xd*0d’0K(®,,®,;7,7) + [d*xd*ONV(®,,7) + hc.

* Kahler potential:

K=-hIn(-iz +i7)+ > (-ir +i7) ™ | D, [

* 'The superpotential:

n

W= ZYIlIZ...In (1)@, D, .. D,
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__The Kahler potential is not under control

[Chen M.C. et al, 1909.06910,...]

« Transformation properties:

ar+Db
cr+d

Y)Y W) =(cr+d) p(p)Y (7)),

T—r>yr=

O —L>y(cr+d) ™ p(y)®, where 7/:[3 Idjj
!
(it +i7) —>((cz +d)(cT +d)) ™ (i +iT)%,

(YOV®) —Z(cr+d) (et +d) (YOY®)

1

(®0) —>(cr+d) ™ (cT+d) ™ (DD) .
20247 hREAEZ I




1% @ 1° = 1le+b] 1% @ 2b = 2le+b] 1°93=3,  2°g20=1lettlg3

2°23=202"¢2", 3%3=10101"®3533,4, (B.3)
1“ P1e (S) =1, pla(T) = w?,
i 1 V2 . 1 0
29 p2a(S) = — : paa(T) = Wt .
V3 V2 —1 0 w
| -1 2 1 0 0O
3: mS)=512 -1 2 |, ps(T)=10 w 0 |-
2 2 -1 00 w?
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Py Nc N oconcoaolloneao
7'\O U UVUI |Q\J\1U\l| ve

KoY D (-ir+ir) Y N YOM TP ooT)®d |

l,a
®, k>0 a

« The full Kahler potential includes additional terms, such as

K=a,(-ir+i7) “(CL) + X a (<iz+i7) " (YYLL) +...
k=1

1,k
« The additional terms will modify the Kahler metric
0°K
oL aET
« This metric has to be diagonalized,

KT =

K, =U/D?U,

where U Is unitary and D Is diagonal and positive.
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[herefore. the cangnically normalized fields are

L=DU,L orequivalently L=U/D™L.

After adding the a4 contributions and transforming the fields
back to canonical normalization, we need to diagonalize

U mU, =diag(m,,m,,m;) and U[Y,Y,U, =diag(y:,y..y?).

e e €

U'D'U, mU’D*U, =diag(m,m,,m,),
U/DU,Y,Y U DU, =diag(y?, y%,y?).

We see that if D is proportional to the unit matrix, there would
be no effect.

However, D is generically not proportional to the unit matrix.
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E kmwn since la.',e 19805 S. Ferrara, D. Lust, A. D. Shapere and S. Theisen, Phys. Lett. B 225 (1989) 363.
S. Ferrara, .D. Lust and S. Theisen, Phys. Lett. B 233 (1989) 147.

focus on Yukawa interactions and N=1 global SUSY

5= [ dzd*0d°8 K(®,3) + / d*zd?0 w(®) + h.c. RS =(%)
Kahler p!g\trial, superpotential, holomorphic function of ®

kinetic terms Yukawa in‘rerc’rions

o
w(®) — w(P)

S invariant lf K(q),@) — K((p,é) 3 f(@) 2 f(

&

. invariance of the Kahler potential easy to achieve. F

o)

K(®,9) = —hlog(—ir +i7) + Y _(—ir + i) ||’
I

. extension to N=1 SUGRA straightforward: ask invaria
2024-RKEZHID =



- transformation property under the modular group

o R k w3 unitary representat
filyr) = (er +d)°p(7)isf3(r) B et

- g-expansion 4

FreN)=f(r) mp D=3 g

1=0

- k<O f(7)=0
k=0 - f(T)= constant |
\\ finite-dimensional
k>0 i(::eegner') f@EM, (F(N)) linear space

. ring of modular forms generated by few elements

M(T(N)) = @M%(F N))
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2

Kinetic term of the modulus T |aﬂ|
(=it +1iT)?
Modular transformation — g:s,ad — bc =

B numerator
(a@ur) (ct+d)— (at + b)(caﬂr) _(ad—=bc)o,t Oyt
(cT + d)? (et +d)?  (ct+d)?

| R
6#"5 =

B denominator
_(at+b)(cT+d)—(aT+b)(ct+d) (ad—bc)(r—7T) t—-1

lcT + d|? lct+d|? et +d|?

I fn"

2 2
Iaﬂr’l _ |6#T| -
(—it' + iT)2 - (—iT + iT)2 Modular invariant
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If this is the case, ...

