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1. Introduction

Puzzles of neutrinos in SM ¥ Neutrino masses (oscillation experiments)
v’ Dirac type or Majorana type ?
v’ Right-handed neutrino ...?

Oscillation experiment data urirs.1(21)] L : index of lightest active neutrino
Neutrino mass hierarchy || Am3;/107%eV? | Am3,/1073eV?
NH (m1 < mg < ms3) 7.42f8:§(1) 2.510f8:8§; Mass scale
TH (m3 < my < my) 7.4210-2 —2.490100% | O(10~ ") GeV

® At least two generations of neutrinos are massive

"

®Smallness of neutrino masses
my ~ 01071 GeV & me ~ 107 GeV s ™
Beyond SM physics is needed to explain these discrepancies
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2. Minimal Seesaw mechanism (SM + 2RHv)

Vg, : right-handed neutrino F_; : Yukawa coupling

Lagra ngian L, : SM lepton doublet @ : SM Higgs doublet M; : Majorana mass of right-handed neutrino

M
L= Lsm + il/—RIW“aMVRI — (FaIL (I)I/RI -+ 5 ——V%VRI + h.c. )

Dirac mass term Majorana mass term

Seesaw mechanism works!

Assumption for Dirac mass P Minkowsia (77 my,| = M_129 < |Mp]
& Majorana mass Mp (= (®)F) < M g M b

Prediction
» All mass eigenstates become Majorana particles.
» Natural explanation of smallness of m,,.
»Beyond SM interaction could occur.
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Wea k | nte ra C'l_lo N Of ne Utr| NO [Pontecorvo(‘58)] [Maki, Nakagawa, Sakata (‘62)]

All mass eigenstates have the weak interaction.

— . . C o
Via — E Uozz”&"" E @aIN] €
1 1
C
U, : Mixing element of active v (PMNS matrix) Vi, N]
0, : Mixing element of RHv Uei; @ef

® Mixing element of RHv

o . — For(®) Determined by Yukawa W=
al = M; coupling & mass of RHvs
Yukawa cou Dllng w : Complex parameter
[Casas, Ibarra(‘01)] NH Case 0 0
F = LUDi/QQDl/Z D, = diag (0,m2,m3) = cosw —sinw

(D) N Dy = diag (M, My)

Esinw £cosw

£ =41



3. 0vp P decay

What is 0Ov 8 decay? * The decay process violates the
lepton number two units.
(Z,A) = (Z+2,A)+2e”
* One possibility is massive
Majorana neutrino mediation.

— It is possible to verify the
Majorana nature of the

neutrino predicted in seesaw
mechanism.

HaIf—Iife time of Ovf [ decay
1/2 |M’ ’meff‘

[Faessler, Gonzalez, Kovalenko, Simkovic(‘14)]
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Current limits on 0V f decay

KamLAND-Zen (‘16)

Half-life time of 0V decay : *Casfzcrg?d*
' {
A= GIMP 1
[Faessler, Gonzalez, Kovalenko, Simkovic(‘14)] l ;
Xe
Active v’s contribution > 10-1E KamLAND Zen (*xe) l
p s L
Now, ™Mjightest = 0 107
: : 36 — 156 meV
Predicted region NH KamUAND-Zen (22)]
| = 1.45 — 3.68 meV (NH) | 107° F |
effl ™1 18.6 — 48.4 meV (IH) e
0% 1070 107 10" 50 100 150

mlightest (CV) A
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4. Ovp p decay in the seesaw mechanism

Effective mass

. v N
Meff = Mg -+ Mg
Active v's  m% =Y UZm,
contribution 0

Suppression factor by the propagator

fa(My) =

2
Aj

A% + My

2022/11/9

[Faessler, Gonzalez, Kovalenko, Simkovic(‘14)] [Barea, Kotila, lachello(‘15)]

When M| < Ag,
RHv could contribution enough !!

FPW 2022 (Kazuki Tanaka) 8



[ {Ca  YZr Ndj
F S Te

| 1
My, My > Ap f5(01) =0 fa(Ma) =0 | l{l
% 10‘1;— KamLAND-Zen (**Xe) l 3 Xle

2 2 z

mde =0 = Meg=) Ugm; 7 [N |

i 107 3

10—3;— —

Mli MZ << Aﬁ fB(Ml) — 1 fB(MQ) —1 107 10-3m“gh1:t—2(ev)10-1 50 LOO 150

0 Mp B U © M 0 vl —vUTer
ML My S AU o M; )\ er 1

ee
B 2
= Z Ueimi + Z O¢M; [T.Asaka, S.Eijima, H.Ishida (“11)]
7
I 1

= the decay will never happen



Cancellation by RHv NH case
Suppression factor

Mass assumption M; < Ag < My fs(My) =1-67 fz(Ma) =0

The effective mass can be expressed by using Casas-lbarra parametrization.

Meig = Y Uzmi+ »_ O M fa(M;)
i I
2 2
= [1 — fa(M7)] [Uegmé/2 cos w + Uegmé/2 sin w} + [1 — f3(M2)] [Uegmé/2 sinw — Ue3mé/2 cos w}

2 2
— <U62m%/2 sin w — Uegmé/2 coS w) + <U62m;/2 cosw + Uegm;/2 sin w) X (5;

I= O . 1/2
Solve ‘ tan w — A+ Z(Sf A — UeBm3
: _ 211y
OvpB B decay is = tanwy
suppressed by
the RHv!! Even if no decay is observed, the

information of RHv could be extracted!

