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Why study Heavy Neutral Leptons?

 Open problems in the SM

 Many BSM extensions add HNL to address some of these issues

 Heavy Neutral Leptons Massive RH or sterile neutrinos

Neutrino massesDark matter

Baryogenesis

🤨
…



Xabier Marcano (LPT) RPP 2019 3

Seesaw models

 Low scale seesaw models: 𝜈SM, inverse/linear seesaw…

Inverse seesaw
<latexit sha1_base64="exLpCQEcvQy2xsSR7nuASy4Bfzs=">AAAB93icbZDNSsNAFIUn/tb6FxVXbgaL4KokIqi7ghvdVTC20IQymd62Q2cmYWai1FDwUXQjoivfwxfwbZy0XWjrWX33nrO498QpZ9p43rezsLi0vLJaWiuvb2xubbs7u3c6yRSFgCY8Uc2YaOBMQmCY4dBMFRARc2jEg8vCb9yD0iyRt2aYQiRIT7Iuo8TYVdvdz0Ml8LUsMhBiDaDJw6jtVryqNxaeB38KFTRVve1+hZ2EZgKkoZxo3fK91EQ5UYZRDqNymGlICR2QHrQsSiJAR/n4/BE+6iYKmz7g8fw7mxOh9VDENiOI6etZr1j+57Uy0z2PcibTzICkNmK9bsaxSXDRAu4wBdTwoQVCFbNXYtonilBjeyjb9/3ZZ+chOKleVP2b00qt9jTpoYQO0CE6Rj46QzV0heooQBTl6AW9ow/n0Xl2Xp23SXTBmXa3h/7I+fwBnhCTlw==</latexit><latexit sha1_base64="exLpCQEcvQy2xsSR7nuASy4Bfzs=">AAAB93icbZDNSsNAFIUn/tb6FxVXbgaL4KokIqi7ghvdVTC20IQymd62Q2cmYWai1FDwUXQjoivfwxfwbZy0XWjrWX33nrO498QpZ9p43rezsLi0vLJaWiuvb2xubbs7u3c6yRSFgCY8Uc2YaOBMQmCY4dBMFRARc2jEg8vCb9yD0iyRt2aYQiRIT7Iuo8TYVdvdz0Ml8LUsMhBiDaDJw6jtVryqNxaeB38KFTRVve1+hZ2EZgKkoZxo3fK91EQ5UYZRDqNymGlICR2QHrQsSiJAR/n4/BE+6iYKmz7g8fw7mxOh9VDENiOI6etZr1j+57Uy0z2PcibTzICkNmK9bsaxSXDRAu4wBdTwoQVCFbNXYtonilBjeyjb9/3ZZ+chOKleVP2b00qt9jTpoYQO0CE6Rj46QzV0heooQBTl6AW9ow/n0Xl2Xp23SXTBmXa3h/7I+fwBnhCTlw==</latexit><latexit sha1_base64="exLpCQEcvQy2xsSR7nuASy4Bfzs=">AAAB93icbZDNSsNAFIUn/tb6FxVXbgaL4KokIqi7ghvdVTC20IQymd62Q2cmYWai1FDwUXQjoivfwxfwbZy0XWjrWX33nrO498QpZ9p43rezsLi0vLJaWiuvb2xubbs7u3c6yRSFgCY8Uc2YaOBMQmCY4dBMFRARc2jEg8vCb9yD0iyRt2aYQiRIT7Iuo8TYVdvdz0Ml8LUsMhBiDaDJw6jtVryqNxaeB38KFTRVve1+hZ2EZgKkoZxo3fK91EQ5UYZRDqNymGlICR2QHrQsSiJAR/n4/BE+6iYKmz7g8fw7mxOh9VDENiOI6etZr1j+57Uy0z2PcibTzICkNmK9bsaxSXDRAu4wBdTwoQVCFbNXYtonilBjeyjb9/3ZZ+chOKleVP2b00qt9jTpoYQO0CE6Rj46QzV0heooQBTl6AW9ow/n0Xl2Xp23SXTBmXa3h/7I+fwBnhCTlw==</latexit><latexit sha1_base64="exLpCQEcvQy2xsSR7nuASy4Bfzs=">AAAB93icbZDNSsNAFIUn/tb6FxVXbgaL4KokIqi7ghvdVTC20IQymd62Q2cmYWai1FDwUXQjoivfwxfwbZy0XWjrWX33nrO498QpZ9p43rezsLi0vLJaWiuvb2xubbs7u3c6yRSFgCY8Uc2YaOBMQmCY4dBMFRARc2jEg8vCb9yD0iyRt2aYQiRIT7Iuo8TYVdvdz0Ml8LUsMhBiDaDJw6jtVryqNxaeB38KFTRVve1+hZ2EZgKkoZxo3fK91EQ5UYZRDqNymGlICR2QHrQsSiJAR/n4/BE+6iYKmz7g8fw7mxOh9VDENiOI6etZr1j+57Uy0z2PcibTzICkNmK9bsaxSXDRAu4wBdTwoQVCFbNXYtonilBjeyjb9/3ZZ+chOKleVP2b00qt9jTpoYQO0CE6Rj46QzV0heooQBTl6AW9ow/n0Xl2Xp23SXTBmXa3h/7I+fwBnhCTlw==</latexit>

 How heavy are these new HNL?

Heavy Neutral Leptons are present in seesaw models
 Well-known example: 

interesting variants with lower masses and larger couplings
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eV

KeV

New (unknown) mass scale

 Different scales
 Different observables

MeV

GeV

TeV

 Many possibilities
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Meson decays

Cosm
ology

eV

KeV

New (unknown) mass scale
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 Different scales
 Different observables

ß decays

Neutrin
oless d

ouble beta decay

MeV

GeV

TeV

cLFV, EWPO… Many possibilities
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Meson decays

Cosm
ology

eV

KeV

New (unknown) mass scale
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Displaced 
Vertices

(no/low background)

 Different scales
 Different observables

ß decays

Neutrin
oless d

ouble beta decay

MeV

GeV

TeV

cLFV, EWPO… Many possibilities
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Helo, Hirsch, Kovalenko [PRD89 (2014) 073005]
Izaguirre, Shuve [PRD91 (2015) 093010]
Gago et al [EPJC75 (2015) 470]
Antusch, Cazzato, Fisher [PLB774(2017)114]

Displaced Vertex signatures @LHC

N
ℓ

p 
p

ℓ

j

Primary vertex Displaced vertex

𝜈 𝜈

 Predictions for DV from HNL:
Cottin, Helo, Hirsch [PRD97 (2018) 055025]
Kling, Trojanowski [PRD97 (2018) 095016]
Helo, Hirsch, Wang [JHEP1807 (2018) 056]
…

 In this talk*:

