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Neutrino is a portal to new physics!



CERN mug with SM Lagrangian

&vector bosons and ...

&fermion interactions ...

<Higgs & vector bosons
(+Higgs self-interaction
potential V)

&Higgs & fermion Yukawa ...



Flavor structure of SM

SM Gauge group: Ggy = SU(3). X SU(2)1 X U(1)y

I=1,2,3>generation index SU(B)C SU(Z)L U(l)Y
(MY (e (L 3 2 1/6
qiL_(dL) ’ (SL)’ (bL) /
1 2/3
Uir=Ug, Cg, tg 3
D;r=dg, Sg, bg 3 1 -1/3
~_(VeL\ (VuL\ (VL 1 y) ~1/2
fll‘_( eL)'(,UL )' (TL)
Eir=egr, Ugr, T 1 1 -1
= (20) 1 2 1/2

* The fermion content is “chiral”: left-handed and right-handed fermions transform
differently under G,

* Explicit fermion mass term is forbidden

* No right-handed neutrinos—>neutrinos are massless at renormalizable level



Quark and charged lepton masses

» The Yukawa interactions are the most general gauge invariant and
renormalizable terms in the Lagrangian that involve fermions and the Higgs
doublet

Lyukawa=—)ij Gz PUir — Ya)ijGirdDir — (Ye)ijLiEir + h.c.

T T T— charged lepton masses

Up-type quark masses down-type quark masses
Conjugated Higgs doublet ¢ = io,¢*: (1,2,—1/2) under (SU(3),,SU(2);,U(1)y)
Yukawa matrices Yy, 4 o are arbitrary 3 X 3 complex matrices in flavor space

» Higgs mechanism
The most general scalar potential allowed by SM gauge group

V(g) = 12 (o) + A(¢T )" ¢ = (2(’)
% %

N
T 7

A>0,u®>>0




Minimizing the scalar potential, one finds the Higgs vacuum expectation value
(VEV):

(@) = (U /(1/5) = (¢) = (U/f) v = —u?/A = 246.22GeV

SUR2), XUy > U()gy

¢+

Unitary gauge: ¢ Ei( 0 )
V2\v+h

The neutral real component h is the only physical state



» After electroweak symmetry breaking, Yukawa interactions give rise to
fermion mass matrices

— () _ %
(Ywij Qi dUjr— uyy(My,)ijUjr, My = EYu (6% — o3
@) — v Nl ?
(Yq)ijQiLdDjr— di,(Mg)ijDjr, Mg= Eyd
— () %
(Yo)ijtiL@Eir— €y ,(Mp)ijEjr, Mp= Eyf
- UR - dg - €Rr
LSM =2 _(uL » CLy tL)Mu CR — (dL »SL» bL)Md Sp | — (eL y 1L, TL)Mf UR
— \ ¢ — \ p — \
3x3 R 3x3 ‘"R 3x3 R

The fermion mass matrices M,, 4 » can be diagonalized through bi-unitary
transformations

VLTuMu Vry = diag(m,, mg, m¢)

Quark and charged lepton masses

.I. _ N
ViaMa Vra = diag(mgq, ms, mp) are proportional to the Higgs VEV v

VLT{,Md Vge = diag(m,, my,, m;)



» rotating from the interaction basis to the mass basis by field redefinition

up, u;, dL di e el,,
LH fields: (CL> = Vi Ci ) St | =Via Si ] <HL> :K% .u;,
t; —\ ¢t/ b, —~\ p! T, Tt
3x3 3x3 3x3
UR u;? dR d;g eRr e}lz
RH fields: (CR> == VRu C;z ) SR | = VRd 5;2 ) Hr | = VRﬁ .u;?
te -\ 4 by —\ p Th —\ o/
3x3 R 3x3 VR 3x3 \'R

The primed fields are mass eigenstates
* Viw Veu,Via» Vra,Vie, Vge are 3-dimensional unitary matrices
VI Vi = ViV = VI Ve = VeVt =1
VI Vg = VgVt =V Veg = VagVa =1
Ld"Ld Ld¥Ld™ YRd"Rd RAYRd
VIiVie = VigV,h= Vi Vee = VeV, = 1

e LH up-type quarks (u;, c;, t;)" and down-type quarks (d;, s;, b;)T are rotated
separately
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Quark mixing: Cabbibo-Kobayashi-Maskawa (CKM)

basis where CC and NC diagonal # mass eigenbasis
The charged current (CC) interaction in weak basis:

g _
— [ y#dy, + vigyH e ]W," + hee.

V2

—Lec =

In the mass eigenstate basis ﬂ

g 7 T l; — ! —_
—Lec = V2 luiLyu(VLuVLd )i jdjL + Vi y# VLt’ejL] W' +hec. KCKM — Vljl‘-u V&
W
CKM

Neutrinos are massless in the SM, one can always redefine neutrino fields as

Vel Vel g g —
/ — v vV, el W = —v! yte W

VvV e/ /
A N .
U No lepton mixing and no
neutrino oscillations in SM!
.9 ,1—vs
VVH+ lﬁ)’” 5 (VCKM)ij

d. 11



CKM Parametrization

Not all entries are independent: 3 Euler angles 8,,,043,0,3 and 1 complex phase &

Vud Vus Vb 12013 | $12€13 | s1ge” "
Vekm = | Vea Ves Vo | = —s12C23 — C12523513€"0  C12C23 — S12523513¢"0  s23¢13
o Vis Vi S12823 — C12C23513€"0  —593C19 — S12C23513¢"  Ca3013
Vud| ~ [Ves| ~ [Vip| ~ 1 —
Cyj = COSHij,Sij = sineij 7 w1Vl 9 2
[Vius| ~ [Vea| ~0.22 L 815<<8,5<< <<l
[y
(V| ~ [Vis| ~ 0.04 | 5
2
Vig| ~ [Vial ~ 0.005 ¥
Wolfenstein parametrization
2 £ .
1 -5 A AN(p—in)
2 - 1
Vekm = —X 1— % AN? + O(\Y)
AN(1—p—in) —AX 1
=7

A =515, A% =s,3, AX3(p —in) = size

12



» The fitting values of the CKM elements [Particle Data Group 2024]

0.97435 + 0.00016 0.22501 + 0.00068 0.003732 000020
[Vekm| = | 0.22487 4 0.00068  0.97349 + 0.00016  0.041837 1 (oo
0.00858 o017 0.04111770d0es  0.999118™ (400054

1-51['![

1.0

sinf;, = 0.22501 + 0.00068
" sinf;3 = 0.003732+9:000090
sinf,; = 0.04183%3-99079

0 = 1.147 £ 0.026

I= o0f

-0.5

1.0 § . 2 &
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Higgs-fermion couplings

The Higgs-fermion coupling is proportional to the fermion mass

h __ —— __
<1 + ;) (—muiuiL Uip — Mg di, Uig — My €, eiR) + h.c.

neutrinos de se pe
== Huge hierarchies
e e » among the quark
ee He Te and lepton masses
) 3 oy
. 2 3 = 5 o
< < < <
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Nature 607(2022) 52, arXiv:2207.00092
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Neutrino oscillation

e_ B . .
¢ observed with various sources
, ~and techniques—> quantum

sS01Irce

detector . .
Ve oscillate Vp mechanical interference on
W- W- macroscopic distances

@ @

M =c|v.) +c|v >+cg )
Ve cosd siné\(v,
Two-flavor limit: = : See lectures by Yu-Feng Li
v, —-sin@ cosd )\ v,

Plv, > vﬂ) = K p

2 . a2 2 2
>‘ — sin? 9 cos? 9‘6 Im3LI(2E) _ qimfL/(2E)

2
=sin® 20sin’ [AleL], AmZ, =m’ —m/
4E
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Takaaki Kajita Arthur B. McDonald

2015 Nobel Prize
in Physics

NEUTRINOS FROM SUDBURY NEUTRINO OBSERVATORY [SNO)
THE SUN NTARIO, CANA
NEUTRINOS FROM SUPER- ONTARIO. CANADA
COSMIC RADIATION KAMIOKANDE LSS
l KAMIOKA, JAPAN
COSMIC o >
Coor A / Bt suos o e——— T
-~ iy alone and all three types of 2100m
il PROTECTING g neutrinos together give sig-
m ROCK nals in the heavy water tank.
Muon-neutrinos |
give signals in
the water tank
ek
\
\ =
Muon-neutrinos \? -
arrwing directly
from the (P—(
atmosphers ~ SNO
4Om
Light detectors
MUON- measuring Cherenkov
NEUTRINO radiation
Muon-neutrinos
that have travelled
through the Earth

CHERENKOV
RADIATION

“for the discovery of neutrino oscillations, which shows that
neutrinos have mass”




SM+3 massive neutrinos: global fit

Ve 1 0 0 C13
Vy =10 C23 S23 0
Vr 0 —s23 c23) \—sy3€™CP

Global fit-Normal hierarchy
Am35,=7.497513 X 107°eV?
Am$,=2.513%5243 x 1073eV?
012= 33.6825:75(")
6,3= 43.3555(")
013=8.561511(")
sign(Ams3,)=?
0,3< 45° or 6,3> 45°?
Ocp=?

mlightest:?

