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FIavour Symmetrles and
their Modular Origin

Bethe Forum
Modular FIavor Symmetrles




The Standard Model

Left-handed Right-handed

(Including three right-handed neutrinos)



The Flavour Problem




Masses

1 TEV :
| Quarks
Leptons
1 GeVg ) o
| ® .
1 MQV{ °
]
Neutrinos
1 eV g :+: I
| o \"§ | e Lt T S C






/VM) (
\“_ L

m?

Normal

Absolute neutrino mass scale?




PMNS Lepton mixing matrix

0 C13 0 8136_uS

523 0 1 0
C23 —513€" 0 C13

Reactor

C12C13 5$12C13 S13€
- g

—S12C23 — C12513523€'°  C12C23 — $12513523€"° C13523
5 9

512823 — C12513C23€"° —C12523 — S12513C23€"° C13C23

x diag(1, el21/2 emBl/Q)




NUFIT 5.1 (2021)

Normal Ordering (best fit)

PMNS parameters

bip £1o 30 range
sin? 012 0.30410 015 0.269 — 0.343
g | 012/ 33.4510° 71 31.27 — 35.87
o
2 | sin® fa3 0.45070518 0.408 — 0.603
b
< | 023/° 421755 39.7 — 50.9
).
o
% sin? 015 0.0224679-99062 02060 — 0.02435
v | 013/° 8.6210 13 8.25 — 8.98
N
E Scp/° 230713 144 — 350
A 2
10_75”'"”2{/2 7.427021 6.82 — 8.04
Am%e +0.027
e ar | T25105005 42430 — 42503

XV/) SuLepI() pejIoAu]

(0°2



Who ordered all of that!?

uab

D
Sp ™ (b 3
mv”

Isidor Issac Rabi



SM Yukawa couplings
Yij H R,

Is there a symmetry at work?



Family/Flavour Symmetry

zrd family
Basic idea is to distinguish the

families by some quantum numbers
under a new “horizontal”
family/flavour symmetry

1st family 2nd family
The symmetry is

assumed to be LU
spontaneously ———
broken by —

V,

“flavons” ST

Horizontal symmetry

—_—



Y,

Family/Flavour Symmetry

Small effective .
Yukawas generated :

by “flavons”
W
Yukawas forbidden
by the symmetry b I R
(apart from third d L ¢

family couplings)



Example: U(1) Family/Flavour Symmetry

Consider a U(1) family symmetry spontaneously broken by a flavon vev <(|)> = ()

Suppose U(1) charges are Q (s =0, Q (¥, )=1, Q (1 =3, Q(H)=0, Q($ )=-

(0 0 0)
Then the lowest order allowed Yukawa coupling is H {5 Y5 Y=(0 0 O
\O 0 1/

The other Yukawa couplings are generated from higher order operators
which respect U(1) family symmetry due to flavon ¢ insertions:

-1+0+1+0=0 (I) 2 (I) 3 q) 4 (I) 6
%Hw}%"'(ﬁ) szwz'k(ﬁ) was"'(ﬁ) Hl‘%ﬂb"’(ﬁ) Hpp,

(e® &% ¢?)

When the flavon gets its VEV it generates APPVOKLma’cc/v
small effective Yukawa couplings in terms texture zevo e’ e’ ¢
of an expansion parameter e — @ \83 e 1 )

M



Froggatt-Nielsen Mechanism (1979)

What is the origin of the higher order operators?

Froggatt and Nielsen took their inspiration from

X X -
| | the see-saw mechanism
I I 2
M. 5
| Vg ! VvV
| | L" L
! M,

R

v L Vv R Vv R v L

P

M AP ;

P — N Where y are heavy fermion messengers
2 w 3 c.f. heavy RH neutrinos

H
X




Froggatt-Nielsen Mechanism (1979)

There may be Higgs messengers or fermion messengers

H0>i< U (1) charge 1
! _1/ b O
9 X X
— - T X | I
| |
H | Mx |
_1* MH ] 3¢ Ol
H E "‘P 2 )ZO X w 3
P, WP
Fermion messengers may be SU(2), doublets or singlets
-1
(I) —1 HO HO (I)
X X X X
I I I I
| | | I
: MXQ : E MXUC E

——1 > 1




Neutrinos motivate new
family/flavour symmetries

CKM Matrix PMNS Matrix

?
[Uckm|* = “ = [Upuns|® = | @
: ®

Froggatt-Nielsen tends to predict small mixing What symmetry gives this?




