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! 0.20 (2.14)
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! 0.028 (2.15)
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標準模型の最⼩拡張として、!世代の右巻きニュートリノ! !" " # $%&
を新たに導⼊する。
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�\�w�;�Ï�p�x�z
ª	j�Û���t	ý�h�t�Ú�ä�å�Æ�í�”�›�Ë�m�È�è�V�Ç�á�”�Ä�æ�Ê ! R �›�‹�Ö�b�”�\�q�p�z�ž

�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�t���v�s�í�”�›�Ë�h�d�”�q�q�‹�t�z�f�w�Ã
•�^�›�×
µ�t
†�Ì�b�”�{


ª	j�Û���t 2 �m�w�È�è�V�Ç�á�”�Ä�æ�Ê�›�‹�Ö�`�h�å�¬�å�ï�´�ž�ï

L = L SM + i ! RI " µ#µ! RI −
(

FαI LαΦ! RI +
M I

2
! c

RI ! RI + h.c.
)

(2.1)


¶�o�w�í�”�{��	Ý�6�U�‰�a�®�”�´
Ú�U�^�;�›�Ë�m�z

! Lα =
∑

i

Uαi ! i +
∑

I

ΘαI N c
I (2.2)

�l
’�A�ù��
:�x Cassa-Ibarra parametrization�T�’	{�Z�”�z

F =
i

〈Φ〉UD1/ 2
ν ΩD 1/ 2

N (2.3)

U =




c12c13 s12c13 s13e−iδ

−c23s12 − s23c12s13eiδ c23c12 − s23s12s13eiδ s23c13

s23s12 − c23c12s13eiδ −s23c12 − c23s12s13eiδ c23c13



× diag(1, eiη, 1) (2.4)

Ω =




0 0

cos$ − sin$
%sin$ %cos$



 (2.5)

Ω =




cos$ − sin$
%sin$ %cos$

0 0



 (2.6)

$ = $r + i$i (2.7)

X ω ≡ exp$i (2.8)

�Ç�á�”�Ä�æ�Ê�í�”�t�m�M�o�z�å�¬�å�ï�´�ž�ï�t�S�M�o�Ç�á�”�Ä�æ�Ê�í�”�ò�x

L mass = −1
2

(! Lα, ! c
RI )

(
0 [M D ]αI

[M T
D ]I α M I

)(
! c

Lα

! RI

)
+ h.c. (2.9)

�Ã�Ÿ�å�¿�«�í�”

[M D ]αI = vFαI (2.10)
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!
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M I
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! c
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"
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! L ! =
#

i

U! i ! i +
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I

" ! I N c
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F =
i
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UD1/ 2

" # D 1/ 2
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# =

$

%
&

0 0
cos$ ! sin$
%sin$ %cos$

'

(
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# =

$

%
&

cos$ ! sin$
%sin$ %cos$

0 0

'

(
) (2.6)

$ = $r + i$i (2.7)

X % % exp$i (2.8)
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L mass = !
1
2

(! L ! , ! c
RI )

*
0 [M D ]! I

[M T
D ]I ! M I

+ *
! c

L !

! RI

+

+ h.c. (2.9)

�Ã�Ÿ�å�¿�«�í�”

[M D ]! I = "! #F! I (2.10)

M D (% "! #F ) (2.11)

3

ϚϤϥφ࣭ྔ

MI = diag(M1,M2) (2.12)

γʔιʔߏػͰ͸ҎԼΛԾఆ͢Δɻ

MD ! MI (2.13)

͜ͷߏػͷ༧ݴͱͯ͠ɺχϡʔτϦϊ͕ϚϤϥφཻࢠͱͳΓɺඪ४໛ܕͰ͸͞ڐΕͳ͍Ϩϓτϯ਺Λ
ഁΔ൓Ԡ͕͜ىΔɻ
ΞΫςΟϒχϡʔτϦϊͷ࣭ྔ͸ҎԼͷΑ͏ʹ͔͚Δ

mi = −MD
MD

MI
(2.14)

|mi| =
∣∣∣∣
M2

D

MI

∣∣∣∣! |MD| (2.15)

mi ! ml (2.16)

࣭ྔର֯ྻߦ͸

Dν = diag (m1,m2,m3) (2.17)

DN = diag (M1,M2) (2.18)

∆m2
21

10−5eV 2
= 7.42+0.21

−0.20 (2.19)

∆m2
31

10−3eV 2
= 2.517+0.026

−0.028 (2.20)

∆m2
32

10−3eV 2
= −2.498+0.028

−0.028 (2.21)

ΘαI =
FαI〈Φ〉
MI

(2.22)

4

[P.Minkowski,Phys.Lett.B67,421(1977)]
[Yanagita,Prog.Theor.Phys.64,1103(1980)]
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DN = diag (M1,M2) (2.16)
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ª	j�Û���t 2 �m�w�È�è�V�Ç�á�”�Ä�æ�Ê�›�‹�Ö�`�h�å�¬�å�ï�´�ž�ï

L = LSM + iνRIγ
µ∂µνRI −

(
FαILαΦνRI +

MI

2
νcRIνRI + h.c.

)
(2.1)


¶�o�w�í�”�{��	Ý�6�U�‰�a�®�”�´
Ú�U�^�;�›�Ë�m�z

νLα =
∑

i

Uαiνi +
∑

I

ΘαIN
c
I (2.2)

�l
’�A�ù��
:�x Cassa-Ibarra parametrization �T�’	{�Z�”�z

F =
i

〈Φ〉UD1/2
ν ΩD1/2

N (2.3)

U =




c12c13 s12c13 s13e−iδ

−c23s12 − s23c12s13eiδ c23c12 − s23s12s13eiδ s23c13
s23s12 − c23c12s13eiδ −s23c12 − c23s12s13eiδ c23c13



× diag(1, eiη, 1) (2.4)

Ω =




0 0

cosω − sinω

ξ sinω ξ cosω



 (2.5)

Ω =




cosω − sinω

ξ sinω ξ cosω

0 0



 (2.6)

ω = ωr + iωi (2.7)

Xω ≡ expωi (2.8)

�Ç�á�”�Ä�æ�Ê�í�”�t�m�M�o�z�å�¬�å�ï�´�ž�ï�t�S�M�o�Ç�á�”�Ä�æ�Ê�í�”�ò�x

Lmass = −1

2
(νLα, νcRI)

(
0 [MD]αI

[MT
D]Iα MI

)(
νcLα
νRI

)
+ h.c. (2.9)

�Ã�Ÿ�å�¿�«�í�”

[MD]αI = vFαI (2.10)

3

𝜔は複素数

（!" ）

[Maki, Nakagawa, Sakata (1962)] [Pontecorvo(1958)] 



%&

! ˆ‰Š‹

! Œ3•3 Ž•

! `a3bcd 1 • ‘VW ’“ ”3• –—

! ‡r : `a3bcd 7˜U ™š

! › VU œ(• 1 0 WA žŸMN )  0*

! >?@

(



�H 4 	· �Ç�á�”�Ä�æ�Ê�›
P�˜�s�M�Ë	O�Õ�”�»�H�u

�Ç�á�”�Ä�æ�Ê�›
P�˜�s�M�Ë	O�Õ�”�»�H�u�x�z�Ç�á�”�Ä�æ�Ê�U�Ú�ä�å�Æ�{� �p�K�”�T�Ã�Ÿ�å�¿�«�{� �p

�K�”�T�›
Q���p�V�”�z�q�î�$�t�
���D�ó�s�7���—�a���p�K�”�{�Š	·�p�x�z�Ë	O�Õ�”�»�H�u�w�O�j�Ç�á�”

�Ä�æ�Ê�›
P�˜�s�M�Ë	O�Õ�”�»�H�u�t�m�M�o	º�p�`�z�H�u�›�›�Ã
Ç�Z�”�Í�å�Ý�”�»�•�q�O�w�
���î�g�p

�>���^�•�o�M�”
M�v�t�m�M�o
†�Ì�b�”�{

4.1 �Ë	O�Õ�”�»�H�u

�Õ�”�»�H�u�x�z	��M
ì�“�^�;�t�‘�l�o�¤
Q� �U�E� �t�!�=�`�z�?� �q�Ç�á�”�Ä�æ�Ê�›�L	Z�b�”�a��

�p�K�”�{

n ! p + e! + ! e (4.1)

�Ë	O�Õ�”�»�H�u�x�z�j� �©�¤�p�Õ�”�»�H�u�U�‰�Ì�t�Ë�s�I�\�”�a���p�K�“�z�Ç�á�”�Ä�æ�Ê�w�L	Z�›
P

�O	Ô�ù�q
P�˜�s�M	Ô�ù�w�Ë	��¨�U
Ý���^�•�”�{�Ž�<�t�z�f�•�g�•�w
S� �Ü�q�0� �b�” Feynman�¼� �à

�¬�å�Ü�›�Ô�b�{

�Ç�á�”�Ä�æ�Ê�w�L	Z�›
P�O	Ô�ù : (Z, A ) ! (Z + 2 , A) + 2 e! + 2 ! e

�Ç�á�”�Ä�æ�Ê�w�L	Z�›
P�˜�s�M	Ô�ù : (Z, A ) ! (Z + 2 , A) + 2 e! (4.2)

n p

e!

! e

n

! e

e!

p

W !

W !


$ 4.1: �Ç�á�”�Ä�æ�Ê�›
P�O�Ë	O�Õ�”�»�H�u

n p

e!

n

e!

p

W !

W !

! i, NI
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(Z, A ) ! (Z + 2 , A) + 2 e! (3.1)
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! ! 1
1/ 2 = G |M me! |2 (3.2)

�H�u�x���®�í�” me! �q�M�O�Í�å�Ý�”�»�p�›�Ã
Ç�Z�’�•�z�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�q�È�è�V�Ç�á�”�Ä�æ

�Ê�w
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me! = m!
e! + mN

e! (3.3)

�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�q�È�è�V�Ç�á�”�Ä�æ�Ê�T�’�w�/�)�x�f�•�g�•�Ž�<�w�‘�O�t	{�Z�”�z

m!
e! =

!

i

U2
eimi (3.4)

mN
e! =

!

I

! 2
eI M I f " (M I ) (3.5)

f " (M I ) =
" 2

"

" 2
" + M 2

I
(3.6)
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t uvwN •žŸ P   hQRS
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VWXYZ[ P ]^_` Ÿ
f £¤ mŠN

HI1JKL V WX./ YZ [1\ ]^_

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

3 Neutrinoless double beta decay

Now let us discuss the 0 !"" decay in the model under consideration. The half-life of the decay is pa-

rameterized as

#! 1
1/2 = G|M meff|

2 , (9)

where G is the phase-space factor, M is the nuclear matrix element of active neutrinos and meff is the

effective neutrino mass in the 0 !"" decay. Since all Majorana neutrinos, i.e., not only active neutrinos

but also HNLs, contribute to the decay, the effective mass is given by

meff = m !
eff + m N1

eff + m N2
eff . (10)

Note that we consider meff as a complex number while the observed value has to be its absolute value.

The contribution from active neutrinos is

m !
eff =

!

i
U 2

ei m i . (11)

By taking the central values of the mass squared differences, the mixing angles and the Dirac phase in the

PMNS matrix given in Ref. [44] and by varying the Majorana phase $ we Þnd that |m !
eff| = 1.45Ð3.68 meV

and 18.6Ð48.4 meV for the NH and IH cases, respectively. On the other hand, the effective mass from

each HNL is

m NI
eff = ! 2

eI M I f " (M I ) , (12)

which can be written explicitly as

m N1
eff = ! 2

e1 M1 f" (M1) =

"
#

$

!
%
Ue2m 1/2

2 cos%+ Ue3m 1/2
3 sin %

&2
f" (M1) for the NH case

!
%
Ue1m 1/2

1 cos%+ Ue2m 1/2
2 sin %

&2
f" (M1) for the IH case

, (13)

m N2
eff = ! 2

e2 M2 f" (M2) =

"
#

$

!
%
Ue2m 1/2

2 sin %! Ue3m 1/2
3 cos%

&2
f" (M2) for the NH case

!
%
Ue1m 1/2

1 sin %! Ue2m 1/2
2 cos%

&2
f" (M2) for the IH case

, (14)

where f" (M I ) represents the suppression in the nuclear matrix element by the propagator of NI . Here

we follow the results in Refs. [45,46] and take the form

f" (M I ) =
" 2

"

" 2
" + M 2

I

, (15)

where " " is the typical scale of the Fermi momentum and we take " " = 200 MeV as a reference value

throughout this analysis. We will discuss the impact of the change of the Fermi momentum later.

4



!*

,-(./012345678(9:;
5

 (eV)lightestm

4!10 3!10 2!10 1!10

3!10

2!10

1!10

1

IH

NH

Xe)136KamLAND-Zen (

A
50 100 150

Ca

Ge

Se
Zr

Mo

Cd
Te

Te

Xe

Nd

 (
eV

)
m

FIG. 3: Effective Majorana neutrino mass!m!! " as a function of
the lightest neutrino massmlightest . The dark shaded regions are
the predictions based on best-Þt values of neutrino oscillation pa-
rameters for the normal hierarchy (NH) and the inverted hierarchy
(IH), and the light shaded regions indicate the3! ranges calculated
from the oscillation parameter uncertainties [29, 30]. Thehorizon-
tal bands indicate 90% C.L. upper limits on!m!! " with 136 Xe from
KamLAND-Zen (this work), and with other nuclei from Ref. [2,26Ð
28], considering an improved phase space factor calculation [17, 18]
and commonly used NME calculations [19Ð25]. The side-panel
shows the corresponding limits for each nucleus as a function of the
mass number.

nism is dominated by exchange of a pure-Majorana Standard
Model neutrino. The shaded regions include the uncertain-
ties in Uei and the neutrino mass splitting, for each hierar-
chy. Also drawn are the experimental limits from the0!""
decay searches for each nucleus [2, 26Ð28]. The upper limit
on !m!! " from KamLAND-Zen is the most stringent, and it
also provides the strongest constraint onmlightest considering
extreme cases of the combination of CP phases and the uncer-

tainties from neutrino oscillation parameters [29, 30]. Weob-
tain a 90% C.L. upper limit ofmlightest < (180# 480) meV.