2022/11/9 FPW 2022 (Kazuki Tanaka) 10



Future experiments of direct search of RHvs

1P = > [8a

aze’/’LJT

106

10”7

108

0,

10”

10-10

11

AL [ IIIIIIIE [ IIIIIIIlE

T

0=0,
O=0_
NI RRTTT R AN RUTTT MR RTTTT A NTTT NN

T 11T

INNENT

~
N

107
107

-2 1 2

107! 10° 10
M, [GeV]

10 10

Huge region can be searched on future experiments

10_6 § I T TTTHI | |||||||:_: I T TTTH I ||.||||| | I TTTTH
107 = 0 S
% /dE
108 = ,'/ =
o S L3
o - §
107 = . ,/// =
= a -
E. N
10710 -
S 5
C O=0_ ------ =
10-11 [ IIIIII| [ IIIIII| [ IIi""l--lI| [ IIIIII| L L
107 102 10" 10° 10! 10

M, [GeV]

2022/11/9
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Mixing elements of N4

2
|®a1|

10710

10-11

2022/11/9

NH case

RHv suppress the Ovf 3 decay,

al tanw = : = tan w4+
My 1FidA
g L 1078 =T T T 7 T T T 3
S : - — 19F" ]
i e : - T O ]
e \\\\ _____ - |® 2
= T~ S S 107 | | Tlﬁ;
- ~. . N S =
= - _— :Q\;\. '/ /// —
: | 95 : \\\\ ~ - . -~ //// :
__\/__{_ 10710 — \\\ //// —
: . : .
L L 10711 L L
0 0.5 0 0.5 1
n/n n/n
M, = 1GeV, M, = 200GeV
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Observed case mg{?fs = |meg| 107 g T T T T T T T T
M;=1GeV, My=200GeV

, 10® A

Mass assumption M; # Mo A E
107 ;_‘“I‘H """""""""""""" / _;

The absolute value of the ¢ F =~ > [ =
mixing element is VE A
determined by the effective ol L L a
mass of the observed decay. = L =
o2 L R

107! 10° 10! 10°
174
Meft — Mg [1 — f(M3)] i [meV]

O = ML (M) — f5(Ma)]



[Mefr [meV]

5. Future experiments
Predicted effective mass

et = |1 = fiy (Mo) | g + [mesr — miy [1 = £ (Mz)]

100 | |||||||| | 1111111:2‘[ T II1TH B I~IIIIIII| | )
90 E- Kp=1s0Mev| '90meY — -3 200 |— Rg=250MeV| 199 me¥ — Effective mass of the
80 E 10meV - F - i —— H  decay observed for nuclei
70 E- — 150 — — .
nE ERe / 1 with Ag = 200 MeV.
= = £ » _
>0 3 IE =100 |- —]
40 = I T T N
0 B = o B 1 Fermi momentum of nuclej
20 E- —= u -
10 :'Z:: -------------------------------------- T; :_===___-_=::::::'::::::::::::::—::::::::::::::E 76Ge . 159.0 - 193.0 MeV
0 E |—i—|'—|'|_|'|'| ‘"'|"‘|"|'|‘|'T|'|‘|""|'"|"|"|_|'|F 0 | 11 IIIIII L 11 IIIIH L 1 1IItl 136Xe . 178 0 _ 211 0 MeV
107! 10° 10! 10° 10” 10° 10' 10° ' '
M| [GeV] Mj [GeV]

[Faessler, Gonzalez, Kovalenko, Simkovic(‘14)]

The effective masses of the decays including RHVv’s contribution
becomes different depending on the decay nuclei.

2022/11/9 FPW 2022 (Kazuki Tanaka) 14



6. Summary

»We discussed the Ovf [ decay in the minimal seesaw
mechanism.

»We comprehensively investigated the contribution of the
RHvs to the OvfS [ decay.

» Especially, when Majorana mass is lighter than the typical
Fermi momentum, the decay is strongly suppressed and
may no longer occur.

»We showed that the properties of RHv may be
characterized by the future decay-observation-
experiments.

»We pointed out that multiple experiments using different
nuclei are important to understand the properties of RHvs
(masses and mixing elements).
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Enhancement bv N 10' LELLLL L RR L B AL

Mass assumption M, = My = My - 107 3 | E
S /

. . . 2Z ; n ///,, —
Predictions are obtained 07 e Tz
regarding the absolute value of - .
the Sum Of the miXing e|ementS 1072 A I |||||||| [ ERET
107! 10° 10! 10

and the mass of the RHv. . memeV]

107 7 T T T T T T 1T

mobs BT .

My = A 07 = T . =
N — Ag |meﬁ" obs ~ BT~ - =

® 10 N

N+ 10 — “‘ _§

il [ 1M — m2p® s F | 2

‘@1‘|‘@ ‘ Ae - obse -11__ =__
10-12 B ] IIIIIII| ] IIIIIII| ] IIEIIE
107! 10° 10! 10

m3p[meV]
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