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Neutrino in the Standard Model
Neutrino masses and mixing
Origin of neutrino masses

Lepton flavour symmetries

W\

)
St
mmﬂ'! /

A
/s

3}




R4 F iR B 2R AL )

1018GeV  BF3|H?
1016 GeV AGE—IEP?

297 c=3x10°m/s =1 BEAT
h=6.58x 10" eV .s=1

kn = 8.617 x 10 %V - K~ ! = 1 g -
-
FREYIE=NENE R LA oy R -
asBEE

FIA4TF (V) MEFZIRRKERT,

?E? S
IS E:
GeV " . Y\'-\OE

Vs BRG] [l P ER AL )

BE= eV 1.602176634x10-19 J
= eV 1.782662x10-36 kg
o= eV 5.344286x10-28 kg-m/s
o B eV 1.160451812x104 K
inp[zl eV-1 6.582119x10-16 s

KE eV-1 1.97327x10-7 m




Neutrino in the Standard Model



The Standard Model (SM)

© Symmetries SU@3). x SUR), x U(1),
Strong Electroweak
C=Tg {R-4T 1
+ P BP+YH - Gauge bosons
+ | Path ¥ -~ The Higgs boson

= Que Daiverse.

© Fermions / matter particles
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.
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The Standard Model (SM)
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The Standard Model (SM)

Quark masses Charged lepton
and mixing masses

Strong coupling [E "M Strong CP




Neutrinos in the SM

~ Fermion, spin 1/2

Only weak interactions

~ Massless

~ No electric charge
Charged current

(o1
4-Fermi interaction
u,d, v, e, ... u,d, v, €, ...
& =c, U, T
ZO

Neutral current

(NC)




Lepton flavours and lepton number

& 0
e 0
W, v, 0 1 0 1
,u’,uﬂ 0 - 0 -
T, U 0 0 1 1
T U 0 0 -] -]

Flavour mixing = lepton flavour violation (LFV) v, = U ve + U;Z-VM + U”. v,
Neutrino oscillation
' ~ e e et s uuut,ue et
o Typical LFV processes H T 1NN ARy

g —ey,tT >py



Neutrino masses and mixing
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Adding mass terms to neutrinos

> Lagrangian for a massive Dirac fermion

Zp =iyt w— mypy

=Yy o,y + Yr1y"o,

4-component spinor

Wr — My YWg — MYRY]

W =Yt g Split into left-handed and right-handed fermions

1
V/L:PLV/=5(1 — ¥y

> Lagrangian for a massive Majorana fermion

1
Wi = Pry = 5(1 Vs

=y ty

1 1

yi = Cyr', C =iy,

Ly ==piytd,w——mypy

2 2

1

=YLy o,y — 5 WLy

1 —

) Yy
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Adding mass terms to neutrinos

o Lepton mass terms in the 3-dim flavour space

C

myy miy miz| |1 , myy mp; myz| (D ¢ 1 0 0 Uy
LD =, L, L) |m, mb, mi||L, —5(51, Dy, D) | My My mys || Do +$(l1, Ly {0 1 0 )"0l W, +h.c.
mi, mi, miy) | /s myy my my3) \U3 , 0-0 1 V3
R
Dirac mass matrix M, Majorana mass matrix M,,  Charged-current interaction
N /_‘_ o~ .
| o M, = U, MU, M, = diag{m., m,, m,}
Diagonalization —~ —~ ,
M, = U,M,U’ M, = diag{m1,ma, m3}
le 71 le Zl Uy 51
Transform to mass basis |7 | - ut|i, AEA [yz] - U5,
~ . y3 ~
lT L l3 7 l’L’ R l3 . R U3 R
m, 0 0)(Lk mp 0 0 () ¢ Uy Up Ugs Uy
Lo =L, 1) |0 m, O[|L] —@,upv) |0 my 018 +$ (g L L | Ut o U2l W, +h.c
0 0 m)\L 0 0 my)\*3), Uy Uy Us) B3