The role of  
HNL flavor

LHC  
sensitivities

*More in the paper!!! JHEP 01 (2019) 093

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.073005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.093010
https://link.springer.com/article/10.1140/epjc/s10052-015-3693-1
https://www.sciencedirect.com/science/article/pii/S0370269317307694?via=ihub
https://arxiv.org/abs/1801.02734
https://arxiv.org/abs/1801.08947
https://arxiv.org/abs/1803.02212
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Effective 3+1 Neutrino Model

eUPMNS
<latexit sha1_base64="tXNy1tlR1OoHFFF+9hjuE5kajoY=">AAACJHicbVC7TsMwFHV4lvIqMLK4VEhMJUFIha2ChQVUBKGVmihy3NvWqvOQ7QBVlM/gG/gIVhiZEAML/AruY6AtZzq+59j3+PgxZ1KZ5pcxN7+wuLScW8mvrq1vbBa2tu9klAgKNo14JBo+kcBZCLZiikMjFkACn0Pd750P9Po9CMmi8Fb1Y3AD0glZm1Gi9MgrHKbO8JGU9klYrJhFnxPay7DzwFqgGG8Btr3UEQGuXV7dZJlXKJllcwg8S6wxKaExal7hx2lFNAkgVJQTKZuWGSs3JUIxyiHLO4mEWK8kHWhqGpIApJsOM2V4vx0JrLqAh+e/3pQEUvYDX3sCorpyWhsM/9OaiWqfuCkL40RBSLVFa+2EYxXhQT+4xQRQxfuaECqYTolplwhClW5xYsvjKKRuxJr+/yyxj8qnZev6uFQ9G1eTQ7toDx0gC1VQFV2gGrIRRU/oBb2iN+PZeDc+jM+Rdc4Y39lBEzC+fwHP3KW4</latexit><latexit sha1_base64="tXNy1tlR1OoHFFF+9hjuE5kajoY=">AAACJHicbVC7TsMwFHV4lvIqMLK4VEhMJUFIha2ChQVUBKGVmihy3NvWqvOQ7QBVlM/gG/gIVhiZEAML/AruY6AtZzq+59j3+PgxZ1KZ5pcxN7+wuLScW8mvrq1vbBa2tu9klAgKNo14JBo+kcBZCLZiikMjFkACn0Pd750P9Po9CMmi8Fb1Y3AD0glZm1Gi9MgrHKbO8JGU9klYrJhFnxPay7DzwFqgGG8Btr3UEQGuXV7dZJlXKJllcwg8S6wxKaExal7hx2lFNAkgVJQTKZuWGSs3JUIxyiHLO4mEWK8kHWhqGpIApJsOM2V4vx0JrLqAh+e/3pQEUvYDX3sCorpyWhsM/9OaiWqfuCkL40RBSLVFa+2EYxXhQT+4xQRQxfuaECqYTolplwhClW5xYsvjKKRuxJr+/yyxj8qnZev6uFQ9G1eTQ7toDx0gC1VQFV2gGrIRRU/oBb2iN+PZeDc+jM+Rdc4Y39lBEzC+fwHP3KW4</latexit><latexit sha1_base64="tXNy1tlR1OoHFFF+9hjuE5kajoY=">AAACJHicbVC7TsMwFHV4lvIqMLK4VEhMJUFIha2ChQVUBKGVmihy3NvWqvOQ7QBVlM/gG/gIVhiZEAML/AruY6AtZzq+59j3+PgxZ1KZ5pcxN7+wuLScW8mvrq1vbBa2tu9klAgKNo14JBo+kcBZCLZiikMjFkACn0Pd750P9Po9CMmi8Fb1Y3AD0glZm1Gi9MgrHKbO8JGU9klYrJhFnxPay7DzwFqgGG8Btr3UEQGuXV7dZJlXKJllcwg8S6wxKaExal7hx2lFNAkgVJQTKZuWGSs3JUIxyiHLO4mEWK8kHWhqGpIApJsOM2V4vx0JrLqAh+e/3pQEUvYDX3sCorpyWhsM/9OaiWqfuCkL40RBSLVFa+2EYxXhQT+4xQRQxfuaECqYTolplwhClW5xYsvjKKRuxJr+/yyxj8qnZev6uFQ9G1eTQ7toDx0gC1VQFV2gGrIRRU/oBb2iN+PZeDc+jM+Rdc4Y39lBEzC+fwHP3KW4</latexit><latexit sha1_base64="tXNy1tlR1OoHFFF+9hjuE5kajoY=">AAACJHicbVC7TsMwFHV4lvIqMLK4VEhMJUFIha2ChQVUBKGVmihy3NvWqvOQ7QBVlM/gG/gIVhiZEAML/AruY6AtZzq+59j3+PgxZ1KZ5pcxN7+wuLScW8mvrq1vbBa2tu9klAgKNo14JBo+kcBZCLZiikMjFkACn0Pd750P9Po9CMmi8Fb1Y3AD0glZm1Gi9MgrHKbO8JGU9klYrJhFnxPay7DzwFqgGG8Btr3UEQGuXV7dZJlXKJllcwg8S6wxKaExal7hx2lFNAkgVJQTKZuWGSs3JUIxyiHLO4mEWK8kHWhqGpIApJsOM2V4vx0JrLqAh+e/3pQEUvYDX3sCorpyWhsM/9OaiWqfuCkL40RBSLVFa+2EYxXhQT+4xQRQxfuaECqYTolplwhClW5xYsvjKKRuxJr+/yyxj8qnZev6uFQ9G1eTQ7toDx0gC1VQFV2gGrIRRU/oBb2iN+PZeDc+jM+Rdc4Y39lBEzC+fwHP3KW4</latexit>

