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(See talk by Raby, Nilles, Omer...)

1. Background: Flavor puzzle

[F.Feruglio, 1503.04071,
Z.Z.Xing, 1909.09610 ]

[ What is the origin of the masses of leptons & quarks ?
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O How to understand the flavor mixing patterns of leptons & quarks ?

u

Flavor Mixing: 4
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Asked what single mystery, if he could
choose, he would like to see solved in his
lifetime, Weinberg doesn't have to think

for long: he wants to be able to explain the
observed pattern of quark and lepton
masses. In the summer of 1972, when the
SM was coming together, he set himself
the task of figuring it out but couldn't
come up with anything. "It was the worst
summer of my lifel ... And I'm no closer now
to answering it than I was in the summer
of 1972, he says, still audibly irritated.

---------- From "Model Physicist, CERN
Courier, 13 October 2017"

» One of S.Weinberg's last published papers:
mlepton and qua@

Steven Weinberg
Phys. Rev. D 101, 035020 - Published 19 February 2020
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A class of models is considered in which the masses only of the third generation of quarks and leptons
arise in the tree approximation, while masses for the second and first generations are produced

respectively by one-loop and two-loop radiative corrections. So far, for various reasons, these models
P R -
are not realistic.
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(See also talk by Omer)

1. Background: Flavor symmetry

Flavour symmetry Flavor symmetry group

&
<

- Leptons %
GUT e 7 T Charged lepton Neutrino
gauge | = —= —= | Ge # v
t
symmetry U c ¢
— — — [ Quarks l’ 1
V d S b Ul /Uv
> Flavor transformation: [v -5 p(g)y, g€ Gy, :
Upmns = U Uy
1 - Feruglio, Romanino, Rev.Mod. Phys.93(2021
y 2 =Y, (¢ LiHeg; — Yi}" ()L HHTL; B tasell andt Feruglio, Rev. Molsphy(s. 82,)2701

(2010)...]

1 Drawbacks: Many flavons; Complicated vacuum alignments;
Higher dimensional operators ...
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(See also talk by Feruglio, Knapp-Perez ...)

1. Background: Modular symmetry

[Feruglio, 1706.08749]

0 Torus compactification in string theory leads to Modular Symmetry

»
>

1

The shape of torus is characterized by complex modulus: 7= w,/w;, Im(7) >0

Q Modular (flavor) transformation:

Y= 0T +b
g = +d’
6L (er+d) Rop()w, v=|" ") esLe),
c d
/ A
modular weight (integers) Irreps of finite modular groups [Liu,Ding,2112,14761]
Or equivalently, irreps of SL(2,Z) with finite images
Finite modular groups: Iy : [, =S5, [3 = Ay, [,=S5,, [5=A4s, ... [Feruglio, 1706.08749:
Iy:I =83,I3 =T, I,)=8,, Iy = A, ... [Liu,Ding,1907.01488]
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1. Background: Modular invariant SUSY

[Ferrara et al, 1989;
Feruglio, 1706.08749]

d N=1 global supersymmetry theory with modular symmeftry:

« Theaction: s = j d* xd?0d20K (W, ¥y; T, T) + f d* xd20W @, 1) + h.c.

*  (Minimal) Kdhler potential: | % = —hIn( — it + iT) + Z(—ir +it) "k |y, |

«  Superpotential: W = Z Yty O Y-,

[Feruglio, 1706.08749]
O Modular invariance requires Yukawa couplings to be Modular Forms!

Vi1, (T) = Y, (yt) = (ct + d)ka(y)Ylllz...In (7)

ky = kIl +k12 SICEE kIn
py @ p, @ Qpp, 21
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O Remarks:

* Only one flavon: modulus . All higher dimensional operators.

*  Model building in bottom-up approach depends on: k;, p;

« For agiven ky, py , the modular forms space is finite-dimensional
=) Only a finite number of possible Yukawa couplings !