[Ilvan Esteban et al., NuFIT6.0 (2024)]

0 sy3e~*cP C12
1 0 512
0 C13 0

Normal hierarchy Inverted hierarchy
I V3 V2
1 Ams,
V1
2
&msz
W Am%l
I V2
¢ &THQ] W
— 51 V3 I
I 4
| :
i 2 2 1
i Mlightest Miightest!
i |
h 4 W >

Vel ViR UV-N
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Massive neutrinos: Dirac versus Majorana

. Majorana neutrino of mass m:

Dirac neutrino of mass m:

:Lm = —lmFV —lmv_vc
m . — — Majorana — 2 LVL 2 LVL
Lpirac = —MVLVgp — MVRV] 1 1
— _ T —r—T
= —mVp Vp = _EmVLCVL_EvaCVL
1
— _EmVMVM

Majorana: vy; = v; + v{ = LH and RH
components are NOT independent

Dirac: vp = v; + vr—> LH and RH
components are independent

* break SM gauge invariance * break SM gauge invariance

e, vE = Cv, T
L 5 x >»°" .

I
I
|
|
|
|
|
|
|

— c I

Vp =V, + Vg = Vp F Vp : — c __ +,C
Vy =V Vi > Vy =V

L VM EVL YV M = Vy
|
I
I
|
|
1
I
|
|
|

> X > Vg

1-vs 1+ys
2 ) PR= 2 ’ l/)LEPLl:b' l/)REPRl/)'

Y =9Ty°, Yo =CYT =Cy%y, Y=y
C=iy*y?° ('=c™', "=-C




Massive Dirac neutrinos in SM

Introduce three right-handed neutrino v;p which are SM singlets,
ViR ~ (111;0) under (SU(B)C) SU(Z)L' U(l)Y)

Massive Dirac neutrino via Yukawa coupling: SM+vp

Dj: _(Yv)ii an <ISViR + h.c. ViL
T\ _ (v/N2 Mvzﬁyv () = v/V2
EWSB: (CP) = ( 0 ) V2 (V)i mmmmm = ®
pirac= — Vi, (My);;Vjgr + h.c.
ij

Neutrino mass-eigenstate basis:
Lepton number

4 !/
Vel V1L V1R ViR
_ ! _ / conservation:
VuL | =V, \ Vi |, | V2r | = Vg | Vog

\m o’/ i

Vel V! V3R =~ \ V! L — e,
3x3 1L 33 3R .

Vir = €'Vig

== V' M, Vs, = diag(m,, my, m3)
Vam, 02ev o,
% 200 GeV

tiny Yukawa couplings (¥3,);j ~



Massive Majorana neutrinos in SM

Massive Majorana neutrino via dim-5 Weinberg operator

ﬁ\/Neinbergz —— (f ¢* )(¢T¢;) +h.c

($) (&)
~ UZ
EWSB: (§) = (U/SE) My = cij>+
ﬁaiorana = 2 lL (MV)UV]L + h.c.

Neutrino mass-eigenstate basis:

Vel V1L
Vur | = Vi | VoL > V/ M, V,, = diag(im;, m,, m3)

VTL 3X3 VéL
] v? 20072
Rough estimate: A ~ ~ GeV ~ 10'*GeV
2m, 2X0.1

Lepton number violation under £;; — e ¢;;

% 210 %
EWeinberg - e LWeinberg 21




Lepton mixing: Pontecorvo—Maki—Nakagawa—-Sakata (PMNS)

Lepton charged current (CC) interaction in weak basis:

—LE = ie_l-Ly"‘vl-LI/I/M‘ + h.c.

V2

In the mass eigenstate basis e;;, = (Vie)ijejr, Vi = (Vin)ijvjL

g 7 T ! — e’
—Li. =——e¢] y“(V VLV)..V-LW + h.c. L
\/i iL LY ii JL'TH
—— wW-
PMNS — T H
Upmns = VipViy .9, 1-7s
v lﬁ)’ 5 (UPMNS)ij
In standard parametrization J
1 0 0 1 0 0
UPMNS — 0 (,'23 ,3'23 0 Ei'an,-"?. 0

fery /2
0 —85;3 Oy 0 0 €

Atmospheric mixing ~ Reactor mixing & Solar mixing Majorana CP phases
Dirac CP phase

~ 9

The Majorana CP violation phases a5, @31 are unphysical for Dirac neutrinos
22



UV completion of Weinberg operator at tree-level

¢ ¢
* Transformation properties:
_ (o7
? 0=(3)- G
/ \ e ="~ @2 -1/2)
'€L £L Lo €r ’ /

» SU(2); contractions
2020202=83H1)®(3®1)

similar to the composition of four %:-spin
O1 = (L)1 (£ jL¢)1 O, = (£ jL)l(d)QbX Z?n;lz:fnzzﬁr;e
Os = Cud)s(bind), 04 = (Luty) (dd)s

If neutrino are Majorana particles, a Majorana mass can arise as the low
energy realization of a higher energy theory (new mass scale!)

23



Three types of seesaw mechanism

O1 = (Lud)1(fnd), Os=(futin),@P)s Oz = Lud):(£id),

Type II see-saw:

Type I see-saw:
a heavy singlet scalar

_ e’
s M
Minkowski;

Yanagida; Glashow;
Gell-Mann, Ramond Slansky;
Mohapatra, Senjanovic...

a heavy triplet scalar

Type III see-saw:
a heavy triplet fermion

Foot et al; Ma;
Bajc, Senjanovic...

Konetschny, Kummer;
Cheng, Li;
Lazarides, Shafi, Wetterich ...

24



type-l seesaw mechanism

Higgs-lepton coupling: ¢, ¢*,¢1¢;, ~ (2,-1/2) ® (2,1/2) = (3,0) B (1,0)

(1,0) (1,0)
) )
o ¥ \ (1,0) ) »

S —
/ e \
‘gl‘L €]L

(1,0) ® (1,0) = (1,0)
Field content: SM fields+ np RH neutrinos vy

Len = Loy + 'EI/‘iRa Vip — |:(YV)U Cir, @ Vir + E(J’{R)UV;R Vir + hC]

(MR)l-j is not protected by any symmetry, hence it can be very large

. 1 —
EWSB: (¢) = (v/(i/f) —>>| L¥hass = —(Mp);jViL Vir— E(MR)ijviCR vjg + h.c.

Mp

Y, 7

25



Define a vector of LH fields with 3 + np components

c
Vi, Vel c VIR

NL — c | V) = V#L y Vp = :

Vp c

ViL Vn RR

The neutrino Dirac-Majorana mass Lagrangian

1 _
Vmass — _i(MD+M)ijNiL ch + h.c.

0 MD> (3+ng) X (3 +ng)
complex symmetric mass matrix

)
nRX3 NnpXneg

In mass eigenstate basis

weak states «— N, = U, N; —> mass eigenstates N = V}L
VnL
unitary (3 + ng) X (3 + np) complex matrix n =3 + ng

UZMDJFMUZ‘ = diag(m, m,, ..., m,), My, My, ..., My, positive neutrino masses
26



/
VL

U[TMD+MUZ< — diag(ml, mo, ...,mn)

massive Majorana neutrinos ol
1 Ni=(: ] n=3+ng
mass = 5 (Mp+m)ijNi Nip, + h.c.

NL — ULNIIJ
n
v 177 7t % Nyl — 1 7 ..IC h
mass = —5 N, Uy Mpy UL Np +hec. = =5 ) ™MV Vi +hc
i=1

. . I/ !/ IC
Majorana fields  v; = v + V] @

n
LV _ _1 RN
mass = 5 m;Vv; v;
i=1

The general Dirac-Majorana mass term leads to 3 + np massive Majorana
neutrinos.



