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üNeutrino masses (oscillation experiments)
üDirac type or Majorana type ?
üRight-handed neutrino …?

lSmallness of neutrino masses

Casas-Ibarra

F =
i

〈Φ〉UD1/2
ν ΩD1/2

N (1)

active neutrino’s mass

mi ∼ O(10−11) GeV (2)

electron

me ∼ 10−4 GeV (3)

Standard Model + Rhight - handed neutrinos

L = LSM + iνRIγ
µ∂µνRI −

(
FαILαΦνRI +

[MM ]II
2

νcRIνRI + h.c.

)
(4)

振動実験では、各質量階層性に対してニュートリノ質量の二乗差は以下のように確認されている。
Neutrino mass hierarchy ∆m2

21/10
−5eV 2 ∆m2

3l/10
−3eV 2

NH (m1 < m2 < m3) 7.42+0.21
−0.20 2.510+0.027

−0.027

IH (m3 < m1 < m2) 7.42+0.21
−0.20 −2.490+0.026

−0.028

∆m2
21

10−5eV 2
= 7.42+0.21

−0.20,
∆m2

31

10−3eV 2
= 2.510+0.027

−0.027 for the NH case

∆m2
21

10−5eV 2
= 7.42+0.21

−0.20,
∆m2

32

10−3eV 2
= −2.490+0.026

−0.028 for the IH case

mν ∼ O(10−11)GeV (5)

me ∼ 10−4GeV (6)
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1

Oscilla'on experiment data

𝑚! : ac%ve neutrino mass
𝑚" : electron mass

𝑙 : index of lightest ac1ve neutrino

1. Introduc+on
Puzzles of neutrinos in SM

[NuFIT 5.1(‘21)]

Beyond SM physics is needed to explain these discrepancies

lAt least two genera2ons of neutrinos are massive

3FPW 2022 (Kazuki Tanaka)2022/11/9

Neutrinoless double beta decay

0νββ decay

Casas-Ibarra

F =
i

〈Φ〉UD1/2
ν ΩD1/2

N (1)

active neutrino’s mass

mi ∼ O(10−11) GeV (2)

electron

me ∼ 10−4 GeV (3)

Electro-Weak scale

MEW ∼ (4)

Standard Model + Rhight-handed neutrinos

L = LSM + iνRIγ
µ∂µνRI −

(
FαILαΦνRI +

[MM ]II
2

νcRIνRI + h.c.

)
(5)
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Mass scale



Assump?on for Dirac mass 
& Majorana mass

2. Minimal Seesaw mechanism (SM + 2RH𝝂)

ϚϤϥφ࣭ྔ

MI = diag(M1,M2) (2.12)

γʔιʔߏػͰ͸ҎԼΛԾఆ͢Δɻ

MD ! MI (2.13)

͜ͷߏػͷ༧ݴͱͯ͠ɺχϡʔτϦϊ͕ϚϤϥφཻࢠͱͳΓɺඪ४໛ܕͰ͸͞ڐΕͳ͍Ϩϓτϯ਺Λ
ഁΔ൓Ԡ͕͜ىΔɻ
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ୈ2ষ γʔιʔߏػ

͜ͷߏػͰ͸ɺඪ४໛ܕʹ৽ͨʹϚϤϥφ࣭ྔΛͭ࣋ӈ͖רχϡʔτϦϊ νRΛಋೖ͢Δ͜ͱͰɺΞ
ΫςΟϒχϡʔτϦϊʹ༗ݶͳ࣭ྔΛͤͨ࣋Δͱͱ΋ʹɺͦͷۃඍ͞Λࣗવʹઆ໌͢Δɻ
ඪ४໛ܕʹ 2ͭͷӈ͖רχϡʔτϦϊΛಋೖͨ͠ϥάϥϯδΞϯ

L = LSM + iνRIγ
µ∂µνRI −

(
FαILαΦνRI +

MI

2
νcRIνRI + h.c.

)
(2.1)

શͯͷ࣭ྔݻ༗ঢ়ଶ͕ಉ͡ήʔδ૚͕࡞༻Λͭ࣋ɺ

νLα =
∑

i

Uαiνi +
∑

I

ΘαIN
c
I (2.2)

౬઒݁߹ఆ਺͸ Cassa-Ibarra parametrization͔Βॻ͚Δɺ

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)

χϡʔτϦϊ࣭ྔʹ͍ͭͯɺϥάϥϯδΞϯʹ͓͍ͯχϡʔτϦϊ࣭ྔ߲͸

Lmass = −1

2
(νLα, νcRI)

(
0 [MD]αI

[MT
D]Iα MI

)(
νcLα
νRI

)
+ h.c. (2.9)

σΟϥοΫ࣭ྔ

[MD]αI = 〈Φ〉FαI (2.10)

MD (≡ 〈Φ〉F ) (2.11)

3

Seesaw mechanism works!

ØAll mass eigenstates become Majorana par2cles.
ØNatural explana2on of smallness of 𝑚!.
ØBeyond SM interac2on could occur.

𝜈!" : right-handed neutrino

Φ : SM Higgs doublet𝐿# : SM lepton doublet 𝑀" : Majorana mass of right-handed neutrino

𝐹#" : Yukawa coupling

[P. Minkowski (‘77)]

Predic7on
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Lagrangian

Neutrinoless double beta decay

0νββ decay

Casas-Ibarra
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Neutrino mass hierarchy ∆m2
21/10
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−0.20 2.510+0.027

−0.027

IH (m3 < m1 < m2) 7.42+0.21
−0.20 −2.490+0.026

−0.028

∆m2
21

10−5eV 2
= 7.42+0.21

−0.20,
∆m2

31

10−3eV 2
= 2.510+0.027

−0.027 for the NH case

∆m2
21

10−5eV 2
= 7.42+0.21

−0.20,
∆m2

32

10−3eV 2
= −2.490+0.026

−0.028 for the IH case

mν ∼ O(10−11)GeV (6)

O(10−11)GeV (7)

O(10−1)GeV (8)

me ∼ 10−4GeV (9)

Dν = diag (0,m2,m3) (10)

|mν | =
∣∣∣∣
M2

D

MI

∣∣∣∣ % |MD| (11)

1

Dirac mass term Majorana mass term
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3

νi, NC
I

Uei, ΘeI

e−

W−

a

図 1: ニュートリノのゲージ相互作用
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ϚϤϥφ࣭ྔ

MI = diag(M1,M2) (2.12)

γʔιʔߏػͰ͸ҎԼΛԾఆ͢Δɻ

MD ! MI (2.13)
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ΞΫςΟϒχϡʔτϦϊͷ࣭ྔ͸ҎԼͷΑ͏ʹ͔͚Δ

mi = −MD
MD

MI
(2.14)

mi ! ml (2.15)

࣭ྔର֯ྻߦ͸

DN = diag (M1,M2) (2.16)

∆m2
21

10−5eV 2
= 7.42+0.21

−0.20 (2.17)

∆m2
31

10−3eV 2
= 2.517+0.026

−0.028 (2.18)

∆m2
32

10−3eV 2
= −2.498+0.028

−0.028 (2.19)

ΘαI =
FαI〈Φ〉
MI

(2.20)
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Yukawa coupling
[Casas, Ibarra(‘01)]

Weak interac2on of neutrino
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All mass eigenstates have the weak interac2on.

𝜔 : Complex parameter

[Maki, Nakagawa, Sakata (‘62)] 

𝑈#$ : Mixing element of acOve 𝜈 (PMNS matrix)
Θ#" : Mixing element of RH𝜈

[Pontecorvo(‘58)] 
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me ∼ 10−4GeV (9)

Dν = diag (0,m2,m3) (10)

1

l Mixing element of RH𝜈

NH case

Determined by Yukawa 
coupling & mass of RH𝜈s

|mν | =
∣∣∣∣
M2

D

MI

∣∣∣∣ ! |MD| (11)

|Θ1|2 =
∑

α=e,µ,τ

|Θα1|2 (12)

ξ = ±1 (13)

2



3. 𝟎𝝂𝜷𝜷 decay

• The decay process violates the 
lepton number two units.

• One possibility is massive 
Majorana neutrino mediation.
→It is possible to verify the 

Majorana nature of the 
neutrino predicted in seesaw 
mechanism.

What is 0𝜈𝛽𝛽 decay?

Casas-Ibarra

F =
i

〈Φ〉UD1/2
ν ΩD1/2

N (1)

active neutrino’s mass

mi ∼ O(10−11) GeV (2)

electron

me ∼ 10−4 GeV (3)

Standard Model + Rhight - handed neutrinos

L = LSM + iνRIγ
µ∂µνRI −

(
FαILαΦνRI +

[MM ]II
2

νcRIνRI + h.c.

)
(4)

振動実験では、各質量階層性に対してニュートリノ質量の二乗差は以下のように確認されている。
∆m2

21

10−5eV 2
= 7.42+0.21

−0.20,
∆m2

31

10−3eV 2
= 2.510+0.027

−0.027 for the NH case

∆m2
21

10−5eV 2
= 7.42+0.21

−0.20,
∆m2

32

10−3eV 2
= −2.490+0.026

−0.028 for the IH case

ニュートリノの放出を伴う場合 : (Z,A) → (Z + 2, A) + 2e− + 2νe

ニュートリノの放出を伴わない場合 : (Z,A) → (Z + 2, A) + 2e−

n p

e−

νe

n

νe

e−

p

W−

W−

図 1: ニュートリノを伴う二重ベータ崩壊

n p

e−

n

e−

p

W−

W−

νi, NI

図 2: ニュートリノを伴わない二重ベータ崩壊
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FIG. 3: Effective Majorana neutrino mass 〈mββ〉 as a function of
the lightest neutrino mass mlightest. The dark shaded regions are
the predictions based on best-fit values of neutrino oscillation pa-
rameters for the normal hierarchy (NH) and the inverted hierarchy
(IH), and the light shaded regions indicate the 3σ ranges calculated
from the oscillation parameter uncertainties [29, 30]. The horizon-
tal bands indicate 90% C.L. upper limits on 〈mββ〉 with 136Xe from
KamLAND-Zen (this work), and with other nuclei from Ref. [2, 26–
28], considering an improved phase space factor calculation [17, 18]
and commonly used NME calculations [19–25]. 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 the 0νββ
decay searches for each nucleus [2, 26–28]. The upper limit
on 〈mββ〉 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]. We ob-
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 purifica-
tion, and enhanced the 0νββ decay search sensitivity in
KamLAND-Zen. Our search constrains the mass scale to lie
below ∼100meV, 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 from 214Bi, 110mAg, muon spallation and par-
tially by the tail of 2νββ 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 in 136Xe,
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 〈mββ〉 to be probed below 50meV, 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 the 2νββ tail into
the 0νββ analysis window. Such improvement is the target of
a future detector upgrade.
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particle transport code (CERN, Geneva, 2005).
[15] A. Gando et al., (KamLAND-Zen Collaboration), Phys. Rev. C

86, 021601 (2012).
[16] J. B. Albert et al., (EXO Collaboration), Phys. Rev. C 89,

015502 (2014).
[17] J. Kotila and F. Iachello, Phys. Rev. C 85, 034316 (2012).
[18] S. Stoica and M. Mirea, Phys. Rev. C 88, 037303 (2013); up-

dated in arXiv:1411.5506v3.
[19] T. R. Rodrı́guez and G. Martı́nez-Pinedo, Phys. Rev. Lett. 105,

𝑚())
* = #1.45 − 3.68 meV NH

18.6 − 48.4 meV IH

Predicted region

KamLAND-Zen (‘16)

ୈ3ষ χϡʔτϦϊΛ൐Θͳ͍ೋॏϕʔλ่յ

ͷೋॏϕʔλ่յͷ͏ͪɺશମͱͯ͠χϡʔτϦϊͷ์ग़Λ൐Θͳ͍Ϟʔυ͸ɺχϡʔτϦ֩ࢠݪ
ϊͷॏཁͳੑ࣭ͷͻͱͭʢϚϤϥφཻࢠͰ͋Δ͔൱͔ʣΛղ໌͢ΔͨΊʹॏཁͳաఔͰ͋Δɻ

(Z,A) → (Z + 2, A) + 2e− (3.1)

่յͷ൒ظݮ͸ҎԼͰܾ·Δɻ

τ−1
1/2 = G |Mmeff |2 (3.2)

่յ͸༗ޮ࣭ྔmeff ͱ͍͏ύϥϝʔλͰಛ௃෇͚ΒΕɺΞΫςΟϒχϡʔτϦϊͱӈ͖רχϡʔτϦ
ϊͷ૒ํ͕د༩Λ༩͑Δɻ

meff = mν
eff +mN

eff (3.3)

ΞΫςΟϒχϡʔτϦϊͱӈ͖רχϡʔτϦϊ͔Βͷد༩͸ͦΕͧΕҎԼͷΑ͏ʹॻ͚Δɺ

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)

͜ͷ࣌ɺӈ͖רχϡʔτϦϊʹΑΔد༩͸ɺ֩ࢠݪதͷయܕతͳϑΣϧϛӡಈྔ Λβʢ100MeVఔ౓ʣ
ʹରͯ͠ӈ͖רχϡʔτϦϊͷ࣭ྔ͕খ͍͞ͱ͖ʹݦஶͱͳΔɻ

5

Ac've 𝜈’s contribu'on

Now, 𝑚"#$%&'(& = 0

Current limits on 𝟎𝝂𝜷𝜷 decay

New!

