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Lepton number

Conserved quantum number in the SM:

• In 1953, Konopinski and Mahmoud introduced the concept of 
lepton number, which must be conserved in reactions

2

• In 1959, Pontecorvo proposed that the lepton numbers of electrons 
and muons should be treated separately, which sucessfully explained 
the absence of � → �� in experiments he conducted

��, �� and �� are each conserved quantities



Lepton number violation

• Majorana neutrino mass

� = 5 Weinberg operator

a la eg. type-I, II, III seesaw mechanisms
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• Baryon Asymmetry in the Universe via leptogenesis

S. Weinberg 1979

Fukugita, Yanagida, 1986



Neutrinoless double beta decay

0휈�� decay and Majorana nature of neutrinos

M. Goeppert-Mayer, Phys.Rev. 48 (1935) 512
W.H. Furry, Phys. Rev. 56 (1939) 1184
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• Global experimental efforts: KamLAND-Zen, PandaX, CDEX, ...  

• Current limit: KamLAND-Zen, 2406.11438

• Future prospects: M. Agostini et al., Rev.Mod.Phys. 95 
(2023) 2, 025002



Neutrinoless double beta decay

The most sensitive low-energy probe to date

�0�:     phase space factor
�0�:    nuclear matrix element
 ��� :  effective Majorana mass

In standard mechanism:

neutrino oscillation data as inputs
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C. Adams, et a., 2212.11099



Collider opportunities

credit: M. Ramsey-Musolf

• smoking-gun signature �±�±푗푗, low SM backgrounds
• enhanced cross section from kinematics (resonance, VBS)
• more options of lepton flavors

• 0휈�� decay would undoubtedly imply the Majorana nature of 
neutrinos, irrespective of the origins of ∆� = 2 LNV interations

VBS = vector boson scattering
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Schechter, Valle, Phys.Rev. D25 (1982) 774 

• Complementary searches:



LHC searches

• Probing Weinberg operator

LHC Run 2
CMS：

ATLAS：

low sensitivity due to large �2
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VBS:

CMS, 2206.08956 (PRL)

ATLAS, 2305.14931 (EPJC)



LHC searches

• Searching for sterile neutrino

CMS, 2206.08956 (PRL)increased sensitivity due to large ��

VBS:
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LHC searches

PoS LHCP2024 (2025) 032

• Searching for sterile neutrino

increased sensitivity for 
�� < �� 
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Resonance:



EFT approach to LNV

EFT
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LNV



LNV interactions

� = 5 Weinberg operator:

A. Kobach, 1604.05726 (PLB)

• Neutrino masses:

• LNV interactions have odd mass dimension

� = 7 operator:

Babu, Nandi, Tavartkiladze, 
0905.2710 (PRD)

Minkowski, 1977; Konetschny, Kummer, 1977; 
Foot, Lew, He, Joshi, 1989
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� = 7 SMEFT

Operators with

L. Lehman, 1410.4193 (PRD); 
Y. Liao and X.-D. Ma, 1607.07309 (JHEP)

one ��

��

two ��
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� = 9 SMEFT

Operators with
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��

one ��

two ��

• imcomplete list here
• 384 for one generation

H.-L. Li, Z. Ren, M.-L. Xiao, J.-H. Yu, Y.-H. Zheng, 2007.07899 (PRD)
Y. Liao, X.-D. Ma, 2007.08125 (JHEP)



EFTs at the LHC

SMEFT paradigm:

For the searches for LNV signals, there is almost no SM background
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EFTs at the LHC

Operators with two covariant derivatives

Operators with one or zero covariant derivative

� = 7, 9 � = 7, 9

� = 7, 9 � = 9
15



EFTs at the LHC

Operators with two covariant derivatives:

At the HL-LHC,

• 푝푝 → �+�+푗푗 

• 푝푝 → �+�+푗푗 

M. Aoki, K. Enomoto, S. Kanemura, 2002.12265 (PRD)
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EFTs at the LHC

Operators with one covariant derivatives:

