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1. Motivation Flavorpuzzie
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Masses: ordering
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Before Daya Bay

[P.F. Harrison,W.G. Scott,Phys.
Lett. B 535 (2002) 163.69]

[V. D. Barger, S.Pakvasg T. J.
Weiler, K. Whisnant, Phys.Lett.B
437 (19981107-116]
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A 2-3 rotation to TB mixing [X.G. He, A. Zee,Phys.Rev.D84 (2011)053004]
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[Bin Wang, Jian Tang, Xue-Qian Li, Phys.Rev.D88 (2013) 073003]
The correlations corresponding to the mixings
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Is there an organizing

principle behind
the flavor structure of SM?
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Flavor symmetries

Flavour symmetry
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h"ﬁs Non Abeliandiscrete

flavor symmetry

Flavour symmetry
R “ g N

<€ >
- Leptons . ”
o 1 1
gauge
symmet
- Quarks \ /
v @ —
PMNS UAU
constrain mixing and Dirac phase
[Altarelli and Feruglio, Nucl.Phys.B741 (2006) 21835;
C.S. Lam, Phys.Lett.B656 (2007)193-198;
Feruglio, Romanino, Rev.Mod.Phys.93(2021t
Altarelli and Feruglio, Rev. Mo d . Phy §$.
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[Altarelli and Feruglio, Nucl.Phys.B741 (2006215-235]

matter fields &Higgs

A Vacuum alignment

{(¢r) = (vr,0,0)
(ps) = (vs,vs,vs)
<€> = U, <€> =

A Mixing matrix

UPMNS = U B
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G, xHZ,

U PMNS

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.B883
(2014) 2643 0 5] é
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[C. C. Liand G. J. Ding,Nucl.Phys.B881 (2014) 20&32]

S, X Hep

charged lepton neutrino
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[C. C. Liand G. J. Ding,Nucl.Phys.B881 (2014) 20&32]

A Mixing matrix
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[C. C. Liand G. J. Ding,Nucl.Phys.B881 (2014) 20&32]
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Gapm X HED G 3 HEL 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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J.T. Penedo
FLASY 2019

Feruglio, 1706.08749

can constrain all:

neutrino masses, mixing,
Dirac and Majorana phases
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Modular symmetry

Quotient behaves like a flavor groyp

G/ @y

A ( A

G/ ey

[Feruglio, [Liu,Ding,1907.0
1706. 094Y49e} \ 1489
G, G,
1 0
I'(N)=(¢v€SL(2,7) | v = mod N
0 1
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Modular symmetry

Quotient behaves like a flavor groyp

f G/O N [
[Feruglio, , G\I)

1706. 0§ Y4 b

G, || G

[Liu,Ding,1907.0
1489

G/ ey

SV — (ST =@¥ =), ST =T

v

N,=2 = Ty, Ny=4 = T
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“m [Ferrara et al, 1989; Feruglio, 1706.08749]

¢C ~ =1 globalsupersymmetry theory with modular symmetry:
N Q-Q-fr hnhe Qdad—r ht ESS

A Minimal Kahlerpotential

fi AT Qt 9 QT ¢ s

A Superpotential |1 O g TI [ 3

C Modular invariance requires Yukawa couplings areModular Forms!

s (er+d) (),

W g TOW g 1
wtQ " [ O g T
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“m [Ferrara et al, 1989; Feruglio, 1706.08749]

¢C ~ =1 globalsupersymmetry theory with modular symmetry:
n QwQ-Q-fir h nNhtée QaQ—rT ht ESSS

A Minimal Kahlerpotential

fi AT Qt 9 QT ¢ s

A Superpotential |1 O g TI [ 3

C Modular invariance requires Yukawa couplings areModular Forms!
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“m [Ferrara et al, 1989; Feruglio, 1706.08749]

C ~ =1 globalsupersymmetry theory with modular symmetry:
n QwQ-Q-fir h nNhtée QaQ—rT ht ESSS

A Minimal Kahlerpotential

fi AT Qt 9 QT ¢ s

A Superpotential |1 W g TI [ 83

C Modular invariance requires Yukawa couplings areModular Forms!