Mixing arises in CC interaction U = U;Uy
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Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing

m, 0 0)(L | mp 0 0} () U U Us)(y
Flavour basis =(l, 1, )| 0 m, O Ll ——@p, vy v5), | 0 my O ||02]H S Up Ly D7 Uit Up Ugs || 2| W, +h.c.
0 0 m’)\L) 0 0 ms)\"3), V2 Uy U, Usz)\B3J;
m, 0O O le | Mee My My ) (U, ‘ o 1 0 O Ve
Mass basis =, L, )| 0 m, O | [L]| —=We v v | Me M Mz | | P U Ly L) 7" O 1 O |%]| W, +h.c.
0 0 4 [ 2 My, m,uf me. U 2 0 0 1 T
m o) I

In the neutrino sector, each flavour eigenstate is an hyperposition of neutrino mass eigenstates

Ve Uel UeZ Ue3 Uy
vl =lUn Up Upllv Maki, Nakagawa, Sakata, 1962
U, U, U, U.|\"3
i T T Pontecorvo, 1957
and verse visa t
121 Uy Up Upg Ve
L =1Ua Un Us||¥
Y3 Uz'l U1'2 UT3 Ye
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Parametrization of PMNS matrix
Uel Ue2 Ue3
v=|U, U, Ul isa3 %3 unitary matrix, it satisfies (U'U );; = 0;;- Then it should have 9 free parameters.

UTl UTZ UT3

But physically, there are only 6 physical: 3 mixing angles + 1 Dirac phase + 2 Majorana phases.

WHY? = Parametrization Cyj = €08 Oy, 5;; = sIn b
e'® O 0 1 O 0 C13 0 S13€_i5 Cip  S1p e” 0 0
U=10 e O 0 ¢ 83 0 | 1 0 —S1p ¢ 0 0 e° 0
O O €1a3 O _S23 623 —S13615 O 613 O O 1 O O 1
Unphysical Atmospheric Reactor angle 6,5 | |Solar angle Majorana
phases angle 0,, & Dirac phase 0, phases p, o
Confirm why! Unphysical for Dirac neutrinos
m, 0 O le | ny 0 0 121 ¢ Uel UeZ Ue3 U1
_(le’ l/ﬁ IT)L 0 m,u 0 lﬂ _E(UI’ U, U3)L 0 ) 0 [D2] | © (le’ l,w ZT)L }/ﬂ (]//l1 UM2 UM3 [Uz] W,u_ +h.c.
0 0 m")\L . 0 0 ms Y3 L : Uy Uy Ug Y3 L 14



Parametrization of PMNS matrix

Generalize Euler rotations
with complex phase

C@ S6’ O
Ri,(6)=| —sg co O

0 0 1/— ¢

1 0 0
Ry(o)=| 0 ¢o s,

0 —s, cg4

T O ST
R31(7'): 0 0

—s, 0 ¢,

[Fritzsch, Xing, hep-ph/9708366]

9 different parametrizations

Phases on both sides not included

Pl: V=R s(0)Ry(0,@)R},'(6)

SeSgCotcocge 'C  Spcgco—CoSgre ¥ SpS,

CoSgrCo—SogCgre ¥ cocgCotSogsge 'C Cps,

_SG’SO' _CQISO. CO‘

P2: V=Ry(0)R5(0,0)R53 (o)

Co S oC o — 88
—S¢Cy ColyCor 8,86 ¢ —CyC,Syr TS Core ¢
SeSy —CpSyCortCySye ¥ CyS Syt C e

P3: V=Ry(0)R3/(T,¢)R(0)
CoCr SeCr S7
—CgS, S,—SCoe P —SgS S tcoce s, c.
—CpCyS, S5 e % —spc.S.—Cpsge ' c C,
P4: V=R (6)R3(7,0)R; (0)
CoC, CoS St S,c e 1® CoCpS.—SgS e ¢

—SoC, —SgSgS.tcocpe 't —sgc 5. —CpSge 7

-, S 5C 7 C,C -

P5: V=R3(DR(0,0)R5,'(7')

CooCrts Spe 'Y S 6C 7

—cocSpts.coe '?

_SHCT’ Ce S@STr

—cCcyS,Cotc.se P —Sgs.

