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Evidences of beyond-SM

Dark Matter

Baryon Asymmetry of Universe
Neutrino Oscillation

Cosmic Inflation



Neutrino Oscillation
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Nonzero neutrino masses

cf. Massless in the SM

o > Two evidences
Lepton flavor violation (LFV)

cf. Conserved in the SM ) for physics beyond the SM




Tiny Neutrino Masses

If the same mechanism as for quarks or charged leptons,
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Tiny neutrino mass would be generated in a non-trivial way
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LFV in Oscillation = Large Mixing

Flavor Mass
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Significant sources for LFV associated with neutrinos



This talk

e Classification of neutrino mass models from
the view point of LFV sources (new Yukawas)

 |f Higgs LFV decays will be discovered in the
future, a wide class of simple models for
neutrino masses will be excluded

e We discuss a new model which can survive
even if Higgs LFV decays are discovered



Classification of neutrino mass models



Models of neutrino mass

Seesaw Mechanism
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Loop induced masses
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Classification of Models

® Models (full Lagrangian)

® Concentrating on Yukawa int. between leptons
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Classification of Models

® Models (full Lagrangian)

We focus on
the fermion line
To extract the
flavor structure by __

ing on Yukawa int. between leptons
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Neutrino mass and leptonic Yukawa
couplings

Extension of the Higgs sector (scalar sector)

Classification
Many models » Efficient study

® Setup for our analyses
New scalars with leptonic Yukawa int.

[[New scalar] - [Lepton] - [Lepton]]

Assumption : No FCNC at the tree level

Z» -odd singlet fermion %,
: : : Dark matter
Z-0dd scalars with leptonic Yukawa int.

(unbroken)

[[Z2 -odd scalar] - [Lepton] - 9% ]

v for Dirac neutrinos
(lepton number conservation)



Models for Majorana masses

All new Yukawa interactions and new scalars
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Models of Radiative Neutrino Mass (Majorana Type)
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Models for Majorana masses

Scalar with leptonic Yukawa int.
ZQ-Odd
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Models of Radiative Neutrino Mass (Dirac Type)
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Example to close scalar
lines of D3

Example to close scalar
lines of D4
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Example to close scalar
lines of D3

Dim 4 (2 loop)

Example to close scalar
lines of D4

Dim 6 (2 loop)
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Models for Dirac masses

Additional assumptions S. K., K. Sakurai, H. Sugiyama, PLB (2016)
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Lepton Flavor Violation



Neutrino oscillation + Models for neutrino masses

Ve

LFV processes

Lepton LFV decays

0 — 0y
L \ L
Current constraint
Process | Upper limit
nw—ey | 4.2x 1071
T —=ey | 3.3x1078
T—uy | 4.4x107°

Higgs LHV decays

New observable
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Current constraint
Process | Upper limit
h — pe | 3.5x107%
h—7e | 6.1x1073
h— ur | 2.5 x 1073




Neutrino oscillation + Models for neutrino masses

Lepton LFV decays

Ve

LFV processes

Higgs LHV decays

New observable
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LFV decays of the Higgs boson

BR(h — ¢') = BR(h — ') + BR(h — (7"

In 2015, there was
anomaly for h - ur

ATLAS
8 TeV,20.3fh ™!

arXiv:1604.07730
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Best fit | —3.470% x 107°

Limit <1.43x 102 <151 %1072
h — ur - ' _ ‘

Best fit | 5.3721 x 107 84739 %107

2.4 o excess



LFV decays of the Higgs boson

BR(h — ¢') = BR(h — ') + BR(h — (7"

In 2015, there was
anomaly for h - ur

ATLAS
8 TeV,20.3fh ™!

arXiv:1604.07730

CMS
8TeV,19.7fb ™!

arXiv:1607.03561;
PLB749, 337 (2015)

Limit <35x107*
h — e

Best fit

Limit <1.04%x 1072 <6.9x107°
h — et :

Best fit | —3.470% x 107°

Limit <1.43x 102 <151 %1072
h — ur - ' . ‘

Best fit | 5.3721 x 107 84739 %107

2.4 o excess

It’s already gone!
(No excess now)



Although the previous anomaly has been gone,
there can be discovery of h - ¢¢’ in the future

Esp at ILC

What is the impact on the models
for neutrino masses?