U⌫
4⇥4 =
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V⌧N
<latexit sha1_base64="gFQoWmiviBTLWK/9GWJcGHsEuaU=">AAAB6nicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0xTaUyfSmHTqZhJmJUEKfQjciuvJxfAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Or2Z++wGV5om8M5MUg5gOJY84o8aO7lv9vGdoRm6m/WrNrbtzkb/gFVCDQs1+9aM3SFgWozRMUK27npuaIKfKcCZwWullGlPKxnSIXYuSxqiDfL7xlBxFiSJmhGT+/pnNaaz1JA5tJqZmpBe92fA/r5uZ6DzIuUwzg5LZiPWiTBCTkFlxMuAKmRETC5QpbrckbEQVZcaep2Lre4tl/4J/Ur+oe7entcZlcYcyHMAhHIMHZ9CAa2iCDwwkPMErvDmx8+g8Oy/f0ZJT/NmHX3LevwCNMI4I</latexit><latexit sha1_base64="gFQoWmiviBTLWK/9GWJcGHsEuaU=">AAAB6nicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0xTaUyfSmHTqZhJmJUEKfQjciuvJxfAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Or2Z++wGV5om8M5MUg5gOJY84o8aO7lv9vGdoRm6m/WrNrbtzkb/gFVCDQs1+9aM3SFgWozRMUK27npuaIKfKcCZwWullGlPKxnSIXYuSxqiDfL7xlBxFiSJmhGT+/pnNaaz1JA5tJqZmpBe92fA/r5uZ6DzIuUwzg5LZiPWiTBCTkFlxMuAKmRETC5QpbrckbEQVZcaep2Lre4tl/4J/Ur+oe7entcZlcYcyHMAhHIMHZ9CAa2iCDwwkPMErvDmx8+g8Oy/f0ZJT/NmHX3LevwCNMI4I</latexit><latexit sha1_base64="gFQoWmiviBTLWK/9GWJcGHsEuaU=">AAAB6nicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0xTaUyfSmHTqZhJmJUEKfQjciuvJxfAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Or2Z++wGV5om8M5MUg5gOJY84o8aO7lv9vGdoRm6m/WrNrbtzkb/gFVCDQs1+9aM3SFgWozRMUK27npuaIKfKcCZwWullGlPKxnSIXYuSxqiDfL7xlBxFiSJmhGT+/pnNaaz1JA5tJqZmpBe92fA/r5uZ6DzIuUwzg5LZiPWiTBCTkFlxMuAKmRETC5QpbrckbEQVZcaep2Lre4tl/4J/Ur+oe7entcZlcYcyHMAhHIMHZ9CAa2iCDwwkPMErvDmx8+g8Oy/f0ZJT/NmHX3LevwCNMI4I</latexit><latexit sha1_base64="gFQoWmiviBTLWK/9GWJcGHsEuaU=">AAAB6nicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0xTaUyfSmHTqZhJmJUEKfQjciuvJxfAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Or2Z++wGV5om8M5MUg5gOJY84o8aO7lv9vGdoRm6m/WrNrbtzkb/gFVCDQs1+9aM3SFgWozRMUK27npuaIKfKcCZwWullGlPKxnSIXYuSxqiDfL7xlBxFiSJmhGT+/pnNaaz1JA5tJqZmpBe92fA/r5uZ6DzIuUwzg5LZiPWiTBCTkFlxMuAKmRETC5QpbrckbEQVZcaep2Lre4tl/4J/Ur+oe7entcZlcYcyHMAhHIMHZ9CAa2iCDwwkPMErvDmx8+g8Oy/f0ZJT/NmHX3LevwCNMI4I</latexit>

 4 masses

 4x4 mixing matrix

m⌫ = (m⌫1 ,m⌫2 ,m⌫3 ,mN )
<latexit sha1_base64="izlUrR6JSXkUS/6vwctSsuMdoj8="></latexit><latexit sha1_base64="izlUrR6JSXkUS/6vwctSsuMdoj8="></latexit><latexit sha1_base64="izlUrR6JSXkUS/6vwctSsuMdoj8="></latexit><latexit sha1_base64="izlUrR6JSXkUS/6vwctSsuMdoj8="></latexit>

 FeynRules > MadGraph > Pythia > MadAnalysis 
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Effective 3+1 Neutrino Model

eUPMNS
<latexit sha1_base64="tXNy1tlR1OoHFFF+9hjuE5kajoY=">AAACJHicbVC7TsMwFHV4lvIqMLK4VEhMJUFIha2ChQVUBKGVmihy3NvWqvOQ7QBVlM/gG/gIVhiZEAML/AruY6AtZzq+59j3+PgxZ1KZ5pcxN7+wuLScW8mvrq1vbBa2tu9klAgKNo14JBo+kcBZCLZiikMjFkACn0Pd750P9Po9CMmi8Fb1Y3AD0glZm1Gi9MgrHKbO8JGU9klYrJhFnxPay7DzwFqgGG8Btr3UEQGuXV7dZJlXKJllcwg8S6wxKaExal7hx2lFNAkgVJQTKZuWGSs3JUIxyiHLO4mEWK8kHWhqGpIApJsOM2V4vx0JrLqAh+e/3pQEUvYDX3sCorpyWhsM/9OaiWqfuCkL40RBSLVFa+2EYxXhQT+4xQRQxfuaECqYTolplwhClW5xYsvjKKRuxJr+/yyxj8qnZev6uFQ9G1eTQ7toDx0gC1VQFV2gGrIRRU/oBb2iN+PZeDc+jM+Rdc4Y39lBEzC+fwHP3KW4</latexit><latexit sha1_base64="tXNy1tlR1OoHFFF+9hjuE5kajoY=">AAACJHicbVC7TsMwFHV4lvIqMLK4VEhMJUFIha2ChQVUBKGVmihy3NvWqvOQ7QBVlM/gG/gIVhiZEAML/AruY6AtZzq+59j3+PgxZ1KZ5pcxN7+wuLScW8mvrq1vbBa2tu9klAgKNo14JBo+kcBZCLZiikMjFkACn0Pd750P9Po9CMmi8Fb1Y3AD0glZm1Gi9MgrHKbO8JGU9klYrJhFnxPay7DzwFqgGG8Btr3UEQGuXV7dZJlXKJllcwg8S6wxKaExal7hx2lFNAkgVJQTKZuWGSs3JUIxyiHLO4mEWK8kHWhqGpIApJsOM2V4vx0JrLqAh+e/3pQEUvYDX3sCorpyWhsM/9OaiWqfuCkL40RBSLVFa+2EYxXhQT+4xQRQxfuaECqYTolplwhClW5xYsvjKKRuxJr+/yyxj8qnZev6uFQ9G1eTQ7toDx0gC1VQFV2gGrIRRU/oBb2iN+PZeDc+jM+Rdc4Y39lBEzC+fwHP3KW4</latexit><latexit sha1_base64="tXNy1tlR1OoHFFF+9hjuE5kajoY=">AAACJHicbVC7TsMwFHV4lvIqMLK4VEhMJUFIha2ChQVUBKGVmihy3NvWqvOQ7QBVlM/gG/gIVhiZEAML/AruY6AtZzq+59j3+PgxZ1KZ5pcxN7+wuLScW8mvrq1vbBa2tu9klAgKNo14JBo+kcBZCLZiikMjFkACn0Pd750P9Po9CMmi8Fb1Y3AD0glZm1Gi9MgrHKbO8JGU9klYrJhFnxPay7DzwFqgGG8Btr3UEQGuXV7dZJlXKJllcwg8S6wxKaExal7hx2lFNAkgVJQTKZuWGSs3JUIxyiHLO4mEWK8kHWhqGpIApJsOM2V4vx0JrLqAh+e/3pQEUvYDX3sCorpyWhsM/9OaiWqfuCkL40RBSLVFa+2EYxXhQT+4xQRQxfuaECqYTolplwhClW5xYsvjKKRuxJr+/yyxj8qnZev6uFQ9G1eTQ7toDx0gC1VQFV2gGrIRRU/oBb2iN+PZeDc+jM+Rdc4Y39lBEzC+fwHP3KW4</latexit><latexit sha1_base64="tXNy1tlR1OoHFFF+9hjuE5kajoY=">AAACJHicbVC7TsMwFHV4lvIqMLK4VEhMJUFIha2ChQVUBKGVmihy3NvWqvOQ7QBVlM/gG/gIVhiZEAML/AruY6AtZzq+59j3+PgxZ1KZ5pcxN7+wuLScW8mvrq1vbBa2tu9klAgKNo14JBo+kcBZCLZiikMjFkACn0Pd750P9Po9CMmi8Fb1Y3AD0glZm1Gi9MgrHKbO8JGU9klYrJhFnxPay7DzwFqgGG8Btr3UEQGuXV7dZJlXKJllcwg8S6wxKaExal7hx2lFNAkgVJQTKZuWGSs3JUIxyiHLO4mEWK8kHWhqGpIApJsOM2V4vx0JrLqAh+e/3pQEUvYDX3sCorpyWhsM/9OaiWqfuCkL40RBSLVFa+2EYxXhQT+4xQRQxfuaECqYTolplwhClW5xYsvjKKRuxJr+/yyxj8qnZev6uFQ9G1eTQ7toDx0gC1VQFV2gGrIRRU/oBb2iN+PZeDc+jM+Rdc4Y39lBEzC+fwHP3KW4</latexit>