[KamLAND-Zen (‘22)]

36 − 156 meV

ୈ3ষ χϡʔτϦϊΛ൐Θͳ͍ೋॏϕʔλ่յ

ͷೋॏϕʔλ่յͷ͏ͪɺશମͱͯ͠χϡʔτϦϊͷ์ग़Λ൐Θͳ͍Ϟʔυ͸ɺχϡʔτϦ֩ࢠݪ
ϊͷॏཁͳੑ࣭ͷͻͱͭʢϚϤϥφཻࢠͰ͋Δ͔൱͔ʣΛղ໌͢ΔͨΊʹॏཁͳաఔͰ͋Δɻ

(Z,A) → (Z + 2, A) + 2e− (3.1)

(Z,A) → (Z + 2, A) + 2e− + 2ν̄e (3.2)

่յͷ൒ظݮ͸ҎԼͰܾ·Δɻ

τ−1
1/2 = G |M|2 |meff |2 (3.3)

่յ͸༗ޮ࣭ྔmeff ͱ͍͏ύϥϝʔλͰಛ௃෇͚ΒΕɺΞΫςΟϒχϡʔτϦϊͱӈ͖רχϡʔτϦ
ϊͷ૒ํ͕د༩Λ༩͑Δɻ

meff = mν
eff +mN

eff (3.4)

ΞΫςΟϒχϡʔτϦϊͱӈ͖רχϡʔτϦϊ͔Βͷد༩͸ͦΕͧΕҎԼͷΑ͏ʹॻ͚Δɺ

mν
eff =

∑

i

U2
eimi (3.5)

mN
eff =

∑

I

Θ2
eIMIfβ(MI) (3.6)

fβ(MI) =
Λ2
β

Λ2
β +M2

I

(3.7)

͜ͷ࣌ɺӈ͖רχϡʔτϦϊʹΑΔد༩͸ɺ֩ࢠݪதͷయܕతͳϑΣϧϛӡಈྔ Λβʢ100MeVఔ౓ʣ
ʹରͯ͠ӈ͖רχϡʔτϦϊͷ࣭ྔ͕খ͍͞ͱ͖ʹݦஶͱͳΔɻ

5

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

Half-life 'me of 0𝜈𝛽𝛽 decay 



2022/11/9 FPW 2022 (Kazuki Tanaka) 8

ୈ3ষ χϡʔτϦϊΛ൐Θͳ͍ೋॏϕʔλ่յ

ͷೋॏϕʔλ่յͷ͏ͪɺશମͱͯ͠χϡʔτϦϊͷ์ग़Λ൐Θͳ͍Ϟʔυ͸ɺχϡʔτϦ֩ࢠݪ
ϊͷॏཁͳੑ࣭ͷͻͱͭʢϚϤϥφཻࢠͰ͋Δ͔൱͔ʣΛղ໌͢ΔͨΊʹॏཁͳաఔͰ͋Δɻ

(Z,A) → (Z + 2, A) + 2e− (3.1)

่յͷ൒ظݮ͸ҎԼͰܾ·Δɻ

τ−1
1/2 = G |Mmeff |2 (3.2)

่յ͸༗ޮ࣭ྔmeff ͱ͍͏ύϥϝʔλͰಛ௃෇͚ΒΕɺΞΫςΟϒχϡʔτϦϊͱӈ͖רχϡʔτϦ
ϊͷ૒ํ͕د༩Λ༩͑Δɻ

meff = mν
eff +mN

eff (3.3)

ΞΫςΟϒχϡʔτϦϊͱӈ͖רχϡʔτϦϊ͔Βͷد༩͸ͦΕͧΕҎԼͷΑ͏ʹॻ͚Δɺ

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)

͜ͷ࣌ɺӈ͖רχϡʔτϦϊʹΑΔد༩͸ɺ֩ࢠݪதͷయܕతͳϑΣϧϛӡಈྔ Λβʢ100MeVఔ౓ʣ
ʹରͯ͠ӈ͖רχϡʔτϦϊͷ࣭ྔ͕খ͍͞ͱ͖ʹݦஶͱͳΔɻ

5

When 𝑴𝑰 ≪ 𝚲𝜷, 
RH𝝂 could contribuJon enough !!

ୈ3ষ χϡʔτϦϊΛ൐Θͳ͍ೋॏϕʔλ่յ

ͷೋॏϕʔλ่յͷ͏ͪɺશମͱͯ͠χϡʔτϦϊͷ์ग़Λ൐Θͳ͍Ϟʔυ͸ɺχϡʔτϦ֩ࢠݪ
ϊͷॏཁͳੑ࣭ͷͻͱͭʢϚϤϥφཻࢠͰ͋Δ͔൱͔ʣΛղ໌͢ΔͨΊʹॏཁͳաఔͰ͋Δɻ

(Z,A) → (Z + 2, A) + 2e− (3.1)

่յͷ൒ظݮ͸ҎԼͰܾ·Δɻ

τ−1
1/2 = G |Mmeff |2 (3.2)

่յ͸༗ޮ࣭ྔmeff ͱ͍͏ύϥϝʔλͰಛ௃෇͚ΒΕɺΞΫςΟϒχϡʔτϦϊͱӈ͖רχϡʔτϦ
ϊͷ૒ํ͕د༩Λ༩͑Δɻ

meff = mν
eff +mN

eff (3.3)

ΞΫςΟϒχϡʔτϦϊͱӈ͖רχϡʔτϦϊ͔Βͷد༩͸ͦΕͧΕҎԼͷΑ͏ʹॻ͚Δɺ

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)

͜ͷ࣌ɺӈ͖רχϡʔτϦϊʹΑΔد༩͸ɺ֩ࢠݪதͷయܕతͳϑΣϧϛӡಈྔ Λβʢ100MeVఔ౓ʣ
ʹରͯ͠ӈ͖רχϡʔτϦϊͷ࣭ྔ͕খ͍͞ͱ͖ʹݦஶͱͳΔɻ

5

ୈ3ষ χϡʔτϦϊΛ൐Θͳ͍ೋॏϕʔλ่յ

ͷೋॏϕʔλ่յͷ͏ͪɺશମͱͯ͠χϡʔτϦϊͷ์ग़Λ൐Θͳ͍Ϟʔυ͸ɺχϡʔτϦ֩ࢠݪ
ϊͷॏཁͳੑ࣭ͷͻͱͭʢϚϤϥφཻࢠͰ͋Δ͔൱͔ʣΛղ໌͢ΔͨΊʹॏཁͳաఔͰ͋Δɻ

(Z,A) → (Z + 2, A) + 2e− (3.1)

่յͷ൒ظݮ͸ҎԼͰܾ·Δɻ

τ−1
1/2 = G |Mmeff |2 (3.2)

่յ͸༗ޮ࣭ྔmeff ͱ͍͏ύϥϝʔλͰಛ௃෇͚ΒΕɺΞΫςΟϒχϡʔτϦϊͱӈ͖רχϡʔτϦ
ϊͷ૒ํ͕د༩Λ༩͑Δɻ

meff = mν
eff +mN

eff (3.3)

ΞΫςΟϒχϡʔτϦϊͱӈ͖רχϡʔτϦϊ͔Βͷد༩͸ͦΕͧΕҎԼͷΑ͏ʹॻ͚Δɺ

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)

͜ͷ࣌ɺӈ͖רχϡʔτϦϊʹΑΔد༩͸ɺ֩ࢠݪதͷయܕతͳϑΣϧϛӡಈྔ Λβʢ100MeVఔ౓ʣ
ʹରͯ͠ӈ͖רχϡʔτϦϊͷ࣭ྔ͕খ͍͞ͱ͖ʹݦஶͱͳΔɻ

5

ୈ3ষ χϡʔτϦϊΛ൐Θͳ͍ೋॏϕʔλ่յ

ͷೋॏϕʔλ่յͷ͏ͪɺશମͱͯ͠χϡʔτϦϊͷ์ग़Λ൐Θͳ͍Ϟʔυ͸ɺχϡʔτϦ֩ࢠݪ
ϊͷॏཁͳੑ࣭ͷͻͱͭʢϚϤϥφཻࢠͰ͋Δ͔൱͔ʣΛղ໌͢ΔͨΊʹॏཁͳաఔͰ͋Δɻ

(Z,A) → (Z + 2, A) + 2e− (3.1)

่յͷ൒ظݮ͸ҎԼͰܾ·Δɻ

τ−1
1/2 = G |Mmeff |2 (3.2)

่յ͸༗ޮ࣭ྔmeff ͱ͍͏ύϥϝʔλͰಛ௃෇͚ΒΕɺΞΫςΟϒχϡʔτϦϊͱӈ͖רχϡʔτϦ
ϊͷ૒ํ͕د༩Λ༩͑Δɻ

meff = mν
eff +mN

eff (3.3)

ΞΫςΟϒχϡʔτϦϊͱӈ͖רχϡʔτϦϊ͔Βͷد༩͸ͦΕͧΕҎԼͷΑ͏ʹॻ͚Δɺ

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)

͜ͷ࣌ɺӈ͖רχϡʔτϦϊʹΑΔد༩͸ɺ֩ࢠݪதͷయܕతͳϑΣϧϛӡಈྔ Λβʢ100MeVఔ౓ʣ
ʹରͯ͠ӈ͖רχϡʔτϦϊͷ࣭ྔ͕খ͍͞ͱ͖ʹݦஶͱͳΔɻ

5

Effec%ve mass

Ac2ve 𝜈’s 
contribu2on

RH𝜈’s 
contribu2on

Suppression factor by the propagator
[Faessler, Gonzalez, Kovalenko, Simkovic(‘14)] [Barea, KoOla, Iachello(‘15)]

Casas-Ibarra

F =
i

〈Φ〉UD1/2
ν ΩD1/2

N (1)

active neutrino’s mass

mi ∼ O(10−11) GeV (2)

electron

me ∼ 10−4 GeV (3)

Standard Model + Rhight - handed neutrinos

L = LSM + iνRIγ
µ∂µνRI −

(
FαILαΦνRI +

[MM ]II
2

νcRIνRI + h.c.

