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1. Motivation Flaverpussle

[Z.Z.Xing, 1909.09610]
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[V. D. Barger, S. Pakvasa, T. J.
Weiler, K. Whisnant, Phys.Lett.B

[P.F. Harrison,W.G. Scott, Phys. 437 (1998) 107-116]
Lett. B 535 (2002) 163-169]
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A 2-3 rotation to TB mixing [X.G. He, A. Zee, Phys.Rev.D 84 (2011) 053004]
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[Bin Wang, Jian Tang, Xue-Qian Li, Phys.Rev.D 88 (2013) 073003]

The correlations corresponding to the mixings

Jep(x107%)

Is there an organizing principle behind

the flavor structure of SM?
2023FFFIKEZHIC)
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Non Abelian discrete

flavor symmetry

Flavour symmetry
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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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[Altarelli and Feruglio, Nucl.Phys.B 741 (2006) 215-235]
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1%
><1HCP

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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[C. C. Liand G. J. Ding, Nucl.Phys.B 881 (2014) 206-232]

S, xHg

charged lepton  neutrino
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[C. C. Liand G. J. Ding, Nucl.Phys.B 881 (2014) 206-232]

« Mixing matrix:
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[C. C. Liand G. J. Ding, Nucl.Phys.B 881 (2014) 206-232]
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Gatm ¥ HEP' Gyl ¥ HEY JHEP 12 (2018) 003

Constrain mixing angles, Dirac phase,
Majorana phase and neutrino masses
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Problems with the traditional approach

S J.T. Penedo
FLASY 2019
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FLASY 2019
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J.T. Penedo
FLASY 2019

Feruglio, 1706.08749

can constrain all:

neutrino masses, mixing,
Dirac and Majorana phases

2023 RS20 EFGs——22 4B




[ at + b \
! >W+d
[ = SL(2,7)
abcdel i ﬂzl
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Modular symmetry

Quotient behaves like a flavor group

A ( A

T r
[Feruglio, /ir( N ) / r( N ) [Liu,Ding,1907.0

1706.08749...] | - y \ - 1488]

T, Y

<
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Modular symmetry

Quotient behaves like a flavor group

A ( A

o Baren 1 T e

1706.08749...] | - J h

[Liu,Ding,1907.0
1488]
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“ m m [Ferrara et al, 1989; Feruglio, 1706.08749]

O V=1 global supersymmetry theory with modular symmetry:

S = Jd4 Xdzedzéj(‘(l,bl,lﬁl; T,'l_-) + fd4 XdZHW(l/)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!
o _ 22 N\

Irreps of finite modular groups
Y Ky 7
V1, —ACT +d) i (YW,

welghtm_) Y o (rD) ky =k, + ki, + -+ kg
=(ct+d y V¥ 1p...1,, (T) py Qp, & & pp, 21
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Finite modular groups
N I\

[Kobayashi et al, ~ r __ [Kobayashi et al,
1803.10391...] FQ 83 FZ S3 1803.10391...]

. Ta~ Ay Ly =T" [y

e Ta 2 Ss Fo=Se L™

N Ts = 4s e
I, =3(168) 6= Sy x T

[Ding, King, Li, Zhou, 2004.12662(JHEP)] [Li, Liu, Ding, 2108.02181(JHEP)]
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] Remarks:

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

« Foragiven 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

20235 %
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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
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Eclectic flavor groups

How does this work?

[Hans Peter Nilles et al, 2001.01736;
Hans Peter Nilles et al, 2004.05200]
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2. Eclectic Flavor Groups

m Transformation properties

TFS: v L5 p(g), g€ Gy,

~ at + b
T = o +d’
MS:
¥ (et +d)Fep(y)y, y=|" " | €SL2,2)
¢ d
Combining MS with TFS
v € SL(2,2Z2) g € Gy
/ — (e7 + d) " Fp()Y /—\
W (e 4+ d) *p(v)p(g)y

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



2. Eclectic Flavor Groups

m Transformation properties

TFS: v L5 p(g), g€ Gy,

~ at + b
TTOT = cr +d’
MS:
5 (er+d)p(y)p, = (a ) € 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) e




m The consistency condition

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

P (v) l

’U,,Y:G'f—>(;f

!