U⌫
4⇥4 =

<latexit sha1_base64="AqLpwITlPqAkRSAbfbTwWiLQayk=">AAAB9HicbVBNS8NAEN3Ur1q/Yj16WSyCp5JIQT0IRS8eKxhbaGPYbCft0s0m7G7UEvpT9CKiJ3+Jf8B/47bmoK3v9GbeG2bmhSlnSjvOl1VaWl5ZXSuvVzY2t7Z37N3qrUoyScGjCU9kJyQKOBPgaaY5dFIJJA45tMPR5VRv34NULBE3epyCH5OBYBGjRJtWYFe9IG/0NItB4cbkriey88CuOXVnBrxI3ILUUIFWYH/2+gnNYhCacqJU13VS7edEakY5TCq9TEFK6IgMoGuoIGaZn89un+DDKJFYDwHP6t/enMRKjePQeGKih2pemzb/07qZjk79nIk00yCosRgtyjjWCZ5GgPtMAtV8bAihkpkrMR0SSag2QVXM++78s4vEO66f1d3rRq15UeRQRvvoAB0hF52gJrpCLeQhih7RM3pD79aD9WS9WK8/1pJVzOyhP7A+vgF7aJFU</latexit><latexit sha1_base64="AqLpwITlPqAkRSAbfbTwWiLQayk=">AAAB9HicbVBNS8NAEN3Ur1q/Yj16WSyCp5JIQT0IRS8eKxhbaGPYbCft0s0m7G7UEvpT9CKiJ3+Jf8B/47bmoK3v9GbeG2bmhSlnSjvOl1VaWl5ZXSuvVzY2t7Z37N3qrUoyScGjCU9kJyQKOBPgaaY5dFIJJA45tMPR5VRv34NULBE3epyCH5OBYBGjRJtWYFe9IG/0NItB4cbkriey88CuOXVnBrxI3ILUUIFWYH/2+gnNYhCacqJU13VS7edEakY5TCq9TEFK6IgMoGuoIGaZn89un+DDKJFYDwHP6t/enMRKjePQeGKih2pemzb/07qZjk79nIk00yCosRgtyjjWCZ5GgPtMAtV8bAihkpkrMR0SSag2QVXM++78s4vEO66f1d3rRq15UeRQRvvoAB0hF52gJrpCLeQhih7RM3pD79aD9WS9WK8/1pJVzOyhP7A+vgF7aJFU</latexit><latexit sha1_base64="AqLpwITlPqAkRSAbfbTwWiLQayk=">AAAB9HicbVBNS8NAEN3Ur1q/Yj16WSyCp5JIQT0IRS8eKxhbaGPYbCft0s0m7G7UEvpT9CKiJ3+Jf8B/47bmoK3v9GbeG2bmhSlnSjvOl1VaWl5ZXSuvVzY2t7Z37N3qrUoyScGjCU9kJyQKOBPgaaY5dFIJJA45tMPR5VRv34NULBE3epyCH5OBYBGjRJtWYFe9IG/0NItB4cbkriey88CuOXVnBrxI3ILUUIFWYH/2+gnNYhCacqJU13VS7edEakY5TCq9TEFK6IgMoGuoIGaZn89un+DDKJFYDwHP6t/enMRKjePQeGKih2pemzb/07qZjk79nIk00yCosRgtyjjWCZ5GgPtMAtV8bAihkpkrMR0SSag2QVXM++78s4vEO66f1d3rRq15UeRQRvvoAB0hF52gJrpCLeQhih7RM3pD79aD9WS9WK8/1pJVzOyhP7A+vgF7aJFU</latexit><latexit sha1_base64="AqLpwITlPqAkRSAbfbTwWiLQayk=">AAAB9HicbVBNS8NAEN3Ur1q/Yj16WSyCp5JIQT0IRS8eKxhbaGPYbCft0s0m7G7UEvpT9CKiJ3+Jf8B/47bmoK3v9GbeG2bmhSlnSjvOl1VaWl5ZXSuvVzY2t7Z37N3qrUoyScGjCU9kJyQKOBPgaaY5dFIJJA45tMPR5VRv34NULBE3epyCH5OBYBGjRJtWYFe9IG/0NItB4cbkriey88CuOXVnBrxI3ILUUIFWYH/2+gnNYhCacqJU13VS7edEakY5TCq9TEFK6IgMoGuoIGaZn89un+DDKJFYDwHP6t/enMRKjePQeGKih2pemzb/07qZjk79nIk00yCosRgtyjjWCZ5GgPtMAtV8bAihkpkrMR0SSag2QVXM++78s4vEO66f1d3rRq15UeRQRvvoAB0hF52gJrpCLeQhih7RM3pD79aD9WS9WK8/1pJVzOyhP7A+vgF7aJFU</latexit>