)
(4)

振動実験では、各質量階層性に対してニュートリノ質量の二乗差は以下のように確認されている。
∆m2

21

10−5eV 2
= 7.42+0.21

−0.20,
∆m2

31

10−3eV 2
= 2.510+0.027

−0.027 for the NH case

∆m2
21

10−5eV 2
= 7.42+0.21

−0.20,
∆m2

32

10−3eV 2
= −2.490+0.026

−0.028 for the IH case

ニュートリノの放出を伴う場合 : (Z,A) → (Z + 2, A) + 2e− + 2νe

ニュートリノの放出を伴わない場合 : (Z,A) → (Z + 2, A) + 2e−

n p

e−

νe

n

νe

e−

p

W−

W−

図 1: ニュートリノを伴う二重ベータ崩壊

n p

e−

n

e−

p

W−

W−

νi, NI

図 2: ニュートリノを伴わない二重ベータ崩壊

1

4. 𝟎𝝂𝜷𝜷 decay in the seesaw mechanism
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𝑀), 𝑀* ≪ Λ+

Note that we consider meff as a complex number. The contribution from active neutrinos is

meff =
X

i
U 2

ei mi , (11)

and those from HNLs are

mNI
eff =£

2
eI MI fØ(MI ) (12)

=

8
<

:
°

°
Ue2m1/2

2 cos!+Ue3m1/2
3 sin!

¢2
fØ(M1) for the NH case

°
°
Ue1m1/2

1 cos!+Ue2m1/2
2 sin!

¢2
fØ(M1) for the IH case

, (13)

where fØ(MI ) represents the suppression in the nuclear matrix element by the propagator of NI . Here

we follow the results in Ref. [23, 24] and take the form with hp2i= (200 MeV)2 ¥§2
Ø

fØ(MI ) = hp2i
hp2i+M 2

I

. (14)

The known possibility that meff = 0 is that HNLs participating the seesaw mechanism, i.e. , both

N1 and N2, are sufficiently lighter than §Ø. In this case fØ(M1,2) = 1 and then the seesaw mechanism

guarantees the following equality

meff =
X

i
U 2

ei mi +
X

I
£2

eI MI = 0. (15)

Thus, even though the lepton number is violated by the Majorana masses for right-handed neutrinos,

the 0∫ØØ decay processes are absent.

We have pointed out in Ref. [15] another possibility in the case when the masses of N1 and N2 are hi-

erarchical. It is assumed that the mass and mixing elements of N2 are sufficiently heavy and suppressed,

respectively, and then mN2
eff = 0. In the analysis we have also assumed that M1 . §Ø and fØ(M1) = 1

approximately. The effective mass in this case is abridged as

meff =

8
<

:

°
sin!Ue2m1/2

2 °cos!Ue3m1/2
3

¢2
for the NH case

°
sin!Ue1m1/2

1 °cos!Ue2m1/2
2

¢2
for the IH case

. (16)

It is found that meff vanishes if the complex parameter ! satisfies

tan!= A =

8
>>>>><

>>>>>:

Ue3m1/2
3

Ue2m1/2
2

for the NH case

Ue2m1/2
2

Ue1m1/2
1

for the IH case

. (17)

As described in Ref. [15], the mixing elements of N1, £Æ1, are determined from the mass M1 and the

Majorana phase ¥ of active neutrinos in this situation. Then, the relative sizes of £Æ1, if they will be

measured in future experiments, give the important information of ¥.

4

[T.Asaka, S.Eijima, H.Ishida (‘11)]

ͱͳΔɻ͞Βʹɺ྆ลͷ (1, 1)੒෼ʹண໨͢ΔͱҎԼͷ͕ؔࣜ܎ಋ͚Δ͜ͱ͕Θ͔Δɻ

0 =

[(
U Θ

−Θ†U 1

)(
Md

ν 0

0 MI

)(
UT −UTΘ∗

ΘT 1

)]

11

= UMd
νU

T +ΘMIΘ
T

=
∑

i

U2
eimi +

∑

I

Θ2
eIMI

͜͜Ͱɺӈ͖רχϡʔτϦϊͷੈ୅਺Λ 2ͱ͍ͯ͠ΔͷͰɺΞΫςΟϒχϡʔτϦϊ༗ޮ࣭ྔͱӈר
͖χϡʔτϦϊ༗ޮ࣭ྔͷؒʹ͸ҎԼͷ͕ؔ܎੒Γཱͭɻ

0 = mν
eff +Θ2

e1M1 +Θ2
e2M2 (5.8)

͜Ε͸ɺγʔιʔߏػʹ͓͍ͯҰൠʹ੒Γཱͭؔࣜ܎Ͱ͋ΔɻҰํͰɺӈล͸ӈ͖רχϡʔτϦϊͷ
࣭ྔ͕ॖୀ͠཈੍Ҽ͕ͦࢠΕͧΕ fβ(M1) = fβ(M2) = 1Λຬͨ͢৔߹ͷ༗ޮ࣭ྔʹ౳͍͠ɻ

meff = mν
eff +Θ2

e1M1 +Θ2
e2M2 (5.9)

ैͬͯɺγʔιʔߏػʹ͓͍ͯӈ͖רχϡʔτϦϊͷ࣭ྔ͕M1, M2 " Λβ ͷ৔߹ɺӈ͖רχϡʔ
τϦϊʹΑΔد༩͕ΞΫςΟϒχϡʔτϦϊʹΑΔد༩Λ૬͠ࡴχϡʔτϦϊΛ൐Θͳ͍ೋॏϕʔλ
่յ͸͜ىΒͳ͍ɻ

5.2.2 M1 " Λβ " M2ͷ৔߹

ΛͦΕڹχϡʔτϦϊΛʹର͢Δ่յ΁ͷӨ͖רΑΓҰൠతͳ࣭ྔྖҬͷӈͨͬߦͰڀݚɺຊʹ࣍
ͧΕͷ࣭ྔྖҬͰӈ͖רχϡʔτϦϊ่͕յʹͲͷΑ͏ͳӨڹΛ༩͑Δͷ͔ड़΂͍ͯ͘ɻ

ୈҰʹɺӈ͖רχϡʔτϦϊͷ࣭ྔ͕֊૚తͰɺ͍ܰํ N1͕֩ࢠݪதͷయܕతͳϑΣϧϛӡಈྔ
(Λβ ∼ 200GeVͱ͢Δ)ΑΓ΋े෼ʹܰ͘ɺॏ͍ํͷӈ͖רχϡʔτϦϊN2͸ͦΕΑΓ΋ͣͬͱॏ͘
่յʹ͸د༩͠ͳ͍৔߹Λ૝ఆ͢Δɻ

M1 " Λβ " M2 (5.10)

͜ͷͱ͖ɺ཈੍Ҽࢠ͸

fβ(M1) = 1, fβ(M2) = 0 (5.11)

Ͱ͋Γɺ༗ޮ࣭ྔ͸NHɾIHʹରͯͦ͠ΕͧΕҎԼͷΑ͏ʹॻ͚Δ͜ͱʹͳΔɻ

meff =
(
Ue2m

1/2
2 sinω − Ue3m

1/2
3 cosω

)2
for the NH case (5.12)

meff =
(
Ue1m

1/2
1 sinω − Ue2m

1/2
2 cosω

)2
for the IH case (5.13)

͜͜Ͱɺ༗ޮ࣭ྔ͕θϩʹͳΔ৚݅Λӈ͖רχϡʔτϦϊࠞ߹ཁૉʹؚ·ΕΔෳૉύϥϝʔλ ωʹ
͍ͭͯղ͍ͯΈΔͱҎԼͷΑ͏ʹ·ͱΊΔ͜ͱ͕Ͱ͖Δɻ

tanω =
Ue3m

1/2
3

Ue2m
1/2
2

for the NH case (5.14)

tanω =
Ue2m

1/2
2

Ue1m
1/2
1

for the IH case (5.15)
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)(
UT −UTΘ∗
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)]
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= UMd
νU

T +ΘMIΘ
T

=
∑

i

U2
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∑
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Θ2
eIMI
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0 = mν
eff +Θ2

e1M1 +Θ2
e2M2 (5.8)

͜Ε͸ɺγʔιʔߏػʹ͓͍ͯҰൠʹ੒Γཱͭؔࣜ܎Ͱ͋ΔɻҰํͰɺӈล͸ӈ͖רχϡʔτϦϊͷ
࣭ྔ͕ॖୀ͠཈੍Ҽ͕ͦࢠΕͧΕ fβ(M1) = fβ(M2) = 1Λຬͨ͢৔߹ͷ༗ޮ࣭ྔʹ౳͍͠ɻ

meff = mν
eff +Θ2

e1M1 +Θ2
e2M2 (5.9)

ैͬͯɺγʔιʔߏػʹ͓͍ͯӈ͖רχϡʔτϦϊͷ࣭ྔ͕M1, M2 " Λβ ͷ৔߹ɺӈ͖רχϡʔ
τϦϊʹΑΔد༩͕ΞΫςΟϒχϡʔτϦϊʹΑΔد༩Λ૬͠ࡴχϡʔτϦϊΛ൐Θͳ͍ೋॏϕʔλ
่յ͸͜ىΒͳ͍ɻ

5.2.2 M1 " Λβ " M2ͷ৔߹

ΛͦΕڹχϡʔτϦϊΛʹର͢Δ่յ΁ͷӨ͖רΑΓҰൠతͳ࣭ྔྖҬͷӈͨͬߦͰڀݚɺຊʹ࣍
ͧΕͷ࣭ྔྖҬͰӈ͖רχϡʔτϦϊ่͕յʹͲͷΑ͏ͳӨڹΛ༩͑Δͷ͔ड़΂͍ͯ͘ɻ

ୈҰʹɺӈ͖רχϡʔτϦϊͷ࣭ྔ͕֊૚తͰɺ͍ܰํ N1͕֩ࢠݪதͷయܕతͳϑΣϧϛӡಈྔ
(Λβ ∼ 200GeVͱ͢Δ)ΑΓ΋े෼ʹܰ͘ɺॏ͍ํͷӈ͖רχϡʔτϦϊN2͸ͦΕΑΓ΋ͣͬͱॏ͘
่յʹ͸د༩͠ͳ͍৔߹Λ૝ఆ͢Δɻ

M1 " Λβ " M2 (5.10)

͜ͷͱ͖ɺ཈੍Ҽࢠ͸

fβ(M1) = 1, fβ(M2) = 0 (5.11)

Ͱ͋Γɺ༗ޮ࣭ྔ͸NHɾIHʹରͯͦ͠ΕͧΕҎԼͷΑ͏ʹॻ͚Δ͜ͱʹͳΔɻ

meff =
(
Ue2m

1/2
2 sinω − Ue3m

1/2
3 cosω

)2
for the NH case (5.12)

meff =
(
Ue1m

1/2
1 sinω − Ue2m

1/2
2 cosω

)2
for the IH case (5.13)

͜͜Ͱɺ༗ޮ࣭ྔ͕θϩʹͳΔ৚݅Λӈ͖רχϡʔτϦϊࠞ߹ཁૉʹؚ·ΕΔෳૉύϥϝʔλ ωʹ
͍ͭͯղ͍ͯΈΔͱҎԼͷΑ͏ʹ·ͱΊΔ͜ͱ͕Ͱ͖Δɻ

tanω =
Ue3m

1/2
3

Ue2m
1/2
2

for the NH case (5.14)

tanω =
Ue2m

1/2
2

Ue1m
1/2
1

for the IH case (5.15)
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3.2 χϡʔτϦϊ࣭ྔྻߦ

ଓ͍ͯɺϥάϥϯδΞϯʹ͓͚Δ࣭ྔ߲ʹண໨͢Δ͜ͱͰɺχϡʔτϦϊͷϚϤϥφੑʹ͍ͭͯٞ
࿦͢Δɻ(3.1)ࣜʹ͓͚ΔχϡʔτϦϊ࣭ྔ߲͸ҎԼͷܗͰॻ͖ग़͢͜ͱ͕Ͱ͖Δɻ

Lν,mass = −FαILαΦνRI −
[MM ]II

2
νcRIνRI + h.c. (3.5)

͜ͷͱ͖ɺ্ࣜͷୈ 1߲͸࣍ͷΑ͏ʹมܗͰ͖Δɻ

−FαILαΦνRI + h.c. = −FαI (νLα, eLα)

(
φ0

φ+

)
νRI + h.c.