P6:V=R5(0)R23(0,¢)R3(7)
—SSoS, e soc,
—CpSyS,—SgC.e ' cyc,

—CyS, —S4 CsC,

P7: V=Ry(d)R»(0,0)R5,'(7)

CoCr So —CpS;
—SgCoC TS5, ¢ Cycy,

SeS,C,tc 8. ¢ —cCys,

P8: V=R3(T)R2(0,¢)R(0)
Colr Sl S5 ¢
— S CoCo CoSo

—CpS;, —SgCyS,—8,Cce ¢

P9: V=R;3(T)Ry(0,@)R,' (6)
—SSoSTCce ' = oSS —spce ¢
S oC o C ¢C

—8pS,C,—CpSe ¥ —cps,c TS5 e

CoS,Sotc.coe ¥

SgS,C .t Cos,e” ¢

CpS,Cr—Sps e ¢

SgCyS .+ s,c.e ¢

—S§gS,8,tc ce '

SpS,Ctc 5. ¢

—S§gS,8,tc ce '
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PMNS mixing vs CKM mixing

m, 0O O le | ny 0 0 121 ¢ Uel UeZ Ue3 Uy
g _
Lepton masses -, L, ) [0 m, O[] _E(DI’ v, v | 0 my O |2l +—= (. L. y"|Ua Un Usl|v2| W, +h.c.
0 L

. 7 [z
and mIXIng 0 n, l,[ o 0 0 s Y3 L \/5 U’L'l UT2 UT3 Y3
PMNS matrix
Quark masses mg 000 (q) m, 0 0] /(q, ¢ Via Vs Vv | (94
and mixing ~ ~@a e B[ O om0 el —=(qu G g | O e O ] 4o +$(qw 9> LY [ Vea Ves Ve || 95| Wi +h.c.
0 0 ny, b R 0 0 n, 9 th Vts th Db L
Cabibbo-Kobayashi-Maskawa (CKM) matrix
el 0 0 1 O 0 cis 0 sf’3e_i5q c, st et 0 0
V=] 0 e 0 0 ¢ 55 0 1 0 —s%, ¢l 0 0 % 0
0 0 e% 0 —si5 —Sflgeiéq 0 Cis 0 0 1 0 0 1
Unphysical Cabibbo anale: 0 = quz Unphysical
I ——A2 A A —in)
Wolfenstein Parametrization _ | _ 12 )2 A=smnfc~0.2
2
A,p,n~ O(1)
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Current

data

NUFIT 6.0 (2024)

Normal Ordering (Ax® = 0.6) Inverted Ordering (best fit)
bip 1o 30 range bip 1o 30 range
g sin? 02 0.30710 017 0.275 — 0.345 0.308 0017 0.275 — 0.345
2 | 01/ 33.6870 T3 31.63 — 35.95 33.6870 T3 31.63 — 35.95
<)
2. | sin? a3 0.56179:912 0.430 — 0.596 0.5627 0 012 0.437 — 0.597
2| 0s/° 48.5+0-7 41.0 — 50.5 48.610°7 41.4 = 50.6
©
< | sin® 013 0.0219570 00028 0.02023 — 0.02376 | 0.02224100092°  0.02053 — 0.02397
2 | 613/° 8.5210-11 8.18 — 8.87 8.587 011 8.24 — 8.91
<
= | dcp/° 17752 96 — 422 285125 201 — 348
= Am?
= — Z;Q 7.497919 6.92 — 8.05 7.497919 6.92 — 8.05
Am%e +0.025 +0.024
vz | T2E34IGNE 42463 -5 42606 | —25105065;  —2.584 — —2.438

o
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Current data

Do not be too confident!

NUFIT 5.0 (2020)

without SK atmospheric data

Normal Ordering (best fit)

Inverted Ordering (Ax® = 2.7)

bitp 1o 30 range bip 1o 30 range
sin? 012 0.3047 0015 0.269 — 0.343 0.3047 0015 0.269 — 0.343
f12/° 33.4410-T% 31.27 — 35.86 33.4510° 7% 31.27 — 35.87
sin? @23 0.57070 054 0.407 — 0.618 0.57570 0ar 0.411 — 0.621
f23/° 49.011% 39.6 — 51.8 49.371°9 39.9 — 52.0
sin? 613 0.022211-9996%  (0.02034 — 0.02430 | 0.0224019:99062  (.02053 — 0.02436
f13/° 8.57 1013 8.20 — 8.97 8.6170 15 8.24 — 8.98
dcp/° 19515, 107 — 403 2867127 192 — 360
Am%1 +0.21 +0.21
R 7.427921 6.82 — 8.04 7.4279-21 6.82 — 8.04
Am%e +0.028 +0.028
T 2.51479-028 2.431 — +2.598 | —2.4971202 9583  —2.412
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SM+massive neutrinos

Quark masses
and mixing

Strong coupling JEE

7Z ¥ B4 fundamental para.