Basic ldea:

—» [wo rows have
—» equal magnitudes

Z.z.Xing and S.Zhou, 0804.3512

-90°




Basic ldea:

—» [wo rows have
—» equal magnitudes

Z.z.Xing and S.Zhou, 0804.3512

Oon =457 Bg 100

“/62| |V€3| G;]nerallsa:cllon ?f:
VMQ VM?) u-tau reflection
symmetry

k

lL:Z lLZ} P.F.Harrison and W.G.Scott, hep-ph/0210197




P.F.Harrison, D.H.Perkins and W.G.Scott, hep-ph/0202074

Tri-Bimaximal Mlxmg

Allowed at Allowed at Excluded
3 sigma 3 sigma at many sigma




SFK 0903.3199, 1205.0506

ri-Bimaximal- Reactor "

7
AIIowed Allowed at
3 sigma




Huge literature e.g. Antusch and SFK, hep-ph/0508044; I.Girardi, S.T.Petcov and A.V.Titov,1410.8056,

Charged Iepton corrections

Charged lepton rotation Tri-bimaximal neutrinos
—id%, 2

e (&
Ci9 S19€ 3

3 e _10¢ e
Upmng = | —S7€"12 C1o
0

to3STy + S33C05 /b3 — 3(tas + S13/tas)

id
#12523 — C12513C23€ |

—) COS0 =

Sin 2912813

]U72| | — C12893 — 812813023€i5| 5

This derivation: P.Ballett, S.F.K., C.Luhn, S.Pascoli and M.A.Schmidt, 1410.7573




C.H.Albright and W.Rodejohann, 0812.0436; C.H.Albright, A.Dueck and W.Rodejohann, 1004.2798

Tri-maxima

P v

o

®
@

\

| Mixing

Second column of TBM |



C.H.Albright and W.Rodejohann, 0812.0436; C.H.Albright, A.Dueck and W.Rodejohann, 1004.2798

Tri-maximal Mixing

1

%C |Uea| = s12€13 = \/ — Gy 3
1
U 2| = |c12¢23 — 512513523€% \/;

1
= ﬁ U5 =1 — c12595 — 5125136086 3
2613 cot 2923 cot 2913

S Cos 0 =
V2= 3si;




C.H.Albright and W.Rodejohann, 0812.0436; C.H.Albright, A.Dueck and W.Rodejohann, 1004.2798

Tri-maximal Mixing

I i
|Ueo| = s12¢13 = \/§ > 51, > 3

: 1
UTM2 > = Up2| = |c12c23 — 31281382367’5‘ ) \/;
A 5, = 4

Uro| = | — c12823 — S12813C23€" 3

ﬁ e 2613 cot 2923 cot 2913
< /2 — 352,

2 2 1
- Pt e
: 1
% Up1| = | — s12¢23 — c1a813523€" | = \@
k.

Urnvin ~
]

$ — U,1| = |s12523 — c12513¢23¢" | 6

2055 (A5
— COSO = e 23 813
2\/5813 \/1 ol 3813




SFK,1304.6264; 1512.07531
SFK, Molina Sedgwick,

LittIeSt Seesaw Rowley, 1808.01005

4 real input parameters

Dirac texture zero 2 RHNs Describes:
¢ ¢ 3 neutrino masses (m1=0),
0 bel/3 A 0 3 mixing angles,
YV = | a 3bel™/3 Mp = ( atm ) 1 Dirac CP phase,
0 Mo 2 Majorana phases (1 zero)

a beiw/S
/ 1 BAU parameter Yg

= 10 observables
of which 7 are constrained

Constrained 4 real input parameters

couplings

‘5 Predictions 1o range
] zr 012/° 34.254 — 34.350
mg 015/° 8.370 — 8.803
g5 MC B3)° 45.405 — 45.834
= 1 Amis2 /105 7.030 — 7.673
Amg 2 /1073eV? 2.434 — 2.561

