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Motivation
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How to identify the nature of a fermion (heavy neutral 
lepton)? Is it Dirac or Majorana?
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Proposal of Majorana Fermion:1937
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Majorana Equation:
1. Purely hermitian Dirac operator

(−i
∂
∂t

− iα̂ ⋅ ∇ + βm)ψ = 0

2. Charge-conjugate four-component

i∂ψ − mψc = 0

3. Complex two-component

iσ̄μ∂μψL + ηmωψ*L = 0

ψ ≡ ψc

Particle Anti-Particle≡
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Whether the Majorana fermion (mode) exists?
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Whether the Majorana fermion exists in SM?
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Electron effective Majorana Mass:
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Interactions of neutrinos
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Dirac Majorana

Charged Current 
Interaction

Nuetral Current 
Interaction

Mass term

e†
Lσ̄μνLW−

μ + h . c .

ν†
Lσ̄μνLZμ

e†
Lσ̄μνLW−

μ + h . c .

ν†
Lσ̄μνLZμ

νLνR + h . c . νLνL + h . c .

Dirac Mass

Majorana Mass

fermion (lepton) number violation

Discriminating power: 


Signal: lepton number violation

mν

μ
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Experiments to explore the neutrino Majorana mass
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• The neutrinoless double beta decay experiments  
 
 
 

• The PTOLEMY experiment: cosmic neutrinos (non-relativistic 
neutrinos)

Lepton number violation

ΓM = 2ΓD ≃ 8/y
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Experiments to explore the neutrino Majorana mass
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• The neutrinoless double beta decay experiments  
 
 
 

• The PTOLEMY experiment: cosmic neutrinos (non-relativistic 
neutrinos)

Lepton number violation

ΓM = 2ΓD

Colliders power  ∝
mν

s

Impossible to answer the question at collider?
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Massive neutrinos: new physics beyond the SM
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1. Yukawa interaction: right-handed neutrino (spectator) 

2. Loop-level seesaw mechanism:  symmetry (dark sector) 
 

3. Tree-level seesaw mechanism 
 
 
 

4. String theory or extra dimension models 

Z2

ν ν
⋯

H H
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Heavy Neutral Lepton (HNL)
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tree-level seesaw mechanism or string theory or extra dimension models

Heavy neutral lepton: Dirac or Majorana N

W−

µ

l−

N

Zµ

N

N

ν N

W−

µ

l−

N

Zµ

N

N

ν N

W−

µ

l−

N

Zµ

ν(N)

N

ν N

∑
i=e,μ,τ

g

2
UiW−

σ ℓ̄iLγσN + h . c. − ∑
i=e,μ,τ

g
2 cos θW

UiZσ(ν̄iLγσN + N̄γσνiL)
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HNL@Hadron Colliders
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HNL@ high energy lepton colliders

12

I. Chakraborty, H. Roy, and T. Srivastava, (2022), 10.1140/ep jc/s10052-023-11406-0; T. Li, C.-Y. Yao, and M. Yuan, 
JHEP 09, 131 (2023); T. H. Kwok, L. Li, T. Liu, and A. Rock, (2023), arXiv:2301.05177; P. Li, Z. Liu, and K.-F. Lyu, JHEP 
03, 231 (2023), arXiv:2301.07117; R.-Y. He, J.-Q. Huang, J.-Y. Xu, F.-X. Yang, Z.-L. Han, and F.-L. Shao, (2024), 
arXiv:2401.14687

ℓ−

ℓ+

N

ν̄ℓ

W

ℓ−

ℓ+

Z
ν̄

N

W+

Z/γ

ℓ+
1

ℓ+
2

j

j

N

N



Beijing Normal University ydliu@bnu.edu.cn

HNL@ high energy lepton colliders
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s-channel t-channel
ℓ−

ℓ+

Z
ν̄

N

ℓ−

ℓ+

N

ν̄ℓ

W
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HNL@ high energy lepton colliders
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dσ
dyN

∝
e4yN(se2yN − m2

N)
(e2yN + 1)2(s + m2

W − e2yN(m2
N − m2

W))2

yN =
1
2

log
E + p cos θN

E − p cos θN

yN ∼
1
2

log(s + m2
W)/(m2

N − m2
W) for mN > mW

μ−

W
Nx1 = 1

x2 = m2
W /m2

N

yN =
1
2

log(x1/x2) =
1
2

log(s/m2
N)
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HNL@ high energy lepton colliders
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Dirac: 
Majorana: 

N ≠ N̄
N = N̄
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HNL@ high energy lepton colliders
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Simulation @ the high energy muon collider
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Discrimination at the 3 TeV muon collider

18

Signal:   for Dirac  
             for Majorana 

μ−μ+ → Nν̄ → ℓ−W+ν̄ → ℓ−jjν̄ N
μ−μ+ → Nν̄(Nν) → ℓ−W+ν̄(ν) → ℓ−jjν̄(ν) N

  or ℓ−jjET ℓ−WJET

Backgrounds:  

                        

                        

                       

μ−μ+ → W+ℓ−νℓ → jjℓ−νℓ

γ*γ* → W+ℓ−νℓ → jjℓ−νℓ

γ*μ+ → ν̄μW+ℓ+ℓ− → jjℓ+ℓ−

μ−μ+ → νμν̄μW+ℓ+ℓ− → jjℓ+ℓ−

P. Li, Z. Liu, and K.-F. Lyu, JHEP 03, 231 (2023)

∑
i=e,μ,τ

gUiW−
σ ℓ̄iLγσN + h . c . N → μ−W+ or N → e−W+
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Cut efficiency at the 3 TeV muon collider
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   pe
T > 20 GeV |ηe | < 2.5

 resonance: 

 

W

{
2 jets 50 GeV < mj1j2 < 100 GeV
1 fat jet 50 GeV < mJ < 100 GeV

 resonance: N mℓ−W ⊂ mN ± 5 % mN
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Discovery at the 3 TeV muon collider
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P. Li, Z. Liu, and K.-F. Lyu, JHEP 03, 231 (2023) ℒ = 1 ab−1
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Discrimination at the 3 TeV muon collider
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Mass and rapidity correlation
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yp =
1
2

log(s + m2
W)/(m2

N − m2
W)

mN = eyp s + e2ypm2
W + m2

W
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Conclusion
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• We propose to use the rapidity of reconstructed  to identify its nature, 
namely discriminate whether it is Dirac or Majorana fermion; 
 

• We found the nature of  can be deciphered once it is confirmed.

N

N

One peak: Dirac fermion 
Two peaks: Majorana fermion



Thanks!