, Modular forms multiplets
!/

N dlka(F(N)) IV (FN) k— 1 k— 9 k=3 k> 4
2 | k/24+ 1 (k€ even) | S35 (S3) — Y(2 —
3 k+1 A (T) || VAP Y(Q) Yo v
4 2% + 1 Si(sy) || Y4 v(2>, %S W,’), vﬁg) v<3>

I ) 2) A2 3) W A3) \A3)
5 5k+ 1 A (A) | AT [ VYD VT [T

[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 ...]

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

Most general Kahler potential :

Yn k21

% > Z Z( it + iT) "k +kn z ke [YO@ @ T (1) @ Y @ Pl ,

Additional terms
affect the
prediction!
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(See also talk by Nilles, Ramos-Sanchez ...)

2- ECIeCTiC FlGVOI" Symme.rr.y [Baur, Nilles, Trautner, Vaudrevange, 1901.03251]

[Nilles, Ramos-Sanchez, Vaudrevange, 2001.01736]

a Ou‘rer au’romorphisms of Narain space group = Eclectic Flavor symmetry

Out (S T)
\ {ROTGTIOHS (Z;, 0)#Modular' symmetry: 0(2,2,7)

Translations (1, T;) =) Traditional flavor symmetry: A(54)

X and X

d EF6G is a combination of traditional flavor & finite modular group:

TFT: T g T v € SL(2, Z) ge Gy
. g cr + d)7F
V1= p1(9)Y; rx) er A et /—\
y ar+b = (2 (em +d) Fp(v)p(g)y
MT: t= ct+d k—' p(g' )b = p(7)p(g)p~ (V) «—J
g € Gy v 1 e SL(2,7)

P> (et + )~ p (Y
» Consistency conditions: | p(p(@p~ () = p(u,(9)) | uv: Gy —= Gy

mm) EFG unifies traditional flavor & modular (and gCP) symmetry
Gl = Gf X F}}V (Gf xTn).
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O Advantages of EFG:

B There are very few candidates for self-consistently eclectic flavor groups G,
when u, nontrival: Gy = Z3 x Z3, A(27), A(54) ..

B Tn general, Yukawa couplings are functions of flavons & modulus: Y;.(¢;, 1),
which are highly constrained by EFG.

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

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

0 Two EF6 models have been established so far:
1) Based on Goc= Ay X T'3 [Chen, Knapp-Perez Ramos-Hamud, Ramos-Sanchez, Ratz 2108.02240]

2) Based onG,.= Q(Z) — A(54) UT' U Zg [Baur Nilles,Ramos-Sanchez,Vaudrevange 2207.10677]

N There is currently no bottom-up minimal model based on
smaller G., with non-direct product structure !

W) We choose G.q = Q(1) =A(27)x T’ 1Q(1)| = 648
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3. The EFG (1) = A7) % T’

0 Strategy: Constructing (1) from A(27)

m The multiplication rules of A(27): 4% = B = (AB)® = (AB%?® = 1

®m The two outer automorphisms ug,uy form finite modular group 1’

us(A) = B2A, us(B) = B2AZ; ur(4A) = BA, uy(B) = B;

m  (u)' = (ur)® = (usur)® = 1, (us)®ur = ur(ug)®  Multiplication rules of T’

m Solving the following consistency conditions

pr(S)pT(A)p;l(S) - p’r(BQA)a PT(S)PT(B)P;l(S) - JO?'(B2A2)3
pr(T) pr(A) p, ((T) = pr(BA),  pe(T) pr(B) p, ' (T) = pr(B),

Where ris generally the reducible representation for A(27) and T’, but
ultimately correspond to the irreducible representation of Q(1).