Y ) 7—-?Irrepsoffinite modulargroups
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¢I@- PATT + ) / 11(7) I;
—— £

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

C ~ =1 globalsupersymmetry theory with modular symmetry:
n QwQ-Q-fir h nNhtée QaQ—rT ht ESSS

A Minimal Kahlerpotential

fi AT Qt 9 QT ¢ s

A Superpotential |1 O g TI [ 3

C Modular invariance requires Yukawa couplings areModular Forms!
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Finite modular groups
G, Gj,

[Kobayashi et al, ~ - [Kobayashi et al,
1803. 10309 %]—83 G&_Ss 1803. 10309
[Feruglio, ~ |~ T [Liu,Ding,1907.0
1706.0874E?é]—A4 Gé 1488Bé
[Novichkov et al, E ~ (i = S, [Liu)Yao,Ding,20
1811. 04093 4é]—S4 h 4 06.10722
[Novichkov et al, F ~/ A5 Gﬁ —~ AS [Yao,Liu,Ding,20
11812.021558é] 11. 03)501¢
/ /

G7 @($681 6 = 53 X T

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

202 Y2 A O EFGs 1 ¢ 21




C Remarks:

A Freedom of model building in this botteap approach: QH’

A For a givenQHR , the modular forms space is finitimensional
== Only finite possiblevukawa 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, anthtsuishi2018;Feruglio2017;PenedandPetcov2019;Novichkovet al. 2019;
Ding, King, and Liu 2019b; Liu and Ding 2019; Liu, Yao, and Ding 202dyichkoy PenedpandPetcov

2021; Wang, Yu, and Zhou 2021; Yao, Liu, and Ding 2021]

C Drawback: The Kahler potential is not under control!
[Chen RamosSanchezRatz1909.0691]
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The Kahler potential under control

A In traditional flavor symmetry thi€ahlerpotential is under

control

[Chen M.C. et al, 1208.2947, 4§

KE(LL), /L andior (/jkL), / 12

A Combine thexdvantages of both approaches traditional
flavor symmetry and modular symmetry

G

flavor

=G

traditional

G —_—

eclectic

Gtraditional (;(3 modulz

202 Y2 A O

3G poaud [CeN M.C. et al, 2108.02240]

[A. Baur et al, 1901.03251;
[A. Baur et al, 1908.00805]
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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

A Transformation properties

TFS:  |v D p(9)v, g€Gy,

~ at + b
T = o +d’
MS.
¥ (et +d)Fep(y)y, y=|" " | €SL2,2)
¢ d
Combining MSwith 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//
¥ 9 € Gy ~~1 € SL(2, Z2) e



2. Eclectic Flavor Groups

A Transformation properties

TFS:  |v D p(9)v, g€Gy,

r Xy = 0
7= cr+d’
MS.
b s (er+d) (), v=|" € SL(2,7)
c d
Combining MSwith TFS
"}’ESL(Q,Z) QEGJC
/ — (e + d) Fp(y)y /—\
Dlr(y (9 ‘)=g(@)r g99iG, [|(cm+d) " p()pla)v

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



A Theconsistency condition

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

r(g)l

U~ :(?f —+~C?f

!

Gee = Gy x Ty (Gy xTn).| |be subgroup of theuter
automorphisngroup ofG; .

Finite modular group mus

A It is sufficient to only discuss

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

202 Y2 A O
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U Thefinite modular group

Ty :{STTng(STﬁ:TN:l},

Iy :{STTS‘l:(STﬁ:TN:l, SQT:TSQ}, N<5.

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

[Hans Peter Nilles et al, 2001.01736]
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A Theconsistency between the modular symmetrygg

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]

A Theconsistency between thaditionalsymmetry and@yCP

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.B883
(2014) 2643 0 5] é

A Theautomorphismef G, satisfy

(us)™ = (ur)™ = (usour)* =1,  (us)*our =ur o (us)?,
UK 2:1, UK ouSouK*:u_l, uK*ouTouK*:u_l,
x * S T
[Hans Peter Nilles et al, 2001.01736]
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¢ Advantages of EFG

A There are verfew candidatefor selfconsistently EFG
groupsO wheno nontrival: ' O=d 9 h3(¢ yhav 1€

A Thesuperpotentiah EFG models ihighly constrainedbecause it
satisfies both traditional flavor invariance and modular invarianc

A Kahlerpotential isunder controbue to the traditional flavor
symmetry!

