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Introduction

- Neutrino mass scale is much smaller than the q and € masses.
mv~0.1eV << mq, Me
- The origin of the neutrino mass might be different from that of q and &.

Seesaw Mechanism
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Introduction

Radiative Seesaw Mechanism

o g 7 1 Nfij 0\ 2
_\ / N-loop: mY = <167r2> I(qb )

VL VL

- Neutrino masses are generated via the radiative effect.
- Due to the loop suppression factor, the neutrino masses would be
explained in a natural way by the TeV-scale dynamics with the

unsuppressed couplings.

e.g.) 2-loop model

Zee-Babu model Zee (1986);: Babu (1988)

7V N | -New particles: si-, st
SL” 1 st SL ;
Vi (lL)C;((lR)c It 1. (ve)e = f"'O(l), M~103 GeV
X
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Introduction

Model with dark matter particle

e.g.) Ma model Ma (2006)
% X - Z2 symmetry is introduced.
o - New particles: Z.odd wr, n
1],0,"' ————— n? n: Inert doublet scalar
' : +
V) 7 e e (1 1) € & " ) | S
' YR W) ;. ( (% +in2)/ V2 )

- The Z2 symmetry forbids the Dirac v mass term and guarantees
the stability of DM.

- DM candidates : wr, n°%, N%

- The framework would explain the neutrino mass and the DM.

HMEMEEAE 'Za—~NU /7074 7DOE EEL XS 2016 11830H



Introduction

Many variety of radiative seesaw models
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E.Ma, (2008) etc
Baek et al. (2014) etc
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Krauss et al., (2003) etc

Gustafsson et al., (2013) etc
Aoki et al., (2009) etc Kajiyama et al., (2013) etc
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- Classification of models into several groups by some common
features enables us to test neutrino mass generation mechanisms.

Our work

- The models are classified by focusing on the combinations of new
Yukawa coupling.
- The mechanisms are tested by LFV phenomena.

charged LFV,

F AT PR BT

b =gk T

LFV decays of the Higgs boson
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http://link.springer.com/search?facet-author=%22Yuji+Kajiyama%22
http://link.springer.com/search?facet-author=%22Yuji+Kajiyama%22

Introduction

- LFV decays of the Higgs boson h — [/’
BR(h — ¢¢') = BR(h — £0') + BR(h — /)

BR(h — ﬂl’) Best Fit
CMS 8TeV <1.51% 0.84°,5 % 2.40 excess
13TeV <1.20% -0.76"02:% No excess observed
ATLAS 8TeV <1.43%  0.53705 %

Future colliders — O(O-O 1) Yo Han and Marfatia (2001), Kanemura et.al. (2004)

BR(h — eu)| CMS 8TeV <3.5%x102 %

BR(h — er))] CMS 8TeV < 6.9x10 %

- We discuss impact of future discoveries of h — I’
on the mechanisms to generate neutrino masses.
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Introduction

h— Il
h <
- Tree-level LFV 1
e.g) Type III two Higgs doublet model — yw%%q’l ywwz%@g

We consider the FCNC interactions at the tree level are absent.
(by imposing the softly-broken Z> symmetry)

- Loop-level LFV h T ]
i 1/
Model with new Yukawa interaction between new scalar and lepton.

Dimension- 4 and -6 operators

L=Y[Lol] + %[LCM’ (7 ®)]

3 2

(\/_Y + ?Y(j) [ lR] + (%Y + 3?1@) [0 R

Misalignment

%
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Classification of Models

- We classify the models by focusing only on the combinations of
Yukawa coupling matrices.

- "0~ =T
l, . N N ,/i - '} \
SL™ | S++! \ st SL S++I ' osL
—’—‘— ; —.—‘—
Vi (L)W le)e Les 1, (V2)° Vi (’L)c'-(zR)c ey I (Vo)
X X X X
“Mechanism”
M1
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‘ Maj orana NeutrinO Kanemura, Sugiyama (2016)

Scalar with leptonic Yukawa int.
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Classification of Models

‘ Dirac Neutrino ‘

- Dirac masses can be generated at the the loop level.
Nasri, Moussa (2002)
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Gu, Sarkar (2008)
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- In order to forbid the L®vg, the softly-broken Z; symmetry (Z2’)
Is introduced.

vr : Z2o' odd
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Kanemura, Sakurai, Sugiyama (2016)

‘ Dirac Neutrino

ZQ—Odd
. . . 0 | ot | ot |ot+ 0 | ot
Scalar with leptonic Yukawa int. 5 1 5L | °R |° Qy | L2 | A5y |5y |
SU(2). 1111|2231 1]2
sV s}j SE sTH &, | &y | A
U(l)y 0 1|12/ 1/2(1/2 1| 0]|1]1/2
SU(2)L 1|1|1|1|2|2]3
Lepton number|| =2 | =2 | =2 | =2 | 0 O |—-2|—-1|-1]—-1
U(1)y 01| 1] 2|1/2/1/2]| 1
Z} N I e o e (S e I IR I
Lepton number|| -2 | -2 | -2 | =2 | 0 0 | -2
Z S N e N bs v 1Y
D1 v |V by v
D2 Y Y D10 v v
D3 v v b1l v v
D4 v D12 v v
D5 v v D13 v v v
D6 v D14 v v
D7 v D15 v v
D16 v
D17 v v
D18 v v
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h — Il

[ — I'y h— Il
7 h
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BR({ — ') ~ 0.1 sBR(h — 1)

(2=3Q)

- Under the constraint from the cLFV, the BR of h LFV decay is too
small to be observed if it is radiatively produced.
BR(u —ey)<4.2x10713, BR(t—=1I'y)<107®

- If h LFV decay is observed, we might take FCNC at the tree level
or take some extension to suppress /— ['y by cancellation.
14
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h — Il

- Each of the Mechanisms has new Yukawa interactions, which can
produce both [— I'y and h — I

- 14 Mechanisms will be excluded if h — [l' is observed.

