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1. Introduction

Neutrino mass is one of the mystery in particle physics

OONon-zero neutrino mass
+*We need a mechanism to generate neutrino mass

‘+Also smallness of the mass should be explained

O Neutrino mixing
“*Mixing is described by PMNS mixing matrix
“*What is origin of flavor structure?
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1. Introduction

Neutrino mass is one of the mystery in particle physics

OObservables from neutrino oscillation experiments

Normal Ordering (best fit)

Inverted Ordering (Ax” = 9.3)

bifp +1o 3o range bfp £1o 3o range

sin® 09 0.31015-013 0.275 — 0.350 0.31070013 0.275 — 0.350
B12/° 33.8270 7% 31.61 — 36.27 33.8270 12 31.62 — 36.27
sin® fag 0.58210-014 0.428 — 0.624 0.5827 0013 0.433 — 0.623
Ba3/° 49.79% 40.9 — 52.2 49.7793 41.2 — 52.1
sin” f13 0.02240%3-90085  0.02044 — 0.02437 | 0.02263F3-30082  0.02067 — 0.02461

§ f13/° 8.617013 8.22 — 8.98 8.657013 8.27 —+ 9.03
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2 | dcp/° 217150 135 — 366 280722 196 — 351

s Amas_ 7.39%035 6.79 — 8.01 7.397035 6.79 — 8.01
10-5 eV*© = -~
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uﬁ%‘f +2.5251003% 49431 —» 42622 | —25128033 2606 —» —2.413
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1. Introduction

Neutrino mass generation ?
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Neutrino mass is generate at tree level

|:> Heavy masses and/or small couplings are required

Alternative mechanism # Mass generation @ loop level




1. Introduction

Neutrino mass generation via loop diagram

Examples of one-loop generation model

x :Higgs VEV
+ 7N
n // N n S // \\\H+

Scotogenic model (n: inert doublet) Zee-model (S* :charged scalar)

Ma (2006) Zee (1980)
O Zee model

> It is based on two Higgs doublet model (THDM) + singlet charged scalar
» No right-handed neutrino
O Scotogenic model

» Tree level neutrino mass is forbidden by Z, symmetry in scotogenic model

» The lightest Z, odd neutral particle can be DM




1. Introduction

Neutrino mass generation via loop diagram

Example of two-loop generation model

O /Zee-Babu model Babu (1986)
gi’,_.:-~\\£+ LD fI°L K 2lel k™ + )
Y JiLiLh™ + g egexk™ + h.c.
/ ' Y
>
4 /Y

» Singly and doubly charged scalars are introduced
» No right-handed neutrino

» Majorana neutrino mass is induced




1. Introduction

Neutrino mass generation via loop diagram

Example of three-loop generation model

O Model by Krauss, Nasri and Trodden (2002)

Sl L
A fn N With Z, symmetry

O Model by Aoki, Kanemura and Seto (2008)

. N "
KV KV KV, | KV
[ S /Q
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Z,%xZ, symmetry

Higher loop generation I:> More symmetry and new particles



1. Introduction

Neutrino mass generation via loop diagram

Example of three-loop generation model

O Model by Krauss, Nasri and Trodden (2002)

/ e —
Four loop generation is also possible

T.N. and Hiroshi Okada PLB755 (2016)
T.N. and Hiroshi Okada PLB770 (2017)

Z,%xZ, symmetry

Higher loop generation I:> More symmetry and new particles




1. Introduction

Radiative neutrino mass and LFV

In general we have LFV in radiative neutrino mass models

EX) x\ /x —
X LD f.LyN +h.c.
/7 N\ 1
n // AN n
, \\\ Flavor dependent coupling
N
Scotogenic model (n: inert doublet) B
! «\\I\N\/\J
//// \\
gi l/ Nk \\ g]
Ji Ji

LFV decay is induced from Yukawa coupling

Experimental constraints should be taken into account

EX) BR(pz — ey) < 4.2 x 107"  MEG (2016)




1. Introduction

One interesting approach in controlling flavor

[—> Applying flavor symmetry

Radiative neutrino mass model + flavor symmetry

In this talk we discuss...

Zee model with global U(1) flavor symmetry

T.N. and K. Yagyu, JHEP 1910 (2019) 105
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2. Zee-model with flavor symmetry

Original Zee-model for neutrino mass
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One-loop mass generation
Realized by SM + second Higgs doublet + charged scalar

Softly-broken Z, symmetry is assigned to forbid FCNC: ®,— -®,

Qi wi, di, Li ¢, & &y S+
L R R L R

Fic \N2m _
icyrj o+ 0 +
SU3).||3 3 3 1 1 1 1 1 LOF,L LS + v cotpv, e . H
SU2)L|l2 1 1 2 1 2 2 1

U(l)y ||1/6 2/3 —1/3 —1/2 -1 1/2 1/2 1

+ 1| @] (i0,)P, (") +h.c

Zee (1980)




2. Zee-model with flavor symmetry

Original Zee-model for neutrino mass
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One-loop mass generation
Realized by SM + second Higgs doublet + charged scalar