Geet = Gy x Ty (Gy xTn).| |be subgroup of the outer
automorphism group of G;.

Finite modular group must

B It is sufficient to only discuss:

p(S) p(g) p~'(S) = plus(g)).
p(T) p(g) p~(T) = plur(y)) .
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» The finite modular group:

Ty = {STT S2 — (ST)® =TV = 1} |

ry, = {STT St = (ST =TV =1, SQT:TSQ}, N<5.

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

[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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 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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3. The EFG Q(1) = A(27) x T'

m The multiplication rules of A(27)

A% = B? = (AB)? = (AB*)®> = 1.

our working basis PREPLTE

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

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

3 : ps(A)=1o0o0 1] emB=|0 2 0|
\1 0 0) \0 0 w )
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m The outer automorphism group of A(27)

Out (A(27)) = Aut (A(27)) /Inn (A(27))
m The three outer automorphisms Ug , Ur and Uy«
us(A) = us(B) = B*A?,
(

12

GL(2,3),

o [Hans Peter Nilles et al,
ur(B) =B, 2001.01736]

) =
k. (A) = A2 ug.(B) = A°BA .
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m The outer automorphism group of A(27)

Out (A(27)) = Aut(A(27)) /Inn (A(27))

12

GL(2,3),

m The three outer automorphisms ug , Uy and Uy

ug(A) = B*A,  ug(B) = B?A?,

H P Nill [,
ur(4) = BA,  ur(B) =B, 20001738
uk.(A) = A*B, ug.(B) = A°BA .

| | O e S TN R N

GCP u, u, = TI,=T

EFG: QM) =A(27)xT .
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m The outer automorphism group of A(27)

Out (A(27)) = Aut(A(27)) /Inn (A(27))

12

GL(2,3),

m The three outer automorphisms ug , Uy and Uy

ug(A) = B*A,  ug(B) = B?A?,

H P Nill [,
ur(4) = BA,  ur(B) =B, 20001738
uk.(A) = A*B, ug.(B) = A°BA .

| | O e S TN R N

GCP u, u, = TI,=T

EFG: QM) =AQ27)xT.

cep Y [EFG: [1296, 2801]
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m Solving the following consistency conditions

pr(9) pr(A) pr 1 (S) = pr(B%A),  pr(S) pr(B) py ' (S) = pr(B* A?),
pr(T) pr(A) p, ' (T) = pr(BA),  pr(T) pr(B) p. (T) = pr(B),

E A’B? A*B A  AB* AB @ A? B? B BAB?A? ABA?B?
10, 3¢{Y 30 3¢ 30y 3¢l 30l 3cl” 3cl®  1clY 10

1 1 1 1 1 1 1 1 1 1 1

1 w? w 1 w? w 1 w? 1 1

1 w w? 1 w w? 1 w w? 1 1

1 w? w? w w w w? 1 1 1 1

1 w 1 w 1 w? w? w? w 1 1

1 1 w w w? 1 w? W w? 1 1

1 w w w? w? w? w 1 1 1 1

1 1 w? w? w 1 W w? w 1 1

1 w? 1 w? 1 w w w w? 1 1

3 0 0 0 0 0 0 0 0 3w 3w?
3 0 0 0 0 0 0 0 0 3w? 3w




m U; and u; act on irreducible representations as

us : (10,0 — 10,0, 3 — 3, 3 — 3, !

lo,s — 12,2 = 1o,2 — 11,1 — 10,1,

11,0 — 11,2 — 12,0 — ]_2,1 — 11,0 .

ur: 1o — lop, 3—3, 3—3,

N S O S O O S S S S B S S S S S S S S e e . ..