4.9
5 59 5 §5/° —88.284 — —86.568

Matm/101°GeV

Y5/10710 0.839 — 0.881

e Fit includes effects of RG corrections

¢ Determines the RHN masses! Also predicts NO and m ;=0



Non-Abelian Family Symmetry
Traditionally used for TB mixing Reviews

erugllo and A.Romanino, 1912.06028
S.F.K. and G.G. Ross, and C.Luhn, 1301.1340

. | K.

hep—-ph/0108112; hep-ph/0307190 | “ .K., A.Merle, S.Morisi, Y.Shimizu
| M.
K.

, Tanlmoto, 1402.4271
E.Ma and G.Rajasekaran,

(R E | ,1510.02091
hep-ph/0106291; \
K.S.Babu, E.Ma, J.W.F.Valle, e —

hep-ph/0206292;
G.Altarelli and F.Feruglio,
hep-ph/0504165,hep-ph/0512103

I.de Medeiros Varzielas,
S.F.K. and G.G. Ross,
hep—-ph/0512313;
hep—ph/0607045

These days can explain
charged lepton

corrections, IM|, TM2,
Littlest seesaw,...




- - 5
S.F.K., C.Luhn, |
-

A4 and S4 Group Theory
2=T3 =U%=(8T)° = (SU)* = (TU)? = (STU)* =1
Sy S U

1.1 1
01
10

0 10
i

2t 22 100
3,9 sl 2 -1 2 W g
2.2 1 010

Diagonalised by TB matrix




- e - o N - e - e

S4 vacuum alignments >
1

vyv— | 1] preservesS,U  (#%) = [0 | preserves T
(93/) P P
; 0

residual
symmetry




| | 1
= - e - - e SN =N = N = - - e

S4 flavour symmetry

S.F.K., C.Luhn,

Famlly Generators 1301.1340
symmetry S, T,U

T preserved S,U preserved

¢ o

N p
Charged Neutrino

kLepton Sector J L Sector ,




S4 flavour symmetry

S.F.K., C.Luhn,

Famlly Generators 1301.1340
symmetry S, T,U

T preserved S,U preserved
¢ ¢

N A

Charged Neutrino

kLepton Sector J L Sector ,

TB mixing

B
TMVT = MV \/g excluded
OM™5 =M - 8 so need to

CRNE-TE — N 6 break S,T,U




S4 flavour symmetry

Family Generators

symmetry S,T,U

break T M S,U preserved
¢ -
-

N p
Charged Neutrino

kLepton Sector J L Sector ,




S4 flavour symmetry

Family Generators

symmetry S,T,U

break T M S,U preserved
¢ -
-

N p
Charged Neutrino

\Lepton Sector J L Sector
l ; 5o e

€12
es e e

0 0 1
Charged lepton rotation

SINE
2512




S4 flavour symmetry

Family
symmetry

T preserved

¢l

Charged
kLepton Sector

J

Generators
S, T,U

S.F.K., C.Luhn,
1301.1340

Y.Shimizu, M.Tanimoto,
A.Watanabe, 1105.2929;
S.F.K.,C.Luhn,1107.5332

S>( preserved break U
¢V

-

U

Neutrino
Sector

~

J




S4 flavour symmetry

S.F.K., C.Luhn,

Famlly Generators 1301.1340
symmetry S, T,U ¥.Shinizu, M.Tanimoto,

A.Watanabe, 1105.2929;
S.F.K.,C.Luhn,1107.5332

T preserved >(preserved break U

[
¢ Alternatively

h h
Charged " Neutrino A4 with just

_Lepton Sector _ Sector , SandT

TMET = M*”
STE o= [




S4 flavour symmetry

S.F.K., C.Luhn,

Famlly Generators 1301.1340
symmetry S, T, U

break S,U

T preserved /Sj/ preserved separately

¢l preserve SU

N p
Charged Neutrino

kLepton Sector J L Sector ,




D.Hernandez and

S4 flavour symmetry Tt

Family
symmetry

T preserved

¢l

Charged
kLepton Sector

Generators
S, T, U

49,1304.7738;
C.Luhn, 1306.2358
S.F.K.,C.Luhn
1607.05276

break S,U

/Sj/ preserved separately

TMET = M*
SUMYSU = MV

Neutrino
Sector

\

preserve SU




Y.Koide,0705.2275; T.Banks and N.Seiberg,1011.5120;
Y.L.Wu,1203.2382; A.Merle and R.Zwicky,1110.4891;
B.L.Rachlin and T.W.Kephart,1702.08073; C. Luhn, 1101.2417