—> Q1) = AR7) % T' = p(S), p(T), p(A), p(B) )
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4. O(1) invariant lepton masses model

0 Field contents and their transformation properties: Modular forms

Fields Lol e m | o e | e | x| o€ )
SU@2)L x Uy [(2,—3) | (1,1)[(2,5)|(2,—3) :(170) (1,0)](1,0)|(1,0)1(1,0) :
A(27) 3 | 3 | 10| Too Il 3 | 3 | 3 |1loo! 1o |
Iy =T 30 30 1 1 l\3_1 1 30 [ 31 | 1N 7 :
modular weight 0 0 0 0 5 5 7 —1 ky
Zy 1 ~1 | 1 1 —1 | 1 1 1 1
Zs W w? 1 1 1 W w 1 1

> Kdhler potential + 1

. d)?
— Correction ~ <Ai
K = Kio+ KyrLo+ Knnro + ...
I I Off—diagonal
1 : N—k,—kotm (m)ty-(n) t. . ot
Y N
> (i) (vvgulvele) | +hel Ignorel
m,n,rl,'r'g,s
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4. O(1) invariant lepton masses model

O Field contents and their transformation properties: | ... Modular forms

— T — Pl ]

¢ © X ¢ My ) :

7

Fields L E° H, H; i
SU@)L x ULy | (2,3 (1)@ 5] 2,~1) i1,0)| (1,0)] (1,0) | (1,01 (1,0) |
A(27) 3 3 | loo | loo : 3 3 3 | 1o,0" 1o, :
Iy =7 30 |30 | 1 | 1 'y |3 |3 | 14 r |
modular weight 0 0 0 0 5) 5) 7 —1 ky
Lo 1 —1 1 1 —1 1 1 1 1
Z3 W w? 1 1 1 W W 1 1

» Superpotential

— E°L$Y,,) H, B (peresy® H
W A( ¢ )(100,1) +A2 ( 28 )(1001) d

g1 (5) g2 (7)
LLpY.,, H,H, LLy Y H,H, .
+2A2 ( Pha )(10,0,1) T oA2 2A2 ( )(10,0,1)
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Q Symmetry breaking

< No exact (nontrival) flavor symmetries are preserved at low energy!

» EFG must be fully broken by VEVs of flavons & modulus:

VEVs of flavons: |

<¢> - (wgv L, 1)Tv¢ :
(90> — (0:0: 1)TU<P .
<X> — (17070)TUX :

0(1) & zarBa®

(1

Q(1)
Q(1)

19 paBa?
b,

75

Y

) =@ 6T
\f% (X

(¢)

Charged lepton
ZéqZBAZ

PASCOS2023

Neutrino
1

(1) — F

Free

parameter

[M.Leurer, Y.Nir, N.Seiberg 1992]

VEV of modulus:

n
»

Q1) =% a27)
Y

Q(1)

Y

(¢>,<<0>,<X>,(r} 1

EFG completely broken!
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PASCOS2023

B |epton mass matrices:

(5) (5) (5)
\/§M2Y2;’1 UJY2I,2 szf’z BY(4)
e vl IO FE A R A
(5) (5) (5)
"‘JY2',2 Y2’,2 \/§Y2,’1
(5) (7)
g1V, O( ) i ’ govy V2 \/§Y2”1
_ U 5 U
0 0 Vavy), 0

Unitary rotation matrix:

1
tnt — di 2 M2 m?2 -
U, 'mmU, _dlag(me,mﬂ,mr)- Ui=7%
Charged lepton masses:

5 5 \/EBUEYM) QUG

Me = ‘\/ﬁYz(,)l — Yz(,’)2 — oA 1 A
(4)

5 5 \/EﬁvgY VUG
m,, = \/§Y2(,’)1 — YZ(,’)2 + oy 1 A
My = \/§Y2(,5)1 + 2Y2(,5’)2 %
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Q Numerical fitting and prediction
B Best-fit values of the free input parameters:
"""""""" .~ Close to the critical point i

———————————————ﬁ

|ﬁvf/(aA)| = 0.0480, arg(Bvg/(al)) = 1.04m,
192V, /(91Vp)| = 0.9787, arg(g,v,/(91vy)) = 1.005m,
avgvyve/A° = 262.5MeV,  g1v,v)/A* = 5.401meV.