= −FαIνLα 〈Φ〉 νRI + h.c.

= − [MD]αI νLανRI + h.c. (3.6)

ैͬͯɺχϡʔτϦϊ࣭ྔ߲͸

Lν,mass = − [MD]αI νLανRI −
[MM ]II

2
νcRIνRI + h.c.. (3.7)

͞Βʹ νLανRI = νcRIνLαͷؔ܎Λ༻͍Δͱɺ࠷ऴతʹҎԼͷΑ͏ʹมܗͰ͖Δɻ

Lν,mass = − [MD]αI
2

νLανRI −
[MD]αI

2
νcRIν

c
Lα − [MM ]II

2
νcRIνRI + h.c.

= −1

2
(νL, ν

c
R)

(
0 MD

MT
D MM

)(
νcL
νR

)
+ h.c.

≡ −1

2
Ψ

c
M̂Ψ+ h.c. (3.8)

͜͜Ͱɺޙ࠷ͷߦͰ͸ҎԼͷఆٛΛ༻͍ͨɻ

Ψ ≡
(
νcL
νR

)
, M̂ ≡

(
0 MD

MT
D MM

)
(3.9)

M̂ ͸ 6× 6ͷχϡʔτϦϊͷ࣭ྔྻߦͰ͋Δɻ͜ͷྻߦͷର֯ԽΛ͜͏ߦͱͰ࣭ྔݻ༗ঢ়ଶͱݻ༗஋
ΛٻΊΔɻ
ର֯Խ͞ΕͨχϡʔτϦϊ࣭ྔྻߦ M̂diag͸ɺϢχλϦʔྻߦ Û Λ༻͍ͯҎԼͰ༩͑ΒΕΔɻ

Û †M̂Û∗ = M̂diag (3.10)

͜ͷͱ͖ɺχϡʔτϦϊ࣭ྔݻ༗ঢ়ଶͱͯ͠ νi(i = 1, 2, 3)ͱNI(I = 1, 2)͸࣍ͷΑ͏ʹ༩͑ΒΕΔɻ
(
νcL
νR

)
= Û∗

(
νc

N

)
(3.11)

χϡʔτϦϊ࣭ྔྻߦͷର֯ԽΛ͏ߦʹ͋ͨͬͯɺ·ͣ࣍ͷྻߦΛ༻͍ͨ M̂ ͷϒϩοΫର֯ԽΛ͏ߦɻ

Û1 =

(
1 Θ

−Θ† 1

)
(3.12)

͜͜ͰɺΘ͸ 2× Ͱɺ|ΘαIྻߦ2 | & 1Λຬͨ͢΋ͷͱ͑ߟΔɻ·ͨɺÛ1͸ 5× Ͱ͋ΓɺO(Θ)ྻߦ5

·ͰͷΦʔμʔͰۙࣅతʹϢχλϦʔੑΛͭ࣋ɻ

Û †
1 Û1 = Û1Û

†
1 =

(
1 +ΘΘ† 0

0 1 +Θ†Θ

)
= 1 +O

(
Θ2
)

(3.13)
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➡ the decay will never happen

ୈ3ষ χϡʔτϦϊΛ൐Θͳ͍ೋॏϕʔλ่յ

ͷೋॏϕʔλ่յͷ͏ͪɺશମͱͯ͠χϡʔτϦϊͷ์ग़Λ൐Θͳ͍Ϟʔυ͸ɺχϡʔτϦ֩ࢠݪ
ϊͷॏཁͳੑ࣭ͷͻͱͭʢϚϤϥφཻࢠͰ͋Δ͔൱͔ʣΛղ໌͢ΔͨΊʹॏཁͳաఔͰ͋Δɻ

(Z,A) → (Z + 2, A) + 2e− (3.1)

(Z,A) → (Z + 2, A) + 2e− + 2ν̄e (3.2)

่յͷ൒ظݮ͸ҎԼͰܾ·Δɻ

τ−1
1/2 = G |M|2 |meff |2 (3.3)

่յ͸༗ޮ࣭ྔmeff ͱ͍͏ύϥϝʔλͰಛ௃෇͚ΒΕɺΞΫςΟϒχϡʔτϦϊͱӈ͖רχϡʔτϦ
ϊͷ૒ํ͕د༩Λ༩͑Δɻ

meff = mν
eff +mN

eff (3.4)

ΞΫςΟϒχϡʔτϦϊͱӈ͖רχϡʔτϦϊ͔Βͷد༩͸ͦΕͧΕҎԼͷΑ͏ʹॻ͚Δɺ

mν
eff =

∑

i

U2
eimi (3.5)

mN
eff =

∑

I

Θ2
eIMIfβ(MI) (3.6)

fβ(MI) =
Λ2
β

Λ2
β +M2

I

(3.7)

͜ͷ࣌ɺӈ͖רχϡʔτϦϊʹΑΔد༩͸ɺ֩ࢠݪதͷయܕతͳϑΣϧϛӡಈྔ Λβʢ100MeVఔ౓ʣ
ʹରͯ͠ӈ͖רχϡʔτϦϊͷ࣭ྔ͕খ͍͞ͱ͖ʹݦஶͱͳΔɻ

5

𝑀), 𝑀* ≫ Λ+

Note that we consider meff as a complex number. The contribution from active neutrinos is

meff =
X

i
U 2

ei mi , (11)

and those from HNLs are

mNI
eff =£

2
eI MI fØ(MI ) (12)

=

8
<

:
°

°
Ue2m1/2

2 cos!+Ue3m1/2
3 sin!

¢2
fØ(M1) for the NH case

°
°
Ue1m1/2

1 cos!+Ue2m1/2
2 sin!

¢2
fØ(M1) for the IH case

, (13)

where fØ(MI ) represents the suppression in the nuclear matrix element by the propagator of NI . Here

we follow the results in Ref. [23, 24] and take the form with hp2i= (200 MeV)2 ¥§2
Ø

fØ(MI ) = hp2i
hp2i+M 2

I

. (14)

The known possibility that meff = 0 is that HNLs participating the seesaw mechanism, i.e. , both

N1 and N2, are sufficiently lighter than §Ø. In this case fØ(M1,2) = 1 and then the seesaw mechanism

guarantees the following equality

meff =
X

i
U 2

ei mi +
X

I
£2

eI MI = 0. (15)

Thus, even though the lepton number is violated by the Majorana masses for right-handed neutrinos,

the 0∫ØØ decay processes are absent.

We have pointed out in Ref. [15] another possibility in the case when the masses of N1 and N2 are hi-

erarchical. It is assumed that the mass and mixing elements of N2 are sufficiently heavy and suppressed,

respectively, and then mN2
eff = 0. In the analysis we have also assumed that M1 . §Ø and fØ(M1) = 1

approximately. The effective mass in this case is abridged as

meff =

8
<

:

°
sin!Ue2m1/2

2 °cos!Ue3m1/2
3

¢2
for the NH case

°
sin!Ue1m1/2

1 °cos!Ue2m1/2
2

¢2
for the IH case

. (16)

It is found that meff vanishes if the complex parameter ! satisfies

tan!= A =

8
>>>>><

>>>>>:

Ue3m1/2
3

Ue2m1/2
2

for the NH case

Ue2m1/2
2

Ue1m1/2
1

for the IH case

. (17)

As described in Ref. [15], the mixing elements of N1, £Æ1, are determined from the mass M1 and the

Majorana phase ¥ of active neutrinos in this situation. Then, the relative sizes of £Æ1, if they will be

measured in future experiments, give the important information of ¥.
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FIG. 3: Effective Majorana neutrino mass 〈mββ〉 as a function of
the lightest neutrino mass mlightest. The dark shaded regions are
the predictions based on best-fit values of neutrino oscillation pa-
rameters for the normal hierarchy (NH) and the inverted hierarchy
(IH), and the light shaded regions indicate the 3σ ranges calculated
from the oscillation parameter uncertainties [29, 30]. The horizon-
tal bands indicate 90% C.L. upper limits on 〈mββ〉 with 136Xe from
KamLAND-Zen (this work), and with other nuclei from Ref. [2, 26–
28], considering an improved phase space factor calculation [17, 18]
and commonly used NME calculations [19–25]. 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 the 0νββ
decay searches for each nucleus [2, 26–28]. The upper limit
on 〈mββ〉 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]. We ob-
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 purifica-
tion, and enhanced the 0νββ decay search sensitivity in
KamLAND-Zen. Our search constrains the mass scale to lie
below ∼100meV, 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 from 214Bi, 110mAg, muon spallation and par-
tially by the tail of 2νββ 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 in 136Xe,
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 〈mββ〉 to be probed below 50meV, 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 the 2νββ tail into
the 0νββ analysis window. Such improvement is the target of
a future detector upgrade.
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2

for the NH case (4.8)

tanω =
Ue2m

1/2
2

Ue1m
1/2
1

for the IH case (4.9)

χϡʔτϦϊN1ͷ࣭ྔྖҬΛେ͖͘औΔɺ͜ͷͱ͖͖רɺΑΓҰൠʹ͍ܰํͷӈʹ࣍ fβ(M1) != 1

ͳͷͰɺ༗ޮ࣭ྔ͸ҎԼͷΑ͏ʹͳΔɻ

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)

͜͜Ͱ δf (1 > δf > 0)

fβ(M1) = 1− δ2f (4.11)

่յ͕͜ىΒͳ͍৚݅͸ɺ

tanω =
A± iδf
1∓ iδfA

≡ tanω± (4.12)

ͱ͍͏Α͏ʹॻ͚ɺ͜ͷͱ͖ ωͷ࣮෦ ωrɾڏ෦ ωi͕ͦΕͧΕ࣍ͷ৚݅Λຬͨ͢ɻ

tan 2ωr =
2ReA

1− |A|2 (4.13)

X2
ω =

1± δf
1∓ δf

√
1 + |A|2 + 2ImA

1 + |A|2 − 2ImA
(4.14)
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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
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)2
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1/2
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1/2
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1/2
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fβ(M1) = 1, fβ(M2) = 0 (4.5)

Ͱ͋ΓɺҎԼͷΑ͏ʹॻ͚Δ͜ͱʹͳΔ

meff =
(
Ue2m

1/2
2 sinω − Ue3m

1/2
3 cosω

)2
for the NH case (4.6)

meff =
(
Ue1m

1/2
1 sinω − Ue2m

1/2
2 cosω
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for the IH case (4.7)
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τϦϊNI(I = 1, 2)Λಋೖͨ͠γʔιʔߏػΛ૝ఆ͠ɺӈ͖רχϡʔτϦϊͷ่յ΁ͷد༩Λ໢ཏత
ʹௐ΂ͨɻ͞Βʹɺͦͷد༩͔Β͍ܰӈ͖רχϡʔτϦϊͷੑ࣭ɺಛʹऑ͍૬࡞ޓ༻ʹ͓͚Δࠞ߹ཁ
ૉͷ༧ݴΛಋ͖ग़ͨ͠ɻ