Origin of flavour symmetry

Break SO(3) using large Higgs reps E.g. 7-plet

S.F.K. and Ye-Ling Zhou, 1809.10292

Irrep 1 3

subgroups :90(3) SO(2)
SO(3)

A4 preserving direction of@letVEV

. C i a = = o
(§123) = T (111} = (€n2) = (€113} = (E133) = (S233) = (&333)




G.Altarelli and F.Feruglio, hep-ph/0512103
R.de Adelhart Toorop, F.Feruglio and C.Hagedorn, 1112.1340

Modular Symmetry

w1 —/2% . i Lattice invariant under
change of basis vectors

{wl,wg} — {—wg,wl — 2002}

-

. T = Wi /W

General modular transformation
ar -+ b Integers a,b,c,d a b Infinite group

TN =g ad—be=1 77 \cq) T'=5L272)

S : TH—E, T: 1T—71+1 S:(O 1) Tz(l 1)

T 0 1



See Ferruccio’s talk F.Feruglio, 1706.08749

From Infinite to Finite Modular Symmetry

['=SL(2,2) S°=-1y, S*'=(ST)°=1y, S*T=TS5"

—, I'=PSL(2,7Z) S*=(ST)*=(T9)>*=1 Infinite

Finite
— I S? = (ST)> = (TS)° =1 N —
evel N 7 SE=ISE=tand TR =1
r o~ g Yukawa coupling transforms as an
T irrep of [ N and as a modular form
DR YD) 5 YOr) = e+ )P e ()Y (7)
P~ 5 Y (7)p10203 $1 — (1 +d)" p1(7) ¢
I's ~ A4s ky = k1 + k2 + k3 modular weights balance
P7 =~ X(168)| p., X p1 X p2 X p3 =14 ... contains singlet




N=2, Sz
N=3, A4
N=4, S4
N=5, As
N=6, S3xAs4

N=7, >(168)

Leptons

T.Kobayashi, K.Tanaka
and T.H.Tatsuishi,
1803.10391,..

F.Feruglio,1706.08749
J.C.Criado and
F.Feruglio,1807.01125
G.J.Ding,S.F.King and
X.G.Liu, 1907.11714,..
J

.T.Penedo,S.T.Petcov,
1806.11040;P.P.Novichkov
J.T.Penedo,S.T.Petcov,
A.V.Titov,1811.04933,
.C.Criado,F.Feruglio,
.J.D.Kinag, 1908.11867,..

.P.Novichkov,

.Penedo, S.T.Petcov,
.Titov, 1812.02158;
.Ding, S.F.King,
.Liu, 1903.12588,..

X QP grg ng
Qg <HA

G.J.Ding, S.F.King,
c.C.Li, Y.L.Zhou,
2004.12662

Quarks

H.Okada, M.Tanimoto,
1812.09677;

1905.13421;

S.J.D. King,S.F.King,
2002.00969,..

SU(S)

T.Kobayashi,
Y.Shimizu, K.Takagi,
M.Tanimoto and
T.H.Tatsuishi
1906.10341, ..

F.J.de Anda, S.F.King,
E.Perdomo, 1812.05620;

P.Chen, G.J.Ding and
S.F.King, 2101.12724,

Y.Zhao and H.H.Zhang,
2101.02266; G.J.Ding,
S.F.King and C.Y.Yao,
2103.16311 ,..

SO(10)

G.J.Ding, S.F.King,

J.N.Lu,

2108.09655

For integer/fractional/CP/eclectic/stabilisation... see other talks




See Ferruccio’s talk F.Feruglio, 1706.08749

Example: Level N=3 ~ A4

Yukawa couplings involving twisted states whose modular
weights do not add up to zero are modular forms

/

A4 triple

41? P t3 Yi(7) 1+ 12g + 36¢* + 12¢° + 84q* + 72¢° + . ..