8 input parameters — 6 masses + 3 mixing angles + 3 CP phases

B The predictions for various flavor observables:

__________________ \

sin2 6?13 =0.02251, sin®@, = O 3284,, sin® @,, =0.4954, &, =1.434r,

- S S S S S S S e e e e e . _— O o O O O S e S S e e e e e e s e

- B B . . . S S S . S e e . .
——————————

m, =0.511MeV, m, =106.5MeV, m_=1.803GeV.

Almost all flavor observables are within the 30 regions |
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Q p — 7 reflection symmetry

In the charged lepton diagonal basis: w = e2m/3
m;, = U'm,U,
) \[Yw T 2Y2,5,)2 W ( 2" 1 Y2('E:)2) w? (‘/§Y2('5')1 - Y2('E;)2)
- glj){;vu (\/_YZ’E‘)')I Yz(i)z) w? ( " 1 + 2Y2('5')2) \/_Yz(?' 1= 23)2
Yz(i) Y2(‘§)2) \/_YZ‘?’)l - Y2(’5’)2 w (\/§Y2,5,)1 + 2Y2'5')2)
\@ 2'1 Yz('ﬂz (\/_ 27,1 Yz('T)z) (\/_Yzfq Y2(,7)2)
+92vxvu wg \/—Y(T) —Y2(,7)2) (\/_Y(71—|—2 (7)) \/_Y(7 },2(’7)2
(P -v) oD e (v o))

gCP +[Rr = 0]: 1 0 0
PV’I:L' m{/ Py = (m;)*: Pr=10 0 1
0O 1 0

Input parameters: 8 — 5

[W.Grimus,L.Lavoura, 2003]

p—rtreflection symmetry: ‘ O3 =m/4, Ocp = xm/2, ay,a3;=0,7

Atmospheric mixing angle and Dirac CP phase are predicted to be maximal !
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O Numerical fitting and prediction

B Best-fit values of the free input parameters:

(7) = 1.120i,
pve/(ah) = —0.0484, g,v,/(91v,) = —0.981,
avavgvy /A = 263.0MeV, giviv,/A* = 5.409meV.

5 input parameters — 6 masses + 3 mixing angles + 3 CP phases

B The predictions for various flavor observables:

sin2<913—002238 sin26’12 0.3266, sin2923 05, &, =157,

m, =0.511MeV, mﬂ =106.5MeV, mT =1.807GeV.

Almost all flavor observables are within the 30 regions!

PASCOS2023 Eclectic Flavor Symmetry — X.G Liu




. .. Green: Allowed region for 8 para
[ The correlations among mixing parameters: Red: Allowed region for 5 para
Blue: Bounds of experiments
1-15_ T T T T I T T T T I T T T T I T T T T h 0.36_| T 1 T I T 1T 1 T I IJ : ! ! I T 1 1 1 I T 1 T I_ 0-65_| L I T 1 1 1 I "I , , ! I 1 17T I LI I_
1.1af 1 omf Y S—
L 1.13F R ©10.32f 5 0.55F 2 B R
= g N - I & L N 1
C ] = C R ] = C D ]
= 1.12f 1 7 o30f s § i % os0f R | .
111F . 0.28F ¥ B . 0.45F R .
. TR ST ST (N SN NN TN S N ST ST SN T NN W T N P | I| :I i : TR AR 040:1-7-1--|- -I--I--I-.I-r-‘--l-.l-r-l--I-T-I. ---------- :
! 18.02 -0.01 0 0.01 0.02 020610 012 014 0.16 0.18 0.20 0.10 0.12 0.14 0.16 018 020
Ret sinf;3 sinf;
2.0-:_I__I_I_L_l_l_l__j__l__l_l-l__l_-l._I_l_l__l__l_-I_ll_l._l__l_\__ 1.3HI T T T | T T T T | T T T T | T T T T ] ]_é T |||||||| T ||||||r| T T |||||| T |||[||§
I 1 1.2F p _: - Disfavored by 0vgB
S : E : - . 107 E
(RS- A— —— 1.1F . ettt i B
£ [ E 1 & ] 2 P A Lo - B
& ¢ : ' - 1.0F . = 1077 B , & S
RN s S S f . &  Foooo---- g3
10 : - 0.9F ] =
Ly ] : : i ok g ]
""""""""""""""""""""""""" 0.8F ] g
-: : : : ] ] i \ : 2
o by by by Ly 0. IR T R S [T TN TN N N T M S N N SO S B B 10_4 T LA TIT | T P T
040 0. 45 0.50 0. 55 0.60 0.65 6.8 0.9 1.0 1.1 1.2 10~* 1073 1072 107! 1
Sin2623 ay/m m/eV

