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Modular Symmetry
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Modularg$

« TEVAT—HEETIATR T ICEHTRIERE ) LUTEREINS.

aT‘l‘b <a b

T 1T =yr=

, e PSL(12,7Z
ct+d c d> (&2)

PSL(2,7) = SL(2,2)/{I, — I} SL(2,7) = { <Ccl Z)

a,b,c,de Z, ad-— bc = 1}

I : unit matrix

1 . _ (1 1
S* 1> —— S=<—Ol (1)> T: 7=>7+1 T_<O 1)

T

. Finite quotient subgroup

Ty={S.T|S*=1,(T)°=1,T"=1}
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Modular Symmetry in SUGRA
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K : Kahler potential

. 2
G=K+In|W| W : superpotential

TV 15X TDKahler potential
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Modular transformation
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chiral superfield» 32} 3 Zi
ye€ly
0 —~k; (DD
¢ = (ct+d)pT(n)g _k,, k :modular weight

_ $P, f(7) : representation of I'
modular form of modular weight « _
o), pP(y) :unitary represe-

f(r) = (ct+ d)k P(Nf(T) ntation matrix of r,

I DEBEDH & TRE LK superpotential
W= f0)pWp®...

k_(kll+k12+"'+kln)=_1
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Lepton Flavor Model with Modular A2 Symmetries (Imt~ 1)
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modular form
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Dedekind Eta function Z{#5 &weight k = 2 ®modular form HhEh 3
Dedekind Eta function: 5(r) = q1/24H (1-¢"), gq=e

n(=1/7) =/ —ity(7)

n(z+ 1) = e™(z)

weight £ =2 ®modular form (A triplet)

A e e e e AR P AR s NG ﬂ

} Y1(T)
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Benchmark model W|th modular A4 symmetry

Modular A40)seesaw1‘%§=€'%z_%>

[T . Kobayashi, N . Omoto, Y . Shimizu, K . Takagi, M . Tanimoto
and T.H. Tatsuishi, JHEP 1811 (2018) 196]

has o g has o pae .

L e p, 7| v | H, | Hy
y (Y.(7))
SU(2) || 2 1 1 2 2 " (@) modular weight k =2®
Ay 3 1L, 1717 . 1| 1| =5 A, triplet modular form
—k; | -1] =1 |—=1] 010 @)

superpotential i

q

We = aeHq (LY (7)), + BuHg (LY (7)), +y7Hy (LY (7)),
Wp = g1 (NHy (LY (7)) 5,), + 92 (NH, (LY4(7)),,),

symmetric anti-symmetric

Wy = A (NNY (7)), ANBEEZ21—- NI/ OEERT—)
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Mass matrices for leptons

ME = Ud diag[a) 137 7]

291Y1(7)
Mp =vy | (=91 —92) Y3(7)
(=91 + g2) Yao(7)

2Y1 (7‘)
—Y3(7)
—YQ(T)

My = A

Re 7 = 0.530457

Im 7 = 1.28698
|g| = 1.20925
¢, =—1.61095 (rad)

f=pla=162773
B =yla = 0.00493867
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Kahler potential for matters
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Kinetic term:

- Typical Kahler potential Kmater = (—ir 4 j7) 7k | D |?

\

EI15—FBTRE
aZKmatter
X O;;
A I /\* I l]
0dPog; "

Kahler metric
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Kahler potential
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Kahler potential for L
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Effect on mixing angle

Contribution from (W(%)Z)_ (Y™4(o)L)
o
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Our Model
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ReS|duaI symmetry

¢« <T> 75‘4%;&0)1 R <‘: E’-E ”Bﬁﬂ’]&iﬁfﬁ I*Et..b";‘%% (residual symmetry)
Ty={ST|8*=1,8Ty’=1T"=1}

30 (i) <T>=1
(i) 4
25 S-trans. <7>—<-1/T>=i=<7>
- ~$ Z2invariant
-i-_u T (i) <t>=w=-1/2 +/3/21
/R\ ST-trans. <> —><-1/(T+1)>
" e 1H® e =-1/(w’) =w=<7>
08 \‘?’/ ~§ Z3invariant
00 (iii) <t>=1o
15 <10 <05 00 05 Y8 15
Relr) T-trans. <T> > <T+1>~i0=<T>

-~§  Zninvariant

Kahler potential also has Z2 (, Z3 or Zn) invariance.
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The case of A4 at <-r> =j

ISR I e e = Lo NP Ay Las o s pae .

<T> = io @%A’é%xé
TEBRDWHLERN—RAZ LS

/-1 2 2 1 0 0
p(S)=§ 2 -1 2 o(T)=|0 w 0
2 2 -1 00 w?
(Y,(0)) [1+12q+36¢%+ 12° + - .= ot
YO@) = | () | =] =69 (1 +7g + 8¢* + --+)
\Y3(T)) \—18q2/3(1+2q+5q2+---))

1
—><0> , (T — i)
0
1 1 1 1 | 0
r? ® Y(2)=(O> ® (0) =(); & 0y & Oy @—(0) ® —(o)
0/ 3 0/ 3 S\o/5; 2 \o/,

weight 2k Aa triplet modular form & (1, O, O) k=1,2, -

singlet modular form (BB singlet D& k=2, 3, -
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The case of A4 at<t> =i

PR AR I

o has o g bas o o pae .