VeN
<latexit sha1_base64="eFbabj98xBbbKi3IeOkm3yhg5jQ=">AAAB53icbZDNSsNAFIVv/K31r+rSzWARXJVEBHVXdONKKpi20IYymd60YyeZMDMRSug76EZEV76PL+DbOK1ZaOtZfXPPGbjnhqng2rjul7O0vLK6tl7aKG9ube/sVvb2m1pmiqHPpJCqHVKNgifoG24EtlOFNA4FtsLR9dRvPaLSXCb3ZpxiENNBwiPOqLGjVrOXI7md9CpVt+bORBbBK6AKhRq9yme3L1kWY2KYoFp3PDc1QU6V4UzgpNzNNKaUjegAOxYTGqMO8tm6E3IcSUXMEMns/Tub01jrcRzaTEzNUM970+F/Xicz0UWQ8yTNDCbMRqwXZYIYSaatSZ8rZEaMLVCmuN2SsCFVlBl7m7Kt782XXQT/tHZZ8+7OqvWr4g4lOIQjOAEPzqEON9AAHxiM4Bne4N15cJ6cF+f1J7rkFH8O4I+cj2825Iyp</latexit><latexit sha1_base64="eFbabj98xBbbKi3IeOkm3yhg5jQ=">AAAB53icbZDNSsNAFIVv/K31r+rSzWARXJVEBHVXdONKKpi20IYymd60YyeZMDMRSug76EZEV76PL+DbOK1ZaOtZfXPPGbjnhqng2rjul7O0vLK6tl7aKG9ube/sVvb2m1pmiqHPpJCqHVKNgifoG24EtlOFNA4FtsLR9dRvPaLSXCb3ZpxiENNBwiPOqLGjVrOXI7md9CpVt+bORBbBK6AKhRq9yme3L1kWY2KYoFp3PDc1QU6V4UzgpNzNNKaUjegAOxYTGqMO8tm6E3IcSUXMEMns/Tub01jrcRzaTEzNUM970+F/Xicz0UWQ8yTNDCbMRqwXZYIYSaatSZ8rZEaMLVCmuN2SsCFVlBl7m7Kt782XXQT/tHZZ8+7OqvWr4g4lOIQjOAEPzqEON9AAHxiM4Bne4N15cJ6cF+f1J7rkFH8O4I+cj2825Iyp</latexit><latexit sha1_base64="eFbabj98xBbbKi3IeOkm3yhg5jQ=">AAAB53icbZDNSsNAFIVv/K31r+rSzWARXJVEBHVXdONKKpi20IYymd60YyeZMDMRSug76EZEV76PL+DbOK1ZaOtZfXPPGbjnhqng2rjul7O0vLK6tl7aKG9ube/sVvb2m1pmiqHPpJCqHVKNgifoG24EtlOFNA4FtsLR9dRvPaLSXCb3ZpxiENNBwiPOqLGjVrOXI7md9CpVt+bORBbBK6AKhRq9yme3L1kWY2KYoFp3PDc1QU6V4UzgpNzNNKaUjegAOxYTGqMO8tm6E3IcSUXMEMns/Tub01jrcRzaTEzNUM970+F/Xicz0UWQ8yTNDCbMRqwXZYIYSaatSZ8rZEaMLVCmuN2SsCFVlBl7m7Kt782XXQT/tHZZ8+7OqvWr4g4lOIQjOAEPzqEON9AAHxiM4Bne4N15cJ6cF+f1J7rkFH8O4I+cj2825Iyp</latexit><latexit sha1_base64="eFbabj98xBbbKi3IeOkm3yhg5jQ=">AAAB53icbZDNSsNAFIVv/K31r+rSzWARXJVEBHVXdONKKpi20IYymd60YyeZMDMRSug76EZEV76PL+DbOK1ZaOtZfXPPGbjnhqng2rjul7O0vLK6tl7aKG9ube/sVvb2m1pmiqHPpJCqHVKNgifoG24EtlOFNA4FtsLR9dRvPaLSXCb3ZpxiENNBwiPOqLGjVrOXI7md9CpVt+bORBbBK6AKhRq9yme3L1kWY2KYoFp3PDc1QU6V4UzgpNzNNKaUjegAOxYTGqMO8tm6E3IcSUXMEMns/Tub01jrcRzaTEzNUM970+F/Xicz0UWQ8yTNDCbMRqwXZYIYSaatSZ8rZEaMLVCmuN2SsCFVlBl7m7Kt782XXQT/tHZZ8+7OqvWr4g4lOIQjOAEPzqEON9AAHxiM4Bne4N15cJ6cF+f1J7rkFH8O4I+cj2825Iyp</latexit>

VµN
<latexit sha1_base64="TeJH+dMWO/67cNKWDG5BOUbdvzg=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0lTaUyfSmHTqThJmJUEJfQjciuvJ1fAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKHiMvuFGYCdVSGUosB2Or2Z++wGV5kl8ZyYpBpIOYx5xRo0d3bf6eU9m5Gbar9bcujsX+QteATUo1OxXP3qDhGUSY8ME1brruakJcqoMZwKnlV6mMaVsTIfYtRhTiTrI5wtPyVGUKGJGSObvn9mcSq0nMrQZSc1IL3qz4X9eNzPReZDzOM0MxsxGrBdlgpiEzHqTAVfIjJhYoExxuyVhI6ooM/Y6FVvfWyz7F/yT+kXduz2tNS6LO5ThAA7hGDw4gwZcQxN8YCDhCV7hzRHOo/PsvHxHS07xZx9+yXn/AsnMjZY=</latexit><latexit sha1_base64="TeJH+dMWO/67cNKWDG5BOUbdvzg=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0lTaUyfSmHTqThJmJUEJfQjciuvJ1fAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKHiMvuFGYCdVSGUosB2Or2Z++wGV5kl8ZyYpBpIOYx5xRo0d3bf6eU9m5Gbar9bcujsX+QteATUo1OxXP3qDhGUSY8ME1brruakJcqoMZwKnlV6mMaVsTIfYtRhTiTrI5wtPyVGUKGJGSObvn9mcSq0nMrQZSc1IL3qz4X9eNzPReZDzOM0MxsxGrBdlgpiEzHqTAVfIjJhYoExxuyVhI6ooM/Y6FVvfWyz7F/yT+kXduz2tNS6LO5ThAA7hGDw4gwZcQxN8YCDhCV7hzRHOo/PsvHxHS07xZx9+yXn/AsnMjZY=</latexit><latexit sha1_base64="TeJH+dMWO/67cNKWDG5BOUbdvzg=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0lTaUyfSmHTqThJmJUEJfQjciuvJ1fAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKHiMvuFGYCdVSGUosB2Or2Z++wGV5kl8ZyYpBpIOYx5xRo0d3bf6eU9m5Gbar9bcujsX+QteATUo1OxXP3qDhGUSY8ME1brruakJcqoMZwKnlV6mMaVsTIfYtRhTiTrI5wtPyVGUKGJGSObvn9mcSq0nMrQZSc1IL3qz4X9eNzPReZDzOM0MxsxGrBdlgpiEzHqTAVfIjJhYoExxuyVhI6ooM/Y6FVvfWyz7F/yT+kXduz2tNS6LO5ThAA7hGDw4gwZcQxN8YCDhCV7hzRHOo/PsvHxHS07xZx9+yXn/AsnMjZY=</latexit><latexit sha1_base64="TeJH+dMWO/67cNKWDG5BOUbdvzg=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0lTaUyfSmHTqThJmJUEJfQjciuvJ1fAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKHiMvuFGYCdVSGUosB2Or2Z++wGV5kl8ZyYpBpIOYx5xRo0d3bf6eU9m5Gbar9bcujsX+QteATUo1OxXP3qDhGUSY8ME1brruakJcqoMZwKnlV6mMaVsTIfYtRhTiTrI5wtPyVGUKGJGSObvn9mcSq0nMrQZSc1IL3qz4X9eNzPReZDzOM0MxsxGrBdlgpiEzHqTAVfIjJhYoExxuyVhI6ooM/Y6FVvfWyz7F/yT+kXduz2tNS6LO5ThAA7hGDw4gwZcQxN8YCDhCV7hzRHOo/PsvHxHS07xZx9+yXn/AsnMjZY=</latexit>