log 11,1 — 12,1 — 10,1,
lo,2 = 122 — 11,2 — 19,2,

11,0 > 11,0, 1200 > 12p0.

|

1,0, 3,3 and 8

&8 = 10,1 S¥ 10,2 D 11,[] P 11’1 o, ]_1,2 ) ]_2,0 an ]_2?{1 P 1212_
20235 R} A, TT——




r = 1o,0 {[p1(S) =1,  pu(T) =",
_ /w2 w w\ /w 0 U\
r—=3 ;03:@(5)_% W ow? w ) P3k(T):wk 0 w 0 )
\ w? w? 1 \ 0 0 1)

r=3] = 3 =127k gall—kl
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4. Effective action invariant under Q(1)

Level 3 modular form multiplets PET|
Yl(kY) (r) =Y., YlgkY) (7) =Y,, YlgkY) (7) =Ys,
Y Y Y (Yo
Y2(kY) (T) — (Y"r j’ YZ(’kY) (T) = [YG j’ Y2(”kY) (T) — (Y8 ]1 Y3(kY) (T) — Yll )
5 7 9
12 )

B The assignment

v~ (3:3,), O = (¢11¢2’¢3)T ~(3,3,)-

Superpotential: Wb =-— C,. (Yr(kY@ %

2023 RS20 EFGs——Z2 A4 B




B Invariance under the action of A(27)

1

WD = XZ (Yr(kY)[Cr,l:Zl + Cr,ZIZ + Cr,BIB])l Hu,d :
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B Invariance under the action of A(27)

W, == (Y<kY>-crgz D.H...

.0 zz=(<wf>3w o) . T=((vv), o)

10,0

2023FPRAE

A==V

_/

IZ ~ 2/ :1'3 ~ 1’/
—\/§w2I1

Y=Y, Y =(Y,Y,)

EFGs——22 A4 B




B Invariance under the action of A(27)

WD = %Z (Yr(kY) Cr,3IB])1 Hu,d .
4

n=(vv) o) m=(p) o) . (), o)

10,0

~2  I3~1".
—\/§w2I1

Y=Y, Y =(Y,Y,)

W), = %[ia)alvzzg 2T, + wa,Y, T, H, .
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m The mass matrix of the fermion y

-
(0 ¢4 ¢, \/§¢1Y8 oYy OP,Y, )
V, 4.
M‘// - A’d loaY,| —¢; 0 ¢ |+, opY, \/E g OB Y,
i % -4 0 \ odY, ogY, 24, )
GCP invariance
a=a, a,=a,

202370F| KEZ/0)

EFGs——22
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W (A(27), T y, ) M,
Wit Y~ (3,30), ® ~ (3,30) G . a1 g2 iy
(U5, 05, 95) ~ (10,09, 1874 | " Ao e oede e
azpr  azp2  azps
. y :P(: (3, 3(;1;_1 Y{i: - a1Y1p1 a1 Yigpa a1Yigs
m (0,0)- )s Yy, AP a2Y3¢p1  axY3pa axYzps
o ~ (3,3g) Yl(,’fY) azYop1 a3zYapa azYops
Wps | ¥, ¢¥° ~ (3,30), ® ~ (3,30) | Y\, vau¥) My in Eq. (4.8)
Wpa | ¥, ¥~ (3,30), P~ (3,31) Yl(kY), Yz(,kY) My (Yo — Y1,Ys — Ye, Yy — Y7)
Wps | ¥, ¥~ (3,30), P ~ (3,32) Y]_(ij)a Yg(kY) My (Yo — Y3,Ys — Y4, Yy — Y5)
Wpe | ¥, ¢ ~ (3,30), © ~ (3,30) | Y2, VP | My (Ya — wYs, Ya — Y7, Yy — —wYp)
Wpor | ¢, v° ~ (3,30), ® ~ (3,31) | Y7, v | My, (Ya = wYi, Ya — Yo, Yo — —wYi)
Wps | ¥, ¢~ (3,30), ® ~ (3,32) | Y9, v | M, (Yo = wYs, Ys — Y5, Y9 — —wY))
Wiy | %~ (3:30), ¢ ~ (3,30). vy )y k) M, in Eq. (4.13) for even ky
P ~ (8, 80) YA, v i) M in Eq. (4.14) for odd ky
W |~ (3.80), 4~ (B.30). | ¥ v M, (Vi — Y5, Y4 — Py
D ~ (8,8) YA vy () — v v — v
Wi, | % (3:80), ¢ ~ (3,30), v )y k) M), (Y1 — Yo, Vi) P2Y3UW))