» Seesaw formula
In the limit My > Mp, there will be definitely a light and a heavy neutrino sector

Block-diagonalize M, 5, to separate the heavy and light sectors

V
Ny, = < i)» N, - W, Ny
VR

1

1—--BBt B

— T

WL=<\/1 BB B )z 2 1 B~ MM
-pt \J1-BtB _pt  1_Zptp

2

. (M, 0
:> ]/VLTMD+MWL — ( Ov MN)

The diagonal blocks are:

1
M, = —MpMg* M}, + EMDMgl(MgMBM,;l* + MV MEMy) M MG + -
1 L
My = Mg +§(M,§MDMR1 + MU MIMp) + -

at lowest order in the expansion, one has:

M, = —Mp Mz ML, My= Mg




The blocks M,,, My, are generally non-diagonal

US M, U; = diag(my, my, m3),  UjMyUy = diag(My, My, ..., My,

Ul—/l-Mv U1>/l< — diag(mli ms, m3)

M. .
ULMyU;, = diag(My, M, ..., My > my

Rotation to the mass eigenstate basis:

NL = WLdiag(Uv, UN)NLII

I N

" 3x3 3XTLR ViL
/vei\ y \ /v’ \
N <\/ 1- BBt U, BU, ) g
= — 3L
vEr -Btu, J1-B'BUy/| N,

NpX ’
VTCT:,RR/ R nRan \NnRL/

Heavy-light neutrino mixing is small in type-| seesaw

29



CC and NC interactions in type-l seesaw

> in weak basis

CC interactions: LCC— —%e_uy“vuwﬂ_ + h.c.
NC interactions: Lf .= —Lﬁy“viLZu
2cy

» in mass eigenstate basis of type-l seesaw

L= _\/—[ T VerL\/l —BBTU ) Vi teny (V{)LBUN) N]L] W, +hec
V= 2 [Sryu(uta - BBY Uy), vir + Ny *(UyBTBUY) N
NC ZCW LLV JjL iV N

+Vy*(UINT=BBT BUy), Nj, + N{Lyﬂ(U;BTM —BBT Uv)l,jij] Z,

» Non-unitary (active neutrino) interactions

g T / —
Vw,z=—2C viy*(NTN). VitZy = 2[%1’” N;jvi Wi +hc

& mv
|N = (1 — E) Upmns, Upmns = V;L Uy, €= VJLBBTV“ ~ o & 1

Non-unitary: NNTx~1-e¢#1, NIN= U;MNS(l — &) Upyns # 1 30



» Experimental constraints on non-unitary interactions

G-SS
V21 = \JEis
T I LFC LFV
1¢(0.03170030 —
V 27ee |§E|
20|| < 0.050 —
le| < 0.011 -
£/ 27}'.:4” |ﬁ.u|
2¢|| < 0.021 -
1¢0.0440:919 -
vV 2Nrr, |'91'|
20| < 0.075 —
!/
V; le| <0018 |<4.1-103
L
Z J v/z"'?ﬂm \/ |06y
2l <002 |<49-10°3
NTN).. lo| <0045 | <0.107
( )l] Vznera vV |ge91-|
20|| < 0.052 < 0.127
v-’ le|| < 0.024 < 0.115
L V207, /10,07
2¢|| < 0.035 < 0.137

[Fernandez-Martinez, Hernandez-Garcia, Lopez-Pavon, arXiv:1605.08774]
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type-lll seesaw mechanism

Higgs-lepton coupling: ¢¢, ¢*,¢T¢; ~ (2,+1/2) ® (2,—1/2) = (3,0) @ (1,0)

(3,0) (3,0)
¢ ¢
A\ (3,0) »

ST \
2. tjL

(3,0) ® (3,0) = (1,0) @& (3,0) @ (5,0)

Field content: SM fields+ 1y RH fermion triplets fR

We can write each fermionic triplet as: fiR = (Zi(;), Zl-(;), Zi(;))

It is convenient to work with charge eigenstates and use a 2x2 representation:

ik
=Y 1) T ()
) _ 2 . Zi _ ZiR +ZiR ZO _ 2(3)
iR — 20 ’ iR — \/E iR — “iR
- iR
YR T

32



In terms of which the Lagrangian is

. 1
f.fuu = [:S_\.{—i—TI‘ [ZiR?»E) E-;;R} — [(YE)U il Z;B ¢ + = (ﬂ[z)”TI [EGQZER ZO'Q Z;R] -+ h.c.

Similar to type-| seesaw mechanism, the neutrino mass terms read

1 _ T
mass = _E(Mv)ijNiL jCL + h.c, N, = (VeL VurL VrL nge ---23§R)
My O MDYy vy
V_(MI'I)" Mz)l D — ﬁ )X

The effective light neutrino mass matrix is
M, = —MpM; "M},
There are corrections to the charged-lepton masses due to the presence of
the heavy fields:

_[(Mmy My
Mf"(o Mz)

1 _
ass = ——(/\/lf)ij EiLEjr + h.c,

E; = (eL Up 1, Zf}% an) Er = (eR URr TR 21R - ZEER

 The charged and neutral current interactions are a bit more complicated but
nothing drastically different with respect to the type | seesaw case.... 33
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type-ll seesaw mechanism

Higgs-lepton coupling: #¢,¢;, ~ (2,—-1/2) ® (2,-1/2) = (1,—-1) & (3, 1)
¢ ¢
a v The singlet combination v5 ejr, — e, Vi
T doesn’t lead to a neutrino mass term
¥

3,1

A~ (3,1)
G-1) A
tiL ¢t
Field content: SM fields+ Y=1 scalar triplet A = (A(D, A®), A®))

It is convenient to work with charge eigenstates and use a 2x2 representation:

A+

- A++
1) — ;A2 (1) 4 ;A(2)
Ao | V2 ) ’A++:A iA ,AOZA + A RUVSING
o A V2 V2
V2

34



The Lagrangian is
Len = Lsm + Tr [(D”A)T (DMA)] + [(Ya)i b AlioolS, +he] =V (o, A)

» The most general gauge-invariant scalar potential is
V(gp,A) = MATr(ATA) + upTio,Ad + AGTATAG + V' pTPTr(ATA)
+ATr[(ATA)?] + A(Tr[AtA])” + hec.

In the limit M{ > v2, minimize the potential
The VEV of A is

(0 (0 0 —uv*
(P) = (v/ﬁ)’ (A) = (u/\/f O) ::> u= \/7M§ supressed by the

large triplet mass

» Neutrino mass
LD (YA)UE A—I-l.O'Z ]gL + h.c.= — (YA)UW AOV]'CL + .-+ h.c.

@ (A%) = u /2

Vv _ _u \ — ¢
mass =~ T 3 (Ya)ijVir vj, + h.c.

2
v
C=> M, =V2Yyu=—u—sV,
MA

The u term breaks lepton number and, thus, can be naturally small 35



Radiative origin of neutrino mass

* neutrino mass vanishes at tree level, generated radiatively at n —loop order

* neutrino masses suppressed by loop factors: intermediate states can be light
and probed at existing facilities such as colliders, charged lepton flavour
violation. (NOTE: vy in seesaw at the GUT scale)

» General classification of one-loop neutrino mass models
* Topologies which are just finite corrections to tree-level seesaws

¢ ,/_"'\ ?; ) VAEREN ) ?; ,/_ ~ P

fL T4-3-i ¢ £L T4-1-ii £L (l) T4-2-i ¢

// S 7/ ~ -~
- - -l — - __+__' »- _H\ - PR — /__._,_}“____
I | I 7\ /-, »
\ / \ ’o 4 '
A / N oy VY /
~L~ ~ L~ \ /
"'-d-,

|

+ divergent divergent 4 divergent
|

|

- 1 -

T4-1-i T4-3-ii T5 36



* Genuine 1-loop topologies

Genuine n-loop order means that only diagrams starting from n-loop order contribute
to neutrino mass. There are no lower-order terms contributing to neutrino masses.

Y

-------
-----

. s’
. ’
e ¥ e
\\ %

Y
A
Y
A

- -

- - .
- -

Y
A

Dashed lines denote scalars or gauge bosons; solid lines refer to fermions

 The quantum numbers of the messenger fields are fixed by SM gauge invariance
* uniqueness of tree-level seesaw lost, large (c0) number of models

[Bonnet, Hirsch, Ota, Winter, 1411.7038] 37



An example: Zee model

Zee model is an extension of SM with two Higgs doublets ¢4, ¢, ~ (1,2,1/2)
and a singly-charged scalar singlet h* ~ (1,1,1)

[Zee,Phys.Lett.B 93 (1980) 389; Cheng, Li,
Phys. Rev. D22 (1980) 2860]

G+ H*
- ]- . = ]- . +
H, (ﬁ(tr+90?+zGU))  Ha (ﬂ(gongzA)) , R

» Higgs basis: only Higgs field takes a VEV

» scalar potential (16 independent terms)
‘ 1 2
V = 2HIH, + u2HiHy — (ﬂ-éH;rHl + H.c.) + A (HIHl)

1 2
+ 5 (H;HQ) + A (Hle) (H;‘HQ) s (H}HQ) (H;Hl)

+ { %/\5 (HiE) + [N (B + o (HE)| HiH, + H_C_}

2 [ B s BT HTHL + Mo 0| HIH,
Mo (1" (HUH + Hee.) + (peasHi HI D™ + Hec.)