In conclusion, we have demonstrated effective background
reduction in the Xe-loaded liquid scintillator by puriÞca-
tion, and enhanced the0!"" decay search sensitivity in
KamLAND-Zen. Our search constrains the mass scale to lie
below$ 100 meV, and the most advantageous nuclear matrix
element calculations indicate an effective Majorana neutrino
mass limit near the bottom of the quasi-degenerate neutrino
mass region. The current KamLAND-Zen search is limited by
backgrounds from214Bi, 110m Ag, muon spallation and par-
tially by the tail of 2!"" decays. In order to improve the
search sensitivity, we plan to upgrade the KamLAND-Zen ex-
periment with a larger Xe-LS volume loaded with 800 kg of
enriched Xe, corresponding to a twofold increase in136Xe,
contained in a larger balloon with lower radioactive back-
ground contaminants. If further radioactive background re-
duction is achieved, the background will be dominated by
muon spallation, which can be further reduced by optimiza-
tion of the spallation cut criteria. Such an improved search
will allow !m!! " to be probed below 50 meV, starting to con-
strain the inverted mass hierarchy region under the assump-
tion that neutrinos are Majorana particles. The sensitivity of
the experiment can be pushed further by improving the en-
ergy resolution to minimize the leakage of the2!"" tail into
the0!"" analysis window. Such improvement is the target of
a future detector upgrade.
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Grant Numbers 21000001 and 26104002; the World Pre-
mier International Research Center Initiative (WPI Initiative),
MEXT, Japan; Stichting FOM in the Netherlands; and under
the U.S. Department of Energy (DOE) Grant No. DE-AC02-
05CH11231, as well as other DOE and NSF grants to individ-
ual institutions. The Kamioka Mining and Smelting Company
has provided service for activities in the mine. We acknowl-
edge the support of NII for SINET4.

[1] S. DellÕOro, S. Marcocci, M. Viel, and F. Vissani, Adv. High
Energy Phys.2016, 37 (2016).

[2] M. Agostini et al., (GERDA Collaboration), Phys. Rev. Lett.
111, 122503 (2013).

[3] A. Gandoet al., (KamLAND-Zen Collaboration), Phys. Rev.
Lett. 110, 062502 (2013).

[4] J. Albertet al., (EXO Collaboration), Nature510, 229 (2014).
[5] A. Gandoet al., (KamLAND Collaboration), Phys. Rev. C92,

055808 (2015).
[6] A. Gandoet al., (KamLAND Collaboration), Phys. Rev. D88,

033001 (2013).
[7] S. Abe et al., (KamLAND Collaboration), Phys. Rev. C84,

035804 (2011).
[8] A. Gandoet al., (KamLAND-Zen Collaboration), Phys. Rev. C

85, 045504 (2012).
[9] S. Agostinelliet al., Nucl. Instr. Meth. A506, 250 (2003).

[10] J. Allisonet al., IEEE Trans. Nucl. Sci.53, 270 (2006).
[11] S. Abeet al., (KamLAND Collaboration), Phys. Rev. C81,

025807 (2010).
[12] J. B. Albertet al., arXiv:1605.05794v1.
[13] G. Battistoni et al., AIP Conference Proceedings896, 31

(2007).
[14] A. Ferrari, P. R. Sala, A. Fass«o, and J. Ranft,FLUKA: A multi-

particle transport code (CERN, Geneva, 2005).
[15] A. Gandoet al., (KamLAND-Zen Collaboration), Phys. Rev. C

86, 021601 (2012).
[16] J. B. Albert et al., (EXO Collaboration), Phys. Rev. C89,

015502 (2014).
[17] J. Kotila and F. Iachello, Phys. Rev. C85, 034316 (2012).
[18] S. Stoica and M. Mirea, Phys. Rev. C88, 037303 (2013); up-

dated in arXiv:1411.5506v3.
[19] T. R. Rodr«õguez and G. Mart«õnez-Pinedo, Phys. Rev. Lett. 105,

𝑚()*+,&-, = 0

I.%KP#Q4RS2G(8965B:L

¥¦§¨©VWXYZ[ P ª«

𝑚&''
. = ,1.45 − 3.68 meV NH

18.6 − 48.4 meV IH

¬­®¯° mP £¤ • ±² mŠN

Œ• Š VWXYZ[ P ³´ˆ T9T
µv

�H3 	· �Ç�á�”�Ä�æ�Ê�›
P�˜�s�M�Ë	O�Õ�”�»�H�u

�j� �©�w�Ë	O�Õ�”�»�H�u�w�O�j�z
¶�.�q�`�o�Ç�á�”�Ä�æ�Ê�w�L	Z�›
P�˜�s�M�Þ�”�Å�x�z�Ç�á�”�Ä�æ

�Ê�w	O�A�s
Q�í�w�{�q�m�¢�Ú�ä�å�Æ�{� �p�K�”�T
q�T�£�›�r�Ì�b�”�h�Š�t	O�A�s�a���p�K�”�{

(Z,A) → (Z + 2, A) + 2e− (3.1)

�H�u�w
R�n�8�x�Ž�<�p�>�‡�”�{

τ−1
1/2 = G |Mmeff |2 (3.2)

�H�u�x���®�í�” meff �q�M�O�Í�å�Ý�”�»�p�›�Ã
Ç�Z�’�•�z�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�q�È�è�V�Ç�á�”�Ä�æ

�Ê�w
Ò�M�U�/�)�›�)�Q�”�{

meff = mν
eff +mN

eff (3.3)

�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�q�È�è�V�Ç�á�”�Ä�æ�Ê�T�’�w�/�)�x�f�•�g�•�Ž�<�w�‘�O�t	{�Z�”�z

mν
eff =

∑

i

U2
eimi (3.4)

mN
eff =

∑

I

Θ2
eIMIfβ(MI) (3.5)

fβ(MI) =
Λ2
β

Λ2
β +M2

I

(3.6)

�\�w�Ì�z�È�è�V�Ç�á�”�Ä�æ�Ê�t�‘�”�/�)�x�z�j� �©�¤�w�/���$�s�Ñ�£�ç�Û�á�ˆ�” Λβ �¢ 100MeV ���S�£

�t�0�`�o�È�è�V�Ç�á�”�Ä�æ�Ê�w�í�”�U	–�^�M�q�V�t�f�¶�q�s�”�{

5

]^ %`a:;



!!

'()(*+<=>?:;

�H 3 	· �Ç�á�”�Ä�æ�Ê�›
P�˜�s�M�Ë	O�Õ�”�»�H�u

�j� �©�w�Ë	O�Õ�”�»�H�u�w�O�j�z
¶�.�q�`�o�Ç�á�”�Ä�æ�Ê�w�L	Z�›
P�˜�s�M�Þ�”�Å�x�z�Ç�á�”�Ä�æ

�Ê�w	O�A�s
Q�í�w�{�q�m�¢�Ú�ä�å�Æ�{� �p�K�”�T
q�T�£�›�r�Ì�b�”�h�Š�t	O�A�s�a���p�K�”�{

(Z, A ) ! (Z + 2 , A) + 2 e! (3.1)

�H�u�w
R�n�8�x�Ž�<�p�>�‡�”�{

! ! 1
1/ 2 = G |M me! |2 (3.2)

�H�u�x���®�í�” me! �q�M�O�Í�å�Ý�”�»�p�›�Ã
Ç�Z�’�•�z�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�q�È�è�V�Ç�á�”�Ä�æ

�Ê�w
Ò�M�U�/�)�›�)�Q�”�{

me! = m!
e! + mN

e! (3.3)

�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�q�È�è�V�Ç�á�”�Ä�æ�Ê�T�’�w�/�)�x�f�•�g�•�Ž�<�w�‘�O�t	{�Z�”�z

m!
e! =

!

i

U2
eimi (3.4)

mN
e! =

!

I

! 2
eI M I f " (M I ) (3.5)

f " (M I ) =
" 2

"

" 2
" + M 2

I
(3.6)

�\�w�Ì�z�È�è�V�Ç�á�”�Ä�æ�Ê�t�‘�”�/�)�x�z�j� �©�¤�w�/���$�s�Ñ�£�ç�Û�á�ˆ�” " " �¢ 100MeV���S�£

�t�0�`�o�È�è�V�Ç�á�”�Ä�æ�Ê�w�í�”�U	–�^�M�q�V�t�f�¶�q�s�”�{

5

�H3 	· �Ç�á�”�Ä�æ�Ê�›
P�˜�s�M�Ë	O�Õ�”�»�H�u

�j� �©�w�Ë	O�Õ�”�»�H�u�w�O�j�z
¶�.�q�`�o�Ç�á�”�Ä�æ�Ê�w�L	Z�›
P�˜�s�M�Þ�”�Å�x�z�Ç�á�”�Ä�æ

�Ê�w	O�A�s
Q�í�w�{�q�m�¢�Ú�ä�å�Æ�{� �p�K�”�T
q�T�£�›�r�Ì�b�”�h�Š�t	O�A�s�a���p�K�”�{

(Z,A) → (Z + 2, A) + 2e− (3.1)

�H�u�w
R�n�8�x�Ž�<�p�>�‡�”�{

τ−1
1/2 = G |Mmeff |2 (3.2)

�H�u�x���®�í�” meff �q�M�O�Í�å�Ý�”�»�p�›�Ã
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∑
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抑制因⼦

原⼦核中の典型的なフェルミ運動量
0&1 2 34' 567

Œ• Š VWXYZ[ ¶®

[Faessler, Gonzalez, Kovalenko, Simkovic(‘14)]
[Barea, KoHla, Iachello(‘15)]
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Q���p�V�”�z�q�î�$�t�
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�Ä�æ�Ê�›
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Ç�Z�”�Í�å�Ý�”�»�•�q�O�w�
���î�g�p
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M�v�t�m�M�o
†�Ì�b�”�{

4.1 �Ë	O�Õ�”�»�H�u

�Õ�”�»�H�u�x�z	��M
ì�“�^�;�t�‘�l�o�¤
Q� �U�E� �t�!�=�`�z�?� �q�Ç�á�”�Ä�æ�Ê�›�L	Z�b�”�a��

�p�K�”�{

n ! p + e! + ! e (4.1)

�Ë	O�Õ�”�»�H�u�x�z�j� �©�¤�p�Õ�”�»�H�u�U�‰�Ì�t�Ë�s�I�\�”�a���p�K�“�z�Ç�á�”�Ä�æ�Ê�w�L	Z�›
P

�O	Ô�ù�q
P�˜�s�M	Ô�ù�w�Ë	��¨�U
Ý���^�•�”�{�Ž�<�t�z�f�•�g�•�w
S� �Ü�q�0� �b�” Feynman�¼� �à

�¬�å�Ü�›�Ô�b�{

�Ç�á�”�Ä�æ�Ê�w�L	Z�›
P�O	Ô�ù : (Z, A ) ! (Z + 2 , A) + 2 e! + 2 ! e

�Ç�á�”�Ä�æ�Ê�w�L	Z�›
P�˜�s�M	Ô�ù : (Z, A ) ! (Z + 2 , A) + 2 e! (4.2)

n p

e!

! e

n

! e

e!

p

W !

W !


$ 4.1: �Ç�á�”�Ä�æ�Ê�›
P�O�Ë	O�Õ�”�»�H�u

n p

e!

n

e!

p

W !

W !

! i, NI
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Ú
Q�]�q�t�Ž�<�w�‘�O�t�T�Z�”�\�q�U�˜�T�”�{

mNI
eff = Θ2

eI MI fβ(MI) (4.1)

�f�•�g�•�t�z�l
’�A�ù��
:�w�Í�å�Ý�”�»�›�E�Ö�`�o	{�V
¯�b�q

mN1
eff = Θ2

e1M1 fβ(M1) =






!
(
Ue2m

1/2
2 cos ! + Ue3m

1/2
3 sin !

)2
fβ(M1) for the NH case

!
(
Ue1m

1/2
1 cos ! + Ue2m

1/2
2 sin !

)2
fβ(M1) for the IH case

(4.2)

mN2
eff = Θ2

e2M2 fβ(M2) =






!
(
Ue2m

1/2
2 sin ! ! Ue3m

1/2
3 cos !

)2
fβ(M2) for the NH case

!
(
Ue1m

1/2
1 sin ! ! Ue2m

1/2
2 cos !

)2
fβ(M2) for the IH case

(4.3)
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�‹�0�X�z	O�M�M N2 �x�f�•�‘�“�‹�c�l�q	O�X�H�u�t�x�/�)�`�s�M	Ô�ù�›
Ý���`�h�{

M1 < MEW # M2 (4.4)

�‡�h�z�^�’�s�”	Ô�ù�˜�Z�q�`�o�z�‡�c M1 < Λβ �›�>���`�h�z�b�”�q�È�è�V�Ç�á�”�Ä�æ�Ê���R�w���®�í

�”�x�z�H
M�¼� �U�z

fβ(M1) = 1, fβ(M2) = 0 (4.5)

�p�K�“�z�Ž�<�w�‘�O�t	{�Z�”�\�q�t�s�”

meff =
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Ue2m

1/2
2 sin ! ! Ue3m

1/2
3 cos !

)2
for the NH case (4.6)

meff =
(
Ue1m

1/2
1 sin ! ! Ue2m
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2 cos !