D ~ (8,82)

k k
M (Va5 — wy? i) — wv™)




B |eading order Kahler potential

Ko — n’r;w(—ifr+i%)_kw+” (rete)
A@2T) l
Kro = Y  (—ir+ir) hitn (YTS?)TY"(:))QOO 1) (ww)uoo 1)
n,r1,72 " ”
with

(v10), = olvr+ vl +udus = (v'v)

b}
(1o,0,1)

Kio = (wlzm —I—ZDQ?,DQ +?,b3w3 QT kap-l-n Y(n)TYD
0,0

2023chR| AR without off-diagonal element of the Kahler metric




B Next-to-leading order:

1 m m
Ko = A Z (—iT + i?)_k‘/’+m (Yf,f.(l )TYT(2 )I/JTw(I)) + h.c.,

m.,n,r1.r2.s

(10,071)15

(D~(8’8k)

—)

off-diagonal elements of the Kahler metric

B Next-to-next-to-leading order:

1

m.n.r1.r2.5

Kanwo = 53 D (mir+im)hetketm (Y,S{”)TY,,(;’L)qup@ch) +he..

(10,071)73

off-diagonal elements of the Kahler metric

2023FFRREZ I
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5. Q(1) eclectic lepton model

Fields L | E°| H, | Hy o | o | x | ¢ ()
SU@2)L x Uy | (2,—3) | (1, 1)[(2,5)](2,—3) (LO)(LO)(LO)(LOﬂ(LO)
A(27) 3 3 |loo| Topo §}. 3 | 3 | 3 lgw:lmo

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

73 W w? 1 1 1 W W 1 1

Kahler potential :

o« 1 . (D)?
——P e Correction ~ —
K = Kro+ KnrLo+Knxnro +--. ‘

Ignore!

L

1 m n
> i inReThet (vimiyBtyete) +hec.
A (10,0,1)?3

mﬂnﬁrl ﬂrg TS
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5. Q(1) eclectic lepton model

Fields L | E°| H, | Hy o | o | x | € v
I
SU@2)L x UMy [(2,-3) (1, 1) [(2,35)[(2,—3) ] (1,0) (1,0) | (1,0) | (1,0)1 (1,0)
A(Z?) 3 3 10,0 10,0 1;=§_ _3___5)_ 1040/' 10’0
FggT’ 30 30 1 1 31 30 31 1 r
modular weight 0 0 0 0 5 5 7 —1 ky
Zs 1 1] 1 1 1] 1 1 1 1
Z3 W w? 1 1 1 W W 1 1
Superpotential :\
A (er 3 (5) B (e (4)
W= —(ELY,) H —(EL % ) H
A ¢ 2 (10,0,1) a7t A? Saf (10,0,1) ¢
g1 ( (5)) g2 ( (7))
— ( LLpY,,, H,H,+ —— | LLY1Y,, H, H, .
Jr2A2 P2 (10,0,1) + 2A\2 X2 (10,0,1)
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Symmetry breaking

VEVs of flavons

(0) = (Wi 1,1) o Q1) X ga*Ba®
(o) = (0,0,1) v, Q1) Z z4B4%
) = (1,0,07v, ;1) X z8

Q1) = AQR7)xT’
completely
broken

charged lepton neutrino
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B | _epton mass matrices:

(5) (5) (5)
my = i WYy VY, Yah |t A;f —w 0 1
(5) (5) (5)
wYq Yo y  V2Yy w -1 0
0w, o [ Vo 0
g1U,U goUy U
mo=" ey, 0 o [HEEL 0 0wyl
(5) (7)
0 0 V2V, 0  wYyy, O
/ 1 w? w \
1
U, 'mmU, :diag(mj,mi,mf), » Up = 3 w? w? w?