38



Scalar mass spectrum

1 : 2
Two charged Higgs: mim; =5 {ﬂ'szj% + M;, F \/(f'vfff+ — M%) + 2022
. 1 . ‘
Mige = i3 + 30" A5, My = piy + 0"

1 .
one CP-odd Higg -mi = ﬂzfﬁr+ — 51}2 (A5 — Ag)

two CP-even Higgs

1 ;
My, = 3 {mﬁ + 02 (A + Xs) £ \/[mzﬂ +02 (s — M)+ 41}‘0\@}

Very rich phenomenology for LHC, FCNC, LFV: stability of the potential,
naturality and perturbativity, Higgs signals, Higgs lepton flavor violation...

[e.g., Herrero-Garcia,Ohlsson,Riad,Wiren,1701.05345]
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» Lepton Yukawa interactions and neutrino mass

fij = —Jji
—fsz (YT)«UCH (YQT)UC)Q] iR + )CUIEL.-’.{FQ(JL/LI—F + h.c.
4)1,2
Y
# ..-I.-‘- “
ht, s P12
,BiL —-e T -— jL

i
$1,2

In the scalar mass eigenstate basis, calculating the one-loop diagram

o mf+
N _S20ts ' 2, 2 T
J}{y 8272 v L mf:_|_ {f mg + TnEf

!f.l

mp = = (E.QYT + SQYT tan 8 = vy /vy, So
E= "\ gL2 | | 2/ %1y 92

7 (Fme Y+ Y mi 1)

2 2
T —m
h ;r h,]L

If u = 0lepton number conservation is restored and neutrino masses vanish

40



Scotogenic model:combining neutrino mass with Dark Matter

Scotogenic comes from the Greek word skotos (okotoc) -darkness. Then, the

meaning of scotogenic is “created from darkness”. [E. Ma, hep-ph/0601225]

e version of inert Higgs doublet model ( )

* SM + 2nd Higgs doublet 77 + RH neutrinos N

* nand N are odd under a discrete Z, symmetry= the lightest of them is a
DM candidate

* neutrino masses generated at 1-loop (Tree-level forbidden by Z,)

Field SU(Q)L X U(].)y Zg
fiL (27 _1/2) +
€; (1,-1) +
qb (2? | 1/2) +
N; (1,0) —
7] (27 - 1/2) —
» Fermion Yukawa and mass terms

- My — _
Ly = Niij)N; — TN NEN; — (Yu)i; i N; ;1 + h.c.

The Z, symmetry does not allow couplings @TN{L 41



» Scalar potential and electroweak symmetry breaking
A1 Ao

Vi(o,n) = —-'m oo+ m fr}T n+ — 5 ((DTQ) E (*rﬁn) + A3 (() ) (-rﬁ-n)

+Ai (6'n) (n'e) + 25 {(@Tn) (??Tfﬁ)z]

If Ac = 0 then we can assign L(n) = —1,L(N = 0),L(#;) = 1, and lepton
number conservation is restored. Small A5 is natural in the ‘t Hooft sense.

We want the Z, symmetry to be maintained after EWSB. Thus we must
guarantee that:

1
(n) = (8), (p) = E(g) I::> Inert scalar sector: %, n° = (ng + in))/V2

Scalar mass spectrum:

m2+ = m% + /"\3'1»'2/2

-m% = m:i + (A3 + Ay + As5) -1{2 /2 == |m§j —mi = Asv?

mi =m, + (A3 + Ay — As5) v7/2

* Z, remains unbroken, the lightest particle np, n; or N; will be stable—>dark
matter candidate. 42




» Scotogenic neutrino mass matrix

¢\ J"¢-

\* }f
~ )\5 /
N ’

- ¥ -
- Sy

T ' N : 2 ' 2 7
M) = STASE 0/ IR L S Y 7 30 W L S o (L
(M) op = EE: 3272 i Aklgngg‘-ﬂdig oe M5, mj — Mg, 05 M3,

k=1
small scalar masses splitting: m5 — m# = A:v? <K mj = (mé + m#)/2
0, . ~ A0 Z (Yn) s (Yar); M, - M3, o M3,
32m? e~ mg — My, mg — My, mé

Many phenomenologically interesting aspects: LHC signals, dark matter relic

abundance, LFV, etc
43



Lepton flavor violation in Scotogenic model

o = 3103

o — fﬁ’}‘

[l:l_l2 I --:; 2

Br(pu— 3e) Br(u—e y)

10°° 10 10% 10° 10%

E=(m y/my+)?

[Toma, Vicente, 1312.2840]

-+ 3e) Br(u— e y)

Br( u

1074
107
m""E
lu_lﬂr
T T T ——
ID'H:

lﬂ_]ﬁ'

m-mr

o
w*® 1w* 1w?* 1w 10 10* 10°

E=(my/my)°
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Absolute neutrino mass

neutrino oscillation determines Amizj, absolute mass scale is unconstrained

» Three different ways to measure absolute neutrino mass: sensitive to
different quantities

Cosmology Neutrinoless Bp decay B-decay kinetics
r f; A = W »
[ E=2_ m ] Imgs| = ‘z Uezl-mi‘ m:\/%‘ufm-m: ]
t : !
—— normal ordering /./ 10°

10° ¥/, KATRIN

—— inverted ordering

//
V% GERDA

10° 4 /""/ 10~ 4

W Planck

I (eV)
mga (eV)

mg (eV)

107} 4

10-¢ 1074 10! 10° 1077 1072 107! 10° 10 1072 107! 10
m; (eV) m; (eV)
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The B spectrum and neutrino mass

» B decay

n—p+e + U,
(A, Z) - (A, Z+1)+e + 7

&

» General idea: distortion of the endpoint of the electron spectrum
due totinym; # 0

Tritium beta decay

rel. decay -amplitude

-
o

o
™

o
(o)

o
n

o
(N)

o

‘H > *He+4 e~ + 7.

l | l l

entire spectrum

2 6 10 14
Electron-energy E [keV]

18

rel. rate [a.u.]

o
(]

o~
o

region close to endpoint

m(ve) =0 eV

only 2 x 1071 of
decays in last 1 eV

m(ve) =1 eV interval

..................
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The effective mass

mg = \/zmi2|Uei|2 = 4
i

| II|I|II1 | ] I|I|II1 | ] I|I|II|
IO
NO

:
\/m% + Am2, (1 — cZ3¢,) + Amé,s%, for NO

2 2 .2 L2 2 .2

0.001 0.01 0.1 1

Minimum value for my; g, = 0: m’ﬁnm = 8.5 (48) meV for NO (l0)

2 1. -
For myjgne > |Am31|.mﬁ X Myight .



-

KATRIN = KArlsruhe TRitium Neutrino Experiment

Sensitivity of KATRIN aims to mg < 0.2eV
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Cosmology and neutrinos

A bound on the sum over all neutrino masses is provided by the large-scale

structure of the universe and the temperature fluctuations of the cosmic
microwave background (CMB)

Zimi

iy _ Pv
93.5eV’

.sz ,h:O.7

pCT

Q,h? =

The most stringent constraint from Planck: );; m; < 0.12 eV



Massive neutrinos: Dirac or Majorana?

v # v©

@trinoless double beta deca
* lepton numberviolation at collider
e cosmology

50



The 2B-decays

2vBpB decays
(AZ) > (A Z+2)+2e +2v,

AL:OQ?

Vv

(VR
w

Qv

[Goeppert-Mayer, Phys. Rev.48,512(1935)]
 Allowed in SM

* second order in weak
interaction

* Natural background for
decay

i

OvBPB decays
(AZ) > (A Z+2)+2e

NOT allowed in
SM-rare

Lepton number
violation— neutrinos
are Majorana fermions
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The OvBB-decays: sighature and candidate nuclei

OvBP is potentially observable in certain even-even nuclei (9 isotopes including %8Ca,

’6Ge, 199Mo, 130Te, 13¢Xe) for which single beta decay is energetically forbidden. The

decay rate is less than 1 event per ton and year.