)2
for the IH case (4.7)
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シーソー機構における
ニュートリノを伴わない⼆重ベータ崩壊

発表者 ⽥中和樹（新潟⼤）
共同研究者 淺賀岳彦（新潟⼤）⽯⽥裕之（KEK）

研究背景
注⽬した標準模型の問題点
問題点①ニュートリノの質量
近年の振動実験からニュートリノは極微な質量を持ち、その質量が他の
フェルミオンに⽐べて⾮常に⼩さいという事が判明した。
問題点②物質優勢宇宙
反粒⼦から成る反物質は、観測からほとんど存在しないことが知られてい
る。標準模型には⼗分に粒⼦・反粒⼦数にずれを⽣成する機構がない。

注⽬した問題点に対する有⼒な解決策
問題点① → シーソー機構[1]
標準模型に右巻きニュートリノを導⼊し、それが重いマヨラナ質量を持つ
事で極微な質量を⾃然に説明する。※右巻きニュートリノの質量が軽い場
合でも成⽴する、本研究では軽い右巻きニュートリノについて検討。
問題点② → レプトジェネシス[2]
右巻きニュートリノの崩壊によりレプトン数を⽣成する反応を仮定する。
このレプトン数をバリオン数へ転換する事で、物質優勢宇宙を実現する。
※レプトン数は（レプトン・反レプトン数のずれ）、バリオン数も同義。

研究背景と⽬的 ニュートリノを伴わない⼆重ベータ崩壊（標準模型＋ニュートリノ 質量）
ベータ崩壊が⼆つ同時に起こる反応で、全体としてニュートリノの放出を
伴わない。

反応式
!, # → ! + 2, # + 2'!

崩壊率
Γ ∝ *"## $

有効質量
*"## = ∑%-&%

$*%

→ 右巻きニュートリノの質量が軽い
場合、有効質量に付加的な寄与を
与える。

本研究の⽬的
・シーソー機構で導⼊される右巻きニュートリノが崩壊にどのような影響
を与えるか。
・この時、要請される条件をマヨラナ位相、質量階層性に関して検討す
る。
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FIG. 1: Required values of !r (left) and X! (right) for the
vanishing e↵ective mass in the NH or IH case (red-solid or
blue-dashed line).

FIG. 2: Mixing elements |⇥↵1|2 for the vanishing e↵ective
neutrino mass in the NH (left) and IH (right) cases. Here,
M1 = 100 MeV for both cases. The solid (red), dashed (blue),
and dot-dashed (black) lines represent ↵ = e, µ, and ⌧ , re-
spectively.

In Fig. 1 we show the real and imaginary parts of !
satisfying the cancellation condition (12). It is found
from Eq. (12) that the maximal value of X! is achieved
by the CP violating phases �+⌘ = �⇡/2 for the NH case
while ⌘ = ⇡/2 in the IH case. Notice that X! becomes
unity (i.e., no imaginary part of !) when ⌘ = �� in the
NH case and ⌘ = 0 (⇡) in the IH case, respectively.

It is, therefore, found that the contribution to me↵

from active neutrinos can be obscured by the light right-
handed neutrino when Eq. (12) is fulfilled. In this case we
can determine the mixing elements of of N1 for a given
mass depending on the Majorana phase. This point is
illustrated in Fig. 2.

Interestingly, the flavor structure of the mixing ele-
ments highly depends on the values of Majorana phase
⌘. This pattern of the mixing elements may be tested
by future direct search experiments of right-handed neu-
trinos. In the NH case |⇥µ1|

2
� |⇥e1|

2 and then the
experiments like the peak search in K ! µ +N1 for in-
stance would help the observation. On the other hand, in
the IH case |⇥e1|

2 or |⇥µ1|
2 becomes dominant depend-

ing on ⌘, and K ! e+N1 or K ! µ+N1 would be the
golden channel for the discovery. Since the relative sizes
of the mixing elements are not so much identical we can
extract important information of the mass hierarchy and

the Majorana phase ⌘ from the combination of |⇥e1|
2 and

|⇥µ1|
2 under the situation of no 0⌫�� decay is observed.

When the e↵ective mass vanishes, the lifetime of N1

can be predicted by M1 and ⌘. In the mass region of
interest the possible decay channels are N1 ! ⌫⌫⌫ and
N1 ! ⌫e+e� (when M1 > 2me) and we find the range of
the lifetime is

⌧ '

8
>>>><

>>>>:

(5-6)⇥ 103 sec

✓
100 MeV

M1

◆4

for the NH case

(0.9-2)⇥ 103 sec

✓
100 MeV

M1

◆4

for the IH case

.

(13)

The suggested values of the lifetime are so long that
N1 decays after the onset of the big-bang nucleosynthe-
sis (BBN) and would destroy the success of the BBN
and/or conflict with the observational data of the cos-
mic microwave background radiation. One possibility to
avoid this di�culty is the dilution of the N1 abundance
by the late time entropy production. Such an additional
production may be realized by the decay of the heavier
right-handed neutrino N2 [49].

To summarize we have examined the neutrinoless dou-
ble beta decay in the seesaw mechanism by two right-
handed neutrinos. The Majorana nature of active neutri-
nos and right-handed neutrinos breaks the lepton number
of the theory, which may lead to the neutrinoless double
beta decay. When the masses of right-handed neutrinos,
however, are lighter than or comparable to the scale ⇤� ,
they can give a significant e↵ect, and the e↵ective mass
can vanish in some cases.

In this letter we have found a possibility when M1 .
⇤� ⌧ M2. It has been shown that N1 contribution can
obliterate the neutrinoless double beta decay even if ac-
tive neutrinos do contribute it. If this is the case, the un-
known parameters related to right-handed neutrinos ap-
peared in ⌦ are highly restricted and the mixing elements
of N1 can be determined by the Majorana phase and
the mass hierarchy of active neutrinos. Inversely speak-
ing, we may obtain important information of the missing
piece of neutrino properties, namely the Majorana phase
and the mass hierarchy, from the relative sizes among the
mixing elements of right-handed neutrinos measured at
the future terrestrial experiments together with no neu-
trinoless double beta decay.
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ing on ⌘, and K ! e+N1 or K ! µ+N1 would be the
golden channel for the discovery. Since the relative sizes
of the mixing elements are not so much identical we can
extract important information of the mass hierarchy and

the Majorana phase ⌘ from the combination of |⇥e1|
2 and

|⇥µ1|
2 under the situation of no 0⌫�� decay is observed.

When the e↵ective mass vanishes, the lifetime of N1

can be predicted by M1 and ⌘. In the mass region of
interest the possible decay channels are N1 ! ⌫⌫⌫ and
N1 ! ⌫e+e� (when M1 > 2me) and we find the range of
the lifetime is
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The suggested values of the lifetime are so long that
N1 decays after the onset of the big-bang nucleosynthe-
sis (BBN) and would destroy the success of the BBN
and/or conflict with the observational data of the cos-
mic microwave background radiation. One possibility to
avoid this di�culty is the dilution of the N1 abundance
by the late time entropy production. Such an additional
production may be realized by the decay of the heavier
right-handed neutrino N2 [49].

To summarize we have examined the neutrinoless dou-
ble beta decay in the seesaw mechanism by two right-
handed neutrinos. The Majorana nature of active neutri-
nos and right-handed neutrinos breaks the lepton number
of the theory, which may lead to the neutrinoless double
beta decay. When the masses of right-handed neutrinos,
however, are lighter than or comparable to the scale ⇤� ,
they can give a significant e↵ect, and the e↵ective mass
can vanish in some cases.

In this letter we have found a possibility when M1 .
⇤� ⌧ M2. It has been shown that N1 contribution can
obliterate the neutrinoless double beta decay even if ac-
tive neutrinos do contribute it. If this is the case, the un-
known parameters related to right-handed neutrinos ap-
peared in ⌦ are highly restricted and the mixing elements
of N1 can be determined by the Majorana phase and
the mass hierarchy of active neutrinos. Inversely speak-
ing, we may obtain important information of the missing
piece of neutrino properties, namely the Majorana phase
and the mass hierarchy, from the relative sizes among the
mixing elements of right-handed neutrinos measured at
the future terrestrial experiments together with no neu-
trinoless double beta decay.
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FIG. 1: Required values of !r (left) and X! (right) for the
vanishing e↵ective mass in the NH or IH case (red-solid or
blue-dashed line).

FIG. 2: Mixing elements |⇥↵1|2 for the vanishing e↵ective
neutrino mass in the NH (left) and IH (right) cases. Here,
M1 = 100 MeV for both cases. The solid (red), dashed (blue),
and dot-dashed (black) lines represent ↵ = e, µ, and ⌧ , re-
spectively.
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handed neutrino when Eq. (12) is fulfilled. In this case we
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by future direct search experiments of right-handed neu-
trinos. In the NH case |⇥µ1|
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The suggested values of the lifetime are so long that
N1 decays after the onset of the big-bang nucleosynthe-
sis (BBN) and would destroy the success of the BBN
and/or conflict with the observational data of the cos-
mic microwave background radiation. One possibility to
avoid this di�culty is the dilution of the N1 abundance
by the late time entropy production. Such an additional
production may be realized by the decay of the heavier
right-handed neutrino N2 [49].

To summarize we have examined the neutrinoless dou-
ble beta decay in the seesaw mechanism by two right-
handed neutrinos. The Majorana nature of active neutri-
nos and right-handed neutrinos breaks the lepton number
of the theory, which may lead to the neutrinoless double
beta decay. When the masses of right-handed neutrinos,
however, are lighter than or comparable to the scale ⇤� ,
they can give a significant e↵ect, and the e↵ective mass
can vanish in some cases.

In this letter we have found a possibility when M1 .
⇤� ⌧ M2. It has been shown that N1 contribution can
obliterate the neutrinoless double beta decay even if ac-
tive neutrinos do contribute it. If this is the case, the un-
known parameters related to right-handed neutrinos ap-
peared in ⌦ are highly restricted and the mixing elements
of N1 can be determined by the Majorana phase and
the mass hierarchy of active neutrinos. Inversely speak-
ing, we may obtain important information of the missing
piece of neutrino properties, namely the Majorana phase
and the mass hierarchy, from the relative sizes among the
mixing elements of right-handed neutrinos measured at
the future terrestrial experiments together with no neu-
trinoless double beta decay.
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図２．有効質量がゼロとなる時の混合⾓の⼤きさ、順階層性 (左図)、逆階
層性(右図)。;) = 100MeV。
今後の展望
・軽い⽅の右巻きニュートリノ質量領域を拡張して同様の議論ができるか
検証する。→#104⽯⽥さんへ
・レプトン数を破る他の反応に対しても検証。（例︓ @! → '!'!A*）

研究内容 シーソー機構における有効質量
*"## = *"##

+ +*"##
,

アクティブニュートリノ︓ *"##
+ = ∑%-&%

$*%
右巻きニュートリノ ︓ *"##

, = ∑-Θ&-
$ ;-C.(;-)

ここで、 C.(;-)は右巻きニュートリノの伝播関数からくる因⼦で、その質
量が原⼦核中の典型的な fermi momentum Λ.より⼗分に重い時、右巻き
ニュートリノは伝播しない為、その寄与をゼロとするようにとる。[6]

C. ;- = Λ.
$ /(Λ.

$ +;-
$) Λ. ≃ G 10$ MeV

順階層性の場合(*/ > *$ > *) = 0)で、有効質量がゼロとなる条件を考え
る
右巻きニュートリノの質量;) < Λ. ≪ ;$より、C. ;) = 1 , C. ;$ = 0

有効質量は以下のように書ける
*"## = -&$

$ *$ + -&/
$ */ + Θ&)

$ ;)

= *$
)/$-&$ sin2 −*/

)/$-&/ cos2
$

逆階層性の場合 *) > *$ > */ = 0 でも、同様の計算で求まる。
以上から次のことが主張できる。
・崩壊が起こらない条件式により右巻きニュートリノの相互作⽤が限定さ
れる。
・将来実験で Θ1) $のフレーバー構造から、マヨラナ位相 Q や質量階層性
を検証できる。

∴ tan2 =
-&/*/

)/$

-&$*$
)/$

標準模型に右巻きニュートリノ12を導⼊、
ℒ = ℒ34 + 512-V5W512- − X1- YZ1Φ12- +;-12-

6 12-/2 + ℎ. ^.
・簡単の為、2世代の右巻きニュートリノ 12), 12$ 導⼊を考える。
（この時、アクティブニュートリノの質量は⼀番軽いものがゼロとなる。）
・質量は階層的で、⼀⽅が原⼦核中の典型的な fermi momentum Λ.(数百
MeV程度)より軽く、もう⼀⽅が⼗分に重い場合を考える。 ;) < Λ. ≪ ;$
・ニュートリノ混合

171︓左巻きニュートリノ、 1%︓アクティブニュートリノ
_-︓重い中性レプトン（以降は単に右巻きニュートリノと呼ぶ）
-1%︓アクティブニュートリノの混合要素（PMNS⾏列要素[3],[4]）
Θ&-︓右巻きニュートリノの混合要素 (Θ ≡ ;8/;-)

相互作⽤を決めるパラメータ
Casas-Ibarra parametrization[5]︓X = 5-`+

)/$Ω`,
)/$/ Φ

`+ = diag *), *$, */ `, = diag(;), ;$)

右巻きニュートリノ混合⾏列︓Ω =
0 0

cos2 − sin2
sin2 cos2

※ここで2は複素数

混合要素と湯川結合定数の関係︓Θ&) = Φ X&)/;)

・崩壊が起こらない場合の右巻きニュートリノの混合⾓に対する予⾔
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ニュートリノを伴わない⼆重ベータ崩壊
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研究背景
注⽬した標準模型の問題点
問題点①ニュートリノの質量
近年の振動実験からニュートリノは極微な質量を持ち、その質量が他の
フェルミオンに⽐べて⾮常に⼩さいという事が判明した。
問題点②物質優勢宇宙
反粒⼦から成る反物質は、観測からほとんど存在しないことが知られてい
る。標準模型には⼗分に粒⼦・反粒⼦数にずれを⽣成する機構がない。

注⽬した問題点に対する有⼒な解決策
問題点① → シーソー機構[1]
標準模型に右巻きニュートリノを導⼊し、それが重いマヨラナ質量を持つ
事で極微な質量を⾃然に説明する。※右巻きニュートリノの質量が軽い場
合でも成⽴する、本研究では軽い右巻きニュートリノについて検討。
問題点② → レプトジェネシス[2]
右巻きニュートリノの崩壊によりレプトン数を⽣成する反応を仮定する。
このレプトン数をバリオン数へ転換する事で、物質優勢宇宙を実現する。
※レプトン数は（レプトン・反レプトン数のずれ）、バリオン数も同義。

研究背景と⽬的 ニュートリノを伴わない⼆重ベータ崩壊（標準模型＋ニュートリノ 質量）
ベータ崩壊が⼆つ同時に起こる反応で、全体としてニュートリノの放出を
伴わない。

反応式
!, # → ! + 2, # + 2'!