([~ )
¢
¢V = |4, : modular weight -ki ®Aa4 triplet chiral superfield
(93,
| (4’51\ 1 (2$1\ 1 ( 9 )
<0) 03¢ 4132 :(€1;1)1 D (432)1’ Y (433)1” &b 3 —432 &b ) b,
073 \433)3 \—433)3 \_¢3)3

Modular A4 AZ 7% Kahler potential

7 —
Kjo = (—iz + D)1 §O1 + Y a iz + i) 2 FOGOYD @), + .

a=1 More higher order terms
{ A \ ,-, IO e TERRTISLAE
<T> — oo d, ¢, * ' Z3 s left
- <¢1 b, 4’3) dy b, Kp(T) = p(T)K
d3 4/53 i R AR
) \______K :Kahler metric_,

d; (i=1,2,3) are positive value

Z3 WiREDZR-> TWLWB DT, Kahler metric I&X3&EMN
EED, BEZEULEWV
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SUR2); 2 1 1 2 2 1 1 T. Asaka, Y. Heo, TY
As 3| 11”1 |3|1|1]|3][ 38 | [arXiv2z009.12120]

Superpotential
W=k(SY*H,Hy),
+ fi(LY™), Ef Hy + f, (LY )y ES Hy + f3 (LY ™)y ES Hy
+& (LY )3 N°A,), + g2 (LY )31 N° A,,),
+hy (SYA) N NE), + hao ((SY ™)y N NE), + hs ((SY™),- N NF),
+ha ((SY )36 N° N°), + hs ((SY*)3aN° N°), .
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L B B B | Ne | B, [Ha| S [y

SU@2). | 2 1 1|22 |1 1 |TAsaka,Y.Heo, TY
A |3l v sl 1]1|3]| s | [erxiv2009.12120]

Superpotential

M term
W=k(SY*H,Hy), D
. . R <« Charged
+ i (LY ), Ef Hy + fo (LY™)y ES Hy + f3 (LY ™)+ ES Hy lepton mass
+ 8 ((iY“),. N¢ ﬁu), +& ((LY*)39), N© ﬁu), « Dirac mass
+hy (SYA )N NE), + hao (SY ™)y NN, + hs ((SY™),-N° N9),
a a . Majorana
+h4((SYA‘)3.NCNc)l + hs ((SYA‘)“NCNC)I. } mass
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Mass tix f | Itns

AR has o g has o pae .

- 1
Superpotential W ) o0 P <o)
0
Sl
<Hu> <Hd> (SY=18,
0
( \ breaks Z3 symmetry
i 00 : Permutation matrix
Mg = (Hp)Py |0 f, O szrk P NP
\O 0 f3) (EY, E5, ES)
(zgl O O \ ("C’C’\C)
M, = (H)| 0 0  —g+g&|P] CopT
L0 —g-5 0 Here Py = diag(l, 1, 1)
[ (hy +4h,) S, 0 (hy + hy + hs) S,
MM = O (h2 - 2h4 - 2h5) S2 (hl - 2h4) Sl
k(hz +h+hs)S,  (h —2h)S, 0 )
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Mass matrix of leptons

has o = s e o has o g has o pae .

- Neutrino mass matrix

- Seesaw mechanism

(1 by by)
M, =—MiM,,'M;, = A| bybs biby b
\ by b b3 )

42 (h, — 2h,) (H,)?S?

A=-—
(hy = 2h3)° (hy + 4hy) S3 + (hy + hy + hs)” (hy — 2hy — 2hs5) S3
b - (g7 — 82) (b +4hy) b= _ (g1 +82) (7 — 2y = 2h5) S,
Y 4g3 (- 2n,) I (81— &) (b —2hy) 8, :
b - (g1 —82) (h2+h4+h5) N
s =

2g1 (hy —2hy) S
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Mass matrix of leptons

Ay e e = Las o NP Ay Las o s

Neutrino mass matrix

- Seesaw mechanism

(1 by by)
M, =—MiM,,'M;, = A| bybs biby b
\ by b b3 )

Overall mass scale A&3DDEFRINTA—Hb,, by, b; T

neutrino mass matrixldigikEh s

Note
Kinetic normalization®shRIEA, b,, b,, L DEBEZECIRINTE S

—  FERTDSHL
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Neutrino masses

AR has o g has o pae .

- Normal hierarchy® & & ddneutrino datac S5 HEZER DI

« Neutrino mass®#l [Z m; > 0.13eV }

035 Cosmological bound

ase ) m;<0.16eV  [Planck 2018]
& 028
: 2
Lo

. { sin? 0, > 0.58 !

O 50 0.52 0,54 0.96 .58 0,80 0,62 0.64 FRDneutrinoiREN XK

..‘,ﬁ; T*ﬁﬁfﬂ'ﬁg
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Majorana phases

a8 . 03 ;
E :
:’ 20 | i 20
-093

-t ﬁ
8" s L F 15 0 -1 8.. 05 10 1.5 20
ani= ay/m

Neutrino #RE)EEEH Sfavor

S
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Neutrmoless double beta decay

D m<0.16 V%

%

EX=

| 0.037 eV < m,; < 0.047 eV |

My [oV]
BEERE

P ——— - ——

10 012 014 016 018 020
Im, [eV)
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Summary

Takahiro Yoshida (Niigata Univ.) FHFRKFEAFTS2020 2020/11/26 34



Summary

Ay = e O pmY RO AmY = S s = ey Las o s pae .

- Modular As%fiiE%Z 3D lepton flavor modelzigE U 7
- Large volume limit (Im T >>1) CiREIEER DL R %= S BA I HE
- Singlet ®VEVh'Higgs u-terme&fGEHEEZE=_a1—bM Y /massDitiRE RS

- Kdhler potentialh' S DR REZ#ITEIENTES

- RBEODFSE
- NHDISE DB DIREIRBROEREE S

sin 6,5 > 0.58 0.0
Y m;>0.13eV 2m— €
0.037 eV < m; < 0.047 eV T—€
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