T, >10%yr

n P
e
e
n P
5 HEEn | L | LI | | [ LI
C 480 En -pnintn#zzzﬂn -
4 - - induced radioactivity =
= F “Zr  PNd lE 5(79Bi)=3.270 MeV ]
B e Mg Moo B
z 3r Sea .L$1?11Cl| E,(*%*TI)=2.615 MeV ]
e [ B T T Y L A
C?L" - . IMT:';IE' e \ End-point of -
=L T6(e o, natural 7 -
- o radioactivity -
1= o o %0 “ oo “ -
L Og o o -
C DD Op o _
”'llllllltlllr:lll|||:|I|l||||1|||||||‘
0 50 100 150 200 250 300

Mass number

Decay rate (A.U.)

e M‘\ 30 :
Vi 5 1
- Fi kY H
2.0 / " 20 i
;’{2 5 e
/ v kY % 10
1.5 / A
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S
0.5 \ OVBB
Y,
\\
‘-\
T /\
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Fraction of decay energy

AT
1

Elai
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The 9 experimentally most feasible isotopes:

Qpp =M(A,Z) —M(A, Z + 2)

Abundance (%)

Qpp (MeV)

Isotope

¥ Ca 0.187 4.263
6Ge 7.8 2.039
82Ge 9.2 2.998
67 r 2.8 3.348
10006 9.6 3.035
16Cq 7.6 2.813
130T 34.08 2.527
136Xe 8.9 2.459
150Nd 5.6 3.371
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Current and future experiments

Most stringent constraints on the half life:

o 136Y%p (KamLAND-Zen): T1/2> 2 .3x1026 yrs [KamLAND-Zen Collaboration, 2203.02139]

* 7°Ge (GERDA): T,/,> 1.8x 10%®yrs

[GERDA collaboration,

2009.06079]

» 139Te (CUORE): T,/,> 2.2x 10%yrs  [CUORE collaboration, 2104.06906]

There are many OvBB decay experiments in plan and construction
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Half life of OvBB-decays

Tys =|mgs °G™ | M* |?

7N

particle physics nuclear physics

phase-space factors

1 d +my, |
A:’l’) - Z nu (1 -+ /))m’}' (1—17s5)

V- ,\"LLL
”I V=A

q ~ 100 MeV xm

= '7"11(1 + ¥5) Y Z

¢ ,’l’/
4q? i

m’ {3 '(3 d; P

el

-1 0.01eV\”
T/Z - (GIMl |mﬂ'g| ) 1027 —28 <W> year




Tl_f']z =| mgg [* G*| M™

| 2

/7 N

particle physics

phase-space factors

- Dependence on isotope and
specific operator

* Differences between different
nuclear models

- “the g, problem” quenching of
the axial-vector coupling

nuclear physics
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Effective mass mg, for OVBp-decay

1
(1) @ 3) |m( )| = my|Ugy|* = mycireis
Mmpp = z UZm; = gl +Imgglet® + mgg eth @)
Imgg| = My |Ugz|? = mysfycis

B = asqy — 20¢p |mﬁ/g| = m3|Ue3|2 = m3513

hierarchical ( carcellatiorl\) quasi—degenerate
. r -
unknown Majorana phase 1 i oy o
and lightest neutrino | VEaGas o mo
o . /Am':) ("f_‘
Quasi-degenerate region = 0.1'; / TN
above 0.2 eV 3 A \

. i Q X h
Accidental cancellation for §0-°‘ | mo=t=2eh
NO —

0.001 | mehds
f . 52.)(:7)" —/Am? +mf.~sf._,('f_.‘
[ :t\/;'_\rr::j')\.:'f.." -V Amj +misyg
0.0001 | | |
|eiz 0.0001 0.001 0.01 0.1 1
Myight[eV]
R [Lindner, Merle, Rodejohann, hep-ph/0512143]
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Absolute neutrino masses from synergies of neutrino facilities
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Possible BSM physics in OvBp decay

The OvBB decay is usually assumed to be dominantly mediated by light and
massive Majorana neutrinos. It can also be induced by other AL=2 physics,
there are many possible sources.

standard mass mechanism long range contribution short range contribution
d—— u u
OH:I e~ d e
5 | v B J -
W= Og 7
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Possible BSM physics in OvBp decay

The OvBB decay is usually assumed to be dominantly mediated by light and
massive Majorana neutrinos. It can also be induced by other AL=2 physics,
there are many possible sources.

dr

ur

- -
o
w
A
—
w 2
€
L rJI.I.I
t -

ur

iy, L1 dg

Y

Y

wf e,
dp
*- - h -
. idp
) er

|
R-parity violating SUSY

ug

'l,-:jy?f'ﬂ =
0g

* OvBP decay is
connected to TeV

By

* A plenty of possible

g

] ™ leading to Ovgf

- - -
F
W . W
1‘.."2 H'.' i —-— h{ "
o
Wi Wy
£
- - »
d i g

Left-right model

scale physics and LFV.

new physics scenario
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Flavor puzzle 1: why mass hierarchies?

Cosmological QCD electroweak
constant scale scale

ol ool vl ol soed coaed ol soeel el ol sl vosel v somd o ol coued o sl sl sl el sl
10°°GeV 107 107° 107" 10° 10’

Quarks: from MeV to 100 GeV
Charged leptons: from MeV to GeV

Neutrinos: Z?zl m; < 0.12 eV from cosmology
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Flavor puzzle 2: why different quark and lepton mixing?

Charged current interaction of SM

d V1
—L o= \/i_ (uct)y y*"Verm <S> W+ (eut), y*U <Vz> W, |+ h.c
2 b/ Va/L |
qguark CKM mixing matrix lepton PMINS mixing matrix

» Quark mixings are small  [Particle Data Group 2024]

0.97435 + 0.00016  0.22501 + 0.00068 0.003732F-000090
[Vexu| = | 0.22487 +0.00068  0.97349 +0.00016  0.041837 500060
0.00858 70017 0-0411110a006e  0.999118™ 0060034

» Lepton mixings are large [NuFIT 6.0 (2024)]

0.801 —» 0.842 0.519 — 0.580 0.142 —» 0.155
|U[1524 with SK-atm _ | 959 5 0.501 0.496 — 0.680 0.652 — 0.756
0.276 — 0.518 0.485 — 0.673 0.637 — 0.743
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“Who orderd that ?”

Where do fermion mass
hierarchy, flavor mixing, and
CP violation come from?

Is there a simple
organization principle?

S
- VA" SV

e
..'A'xi'l.‘[':'t 2

-
e

Isidor Issac Rabi (Nobel
Prize in Physics in 1944)
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Pathways to flavor puzzle of SM

»Anarchy: NO particular structure
O@) 0O@) O()
m o| O() O@) O
O@) O@) OW

* large number of O(1) free parameters—> only statistical tests

each matrix element
is random

[Hall, Murayama, Weiner, hep-ph/9911341 ;
Gouvea,Murayama, 1204.1249]

* Anarchy is not applicable to charged lepton and quark Yukawa couplings

> Flavor symmetry: symmetry as a guiding principle

Flavor symmetry(horizontal)

Gauge symmetry(vertical)

(

charged leptons neutrmos

N\

13 G &

[Reviews: Altarelli, Feruglio,1002.0211;Tanimoto et al., 1003.3552; King and Luhn, 1301. 1340
Xing,1909.09610; Feruglio,Romanino, 1912.06028; Ding, King, 2311.09282; Ding,Valle, 2402.16963] 64



Non-Abelian discrete flavor symmetry

No baseline for flavor symmetry group!

i'z(lﬁs) [&(961  SO(3)

/ PSL(2,5)

PSL(2,7)
N=7

S4

Continuous
Abelian u(1) n
| — ""'_'-:
Non-Abelian SU(3), SO(3),... ( S3, As, S4, As, ... >
‘I"‘-.‘_____ ________....--'

[Ding, King, 2311.09282] 65



Simplest flavor symmetry: Froggatt-Nielsen mechanism

» Flavor symmetry G;= U(1)
)FNWJEHFN(;J;??)_

w Gb@/’j W : ww i
A
L R " N

0 r 1 * ~
- 0 ] . .
- EE X S
9

[C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B 147, 277 (1979)] WA
The scalar field ¢ carrying a negative unit of FN charge, its VEV breaks
the U(1)y flavor symmetry
FN (@) =-1, iz(gp)/ M. <1
() ) ~FN (7 )+FN(y)

Fermion mass matrix: [(My);; = .. [ ~==
I\ My

NEPWE; ¥
Lyuk = YV 00U — Ui (E

* For example, the quark mass hierarchies and CKM mixing matrix can be

reproduced by the following U(1) s charges
FN(Q1) = (=3,-2,0), FN(ug)= (4,2,0), FN(dg) = (1+7rrr), r=2

AT NS INEDEEDE O(1) parameters=> only
|::> My~ [ X0 A N2 My~ | A 2\ orders of magnitude
A1 INEDCED T predicted
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Tri-bimaximal mixing