Higgs LFV decays occur at loop

Dimension-4 operator
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Higgs LFV decays occur at loop

Dimension-4 operator
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Mass : %Y4 EélR] Diagonalize . m, [EER]
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Correlation

Toy model

L = Yae [EFY gol — A |<I>|2|<,9|2 + - --

J_L X=L,R
N 7
|L Higgs LFV
1 decay
- A S

\

@
’/
¢ —@— Y1 Y U

N

Br(h — ') ~ 10_1Br(€ — ('7)

Too small BR(h — (')
to be observed.
If observed,
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If h - ¢’

Models for Majorana

neutrino masses

1S O

bserved

Scalar with leptonic Yukawa int.
Z2-Odd { — g”'}/
sp | sTT @y | A | s | m v, Oy
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Unbroken Z, “+ + + + — —
M1 v L v v
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Only a LFV Yukawa —> Same as the toy model




If h - £’ is observed

Models for Majorana
neutrino masses

Scalar with leptonic Yukawa int.
Zs-odd C— 0y
sp | st @ | A | sy | o m o || O | lg
SU(2) 1 1| 1] 2] 3 1] 2
U(l)y 1 2 [ 1/2 ] 1 1 | 1/2
Unbroken 7 + + + + - -
M1 v v v v

Two LFV Yukawa, but no cancellation to suppress ¢ — ¢’y




If h - €' is observed

Models for Majorana

neutrino masses

Scalar with leptonic Yukawa int.
Zs-odd ¢ — 0y
sp | st @ | A [ sy | n || O | lg
SU(2)L 1 /1123 1| 2
U(l)y 1 2 | 1/2] 1 1 | 1/2
Unbroken Z- -+ + + + — —

All excluded for Majorana neutrinos !




Models for Dirac
neutrino masses (1)

If h - ¢’

1S O

Scalar with leptonic Yukawa int.
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If h - £’ is observed

Models for Dirac
neutrino masses (1)

Scalar with leptonic Yukawa int.
Zs-odd l— 6’7
S| sp | sTH @ | @2 | Al 55 | s
111112 2|3 |11
1 1 2 | 1/2] 1/2] 1 0 1
-2 -2 -2 0 0 | -2 -1]| -1
+ [ - [+ [ -]+ ]+ -

D3 and D4 survive




Scalar with leptonic Yukawa int.
Zs-odd {— E")f
STl sy | sp | s @ | @2 | A sh |s3 | 7 "o Uy
SU2), |2 |1 ] 1|1 ]2 2|3 ||1|1]2
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71 ¥ |+ |-+ |- +F[F[[=-1+]+
D3 v |V v W
D4 v |V W
8 8 sty s 2 8 s
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Cancellation is possible
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Not cancelled if A, ; and A;,++ have opposite sign



Models for Dirac
neutrino masses (2)

Scalar with leptonic Yukawa int.

ZQ-Odd /— E’f}/
sVl sy | sp st @ | P | A sh | s | 7m 0|y
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D17 v v v v | W
D18 v v v




Models for Dirac
neutrino masses (2)

Scalar with leptonic Yukawa int.

Z>-0dd = Oy
sV |87 [ sp s @ [P | Al sy [s5 | n || £} |
SU2)p | 1 (1 |1 (1 ]2 2|3 ||1|1]2
Uy | 0 | 1T | 1 ]2 [1/2[12][ 1T (0112
LN -2 -2|-2|1-2] 0 0O |-2|-1]-1] -1
7 T+ -+ | =+ =1+ [+
D11 v v v W
D12 v v W




Models for Dirac
neutrino masses (1)&(2)

Scalar with leptonic Yukawa int.

