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Neutrinos & neutrino physics

Neutrinos are the most mysterious particles in the SM

• They are the lightest particles observed
• They have the weakest interaction (except gravity)
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Neutrinos & neutrino physics

Afterall, neutrinos are related to new physics
credit: Shun Zhou

Open questions in neutrino physics

•  Origin of Neutrino Masses
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Neutrinos as the probe

Neutrinos are the lightest and weakest, so that it is difficult to “catch” 
them with the LHC detectors

• Collider neutrinos

[quark,
 gluon]

[neutrino]
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Neutrinos as the probe

Neutrinos are the lightest and weakest, so that it is difficult to “catch” 
them with the LHC detectors

• Collider neutrinos

[quark,
 gluon]

[neutrino]LHC as neutrino source

see Jinfeng Liu's talk
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Neutrinos as the probe

Neutrino sources

~ TeV neutrinos

• Collider neutrinos

Use neutrinos to probe neutrino interactions and species

FASER, 1908.02310 (EPJC)
Ismail, Abraham, Kling, 2012.10500 (PRD)
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Neutrinos as a window to new physics

• New physics related to neutrinos

mass origin

Dirac/Majorana

new particles new interactions

massive neutrinos
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Neutrinos as a window to new physics

• New physics related to neutrinos

mass origin

Dirac/Majorana

new particles new interactions

massive neutrinos

LNV interactions

sterile neutrinos

right-handed W
leptoquarks
...

unravel the 
neutrino's 
mysteries at the 
LHC
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Outline

• Majorana neutrinos and LNV

• 0휈�� decay and LHC searches for LNV

• TeV scale LNV: EFTs and UV completions
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Majorana neutrinos

• Mass origin and Majorana nature -- top-layer questions
• How do neutrinos get their masses?

• Are they Dirac or Majorana fermions?
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Majorana neutrinos

Dirac mass: Majorana mass:

very small coupling (very) large scale

Weinberg
operator

a la eg. type-I, II, III seesaw

• Mass origin and Majorana nature
• How do neutrinos get their masses?

• Are they Dirac or Majorana fermions?
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Majorana neutrinos

Dirac mass: Majorana mass:

very small coupling (very) large scale

Weinberg
operator

a la eg. type-I, II, III seesaw∆� = 2 lepton numer violation

• Mass origin and Majorana nature
• How do neutrinos get their masses?

• Are they Dirac or Majorana fermions?
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(LNV)



Majorana neutrinos

• Mass origin and Majorana nature
• How do neutrinos get their masses?

• Are they Dirac or Majorana fermions?
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Majorana neutrinos

• Mass origin and Majorana nature
• How do neutrinos get their masses?

• Are they Dirac or Majorana fermions?
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• 0휈�� decay is the most sensitive way to assess Majorana nature 



Majorana neutrinos

• Mass origin and Majorana nature
• How do neutrinos get their masses?

• Are they Dirac or Majorana fermions?
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• 0휈�� decay is the most sensitive way to assess Majorana nature 
• LHC is utilized to diagnose underlying mechanisms of 0휈�� decay 

credit: M. J. Ramsey-Musolf



Neutrinoless double beta decay

nuclear level: nucleon level: quark level: 

• 0휈�� decay in nuclei
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Neutrinoless double beta decay

An observation of 0휈�� decay undoubtedly implies the Majorana 
nature of neutrinos

• 0휈�� decay in nuclei

Schechter, Valle, Phys.Rev. 
D25 (1982) 774 

various ∆� = 2 
LNV interactions
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Neutrinoless double beta decay

An observation of 0휈�� decay undoubtedly implies the Majorana 
nature of neutrinos

• 0휈�� decay in nuclei

Schechter, Valle, Phys.Rev. 
D25 (1982) 774 

various ∆� = 2 
LNV interactions

decay
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Neutrinoless double beta decay

• Experimental searches

KamLAND-Zen: 136Xe → 136Ba + �−+ �−

�1/2
0� (Xe) > 1.07 × 1026 year

GERDA: 76Ge → 76Se + �−+ �−

�1/2
0� (Ge) > 1.8 × 1026 year
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Neutrinoless double beta decay

• Experimental searches

(�1/2
0� ) −1 = �0��0�

2 ��� 
2

�0�:     phase space factor (atomic physics)
�0�:    nuclear matrix element (nuclear physics) 
 ��� :  effective Majorana mass (particle physics)

• Theoretical interpretation

KamLAND-Zen: 136Xe → 136Ba + �−+ �−

�1/2
0� (Xe) > 1.07 × 1026 year

GERDA: 76Ge → 76Se + �−+ �−

�1/2
0� (Ge) > 1.8 × 1026 year
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Neutrinoless double beta decay

• Experimental searches

(�1/2
0� ) −1 = �0��0�

2 ��� 
2

�0�:     phase space factor (atomic physics)
�0�:    nuclear matrix element (nuclear physics) 
 ��� :  effective Majorana mass (particle physics)