N
ZA—)

N-=-2
Z+2

A+26" +2v,

dN/d(K,/Q)

1.5 __.-": 2v 2'3 -."'-.._
1.0 Y
Y Oov2p
0.5 \
00 £ . . . /\
0.0 0.2 0.4 0.6 0.8 1.0
K./Q

N
7A —

N=-2
Z+2

A+ 206




1939: 0v2p decays

A 0v2p decay can happen if massive v's have the Majorana

10000

Mass term

nature (Wendell Furry 1939) [, oo —1 1~ 0p 12 —2
Initial state Tl/y2 — (G D) ’M V’ (1) cc|
N(n, p) N(n, p) =—= Nn—-2,p+2)+2e N(n—2]p + 2)
9e \_3 —/
“m ©
e,’ill Nuclear physics 06\\)
0 &
Lepton number \ - CP-conserving
violation ms) e exchang® . process| s
25000 . \\\ v
S 20000 | \
= 2v2p e
L,{15000- b ckgrou d U Electron

5000 f

(M) el =

9
ZmiUei
i

0 L L
04 0.6
(‘Eel + Eez)/Q

0 0.2

0.8 1




“ m m [Ferrara et al, 1989; Feruglio, 1706.08749]

O V=1 global supersymmetry theory with modular symmetry:

S = j d* xd?0d20% (W, Py T, ©) + f d* xd20W (i, T) + h.c.

« Minimal Kahler potential:

K = —hln( — it + i) + Z(—ir 7))k |y, |2
n

n

O Modular invariance requires Yukawa couplings are Modular Forms!

—k
br, — (et +d) " hipr ()Y

YiL.1, (t) - Yi.1, (y7)
= (ct + d)*rpy WY 1,1, (T)
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“ m m [Ferrara et al, 1989; Feruglio, 1706.08749]

O V=1 global supersymmetry theory with modular symmetry:

S = j d* xd?0d20% (W, Py T, ©) + f d* xd20W (i, T) + h.c.

« Minimal Kahler potential:

K = —hln( — it + i) + Z(—ir 7))k |y, |2
n

n

O Modular invariance requires Yukawa couplings are Modular Forms!

I~

k
b1, —= A+ d) \Ppr, ()1,

ight
el me Y1y 1yt (VT)

= (cT + d¥hy (1)Y1, 1. (T)
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“ m m [Ferrara et al, 1989; Feruglio, 1706.08749]

O V=1 global supersymmetry theory with modular symmetry:

S = j d* xd?0d20% (W, Py T, ©) + f d* xd20W (i, T) + h.c.

« Minimal Kahler potential:

K = —hln( — it + i) + Z(—ir 7))k |y, |2
n

n

O Modular invariance requires Yukawa couplings are Modular Forms!

g /;; A)@__f*lrreps of finite modular groups
1/)1@' — T + d) I I; (’}/) I;
e

’d

We‘ghtme Yoty (V0
= (ct+d y VY11, (T)
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“ m m [Ferrara et al, 1989; Feruglio, 1706.08749]

O V=1 global supersymmetry theory with modular symmetry:

S = j d* xd?0d20% (W, Py T, ©) + f d* xd20W (i, T) + h.c.

« Minimal Kahler potential:

K = —hln( — it + i) + Z(—ir 7))k |y, |2
n

n

O Modular invariance requires Yukawa couplings are Modular Forms!
N\

o Irreps of finite modular groups
Y Ky
b1, e T d) o, (Vor ]
—— £

weightm_) Y, ...In(VT) G = k11 + klz L o b kln
=(ct+d y V¥ 1,1, (T) py Qp, & & pp, 21
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] Remarks:

Freedom of model building in this bottom-up approach: k;, p;

For a given ky, py , the modular forms space is finite-dimensional
== Only finite possible Yukawa couplings! Highly predictive !

Modular forms multiplets

. !/

N | aimM(D(N) | T (Th) = — e =i
2 | k/2+ 1 (k€ even) | S3(S3) — Y(Z) —

3 k+ 1 A (T) || YAV Y(2) Y9 vy

4 2%+ 1 Si(Sy) || vy Y, y@) v(%), vﬁ?’) v<3>

5 5k+ 1 Ao (A) | YT [V VD YV

[Kobayashi, Tanaka, and Tatsuishi 2018; Feruglio 2017; Penedo and Petcov 2019; Novichkov et al. 2019;
Ding, King, and Liu 2019b; Liu and Ding 2019; Liu, Yao, and Ding 2021; Novichkov, Penedo, and Petcov
2021; Wang, Yu, and Zhou 2021; Yao, Liu, and Ding 2021]

dDrawback: The Kahler potential is not under control!
[Chen, Ramos-Sanchez, Ratz 1909.06910]

o, k=1

K > 2 2(_w +i7)” k+kn z (gk) [y(k) (1) ® y (k) () QK Y, ® lpn]m
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 Advantages of EFG:

B There are very few candidates for self-consistently EFG
groups G When u, nontrival: Gy = Zz X Z3, A(27), A(54) ...

B The superpotential in EFG models is highly constrained because it
satisfies both traditional flavor invariance and modular invariance.

B Kahler potential is under control due to the traditional flavor
symmetry!

B EFG has a natural UV completion——Heterotic string on orbifold

There is currently no bottom-up EFG model

We choose Geg= Q(1) = A(27) < T’
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