่յͷ͜ىΒͳ͍Մೳੑʹ͍ͭͯ

͜͜Ͱɺ࿦఺ͱͳΔӈ͖רχϡʔτϦϊ༝དྷͷ༗ޮ࣭ྔΛॻ͖ग़͢ͱɺΞΫςΟϒχϡʔτϦϊͷ
࣭ྔ֊૚ੑ͝ͱʹҎԼͷΑ͏ʹ͔͚Δ͜ͱ͕Θ͔Δɻ

mNI
eff = Θ2

eI MI fβ(MI) (4.1)

ͦΕͧΕʹɺ౬઒݁߹ఆ਺ͷύϥϝʔλΛ୅ೖͯ͠ॻ͖ද͢ͱ

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

(4.2)

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

(4.3)

͔͜͜Βɺӈ͖רχϡʔτϦϊʹΑΔχϡʔτϦϊΛ൐Θͳ͍ೋॏϕʔλ่յ΁ͷӨڹΛɺ༗ޮ࣭
ྔΛݟΔ͜ͱͰৄ͍ͯ͘͘͠ݟɻ·ͨɺͦͷӨڹΛΘ͔Γ΍͘͢͢ΔͨΊʹɺӈ͖רχϡʔτϦϊͷ
࣭ྔྖҬʹ੍ݶΛ͚ͭͯ৔߹Θ͚͢Δɻ
ୈҰʹɺӈ͖רχϡʔτϦϊͷ࣭ྔ͕֊૚తͰɺ͍ܰํN1͕ిऑεέʔϧMEW ∼ O(102)GeVΑΓ
΋ܰ͘ɺॏ͍ํN2͸ͦΕΑΓ΋ͣͬͱॏ่͘յʹ͸د༩͠ͳ͍৔߹Λ૝ఆͨ͠ɻ

M1 < MEW # M2 (4.4)

·ͨɺ͞ΒͳΔ৔߹Θ͚ͱͯ͠ɺ·ͣM1 < ΛβΛԾఆͨ͠ɺ͢Δͱӈ͖רχϡʔτϦϊ༝དྷͷ༗ޮ࣭
ྔ͸ɺ཈੍Ҽ͕ࢠɺ

fβ(M1) = 1, fβ(M2) = 0 (4.5)

Ͱ͋ΓɺҎԼͷΑ͏ʹॻ͚Δ͜ͱʹͳΔ

meff =
(
Ue2m

1/2
2 sinω − Ue3m

1/2
3 cosω

)2
for the NH case (4.6)

meff =
(
Ue1m

1/2
1 sinω − Ue2m

1/2
2 cosω

)2
for the IH case (4.7)

6

ୈ3ষ χϡʔτϦϊΛ൐Θͳ͍ೋॏϕʔλ่յ

ͷೋॏϕʔλ่յͷ͏ͪɺશମͱͯ͠χϡʔτϦϊͷ์ग़Λ൐Θͳ͍Ϟʔυ͸ɺχϡʔτϦ֩ࢠݪ
ϊͷॏཁͳੑ࣭ͷͻͱͭʢϚϤϥφཻࢠͰ͋Δ͔൱͔ʣΛղ໌͢ΔͨΊʹॏཁͳաఔͰ͋Δɻ

(Z,A) → (Z + 2, A) + 2e− (3.1)

่յͷ൒ظݮ͸ҎԼͰܾ·Δɻ

τ−1
1/2 = G |Mmeff |2 (3.2)

่յ͸༗ޮ࣭ྔmeff ͱ͍͏ύϥϝʔλͰಛ௃෇͚ΒΕɺΞΫςΟϒχϡʔτϦϊͱӈ͖רχϡʔτϦ
ϊͷ૒ํ͕د༩Λ༩͑Δɻ

meff = mν
eff +mN

eff (3.3)

ΞΫςΟϒχϡʔτϦϊͱӈ͖רχϡʔτϦϊ͔Βͷد༩͸ͦΕͧΕҎԼͷΑ͏ʹॻ͚Δɺ

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)

͜ͷ࣌ɺӈ͖רχϡʔτϦϊʹΑΔد༩͸ɺ֩ࢠݪதͷయܕతͳϑΣϧϛӡಈྔ Λβʢ100MeVఔ౓ʣ
ʹରͯ͠ӈ͖רχϡʔτϦϊͷ࣭ྔ͕খ͍͞ͱ͖ʹݦஶͱͳΔɻ

5

ୈ4ষ γʔιʔߏػʹ͓͚ΔχϡʔτϦϊΛ൐Θͳ
͍ೋॏϕʔλ่յ

ຊڀݚͰ͸ɺඪ४໛ܕͷχϡʔτϦϊৼಈ࣮ݧͱໃ६͠ͳ͍࠷খ֦ுͱͯ̎͠ੈ୅ͷӈ͖רχϡʔ
τϦϊNI(I = 1, 2)Λಋೖͨ͠γʔιʔߏػΛ૝ఆ͠ɺӈ͖רχϡʔτϦϊͷ่յ΁ͷد༩Λ໢ཏత
ʹௐ΂ͨɻ͞Βʹɺͦͷد༩͔Β͍ܰӈ͖רχϡʔτϦϊͷੑ࣭ɺಛʹऑ͍૬࡞ޓ༻ʹ͓͚Δࠞ߹ཁ
ૉͷ༧ݴΛಋ͖ग़ͨ͠ɻ

่յͷ͜ىΒͳ͍Մೳੑʹ͍ͭͯ

͜͜Ͱɺ࿦఺ͱͳΔӈ͖רχϡʔτϦϊ༝དྷͷ༗ޮ࣭ྔΛॻ͖ग़͢ͱɺΞΫςΟϒχϡʔτϦϊͷ
࣭ྔ֊૚ੑ͝ͱʹҎԼͷΑ͏ʹ͔͚Δ͜ͱ͕Θ͔Δɻ

mNI
eff = Θ2

eI MI fβ(MI) (4.1)

ͦΕͧΕʹɺ౬઒݁߹ఆ਺ͷύϥϝʔλΛ୅ೖͯ͠ॻ͖ද͢ͱ

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

(4.2)

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

(4.3)

͔͜͜Βɺӈ͖רχϡʔτϦϊʹΑΔχϡʔτϦϊΛ൐Θͳ͍ೋॏϕʔλ่յ΁ͷӨڹΛɺ༗ޮ࣭
ྔΛݟΔ͜ͱͰৄ͍ͯ͘͘͠ݟɻ·ͨɺͦͷӨڹΛΘ͔Γ΍͘͢͢ΔͨΊʹɺӈ͖רχϡʔτϦϊͷ
࣭ྔྖҬʹ੍ݶΛ͚ͭͯ৔߹Θ͚͢Δɻ
ୈҰʹɺӈ͖רχϡʔτϦϊͷ࣭ྔ͕֊૚తͰɺ͍ܰํN1͕ిऑεέʔϧMEW ∼ O(102)GeVΑΓ
΋ܰ͘ɺॏ͍ํN2͸ͦΕΑΓ΋ͣͬͱॏ่͘յʹ͸د༩͠ͳ͍৔߹Λ૝ఆͨ͠ɻ

M1 < MEW # M2 (4.4)

·ͨɺ͞ΒͳΔ৔߹Θ͚ͱͯ͠ɺ·ͣM1 < ΛβΛԾఆͨ͠ɺ͢Δͱӈ͖רχϡʔτϦϊ༝དྷͷ༗ޮ࣭
ྔ͸ɺ཈੍Ҽ͕ࢠɺ

fβ(M1) = 1, fβ(M2) = 0 (4.5)

Ͱ͋ΓɺҎԼͷΑ͏ʹॻ͚Δ͜ͱʹͳΔ

meff =
(
Ue2m

1/2
2 sinω − Ue3m

1/2
3 cosω

)2
for the NH case (4.6)

meff =
(
Ue1m

1/2
1 sinω − Ue2m

1/2
2 cosω

)2
for the IH case (4.7)

6
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𝟎𝝂𝜷𝜷 decay is 
suppressed by 
the RH𝝂!!
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ਤ 4.1: ่յ͕͜ىΒͳ͍ ωͷ৚݅

͜ͷͱ͖ɺ͍ܰӈ͖רχϡʔτϦϊͷد༩͕ΞΫςΟϒχϡʔτϦϊʹΑΔد༩Λ૬ͯ͠ࡴɺ่յΛ
ΕΔύϥϝʔλТ͕ಛఆͷ৚݅·ؚʹྻߦ߹χϡʔτϦϊͷ͖ࠞרΔ͜ͱ͕Θ͔ͬͨɻಛʹӈ͢ޚ੍
Λຬͨ͢ͱ͖ɺ่յ͕͜ىΒͳ͘ͳΔՄೳੑ͕͋Δ͜ͱΛݟग़ͨ͠ɻ่յΛ͜͞ىͳ͍ӈ͖רχϡʔ
τϦϊͷ৚͕݅ࣜҎԼͷΑ͏ʹ؆ܿʹॻ͚Δɻ

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)

χϡʔτϦϊN1ͷ࣭ྔྖҬΛେ͖͘औΔɺ͜ͷͱ͖͖רɺΑΓҰൠʹ͍ܰํͷӈʹ࣍ fβ(M1) != 1

ͳͷͰɺ༗ޮ࣭ྔ͸ҎԼͷΑ͏ʹͳΔɻ

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)

͜͜Ͱ δf (1 > δf > 0)

fβ(M1) = 1− δ2f (4.11)

่յ͕͜ىΒͳ͍৚݅͸ɺ

tanω =
A± iδf
1∓ iδfA

≡ tanω± (4.12)

ͱ͍͏Α͏ʹॻ͚ɺ͜ͷͱ͖ ωͷ࣮෦ ωrɾڏ෦ ωi͕ͦΕͧΕ࣍ͷ৚݅Λຬͨ͢ɻ

tan 2ωr =
2ReA

1− |A|2 (4.13)

X2
ω =

1± δf
1∓ δf

√
1 + |A|2 + 2ImA

1 + |A|2 − 2ImA
(4.14)

͜͜Ͱ࣮෦ ωr͸ϚϤϥφҐ૬ ηʹґଘ͠ͳ͍ɻ
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ਤ 4.1: ่յ͕͜ىΒͳ͍ ωͷ৚݅

͜ͷͱ͖ɺ͍ܰӈ͖רχϡʔτϦϊͷد༩͕ΞΫςΟϒχϡʔτϦϊʹΑΔد༩Λ૬ͯ͠ࡴɺ่յΛ
ΕΔύϥϝʔλТ͕ಛఆͷ৚݅·ؚʹྻߦ߹χϡʔτϦϊͷ͖ࠞרΔ͜ͱ͕Θ͔ͬͨɻಛʹӈ͢ޚ੍
Λຬͨ͢ͱ͖ɺ่յ͕͜ىΒͳ͘ͳΔՄೳੑ͕͋Δ͜ͱΛݟग़ͨ͠ɻ่յΛ͜͞ىͳ͍ӈ͖רχϡʔ
τϦϊͷ৚͕݅ࣜҎԼͷΑ͏ʹ؆ܿʹॻ͚Δɻ

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)

χϡʔτϦϊN1ͷ࣭ྔྖҬΛେ͖͘औΔɺ͜ͷͱ͖͖רɺΑΓҰൠʹ͍ܰํͷӈʹ࣍ fβ(M1) != 1

ͳͷͰɺ༗ޮ࣭ྔ͸ҎԼͷΑ͏ʹͳΔɻ

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)

͜͜Ͱ δf (1 > δf > 0)

fβ(M1) = 1− δ2f (4.13)

่յ͕͜ىΒͳ͍৚݅͸ɺ

tanω =
A± iδf
1∓ iδfA

≡ tanω± (4.14)

ͱ͍͏Α͏ʹॻ͚ɺ͜ͷͱ͖ ωͷ࣮෦ ωrɾڏ෦ ωi͕ͦΕͧΕ࣍ͷ৚݅Λຬͨ͢ɻ

tan 2ωr =
2ReA

1− |A|2 (4.15)