20235 %
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B | _epton mass matrices:

. \/§w2(15/)2(5)1 WYy wYah . 0 w -w
my = — WYy, VYY) Yy, [ —w 0 1 |
WYyh  Yah o V2V w -1 0
) 7
gwwﬁ 0(5) wY2(”)’2 ) QQUXUE, \/§Y2(”)1 ’ 0(7)
My = =5 wYour o 0 0 + A2 0 0 WYqr5 |
0 0 VYY) 0 wYy, 0

B The charged lepton masses:

5) _ V6BueYy" | avgug

5
me p— '\/§Y2(,Bl - Y2I’2 (}{A A ’
(4)
_ (5) (), VOBueYy | avgug
ml'L — \/§Y21,1 _ Y2,,2 _I_ O{A 1 A ’
_ (5) (5) | YUpUd
202307 A I ‘/§Y2',1 T 2Y2',2 A




B Best fit values of the free parameters

L M(r)=0.00177, l I{r)=1.120,
| BV [ (al\) |= 0.0480, arg(pv,  (aA)) =1.04r,
|9,v, /(9yv,)[=0.9787, arg(g,v, /(9,v,)) =1.0057,

av, vy, | A*=262.5MeV, gV v, /A®=5.401meV.

B The predictions for various observable quantities

_si_n_ @3_ =0. 92_2?1_ ) §| D _012_— 0.3284, 'Lsilrl _933_—_0_4_95_34: i _5C_P _—_1_45%4173, :

m, =52.31meV, Zmi =84.84meV, m,, =5.619meV,

m, =0.911MeV, m, 6 =106.0MeV, m_ =1.803GeV.
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In the charged lepton diagonal basis:

m!, = Ul'm,U
(5 (5) (5) _ (5 5) _ ()
9 ( \/_Y2If 1 —|_ 2Y2’f 2 o9 ( Yzf’ 1 2/! 2) (\/_YZ” 1 2/’ 2) \
I1V (5) y.(2)
A2 (\/_ 271 2// 2) W2 ( H 1 + 2Y2n 2) \/_ 2;/ 1~ 21/ .2

w2 (\/_Y2(I5,)1 v v v, e (Ve anll,)

2 [ vy + vl W? (Vo - vyh)  w (Vv - v)) \
+ 8 (\/_ Y2, 27 )2) (\f YZ, +2Y2(,722) Vavy - vy
\e(vashi-nh) vl ol @ (Vi) )
(1 0 0)
GCP +[R7 = 0] : ~(m), P.=l00 1|
0 1 0,

[Xing, Zhao, 1512.04207]

u—r reflection symmetry
Op=nld, O,=1712, a,,a,=0,r

20235 K2 EFGs——2 74 B




M Best fit values of the free parameters

() =1.120i, PV I () =-0.0484, g,v, /(gyv,)=-0.98]

avgV.v, | A* =263.0MeV, gV, /A*=5.409meV.

B The predictions for various observable quantities

_———————————————
S O B N S S S S . . .