崩壊率
Γ ∝ *"## $

有効質量
*"## = ∑%-&%

$*%

→ 右巻きニュートリノの質量が軽い
場合、有効質量に付加的な寄与を
与える。

本研究の⽬的
・シーソー機構で導⼊される右巻きニュートリノが崩壊にどのような影響
を与えるか。
・この時、要請される条件をマヨラナ位相、質量階層性に関して検討す
る。

.
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. /

'
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FIG. 1: Required values of !r (left) and X! (right) for the
vanishing e↵ective mass in the NH or IH case (red-solid or
blue-dashed line).

FIG. 2: Mixing elements |⇥↵1|2 for the vanishing e↵ective
neutrino mass in the NH (left) and IH (right) cases. Here,
M1 = 100 MeV for both cases. The solid (red), dashed (blue),
and dot-dashed (black) lines represent ↵ = e, µ, and ⌧ , re-
spectively.

In Fig. 1 we show the real and imaginary parts of !
satisfying the cancellation condition (12). It is found
from Eq. (12) that the maximal value of X! is achieved
by the CP violating phases �+⌘ = �⇡/2 for the NH case
while ⌘ = ⇡/2 in the IH case. Notice that X! becomes
unity (i.e., no imaginary part of !) when ⌘ = �� in the
NH case and ⌘ = 0 (⇡) in the IH case, respectively.

It is, therefore, found that the contribution to me↵

from active neutrinos can be obscured by the light right-
handed neutrino when Eq. (12) is fulfilled. In this case we
can determine the mixing elements of of N1 for a given
mass depending on the Majorana phase. This point is
illustrated in Fig. 2.

Interestingly, the flavor structure of the mixing ele-
ments highly depends on the values of Majorana phase
⌘. This pattern of the mixing elements may be tested
by future direct search experiments of right-handed neu-
trinos. In the NH case |⇥µ1|

2
� |⇥e1|

2 and then the
experiments like the peak search in K ! µ +N1 for in-
stance would help the observation. On the other hand, in
the IH case |⇥e1|

2 or |⇥µ1|
2 becomes dominant depend-

ing on ⌘, and K ! e+N1 or K ! µ+N1 would be the
golden channel for the discovery. Since the relative sizes
of the mixing elements are not so much identical we can
extract important information of the mass hierarchy and

the Majorana phase ⌘ from the combination of |⇥e1|
2 and

|⇥µ1|
2 under the situation of no 0⌫�� decay is observed.

When the e↵ective mass vanishes, the lifetime of N1

can be predicted by M1 and ⌘. In the mass region of
interest the possible decay channels are N1 ! ⌫⌫⌫ and
N1 ! ⌫e+e� (when M1 > 2me) and we find the range of
the lifetime is

⌧ '
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The suggested values of the lifetime are so long that
N1 decays after the onset of the big-bang nucleosynthe-
sis (BBN) and would destroy the success of the BBN
and/or conflict with the observational data of the cos-
mic microwave background radiation. One possibility to
avoid this di�culty is the dilution of the N1 abundance
by the late time entropy production. Such an additional
production may be realized by the decay of the heavier
right-handed neutrino N2 [49].

To summarize we have examined the neutrinoless dou-
ble beta decay in the seesaw mechanism by two right-
handed neutrinos. The Majorana nature of active neutri-
nos and right-handed neutrinos breaks the lepton number
of the theory, which may lead to the neutrinoless double
beta decay. When the masses of right-handed neutrinos,
however, are lighter than or comparable to the scale ⇤� ,
they can give a significant e↵ect, and the e↵ective mass
can vanish in some cases.

In this letter we have found a possibility when M1 .
⇤� ⌧ M2. It has been shown that N1 contribution can
obliterate the neutrinoless double beta decay even if ac-
tive neutrinos do contribute it. If this is the case, the un-
known parameters related to right-handed neutrinos ap-
peared in ⌦ are highly restricted and the mixing elements
of N1 can be determined by the Majorana phase and
the mass hierarchy of active neutrinos. Inversely speak-
ing, we may obtain important information of the missing
piece of neutrino properties, namely the Majorana phase
and the mass hierarchy, from the relative sizes among the
mixing elements of right-handed neutrinos measured at
the future terrestrial experiments together with no neu-
trinoless double beta decay.
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FIG. 1: Required values of !r (left) and X! (right) for the
vanishing e↵ective mass in the NH or IH case (red-solid or
blue-dashed line).

FIG. 2: Mixing elements |⇥↵1|2 for the vanishing e↵ective
neutrino mass in the NH (left) and IH (right) cases. Here,
M1 = 100 MeV for both cases. The solid (red), dashed (blue),
and dot-dashed (black) lines represent ↵ = e, µ, and ⌧ , re-
spectively.

In Fig. 1 we show the real and imaginary parts of !
satisfying the cancellation condition (12). It is found
from Eq. (12) that the maximal value of X! is achieved
by the CP violating phases �+⌘ = �⇡/2 for the NH case
while ⌘ = ⇡/2 in the IH case. Notice that X! becomes
unity (i.e., no imaginary part of !) when ⌘ = �� in the
NH case and ⌘ = 0 (⇡) in the IH case, respectively.

It is, therefore, found that the contribution to me↵

from active neutrinos can be obscured by the light right-
handed neutrino when Eq. (12) is fulfilled. In this case we
can determine the mixing elements of of N1 for a given
mass depending on the Majorana phase. This point is
illustrated in Fig. 2.

Interestingly, the flavor structure of the mixing ele-
ments highly depends on the values of Majorana phase
⌘. This pattern of the mixing elements may be tested
by future direct search experiments of right-handed neu-
trinos. In the NH case |⇥µ1|
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experiments like the peak search in K ! µ +N1 for in-
stance would help the observation. On the other hand, in
the IH case |⇥e1|

2 or |⇥µ1|
2 becomes dominant depend-

ing on ⌘, and K ! e+N1 or K ! µ+N1 would be the
golden channel for the discovery. Since the relative sizes
of the mixing elements are not so much identical we can
extract important information of the mass hierarchy and

the Majorana phase ⌘ from the combination of |⇥e1|
2 and

|⇥µ1|
2 under the situation of no 0⌫�� decay is observed.

When the e↵ective mass vanishes, the lifetime of N1

can be predicted by M1 and ⌘. In the mass region of
interest the possible decay channels are N1 ! ⌫⌫⌫ and
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The suggested values of the lifetime are so long that
N1 decays after the onset of the big-bang nucleosynthe-
sis (BBN) and would destroy the success of the BBN
and/or conflict with the observational data of the cos-
mic microwave background radiation. One possibility to
avoid this di�culty is the dilution of the N1 abundance
by the late time entropy production. Such an additional
production may be realized by the decay of the heavier
right-handed neutrino N2 [49].

To summarize we have examined the neutrinoless dou-
ble beta decay in the seesaw mechanism by two right-
handed neutrinos. The Majorana nature of active neutri-
nos and right-handed neutrinos breaks the lepton number
of the theory, which may lead to the neutrinoless double
beta decay. When the masses of right-handed neutrinos,
however, are lighter than or comparable to the scale ⇤� ,
they can give a significant e↵ect, and the e↵ective mass
can vanish in some cases.

In this letter we have found a possibility when M1 .
⇤� ⌧ M2. It has been shown that N1 contribution can
obliterate the neutrinoless double beta decay even if ac-
tive neutrinos do contribute it. If this is the case, the un-
known parameters related to right-handed neutrinos ap-
peared in ⌦ are highly restricted and the mixing elements
of N1 can be determined by the Majorana phase and
the mass hierarchy of active neutrinos. Inversely speak-
ing, we may obtain important information of the missing
piece of neutrino properties, namely the Majorana phase
and the mass hierarchy, from the relative sizes among the
mixing elements of right-handed neutrinos measured at
the future terrestrial experiments together with no neu-
trinoless double beta decay.
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FIG. 1: Required values of !r (left) and X! (right) for the
vanishing e↵ective mass in the NH or IH case (red-solid or
blue-dashed line).

FIG. 2: Mixing elements |⇥↵1|2 for the vanishing e↵ective
neutrino mass in the NH (left) and IH (right) cases. Here,
M1 = 100 MeV for both cases. The solid (red), dashed (blue),
and dot-dashed (black) lines represent ↵ = e, µ, and ⌧ , re-
spectively.

In Fig. 1 we show the real and imaginary parts of !
satisfying the cancellation condition (12). It is found
from Eq. (12) that the maximal value of X! is achieved
by the CP violating phases �+⌘ = �⇡/2 for the NH case
while ⌘ = ⇡/2 in the IH case. Notice that X! becomes
unity (i.e., no imaginary part of !) when ⌘ = �� in the
NH case and ⌘ = 0 (⇡) in the IH case, respectively.

It is, therefore, found that the contribution to me↵

from active neutrinos can be obscured by the light right-
handed neutrino when Eq. (12) is fulfilled. In this case we
can determine the mixing elements of of N1 for a given
mass depending on the Majorana phase. This point is
illustrated in Fig. 2.

Interestingly, the flavor structure of the mixing ele-
ments highly depends on the values of Majorana phase
⌘. This pattern of the mixing elements may be tested
by future direct search experiments of right-handed neu-
trinos. In the NH case |⇥µ1|

2
� |⇥e1|

2 and then the
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2 becomes dominant depend-
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of the mixing elements are not so much identical we can
extract important information of the mass hierarchy and

the Majorana phase ⌘ from the combination of |⇥e1|
2 and

|⇥µ1|
2 under the situation of no 0⌫�� decay is observed.

When the e↵ective mass vanishes, the lifetime of N1

can be predicted by M1 and ⌘. In the mass region of
interest the possible decay channels are N1 ! ⌫⌫⌫ and
N1 ! ⌫e+e� (when M1 > 2me) and we find the range of
the lifetime is

⌧ '

8
>>>><

>>>>:

(5-6)⇥ 103 sec

✓
100 MeV

M1

◆4

for the NH case

(0.9-2)⇥ 103 sec

✓
100 MeV

M1

◆4

for the IH case

.

(13)

The suggested values of the lifetime are so long that
N1 decays after the onset of the big-bang nucleosynthe-
sis (BBN) and would destroy the success of the BBN
and/or conflict with the observational data of the cos-
mic microwave background radiation. One possibility to
avoid this di�culty is the dilution of the N1 abundance
by the late time entropy production. Such an additional
production may be realized by the decay of the heavier
right-handed neutrino N2 [49].

To summarize we have examined the neutrinoless dou-
ble beta decay in the seesaw mechanism by two right-
handed neutrinos. The Majorana nature of active neutri-
nos and right-handed neutrinos breaks the lepton number
of the theory, which may lead to the neutrinoless double
beta decay. When the masses of right-handed neutrinos,
however, are lighter than or comparable to the scale ⇤� ,
they can give a significant e↵ect, and the e↵ective mass
can vanish in some cases.