Weight ky=2 Y = | Ya(r) | = | =6¢"3(1 + 7q + 8¢ + 18¢° + 14¢* +...)
Y3(7) —18¢%/3(1 4+ 2q + 5¢% + 4¢> + 8¢* + . ..)

Notation Y=Y3(2)

27T
q=-¢e€ ¥~ modulus vev

: 1 2, —Y; —Ys 2
Weinberg 1 (H,H, LL)— m—[ v 2 -1 UKu
operator A Y, -V, 2Y;

Asrep: 3 3
Modular weights k : | | no flavons (apart from tau)



S.J.D. King and S.F.K, 2002.00969

Example with weighton: Level N=3 ~ A4

4

Lieg| e5 | e] |IN° Hu,d¢/ Wriv ZX(Y1(4)% — M?)
ALBT131 1 ji

k1 0|—=11—3[ 1] 0 |1

b= 0 gy SR
My parameter

W, = aeeSd (LY Hy + BeeSd? (LY 1 Hy + ~eeSd( LY )1 Hy

(0.6 ad'Vs  adive )

Natural explanation
y,— | Be0?Ya BV BV of charged lepton
\ VY dY, v ) hierarchy c.f. FN

Unlike the FN flavon, the weighton phi does
not break the flavour symmetry



P.P.Novichkov, S.T.Petcov and M.Tanimoto, 1812.11289
I.de Medeiros Varzielas, S.F.K. and Y.L.Zhou, 1906.02208

Stabilizers and Fixed points

7()7-() — 70 e.g. St¢g =T¢ —» Tg =1
1

o

Invariant under S: T —

Alignments from fixed points

Modular transformation
Yi, (v7) = (e + d)* pr,, (7)Y, (7)
Fixed point relations p(S)Y (1s) =Y (15)

YTy = Ty Yi(y7y) = Yi(7)

Example

Eigenvalue equation

-1 2 2
2 =1 2
2 2 -1

Eigenvalue equation gives alignments directly Eigenvector

B Y(7g)
p1(NYi(ry) = (ery + d) 2y (1) )




Level 3 fixed points and alignhments

The alignments of triplet modular forms Y3 3 (77s) of level 3 up to weight 6

A s | Wom) Wom) [ 3w V% (ors)
{1,5} i (1,1 —+3,v/3-2) (1,1,1) (1,—2 — 3,14+ V3)
(T, TS} 1+4i | (1,(1 v®w4¢§—mw% (Lw,w?) | (1, (=2 = V3w, (1 + V3)w?)
{ST, STS} = LA+ V3w, (2 =V3)w?) | (Lw,w?) | (1, (V3—2w, (1 —V3)w?)
{12,725} 2+i | (1,(1—v3)w? (— 2+\/§)w) (Lw?w) | (1,(=2 = V3)w?, (1 +V3)w)
{812, 5125} = LA+ (2= V3)w) | (Lwhw) | (1,(V3—2)w? (1 - V3)w)
{T2ST, TST?} 34 (1,1+ \f, —2 —/3) (1,1,1) (1,v/3 —2,1—+/3)

The alignments

of triplet modular forms Y3 g (

~vTsT) of level 3 up to weight 6

v yrsr | Yy (v7sr), Yao (y7sr) | Ya© (7s1) Yy (77sT)
{1,587, 725} —1+ivs (1,w, Sw?) (1, Fw,w?) (1, —2w, —2w?)
{T,ST28S, 5} LV (1,w?, —Lw) (1, —§w2, w) (1, —2w?, —2w)
(TS, T?,T°ST}Y | 2+w (1,1,—1) 1,-L 1) (1,-2,—-2)
{STS, ST? TST?} | =313 (0,0,1) (0,1,0) (1,0,0)