V⌧N
<latexit sha1_base64="gFQoWmiviBTLWK/9GWJcGHsEuaU=">AAAB6nicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0xTaUyfSmHTqZhJmJUEKfQjciuvJxfAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Or2Z++wGV5om8M5MUg5gOJY84o8aO7lv9vGdoRm6m/WrNrbtzkb/gFVCDQs1+9aM3SFgWozRMUK27npuaIKfKcCZwWullGlPKxnSIXYuSxqiDfL7xlBxFiSJmhGT+/pnNaaz1JA5tJqZmpBe92fA/r5uZ6DzIuUwzg5LZiPWiTBCTkFlxMuAKmRETC5QpbrckbEQVZcaep2Lre4tl/4J/Ur+oe7entcZlcYcyHMAhHIMHZ9CAa2iCDwwkPMErvDmx8+g8Oy/f0ZJT/NmHX3LevwCNMI4I</latexit><latexit sha1_base64="gFQoWmiviBTLWK/9GWJcGHsEuaU=">AAAB6nicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0xTaUyfSmHTqZhJmJUEKfQjciuvJxfAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Or2Z++wGV5om8M5MUg5gOJY84o8aO7lv9vGdoRm6m/WrNrbtzkb/gFVCDQs1+9aM3SFgWozRMUK27npuaIKfKcCZwWullGlPKxnSIXYuSxqiDfL7xlBxFiSJmhGT+/pnNaaz1JA5tJqZmpBe92fA/r5uZ6DzIuUwzg5LZiPWiTBCTkFlxMuAKmRETC5QpbrckbEQVZcaep2Lre4tl/4J/Ur+oe7entcZlcYcyHMAhHIMHZ9CAa2iCDwwkPMErvDmx8+g8Oy/f0ZJT/NmHX3LevwCNMI4I</latexit><latexit sha1_base64="gFQoWmiviBTLWK/9GWJcGHsEuaU=">AAAB6nicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0xTaUyfSmHTqZhJmJUEKfQjciuvJxfAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Or2Z++wGV5om8M5MUg5gOJY84o8aO7lv9vGdoRm6m/WrNrbtzkb/gFVCDQs1+9aM3SFgWozRMUK27npuaIKfKcCZwWullGlPKxnSIXYuSxqiDfL7xlBxFiSJmhGT+/pnNaaz1JA5tJqZmpBe92fA/r5uZ6DzIuUwzg5LZiPWiTBCTkFlxMuAKmRETC5QpbrckbEQVZcaep2Lre4tl/4J/Ur+oe7entcZlcYcyHMAhHIMHZ9CAa2iCDwwkPMErvDmx8+g8Oy/f0ZJT/NmHX3LevwCNMI4I</latexit><latexit sha1_base64="gFQoWmiviBTLWK/9GWJcGHsEuaU=">AAAB6nicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0xTaUyfSmHTqZhJmJUEKfQjciuvJxfAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Or2Z++wGV5om8M5MUg5gOJY84o8aO7lv9vGdoRm6m/WrNrbtzkb/gFVCDQs1+9aM3SFgWozRMUK27npuaIKfKcCZwWullGlPKxnSIXYuSxqiDfL7xlBxFiSJmhGT+/pnNaaz1JA5tJqZmpBe92fA/r5uZ6DzIuUwzg5LZiPWiTBCTkFlxMuAKmRETC5QpbrckbEQVZcaep2Lre4tl/4J/Ur+oe7entcZlcYcyHMAhHIMHZ9CAa2iCDwwkPMErvDmx8+g8Oy/f0ZJT/NmHX3LevwCNMI4I</latexit>

 4 masses

 4x4 mixing matrix
N

e
W

W

W

N

N

µ

𝜏

m⌫ = (m⌫1 ,m⌫2 ,m⌫3 ,mN )
<latexit sha1_base64="izlUrR6JSXkUS/6vwctSsuMdoj8="></latexit><latexit sha1_base64="izlUrR6JSXkUS/6vwctSsuMdoj8="></latexit><latexit sha1_base64="izlUrR6JSXkUS/6vwctSsuMdoj8="></latexit><latexit sha1_base64="izlUrR6JSXkUS/6vwctSsuMdoj8="></latexit>
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Effective 3+1 Neutrino Model

eUPMNS
<latexit sha1_base64="tXNy1tlR1OoHFFF+9hjuE5kajoY=">AAACJHicbVC7TsMwFHV4lvIqMLK4VEhMJUFIha2ChQVUBKGVmihy3NvWqvOQ7QBVlM/gG/gIVhiZEAML/AruY6AtZzq+59j3+PgxZ1KZ5pcxN7+wuLScW8mvrq1vbBa2tu9klAgKNo14JBo+kcBZCLZiikMjFkACn0Pd750P9Po9CMmi8Fb1Y3AD0glZm1Gi9MgrHKbO8JGU9klYrJhFnxPay7DzwFqgGG8Btr3UEQGuXV7dZJlXKJllcwg8S6wxKaExal7hx2lFNAkgVJQTKZuWGSs3JUIxyiHLO4mEWK8kHWhqGpIApJsOM2V4vx0JrLqAh+e/3pQEUvYDX3sCorpyWhsM/9OaiWqfuCkL40RBSLVFa+2EYxXhQT+4xQRQxfuaECqYTolplwhClW5xYsvjKKRuxJr+/yyxj8qnZev6uFQ9G1eTQ7toDx0gC1VQFV2gGrIRRU/oBb2iN+PZeDc+jM+Rdc4Y39lBEzC+fwHP3KW4</latexit><latexit sha1_base64="tXNy1tlR1OoHFFF+9hjuE5kajoY=">AAACJHicbVC7TsMwFHV4lvIqMLK4VEhMJUFIha2ChQVUBKGVmihy3NvWqvOQ7QBVlM/gG/gIVhiZEAML/AruY6AtZzq+59j3+PgxZ1KZ5pcxN7+wuLScW8mvrq1vbBa2tu9klAgKNo14JBo+kcBZCLZiikMjFkACn0Pd750P9Po9CMmi8Fb1Y3AD0glZm1Gi9MgrHKbO8JGU9klYrJhFnxPay7DzwFqgGG8Btr3UEQGuXV7dZJlXKJllcwg8S6wxKaExal7hx2lFNAkgVJQTKZuWGSs3JUIxyiHLO4mEWK8kHWhqGpIApJsOM2V4vx0JrLqAh+e/3pQEUvYDX3sCorpyWhsM/9OaiWqfuCkL40RBSLVFa+2EYxXhQT+4xQRQxfuaECqYTolplwhClW5xYsvjKKRuxJr+/yyxj8qnZev6uFQ9G1eTQ7toDx0gC1VQFV2gGrIRRU/oBb2iN+PZeDc+jM+Rdc4Y39lBEzC+fwHP3KW4</latexit><latexit sha1_base64="tXNy1tlR1OoHFFF+9hjuE5kajoY=">AAACJHicbVC7TsMwFHV4lvIqMLK4VEhMJUFIha2ChQVUBKGVmihy3NvWqvOQ7QBVlM/gG/gIVhiZEAML/AruY6AtZzq+59j3+PgxZ1KZ5pcxN7+wuLScW8mvrq1vbBa2tu9klAgKNo14JBo+kcBZCLZiikMjFkACn0Pd750P9Po9CMmi8Fb1Y3AD0glZm1Gi9MgrHKbO8JGU9klYrJhFnxPay7DzwFqgGG8Btr3UEQGuXV7dZJlXKJllcwg8S6wxKaExal7hx2lFNAkgVJQTKZuWGSs3JUIxyiHLO4mEWK8kHWhqGpIApJsOM2V4vx0JrLqAh+e/3pQEUvYDX3sCorpyWhsM/9OaiWqfuCkL40RBSLVFa+2EYxXhQT+4xQRQxfuaECqYTolplwhClW5xYsvjKKRuxJr+/yyxj8qnZev6uFQ9G1eTQ7toDx0gC1VQFV2gGrIRRU/oBb2iN+PZeDc+jM+Rdc4Y39lBEzC+fwHP3KW4</latexit><latexit sha1_base64="tXNy1tlR1OoHFFF+9hjuE5kajoY=">AAACJHicbVC7TsMwFHV4lvIqMLK4VEhMJUFIha2ChQVUBKGVmihy3NvWqvOQ7QBVlM/gG/gIVhiZEAML/AruY6AtZzq+59j3+PgxZ1KZ5pcxN7+wuLScW8mvrq1vbBa2tu9klAgKNo14JBo+kcBZCLZiikMjFkACn0Pd750P9Po9CMmi8Fb1Y3AD0glZm1Gi9MgrHKbO8JGU9klYrJhFnxPay7DzwFqgGG8Btr3UEQGuXV7dZJlXKJllcwg8S6wxKaExal7hx2lFNAkgVJQTKZuWGSs3JUIxyiHLO4mEWK8kHWhqGpIApJsOM2V4vx0JrLqAh+e/3pQEUvYDX3sCorpyWhsM/9OaiWqfuCkL40RBSLVFa+2EYxXhQT+4xQRQxfuaECqYTolplwhClW5xYsvjKKRuxJr+/yyxj8qnZev6uFQ9G1eTQ7toDx0gC1VQFV2gGrIRRU/oBb2iN+PZeDc+jM+Rdc4Y39lBEzC+fwHP3KW4</latexit>