K. Fridell, L. Gráf, J. Harz, C. Hati, 2306.08709 (JHEP)
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UV completions at the LHC

UVs for operators with two derivatives:

type-I seesaw type-II seesaw

New channels:
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UV completions at the LHC

UVs for operators with zero derivative:

New channels:
left-right symmetric models
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UV completions at the LHC

UVs for operators with zero derivative:

template: SUSY

T. Peng, M. J. Ramsey-Musolf, 
P. Winslow, 1508.04444 (PRD)

GL, M. J. Ramsey-Musolf, S. Su, 
J. C. Vasquez, 2109.08172 (PRD)
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UV completions at the LHC

UVs for � = 7 operator with one derivative:
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• No tree-level UV completion
• Example for one-loop UV completion:

It must originate from a UV-completion containing a fermion mediator:

GL, J.-H. Yu, X. Zhao, 
2311.10079 (PRD)

K. Fridell, L. Gráf, J. Harz, C. Hati, 
2412.14268 (JHEP)



UV completions at the LHC

UVs for � = 9 operator with one derivative:

�� − �� mixing:

GL, M. J. Ramsey-Musolf, J. C. Vasquez, 
2202.01789 (PRD)
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H.-L. Li, et al., 2007.07899 (PRD)



UV completions at the LHC

UVs for � = 9 operator with one derivative:

Leptoquark model:

leptoquarks:

vector-like fermions:

template: SUSY
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GL, J.-H. Yu, X. Zhao, 2311.10079 (PRD)

H.-L. Li, et al., 2007.07899 (PRD)



UV completions at the LHC

Leptoquark pair production 

• Sensitive to the leptoquark mass
• LHC searches for TeV scale LNV are 

complementary to 0휈�� decay searches

GL, J.-H. Yu, X. Zhao, 2311.10079 (PRD)
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A light doubly-charged scalar

Charged lepton flavor violation:

 ��
±± can be �(1) TeV only if all Yukawa couplings

In the type-II seesaw model, the Yukawa couplings are correlated with 
the neutrino masses and mixings:
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A light doubly-charged scalar

In the minimal left-right symmetric model 

(parity) (charge conjugation)

• If neutrinos obtain masses via the type-II seesaw mechanism,  ��
±± 

can be �(1) TeV only if all Yukawa couplings
• If neutrinos obtain masses via the type-I seesaw mechanism, ��,�

±±  
can be �(1) TeV if ��,� are diagonal
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typ
e-I

type-II



A light doubly-charged scalar

Chang, Mohapatra, Parida, Phys.Rev.Lett. 52 
(1984) 1072; Phys.Rev.D 30 (1984) 1052

In left-right symmetric model with �-parity breaking

mass spectra:
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�∆�
++ [퐆��]

��
±± is at the �-parity breaking scale, 

while ��
±± can be much lighter, and the 

Yukawa coupling matrix �� is arbitrary

E. Akhmedov, et al., 2401.15145 (PLB)



LNV at lepton colliders

• CEPC/FCC-ee, MOLLER

P. S. Bhupal Dev, M. J. Ramsey-Musolf, 
Y. Zhang, 1806.08499 (PRD)

GL, M. J. Ramsey-Musolf, S. Urrutia 
Quiroga, J. C. Vasquez, 2408.06306
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LNV at lepton colliders

• �TRISTAN

Y. Hamada, et al., Prog. 2201.06664 (PTEP)

�+ beam obtained from ultra-cold muon technology developed for 
the muon � − 2 experiment at J-PARC is accelerated up to 1 TeV
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LNV at lepton colliders

GL, Jin Sun, 2510.xxxxx

Low- and high-energy probes of diagonal couplings
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Summary

• Colliders provide unique opportunities for probing lepton-number-violating 

new physics

• EFTs help to identify optimal LNV interactions, which are constructed using 

covariant derivatives

• UV completions for SMEFT with 0, 1, 2 covariant derivatives are discussed

• We investigate the sensitivity of lepton colliders to a specific LNV scenario: 

a light doubly-charged scalar