• Theoretical interpretation

KamLAND-Zen: 136Xe → 136Ba + �−+ �−

�1/2
0� (Xe) > 1.07 × 1026 year

GERDA: 76Ge → 76Se + �−+ �−

�1/2
0� (Ge) > 1.8 × 1026 year

What is  ��� ? 
22



Mechanisms of 0휈�� decay

• Active neutrinos

KamLAND-Zen

tonne-scale

Excluded

co
sm
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Weinberg operator
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Phys.Rev.Lett. 117 (2016) 082503; 
Phys.Rev.Lett. 125 (2023) 130, 051801



Mechanisms of 0휈�� decay

• Sterile neutrinos

type-I seesaw model see also
W. Dekens, et al, 2002.07182 (JHEP); 
J. de Vries, GL, M.J. Ramsey-Musolf, J.C. Vasquez, 
2209.03031 (JHEP)

Bolton, Deppisch, Bhupal Dev, 1912.03058 (JHEP)
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LHC searches

• Searches for LNV at the LHC

LHC Run 2

CMS：

ATLAS：

25

active neutrinos
B. Fuks et al., 2012.09882 (PRD)



LHC searches

• Searches for LNV at the LHC

LHC Run 2

CMS, 2206.08956 (PRL) ATLAS, 2305.14931 (EPJC)

CMS：

ATLAS：

26
sterile neutrino

active neutrinos



LHC searches

• Searches for LNV at the LHC
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(displaced lepton)



LHC searches

• Searches for LNV at the LHC

• upgrade of the LHC detectors
• construction of new detectors
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Long-lived particle (LLP)

(displaced lepton)



LHC searches

• Searches for LNV at the LHC

[sterile neutrino mass]
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(displaced lepton)



LHC searches

• Searches for LNV at the LHC

[sterile neutrino mass]

GL, M. J. Ramsey-Musolf, S. Su, J. C. Vasquez, 2109.08172 (PRD)
GL, M. J. Ramsey-Musolf, J. C. Vasquez, 2202.01789 (PRD)
J. de Vries et al., 2010.07305 (JHEP)
J. Helo, M. Hirsch, S. Kovalenko, 1312.2900 (PRD)  30
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TeV scale LNV

• Why TeV scale LNV?
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TeV scale LNV

• Why TeV scale LNV?

• comparable contribution to 0휈�� decay   

32

W. Rodejohann, 1106.1334
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• Why TeV scale LNV?

• comparable contribution to 0휈�� decay   

�: new coupling
�: new particle mass
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W. Rodejohann, 1106.1334



TeV scale LNV

• Why TeV scale LNV?

• comparable contribution to 0휈�� decay   

�: new coupling
�: new particle mass

• reachable at the LHC 

34

Helo, Hirsch, Kovalenko, Pas, 1303.0899 (PRD), 1307.4849 (PRD)
Peng, Ramsey-Musolf, Winslow 1508.04444 (PRD)

W. Rodejohann, 1106.1334



TeV scale LNV

• Why TeV scale LNV?

• comparable contribution to 0휈�� decay   

�: new coupling
�: new particle mass

• reachable at the LHC 

• a viable leptogenesis J. Harz, M. J. Ramsey-Musolf, T. Shen, S. Urrutia-Quiroga, 2106.10838
F.F. Deppisch, L. Graf, J. Harz, W.-C. Huang, 1711.10432 (PRD)
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Helo, Hirsch, Kovalenko, Pas, 1303.0899 (PRD), 1307.4849 (PRD)
Peng, Ramsey-Musolf, Winslow 1508.04444 (PRD)

W. Rodejohann, 1106.1334



TeV scale LNV

• Why TeV scale LNV?

LHC

0휈�� decay   leptognesis
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Effective field theory approach

• A systematic description of ∆� = 2 LNV sources
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Effective field theory approach

V. Cirigliano et al., 2203.12169, Snowmass 2021

standard 
mechanism

non-standard 
mechanisms

or LEFT

• A systematic description of ∆� = 2 LNV sources
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Effective field theory approach

G. Prézeau, M. Ramsey-Musolf, P. Vogel, Phys. Rev. D 68, 034016 (2003)
V. Cirigliano et al, 1708.09390 (JHEP), 1806.02780 (JHEP)

Inverse half-life for 0휈�� decay in the EFT approach
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Effective field theory approach

G. Prézeau, M. Ramsey-Musolf, P. Vogel, Phys. Rev. D 68, 034016 (2003)
V. Cirigliano et al, 1708.09390 (JHEP), 1806.02780 (JHEP)