» Tri-bimaximal mixing is a particular constant lepton mixing matrix favored by
neutrino oscillation data before 2012, it is ruled out by measurement of 645

2 1 0 i Exp. data(NuFIT6.0)
33 B,5 =45° | 413° < 65P<49.9°
. . l 1 1 I:> 9 ~ 35 260 : o exp o
TB mixing U =| - N 127 939. ! 31.63° < 60,,7< 35.95
Jf f i 013 =0" 1 819° <65:P<8.89°
i
- - —_— |
V6 3 V2 |

In the basis of diagonal charged leptons, the neutrino mass matrix is
M, = U diag(my, m,, m5)UT

_m14—2—2 m, (1 1 1\ /0 0 0
|::>Mv—?—2 1 1 )+—="|1 1 1)+—-{0 1 -1

-2 1 1 1 1 1 0 -1 1

2 1 0
Eigenvectors: my = \/_1€<_1>’ my— \/—1§<1>, msz — %( 11>

* mixing angles are independent of neutrino masses 67



Platonic solids

Tetrahedron Hexahe;mn Octahedron Dodecahedron Icnsa.hedrnn
solid faces | vertices | Plato | Group
<fetrahedron 4 4 fire | A >
octahedron 8 6 air Sy
icosahedron 20 12 water As
hexahedron § 8 earth Sy
dodecahedron | 12 20 7 As

Plato’s fire A, can explain Tri-bimaximal mixing

[Ma and Rajasekaran, hep-ph/0106291; Babu, Ma, Valle,hep-ph/0206292; Altarelli,

Feruglio, hep-ph/0504165]




Discrete flavor symmetry approach to lepton mixing

> (Lepton mixing is fully determined by flavor symmetry Gr,i.e. Gy > Z,

&G, >7,

( \ECDSS
U=— —\ECDS(S—;T!S)
k—\Ecos(SJr?rz‘S)

—\Esiﬂﬂ )
\/551'11(19—?.?!3)

\ESiH(zg—l—ﬂ'r’S))

U discrete, fixed by groups Gf, Gy, G,

* Lepton mixing angles:

sin® 6, =1/(3cos” 6,,) == 0.341,

1 1

sin’ 6, :EiEta:nt,ﬂlm/,’z—vca]:r1 6,,=0.605 or 0.395

* Dirac CP phase 6, is conserved: sind,=0

Testable at
, JUNO, DUNE,
Hyper-K

J

 Larger groups required, for example | G;|=648 for Majorana neutrinos

69



S
Vv

> (2)Lepton mixing is partially determined by flavor symmetry Gr, i.e.
ZZ & Gv — Z2

2 X | = | X |sY, | x
3| * % v A
T™™1: [ = _% X X T™M2: [/ = | X ? X GR2: [ = | X C@
1 — “i2
— 1% x X |75 |X x | A
tan 8, = 2/(1 +V5) = 1/¢
Sum rules: \U/ \U,
3 cos? 015 cos? 0,3 = 2, 3sin® 015 cos? 013 = 1, V5 ésin? 015 cos? b3 = 1,
(5sin” f13 — 1) cot 2603 cos 2013 cot 2053  (¢*cot® b3 — 2) cot 20,3
CcoOs 0 = CoS ) = — — CcOs § = ——
25inf13/2 — 6sin? O3 sin 6131/2 — 3sin” O3 21/¢* cot? by — 1

[Albright, Rodejohann, 0812.0436; Albright, Dueck,Rodejohann,
1004.2798; Costa, King, 2307.13895; Ding,Valle,2402.16963 ....]
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> (2)Lepton mixing is partially determined by flavor symmetry Gr,ie. Gp >
7, &G, =7,

X % X X |12 | X
C
T™1: [J = X T™2:U = | X % x| GRZ: U= X j%
X X X = X X f1z
V3 V2

tan6Y, = 2/(1 ++5) =1
[Costa, King, 2307.13895] an0i; = 2/( )=1/¢

I_ T I T T T T I T T T T I T T T T I T T T T I

0.36— N
- TM2 ]
0.34 |
w 032f —
& C i
o - =
R=! B ]
“ 030 —
028 -
- GR2 1
0.26— -

C P (T TN NN TN (N TN TN MO T NN TR TN MO TN NN TN AN M NN NN TN N AN AN N 1 L1

0.020 0.021 0.022 0.023 0.024 0.025 0-35 0.40 0-45 0.50 0-35 0.60 0.65

)
. sin“@
sin*f; 3
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> (3)Lepton mixing is partially determined by flavor symmetry Gr,ie. Gy =7,

&G, >Z,

U= Uf;rUggR%R}/z

2 = 2 = 2 2 -2 v 2 o 2
: 0SS _tan” @,;sm” G, +sin” ;cos” 6, —sin” &, (tan" £,; +sin" 4,;)
CP

Post. Prob. Density

[ W]

=41

o

s

[

sin 26, sin 6,; tan 6,

1.0
BM -

TBM
GR1 ozl
GR3
GR2
HEX

1]
EEEE

= ‘
e
———

Likelihood [NO|

=]
[

N J

-1.0 -0.3 0.0 [}fﬁ
cos Ocp

[Petcov, 1405.6006; Ballett, King, et al, 1410.7573;
Girardi,Petcov,Titov,1410.8056; Ding,Valle,2402.16963 ....]
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Group theoretical origin of CP violation

NO, 10 (IC19 w/o SK-atm)
===z== NO, IO (IC24 with SK-atm)

NuFIT 6.0 (2024)

\

||lII|IIII|
~

sz

|

||III|IIIII <

Tl Al 1

H||||||||n|

1 —

Deep Underground Neutrino Experiment

0 90 180 270 360

8lGP

> flavor symmetry - flavor+CP symmetries

—

Flavor symmetry

CP symmetry

—

"closure" relations have to hold!
CFP q

- X" (Px)
Mixing angles /7

- o - -1 = : lg)* o (Px
&CP phases olxr) Xp (g)X plg ) Xplg) e (Pr)

r plg')p(x) = Xplg)* X~ p(z) 5

[Grimus,Rebelo,hep-ph/9506272; Feruglio et al., 1211.5560;
Lindner et al., 1211.6953; Chen et al., 1402.0507] 73



a simple predictive CP symmetry: purt reflection

ut reflection =ut exchange+canonical CP

(v ’;v;\‘ (1 0 0) ’(V;W
V#x>—-l"<alf; =10 0 1 v;
v :l/;j lkO 1 03}, kv;

1
This CP transformation
is not a unit matrix.

If the neutrino mass matrix is invariant under the pt reflection

(a b B
m,=| b ¢ d|mmm>|U|= :;, 5,:,,:%
kbt d r:'j

.
Ve Vyu <>V The last two rows have

equal magnitudes
[Harrison, Scott, hep-ph/0210197; Grimus, Lavoura,hep-ph/0305309; Xing, Zhao, 1512.04207] 74



Flavor and CP symmetry to lepton mixing

» Flavor + CP symmetries have rich symmetry breaking patterns, and the
resulting lepton mixing matrix is determined up to few continuous free

param eters.
Gy x HLp | G, x HYp U # parameters
Z, Ky x CP QPSS P,Q, 0
Zn Zy x CP Q| PISS, Ros(0) P.Q,
Zyx CP | Kyx CP' TPTRL(6)ZIY,P,Q, 1
Zyx CP | Zyx CP'" | QIPTRL(6)%I%, Rys(6,)P.Q, 2
Zy K, x CP QI PTUL(6,,0)%I%,P,Q,
Z, CP QIPIS]%,05(01. 6. 03)Q,
CP Ky x CP' QIOT(0,.0,,05)2/%,Q, 3
Zs Zy x CP | QIPTUL (61, 6)%1%, Ras(6,) P,Q,,

charged Iept<‘)2/

G, xH,

[Ding,Valle,2402.16963]

G, xH

\eutrlno

Gv X HéP

y N

» The lepton mixing angles as well as Dirac and Majorana CP phases can be
predicted by residual symmetry, neutrino masses are not constrained except
in concrete models.
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Universal flavor symmetry for quark and lepton mixing

[Lu, Ding, 1610.05682,
1806.02301; Li, Lu,

charged lepton neutrino Ding, 1706.04576; Lu,
Ding, 1901.07414]

Z) x X, v x X
X, =22, =23

21 py(9))T, =+diag(L,~1,-1) \ > p.(9, )Z =+diag(L,-1,-1)

UI ZZIRZB(QI)PIQI U Z R23(9)

14 v 14

U (gl ! 91/) — (?IT I:)IT R;-B (el )ZITZV R23 (61/) PVQV

e All mixing angles and CP phases are expressed in terms of two free angles
0,,€[0,m)

e This scheme can be extended to quark sector, and the quark and lepton

mixing can be described simultaneously in terms of totally four free angles.
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Quark and lepton mixing from Dihedral group D, and CP

Quark sector: u, [Lu, Ding, 1901.07414;
Ding,Valle,2402.16963]

: d. L
Assignment: 2+1 [CL ~ 2 (bLj ~L The 3" generation is much heavier!