=52.43meV, Z m, =85.05meV, m,, =5.595meV,

m, =0.511MeV, m, 6 =106.5MeV, m_=1.807GeV.
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1.15_| T T T I T T T T I T T T T T T T ]_ 0.36_| L I L | :I l‘ ! ! I T 1T T 1 L I_ O.65_| L I L I ‘I II ! ! I T 1T T 1 I L I_
1.14F ] 0.34F v 0.60F —
L 1.13F R ©0.32F ; - © 0.55F N ¥ ]
= C i > [ ] o - ' i
C ] = L : ] = L D! ]
= 1.12F 1 %030 | 1 7050 R | .
1.11F . 0.28F ' . 0.45F E .
11 oo v by v by by ] 0 6-| NI B R :I :I_i E Lo Lo a ol 0-40=_|_1"|_>|_'|‘|__|__|__1_f_l‘l__‘\'_'i_]l'_|"|"1_f_1_1__1_1"1"1_-
-0.02 -0.01 0 0.01 0.02 20.10 012 014 016 0.18 0.20 010 0.12 014 016 0.18 0.20
Ret sinfy3 sinf3
2.0_:_I__I_I_:_I_I_I__.]__I__I_l_l__I__I_J_I__l__l__l__I_l:_l__l__[_l__ 1.3_I I T U I U T T T I T T 1 T | T 1 T I_ 1§ T |||||||| T |||||||| T ||||||
i | 1.2F 5 ; Disfavored by 0vf38
- N E - - ] 1071 =
1.5 B i b = 1.1E 4  Fmmmmmemmmmeeooo--- &
R i | & ] > L8
T [ 1 = e e N
- ] Q - , 8 E
ST S T SHN: ] S feo---ooT =
105 1 o 0.9F = ! 3
R ] 0.8F : E ' &
05_i E l E I | |E 0 : I | | ] al :‘ :I I -
A 1 111 | I 11 1 111 1 VI I I - 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 — | Loy raanlt 1 Lk IHERNI 1 L1
040 045 050 055 060 065 b, 0.9 1.0 11 1.2 10, = 103 102 102 ]
sin6y; ay/m mi/eV

The correlations among mixing parameters
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5. Conclusions

A comprehensive analysis of the superpotential and Kahler
potential of models based on the EFG Q(1)

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

2 Two concrete lepton models invariant under the EFG Q(1)

IL- 7 reflection symmetry for neutrino mass matrices is
preserved.
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Backup
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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 - -
A(27) 127, 3] | [ 432,734 ] | without CP Ss A(54)
T’ Q(1)
with CP S3 X Zio 1108, 17]
GL(2,3) | [1296, 2891]
A(54) [ 54, 8] | [ 432,734 ] | without CP T’ (1)
with CP GL(2,3) | [1296, 2801]

2023FFRLREZ L
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flavor group | finite modular group EFG GAP ID
(s Ss GL(2,3) 48, 29]
Z3 X U3 Ss3 A(54) 54, 8]
A, Ss (Zy x Ay) X Zy (72, 43]
Sy (Ag x Ay) X Zy (288, 1026]
T’ Ss (Z3 x SL(2,3)) x Z3 (144, 125]
A(27) Sy (A(27) x Z3) X Zy 1162, 46]
T’ (A(27) x Qg) x Z3 = (1) (648, 533]
A(b4) T’ ((A(27) x Qg) X Z3) x Zy = Q(1) x Zy | [1296, 2895]

20235 K2
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Modular invariant theory

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,

2023 RS20 EFGs——Z2 A4 B




The Kahler potential is not under control

i i [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

(®D), ——>(cz+d) ™ (cT+d) ™ (OD) .

2023 RIAZS L) rr—




1% @ 1° = 1let+b] 1% @ 2 = 2let+d] 1°93=3,  2°@20=1lettlg3

2°23=202"92", 3%3=10101"035D3,, (B.3)
1%: p1a(S) =1, p1a(T) = w®,
i 1 V2 1 0
2 ppa(S) = —= , pae(T) = wit! |
V3 V2 o —1 0 w
(22 10 0
3: pm(S) =32 -1 2 |, ps(T)=10w 0 |,
2 2 -1 00 w?
weight Modular form Yr(k) weight Modular form Yr(k)
k=1 Yo k=2 vy
k=3 VP, vy k=4 D N S
k=5 Yo v v k=6 Y9 v® vi®
k=7 YO, v viovins | k=8| Y v v v, v
=0 | v v v v k=10 [0 v v v




* AS a consequence

KoY D (-ir+ir) Y N YOM TP ooT)®d |

®, k>0 a

la

« 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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Therefore, the canonically 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.