The alignments

of triplet modular forms Y3 g (

~v1rs) of level 3 up to weight 6

G.J.Ding, S.F.K., X.G.Liu
and J.N.Lu,

1910.03460

Fixed points in

fundamental domain

TTOioo

P Fundamental

domain

2 % ’7_ P i
v YO VD O e 3/ S 0.€7
Y VTTSs s (Y7rs), 3.1 (Y77s) 5 (Y7rs) 3,11(’YTTS) TST TTS
{1,TS,ST?%} L3 (1,w?, —iw) (1, —3w? w) (1, —2w?, —2w) S :
{T7T257 TST2} % (1717_%) (17_%71) (17_27 _2) : E
{ST,sT28,12ST} | “— (0,0,1) (0,1,0) (1,0,0) E
STS,T?,S 24w 1, w, Zw? 1, —w w? 1, —2w, —2w? :
2 :
The alignments of triplet modular forms Y3 3/ (y77) of level 3 up to weight 6
v yr Y (vrr), Yo (vrr). Y (7r) Yy (7r) §
{1,T, 7%} 100 (1,0,0) (0,1,0) : :
{ST7 ST27S} 0 (17_27_2) (17_%71) _0.5 O 0.5
{TS, ST?S, TST?} 1 (1, —2w, —2w?) (1, —sw, w?)
{STS,T?S, T*ST} | -1 (1, —2w? —2w) (1, —sw? w)




Level 4 fixed points and alignhments

G.J.Ding, S.F.K., X.G.Liu

ot

(@ The alignments of triplet modular forms Y3 s/(y7s) of level 4 up to weight 6
94 4 775 Ys (17s), Va1 (77s) Yy (17s), Yy (97s) Y“’(m) Yan(77s)
{1.5} i (1,14 V6,1~ V6) (L-3- (1, \/;H\[
{1T°,7%5} 2+ (1, 3(-1+iv2), J(-1+iv2)) (0,1, 1) (1, -5, —5)
{ST?8, ST?} 241 (1, —1(1+iV2), —1(1 +iV2)) (0,1,—1) (1,5, 5)
{(ST?)2, T°5T°} 5+ (1,1 - v6,1+ V6) (1,31 (L1+/51-4/3)
(ST, STS} S Ry (1,62(1 +v6), w(l — v6)) (1, -2, —2) (1,02(1 — \[ 1+\[
{15, T} 1+ (1, —2(1 +iv2), -5 (1 +iV2)) (0,1, ~w) (1,%, Zy)
{(ST)%, 7%} 1+ (1,w(1 + V), w(1 - V6)) (L-2.-%)  [Qwl- Dea,/9
{(15)*, TST} 3+3 (L (—1+iv2), $(-1+iV2)) (0,1, —w?) (1,_%,_%) .
{(T°ST, TST?} 144 (Lw?(1 = V6),w(1+ V6)) (1L-2.-%) | G+ /3. - /D)
{(TST? TST?S} 44 (1,w(1 —v6),w?(1 + V6)) (1,-%,—<) w(1+\/§),w2(1—\/§))
{T°ST*, ST°5T} E (L 5(-1+iv2), 5 (-1 +iv2)) (0.1, ~w) (1, -3, %)
{IST7, 75T} wth | (L-50+iv2), 501 +iv2) (0,1, —?) (L% &)