- All other Mechanisms have two kinds of new Yukawa interactions.

- In the Mechanisms-M1, M5, D1, D2, D8, D9 and D10,
their effects to /— ['y cannot be cancelled with each other.

M1 |ve)w (CR) st (Yo [L_EGLZ SE}
)4 )4
l — l']/ S ++ SL +
P - = N\ N y - = N\ @
/ \ / \
A ! 1 d
lL—®E' P IR ZR—®E‘ - Ir

Different chiralities of charged leptons

5]

HMEMEEAE 'Za—~NU /7074 7DOE EEL XS 2016 11830H



h — Il

- Some Mechanisms for Dirac neutrino masses can be compatible
with the observation of h — I/'.

0= 0y Zy-0dd 0— '~
O st shlsttl o, [0 | Al | SOl st |sh|sth| @, | Q| A Y |sy | n | & |l
SU(2). 1 /11|12 2]|3 SU(2)L 1,1 (11,22 |3|1|1|2
Uy o | 1] 121212 1] U(l)y 0| 1] 1|2 [12/12 10112
Lepton number|| =2 | =2 | -2 | =2 | 0 0 | =2 _ Lepton number|| —2 | =2 | =2 | =2 | 0 O |—-2|-1]-1|-1
A +l+ | =+ =+ |+ - A + |+ |- |+ |-+ |+ -+ ]+
D1 v vl D8 v v v v
D2 v v 7—\/ D9 v
D3 v |V v —7 D10 v v v IV
D4 v IV —7 D11 v v v W
D5 v v v v D12 v v W
D6 v v _ D13 v v v v
D7 v _ v D14 v v
| D15 v v
D16 v v
D17 v v |V v I W
HEMEEME '—a—~J /2 bis L R o v S




h — Il

- Some Mechanisms for Dirac neutrino masses can be compatible
with the observation of h — [['.

D3

0 — 0y
O | st | st st @, | @ | A e | e,
SU(2)L 1l1|1|1|2]2]3
U(l)y 01 ] 1] 2|[1/2/1/2] 1
Lepton number|| —2 | =2 | =2 | =2 | 0 0 | =2 |
Zb + |+ |-+ ]|+ +
D1 aw v
D2 / i
D3 /v .| | T4 - The singlet scalars sr™ and s™*
o T — interact with €g.
D5 v v v :Z SR+ S++
D6 v v v
T L L (Y)a|Cr) v sh| | (Y)ew | R) st
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h — Il

D3, D4
[ — Il'y Eﬁ%VEFJT °S4PJ 4
P
o M
2 [r vi/ IR .

- Contributions of these scalars to ¢/ — (g y can be destructive.

2 2
ystys),,, YEYE) Ystys),,,
BR({ — ') o ( _ Je +16( S 25)“ < ( _ ) |
TnSE me, TnSE

- The 10-3 tuning of two amplitudes is required for the cancellation
to satisfy BR(/— I'y ) <1078, since BR(h —urt) ~ 1073 naively
corresponds to BR(r — uy) ~ 1072

15
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h — Il

- The contributions of sg* and s** to h — I’ can be constructive.

h — Il

2

Ystys),,, YEYE) Ystys),,,
BR(h — £0') Ao . e gn, e s 2s>ee < : Jerr |

- The Ans+ and Ans++ should have the opposite sign.

- The scalar interactions )\, +vh|s5]?, N\,.++vh|sTT|? are not used
for the neutrino mass generation. They are free from constraints

from neutrino oscillation experiments.
(e.g.) Kanemura, Sakurai, Sugiyama (2016)
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- The Mechanisms-D3, D4, D11, D12, and D17 of the Dirac neutrino
mass would be preferred when A — [l' is observed. 9
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Neutrino mass matrix

mp X YpXspY?

symmetric matrix

XSR:{ YS D3 D4
(Y,)* My (Y,)' D11, D12 |

mp o Y (Y,")TY?




Summary

- We have studied the LFV decay of the Higgs boson in a wide set of

models for neutrino masses.

- The simple models of Majorana neutrinos are excluded if h — Il' is
discovered.

- The five Mechanisms for Dirac neutrinos can give a significant
amount of 4 — [I' with the suppressed [— I'y process.

* Two kinds of scalar particles couple to Ir.

* Their contributions to [— I’y can be cancelled with each other.

D3, D4 Sr*, S*
D11, D12, D17 Sr*, Sz (Z2 odd)

- Future discovery of the nonzero BR(# — [II') shall be a strong prob
of models for neutrino masses.

HMEMEEAE 'Za—~NU /7074 7DOE EEL XS 2016 11830H

e

27