Charged lepton
masses

"M Strong CP
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P:=1-— c‘ll3 sin? 2605 sin? Ay — 0?2 sin? 2603 sin® Az; — S19 sin? 2015 sin? A,

2N 2 2
Ams,)= m3 — m]

2\ 92 2
Amsq )= m5 —mj;

iLI]

Oscillation experiments
cannot measure absolute
mass of neutrino but mass-
square difference




Fundamental questions in the neutrino sector

- Large gap between neutrino masses and other fermion masses

eV

Generation

meV

10°®

10° 10 10° 10° 10™

10°

10"

keV

102

10°

10*

Mass (eV)
- Mismatch between quark mixing and lepton mixing

H
- ~ 2 a » » 2a . »

10°

10°

GeV TeV
lcﬂmmmmmmm
: T b t
| A A —
S|L C
|| . —
ul ui ul pul 33l

10” 10°%° 10° 10" 10" 10™°

Origin of

=,

eutrino masses

Mechanism of

—

flavour mixing
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Origin of neutrino masses

22



The absence of neutrino masses in the SM

o Constructing operators in the SM S = Jd“x 7L

Massdim [M]: 0 = (—4) + 4 SUB). SUQR)L
£1iy*D, ¢ + Igiy*D, I + D ,H'D'H L
Renormalizable IR 1 1
IM] < 4 ¢;Hl,= Dirac mass for charged lepton e 1 2
H'H,(H'H)* D, 1 1
Higher-d; S r ey La=s | La=s
- Higher-dimensional operators =Lsm+t ——+ 5+
A (HY=vewV2 p
M] =5 LG —— omT. m, = vy

L & B-L violating

Majorana mass

[M] =6  B-L conversing [M] =7 B-L violating, Majorana mass

Y
-1/2

1/2

Mass dim

3/2
3/2
1
1
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Seesaw mechanism

~ Seesaw mechanism (BB HLE])

_ _ |
=(7) 1 2 172
(H) = vew/V/2
[R 1 1 -1
—ml; Ly — mp U vy — lm Y " =ylvEW/\/§
['L'R DYLYR 7N YRR mD=YDVEw/\/§ H 1 9] 1/2
s, %) () PR
=W Vg
2 Mp My J \Vg N (Vr) 1 1 0
| 1 > > mp <K Ny ml%
Mass eigenvalues: m;, = E(mN T \/mN + 4my;) > omy R , My R My
oy

Taking m, ~ 0.1 eV and mp, ~ 102 GeV, we obtain m,, ~ 10’ GeV — canonical seesaw scale

Since Vj, Is considered as much heavier than other particles, it is usually denoted as N

Mass dim
3/2
3/2

1
1

3/2

24



Seesaw with 3 flavours

0 M, U R\ (M, O U R\ 0= UM,U" + RMyR"
My My) \S V)\o wm/)\S V M, = UM ST + RMVT =~ RMV"
6 X6 v
U

M, = UM,UT = — RMyRT = — RM\,VI(VMVD)T'\RM V)T ~ — M,M,'M] < seesaw formula in 3-flavour case

My =SM ST+ VM VT =~ VMVT

Casas-lbarra parametrization ~ UM, UT ~ — Mpy(V" Y M'V-IME M, ~ — [UT'Mu(V")T My [V MEUDT]
hep-ph/0103065

- - N " — _ . N - M MY,
> VM, - VM, ~ Mp\ /M5 - MM = MR~ M/ M ’ P

M, =~ ﬁ?]y@ M, R is a complex orthogonal matrix, Z!' % = AR = 1

In the flavour basis and

heavy RHN mass basis Mp ~ Umﬂf M,y = widely used in leptogenesis

Euler-like parametrization U = (056046036026016) (045035025015) (0354,024014) (023013) Oy,

Clz 5128_1512 O e 613 O S13€_1513

0., = | ~512¢ €12 0 - O = O. 1 0
Xing, 0709.2220; 1110.0083 2 0 o 1 .. BT s e 0



Variation of seesaw models

> Minimal seesaw  SM +2 N Mijghiest = U

o Low-scale seesaw

Taking m, ~ 0.1 eV and mp, ~ m,, we obtain m, ~ 10 TeV — TeV seesaw
| 0 mp O )(vyf -
SM+Ng+ N, S, N No | mp my mp || Ny M, =~ (ml,) Y¥m,  — Inverse seesaw
0 my m J\N; b
> Based on mediators
Type | Type | Type |l
(H)x  x(H)  (Hx_  x(H  (Hx  x(H)
| | \\v/ | |
| | | | |
| | | : | |
EW triplet scalar
N i Y
1 L G - e