In this letter we have found a possibility when M1 .
⇤� ⌧ M2. It has been shown that N1 contribution can
obliterate the neutrinoless double beta decay even if ac-
tive neutrinos do contribute it. If this is the case, the un-
known parameters related to right-handed neutrinos ap-
peared in ⌦ are highly restricted and the mixing elements
of N1 can be determined by the Majorana phase and
the mass hierarchy of active neutrinos. Inversely speak-
ing, we may obtain important information of the missing
piece of neutrino properties, namely the Majorana phase
and the mass hierarchy, from the relative sizes among the
mixing elements of right-handed neutrinos measured at
the future terrestrial experiments together with no neu-
trinoless double beta decay.
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図２．有効質量がゼロとなる時の混合⾓の⼤きさ、順階層性 (左図)、逆階
層性(右図)。;) = 100MeV。
今後の展望
・軽い⽅の右巻きニュートリノ質量領域を拡張して同様の議論ができるか
検証する。→#104⽯⽥さんへ
・レプトン数を破る他の反応に対しても検証。（例︓ @! → '!'!A*）

研究内容 シーソー機構における有効質量
*"## = *"##

+ +*"##
,

アクティブニュートリノ︓ *"##
+ = ∑%-&%

$*%
右巻きニュートリノ ︓ *"##

, = ∑-Θ&-
$ ;-C.(;-)

ここで、 C.(;-)は右巻きニュートリノの伝播関数からくる因⼦で、その質
量が原⼦核中の典型的な fermi momentum Λ.より⼗分に重い時、右巻き
ニュートリノは伝播しない為、その寄与をゼロとするようにとる。[6]

C. ;- = Λ.
$ /(Λ.

$ +;-
$) Λ. ≃ G 10$ MeV

順階層性の場合(*/ > *$ > *) = 0)で、有効質量がゼロとなる条件を考え
る
右巻きニュートリノの質量;) < Λ. ≪ ;$より、C. ;) = 1 , C. ;$ = 0

有効質量は以下のように書ける
*"## = -&$

$ *$ + -&/
$ */ + Θ&)

$ ;)

= *$
)/$-&$ sin2 −*/

)/$-&/ cos2
$

逆階層性の場合 *) > *$ > */ = 0 でも、同様の計算で求まる。
以上から次のことが主張できる。
・崩壊が起こらない条件式により右巻きニュートリノの相互作⽤が限定さ
れる。
・将来実験で Θ1) $のフレーバー構造から、マヨラナ位相 Q や質量階層性
を検証できる。

∴ tan2 =
-&/*/

)/$

-&$*$
)/$

標準模型に右巻きニュートリノ12を導⼊、
ℒ = ℒ34 + 512-V5W512- − X1- YZ1Φ12- +;-12-

6 12-/2 + ℎ. ^.
・簡単の為、2世代の右巻きニュートリノ 12), 12$ 導⼊を考える。
（この時、アクティブニュートリノの質量は⼀番軽いものがゼロとなる。）
・質量は階層的で、⼀⽅が原⼦核中の典型的な fermi momentum Λ.(数百
MeV程度)より軽く、もう⼀⽅が⼗分に重い場合を考える。 ;) < Λ. ≪ ;$
・ニュートリノ混合

171︓左巻きニュートリノ、 1%︓アクティブニュートリノ
_-︓重い中性レプトン（以降は単に右巻きニュートリノと呼ぶ）
-1%︓アクティブニュートリノの混合要素（PMNS⾏列要素[3],[4]）
Θ&-︓右巻きニュートリノの混合要素 (Θ ≡ ;8/;-)

相互作⽤を決めるパラメータ
Casas-Ibarra parametrization[5]︓X = 5-`+

)/$Ω`,
)/$/ Φ

`+ = diag *), *$, */ `, = diag(;), ;$)

右巻きニュートリノ混合⾏列︓Ω =
0 0

cos2 − sin2
sin2 cos2

※ここで2は複素数

混合要素と湯川結合定数の関係︓Θ&) = Φ X&)/;)

・崩壊が起こらない場合の右巻きニュートリノの混合⾓に対する予⾔

基研研究会 素粒⼦物理学の進展2020
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mNI
e! = ! 2

eI M I f ! (M I ) (4.1)

�f�•�g�•�t�z�l
’�A�ù��
:�w�Í�å�Ý�”�»�›�E�Ö�`�o	{�V
¯�b�q

mN1
e! = ! 2

e1 M 1 f ! (M 1) =

!
"#

"$

!
%

Ue2m1/ 2
2 cos! + Ue3m1/ 2

3 sin !
&2

f ! (M 1) for the NH case

!
%

Ue1m1/ 2
1 cos! + Ue2m1/ 2

2 sin !
&2

f ! (M 1) for the IH case
(4.2)

mN2
e! = ! 2

e2 M 2 f ! (M 2) =

!
"#

"$

!
%

Ue2m1/ 2
2 sin ! ! Ue3m1/ 2

3 cos!
&2

f ! (M 2) for the NH case

!
%

Ue1m1/ 2
1 sin ! ! Ue2m1/ 2

2 cos!
&2

f ! (M 2) for the IH case
(4.3)

�\�\�T�’�z�È�è�V�Ç�á�”�Ä�æ�Ê�t�‘�”�Ç�á�”�Ä�æ�Ê�›
P�˜�s�M�Ë	O�Õ�”�»�H�u�•�w�è�¹�›�z���®�í

�”�›�_�”�\�q�p	Ä�`�X�_�o�M�X�{�‡�h�z�f�w�è�¹�›�˜�T�“�•�b�X�b�”�h�Š�t�z�È�è�V�Ç�á�”�Ä�æ�Ê�w

�í�”�–�¬�t
M�v�›�m�Z�o	Ô�ù�˜�Z�b�”�{

�H�°�t�z�È�è�V�Ç�á�”�Ä�æ�Ê�w�í�”�U�Š
Ú�$�p�z�0�M�M N1 �U�?	��µ�­�”�ç M EW " O(102)GeV �‘�“

�‹�0�X�z	O�M�M N2 �x�f�•�‘�“�‹�c�l�q	O�X�H�u�t�x�/�)�`�s�M	Ô�ù�›
Ý���`�h�{

M 1 < M EW # M 2 (4.4)

�‡�h�z�^�’�s�”	Ô�ù�˜�Z�q�`�o�z�‡�c M 1 < " ! �›�>���`�h�z�b�”�q�È�è�V�Ç�á�”�Ä�æ�Ê���R�w���®�í

�”�x�z�H
M�¼� �U�z

f ! (M 1) = 1 , f ! (M 2) = 0 (4.5)

�p�K�“�z�Ž�<�w�‘�O�t	{�Z�”�\�q�t�s�”

me! =
%

Ue2m1/ 2
2 sin ! ! Ue3m1/ 2

3 cos!
&2

for the NH case (4.6)

me! =
%

Ue1m1/ 2
1 sin ! ! Ue2m1/ 2

2 cos!
&2

for the IH case (4.7)
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mNI
eff = Θ2

eI MI fβ(MI) (4.1)

�f�•�g�•�t�z�l
’�A�ù��
:�w�Í�å�Ý�”�»�›�E�Ö�`�o	{�V
¯�b�q

mN1
eff = Θ2

e1M1 fβ(M1) =






!
(
Ue2m

1/2
2 cos ! + Ue3m

1/2
3 sin !

)2
fβ(M1) for the NH case

!
(
Ue1m

1/2
1 cos ! + Ue2m

1/2
2 sin !

)2
fβ(M1) for the IH case

(4.2)

mN2
eff = Θ2

e2M2 fβ(M2) =






!
(
Ue2m

1/2
2 sin ! ! Ue3m

1/2
3 cos !

)2
fβ(M2) for the NH case

!
(
Ue1m

1/2
1 sin ! ! Ue2m

1/2
2 cos !

)2
fβ(M2) for the IH case

(4.3)
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M1 < MEW # M2 (4.4)
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fβ(M1) = 1, fβ(M2) = 0 (4.5)
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meff =
(
Ue2m

1/2
2 sin ! ! Ue3m

1/2
3 cos !

)2
for the NH case (4.6)

meff =
(
Ue1m

1/2
1 sin ! ! Ue2m

1/2
2 cos !

)2
for the IH case (4.7)

6

-1

-0.5

 0

 0.5

 1

 0  0.5  1

!
r/"

#/"

NH
IH


$ 4.1: �H�u�U�I�\�’�s�M ! �w	Ú�E

�\�w�q�V�z�0�M�È�è�V�Ç�á�”�Ä�æ�Ê�w�/�)�U�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�t�‘�”�/�)�›
ì�t�`�o�z�H�u�›


M�š�b�”�\�q�U�˜�T�l�h�{�›�t�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�æ�»�t���‡�•�”�Í�å�Ý�”�»�"�U�›���w	Ú�E

�›�¬�h�b�q�V�z�H�u�U�I�\�’�s�X�s�”�D�ó
Q�U�K�”�\�q�›�_	Z�`�h�{�H�u�›�I�\�^�s�M�È�è�V�Ç�á�”

�Ä�æ�Ê�w	Ú�E�Ü�U�Ž�<�w�‘�O�t���?�t	{�Z�”�{

tan ! =
Ue3m1/ 2

3

Ue2m1/ 2
2

for the NH case (4.8)

tan ! =
Ue2m1/ 2

2

Ue1m1/ 2
1

for the IH case (4.9)

�Í�t�z�‘�“�°
`�t�0�M�M�w�È�è�V�Ç�á�”�Ä�æ�Ê N1 �w�í�”�–�¬�›�G�V�X	��”�z�\�w�q�V f ! (M 1) != 1
�s�w�p�z���®�í�”�x�Ž�<�w�‘�O�t�s�”�{

me! =
!

Ue2m1/ 2
2 sin ! " Ue3m1/ 2

3 cos!
" 2

+
!

Ue2m1/ 2
2 cos! + Ue3m1/ 2

3 sin !
" 2

# " 2
f (4.10)

�\�\�p " f (1 > "f > 0)

f ! (M 1) = 1 " " 2
f (4.11)

�H�u�U�I�\�’�s�M	Ú�E�x�z

tan ! =
A ± i " f

1 $ i " f A
% tan ! ± (4.12)
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æ ! r �~�•
æ ! i �U�f�•�g�•�Í�w	Ú�E�›�¬�h�b�{

tan 2! r =
2ReA

1 " |A|2
(4.13)

X 2
" =

1 ± "f

1 $ "f

#
1 + |A|2 + 2Im A
1 + |A|2 " 2ImA

(4.14)
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7

-1

-0.5

 0

 0.5

 1

 0  0.5  1

ω
r/
π

η/π

NH

IH


$ 4.1: �H�u�U�I�\�’�s�M ! �w	Ú�E

�\�w�q�V�z�0�M�È�è�V�Ç�á�”�Ä�æ�Ê�w�/�)�U�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�t�‘�”�/�)�›
ì�t�`�o�z�H�u�›


M�š�b�”�\�q�U�˜�T�l�h�{�›�t�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�æ�»�t���‡�•�”�Í�å�Ý�”�»�"�U�›���w	Ú�E

�›�¬�h�b�q�V�z�H�u�U�I�\�’�s�X�s�”�D�ó
Q�U�K�”�\�q�›�_	Z�`�h�{�H�u�›�I�\�^�s�M�È�è�V�Ç�á�”

�Ä�æ�Ê�w	Ú�E�Ü�U�Ž�<�w�‘�O�t���?�t	{�Z�”�{

tan ! =
Ue3m

1/ 2
3

Ue2m
1/ 2
2

for the NH case (4.8)

tan ! =
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meff =
(

Ue2m
1/ 2
2 sin ! − Ue3m

1/ 2
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)2
+
(

Ue2m
1/ 2
2 cos! + Ue3m

1/ 2
3 sin !

)2
× " 2f (4.10)

�\�\�p " f (1 > "f > 0)

f β(M 1) = 1 − " 2f (4.11)

�H�u�U�I�\�’�s�M	Ú�E�x�z

tan ! =
A ± i " f

1∓ i " f A
≡ tan ! ± (4.12)

�q�M�O�‘�O�t	{�Z�z�\�w�q�V ! �w�î
æ ! r �~�•
æ ! i �U�f�•�g�•�Í�w	Ú�E�›�¬�h�b�{

tan 2! r =
2ReA

1− |A|2 (4.13)

X 2
ω =

1± " f

1∓ " f

√
1 + |A|2 + 2Im A
1 + |A|2 − 2ImA

(4.14)
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¶�.�q�`�o�Ç�á�”�Ä�æ�Ê�w�L	Z�›
P�˜�s�M�Þ�”�Å�x�z�Ç�á�”�Ä�æ

�Ê�w	O�A�s
Q�í�w�{�q�m�¢�Ú�ä�å�Æ�{� �p�K�”�T
q�T�£�›�r�Ì�b�”�h�Š�t	O�A�s�a���p�K�”�{

(Z, A ) ! (Z + 2 , A) + 2 e! (3.1)

�H�u�w
R�n�8�x�Ž�<�p�>�‡�”�{

! ! 1
1/ 2 = G |M me! |2 (3.2)

�H�u�x���®�í�” me! �q�M�O�Í�å�Ý�”�»�p�›�Ã
Ç�Z�’�•�z�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�q�È�è�V�Ç�á�”�Ä�æ

�Ê�w
Ò�M�U�/�)�›�)�Q�”�{

me! = m!
e! + mN

e! (3.3)

�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�q�È�è�V�Ç�á�”�Ä�æ�Ê�T�’�w�/�)�x�f�•�g�•�Ž�<�w�‘�O�t	{�Z�”�z

m!
e! =

!

i

U2
eimi (3.4)

mN
e! =

!

I

! 2
eI M I f " (M I ) (3.5)

f " (M I ) =
" 2

"

" 2
" + M 2

I
(3.6)

�\�w�Ì�z�È�è�V�Ç�á�”�Ä�æ�Ê�t�‘�”�/�)�x�z�j� �©�¤�w�/���$�s�Ñ�£�ç�Û�á�ˆ�” " " �¢ 100MeV���S�£

�t�0�`�o�È�è�V�Ç�á�”�Ä�æ�Ê�w�í�”�U	–�^�M�q�V�t�f�¶�q�s�”�{
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$ 4.1: �H�u�U�I�\�’�s�M ! �w	Ú�E

�\�w�q�V�z�0�M�È�è�V�Ç�á�”�Ä�æ�Ê�w�/�)�U�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�t�‘�”�/�)�›
ì�t�`�o�z�H�u�›


M�š�b�”�\�q�U�˜�T�l�h�{�›�t�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�æ�»�t���‡�•�”�Í�å�Ý�”�»�"�U�›���w	Ú�E

�›�¬�h�b�q�V�z�H�u�U�I�\�’�s�X�s�”�D�ó
Q�U�K�”�\�q�›�_	Z�`�h�{�H�u�›�I�\�^�s�M�È�è�V�Ç�á�”

�Ä�æ�Ê�w	Ú�E�Ü�U�Ž�<�w�‘�O�t���?�t	{�Z�”�{

tan ! =
Ue3m

1/ 2
3

Ue2m
1/ 2
2

for the NH case (4.8)

tan ! =
Ue2m

1/ 2
2

Ue1m
1/ 2
1

for the IH case (4.9)

�Í�t�z�‘�“�°
`�t�0�M�M�w�È�è�V�Ç�á�”�Ä�æ�Ê N1 �w�í�”�–�¬�›�G�V�X	��”�z�\�w�q�V f β(M 1) != 1
�s�w�p�z���®�í�”�x�Ž�<�w�‘�O�t�s�”�{

meff =
(

Ue2m
1/ 2
2 sin ! − Ue3m

1/ 2
3 cos!