The

alignments of triplet modular forms Y3 3 (77s7) of level 4 up to weight 6

and J.N.Lu, 1910.03460
(779

ol VTSt Ya) (v7sr) | Ya'(vrsr) , Yy (v7sr) | Yan(v7se), Yy (v7st) Yy (v7s7)
{1,5T,(ST)%} w (0, 1, 0) (0,0,1) (1,0,0) '
{T?,TS,T*ST} w+2 (1, %, w) (1,0% —%) (1,14 4v/3,1 —iv/3)
{ST2S,(TS)2, TST?} —SHS (] v 2) (1,w,—%) (1,1 —iv3,1+iV/3) "
{(ST?)2, T3ST?, T2ST3} =9+iv3 (1,-1,1) (1,1,-1) (1,-2,-2) 0,0,0) §
{(SvTaTST} —(.UQ (1 1 _%2 (17_%71) (17_27_2) E
{T3ST, T3, T*S} w+3 (1,w, —%) (1,—%,w?) (1, —2w, —2w?)
{TST? T2ST?, TST?S} 9443 (0,0,1) (0,1,0) (1,0,0) >
{ST2ST,ST?, STS} =R (] 2 ) (1,-%,w) (1, —2w?, —2w)
The alignments of triplet modular forms Y3 5/ (y7rg) of level 4 up to weight 6 -2 -15 -05 ;»5 15 25
ol VTrs Ya? (vrrs) | Ya ) (y7rs), Yo (v7rs) | Yarr(v7rs), Ve (177s) Va7 (7rs)
{1,TS,(TS)%} —? (1,1,-1) (1,-1,1) (1,-2,-2)
(T2, (ST)?, T*ST%} | (Lw, —j0?) (1, - ;w w?) (1, 2w, —2w?)
{ST?S, ST, T°ST?} S (L —jw) (1, —iw? w) (1, 202, —2w)
{(ST?)?2, T2ST,TST?} V328 (0,0,1) (0,1,0) (1,0,0) (0,0,0)
{S,T°,STS} w (0,1,0) (0,0,1) (1,0,0)
{T3ST, T?ST?, ST?ST} 3+ CXT 1 (1,-1,1) (1,1,-1) (1,-2,—2)
{TST3,T, 125} 19;gf (1, —1w? w) (1,w?, —1w) (1, —2w?, 2w)
{TST2S, ST?, TSTS} 3 | (1, 1y w?) (1,w, —1iw?) (1, —2w, —2w?)

The alignments of triplet modular forms Y3 3/ (y7r) of level 4 up to weight 6

y 7 Y2 (yrr), Ya D (yrr), Yag (v7r), Yai(y7r) Y (yrr), Y (vrr)
(1,17,12, 7% 0o (1, w2, )
{ST?S, ST?ST, (ST?)?, TST?S} —I ;W w
2 2
{T2é§TT§§1€g Tgsi’j; }T2s} g (1,w,w?) (0,0,0)
{TS,TST?, TST? TST} 1 (11.1)
{(ST)?, T3ST? T3ST, STS?} —1 '
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weighton
Field [ T3 [T=(To, )T [F|N. | N, [ Hs | Hs [ Hs [ 6 [ X°
SU(5) || 10 10 5115|545 |11
S, 1 2 3|11V |11 |1]1
ki 4 1 3|4 |12/ 1 ] 1 1t]o

au$4Y2(4) (TT)oHs + 5u$2Y2(2)(TT)2H5 + fqul(,G)T3T3H5 -+ Eu(/BTS (TY2(4))1’H5

Your = V5 —3Vis

@ 0 0 JA%UT‘::(Jéi*'JéB)T
yéUT ~ 0 BuQEQ € P

020

O_||||

N2 0/
sin<6;,
sin%0{,

o2
mslms3

0 €Eu®  Vu

Littlest Modular Seesaw from fixed point alignments |
0 . m 015
Y3</6) X 1 3 Y3(2) X 1‘|‘\/6 ma010-_
0 0 0 1 1-v6 1+v6 \"%F

my,=mg| 0 1 =1 |4+me"| 1-v6 7—2v6  —5
0 -1 1 1+v6 =5  7+2V6 5

6)y(6)1 (2)y )7
Y3(, )Y3(, ) Y37

0.5 1.0 1.5

n/rt

2.0



S.F.K. and Y.L. Zhou,1908.02770

Example with two groups: Level N=4 ~ $4

Generators
S, T, U

# preserved

Family
symmetry

C .f. T preserved

¢l

‘ S477-l77-y I

Use S4 basis: U =T.S.T2S

Fixed points: 2

() = Tsy = —% + 1 N
1 V3 - {5

() = Tr = 5ty % T




O

Summary

' Flavour problem motivates family/flavour symmetry

O

O

- U(1) with FN for hierarchies and small mixing

" Neutrino mass and mixing motivates non-Abelian

O

O

' TBM, TM1/TM2, Littlest Seesaw...enforced by S4and
flavon alighments...gauged or modular origin

O

- Large literature on bottom-up modular models

- Weightons for charged fermion hierarchies

O

O

' Stabilizers/fixed points for Yukawa alignments
- SU(5) GUT with Sz and Littlest Modular Seesaw

O

- Twin modular S4 symmetries for TM1