X2
ω =

1± δf
1∓ δf

√
1 + |A|2 + 2ImA

1 + |A|2 − 2ImA
(4.16)

͜͜Ͱ࣮෦ ωr͸ϚϤϥφҐ૬ ηʹґଘ͠ͳ͍ɻ
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ਤ 4.1: ่յ͕͜ىΒͳ͍ ωͷ৚݅

͜ͷͱ͖ɺ͍ܰӈ͖רχϡʔτϦϊͷد༩͕ΞΫςΟϒχϡʔτϦϊʹΑΔد༩Λ૬ͯ͠ࡴɺ่յΛ
ΕΔύϥϝʔλТ͕ಛఆͷ৚݅·ؚʹྻߦ߹χϡʔτϦϊͷ͖ࠞרΔ͜ͱ͕Θ͔ͬͨɻಛʹӈ͢ޚ੍
Λຬͨ͢ͱ͖ɺ่յ͕͜ىΒͳ͘ͳΔՄೳੑ͕͋Δ͜ͱΛݟग़ͨ͠ɻ่յΛ͜͞ىͳ͍ӈ͖רχϡʔ
τϦϊͷ৚͕݅ࣜҎԼͷΑ͏ʹ؆ܿʹॻ͚Δɻ

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)

χϡʔτϦϊN1ͷ࣭ྔྖҬΛେ͖͘औΔɺ͜ͷͱ͖͖רɺΑΓҰൠʹ͍ܰํͷӈʹ࣍ fβ(M1) != 1

ͳͷͰɺ༗ޮ࣭ྔ͸ҎԼͷΑ͏ʹͳΔɻ

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)

͜͜Ͱ δf (1 > δf > 0)

fβ(M1) = 1− δ2f (4.11)

่յ͕͜ىΒͳ͍৚݅͸ɺ

tanω =
A± iδf
1∓ iδfA

≡ tanω± (4.12)

ͱ͍͏Α͏ʹॻ͚ɺ͜ͷͱ͖ ωͷ࣮෦ ωrɾڏ෦ ωi͕ͦΕͧΕ࣍ͷ৚݅Λຬͨ͢ɻ

tan 2ωr =
2ReA

1− |A|2 (4.13)

X2
ω =

1± δf
1∓ δf

√
1 + |A|2 + 2ImA

1 + |A|2 − 2ImA
(4.14)

͜͜Ͱ࣮෦ ωr͸ϚϤϥφҐ૬ ηʹґଘ͠ͳ͍ɻ
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Effective mass cancellation (in the NH case : m1 = 0)

meff =
∑

i

U2
eimi +

∑

I

Θ2
eIMIfβ(MI)

= [1− fβ(M1)]
[
Ue2m

1/2
2 cosω + Ue3m

1/2
3 sinω

]2
+ [1− fβ(M2)]

[
Ue2m

1/2
2 sinω − Ue3m

1/2
3 cosω

]2

(7)

3

Mass assumption

5.2.3 M1 < Λβ ! M2ͷ৔߹

ୈೋʹɺҎ্ͷٞ࿦ΛΑΓҰൠతͳӈ͖רχϡʔτϦϊͷ࣭ྔྖҬʹ֦ு͢Δɻ۩ମతʹ͸ɺ͍ܰ
ํͷӈ͖רχϡʔτϦϊʹؔͯ͠ΑΓॏ͍࣭ྔྖҬΛԾఆ͠༗ޮ࣭ྔ͕θϩʹͳΔ৚݅ΛٻΊΔɻ

M1 < Λβ ! M2 (5.18)

͜ͷͱ͖཈੍Ҽࢠ͸ɺN1ɺN2ʹରͯͦ͠ΕͧΕҎԼͷΑ͏ʹऔΔɻ

fβ(M1) = 1− δ2f , fβ(M2) = 0 (5.19)

͜͜Ͱ δf (1 > δf > 0)͸ɺҎԼͰ༩͑ΒΕΔɻ

fβ(M1) = 1− δ2f (5.20)

ैͬͯɺ่յͷ༗ޮ࣭ྔ͸ҎԼͷΑ͏ʹॻ͖දͤΔɻ

meff =
(
Ue2m

1/2
2 sinω − Ue3m

1/2
3 cosω

)2

+
(
Ue2m

1/2
2 cosω + Ue3m

1/2
3 sinω

)2
× δ2f

for the NH case (5.21)

meff =
(
Ue1m

1/2
1 sinω − Ue2m

1/2
2 cosω

)2

+
(
Ue1m

1/2
1 cosω + Ue2m

1/2
2 sinω

)2
× δ2f

for the IH case (5.22)

ಉ༷ʹ༗ޮ࣭ྔ͕θϩʹͳΔΑ͏ʹ ωʹ͍ͭͯղ͘ͱɺ่յ͕͜ىΒͳ͍৚݅͸ҎԼͷΑ͏ʹͳΔɻ

tanω =
A± iδf
1∓ iδfA

≡ tanω± (5.23)

A͸֤࣭ྔ֊૚ੑʹରͯͦ͠ΕͧΕҎԼͰ༩͍͑ͯΔɻ

A =
Ue3m

1/2
3

Ue2m
1/2
2

for the NH case (5.24)

A =
Ue2m

1/2
2

Ue1m
1/2
1

for the IH case (5.25)

͜͜Ͱ δf → 0ͷݶۃΛऔΕ͹ɺॳΊʹٞ࿦่ͨ͠յΛ͜͞ىͳ͍ӈ͖רχϡʔτϦϊͷ৚݅ࣜΛݱ࠶
Ͱ͖Δ͜ͱ͸໌֬Ͱ͋Δɻ
͞Βʹɺ͜ͷͱ͖ෳૉύϥϝʔλ ωͷ࣮෦ ωrͱڏ෦ ωi͸ͦΕͧΕ࣍ͷ৚݅Λຬͨ͢ɻ

tan 2ωr =
2ReA

1− |A|2 (5.26)

X2
ω ≡ exp[2ωi] =

1± δf
1∓ δf

√
1 + |A|2 + 2ImA

1 + |A|2 − 2ImA
(5.27)

͜͜Ͱ࣮෦ ωrʹؔͯ͠͸ɺ৚͔݅ࣜΒ໌Β͔ͳΑ͏ʹϚϤϥφҐ૬ ηʹґଘ͠ͳ͍͜ͱ͕Θ͔Δɻ

Ҏ্͔ΒɺΑΓҰൠతͳ࣭ྔྖҬʹରͯ͠΋͍ܰӈ͖רχϡʔτϦϊ่͕յΛ཈੍͢Δ͜ͱ͕ݟग़
ͤͨɻಛʹӈ͖רχϡʔτϦϊͷࠞ߹֯ ω͕ಛఆͷ৚݅Λຬͨ͢ͱ͖ɺ༗ޮ࣭ྔʹ͓͍͍ͯܰӈ͖ר
χϡʔτϦϊʹΑΔد༩͕ΞΫςΟϒχϡʔτϦϊͷد༩Λ׬શʹ૬͢ࡴΔͨΊɺχϡʔτϦϊΛ൐

20

Effective mass cancellation (in the NH case : m1 = 0)

meff =
∑

i

U2
eimi +

∑

I

Θ2
eIMIfβ(MI)

= [1− fβ(M1)]
[
Ue2m

1/2
2 cosω + Ue3m

1/2
3 sinω

]2
+ [1− fβ(M2)]

[
Ue2m

1/2
2 sinω − Ue3m

1/2
3 cosω

]2

(8)

meff =
(
Ue2m

1/2
2 sinω − Ue3m

1/2
3 cosω

)2
+

(
Ue2m

1/2
2 cosω + Ue3m

1/2
3 sinω

)2
× δ2f (9)

3

The effec?ve mass can be expressed by using Casas-Ibarra parametriza?on.

Cancella2on by RH𝜈

Even if no decay is observed, the 
informa7on of RH𝝂 could be extracted!

-1

-0.5

 0

 0.5

 1

 0  0.5  1

ω
r/
π

η/π

NH

IH

ਤ 4.1: ่յ͕͜ىΒͳ͍ ωͷ৚݅

͜ͷͱ͖ɺ͍ܰӈ͖רχϡʔτϦϊͷد༩͕ΞΫςΟϒχϡʔτϦϊʹΑΔد༩Λ૬ͯ͠ࡴɺ่յΛ
ΕΔύϥϝʔλТ͕ಛఆͷ৚݅·ؚʹྻߦ߹χϡʔτϦϊͷ͖ࠞרΔ͜ͱ͕Θ͔ͬͨɻಛʹӈ͢ޚ੍
Λຬͨ͢ͱ͖ɺ่յ͕͜ىΒͳ͘ͳΔՄೳੑ͕͋Δ͜ͱΛݟग़ͨ͠ɻ่յΛ͜͞ىͳ͍ӈ͖רχϡʔ
τϦϊͷ৚͕݅ࣜҎԼͷΑ͏ʹ؆ܿʹॻ͚Δɻ

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)

χϡʔτϦϊN1ͷ࣭ྔྖҬΛେ͖͘औΔɺ͜ͷͱ͖͖רɺΑΓҰൠʹ͍ܰํͷӈʹ࣍ fβ(M1) != 1

ͳͷͰɺ༗ޮ࣭ྔ͸ҎԼͷΑ͏ʹͳΔɻ

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)

͜͜Ͱ δf (1 > δf > 0)

fβ(M1) = 1− δ2f (4.11)

่յ͕͜ىΒͳ͍৚݅͸ɺ

tanω =
A± iδf
1∓ iδfA

≡ tanω± (4.12)

ͱ͍͏Α͏ʹॻ͚ɺ͜ͷͱ͖ ωͷ࣮෦ ωrɾڏ෦ ωi͕ͦΕͧΕ࣍ͷ৚݅Λຬͨ͢ɻ

tan 2ωr =
2ReA

1− |A|2 (4.13)

X2
ω =

1± δf
1∓ δf

√
1 + |A|2 + 2ImA

1 + |A|2 − 2ImA
(4.14)

͜͜Ͱ࣮෦ ωr͸ϚϤϥφҐ૬ ηʹґଘ͠ͳ͍ɻ

7

ୈ4ষ γʔιʔߏػʹ͓͚ΔχϡʔτϦϊΛ൐Θͳ
͍ೋॏϕʔλ่յ

ຊڀݚͰ͸ɺඪ४໛ܕͷχϡʔτϦϊৼಈ࣮ݧͱໃ६͠ͳ͍࠷খ֦ுͱͯ̎͠ੈ୅ͷӈ͖רχϡʔ
τϦϊNI(I = 1, 2)Λಋೖͨ͠γʔιʔߏػΛ૝ఆ͠ɺӈ͖רχϡʔτϦϊͷ่յ΁ͷد༩Λ໢ཏత
ʹௐ΂ͨɻ͞Βʹɺͦͷد༩͔Β͍ܰӈ͖רχϡʔτϦϊͷੑ࣭ɺಛʹऑ͍૬࡞ޓ༻ʹ͓͚Δࠞ߹ཁ
ૉͷ༧ݴΛಋ͖ग़ͨ͠ɻ

่յͷ͜ىΒͳ͍Մೳੑʹ͍ͭͯ

͜͜Ͱɺ࿦఺ͱͳΔӈ͖רχϡʔτϦϊ༝དྷͷ༗ޮ࣭ྔΛॻ͖ग़͢ͱɺΞΫςΟϒχϡʔτϦϊͷ
࣭ྔ֊૚ੑ͝ͱʹҎԼͷΑ͏ʹ͔͚Δ͜ͱ͕Θ͔Δɻ

mNI
eff = Θ2

eI MI fβ(MI) (4.1)

