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Neutrino masses

• Neutrino mass squared differences have been measured  
precisely by oscillation experiments 

• Neutrinos are much lighter than charged leptons 
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Normal Hierarchy(NH) Inverted Hierarchy(IH)
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The seesaw mechanism can naturally account for 
neutrino masses and their smallness

mν ∼ 10−11GeV, me ∼ 10−4GeV
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Seesaw mechanism
• Standard Model + 2 right-handed neutrinos (RHNs) 

• Neutrino mixing in the charged current interaction 
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:Yukawa matrixYαI :HiggsH :RHNs NI (I = 1,2)
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!ωIN
c
I

Uαi : PMNS matrix νi : Active neutrino

Lepton number is violated at the Lagrangian level

Contributions of HNLs

[Minkowski(1977), T.Yanagida(1979),  
Gell-Mann, Ramond, Slansky(1979), Glashow(1979)]

NI : Heavy neutral lepton (HNL) ΘαI : Mixing elements

L 1 1
NRI Nc

RI



Seesaw mechanism
• Mixing elements of heavy neutral leptons 

• Parametrization of Yukawa coupling
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 D m = diag( m1, m2, m3)

D M = diag( M1, M2)
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For NH

For IH
<latexit sha1_base64="xwmL8ufQeQsGyRdjYLr9cJfED5s="></latexit>

U =




1 0 0
0 c23 s23
0 →s23 c23








c13 0 s13e→iω

0 1 0
→s13eiω 0 c13








c12 s12 0
→s12 c12 0
0 0 1








1 0 0
0 eiε 0
0 0 1





<latexit sha1_base64="Wwe9tiTcpMhAurRsz8Mzb2COXzU="></latexit>

sij = sin ωij , cij = cos ωij Majorana phaseη :
:complex free parameterω

[Casas,Ibarra(2001)]



Lepton number violating 
processes

• A typical LNV processes 
• Neutrinoless double beta  decay  [(A,Z) (A,Z+2) + 2e ] 

• Rare meson decays [K  ] 

• proton-proton collision [pp  + jets ] 

•  

• Features of  

• Avoid uncertainties associated with nuclear matrix element 

• Complementary to  decay

(0ν2β) → −

+ →ℓ+ℓ+π−…
→ℓ±ℓ± …

e±e± → W±W±, μ±μ± → W±W±

e±e± → W±W±, μ±μ± → W±W±

0ν2β
5

We focus on these processes



e±e± → W±W± and μ±μ± → W±W±

•  processes 

• The main contribution is proportional  to  

•  is restricted by stringent constraint on  from 
 decay 

• As for , such a constraint to  might be 
avoided and cross section might be large  

• However,  are not independent free parameters in 
the seesaw mechanism

ΔL = ± 2

|Θℓ |4 (ℓ = e, μ)

e±e± → W±W± Θe
0ν2β

μ±μ± → W±W± Θμ

Θe and Θμ
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[Asaka, Tsuyuki(2015)]



Correlation between Θe and Θμ
• Assume:  

• In the seesaw mechanism,  are related to each other 

• In the NH,  

• In the IH, 

M1 ≪ M2

Θe and Θμ

|Θμ1 |2 / |Θe1 |2 ∼ 1 − 102

|Θμ1 |2 / |Θe1 |2 ∼ 10−2 − 10
7

NH IH



Upper bounds on cross 
sections

                            Constraints 
1.  

2.

0ν2β decay : meff < 122meV

EWPM : upper bounds on |ΘαIΘ*βI |
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Conditions 
 s = 2TeV

M2 = 10M1

[KamLAND-Zen(2024)]

[M.Blennow et al.(2023)]

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
2

10
3

10
4

10
5

σ
[f
b
]

M1[GeV]
10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
2

10
3

10
4

10
5

σ
[f
b
]

M1[GeV]

e±e± → W±W± e±e± → W±W±

μ±μ± → W±W±

μ±μ± → W±W±NH IH

• Light region:  decay constraint is important 
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Upper bounds on cross section

• Large cross section can be obtained  for large  and  
with 

s M1

s ∼ M1 9
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Summary

• We considered the seesaw mechanism with two RHNs and 
investigated  when 
RHNs have TeV-scale masses 

• We found 

1.Not only  but also  is constrained by  decay in the 
seesaw mechanism 

2.The ratio  can be much lager then 

unitary and  in NH can be larger than that 
in IH

e±e± → W±W±, and μ±μ± → W±W±

Θe Θμ 0ν2β

Rμe =
σ(μ±μ± → W±W±)
σ(e±e± → W±W±)

σ(μ±μ± → W±W±)
10



Summary

 is a good target for probing 
TeV-scale RHNs in the seesaw mechanism
μ±μ± → W±W±
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[A.Robson et al.(2025)]

[Y.Hamada et al.(2022)]

[K.Fujii et al.(2018)]

[IMCC(2026)]
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The EWPM constraints

13 [M.Blennow et al.(2023)]



• The seesaw relation 

• The effective mass 
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0 = ∑
i

U2
eimi + ∑

I

Θ2
αIMI

meff = ∑
i

U2
eimi + ∑

I

Θ2
αIMI fI(MI)

:Suppression factor, f(MI) ∼
< p2 >

< p2 > + MI
< p2 > ∼ 𝒪(102MeV)



The cross section

•
dσ

d cos θ
=

G2
FβW

32π [ |At |
2 Bt + |Au |2 Bu + (AtA*u + A*t Au)Btu]
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,  At =
3

∑
i=1

U2
ℓi mi

t − m2
i

+
2

∑
I=1

Θ2
ℓI MI

t − M2
I

Au = At t→u

Bt = (1 − 4 rW) t2 − 4 rW(1 − 2 rW) s t + 4(1 − rW) r2
W s2

,  Bu = Bt t→u
Btu = (1 − 4 rW) t u + 4 r3

W s2

rW =
m2

W

s