A EFGhas a natural UV completiénd Heteroticstring on orbifold

There is currently no bottommp EFGmodel

We chooses -y e 3N
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3. The EFG (1) = A(27) x T”

A Themultiplicationrules ofD(27)

A% = B? = (AB)? = (AB*)®> = 1.

our working basis‘

17"35 : p]-r,.s (A) - w?"

[
3+ ps(A)=1] o
\ 1
[0
3 ¢ p3(A)=1 o

\ 1

W:eZpi/3|
p1,.(B)=w’, with 7,5=0,1,2,
1 o) (10 o)
0 1 ps(B)=10 w 0 |-
0 0 ) \ 0 0 w? )
1 o) (1 0 o)
0 1 ps(B)=10 w2 0 |-
0 0 ) \0 0 w )
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A Theouter automorphism group 627)

Out (A(27)) = Aut(A(27)) /Inn (A(27)) = GL(2,3),

A The three outeautomorphismsig , Uy anduy.

ug(A) = B*A,  ug(B) = B?A?, |
ur(4)=BA,  wr(B)=B, |00
uk.(A) = A*B, ug.(B) = A°BA .

(ug)" =(ur)” fus i)” L= (ud” up Tup (=)’
u, ur ¥ G @
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A Theouter automorphism group 627)

Out (A(27)) = Aut(A(27)) /Inn (A(27)) = GL(2,3),

A The three outeautomorphismsig , Uy anduy.

ug(A) = B*A,  ug(B) = B?A?, |
ur(4)=BA,  wr(B)=B, |00
uk.(A) = A*B, ug.(B) = A°BA .

(ug)"=(ur)” fus u)” 1= (ud” ur “ur (=

GCP Uy Y G @

EFG: [W1) @ R7)xT".
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A Theouter automorphism group 627)

Out (A(27)) = Aut(A(27)) /Inn (A(27)) = GL(2,3),

A The three outeautomorphismsig , Uy anduy.

ug(A) = B*A,  ug(B) = B?A?, |
ur(4)=BA,  wr(B)=B, |00
uk.(A) = A*B, ug.(B) = A°BA .

(ug)"=(ur)” fus u)” 1= (ud” ur “ur (=

GCP Uy Y G @

EFG: (W1 @ R7)«T".
GCP,l EFG: [1296 2891]
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A Solvingthe followingconsistency 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),

o

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




A Ugandu; act on irreducible representatiocss

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.

|

00r3:3 and8

8=10,1 P 1lo2®P11,0P 11,1 D1l12D 120D 121 D 122.
2023 Y2 A O
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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)

- 3, = 1kt g olkt2]

r=3] = 3 =127k gall—kl
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4. Effective action invariant under W1)

Level 3 modular form multiplets w
YO =Y, NOCF =Y YR ()
2Y, Y, & Wi
ky a 0 kY _ ky Ky
WOz 0 W0 = \(789 §.>.<> \gaef()?q

A The assignment

v,V ~B3%) F*(f,f;)~683)

Superpotential |V, a ( YT B C oy
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A Invarianceunder the actioof D(27)

WD:%é.(Yr(kY)[Q,lzl +?2zz ﬁfSIJ)l I_Ld'

le((ycy)ssil 'io 7, é(ﬁ Y. )F’ * ((: v)y )

10, 0

Lo
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A Invarianceunder the actioof D(27)

W, :ié(Y(k”[. SBJJ) H g

7=y,

351

T, / . F y) )

Lo

2023 N 2

A O

/
IZ ~ 2/ :1'3 ~ 1’/
—\/§w2I1
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A Invarianceunder the actioof D(27)

1. o
W =ra ’[ eZd) Ho
7

le((ycy)gs’l %10,0’ T, é( y/ V. )|1: T, ((:

Yy |

Lo

/

<
IZ ~ 2/ :1'3 ~ 1/[
—\/§w2I1

Y=y, ¥ LYY

WD:%[iquZZ3 +/2 arT, +WJ H 4
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A Themass matrix of théermion y