Other mechanisms

~ Radiative models

Scotogenic model

0 0
n n
- = - =
V; Nk V;

sSM+N+7'inZ,

70+ citations
Tao(FEER), hep-ph/9603309

PHYSICAL REVIEW D VOLUME 54, NUMBER 9 1 NOVEMBER 1996

Radiative seesaw mechanism at the weak scale

Zhijian Tao
Theory Division, Institute of High Energy Physics, Academia Sinica, Beijing 100039, China
(Received 2 May 1996)

We investigate an alternative seesaw mechanism for neutrino mass generation. The neutrino mass is gener-
ated at the loop level but the basic concept of the usual seesaw mechanism is kept. One simple model is
constructed to show how this mechanism is realized. The applications of this seesaw mechanism at weak scale
to cosmology and neutrino physics are discussed. [S0556-2821(96)02521-0]

Ma, hep-ph/0601225

_ Models in extra dimension

Arkani-Hamed,
Dimopoulos, Dvali,
March-Russell,
hep-ph/9811448

Effective Yukawa couplings in 4D

4

Dirac neutrinos

——— YLHYR

Yy IR 27



Symmetries behind neutrino masses

o B-L is a good symmetry, but it is explicitly broken in seesaw models. One may guess seesaw

might be an effective approach of a more fundamental theory.

= The U(1)5_; model

Symmetry: SUQ3). XSUQR), xU)y x U(l)z_;  Fields SUB). SUQ). Uy U(l)srL
Particles: SM particles + v, + ZBL + ¢ £ = (?)L 1 0) _1/2 -1
VR 1 1 0 -1
IR 1 1 -1 -1
0=(p) 3 2 1/6 1/3
Ux 3 1 2/3 1/3
Dr 3 1 -1/3 1/3
H 1 2 1/2 0
b 1 1 1 2



Symmetries behind neutrino masses

o B-L is a good symmetry, but it is explicitly broken in seesaw models. One may guess seesaw

might be an effective approach of a more fundamental theory.

= The U(1)5_; model

Symmetry: SUB). X SUQR), X U()yxU(l)g_;  Fields SUQB). SUR). SURx U()s.L
Particles: SM particles + vp + Zp, + ¢ = (?) 1 2 1 1
L
~ The U(1),_; model is further embedded into £, = (IZ)R 1 1 2 1
left-right symmetric model (LRSM)
(U
SUQB), x SUR); X SU2)p X U(1)p_; QL= <D>L 3 2 1 1/3
U
0r=(p) 3 1 2 1/3
H 1 2 2 0

Ar (Ar) 1 1(3) 3 (1) 2



Symmetries behind neutrino masses

o B-L is a good symmetry, but it is explicitly broken in seesaw models. One may guess seesaw

might be an effective approach of a more fundamental theory.

= The U(1)5_; model

Symmetry: SUB3),.x SUR); x U1)y x U(1)_;

Particles: SM particles + vp + Zp;, + ¢

~ The U(1),_; model is further embedded into

left-right symmetric model (LRSM)
Fields SU4). SU2)r SUQR)r

SUB),. x SUQR); X SUR2)px U(1)p_;

F,=(Q.¢) 4 2 1

- LRSM can be embedded into Pati-Salam model Frp= (05 4 1 5
SUA), x SUQ2); x SU2)p H 1 2 2

D 15 2 2

Ar(Ar) 10 1(3) 3(1)



Symmetries behind neutrino masses

o B-L is a good symmetry, but it is explicitly broken in seesaw models. One may guess seesaw

might be an effective approach of a more fundamental theory.