Residual symmetry: 7% =7 X =SR"? 7% =7 X, =S,x,y=0,.,n-1

»The CKM matrix is determined as ¢, , =c0s6,,,s,, =Sing,

- r -

—C, Sing, | COS @, ! Sy SiNg,
=| C,C,COS¢, +1S,S, C,SIng, —C,S,COS@, +IC,S,
—C,S, Cos¢, +ic,S; —sS,Sing, S,S,COS@, +iC,C,

VCKM

. y—X
with ¢ = < fixed by residual symmetry

* Cabibbo angle from group: cos? 91q3 sin? quz = cos®¢, | D5

o .9 1 . . ! q . q
* CP phase from mixing angles: /;, = ~sin 2¢q sin ¢ sin 65 sin 0,
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» Viable CKM matrix for ¢,= 31/7 which can be achieved in D,, group

F i . . .
o jm | 0% /7 sin 07, sin 05, sin 67, J&p

Our | 0.01326 | 0.00117 (.22252 0.04166 0.00357 3.223 x 1077

Data 0.22500 + 0.00100 | 0.04200 + 0.00059 | 0.003675 =+ 0.000095 | (3.120 + 0.090) x 10~ |

Hierarchical quark mixing angles and irregular CP phase can be accommodated.

» Lepton sector : ¢,=2n/7

27 . 2
0O cos— sSin—
7 7

_ 21
Upns = R (8] 0 0 [R.(6,)Q, |::> cos’ 6,, cos’ 6, = cos’ k2

0 —sin2—7r c032—7r
7 7
“'
£3
P 'l‘

Atmospheric angle 8,3 > 45° and nearly maximal CP violation 6 = 3m/2

* Numerical benchmark
0 =0.439z, 0 =081lr, y’ =4.147,
sin® 6, =0.0220, sin’#, =0.318, sin’4d,, =0.603,
0 =15307, a, /7r=0.164(mod]l), a, /7=0.112(mod1l)
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Testing flavor & CP symmetries

Flavor symmetry models can be ruled out by measuring symmetry protected
correlations

» Precise measurements of mixing angles and CP phase

S0t . : .
10 I?l’ "
j.
1 |
i |
I
0.50f ol
''m
0. 10 i
0.05¢ ) L X "
0.020 0.021 0.022 0.023 0.024
-1
s1°013
S0t . !
. i "l:
Y m 5
L [ ] =
10 : . ;é_- |
i A l|§
<1 1 i;ﬁ 1
DS{:' A .:g E
=
0.10} Nl =
0.05 ) . . o BEGH ]
033 040 045 030 033 0680 063
sin’éhs

50 i | . ]
10 . I
st PR
“ 13 A g
= I n
= g
0.50 AL
1€
0.10 Lg'
0.03 ) . L im . .
026 028 0.30 0.32 034
Si_tlzﬂu
sote ;
."' L ]
i L i
10fs L n “:g J
jj. -. H
1 F: [ F 3 2 m A
) 1 g
0.50} 2, A
™ s .
0.10} = 1
|:||:|j| . G L i
-1.0 0.5 0.0 0.5 1.0
COSOcp

s discrete symmetries w/ CP

m discrete symmetries wio CP (NCO)
discrete symmetries wio CP (10)

A modular symmefries (NO)

w modular symmetries (10)
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» Test neutrino mass sum rules of flavor symmetry at OvBp decay

SR1.I
SR1.II

SR2
SBE3f
SR4f

ﬁf 1 -z +ﬁ1’2_ 1ﬂ=25‘l’3 -12p

ity iy P =i,
siny 2=ty P =i,

1

finy ™! = 2im, =y

ﬁfl_] +ﬁfl_ ! =2ﬁ12_1 I~

zﬁfz_l‘l‘ms -1 ——J"'il'll

1

ﬁf]_l‘l‘m!_l:ms_ I
it +(V3 +1)/2 fis=(3 =1)/2 i

?‘ﬁ] +ﬁ12=2ﬁ13 r

2!’?’3 +?ﬁ3 z.ﬁ'il

my4+m=2 i

-1

" Normal ordering
L Inverted ordering

1
10+ 5.%107*0.

001 0.005 0.010

[mgg| [eV]

0.050 0.100

[Showmass, 2203.12169]

Distavored by Ov@p

PMNS neutrino masses

Z\ , Majorana phases

m = U, kT

Mg oh / \
2

= |cfacfamy + 575 ¢l €2 my + s34 €' my|

N7

cosines and sines of
the mixing angles 8 1



Obstacles of flavor symmetry model building

flavons @

Gf
charged leptons heutrinos
(D,) (@,)
G, G,

auxiliary Z,,

[Feruglio,Romanino, 1912.06028; u

Ding,Valle, 2402.16963]

» Realistic description of fermion masses and mixing angles requires flavor
symmetry Gy be broken by Higgs-like fields “flavons” &, ®,, etc

* Alarge number of free parameters in the scalar potential

* large shaping symmetries and many auxiliary fields

Flavor symmetry models are complicated by the symmetry breaking sector!
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Modular symmetry and modular forms are well-known in Mathematics
and some areas of physics.

odular symmetry

. and modular forms
Fermat's

Last Flavor
Theorem '

Feynman
Integrals

33



Modular flavor symmetries give rise to the attractive features of FN and RS

models as well as non-Abelian flavor symmetries while avoiding their
problematic aspects

Modular

Flavor
Symmetries

O )
Hierarchies

Froggatt— .
Nielsen & Unfixed
Randall- Coefficients

Sundrum

[Ding, King, arXiv:2311.09282]
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Modular symmetry

Modular invariance is motivated by more fundamental theory such as string theory at
high energy scale

4 Compactiﬁcation 4 torus Compactlflcatlon
10D
x@x@&*x&

4D effective Lagrangian: S = Jd4rdﬁy Liop = Jd":r. Lo, 1)

>

The shape of a torus T 2 is characterized by a modulus z=a, /@, Im 7 >0

'

T2 / ' Wy — 2&)1 Wy
- o= e \/7
< S . L/

o _ . . (X, ¥) ~ (X, y)+nw +n,m,
The torus (lattice) is left invariant by modular transformations

o! i a b o s ar+b > Modular group : generated by S (duality), T (shift
o c d : cr+d 0 1) Z'H—l—

S= ,
SL(2,Z): ad -bc=1 a,b,c,d integers -1 0 - IS“ =(ST)® :1|
11
Leog(T, D) - L. modular invariant T= 0 J, TH r+1__ -




Modular invariant theory

For N=1 global SUSY, the modular invariant action  [Ferrara et al, 1989; Feruglio,
S = [d*xd’0d’0 K(®,,®,,7,7)+ [d*xd*0W (®,,7)+h.c. 1706.08749]

» Minimal Kahler potential (less constrained)
K =-hA?In(-ir +i7)+ ) _(-ir+i7)™ |®, [
|

» Modular invariant superpotential SL(2,Z) on torus T2

W :ZYlllz...ln (7) (D|1(D|2 "'(Dln ITN eT'(N)

Modular transformation: weight k, representation p(y)
ar+b

cr+d
Yl1 ..., (z) - Yl1 .., (yz)=(c7 + d)* Py (7/)Y|l ..., (7)

Modular invariance requires

. I'(N)
k|
, @, > (cr+d)™ p ()0, congruence subgroups

§

T—>)r=

[, =SL(2,Z)/T(N)
orI", =SL(2,Z2)/£I"(N)
Yukawa couplings are modular forms Krljz__jn(r) finite modular groups

Ky =k, +k_+-+k , o, ®p &---&p D1

Modulus can be the unique source of flavor symmetry breaking. 26



modular invariant flavor models

» Finite modular groups: known flavor symmetry S5, A4, S4, Ac

N 2 3 4 5] 6
I'ny S Ay S As I's =
Dy Sy A, =T S§,2SL(2,7,) A,=SL(2,75) T

|
S
X
I
.
=
—,:I
12
) =
—
(@)}
=

2
&
X
!
!
IR
W
=
o
N
D

|
1
i
1
i
|
L

Tetrahedron Hexahedron Octahedron Dodecahedron lcosahedron

» Bottom-up models for lepton and quark [review: Ding, King, arXiv:2311.09282]