2

g a0 f, -10 a\/_fY W K g C

O
M, = L gwq ae}:j 0 11‘0 Zga YyN2 Y, Y, ’
¢ o S0 02 B, wr V2,

O

GCP Invariance

a,= 4, a
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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™)




A Leading order Kahler potential

Ko — n’r;w(—ifr+i%)_kw+” (VT ute) .
se)| |
Kro = Y  (—ir+ir) hitn (YTS?)TY"(:))QOO 1) (ww)uoo 1)
n,r1,72 T ,’
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

20234\“ W|thout off-diagonal elemendf theKahlermetric _




A Next-to-leadingorder

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

m.,n,r1.r2.s

(10,071)15

F~(88)

—)

off-diagonal elements of tH€ahlermetric

A Next-to-nextto-leadingorder

1

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

m.n.r1.r2.5

(10,071)73

off-diagonal elements of th€ahlermetric
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5. W1) eclectic lepton model

Fields L | E°| H, | Hy o | o | x | ¢ ()
SU@2)L x UMy | (2,—3) | (1, 1)|(2,5)[(2,—3) [ (1,0)|(1,0) | (1,0) (170): (1,0)
A(27) 3 3 |loo| Topo §}. 3 | 3 | 3 1040/: 10,0

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

0 - ()
— P 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. W1) eclectic lepton model

Fields L | E°| H, | Hy o | o | x | € v
[
SU)L x Uy | (2,-3) (11| 2D 2,-5) {(1,0)|(1,0)|(1,0) | (1,0)1 (1,0)
A(27) 3 3 lo,o | lo,0 ‘s=§_ _3___3))_ 10_,01,l 19,0
FggT’ 30 30 1 1 31 30 31 1 r
modular weight 0 0 0 0 5 5 7 —1 ky
29 1 —1 1 1 —1 1 1 1 1
Z3 W w? 1 1 1 W W 1 1
Superpotential\
g (4)
wo= 2(ELevy))  Hy+ (ECL i) H
A ¢ (10,0,1) @ T A2 oty (10,0,1) d
g1 ( (5)) ( (7))
—— ( LLyY,,, H,H,+ —— | LLYY. H, H, .
Jr2A2 Pl2 (10,0,1) i 2A2 X (10,0,1)
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Symmetry breaking

VEVs of flavons

Q(l) (¢) A2BA?

— 43

O(1) £ zgBA%

X Q(1)

Do, B

?

W1) @ R7)xT

AN

charged lepton

2023 N2 A QO
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completely
broken

neutrino




A Lepton mass matrices

. \/§w2(3;§)(5)1 WYy wYah 3 Do 0 w -w
my = — WYy, VRYY) Yy, [ —w 0 1 |
WYy Yah  V2Yy) w -1 0
2 0wy, 0 [ Ve o 0
m, = glj)\—“;% wyz(,5,32 0 0 - ggj)\—)guu 0 0 sz(ZQ :
0 0 V2V, 0 wYy) 0

. 1
UPnPmy = dieg( f, i, ), WP |Ui= = | w0 o
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A Lepton 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

2 0wy, 0 [ Ve o 0

0 0 VYY) 0 wYy, 0

A Thecharged lepton masses

(4)
65v¢ Y-
e = [Vavg - iy, - YOAT e

al A
(4)
_ (5) 5) , V6BueYy | avgug
my = \/§Y2’,1 - Y2',2 + oA A
_ (5) (5) | ¥UpUd
2023 N = [Kkks ‘/§Y2',1 +2Y5/ 5 A




A Best fit values of the free parameters

' Ad 30.80177, (A A.120=

|bv /( &)]=0.0480, arg(w, /( &)) 1.04 p
|9,V /(qV;) F 0.9787, argfpv,./@Qv,))=1.00p
av,vy /L® =262.5MeV, gvy / E 5401me\

A The predictions for various observable quantities

—————————————————————————————————————

'a,=0.961p, @ =0.926 ipm, =A51i3meV,m, ~<7.40meV,

m,=52.31meV, g m =84.84meV, m , =5.619meV,

|
=1

m, =0.511MeV, m, =106.5MeV, m, =1.803GeV.
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In thecharged lepton diagonal basjs

GCP+

nd t reflection symmetr)} [Xing, Zhao, 1512.04201
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