« The predicted mixing parameters are within very narrow ranges.

» The predicted m;, 3, 6,3, 8p and the effective mass mg, in Ov2p
decay can be tested in future experiments.
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5. Summary and outlook

.. We develop the formalism of eclectic flavor symmetry of Q(1)
~ from the bottom-up perspective.

A comprehensive analysis of superpotential and Kadhler potential of
models based on EFG Q(1). (Not included in this talk)

> A Q(1) invariant lepton masses model with 8(5) parameters.

2 Correction from Kdhler potential are suppressed by (®)%/A%.

u—7 reflection symmetry for neutrino mass matrix is preserved.

How to dynamically explain these flavons & modulus VEVs?

2> More insights from the top-down approach?
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O Modular forms multiplets for I = T': [Liu,Ding,1907.01488]

TG0 1°(@/3) Dedekind eta function:

3 (0.0]
k=1 Yz(rlr)(’l?) _ n(t) 773(32)('[) n(r) = g/ 1_[(1 —q")
n=1
3\/5 TI(T) with q = eZTL’iT

_ar® y®

2" 1719171
_ 9. (2) _ (1) (@) (1) (1)
k = 2: Y3 (T) = YZII’1YZII’2 + YZII’ZYZII’1
(1) (D)
V2Y,, Yo
k = 3:

0 Inhomogeneous(Homogeneous) finite modular group:

Iy = SL(2,Z)/+T(N) = {S,T|S? = (ST)3 = TN = 1}

Il = SL(2,Z)/T(N) = {S,T|S* = (ST)3 = TN =1, ST = TS?}



nature outer automorphism
flavor groups
of symmetry of Narain space group
rotation S € SL(2,Z)t Zig
modular T
o rotation T € SL(2,Z)r Zi3
o translation A Zs (1)
B . AQ27)
traditional flavor translation B 73 A(54)
rotation C=S? € SL(2,Z)r ZX
flavor group  GAP Aut(Gp) finite modular eclectic flavor
Ga 1D groups group
Qs [ 8, 4 ] Sy without CP S3 GL(2,3)
with CP - -
Ts % T [0,2] | GL(2,3) | without CP Ss A(54)
with CP 53 X o [108, 17]
A4 [ 12, 3 ] 54 without CP 83 54
Sy Sy
with CP = -
T’ [ 24, 3 ] S4 without CP Sg GL(Z, 3)
with CP - -
A(27) (27,37 | [432, 734 | without CP Ss A(54)
T’ Q(1)
with CP Sy X 7o [108, 17]
GL(2,3) | [1296, 2891]
A(54) [54, 8] | [432,734] | without CP T’ Q(1)
with CP GL(2,3) | [1296, 2891]




d InCIUding (gener'alized) CP Symme'rl”y: [Baur, Nilles, Trautner, Vaudrevange, 1901.03251]

m Generalized CP transformation:

K.