ͦΕͧΕʹɺ౬઒݁߹ఆ਺ͷύϥϝʔλΛ୅ೖͯ͠ॻ͖ද͢ͱ

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

(4.2)

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

(4.3)

͔͜͜Βɺӈ͖רχϡʔτϦϊʹΑΔχϡʔτϦϊΛ൐Θͳ͍ೋॏϕʔλ่յ΁ͷӨڹΛɺ༗ޮ࣭
ྔΛݟΔ͜ͱͰৄ͍ͯ͘͘͠ݟɻ·ͨɺͦͷӨڹΛΘ͔Γ΍͘͢͢ΔͨΊʹɺӈ͖רχϡʔτϦϊͷ
࣭ྔྖҬʹ੍ݶΛ͚ͭͯ৔߹Θ͚͢Δɻ
ୈҰʹɺӈ͖רχϡʔτϦϊͷ࣭ྔ͕֊૚తͰɺ͍ܰํN1͕ిऑεέʔϧMEW ∼ O(102)GeVΑΓ
΋ܰ͘ɺॏ͍ํN2͸ͦΕΑΓ΋ͣͬͱॏ่͘յʹ͸د༩͠ͳ͍৔߹Λ૝ఆͨ͠ɻ

M1 < MEW # M2 (4.4)

·ͨɺ͞ΒͳΔ৔߹Θ͚ͱͯ͠ɺ·ͣM1 < ΛβΛԾఆͨ͠ɺ͢Δͱӈ͖רχϡʔτϦϊ༝དྷͷ༗ޮ࣭
ྔ͸ɺ཈੍Ҽ͕ࢠɺ

fβ(M1) = 1, fβ(M2) = 0 (4.5)

Ͱ͋ΓɺҎԼͷΑ͏ʹॻ͚Δ͜ͱʹͳΔ

meff =
(
Ue2m

1/2
2 sinω − Ue3m

1/2
3 cosω

)2
for the NH case (4.6)

meff =
(
Ue1m

1/2
1 sinω − Ue2m

1/2
2 cosω

)2
for the IH case (4.7)

6

Suppression factor 
NH case
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ਤ 4.6: |Θe1|2 ͷ্ݶͱԼݶɺ͜͜ͰɺM1 = 1 GeV ͱM2 = 200 GeVɻ

่յͷ؍ଌ͕༩͑Δӈ͖רχϡʔτϦϊͷੑ࣭ʹؔ͢ΔӨڹ

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

Θ2
e1 =

meff −mν
eff [1− fβ(M2)]

M1 [fβ(M1)− fβ(M2)]
(4.18)

͜͜Ͱɺγʔιʔߏػͷ༧͔ݴΒҎԼͷؔࣜ܎Λ༻͍ͨɻ

0 =
∑

i

U2
eimi +

∑

I

Θ2
eI MI (4.19)

ӈ͖רχϡʔτϦϊͷࠞ߹ཁૉ่͕յͷ༗ޮ࣭ྔͱΞΫςΟϒχϡʔτϦϊ༝དྷͷ༗ޮ࣭ྔɺ·ͨӈ
ଌ͞؍ΑΓ่յ͕ʹݧग़ͨ͠ɻ͜ͷ͜ͱ͔Βɺকདྷ࣮ݟχϡʔτϦϊͷ࣭ྔʹΑΓܾ·Δ͜ͱΛ͖ר
ΕΕ͹ɺ༗ޮ࣭ྔ͕ܾ·Γɺӈ͖רχϡʔτϦϊͷࠞ߹ཁૉ͕ݶఆ͞ΕΔɻ
࣭ྔ͕ॖୀ͍ͯ͠Δ৔߹ɺ

M1 = M2 = MN (4.20)

༗ޮ࣭ྔ͸ҎԼͷΑ͏ʹॻ͚Δɻ

meff = mν
eff [1− fβ(MN )] (4.21)

10

Huge region can be searched on future experiments

Future experiments of direct search of RH𝜈s

Neutrinoless double beta decay

0νββ decay

Casas-Ibarra

F =
i

〈Φ〉UD1/2
ν ΩD1/2

N (1)

active neutrino’s mass

mi ∼ O(10−11) GeV (2)

electron

me ∼ 10−4 GeV (3)

Electro-Weak scale

MEW ∼ (4)

Standard Model + Rhight-handed neutrinos

L = LSM + iνRIγ
µ∂µνRI −

(
FαILαΦνRI +

[MM ]II
2

νcRIνRI + h.c.

)
(5)

ৼಈ࣮ݧͰ͸ɺ֤࣭ྔ֊૚ੑʹରͯ͠χϡʔτϦϊ࣭ྔͷೋ৐ࠩ͸ҎԼͷΑ͏ʹ֬ೝ͞Ε͍ͯΔɻ

Neutrino mass hierarchy ∆m2
21/10

−5eV2 ∆m2
3l/10

−3eV2

NH (m1 < m2 < m3) 7.42+0.21
−0.20 2.510+0.027

−0.027

IH (m3 < m1 < m2) 7.42+0.21
−0.20 −2.490+0.026

−0.028

∆m2
21

10−5eV 2
= 7.42+0.21

−0.20,
∆m2

31

10−3eV 2
= 2.510+0.027

−0.027 for the NH case

∆m2
21

10−5eV 2
= 7.42+0.21

−0.20,
∆m2

32

10−3eV 2
= −2.490+0.026

−0.028 for the IH case

mν ∼ O(10−11)GeV (6)

O(10−11)GeV (7)

O(10−1)GeV (8)

me ∼ 10−4GeV (9)

Dν = diag (0,m2,m3) (10)

|mν | =
∣∣∣∣
M2

D

MI

∣∣∣∣ % |MD| (11)

|Θ1|2 =
∑

α=e,µ,τ

|Θα1|2 (12)

1
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Mixing elements of 𝑵𝟏

𝑀# = 1GeV,𝑀$ = 200GeV

ϚϤϥφ࣭ྔ

MI = diag(M1,M2) (2.12)

γʔιʔߏػͰ͸ҎԼΛԾఆ͢Δɻ

MD ! MI (2.13)

͜ͷߏػͷ༧ݴͱͯ͠ɺχϡʔτϦϊ͕ϚϤϥφཻࢠͱͳΓɺඪ४໛ܕͰ͸͞ڐΕͳ͍Ϩϓτϯ਺Λ
ഁΔ൓Ԡ͕͜ىΔɻ

∆m2
21

10−5eV 2
= 7.42+0.21

−0.20 (2.14)

∆m2
31

10−3eV 2
= 2.517+0.026

−0.028 (2.15)

∆m2
32

10−3eV 2
= −2.498+0.028

−0.028 (2.16)

ΘαI =
FαI〈Φ〉
MI

(2.17)

4

RH𝝂 suppress the 𝟎𝝂𝜷𝜷 decay,
if

NH case
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ਤ 4.6: |Θe1|2 ͷ্ݶͱԼݶɺ͜͜ͰɺM1 = 1 GeV ͱM2 = 200 GeVɻ

่յͷ؍ଌ͕༩͑Δӈ͖רχϡʔτϦϊͷੑ࣭ʹؔ͢ΔӨڹ

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

Θ2
e1 =

meff −mν
eff [1− fβ(M2)]

M1 [fβ(M1)− fβ(M2)]
(4.18)

͜͜Ͱɺγʔιʔߏػͷ༧͔ݴΒҎԼͷؔࣜ܎Λ༻͍ͨɻ

0 =
∑

i

U2
eimi +

∑

I

Θ2
eI MI (4.19)

ӈ͖רχϡʔτϦϊͷࠞ߹ཁૉ่͕յͷ༗ޮ࣭ྔͱΞΫςΟϒχϡʔτϦϊ༝དྷͷ༗ޮ࣭ྔɺ·ͨӈ
ଌ͞؍ΑΓ่յ͕ʹݧग़ͨ͠ɻ͜ͷ͜ͱ͔Βɺকདྷ࣮ݟχϡʔτϦϊͷ࣭ྔʹΑΓܾ·Δ͜ͱΛ͖ר
ΕΕ͹ɺ༗ޮ࣭ྔ͕ܾ·Γɺӈ͖רχϡʔτϦϊͷࠞ߹ཁૉ͕ݶఆ͞ΕΔɻ
࣭ྔ͕ॖୀ͍ͯ͠Δ৔߹ɺ

M1 = M2 = MN (4.20)

༗ޮ࣭ྔ͸ҎԼͷΑ͏ʹॻ͚Δɻ

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

่յͷ؍ଌ͕༩͑Δӈ͖רχϡʔτϦϊͷੑ࣭ʹؔ͢ΔӨڹ

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

Θ2
e1 =

meff −mν
eff [1− fβ(M2)]

M1 [fβ(M1)− fβ(M2)]
(4.18)

͜͜Ͱɺγʔιʔߏػͷ༧͔ݴΒҎԼͷؔࣜ܎Λ༻͍ͨɻ

0 =
∑

i

U2
eimi +

∑

I

Θ2
eI MI (4.19)

ӈ͖רχϡʔτϦϊͷࠞ߹ཁૉ่͕յͷ༗ޮ࣭ྔͱΞΫςΟϒχϡʔτϦϊ༝དྷͷ༗ޮ࣭ྔɺ·ͨӈ
ଌ͞؍ΑΓ่յ͕ʹݧग़ͨ͠ɻ͜ͷ͜ͱ͔Βɺকདྷ࣮ݟχϡʔτϦϊͷ࣭ྔʹΑΓܾ·Δ͜ͱΛ͖ר
ΕΕ͹ɺ༗ޮ࣭ྔ͕ܾ·Γɺӈ͖רχϡʔτϦϊͷࠞ߹ཁૉ͕ݶఆ͞ΕΔɻ
࣭ྔ͕ॖୀ͍ͯ͠Δ৔߹ɺ

M1 = M2 = MN (4.20)

༗ޮ࣭ྔ͸ҎԼͷΑ͏ʹॻ͚Δɻ

meff = mν
eff [1− fβ(MN )] (4.21)

10

The absolute value of the 
mixing element is 
determined by the effec2ve 
mass of the observed decay.
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0 =
∑

i

U2
eimi +

∑

I

Θ2
eI MI (4.23)

mobs
eff = |meff | (4.24)
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5.4 ҟͳΔ֩ࢠݪΛ༻͍ͨෳ਺ͷ؍ଌ࣮ݧʹΑΔ༗ޮੑ

ຊઅͰ͸ɺҟͳΔ֩ࢠݪΛ༻͍ͨෳ਺ͷχϡʔτϦϊΛ൐Θͳ͍ೋॏϕʔλ่յ؍ଌ࣮͕ݧɺΑΓ
ਖ਼֬ͳӈ͖רχϡʔτϦϊੑ࣭ͷಛఆΛ΋ͨΒ͢͜ͱΛࣔ͢ɻ
(5.40)͔ࣜΒ (5.41)ࣜΛٻΊͨͱ͖ͱಉ༷ʹɺN2ͷࠞ߹ཁૉͷೋ৐Θ2

e2ʹ͍ͭͯ΋ಋग़͢ΔͱҎԼ
ͷΑ͏ʹٻ·Δɻ

Θ2
e2 =

meff −mν
eff [1− fβ(M1)]

M2 [fβ(M2)− fβ(M1)]
(5.48)

͜Ε͸͋Δ֩ࢠݪத (యܕతͳϑΣϧϛӡಈྔΛ Λβ ͱ͢Δ)Ͱͨͬ͜ىχϡʔτϦϊΛ൐Θͳ͍ೋॏ
ϕʔλ่յ͕༗ޮ࣭ྔmeff Ͱ؍ଌ͞Εͨ࣌ʹ༧ଌ͞ΕΔ஋ͩͱղऍͰ͖Δɻ͜ͷ࣌ҟͳΔ֩ࢠݪ (య
తͳϑΣϧϛӡಈΛܕ Λ̃βͱ͢Δ)ʹ͓͍ͯ༧૝͞ΕΔ่յͷ༗ޮ࣭ྔΛ m̃eff ͱ͢ΔͱɺN1͓ΑͼN2