U⌫
4⇥4 =

<latexit sha1_base64="AqLpwITlPqAkRSAbfbTwWiLQayk=">AAAB9HicbVBNS8NAEN3Ur1q/Yj16WSyCp5JIQT0IRS8eKxhbaGPYbCft0s0m7G7UEvpT9CKiJ3+Jf8B/47bmoK3v9GbeG2bmhSlnSjvOl1VaWl5ZXSuvVzY2t7Z37N3qrUoyScGjCU9kJyQKOBPgaaY5dFIJJA45tMPR5VRv34NULBE3epyCH5OBYBGjRJtWYFe9IG/0NItB4cbkriey88CuOXVnBrxI3ILUUIFWYH/2+gnNYhCacqJU13VS7edEakY5TCq9TEFK6IgMoGuoIGaZn89un+DDKJFYDwHP6t/enMRKjePQeGKih2pemzb/07qZjk79nIk00yCosRgtyjjWCZ5GgPtMAtV8bAihkpkrMR0SSag2QVXM++78s4vEO66f1d3rRq15UeRQRvvoAB0hF52gJrpCLeQhih7RM3pD79aD9WS9WK8/1pJVzOyhP7A+vgF7aJFU</latexit><latexit sha1_base64="AqLpwITlPqAkRSAbfbTwWiLQayk=">AAAB9HicbVBNS8NAEN3Ur1q/Yj16WSyCp5JIQT0IRS8eKxhbaGPYbCft0s0m7G7UEvpT9CKiJ3+Jf8B/47bmoK3v9GbeG2bmhSlnSjvOl1VaWl5ZXSuvVzY2t7Z37N3qrUoyScGjCU9kJyQKOBPgaaY5dFIJJA45tMPR5VRv34NULBE3epyCH5OBYBGjRJtWYFe9IG/0NItB4cbkriey88CuOXVnBrxI3ILUUIFWYH/2+gnNYhCacqJU13VS7edEakY5TCq9TEFK6IgMoGuoIGaZn89un+DDKJFYDwHP6t/enMRKjePQeGKih2pemzb/07qZjk79nIk00yCosRgtyjjWCZ5GgPtMAtV8bAihkpkrMR0SSag2QVXM++78s4vEO66f1d3rRq15UeRQRvvoAB0hF52gJrpCLeQhih7RM3pD79aD9WS9WK8/1pJVzOyhP7A+vgF7aJFU</latexit><latexit sha1_base64="AqLpwITlPqAkRSAbfbTwWiLQayk=">AAAB9HicbVBNS8NAEN3Ur1q/Yj16WSyCp5JIQT0IRS8eKxhbaGPYbCft0s0m7G7UEvpT9CKiJ3+Jf8B/47bmoK3v9GbeG2bmhSlnSjvOl1VaWl5ZXSuvVzY2t7Z37N3qrUoyScGjCU9kJyQKOBPgaaY5dFIJJA45tMPR5VRv34NULBE3epyCH5OBYBGjRJtWYFe9IG/0NItB4cbkriey88CuOXVnBrxI3ILUUIFWYH/2+gnNYhCacqJU13VS7edEakY5TCq9TEFK6IgMoGuoIGaZn89un+DDKJFYDwHP6t/enMRKjePQeGKih2pemzb/07qZjk79nIk00yCosRgtyjjWCZ5GgPtMAtV8bAihkpkrMR0SSag2QVXM++78s4vEO66f1d3rRq15UeRQRvvoAB0hF52gJrpCLeQhih7RM3pD79aD9WS9WK8/1pJVzOyhP7A+vgF7aJFU</latexit><latexit sha1_base64="AqLpwITlPqAkRSAbfbTwWiLQayk=">AAAB9HicbVBNS8NAEN3Ur1q/Yj16WSyCp5JIQT0IRS8eKxhbaGPYbCft0s0m7G7UEvpT9CKiJ3+Jf8B/47bmoK3v9GbeG2bmhSlnSjvOl1VaWl5ZXSuvVzY2t7Z37N3qrUoyScGjCU9kJyQKOBPgaaY5dFIJJA45tMPR5VRv34NULBE3epyCH5OBYBGjRJtWYFe9IG/0NItB4cbkriey88CuOXVnBrxI3ILUUIFWYH/2+gnNYhCacqJU13VS7edEakY5TCq9TEFK6IgMoGuoIGaZn89un+DDKJFYDwHP6t/enMRKjePQeGKih2pemzb/07qZjk79nIk00yCosRgtyjjWCZ5GgPtMAtV8bAihkpkrMR0SSag2QVXM++78s4vEO66f1d3rRq15UeRQRvvoAB0hF52gJrpCLeQhih7RM3pD79aD9WS9WK8/1pJVzOyhP7A+vgF7aJFU</latexit>