T— — T 10
ll)l(t, )_C)) i pI (K*)lp;(tr _f) K* B (O —1)

B The consistency between the gCP and modular & traditional flavor

[Novichkov et al,

.
p(K)p*W)p 1K) =p (uK* (y)) with ug (y) = K.,yK,' 190511970,
Ding et al, 2102.06716]

* -1 — Feruglio et al, JHEP 07 (2013) 027; Holthausen et al,
\p(K*)p @ (K)=p (uK* (9)) [JHEP904 (2013) 122; o
Chen et al, Nucl.Phys.B 883 (2014) 267-305...]

B The automorphisms of G, satisfy [Hans Peter Nilles et al, 2001.01736]

(us)™ = (up) = (ug our)® =1, (ug)? o up = urp o (ug)? ,
(ug,)? =1, UK, OUS O UK, = Ug Uk, OUT O UK, = Up'

- Gecl = <p(S): p(T)r p(g)» ,D(K*)) - Gflavor U Gmodular UCP



B As anouts, u, generally maps one irrep of A(27) to another:

uy: ri— r]-

Usg: 1o o1 0150171011 130211221902 157 2 14,

ur: 1lo1- 111211 - 1p4; 1 2 15, 2115 2 1g;

E  A’B? A’B A AB? AB A? B? B BAB?A? ABA’B?
10, 3¢ 3¢l 30l 3t 3cl® 30 3cl? o3¢ 108V 10

1 1 1 1 1 1 1 1 1 1 1

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

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

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

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

1 1 w w w? 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

Outer automorphisms are symmeftries of character table |



» Irreps matrices for T':

o o —
o 3 ©
“w = o
/.{llll|ll|-\
e
I
&
=2
o
QU
Lm? -
3
\I...llll...../
Il
) N o
2 3 '3 '3
Y
/.clfl|l||lll|\
- o
— z_f
I __
&) N
2 =
™ o
Q Q
<.
S -
— o
Il I
~ ~

0 00100O0O0TGO

0 00O0OOT© 01

001 00O0O0O

0 000O0OOT10

01 0000TO0O0]

0 000O0O1O00

1 00 0 0O OO

0 0001O0O00O0

(T) =o'

0 00O0O0OO01

0 0010O0O0O O

0O 00O01O0O0O

0000010 0"

1 00 0 O0O0OO
0O 00O0OOTZ10Q0

0 01 0O0O0O0O O
01000O0O0O

Ps, (S)

19
I

) g =1"o2e2dI@3,



> Irreps matrices for A(27):

lrs @ p1..(A) =uw", P1,..(B) =w®, with 7r,5=0,1,2,
0 1 0 1 0 0
3 p3(A)=10 0 1 p3(B)=10 w 0

—
o
o
o
o
El\.f

ol
>
ol
_—

I
S

|
= ]
() [
— =
)
(]
—_

oy
N

|
() [
&

o ]
= ]

—
o
o
o
-]
€

» The correspondence between (reducible/irreducible) representations:

AQ27)reps: 1gg, 191D D 1;,,=8, 3, 3
X (] 3

T' reps: 1., 11 @2+ 2li+2l 3 =g,, 1+ @ 20+2 = 3, 1R2-ig 201-1 = 3;
I I I I [

Q(1) irreps: 1, 8;, 3i, 3i,



	幻灯片 1
	幻灯片 2: Outline
	幻灯片 3
	幻灯片 4
	幻灯片 5
	幻灯片 6
	幻灯片 7
	幻灯片 8
	幻灯片 9
	幻灯片 10
	幻灯片 11
	幻灯片 12
	幻灯片 13
	幻灯片 14
	幻灯片 15
	幻灯片 16
	幻灯片 17
	幻灯片 18
	幻灯片 19
	幻灯片 20
	幻灯片 21
	幻灯片 22
	幻灯片 23
	幻灯片 24
	幻灯片 25
	幻灯片 26
	幻灯片 27
	幻灯片 28