Softly broken Z, symmetry is assigned to forbid FCNC: ®,— -®,

I:{) Current neutrino oscillation data can not be fitted

v" We relax Z, symmetry to get more general structure of couplings

v" To avoid FCNC in quark sector, we introduce global U(1) symmetry




2. Zee-model with flavor symmetry

Zee-model with global U(1) symmetry

T.N. and K. Yagyu, JHEP 1910 (2019) 105
O We assign global U(1) charge for leptons and scalars

Qi wi, di, Li (i, & &, S+
L R R L R

5U@3).| 8 38 3 1 1 1 1 1| Particlecontents arethe same as
g ) I
SsU@2)l2 1 1 o 1 92 9 1 the original Zee-mode

U(l)y ||1/62/3 —1/3 —1/2 -1 1/21/2 1

Ul |0 0 0 ¢ ¢, ¢ 0 gs| €m Lepton flavor dependent

€ Yukawa interactions
-L, =(Y, ) 0, ®5uj +(Y, ) 0,@,d; +(Y, ) L@, 0 +(Y, ) L, @, +F,L(io,)L,S* +h.c.
€ Relevant term for neutrino mass generation in Higgs potential

VD u|®] (i0,)®,(S) +h.c.]




2. Zee-model with flavor symmetry

Structure of Yukawa coupling with global U(1)

> Class | : ¢:=(0,0,-9), ¢q,=q,=0

00 x x x 0 0 x x
> Vi=loo0x]|, Y’=|xxo0|, F=| 0 x
00 x x x 0 0

»Class Il : ¢,.=0, ¢,=(0,0,9), g,=-¢q

0 0 0 X X X 00 x
> YQIZOOO,YQQZXXX F= 0 x
X X X 0 00 0

» Class lll : ¢,=(0,0,9), q,=(0,0,-2q), gq,=¢

> V/=|ooo0]|, Y’=]x x0
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2. Zee-model with flavor symmetry

Structure of Yukawa coupling with global U(1)

/>Classl: gz =(0,0,-9), ¢q,=¢95,=0 A
00 x x x 0 0 x X%
> Vi=loo x|, Y2=|xxo0]|, F= 0 x|,
00 x x x 0 0
g J
>»Class ll : ¢:=0, ¢g,=(0,0,9), g,=—¢q
0 0 0 X X X 00 x
> V'=l0o00]|, Y =]|x x x F=] 0 x
X X X 0 00 0

» Class lll : ¢,=(0,0,9), q,=(0,0,-2q), gq,=¢

> Vi=lo0o0|, Y’=]|x x0 F=1 0x

o
o
X
o
o
o
O




2. Zee-model with flavor symmetry

Charged lepton mass and relevant couplings

v ~ ~
Charged lepton mass: M, = ﬁ(CﬁY; +S/3Yf)

EL,R — UL,RKL,R
UMU, = (me,mu,mt)

Couplings in charged lepton mass basis

N2 ¥ 0. —2FV°l,S* +h.c.

(_ 7 )\/5 MKURG+ Y€H+
L v qu)o onq).o

~ ~ ~

Y =UYUy, Y, =YU,, (Y,==s,¥+c,¥7)
F=FU,




2. Zee-model with flavor symmetry

Neutrino mass generation at one loop level
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v Two charged scalar mass eigenstate : H", H;




2. Zee-model with flavor symmetry

O LFV decay of charged lepton €,—¢y

hAHHl‘2 Hf’z
// \\\ /’—‘\w\l\N

BR((; — [ y) 48:r a,
BR({, — 1l vV, ) G: mg

Joi

f)l] ¢=h9117147H1i
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[ af’R : Amplitude estimated from diagrams and given by Yukawa couplings ]




Introduction

Zee-model with flavor symmetry

Prediction for LFV

|

Summary and discussion




3. Prediction for LFV

Numerical analysis

Searching for Yukawa couplings with mixing U,  satisfying:
{F,;,(Y,);}
» Charged lepton mass

» Neutrino mass matrix which can fit neutrino oscillation data

<

Calculate BRs for CLFV processes by allowed parameters

» Imposing constraint on {; —ty :

BR(p — ey) <4.2x 107", BR(T = ey) <33 x10°°, BR(7 — py) < 4.4 x 107%,
MEG(2016) Belle(2008) Babar(2010)
» Prediction for LFV decay of heavy Higgs H




3. Prediction for LFV

& Correlation between BR of p—ey and 1—ey

Normal ordering
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Inverted ordering

AT My =800GeV

i S /:/ My = 1000GeV
10°16 10714 10712 10710 108
BR(u—ey)

Blue dot : 1 <tanf3 <10, Red cross: 10 <tanf3 <30

v" Normal ordering case tends to give larger BR(u—ey)




3. Prediction for LFV

& Correlation between BR of T—ey and 1T—py

Normal ordering Inverted ordering
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v' BRs are more correlated for inverted ordering case




3. Prediction for LFV

& Correlation between BR of H—eu and H—ert

Normal ordering
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3. Prediction for LFV

& Correlation between BR of H—et and H—ur

Normal ordering Inverted ordering
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v" BRs are more correlated for inverted ordering case

v' These LFV H decay could be searched for at the LHC




Summary and discussion

O Radiative neutrino mass generation is reviewed

O Zee-model with flavor symmetry

» |t connects neutrino mass generation and LFV pattern
» LFV decay of Higgs boson is predicted
» We also show LFV branching ratio of heavy Higgs

Thanks for listening !



CLFV amplitudes in Zee-model
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