ͷࠞ߹ཁૉΘe1 , Θe2͸֩ࢠݪͷछྨʹґଘ͠ͳ͍ͨΊ (5.41)ࣜͱ (5.48)ࣜΛ༻͍ͯɺ

m̃eff = mν
eff +Θ2

e1M1f̃β(M1) +Θ2
e2M2f̃β(M2)

= mν
eff +

meff −mν
eff [1− fβ(M2)]

[fβ(M1)− fβ(M2)]
f̃β(M1) +

meff −mν
eff [1− fβ(M1)]

[fβ(M2)− fβ(M1)]
f̃β(M2)

=
[
1− f̃β (M2)

]
mν

eff + [meff −mν
eff [1− fβ (M2)]]

f̃β (M1)− f̃β (M2)

fβ (M1)− fβ (M2)
(5.49)

ͱࢉܭͰ͖Δɻ͜͜Ͱɺf̃β ͸཈੍Ҽࢠ fβ ͷ Λβ ΛҟͳΔ֩ࢠݪதͷయܕతͳϑΣϧϛӡಈྔ Λ̃β Λ༻
͍ͯॻ͖௚ͨ͠΋ͷͰ͋Δɻ
ਤ 5.10ʹ Λ̃β = 100 MeV ΋͘͠͸ Λ̃β = 400 MeV ͱͨ͠ͱ͖ͷ֩ࢠݪதʹ͓͚Δ༗ޮ࣭ྔͷM1

ґଘੑΛࣔ͢ɻ͜͜ͰɺM2 = 200 GeV ͱ͠ɺҟͳΔ֩ࢠݪ (Λβ = 200GeV )ʹ่͓͍ͯյ͕༗ޮ࣭
ྔmeff = 100 meV, 50 meV, 10 meV Ͱ؍ଌ͞Εͨ৔߹Λ͍ࣔͯ͠Δɻਤ͔Β͸ɺӈ͖רχϡʔτϦ
ϊͷ่յ΁ͷد༩͔Β Λͷ஋ʹґଘͨ͠༗ޮ࣭ྔͷ཈੍͓Αͼ૿େ͕֬ೝͰ͖ɺҟͳΔ֩ࢠݪΛ༻͍
ͨෳ਺ͷ؍ଌ࣮ݧʹΑͬͯɺΑΓਖ਼֬ͳӈ͖רχϡʔτϦϊͷੑ࣭ಛఆ͕ՄೳͰ͋Δ͜ͱΛࣔࠦͯ͠
͍Δɻ
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ਤ 5.10: Λ̃β = 100 MeV , Λ̃β = 400 MeV ͷ֩ࢠݪʹ͓͚Δ༗ޮ࣭ྔͷM1ґଘੑɻM2 = 200 GeV

ͱ͍͠Δɻ੺ઢɺ੨ઢɺ྘ઢ͸ɺҟͳΔ֩ࢠݪ (Λβ = 200GeV )ʹ่͓͍ͯյ͕༗ޮ࣭ྔmeff = 100

meV, 50 meV, 10 meV Ͱ؍ଌ͞Εͨ৔߹ʹରԠ͓ͯ͠ΓɺͦΕͧΕϚϤϥφҐ૬ ηΛ 0͔Β πͱಈ
͔ͨ͠ͱ͖ͷ࠷େɾ࠷খ஋Λ͍ࣔͯ͠Δɻ
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The effec2ve masses of the decays including RH𝜈’s contribu2on 
becomes different depending on the decay nuclei.

76Ge ∶ 159.0 − 193.0 MeV
136Xe ∶ 178.0 − 211.0 MeV

Effec?ve mass of the 
decay observed for nuclei 
with Λ" = 200 MeV.

Predicted effec've mass

Fermi momentum of nuclei

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

5. Future experiments
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6. Summary
ØWe discussed the 0𝜈𝛽𝛽 decay in the minimal seesaw 

mechanism.
ØWe comprehensively inves2gated the contribu2on of the 

RH𝜈s to the 0𝜈𝛽𝛽 decay.
ØEspecially, when Majorana mass is lighter than the typical 

Fermi momentum, the decay is strongly suppressed and 
may no longer occur.

ØWe showed that the proper2es of RH𝜈 may be 
characterized by  the future decay-observa2on-
experiments.

ØWe pointed out that mul2ple experiments using different 
nuclei are important to understand the proper2es of RH𝜈s 
(masses and mixing elements).
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(4.22)

∣∣Θ2
e1 +Θ2

e2

∣∣ =
|mν

eff |
Λβ

√
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eff |−mobs
eff

mobs
eff

(4.23)
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ਤ 4.7: caption
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ਤ 4.8: caption

͜ͷͱ͖ɺӈ͖רχϡʔτϦϊͷ࣭ྔͱࠞ߹ཁૉͷ࿨͕ɺ༗ޮ࣭ྔͱΞΫςΟϒχϡʔτϦϊ༝དྷͷ
༗ޮ࣭ྔͰܾ·Δ͜ͱΛݟग़ͨ͠ɻ

MN = Λβ

√
mobs

eff

|mν
eff |−mobs

eff

(4.22)

∣∣Θ2
e1 +Θ2

e2

∣∣ =
|mν

eff |
Λβ

√
|mν

eff |−mobs
eff

mobs
eff

(4.23)

͜ΕʹΑΓɺ่յͷ؍ଌʹΑΓ༗ޮ࣭ྔ͕ܾ·Ε͹ɺӈ͖רχϡʔτϦϊͷ࣭ྔͱࠞ߹ཁૉͷؔੑ܎
͕ܾ·Δɻ
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ਤ 4.7: caption
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ਤ 4.8: caption

͜ͷͱ͖ɺӈ͖רχϡʔτϦϊͷ࣭ྔͱࠞ߹ཁૉͷ࿨͕ɺ༗ޮ࣭ྔͱΞΫςΟϒχϡʔτϦϊ༝དྷͷ
༗ޮ࣭ྔͰܾ·Δ͜ͱΛݟग़ͨ͠ɻ

MN = Λβ

√
mobs

eff

|mν
eff |−mobs

eff

(4.22)

∣∣Θ2
e1 +Θ2

e2

∣∣ =
|mν

eff |
Λβ

√
|mν

eff |−mobs
eff

mobs
eff

(4.23)

͜ΕʹΑΓɺ่յͷ؍ଌʹΑΓ༗ޮ࣭ྔ͕ܾ·Ε͹ɺӈ͖רχϡʔτϦϊͷ࣭ྔͱࠞ߹ཁૉͷؔੑ܎
͕ܾ·Δɻ
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Predic2ons are obtained 
regarding the absolute value of 
the sum of the mixing elements 
and the mass of the RH𝜈.

Mass assump?on

Enhancement by N
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ਤ 4.5: ͍ܰӈ͖רχϡʔτϦϊ௚઀୳ࡧ΁
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ਤ 4.6: |Θe1|2 ͷ্ݶͱԼݶɺ͜͜ͰɺM1 = 1 GeV ͱM2 = 200 GeVɻ

่յͷ؍ଌ͕༩͑Δӈ͖רχϡʔτϦϊͷੑ࣭ʹؔ͢ΔӨڹ

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

Θ2
e1 =

meff −mν
eff [1− fβ(M2)]

M1 [fβ(M1)− fβ(M2)]
(4.18)

͜͜Ͱɺγʔιʔߏػͷ༧͔ݴΒҎԼͷؔࣜ܎Λ༻͍ͨɻ

0 =
∑

i

U2
eimi +

∑

I

Θ2
eI MI (4.19)

ӈ͖רχϡʔτϦϊͷࠞ߹ཁૉ่͕յͷ༗ޮ࣭ྔͱΞΫςΟϒχϡʔτϦϊ༝དྷͷ༗ޮ࣭ྔɺ·ͨӈ
ଌ͞؍ΑΓ่յ͕ʹݧग़ͨ͠ɻ͜ͷ͜ͱ͔Βɺকདྷ࣮ݟχϡʔτϦϊͷ࣭ྔʹΑΓܾ·Δ͜ͱΛ͖ר
ΕΕ͹ɺ༗ޮ࣭ྔ͕ܾ·Γɺӈ͖רχϡʔτϦϊͷࠞ߹ཁૉ͕ݶఆ͞ΕΔɻ
࣭ྔ͕ॖୀ͍ͯ͠Δ৔߹ɺ

M1 = M2 = MN (4.20)

༗ޮ࣭ྔ͸ҎԼͷΑ͏ʹॻ͚Δɻ

meff = mν
eff [1− fβ(MN )] (4.21)

10
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Θͳ͍ೋॏϕʔλ่յ͕͜ىΒͳ͍Մೳੑ͕ੜ͡Δ͜ͱΛࣔͤͨɻ
·ͨɺ่յΛ͜͞ىͳ͍ӈ͖רχϡʔτϦϊʹର͢Δࠞ߹ཁૉ͸ɺΞΫςΟϒχϡʔτϦϊͷ֤࣭ྔ
֊૚ੑʹରͯ͠ҎԼͷΑ͏ʹॻ͚Δɻ

|Θα1|2 =
1

M2
1 (1− δ2f )

∣∣U2
α2m2 + U2

α3m3

∣∣ for the NH case (5.28)

|Θα1|2 =
1

M2
1 (1− δ2f )

∣∣U2
α1m1 + U2

α2m2

∣∣ for the IH case (5.29)

ਤ 5.3ʹΑΓҰൠతͳ࣭ྔྖҬʹ͓͚Δɺ่յΛ͜͞ىͳ͍Α͏ͳӈ͖רχϡʔτϦϊͷࠞ߹ཁૉ
ʹؔ͢ΔάϥϑΛࣔ͢ɻ͜͜Ͱ͸ɺ͍ܰํͷӈ͖רχϡʔτϦϊN1ͷ࣭ྔΛM1 = 10GeVͱݻఆ͠ɺ
ω = ω±ʹରͯͦ͠ΕͧΕɺࠞ߹ཁૉͷϚϤϥφҐ૬ ηͷґଘੑΛ͍ࣔͯ͠Δɻਤ͔Β͸ɺ่յΛ͜ى
͞ͳ͍Α͏ͳӈ͖רχϡʔτϦϊͷࠞ߹ཁૉ͕ϚϤϥφҐ૬ͱΞΫςΟϒχϡʔτϦϊͷ࣭ྔ֊૚੍
ґଘ͍ͯ͠Δ͜ͱ͕ಡΈऔΕΔɻ͘ڧʹ
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ਤ 5.3: ่յΛ͜͞ىͳ͍ӈ͖רχϡʔτϦϊͷࠞ߹ཁૉΘα1ͷϚϤϥφҐ૬ґ ηଘੑɻ͜͜Ͱɺ͍ܰ
ํͷӈ͖רχϡʔτϦϊN1ͷ࣭ྔΛM1 = 10GeVͱ͍ͯ͠ΔɻΞΫςΟϒχϡʔτϦϊͷ࣭ྔ֊૚
ੑʹର্ͯ͠ 2ਤ͸NHͷ৔߹ɺԼ 2ਤ͸ IHͷ৔߹ΛͦΕͧΕࣔ͢ɻ·ͨɺ่յΛ͜͞ىͳ͍ӈ͖ר
χϡʔτϦϊͷෳૉύϥϝʔλͷղ ω = ω+͕ࠨଆ 2ਤɺω = ω−͕ӈଆ 2ਤʹͦΕͧΕରԠ͍ͯ͠Δɻ
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