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The 1937 Proposal of the Majorana Fermion

The Neutrino Hypothesis (Pauli, 1930) Majorana’s Symmetric Theory (1937)

Pauli’s neutrino idea and Majorana’s symmetric theory laid the foundation
 of the Majorana fermion concept
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A Natural Candidate: the SM Neutrino



Are Standard Model Neutrinos Dirac or Majorana?
--Neutrinoless Double Beta Decay (0𝜈𝛽𝛽)

Furry (1939)

The existence of 0𝜈𝛽𝛽 is a smoking-gun signature
of Majorana neutrinos



Are Standard Model Neutrinos Dirac or Majorana? (Challenges)
--Neutrinoless Double Beta Decay

§ Dirac Majorana confusion theorem   ∝ !!
"

§ 0𝜈𝛽𝛽 without Majorana neutrinos with NP
P. Gu, Physics Letters B 820 (2021) 136553



Do Majorana Fermions or Majorana Modes Exist in Nature?
Condensed-matter Majorana modes are emergent quasiparticles, 
not fundamental Majorana fermions like neutrinos



Majorana Fermions in Particle Physics: Theoretical Candidates

§ Yukawa interaction: right-handed neutrino (spectator)

§ Loop-level seesaw mechanism:  symmetry (dark sector)

§ Tree-level seesaw mechanism

§ String theory or extra dimension models
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Heavy Neutral Leptons
HNLs provide a realistic and testable Majorana fermion candidate



“Neutrinoless Double Beta Decay” at the LHC
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HNLs at High-Energy Lepton Colliders
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Distinguishing Dirac vs. Majorana by Distributions

“The absence of forward–backward asymmetry is one possible 
signature for the production of Majorana particles…”



Schematic Example: Symmetric vs. Asymmetric Distributions



Rapidity and Its Correlation with HNL Mass

𝑦! =
1
2 log

𝐸 + 𝑝!	 cos𝜃!
𝐸 − 𝑝!	 cos𝜃! v#$ = 𝑡𝑎𝑛ℎ	𝑦#



Advance of Rapidity: Signal Discrimination



Rapidity of HNLs at Muon Colliders

𝑥0 = 1

𝑥1 =
𝑚2
1

𝑚3
1

S. Dawson, Nucl. Phys. B 249, 42 (1985); V. D. Barger, K.-m. 
Cheung, T. Han, and R. J. N. Phillips, Phys. Rev. D 42, 3052 
(1990)



Rapidity of HNLs at Muon Colliders



Signal and Background Channels at a 3 TeV Muon Collider



Cut efficiency at the 3 TeV muon collider
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The 3 TeV Muon Collider Exclusion Potential on HNLs



Discovery and Discrimination Reach at the 3 TeV Muon Collider



Conclusion

§ At the muon collider, the rapidity distribution of reconstructed 𝑁 serves as a

clear discriminator of its nature

               One peak: Dirac fermion  Two peaks: Majorana fermion

§ At the muon collider, Dirac/Majorana nature of can be efficiently determined

 once it is confirmed