)2
+
(

Ue2m
1/ 2
2 cos! + Ue3m

1/ 2
3 sin !

)2
× " 2f (4.10)

�\�\�p " f (1 > "f > 0)

f β(M 1) = 1 − " 2f (4.11)

�H�u�U�I�\�’�s�M	Ú�E�x�z

tan ! =
A ± i " f

1∓ i " f A
≡ tan ! ± (4.12)

�q�M�O�‘�O�t	{�Z�z�\�w�q�V ! �w�î
æ ! r �~�•
æ ! i �U�f�•�g�•�Í�w	Ú�E�›�¬�h�b�{

tan 2! r =
2ReA

1− |A|2 (4.13)

X 2
ω =

1± " f

1∓ " f

√
1 + |A|2 + 2Im A
1 + |A|2 − 2ImA

(4.14)

�\�\�p�î
æ ! r �x�Ú�ä�å�Æ�•
ì # �t�‘���`�s�M�{
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$ 4.1: �H�u�U�I�\�’�s�M ω �w	Ú�E

�\�w�q�V�z�0�M�È�è�V�Ç�á�”�Ä�æ�Ê�w�/�)�U�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�t�‘�”�/�)�›
ì�t�`�o�z�H�u�›


M�š�b�”�\�q�U�˜�T�l�h�{�›�t�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�æ�»�t���‡�•�”�Í�å�Ý�”�»�"�U�›���w	Ú�E

�›�¬�h�b�q�V�z�H�u�U�I�\�’�s�X�s�”�D�ó
Q�U�K�”�\�q�›�_	Z�`�h�{�H�u�›�I�\�^�s�M�È�è�V�Ç�á�”

�Ä�æ�Ê�w	Ú�E�Ü�U�Ž�<�w�‘�O�t���?�t	{�Z�”�{

tanω =
Ue3m

1/2
3

Ue2m
1/2
2

for the NH case (4.8)

tanω =
Ue2m

1/2
2

Ue1m
1/2
1

for the IH case (4.9)

�Í�t�z�‘�“�°
`�t�0�M�M�w�È�è�V�Ç�á�”�Ä�æ�Ê N1 �w�í�”�–�¬�›�G�V�X	��”�z�\�w�q�V fβ(M1) != 1

�s�w�p�z���®�í�”�x�Ž�<�w�‘�O�t�s�”�{

meff =
(
Ue2m

1/2
2 sinω − Ue3m

1/2
3 cosω

)2
+
(
Ue2m

1/2
2 cosω + Ue3m

1/2
3 sinω

)2
× δ2f (4.10)

�\�\�p δf (1 > δf > 0)

fβ(M1) = 1− δ2f (4.11)

�H�u�U�I�\�’�s�M	Ú�E�x�z

tanω =
A± iδf
1∓ iδfA

≡ tanω± (4.12)

�q�M�O�‘�O�t	{�Z�z�\�w�q�V ω �w�î
æ ωr�~�•
æ ωi �U�f�•�g�•�Í�w	Ú�E�›�¬�h�b�{

tan 2ωr =
2ReA

1− |A|2 (4.13)

X2
ω =

1± δf
1∓ δf

√
1 + |A|2 + 2ImA

1 + |A|2 − 2ImA
(4.14)

�\�\�p�î
æ ωr �x�Ú�ä�å�Æ�•
ì η �t�‘���`�s�M�{
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$ 4.1: �H�u�U�I�\�’�s�M ω �w	Ú�E

�\�w�q�V�z�0�M�È�è�V�Ç�á�”�Ä�æ�Ê�w�/�)�U�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�t�‘�”�/�)�›
ì�t�`�o�z�H�u�›


M�š�b�”�\�q�U�˜�T�l�h�{�›�t�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�æ�»�t���‡�•�”�Í�å�Ý�”�»�"�U�›���w	Ú�E

�›�¬�h�b�q�V�z�H�u�U�I�\�’�s�X�s�”�D�ó
Q�U�K�”�\�q�›�_	Z�`�h�{�H�u�›�I�\�^�s�M�È�è�V�Ç�á�”

�Ä�æ�Ê�w	Ú�E�Ü�U�Ž�<�w�‘�O�t���?�t	{�Z�”�{

tanω =
Ue3m

1/2
3

Ue2m
1/2
2

for the NH case (4.8)

tanω =
Ue2m

1/2
2

Ue1m
1/2
1

for the IH case (4.9)

A =
Ue3m

1/2
3

Ue2m
1/2
2

for the NH case (4.10)

A =
Ue2m

1/2
2

Ue1m
1/2
1

for the IH case (4.11)

�Í�t�z�‘�“�°
`�t�0�M�M�w�È�è�V�Ç�á�”�Ä�æ�Ê N1 �w�í�”�–�¬�›�G�V�X	��”�z�\�w�q�V fβ(M1) != 1

�s�w�p�z���®�í�”�x�Ž�<�w�‘�O�t�s�”�{

meff =
(
Ue2m

1/2
2 sinω − Ue3m

1/2
3 cosω

)2
+
(
Ue2m

1/2
2 cosω + Ue3m

1/2
3 sinω

)2
× δ2f (4.12)

�\�\�p δf (1 > δf > 0)

fβ(M1) = 1− δ2f (4.13)

�H�u�U�I�\�’�s�M	Ú�E�x�z

tanω =
A± iδf
1∓ iδfA

≡ tanω± (4.14)

�q�M�O�‘�O�t	{�Z�z�\�w�q�V ω �w�î
æ ωr�~�•
æ ωi �U�f�•�g�•�Í�w	Ú�E�›�¬�h�b�{

tan 2ωr =
2ReA

1− |A|2 (4.15)

X2
ω =

1± δf
1∓ δf

√
1 + |A|2 + 2ImA

1 + |A|2 − 2ImA
(4.16)

�\�\�p�î
æ ωr �x�Ú�ä�å�Æ�•
ì η �t�‘���`�s�M�{
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�H4 	· �³�”�¹�”�;�Ï�t�S�Z�”�Ç�á�”�Ä�æ�Ê�›
P�˜�s
�M�Ë	O�Õ�”�»�H�u

�Š�Z�€�p�x�z
ª	j�Û���w�Ç�á�”�Ä�æ�Ê	ü�ˆ�î�g�q�Ã	l�`�s�M�7	–�¦�Á�q�`�o��
H�E�w�È�è�V�Ç�á�”

�Ä�æ�Ê NI(I = 1, 2) �›�‹�Ö�`�h�³�”�¹�”�;�Ï�›
Ý���`�z�È�è�V�Ç�á�”�Ä�æ�Ê�w�H�u�•�w�/�)�›�â�O�$

�t�Ð�‚�h�{�^�’�t�z�f�w�/�)�T�’�0�M�È�è�V�Ç�á�”�Ä�æ�Ê�w
Q�í�z�›�t	��M
ì�“�^�;�t�S�Z�”���ù�A


É�w�'�t�›�‹�V	Z�`�h�{

�H�u�w�I�\�’�s�M�D�ó
Q�t�m�M�o

�\�\�p�z�æ�:�q�s�”�È�è�V�Ç�á�”�Ä�æ�Ê���R�w���®�í�”�›	{�V	Z�b�q�z�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�w

�í�”�Š
Ú
Q�]�q�t�Ž�<�w�‘�O�t�T�Z�”�\�q�U�˜�T�”�{

meff = 0 (4.1)

mNI
eff = Θ2

eI MI fβ(MI) (4.2)

�f�•�g�•�t�z�l
’�A�ù��
:�w�Í�å�Ý�”�»�›�E�Ö�`�o	{�V
¯�b�q

mN1
eff = Θ2

e1M1 fβ(M1) =






−
(
Ue2m

1/2
2 cosω + Ue3m

1/2
3 sinω

)2
fβ(M1) for the NH case

−
(
Ue1m

1/2
1 cosω + Ue2m

1/2
2 sinω

)2
fβ(M1) for the IH case

(4.3)

mN2
eff = Θ2

e2M2 fβ(M2) =






−
(
Ue2m

1/2
2 sinω − Ue3m

1/2
3 cosω

)2
fβ(M2) for the NH case

−
(
Ue1m

1/2
1 sinω − Ue2m

1/2
2 cosω

)2
fβ(M2) for the IH case

(4.4)

�\�\�T�’�z�È�è�V�Ç�á�”�Ä�æ�Ê�t�‘�”�Ç�á�”�Ä�æ�Ê�›
P�˜�s�M�Ë	O�Õ�”�»�H�u�•�w�è�¹�›�z���®�í

�”�›�_�”�\�q�p	Ä�`�X�_�o�M�X�{�‡�h�z�f�w�è�¹�›�˜�T�“�•�b�X�b�”�h�Š�t�z�È�è�V�Ç�á�”�Ä�æ�Ê�w

�í�”�–�¬�t
M�v�›�m�Z�o	Ô�ù�˜�Z�b�”�{

�H�°�t�z�È�è�V�Ç�á�”�Ä�æ�Ê�w�í�”�U�Š
Ú�$�p�z�0�M�M N1 �U�?	��µ�­�”�ç MEW ∼ O(102)GeV �‘�“

�‹�0�X�z	O�M�M N2 �x�f�•�‘�“�‹�c�l�q	O�X�H�u�t�x�/�)�`�s�M	Ô�ù�›
Ý���`�h�{

M1 < MEW # M2 (4.5)

�‡�h�z�^�’�s�”	Ô�ù�˜�Z�q�`�o�z�‡�c M1 < Λβ �›�>���`�h�z�b�”�q�È�è�V�Ç�á�”�Ä�æ�Ê���R�w���®�í

�”�x�z�H
M�¼� �U�z

fβ(M1) = 1, fβ(M2) = 0 (4.6)

6

ここで

�H3 	· �Ç�á�”�Ä�æ�Ê�›
P�˜�s�M�Ë	O�Õ�”�»�H�u

�j� �©�w�Ë	O�Õ�”�»�H�u�w�O�j�z
¶�.�q�`�o�Ç�á�”�Ä�æ�Ê�w�L	Z�›
P�˜�s�M�Þ�”�Å�x�z�Ç�á�”�Ä�æ

�Ê�w	O�A�s
Q�í�w�{�q�m�¢�Ú�ä�å�Æ�{� �p�K�”�T
q�T�£�›�r�Ì�b�”�h�Š�t	O�A�s�a���p�K�”�{

(Z,A) → (Z + 2, A) + 2e− (3.1)

�H�u�w
R�n�8�x�Ž�<�p�>�‡�”�{

τ−1
1/2 = G |Mmeff |2 (3.2)

�H�u�x���®�í�” meff �q�M�O�Í�å�Ý�”�»�p�›�Ã
Ç�Z�’�•�z�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�q�È�è�V�Ç�á�”�Ä�æ

�Ê�w
Ò�M�U�/�)�›�)�Q�”�{

meff = mν
eff +mN

eff (3.3)

�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�q�È�è�V�Ç�á�”�Ä�æ�Ê�T�’�w�/�)�x�f�•�g�•�Ž�<�w�‘�O�t	{�Z�”�z

mν
eff =

∑

i

U2
eimi (3.4)

mN
eff =

∑

I

Θ2
eIMIfβ(MI) (3.5)

fβ(MI) =
Λ2
β

Λ2
β +M2

I

(3.6)

�\�w�Ì�z�È�è�V�Ç�á�”�Ä�æ�Ê�t�‘�”�/�)�x�z�j� �©�¤�w�/���$�s�Ñ�£�ç�Û�á�ˆ�” Λβ �¢ 100MeV ���S�£

�t�0�`�o�È�è�V�Ç�á�”�Ä�æ�Ê�w�í�”�U	–�^�M�q�V�t�f�¶�q�s�”�{
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�H 4 	· �³�”�¹�”�;�Ï�t�S�Z�”�Ç�á�”�Ä�æ�Ê�›
P�˜�s
�M�Ë	O�Õ�”�»�H�u

�Š�Z�€�p�x�z
ª	j�Û���w�Ç�á�”�Ä�æ�Ê	ü�ˆ�î�g�q�Ã	l�`�s�M�7	–�¦�Á�q�`�o��
H�E�w�È�è�V�Ç�á�”

�Ä�æ�Ê NI (I = 1 , 2) �›�‹�Ö�`�h�³�”�¹�”�;�Ï�›
Ý���`�z�È�è�V�Ç�á�”�Ä�æ�Ê�w�H�u�•�w�/�)�›�â�O�$

�t�Ð�‚�h�{�^�’�t�z�f�w�/�)�T�’�0�M�È�è�V�Ç�á�”�Ä�æ�Ê�w
Q�í�z�›�t	��M
ì�“�^�;�t�S�Z�”���ù�A


É�w�'�t�›�‹�V	Z�`�h�{

�H�u�w�I�\�’�s�M�D�ó
Q�t�m�M�o

�\�\�p�z�æ�:�q�s�”�È�è�V�Ç�á�”�Ä�æ�Ê���R�w���®�í�”�›	{�V	Z�b�q�z�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�w

�í�”�Š
Ú
Q�]�q�t�Ž�<�w�‘�O�t�T�Z�”�\�q�U�˜�T�”�{

mNI
e! = ! 2

eI M I f ! (M I ) (4.1)