Effective Majorana mass

 ���  ~  ∑ LEC x Wilson Coeff

Inverse half-life for 0휈�� decay in the EFT approach

• low-energy constant (LEC) as the weight

40

• non-perturbative QCD



Effective field theory approach

41

LECs are ordered in chiral power counting



Effective field theory approach

�

�

�
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LECs are ordered in chiral power counting

Prezeau, Ramsey-Musolf, Vogel,  PRD 68 (2003) 034016



Effective field theory approach

�

�

�
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LECs are ordered in chiral power counting

Prezeau, Ramsey-Musolf, Vogel,  PRD 68 (2003) 034016



Effective field theory approach

M. L. Graesser, 1606.04549 (JHEP)• quark biliners

• lepton bilinear

p

1/p2

1/p2

p

p0

44

Dim-9 LEFT operators:



Effective field theory approach

M. L. Graesser, 1606.04549 (JHEP)• quark biliners

• lepton bilinear
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Dim-9 LEFT operators:



UV completion

• TeV scale LNV correlated with observed neutrino masses
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UV completion

• TeV scale LNV correlated with observed neutrino masses

Both left- and right-handed charged currents, thus the most 
manifest UV realization is the left-right symmetric model 

type-I seesaw type-II seesaw

47

Mohapatra and Senjanovic,  Phys.Rev.Lett. 
44 (1980) 912, Phys.Rev.D 23 (1981) 165



UV completion

• TeV scale LNV correlated with observed neutrino masses

Both left- and right-handed charged currents, thus the most 
manifest UV realization is the left-right symmetric model 
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UV completion

• TeV scale LNV correlated with observed neutrino masses

Both left- and right-handed charged currents, thus the most 
manifest UV realization is the left-right symmetric model 
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Prezeau, Ramsey-Musolf, Vogel,  PRD 68 (2003) 034016



UV completion

• TeV scale LNV correlated with observed neutrino masses

KamLAND-Zen

tonne-scale

Excluded

co
sm
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GL, M. J. Ramsey-Musolf, J. C. 
Vasquez, 2009.01257 (PRL)
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UV completion

• TeV scale LNV uncorrelated with observed neutrino masses
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UV completion

• TeV scale LNV uncorrelated with observed neutrino masses

• Contributions to Majorana masses of neutrinos are non-zero but negligible

• Possible if neutrino have different mass origins 

• Other kinds of UV scenarios that are reachable in the 0휈�� decay 

experiments and at the LHC
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UV completion

• TeV scale LNV uncorrelated with observed neutrino masses

• Contributions to Majorana masses of neutrinos are non-zero but negligible

• Possible if neutrino have different mass origins 

• Other kinds of UV scenarios that are reachable in the 0휈�� decay 

experiments and at the LHC

• Two-step UV completions

dim-9 LEFT dim-7, 9 SMEFT UV models 

Lehman 2014; Liao & Ma 2016, 
2020; Li et al, 2020
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Li, Ni, Xiao, Yu, 2204.03660 (JHEP)



UV completion

• Step 1

Dim-7 SMEFT operator: Dim-9 SMEFT operators:

O. Scholer, J. de Vries, L. Gráf, 2304.05415 (JHEP)
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UV completion

• Step 1

Dim-7 SMEFT operator: Dim-9 SMEFT operators:

UV models:

• Step 2

one-loop level

tree level

O. Scholer, J. de Vries, L. Gráf, 2304.05415 (JHEP)
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GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079



UV completion

• Indirect searches in 0휈�� decay experiments 

GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079
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UV completion

• Indirect searches in 0휈�� decay experiments 

GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079
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A. Crivellin, L. Schnell, 
2104.06417 (PRD)



UV completion

• Indirect searches in 0휈�� decay experiments 

GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079
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A. Crivellin, L. Schnell, 
2104.06417 (PRD)



UV completion

• Indirect searches in 0휈�� decay experiments 

GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079

Leptoquarks are good candidates for 
the UV completions
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A. Crivellin, L. Schnell, 
2104.06417 (PRD)



UV completion

• Direct searches at the LHC

GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079
60



UV completion

• Direct searches at the LHC

GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079
61



UV completion

• Direct searches at the LHC

GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079

Searches at the LHC and 0휈�� decay 
experiments are complementary to test 
the UV completions
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Summary

• New physics related to neutrinos

mass origin

Dirac/Majorana

new particles new interactions

massive neutrinos

LNV interactions

sterile neutrinos

right-handed W
leptoquarks
...

unravel the 
neutrino's 
mysteries at the 
LHC
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Summary

• This talk reviews some aspects of neutrino physics

• New physics related to neutrinos -- sterile neutrino, LNV -- is studied 
at the LHC

• Complementary searches for LNV in the ongoing 0휈�� decay 
experiments and at the upgrated LHC (LLP, HL-LHC, HE-LHC)

• The EFT framework is used to study 0휈�� decay, while promising UV 
completions are classified -- left-right symmetric model, leptoquark 
models
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Thanks for your attention!


