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Introduction(1) : Neutrinos mass mechanism

ℒ = − 1
2 (νL νc

R) (
0 mD

mT
D MR) (νc

L
νR) + h . c . = − 1

2 nR (diag(m1⋯m6)) nR + h . c .

•  

•  (Dirac) 
•  

• No principle to determine 

MR = 0
ν ≠ ν
mi = mD ∼ 10−1 eV

mD

Dirac Majorana

•  (: arbitrary, since  is singlet) 

•  

• No principle to determine  but consistent  

to the fact that  has not observed yet. 

•  …Breaks Lepton # conservation 

MR ≠ 0 νR
mi ∼ m2

D/MR ∼ 10−1 eV
MR

νR
ν = ν



•   

• Lagrangian is invariant under , except for  term. 

→It would be a great hint of physics beyond the SM…  

• Assume that  breaks spontaneously as well as other symmetries in SM.

U(1)L νc
RνR

U(1)L
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Introduction (2) : Lepton # symmetry

Lepton # Conservation: Global  U(1)L

ψ → eiL(ψ)ψ, ψ → e−iL(ψ)ψ, ψc → e−iL(ψ)ψc,

ℒ = ℒSM(Φ, νL, ⋯) + iνRγμ∂μνR − mDνLνR (1 + h
v ) − MR

2 νc
RνR + h . c .

: SM HiggsΦ
= (v + h)/ 2

L(leptons) = 1, L(others) = 0
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Introduction (3): NG-boson with … MajoronU(1)L

ℒ = ℒSM(Φ, νL, ⋯) + iνRγμ∂μνR − mDνLνR (1 + h
v ) − MR

2 νc
RνR + h . c .

− λR

2 νc
RΣνR − V(Σ, Φ)

Spontaneous global   breakingU(1)L

 : massless NG-boson ( Majoron ) Σ → 1
2

( f + σ(x) + iJ(x)), J

L(Σ) = − 2

VΣ,Φ = λΣ (Σ†Σ − f2

2 )
2

+ δΦ†ΦΣ†Σ
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Introduction (3): NG-boson with … MajoronU(1)L

ℒ = ℒSM(Φ, νL, ⋯) + iνRγμ∂μνR − mDνLνR (1 + h
v ) − λR

2 νc
RΣνR − V(Σ, Φ)

• Majorana mass term of neutrinos…  
• explains neutrino tiny mass (seesaw mechanism) 
• is the first term which breaks  (Lepton # symmetry) 

• Majoron… 
• is NG boson associated with   spontaneous breaking 
• explains Majorana mass term

U(1)L

U(1)L

Attractive physics beyond the Standard Model !
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Majoron Model (1): Set up 

ℒ = ℒSM(Φ, νL, ⋯) + iνRγμ∂μνR − mDνLνR (1 + h
v ) − λR

2 νc
RΣνR − V(Σ, Φ)

V = λΣ (Σ†Σ − f2

2 )
2

+ δΦ†ΦΣ†Σ

(1) Potential

(Σ → 1
2

( f + σ(x) + iJ(x)))= λΣ
4 (2fσ + σ2 + J2)2 + δΦ†ΦΣ†Σ

In the pure majoron model: massless (NG boson)
In reality:  massive with the arbitrary mass (pNG boson)



• Majoron  

• pNG boson associated with  

• Massive (  in our work) 

• Stable when  

• Least constrained 

                  Connected only with  at tree level

J

U(1)L

m1,2,3 ≪ mJ ∼ +(MeV) ≪ m4,5,6

f ≫ v

ν

Γ(J → νν) ≃ mJ

16πf 2 ∑ m2
i ∼ 1

3 × 1019 sec ( mJ

1 MeV ) ( 109 GeV
f )

2

( ∑ m2
i

10−3eV2 )
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Majoron Model (2): Dark Matter Candidate

J νR νL

νR

νLℒint = − iMR

2f
Jνc

RνR + h . c .

Majoron  is an attractive dark matter candidateJ
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Constraint on Majoron Model

• Interaction in mass basis

ℒint = − iMR

2f
Jνc

RνR + h . c . =
3

∑
i,j=1

iλijJ
2 ni γ5 nj, λij =

miδij

f

ν̄e + p → n + e+Inverse beta decay (IBD) @ MeV: 

• Detected in flavor basis

• Possibility

Γ(IBD) = P(νi → νe)Γ(J → νν)

J ν

νe

ν

J
J

J

J

≃ mJ

16πf 2 ∑ |Uei |
2 m2

i

P(νi → νe)
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Constraint on Majoron Model: Depends on Mass Hierarchy

Γ(IBD) = ∑
i

P(νi → νe)Γ(J → νν)
αe =

∑3
i=1 |Uei |

2 m2
i

∑3
i=1 m2

i
 and  depend on the mass hierarchy αe Σi m2

i

Quasi - 
Degenerate 

(QD)

Inverse 
Hierarchy 

(IH)

Normal 
Hierarchy 

(NH)

−0
−10−5 eV

−10−3 eV

−10−2 eV

1
2

3

3

1
2

= αeΓ(J → νν) ∝ αe ∑ m2
i

f 2

Γ(J → νν) = mJ

16πf 2 ∑ m2
i

αe

Σm2
i

NH IH QD

0.03 0.48 1/3

2.6 × 10−3 4.9 × 10−3
(eV2)

0.17

αeΣm2
i 8.8 × 10−3 4.7 × 10−2 2.3 × 10−1

× 5 × 5
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Constraint on Majoron Model
 in the case of QDf [GeV]

 : max in QD caseΦ ∝ αeΣm2
i

f 2

10 1 10 2 10 3 10 4 10 5

m DM [MeV]

10 10

10 11

10 12

10 13

10 14

10 15

f[G
eV

](Q
D

)

JUNO 20years
HK 20years
DUNE 20years
IC-DeepCore
KamLAND
Borexino
SK
SK Olivares et al.
SK atm
IceCube

αe

Σm2
i

NH IH QD

0.03 0.48 1/3

2.6 × 10−3 4.9 × 10−3
(eV2)

0.17

αeΣm2
i 8.8 × 10−3 4.7 × 10−2 2.3 × 10−1
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Constraint on Majoron Model
Mass hierarchy dependence 

αe

Σm2
i

NH IH QD

0.03 0.48 1/3

2.6 × 10−3 4.9 × 10−3
(eV2)

0.17

αeΣm2
i 8.8 × 10−3 4.7 × 10−2 2.3 × 10−1

Constraint strongly depends 
on mass hierarchy (  )× 5 10 1 10 2

m DM [MeV]

10 10

10 11

10 12

10 13

10 14

f[G
eV

](Q
D

)

JUNO 20years QD
JUNO 20years IH
JUNO 20years NH
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Summary

• Majoron is an attractive physics beyond the SM 

• If neutrinos are Majorana with , neutrinos break global  

• Majoron is pNG-boson associated with , which explains   

• Majoron is an attractive dark matter candidate 

• Set VEV  to be consistent with experiments 

• Majoron: stable (  

• Constraints depend on mass hierarchy: QD > IH > NH

MR ≠ 0 U(1)L

U(1)L MR ≠ 0

f ≫ v ∼ 102 GeV
Γ ≤ (1017 sec)−1 at f ∼ 1019 GeV