�f�•�g�•�t�z�l
’�A�ù��
:�w�Í�å�Ý�”�»�›�E�Ö�`�o	{�V
¯�b�q

mN1
e! = ! 2

e1 M 1 f ! (M 1) =

!
"#

"$

!
%

Ue2m1/ 2
2 cos! + Ue3m1/ 2

3 sin !
&2

f ! (M 1) for the NH case

!
%

Ue1m1/ 2
1 cos! + Ue2m1/ 2

2 sin !
&2

f ! (M 1) for the IH case
(4.2)

mN2
e! = ! 2

e2 M 2 f ! (M 2) =

!
"#

"$

!
%

Ue2m1/ 2
2 sin ! ! Ue3m1/ 2

3 cos!
&2

f ! (M 2) for the NH case

!
%

Ue1m1/ 2
1 sin ! ! Ue2m1/ 2

2 cos!
&2

f ! (M 2) for the IH case
(4.3)

�\�\�T�’�z�È�è�V�Ç�á�”�Ä�æ�Ê�t�‘�”�Ç�á�”�Ä�æ�Ê�›
P�˜�s�M�Ë	O�Õ�”�»�H�u�•�w�è�¹�›�z���®�í

�”�›�_�”�\�q�p	Ä�`�X�_�o�M�X�{�‡�h�z�f�w�è�¹�›�˜�T�“�•�b�X�b�”�h�Š�t�z�È�è�V�Ç�á�”�Ä�æ�Ê�w

�í�”�–�¬�t
M�v�›�m�Z�o	Ô�ù�˜�Z�b�”�{

�H�°�t�z�È�è�V�Ç�á�”�Ä�æ�Ê�w�í�”�U�Š
Ú�$�p�z�0�M�M N1 �U�?	��µ�­�”�ç M EW " O(102)GeV �‘�“

�‹�0�X�z	O�M�M N2 �x�f�•�‘�“�‹�c�l�q	O�X�H�u�t�x�/�)�`�s�M	Ô�ù�›
Ý���`�h�{

M 1 < M EW # M 2 (4.4)

�‡�h�z�^�’�s�”	Ô�ù�˜�Z�q�`�o�z�‡�c M 1 < " ! �›�>���`�h�z�b�”�q�È�è�V�Ç�á�”�Ä�æ�Ê���R�w���®�í

�”�x�z�H
M�¼� �U�z

f ! (M 1) = 1 , f ! (M 2) = 0 (4.5)

�p�K�“�z�Ž�<�w�‘�O�t	{�Z�”�\�q�t�s�”

me! =
%

Ue2m1/ 2
2 sin ! ! Ue3m1/ 2

3 cos!
&2

for the NH case (4.6)

me! =
%

Ue1m1/ 2
1 sin ! ! Ue2m1/ 2

2 cos!
&2

for the IH case (4.7)
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$ 4.1: �H�u�U�I�\�’�s�M ω �w	Ú�E

�\�w�q�V�z�0�M�È�è�V�Ç�á�”�Ä�æ�Ê�w�/�)�U�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê�t�‘�”�/�)�›
ì�t�`�o�z�H�u�›


M�š�b�”�\�q�U�˜�T�l�h�{�›�t�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�æ�»�t���‡�•�”�Í�å�Ý�”�»�"�U�›���w	Ú�E

�›�¬�h�b�q�V�z�H�u�U�I�\�’�s�X�s�”�D�ó
Q�U�K�”�\�q�›�_	Z�`�h�{�H�u�›�I�\�^�s�M�È�è�V�Ç�á�”

�Ä�æ�Ê�w	Ú�E�Ü�U�Ž�<�w�‘�O�t���?�t	{�Z�”�{

tanω =
Ue3m

1/2
3

Ue2m
1/2
2

for the NH case (4.8)

tanω =
Ue2m

1/2
2

Ue1m
1/2
1

for the IH case (4.9)

�Í�t�z�‘�“�°
`�t�0�M�M�w�È�è�V�Ç�á�”�Ä�æ�Ê N1 �w�í�”�–�¬�›�G�V�X	��”�z�\�w�q�V fβ(M1) != 1

�s�w�p�z���®�í�”�x�Ž�<�w�‘�O�t�s�”�{

meff =
(
Ue2m

1/2
2 sinω − Ue3m

1/2
3 cosω

)2
+
(
Ue2m

1/2
2 cosω + Ue3m

1/2
3 sinω

)2
× δ2f (4.10)

�\�\�p δf (1 > δf > 0)

fβ(M1) = 1− δ2f (4.11)

�H�u�U�I�\�’�s�M	Ú�E�x�z

tanω =
A± iδf
1∓ iδfA

≡ tanω± (4.12)

�q�M�O�‘�O�t	{�Z�z�\�w�q�V ω �w�î
æ ωr�~�•
æ ωi �U�f�•�g�•�Í�w	Ú�E�›�¬�h�b�{

tan 2ωr =
2ReA

1− |A|2 (4.13)

X2
ω =

1± δf
1∓ δf

√
1 + |A|2 + 2ImA

1 + |A|2 − 2ImA
(4.14)

�\�\�p�î
æ ωr �x�Ú�ä�å�Æ�•
ì η �t�‘���`�s�M�{

7

�Ú�ä�å�Æ�í�”

M I = diag( M 1, M 2) (2.12)

�³�”�¹�”�;�Ï�p�x�Ž�<�›�>���b�”�{

M D ! M I (2.13)

�\�w�;�Ï�w�'�t�q�`�o�z�Ç�á�”�Ä�æ�Ê�U�Ú�ä�å�Æ�{� �q�s�“�z
ª	j�Û���p�x�•�^�•�s�M�è�Ó�Ä�ï
:�›


��”
S� �U�I�\�”�{

∆m2
21

10−5eV2 = 7 .42+0 .21
−0.20 (2.14)

∆m2
31

10−3eV2 = 2 .517+0 .026
−0.028 (2.15)

∆m2
32

10−3eV2 = −2.498+0 .028
−0.028 (2.16)

ΘαI =
FαI 〈Φ〉

M I
(2.17)
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$ 4.4: �‘�“�°
`�t�È�è�V�Ç�á�”�Ä�æ�Ê�w�í�”�–�¬�›�q�l�h	Ô�ù�w����
$

�0�M�È�è�V�Ç�á�”�Ä�æ�Ê�Ú
€�s�g�•�w���t

�H�u�U�
���^�•�s�M	Ô�ù�z�0�M�È�è�V�Ç�á�”�Ä�æ�Ê�w	��M
ì�“�^�;�t���b�”���ù�A
É�x�z�ž�«�Â�Ÿ

�Ò�Ç�á�”�Ä�æ�Ê�w�í�”�Š
Ú
Q�•�z�Ú�ä�å�Æ�•
ì�t�‘���`�h���p�>�‡�“�z�^�’�t	•�R�w�H�u�w�
���î�g

�w
^�S�›�_�”�\�q�p�z���s�w�'�t�U�¿�M�¤�É�ç�ª�”�–�¬�p�¬�Ý�p�V�”�\�q�U�˜�T�”�{

�Ž�<�t�Ô�b�w�x�z�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�A
É�›	{�V�<�`�h�‹�w�p�K�”�{

|Θ1|2 =
∑

α

|Θα1|2 =






1

M1

[
m3 +m2

4

(
X2

ω +X−2
ω

)
− m3 −m2

2
cos(2ωr)

]
for the NH case

1

M1

[
m2 +m1

4

(
X2

ω +X−2
ω

)
− m2 −m1

2
cos(2ωr)

]
for the IH case

.

(4.15)

|Θ1|2 =






1

M1

[
m3 +m2

2

(
ζ2 + 1

)1/2 ± m3 −m2

2

1− |A|2√
(1− |A|2)2 + 4ReA2

]
for the NH case

1

M1

[
m2 +m1

2

(
ζ2 + 1

)1/2 ± m2 −m1

2

1− |A|2√
(1− |A|2)2 + 4ReA2

]
for the IH case

,

(4.16)

|Θ1|2 ≥
m∗
M1

, (4.17)
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$ 4.4: �‘�“�°
`�t�È�è�V�Ç�á�”�Ä�æ�Ê�w�í�”�–�¬�›�q�l�h	Ô�ù�w����
$

�0�M�È�è�V�Ç�á�”�Ä�æ�Ê�Ú
€�s�g�•�w���t

�H�u�U�
���^�•�s�M	Ô�ù�z�0�M�È�è�V�Ç�á�”�Ä�æ�Ê�w	��M
ì�“�^�;�t���b�”���ù�A
É�x�z�ž�«�Â�Ÿ

�Ò�Ç�á�”�Ä�æ�Ê�w�í�”�Š
Ú
Q�•�z�Ú�ä�å�Æ�•
ì�t�‘���`�h���p�>�‡�“�z�^�’�t	•�R�w�H�u�w�
���î�g

�w
^�S�›�_�”�\�q�p�z���s�w�'�t�U�¿�M�¤�É�ç�ª�”�–�¬�p�¬�Ý�p�V�”�\�q�U�˜�T�”�{

�Ž�<�t�Ô�b�w�x�z�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�A
É�›	{�V�<�`�h�‹�w�p�K�”�{

|Θ1|2 =
∑

α

|Θα1|2 =






1

M1

[
m3 +m2

4

(
X2

ω +X−2
ω

)
− m3 −m2

2
cos(2ωr)

]
for the NH case

1

M1

[
m2 +m1

4

(
X2

ω +X−2
ω

)
− m2 −m1

2
cos(2ωr)

]
for the IH case

.

(4.15)

|Θ1|2 =






1

M1

[
m3 +m2

2

(
ζ2 + 1

)1/2 ± m3 −m2

2

1− |A|2√
(1− |A|2)2 + 4ReA2

]
for the NH case

1

M1

[
m2 +m1

2

(
ζ2 + 1

)1/2 ± m2 −m1

2

1− |A|2√
(1− |A|2)2 + 4ReA2

]
for the IH case

,

(4.16)

|Θ1|2 ≥
m∗
M1

, (4.17)
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$ 4.5: �0�M�È�è�V�Ç�á�”�Ä�æ�Ê�Ú
€�s�g�•
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$ 4.6: |Θe1|2 �w	Í�v�q�<�v�z�\�\�p�z M1 = 1 GeV �q M2 = 200 GeV�{

�H�u�w�
���U�)�Q�”�È�è�V�Ç�á�”�Ä�æ�Ê�w
Q�í�t���b�”�è�¹

�H�Ë�t�z�0�M�È�è�V�Ç�á�”�Ä�æ�Ê�U�H�u�t�/�)�`�z�î�g�$�t�¬�Ý�^�•�h	Ô�ù�›
Ý���`�h�{�\�w�q�V

�È�è�V�Ç�á�”�Ä�æ�Ê�w�í�”�x�v���d�c�z	O�M�M�w�È�è�V�Ç�á�”�Ä�æ�Ê�‹�H�u�t�/�)�b�”���S�0�X�s�”

	Ô�ù�‹�ß�€�`�h�{�í�”�U�Š
Ú�$�s	Ô�ù�z�È�è�V�Ç�á�”�Ä�æ�Ê�w	��M
ì�“�^�;�t���b�”���ù�A
É�x�Ž�<

�w�‘�O�t	{�Z�”�{

Θ2
e1 =

meff −mν
eff [1− fβ(M2)]

M1 [fβ(M1)− fβ(M2)]
(4.18)

�\�\�p�z�³�”�¹�”�;�Ï�w�'�t�T�’�Ž�<�w�����Ü�›�;�M�h�{

0 =
∑

i

U2
eimi +

∑

I

Θ2
eI MI (4.19)

�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�A
É�U�H�u�w���®�í�”�q�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê���R�w���®�í�”�z�‡�h�È

�è�V�Ç�á�”�Ä�æ�Ê�w�í�”�t�‘�“�>�‡�”�\�q�›�_	Z�`�h�{�\�w�\�q�T�’�z	•�R�î�g�t�‘�“�H�u�U�
���^

�•�•�y�z���®�í�”�U�>�‡�“�z�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�A
É�U�v���^�•�”�{

�í�”�U	V�@�`�o�M�”	Ô�ù�z

M1 = M2 = MN (4.20)

���®�í�”�x�Ž�<�w�‘�O�t	{�Z�”�{

meff = mν
eff [1− fβ(MN )] (4.21)
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シーソー機構の仮定から、右巻きニュートリノの弱い相互作⽤に関する
混合要素に予⾔が得られる。
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$ 4.5: �0�M�È�è�V�Ç�á�”�Ä�æ�Ê�Ú
€�s�g�•
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$ 4.6: |! e1|2 �w	Í�v�q�<�v�z�\�\�p�z M 1 = 1 GeV �q M 2 = 200 GeV�{

�H�u�w�
���U�)�Q�”�È�è�V�Ç�á�”�Ä�æ�Ê�w
Q�í�t���b�”�è�¹

�H�Ë�t�z�0�M�È�è�V�Ç�á�”�Ä�æ�Ê�U�H�u�t�/�)�`�z�î�g�$�t�¬�Ý�^�•�h	Ô�ù�›
Ý���`�h�{�\�w�q�V

�È�è�V�Ç�á�”�Ä�æ�Ê�w�í�”�x�v���d�c�z	O�M�M�w�È�è�V�Ç�á�”�Ä�æ�Ê�‹�H�u�t�/�)�b�”���S�0�X�s�”

	Ô�ù�‹�ß�€�`�h�{�í�”�U�Š
Ú�$�s	Ô�ù�z�È�è�V�Ç�á�”�Ä�æ�Ê�w	��M
ì�“�^�;�t���b�”���ù�A
É�x�Ž�<

�w�‘�O�t	{�Z�”�{

! 2
e1 =

me! ! m!
e! [1 ! f " (M 2)]

M 1 [f " (M 1) ! f " (M 2)]
(4.18)

�\�\�p�z�³�”�¹�”�;�Ï�w�'�t�T�’�Ž�<�w�����Ü�›�;�M�h�{

0 =
!

i

U2
ei mi +

!