20237 FRKEZ 0 EFGs——32 7 B
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V4%
)4
M1 .
(I 2
e - 3( )7),T’)
- — s 20 ) o
M3 (3 - Y(k
wc ’30 (3’3 T :
KMZL ?pc ~ (3’30;’ (I) ~ (3 30) Yz(kY)
| _ ’ q) | 1 17
WM5 wc - @N(3,3) Yz(ij) M My
~ 2 | 2 c .
: (315 : (_ - ) Y(]fy M L4 1mn E
= : = 2 ) we (Ve q. (4
s - v M, (Y8 LY Y'22)
bl | 1 C ’
,32) o ) pe (Yg — . :
Y(k . 5 — Y:
2 y) M% (Ys — L :
- _
e (Vs > e
8 —7 - :
- _
o wYs
o 3)
—wY.
1)

M.
ol
» 2Y;
8P1
wY9p3 \;Yg(%
2
- wYoo
wYc
901
(4.2
22)

wY
902
wYodh1 V2
2Ys
8P3

20 ':F' —|— =
23 =
*3 |:|§|:I:|
E
FGS——*
rJ?
= |




Z3 Res. CP | (¢3)/vg (¢3)/vs {¢8)/vs
zi — (1,1,1)7 (1,1,1)T vs, = (1,2,0,0,0,0,0,0)7
A (1,0,0)" (1,0,0)7 vg, = (0,0,w?,0,0, —wz,0,0)T
z§ AB @20,007 | (w,0,0)T vs,
BAB? (w,0,0)T (w?,0,0)" vg,
BAB?A? | (1,0 )T (1w, DT | wgy, = (0,0,0,0,1 — iz, 0,1 +dx,0)"
Z§48 ABA’B? | w(l,®, 1)1 | (1,0, )T Vg,
AB WAL, DT | w(l,w, DT Vg,
BAB?A? | w(1,1,0®)” | W?(1,1,w)T Vs,
ZEJ,BA ABA?B? | w?(1,1,0))T w(1, 1,w)T Vg,
BA (1,1,w?)7 (1,1,w)7 Vg,
Z{BA — (1,w?, )T | (1,w,w)T vg, = (0,0,0,1,0,0,0,2)7
ZB — (1,1,w)T (1,1,0%)T s,
ZBA® — (Lw, DT | (1w 1T vs,
Z:;BABQ — (17w,w2)T (l,wg,w)T vs,
Zg‘,BQAB — (1,w2,w)T (1,w,w2)T vg,
A2 (0,1,0)" (0,1,0)" v,
Z{BA | praep | u0,1,007 | w?(0,1,0)7 v,
BA’B? | W?(0,1,00T | w(0,1,0)T g,
BAB?A% | (0,0,1)T (0,0, )T v, = (0,0,1,0,0,2,0,0)"
ZEBA | ABAB2 | w(0,0,1)7 | w2(0,0,1)T Vs,
AB2A% | w2%(0,0,1)T | w(0,0,1)T s,
BAB?A% | (W2 1,1)7 (w,1,1)T vg,
Z?QBAQ ABA’B? | w(w? 1,1)T | ?(w,1,1)T Vg,
A2BA% | W2 L, DT ] wlw, 1, )T Vs,
Z:;?ABMZ — — — general 8-D vector
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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
2023 RS EFGs——2324 &



- 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))

2023 R} A0 EFGs——Z24 B



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)

' .".:-' 2V 2 '3 -...."-.
1.0 Y
Y Oov2p
0.5 \
0.0 / . . - A
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