Cn /T leptons alone leptons & quarks SU(5) SO(10)
N=2 Sy Kobayashi et al, 1803.10391... — Kobayashi et al, 1906.10341...
Okada, Tanimoto, 1905.13421; o R
N_g M Feruglio, 1706.08749,1807.01125... King, King, 2002.00969; ‘j‘é‘.‘l';;l]‘giif“li_‘iil‘:l“__‘;i Ull”ll‘f,l_“;[”” Ding, King,Lu,2108.09655
: Yao, Lu, Ding, 2012.13390... , NG, King, 2101 LE0ER
T Liu, Ding, 1907.01488... Lu, Lin, Ding, 1912.07573...
, Penedo, Petcov, 1806.11040 ; . Zhao, Zhang,2101.02266 ;
Neg| S Novichkov, Penedo et al,1811.04933... Qu, Liu et al,2106.11659 Ding, King, Ya0,2103.16311...
S} Novichkov,Penedo, Petcov,2006.03058... | Lin, Yao, Ding, 2006.10722...
A Novichkov, Penedo et al, 1812.02158; -
N=5 s Ding, King, Liu, 1903.12588...
Al Wang, Yu, Zhou, 2010.10159 ... Yao, Liu, Ding,2011.03501
VG Iy - - Abe Higaki et al, 2307.01419
I Li,Lin,Ding,2108.02181 -
; I'; Ding, King et al, 2004.12662 —
N=7 T — —

Modular flavor symmetry: significant reduction of the number of parameters 37



Minimal modular lepton model

Modular symmetry allows to construct quite predictive lepton models. The
modular flavor symmetry is modular binary octahedral group 20 which is the
Shur double cover of S,

L EJCD — (ecr?‘“c) TC Ncr Hu,d

20| 3 2/ 1| 3 1
kr | —1 6 o |1 0

[Ding, Liu, Lu, Weng, 2307.14926]

»Charged leptons
We = a (E;Lygf))l Hy+ 3 (E}’)LYZ(E’))l Hy +~ (TCLY?ff”) H,

1

(5) (5) 23y (5) (5) (5)
_(’Ey’ﬁfr,z - V2 YZ,; V3p ?/11 i ‘/ﬁay’ﬁnl +0 FYZA
> My = | —aY?) + V287 — 2oV 4 Y2 —v3sy? |
Wy Wy WYy

> Neutrino mass : seesaw mechanism

Minimal #p: a, S, 7, 9%/
W, = gHu(N°L)y + A (N"N"Yf))

1

100 —2Y,7 0 0
> Mp=g(001)v.. My=[ 0 v3r2 ¥2 |a
010 0 Yy V3V 88



Light neutrino mass

1 g*v: my — 1 g%z ey — 1 921;2
2,7 A VoY —VEY,R AT T Y+ VBYY| A

only depends on modulus t up to overall scale

my =

1.3

T 1 ! IIIIIIII I IlIIIIII I IIIIIIII 1 LI

: T T7T T I T T T 1 1 T I!n‘I 1I TI]IU /-]-nr §
- . Disfavored by 0vgp .
12_ I 10-—1 . E ]
- . KamLAND-Zen i | %,' E
e 1% e e g -
T 2 - ~ 1072 |- LEGEND 1000 . )
E T M1 ] E%m nEXO 10y _.-°~  * - E
1.0~ _ F- 7T - ,f 'E -

L - ! -
L | . B :" E b
N ] 107 .' & -
0.8~ 7 C . ' = .
C - i \ [ i
'_I 1 11 I 11 1 1 ‘ 1 1 1 1 i 1 11 1 I 1 1 1 | I 11 1 I_' 10-4 : . lll"ll" . 4 Illlllll A > II'IHI : LLLLLI
0-80 6 -0.4 -0.2 0.0 0.2 0.4 06 |} 1074 1073 1072 107t 1

Rel Mynin/€V
Neutrino mass spectrum is

P m, =16.76 meV, m,. =9.17 meV

normal ordering
89



Extension to quark sector

Qu — [Ql: QE] Qa -'TE = I['u",_ -:r‘“] 1 f'D — I[d‘“,_ 5"] be
20 2 v 2 1 2 1
ke ko, kop, 3— ko, 6 — ko, 6 — ko, “ko,
iy ot E‘FE :—D-‘I gV — iV, iV + ¢3Yaa —giYas
> Moo= gty gy 10y e Ma= | g - vy oyl +v® gy |
~g5Ya2 93Yai ;Y2 KON 0" gl

8 couplings: g7, gﬁ‘, g%‘, gf,gg, gg,gff, g?

18 — T SR e e s e

| N The complex modulus t is common in
S Quarks and leptons - both quark and lepton sectors, and its

value is fixed by the lepton parameters

() = —0.1946 + 1.0799i

I SR R Ly v 1

—04 —0.3 Rc{?_) —02 —0.1 9 O




The model uses 14 parameters to describe the masses and mixing of both
quark and lepton sectors: 12 masses+6 mixing angles+4 CP phases.

Combined Leptons only Quarks only
Observable Best fit v? breakdown Best fit v? breakdown  Best fit  y? breakdown
sin® 0.344 10.2 (.329 3.99 - -
sin? fyy 0.508 0.0714 0.506 (0.0438 - -
sin 04 0.0231 1.41 0.0219 0.462 - -
am? (eV?) 728 x 1077 0.246 743 x 1072 0.183 - -
Am? (eV?) 0.00249 0.0636 0.00248 (0.0497 - -
Tep = mefm,  0.00474 2.60x107° 0.00474 8.18x107° - -
Pur = 0, /100, (.0586 4.66x10°° (.0586 4.66x10°8 - -
m, (GeV) 1.29 5.52x107% 1.29 2.94x1077 - -
n|i||['g'|‘:_|”“|__:___] 11.94 1.74 -
01, 0.227 5.68x10" - - 0.227 1.52x10°7
#, (0.00351 0.0146 - - 0.00349 5.92x10°°
05, 0.0395 0.948 - - 0.0402  2.32x10°7
0t p 1.23 0.221 - - 1.21 1.63x10°"%
T = My /M 0.00212 0.100 - - 0.00196 0.0024
et = Me/my 0.00282 2.61x10°° - - 0.00282  2.90x10°®
Tas = Mg/ 0.0505 5.84x107° - - 0.0505 3.08x1078
Tah = Mg /1y 0.0209 7.12 - - 0.0183 2.62x107°
M 0.965 1.67x1077 - - 0.965 1.99x 108
my 89.2 0.42x 107" - - 80.2 0.52x 1011
min( x> ) 8.40 - 0.00248
min(y2, ) 20.3 - -

[Ding, Lisi, Marrone, Petcov, 2409.15823] o1



* Uniqueness of modular models: complex modulus 7 is the portal connecting

quarks and leptons
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[Ding, Lisi, Marrone, Petcov, 2409.15823]
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The quark mass ratio
Tsp = Mg /My is
(Dstrongly negatively
correlated with the
three lepton mixing
angles;

(2) strongly negatively
(positively) correlated
with the leptonic
Dirac (Majorana) CPV
phase d¢p (11, 72);
(®strongly negatively
correlated with the
lightest neutrino
masses mq, mg, Mgg.
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Unification of flavor, CP and modular symmetries

» Top-down approach (orbifold string compactification) gives
« Normal symmetries of extra dimensions =®traditional flavor symmetries

« String duality transformations = modular flavor symmetries
« CPsymmetry [Nilles, Ramos-Sanchez, Vaudrevange, 2001.01736; 2004.05200]

Automorphism of G
>

modular
symmetry

< small manifold of %

extra dimension go%
%
=)

o

Top-down and bottom-up approaches do not yet meet, and model building in

its infancy
[Chen, Perez, Hamud, et al, 2108.02240; Baur, Nilles et al,2207.10677; Ding, King, et al,
2303.02071; Li, Ding, 2308.16901; Li, Lu, Ding,2405.13460] 93
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Conclusions

Neutrino oscillation shows that neutrinos are massive, extension of SMis
required to accommodate tiny neutrino masses.

Many fundamental questions remain to be answered: the nature of
neutrinos (Majorana vs. Dirac) , absolute neutrino mass, CP violation in
lepton sector, flavor structure of quarks and lepton, the possible connection
with dark matter and baryon-asymmetry...

A rich experimental neutrino program lies ahead, complementarity of
different experimental approaches: neutrino oscillation, OvBf decay, B
decay, cosmology, colliders, lepton flavor violation etc. A bright future!

Thank you for your attention!
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