I

! 2
eI M I (4.19)

�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�A
É�U�H�u�w���®�í�”�q�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê���R�w���®�í�”�z�‡�h�È

�è�V�Ç�á�”�Ä�æ�Ê�w�í�”�t�‘�“�>�‡�”�\�q�›�_	Z�`�h�{�\�w�\�q�T�’�z	•�R�î�g�t�‘�“�H�u�U�
���^

�•�•�y�z���®�í�”�U�>�‡�“�z�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�A
É�U�v���^�•�”�{

�í�”�U	V�@�`�o�M�”	Ô�ù�z

M 1 = M 2 = M N (4.20)

���®�í�”�x�Ž�<�w�‘�O�t	{�Z�”�{

me! = m!
e! [1 ! f " (M N )] (4.21)
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$ 4.5: �0�M�È�è�V�Ç�á�”�Ä�æ�Ê�Ú
€�s�g�•
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$ 4.6: |Θe1|2 �w	Í�v�q�<�v�z�\�\�p�z M1 = 1 GeV �q M2 = 200 GeV�{

�H�u�w�
���U�)�Q�”�È�è�V�Ç�á�”�Ä�æ�Ê�w
Q�í�t���b�”�è�¹

�H�Ë�t�z�0�M�È�è�V�Ç�á�”�Ä�æ�Ê�U�H�u�t�/�)�`�z�î�g�$�t�¬�Ý�^�•�h	Ô�ù�›
Ý���`�h�{�\�w�q�V

�È�è�V�Ç�á�”�Ä�æ�Ê�w�í�”�x�v���d�c�z	O�M�M�w�È�è�V�Ç�á�”�Ä�æ�Ê�‹�H�u�t�/�)�b�”���S�0�X�s�”

	Ô�ù�‹�ß�€�`�h�{�í�”�U�Š
Ú�$�s	Ô�ù�z�È�è�V�Ç�á�”�Ä�æ�Ê�w	��M
ì�“�^�;�t���b�”���ù�A
É�x�Ž�<

�w�‘�O�t	{�Z�”�{

Θ2
e1 =

meff −mν
eff [1− fβ(M2)]

M1 [fβ(M1)− fβ(M2)]
(4.18)

�\�\�p�z�³�”�¹�”�;�Ï�w�'�t�T�’�Ž�<�w�����Ü�›�;�M�h�{

0 =
∑

i

U2
eimi +

∑

I

Θ2
eI MI (4.19)

�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�A
É�U�H�u�w���®�í�”�q�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê���R�w���®�í�”�z�‡�h�È

�è�V�Ç�á�”�Ä�æ�Ê�w�í�”�t�‘�“�>�‡�”�\�q�›�_	Z�`�h�{�\�w�\�q�T�’�z	•�R�î�g�t�‘�“�H�u�U�
���^

�•�•�y�z���®�í�”�U�>�‡�“�z�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�A
É�U�v���^�•�”�{

�í�”�U	V�@�`�o�M�”	Ô�ù�z

M1 = M2 = MN (4.20)

���®�í�”�x�Ž�<�w�‘�O�t	{�Z�”�{

meff = mν
eff [1− fβ(MN )] (4.21)
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ਤ 4.6: |Θe1|2 ͷ্ݶͱԼݶɺ͜͜ͰɺM1 = 1 GeV ͱM2 = 200 GeVɻ
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ਤ 4.7: caption

�H�u�w�
���U�)�Q�”�È�è�V�Ç�á�”�Ä�æ�Ê�w
Q�í�t���b�”�è�¹

ୈೋʹɺ͍ܰӈ͖רχϡʔτϦϊ่͕յʹد༩͠ɺ࣮ݧతʹ֬ೝ͞Εͨ৔߹Λ૝ఆͨ͠ɻ͜ͷͱ͖
ӈ͖רχϡʔτϦϊͷ࣭ྔ͸ݶఆͤͣɺॏ͍ํͷӈ͖רχϡʔτϦϊ΋่յʹد༩͢Δఔ౓ܰ͘ͳΔ
৔߹΋ྀͨ͠ߟɻ࣭ྔ͕֊૚తͳ৔߹ɺӈ͖רχϡʔτϦϊͷऑ͍૬࡞ޓ༻ʹؔ͢Δࠞ߹ཁૉ͸ҎԼ
ͷΑ͏ʹॻ͚Δɻ

Θ2
e1 =

me! ! m!
e! [1 ! f" (M2)]

M1 [f" (M1) ! f" (M2)]
(4.21)

͜͜Ͱɺγʔιʔߏػͷ༧͔ݴΒҎԼͷؔࣜ܎Λ༻͍ͨɻ

0 =
!

i

U2
eimi +

!

I

Θ2
eI MI (4.22)

mobs
e! = |me! | (4.23)

ӈ͖רχϡʔτϦϊͷࠞ߹ཁૉ่͕յͷ༗ޮ࣭ྔͱΞΫςΟϒχϡʔτϦϊ༝དྷͷ༗ޮ࣭ྔɺ·ͨ
ӈ͖רχϡʔτϦϊͷ࣭ྔʹΑΓܾ·Δ͜ͱΛݟग़ͨ͠ɻ͜ͷ͜ͱ͔Βɺকདྷ࣮ݧʹΑΓ่յ͕؍ଌ
͞ΕΕ͹ɺ༗ޮ࣭ྔ͕ܾ·Γɺӈ͖רχϡʔτϦϊͷࠞ߹ཁૉ͕ݶఆ͞ΕΔɻ
࣭ྔ͕ॖୀ͍ͯ͠Δ৔߹ɺ

M1 = M2 = MN (4.24)

༗ޮ࣭ྔ͸ҎԼͷΑ͏ʹॻ͚Δɻ

me! = m!
e! [1 ! f" (MN )] (4.25)
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M 1 != M 2 (4.21)

! 2
e1 =

meff − mν
eff [1− f β(M 2)]

M 1 [f β(M 1) − f β(M 2)]
(4.22)

�\�\�p�z�³�”�¹�”�;�Ï�w�'�t�T�’�Ž�<�w�����Ü�›�;�M�h�{

0 =
∑

i

U2
ei mi +

∑

I

! 2
eI M I (4.23)

mobs
eff = |meff | (4.24)

�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�A
É�U�H�u�w���®�í�”�q�ž�«�Â�Ÿ�Ò�Ç�á�”�Ä�æ�Ê���R�w���®�í�”�z�‡�h

�È�è�V�Ç�á�”�Ä�æ�Ê�w�í�”�t�‘�“�>�‡�”�\�q�›�_	Z�`�h�{�\�w�\�q�T�’�z	•�R�î�g�t�‘�“�H�u�U�
��

�^�•�•�y�z���®�í�”�U�>�‡�“�z�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�A
É�U�v���^�•�”�{

�í�”�U	V�@�`�o�M�”	Ô�ù�z

M 1 = M 2 = M N (4.25)
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Θ2
e1 =

meff −mν
eff [1− fβ(M2)]

M1 [fβ(M1) − fβ(M2)]
(4.18)

�\�\�p�z�³�”�¹�”�;�Ï�w�'�t�T�’�Ž�<�w�����Ü�›�;�M�h�{

0 =
∑

i

U2
eimi +

∑

I

Θ2
eI MI (4.19)

�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�A
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�è�V�Ç�á�”�Ä�æ�Ê�w�í�”�t�‘�“�>�‡�”�\�q�›�_	Z�`�h�{�\�w�\�q�T�’�z	•�R�î�g�t�‘�“�H�u�U�
���^

�•�•�y�z���®�í�”�U�>�‡�“�z�È�è�V�Ç�á�”�Ä�æ�Ê�w���ù�A
É�U�v���^�•�”�{

�í�”�U	V�@�`�o�M�”	Ô�ù�z

M1 = M2 = MN (4.20)

���®�í�”�x�Ž�<�w�‘�O�t	{�Z�”�{

meff = mν
eff [1− fβ(MN )] (4.21)
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FIG. 5: Upper and lower bounds of predicted e! ective mass
with ÷" ! = 100 MeV (left) and ÷" ! = 400 MeV (right) in the
NH case. We assume that the e! ective mass observed in the
nucleus with " ! = 200 MeV is 100 meV (red, solid), 50 meV
(blue, bashed), and 10 meV (green, dot-dashed). Here, we Þx
M 2 = 200 GeV.

are di! erent depending on the decaying nuclei used in
the 0!"" experiments. This e! ect may be quantiÞed by
the choice the typical Fermi momentum in this analysis.

In Fig. 5, we plot the upper and lower values of the
predicted e! ective mass with di! erent Fermi momentum
from 200 MeV while assuming the 0!"" decay is ob-
served at the experiment with " ! = 200 MeV in the NH
case. We can obtain similar behavior straightforwardly
in the IH case as well. We take the observed value of
the e! ective mass to be 100 meV, 50 meV, or 10 meV.
Interestingly, the predicted e! ective mass can be signif-
icantly enhanced when" ! becomes larger enough than
200 MeV and M 1 gets heavier. By inserting Eq. (7) into
the expression of the e! ective mass, we can obtain

÷me! =
!
1 ! ÷f ! (M 2)

"
m"

e!

+ [ me! ! m"
e! [1 ! f ! (M 2)]]

÷f ! (M 1) ! ÷f ! (M 2)
f ! (M 1) ! f ! (M 2)

, (13)

where " ! = 200 MeV in f ! but " ! "= 200 MeV in ÷f !

which is denoted as÷" . Since the last fraction in the RHS
of Eq. (13) can be simpliÞed as

÷f ! (M 1) ! ÷f ! (M 2)
f ! (M 1) ! f ! (M 2)

=
÷" 2

!

" 2
!

#
" 2

! + M 2
1

$ #
" 2

! + M 2
2

$

#
÷" 2

! + M 2
1

$ #
÷" 2

! + M 2
2

$ , (14)

Namely, the e! ective mass is enhanced asM 1 gets
greater/suppressed than the typical Fermi momentum in
÷f ! by the factor ÷" 2

! / " 2
! . As clearly seen, since signiÞ-

cant enhancement/suppression could happen depending
on the values of" ! due to the contributions from HNLs.
Thus, we can claim that the multiple detection by the
0!"" experiments using di! erent nuclei is crucial to re-
veal the properties of HNLs.

In conclusions, we have considered the minimal see-
saw model with two right-handed neutrinos. It has been
shown that, if the e! ective mass in the 0!"" decay will

be measured by future experiments, the possible range of
the mixing elements for the lighter heavy neutral lepton
(right-handed neutrino) is determined. Especially, when
two heavy neutral leptons are hierarchical and the lighter
mass is below the electroweak scale,N1 is a good target
of the direct search experiments.

It has also been shown that the predicted e! ective mass
can depend on nucleus of the experiment. Therefore,
comprehensive studies on the neutrinoless double beta
decays in the seesaw mechanism is necessary to extract
the concrete information of the heavy neutral leptons.
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FIG. 5: Upper and lower bounds of predicted e! ective mass
with ÷" ! = 100 MeV (left) and ÷" ! = 400 MeV (right) in the
NH case. We assume that the e! ective mass observed in the
nucleus with " ! = 200 MeV is 100 meV (red, solid), 50 meV
(blue, bashed), and 10 meV (green, dot-dashed). Here, we Þx
M 2 = 200 GeV.

are di! erent depending on the decaying nuclei used in
the 0⌫�� experiments. This e! ect may be quantified by
the choice the typical Fermi momentum in this analysis.

In Fig. 5, we plot the upper and lower values of the
predicted e! ective mass with di! erent Fermi momentum
from 200 MeV while assuming the 0⌫�� decay is ob-
served at the experiment with " � = 200 MeV in the NH
case. We can obtain similar behavior straightforwardly
in the IH case as well. We take the observed value of
the e! ective mass to be 100 meV, 50 meV, or 10 meV.
Interestingly, the predicted e! ective mass can be signif-
icantly enhanced when " � becomes larger enough than
200 MeV and M1 gets heavier. By inserting Eq. (7) into
the expression of the e! ective mass, we can obtain

m̃e↵ =
h
1� f̃�(M2)

i
m⌫

e↵

+ [me↵ �m⌫
e↵ [1� f�(M2)]]

f̃�(M1)� f̃�(M2)

f�(M1)� f�(M2)
, (13)

where " � = 200 MeV in f� but " � 6= 200 MeV in f̃�
which is denoted as "̃ . Since the last fraction in the RHS
of Eq. (13) can be simplified as

f̃�(M1)� f̃�(M2)
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Namely, the e! ective mass is enhanced as M1 gets
greater/suppressed than the typical Fermi momentum in
f̃� by the factor "̃ 2

�/" 2
� . As clearly seen, since signifi-

cant enhancement/suppression could happen depending
on the values of " � due to the contributions from HNLs.
Thus, we can claim that the multiple detection by the
0⌫�� experiments using di! erent nuclei is crucial to re-
veal the properties of HNLs.

In conclusions, we have considered the minimal see-
saw model with two right-handed neutrinos. It has been
shown that, if the e! ective mass in the 0⌫�� decay will

be measured by future experiments, the possible range of
the mixing elements for the lighter heavy neutral lepton
(right-handed neutrino) is determined. Especially, when
two heavy neutral leptons are hierarchical and the lighter
mass is below the electroweak scale, N1 is a good target
of the direct search experiments.

It has also been shown that the predicted e! ective mass
can depend on nucleus of the experiment. Therefore,
comprehensive studies on the neutrinoless double beta
decays in the seesaw mechanism is necessary to extract
the concrete information of the heavy neutral leptons.
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