= The U(1)5_; model

Symmetry: SUB3),.x SUR); x U1)y x U(1)_;

Particles: SM particles + vp + Zp;, + ¢

~ The U(1),_; model is further embedded into
left-right symmetric model (LRSM)

Fields
SUB) X SUR), X SUR2)p x U(l)g_
Wi
o LRSM can be embedded into Pati-Salam model .
10
SU4). x SUQ); x SU2), oo
o They are all embedded into SO(10) GUT Hi2o

SO(10)
16

10

126

120

31



Neutrino masses in GUT's

Grand unified theories (GUTs) are hypothetical theories trying to unify all fundamental forces in particle
physics, including electromagnetic force, weak force and strong force.

Typical examples are SU(5) and SO(10). Here we focus on SO(10) [Dutta, Mimura, Mohapatra, hep-ph/0406262]

Field arrangements: fermion ~ 16, 16 x 16 = 10, + 120, + 126, = scalars ~ 10,126, 120

Yukawa couplings &£y = W, [YIOHIO + YeHpe + iYmHm] ¥

(+ ¥y | YioHE + Y7 HE | W6 can be forbidden by the Peccei-Quinn symm

Correlation between quark and lepton Yukawa couplings

M = Y10V10 + Y126v126 + iY12()(V{l20 T Vlbé()) MD — Yl()vl() 3Y126v126 + inZO(V{tZO o 3VthZO)
M, = Yyyvip + Yizg 126V126 +1Y120(Vi30 + Viz0) My = Yi36VpL
d’ —1
M, =Y 10"10 3736 126V126 +1Y 120(V120 3v120) M, = —MpMy Mp + Yiz6A, 39



GUT phenos

-

— . .
o-C / -. —+.

. : : - C
e ; Proton decay 3is 2
® O:f ; -‘ 25 3
QaQ:=3 Q:3 @
U) 5--(‘D - — P U)

00 Inflation H A

- — . n

- : : C

: 7
: <

ASNS-UOU Ul 199J0p pajuemu

.......................
- -~

§;Proton decay§

. ’
-~ v
~ v

........................

. . . . . \
Gravitational waves generated via cosmic strings )

/

|

\ /
~ 21 -~

'y vy v Lo
et |
(a) (b) (c) (d)

Unwanted topological defects:
monopoles and domain walls

In any breaking chains, inflation has to been
introduced to inflate unwanted defects

Gy = SU@) - X SU2), X SU2),
Gs, = SU5) X U(1)y

ch: W, < Yy

G, = Gy or Gyyy,
G351 =SUQB) - X SUR); X SUR2)p X U(1)p_;
Gy =SU@A) X SUR); x U(1)y
Gy =SUQB)-XSUQR), X U(1)g X U(1)5_;
Gy =SUQB) - X SUR), X U(l)y X U(l)y

Gov = SUQB) - X SU2); X U(1)y
King, Pascoli, Turner, YLZ, 2005.13549

33



Lepton flavour symmetries

34



Overview of flavour symmetries

Gauge symmetry Gg
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Overview of flavour symmetries

53 = Dy

Dihedral symmetry
withn = 3

Ay~T

Tetrahedral symmetry

alternating subgroup of S,

No triplet irrep

Tri-bimaximal mixing

AYR-N0,

Octahedral symmetry

symmetric group of 4 object permutation

Tri-bimaximal, Bimaximal,
Democratic mixing

36



Typical mixing patterns

> Tri-bimaximal (TBM) mixing

Harrison, Perkins, Scott, 02
U| =

Xing, 02

S-S5
S-S5
SIS S

3sin® @5 = 1 28in° O3 = 1 sin® 015 = 0

I 0 0 C13 0 8136_i50P ] C19 s12 0
Co3 823 0 1 0 —s12 c12 0 lgnore Majorana phases
—S823 C23 | | —S13 eldcP () C13 1 0 0 1
i C12C13 $12C13 s13€ e
= | —s19c03 — C12823513€"°CP  c1aCo3 — 819893 513€CP $23C13 | >
| S12823 — C12C23813€CP  —C19893 — S12Co3813€CP C23C13




From TBM to TM; mixing

~ Trimaximal mixing

U| =
40 Bjorken, Harrison, Scott, 0511201
381 He, Zee, 0607163; Grimus,
Lavoura, 0809.0226:; 0810.4516
G N N N I — —
- EE— |
O 34 L ——
2 :
| 30
S 32F L
D :
30
28 ] Xing, Zhou, 0607302; Lam, 0611017,
Albright, Rodejohann, 0812.0436
20
0 2 4 10 12 14