Zs-0dd t— 0y
Tl sp | sp | s @ | 2| A SY sy | n 0|y
SU2)r, || L |1 |1 (12|23 111 2
Uy |0 | T ] 1 ]2 [1/2[1/2][ 1T (0112
LN 2| =21 -=-2|-=-2] 0 0 =21 -1 =1 =1
A + |+ | -1+ -+ +]| -] +|+
D3 v v v W
D4 v v v
D11 v v v W
D12 v v W
D17 v v | v v | W

These mechanisms for generating masses of Dirac

neutrinos can survive after discovery of h — £¢'




Models for Dirac

neutrino masses (1)&(2)

Scalar with leptonic Yukawa int.

Zs-odd t— 0y
Tl sp | sp | s @ | 2| A SY sy | n 0 e
SU2), || 1|1 |1 |1 |2]2]|3 1| 1] 2
UMy || 0 | T | 1] 2 [1/2[1/2[ T |0 1|12
LN 2| =2 =-2|-2| 0 0 21| -1 =1 -1
Z: + |+ |-+ |-+ |+ -]+]+
D3 v |V v W
D4 v v W
= D11 v v v W
D12 v v W
_ D17 v v | Vv v | W
Z, odd
particles

These mechanisms for generating masses of Dirac

neutrinos can survive after discovery of h — ¢’



A new model
for D17 which can survive even if Higgs LFV
decays are detected in future experiments

K. Enomoto, SK, K. Sakurai, H. Sugiyama,
Phys. Rev. D100, 015044 (2019)
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New model for Dirac neutrino masses

with the structure of D17

) sz Sk
D17 T
vy | . - ] Vg
Yy (YT v
Fermions Scalars
Vi | Vra || ST | @ |53 | 7
SU(2)r, 1 1 [ 1] 2 |1]2
U(l)y 0 0 1 13/2] 1 |1/2
Unbroken Zs || Even | Odd Even Odd
Z} - |+ | - + |+
Lepton # 1 0 -2 -2 |-1] -1

K. Enomoto, SK, K. Sakurai, H. Sugiyama,
Phys. Rew. D100, 015044 (2019)
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New model for Dirac neutrino masses
with the structure of D17 §omota s i saral i sugbvama

LFV Processes (Y1),.(¢r)vrisy + (Ya2),,(¢r) “VRrasy
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New model for Dirac neutrino masses
with the structure of D17 5ot s saral i suobvama

LFV Processes (Y1) ,,(¢r) vrisT 4+ (Y2),,(€r) U rasy

—— Br(7 — py) = Br(h — pr)

""" Upper limit 4.4 x 1073
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ILC250 \
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New model for Dirac neutrino masses
with the structure of D17 £ fmome, 5K « sakurai . Suiara
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New model for Dirac neutrino masses
with the structure of D17 £ fmome, 5K « sakurai . Suiara

Dark matter candidates : n°,¥% (a = 1,2,3)

In the benchmark scenario, dark matter particle is
the lightest Majorana fermion !
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Summary

We discussed how observations of LFV decays of the Higgs
boson can narrow down models of neutrino masses

We first classified neutrino mass models by focusing on the
combination of new Yukawa coupling matrices with leptons

If Higgs LFV decays h & ¢¢’ are detected at future colliders,
a wide class of models for neutrino masses can be excluded

In particular, simple typical models of Majorana neutrino
masses cannot be compatible with the observation of h - ¢¢’

A model for Dirac neutrino masses can be compatible with a
significant rate of the h & ¢¢’ process
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Osaka Univ.
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LFV processes in benchmark scenario

Processes | Numerical results
[ — ey 2.36 x 1071

T — ey 8.26 x 10~

T — WY 4.68 x 10~1Y
Processes | Numerical results
1 — eee 1.26 x 10718

T — eee 4.28 x 1018

T — neu 1.97 x 10~

Processes | Numerical results

h — ue 1.43 x 10716

h — Te 1.56 x 10~ %

h — ut 4.05 x 10~°
Processes | Numerical results
L — el 1.26 x 10718
T — eel 4.28 x 10718
T — lee 1.97 x 1011
T — [ 3.98 x 10~ 11