913 /O measured by Daya Bay, RENO,... 38



Predictions of non-Abelian discrete symmetries

Democratic, 95

Bimaximal, 97
Tri-bimaximal, 02

Golden Ratio, 07

de Adelhart Toorop,
Feruglio, Hagedorn, 11

Exp data

o——> <0 <o
o —> %@:
*—— *e <o
oO—> O %H
<0 <>
i H B
(8°,9°) (31°,36°)
0° 10° 30° 40° 45° 50° 60°
® 0 ® 0 ® 0,3
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Residual symmetries vs flavour mixing

0o . N 1 —1 2 2

S = — 2 -1 2
1 = ( 0 w? 0 ) S4 3 9 2 _1

0 0 w

1 0 O

v=[0 01

O 1 O

Residual ZgT _ {LT, T2}

symm
75V = {1, SU
MZMZT > { }
TV MITT = M %—J SM, S~ = M,
. ) . UM, UT = M,
Tri-bimaximal
N ——

9 1 0
2T Z5V) s () 2T 75 () 2T V) ( 1 )

—1
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Model building In the type-| seesaw framework

Flavons
| Appoach I:
via My

Review:

Alterelli, Feruglio, 1002.0211;
Ishimori, Kobayashi, et al, 1003.3552;
King, Luhn, 1301.1340;

King, Merle, et al, 1402.4271;

Xing, 1909.09610;

Feruglio, Romanino, 1912.06028,
Ding, King, 2311.09282;

Ding, Valle, 2402.16963

Approach II: Flavons Flavons

viay,

H 1 "



A toy model in A4

o Field arrangement

Flavons © = (gol,gog,gpg)T ~3 X= (X1,X27X3)TN37 n~1

SMfields /1, = (ber, by, br1)" ~3, er ~1, pr~1", TR ~1', T~ 1
N:(N17N27N3)TN3

o Lagrangian terms

L, = %(Egp)leRH I o) H + L (T o) rH + hee. + - -

_£1/ — yD(EN)lﬁ
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Origin of discrete flavour symmetries

~ SSB of a continues (gauge) symmetty

Ovrut, 77; Etesi, 9706029; Berger, Grossman, 0910.4392; King, YLZ, 1809.10292
30(3) A4 S4 A5
1 1 1 1
3 3 3 3
5 1"+1"4+ 3 2+ 3 5
7 3+ 3 1'+ 3+ 3 3 +4
9 (1 +1"+3+3 (D)+2+3+3 4+5
11 1"+1"4+34+3+3 2+3+3+3 3+3 +5
13 (W rv+1+3+3+3 (A1 +2+3+3+3 (1r3+4+5

SUQ3)—A4 e.g., Luhn, 1101.2417; Merle, Zwicky, 1110.4891

_ Refection of discrete properties of spacetime with compact extra dimensions ---
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Origin of discrete flavour symmetries

- Flavour symmetries from modular symmetries (233 FR14%) Ferrara, Lust, Theisen, 89

generated via two independent lattice vectors

N N W

- Finite modular symmetries (& [RIEEF)
T2 =1

de Adelhart Toorop, Feruglio and Hagedorn, 1112.1340
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Modular symmetries as direct origin of flavour mixing

o Transformation in flavour symmetry

Y — pr(y)Y

o Transformation in modular symmetry

at +b |
YIT = YT = in modular space T with Im(t) > 0
cT + d
b = (er 4+ d)** pr(v)y Y (1) = (e +d)*™ pr, (7)Y (1)

= Once fermions have non-trivial modular weight (2 4 ¥), modular symmetry can act on

the flavour space directly and be used to explain flavour mixing Feruglio, 1706.08749

o From single modular symmetry to multiple modular symmetries

10D Compactification (ZF1t)
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Flavour models in modular symmetries

Modular forms

Approach ll:
viay,

Appoach I:

w = |[LY,(1)e°

LY, (m)p+ LY, (1)7¢| Hy

¥4 flavons &2/ Modular form (iEF)

Modular forms

Modular forms
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Summary and conclusion

~ Neutrino in the Standard Model massless

~ Neutrino masses and mixing proved by neutrino oscillation experiments

and consequent effective description and parametrization

~ Origin of neutrino masses

seesaw, variations, and other mechanisms, and symmetries behind

~ Lepton flavour symmetries potential original of lepton flavour mixing

mixing patterns, A,, S,, modular symmetries
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