VeN
<latexit sha1_base64="eFbabj98xBbbKi3IeOkm3yhg5jQ=">AAAB53icbZDNSsNAFIVv/K31r+rSzWARXJVEBHVXdONKKpi20IYymd60YyeZMDMRSug76EZEV76PL+DbOK1ZaOtZfXPPGbjnhqng2rjul7O0vLK6tl7aKG9ube/sVvb2m1pmiqHPpJCqHVKNgifoG24EtlOFNA4FtsLR9dRvPaLSXCb3ZpxiENNBwiPOqLGjVrOXI7md9CpVt+bORBbBK6AKhRq9yme3L1kWY2KYoFp3PDc1QU6V4UzgpNzNNKaUjegAOxYTGqMO8tm6E3IcSUXMEMns/Tub01jrcRzaTEzNUM970+F/Xicz0UWQ8yTNDCbMRqwXZYIYSaatSZ8rZEaMLVCmuN2SsCFVlBl7m7Kt782XXQT/tHZZ8+7OqvWr4g4lOIQjOAEPzqEON9AAHxiM4Bne4N15cJ6cF+f1J7rkFH8O4I+cj2825Iyp</latexit><latexit sha1_base64="eFbabj98xBbbKi3IeOkm3yhg5jQ=">AAAB53icbZDNSsNAFIVv/K31r+rSzWARXJVEBHVXdONKKpi20IYymd60YyeZMDMRSug76EZEV76PL+DbOK1ZaOtZfXPPGbjnhqng2rjul7O0vLK6tl7aKG9ube/sVvb2m1pmiqHPpJCqHVKNgifoG24EtlOFNA4FtsLR9dRvPaLSXCb3ZpxiENNBwiPOqLGjVrOXI7md9CpVt+bORBbBK6AKhRq9yme3L1kWY2KYoFp3PDc1QU6V4UzgpNzNNKaUjegAOxYTGqMO8tm6E3IcSUXMEMns/Tub01jrcRzaTEzNUM970+F/Xicz0UWQ8yTNDCbMRqwXZYIYSaatSZ8rZEaMLVCmuN2SsCFVlBl7m7Kt782XXQT/tHZZ8+7OqvWr4g4lOIQjOAEPzqEON9AAHxiM4Bne4N15cJ6cF+f1J7rkFH8O4I+cj2825Iyp</latexit><latexit sha1_base64="eFbabj98xBbbKi3IeOkm3yhg5jQ=">AAAB53icbZDNSsNAFIVv/K31r+rSzWARXJVEBHVXdONKKpi20IYymd60YyeZMDMRSug76EZEV76PL+DbOK1ZaOtZfXPPGbjnhqng2rjul7O0vLK6tl7aKG9ube/sVvb2m1pmiqHPpJCqHVKNgifoG24EtlOFNA4FtsLR9dRvPaLSXCb3ZpxiENNBwiPOqLGjVrOXI7md9CpVt+bORBbBK6AKhRq9yme3L1kWY2KYoFp3PDc1QU6V4UzgpNzNNKaUjegAOxYTGqMO8tm6E3IcSUXMEMns/Tub01jrcRzaTEzNUM970+F/Xicz0UWQ8yTNDCbMRqwXZYIYSaatSZ8rZEaMLVCmuN2SsCFVlBl7m7Kt782XXQT/tHZZ8+7OqvWr4g4lOIQjOAEPzqEON9AAHxiM4Bne4N15cJ6cF+f1J7rkFH8O4I+cj2825Iyp</latexit><latexit sha1_base64="eFbabj98xBbbKi3IeOkm3yhg5jQ=">AAAB53icbZDNSsNAFIVv/K31r+rSzWARXJVEBHVXdONKKpi20IYymd60YyeZMDMRSug76EZEV76PL+DbOK1ZaOtZfXPPGbjnhqng2rjul7O0vLK6tl7aKG9ube/sVvb2m1pmiqHPpJCqHVKNgifoG24EtlOFNA4FtsLR9dRvPaLSXCb3ZpxiENNBwiPOqLGjVrOXI7md9CpVt+bORBbBK6AKhRq9yme3L1kWY2KYoFp3PDc1QU6V4UzgpNzNNKaUjegAOxYTGqMO8tm6E3IcSUXMEMns/Tub01jrcRzaTEzNUM970+F/Xicz0UWQ8yTNDCbMRqwXZYIYSaatSZ8rZEaMLVCmuN2SsCFVlBl7m7Kt782XXQT/tHZZ8+7OqvWr4g4lOIQjOAEPzqEON9AAHxiM4Bne4N15cJ6cF+f1J7rkFH8O4I+cj2825Iyp</latexit>

VµN
<latexit sha1_base64="TeJH+dMWO/67cNKWDG5BOUbdvzg=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0lTaUyfSmHTqThJmJUEJfQjciuvJ1fAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKHiMvuFGYCdVSGUosB2Or2Z++wGV5kl8ZyYpBpIOYx5xRo0d3bf6eU9m5Gbar9bcujsX+QteATUo1OxXP3qDhGUSY8ME1brruakJcqoMZwKnlV6mMaVsTIfYtRhTiTrI5wtPyVGUKGJGSObvn9mcSq0nMrQZSc1IL3qz4X9eNzPReZDzOM0MxsxGrBdlgpiEzHqTAVfIjJhYoExxuyVhI6ooM/Y6FVvfWyz7F/yT+kXduz2tNS6LO5ThAA7hGDw4gwZcQxN8YCDhCV7hzRHOo/PsvHxHS07xZx9+yXn/AsnMjZY=</latexit><latexit sha1_base64="TeJH+dMWO/67cNKWDG5BOUbdvzg=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0lTaUyfSmHTqThJmJUEJfQjciuvJ1fAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKHiMvuFGYCdVSGUosB2Or2Z++wGV5kl8ZyYpBpIOYx5xRo0d3bf6eU9m5Gbar9bcujsX+QteATUo1OxXP3qDhGUSY8ME1brruakJcqoMZwKnlV6mMaVsTIfYtRhTiTrI5wtPyVGUKGJGSObvn9mcSq0nMrQZSc1IL3qz4X9eNzPReZDzOM0MxsxGrBdlgpiEzHqTAVfIjJhYoExxuyVhI6ooM/Y6FVvfWyz7F/yT+kXduz2tNS6LO5ThAA7hGDw4gwZcQxN8YCDhCV7hzRHOo/PsvHxHS07xZx9+yXn/AsnMjZY=</latexit><latexit sha1_base64="TeJH+dMWO/67cNKWDG5BOUbdvzg=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0lTaUyfSmHTqThJmJUEJfQjciuvJ1fAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKHiMvuFGYCdVSGUosB2Or2Z++wGV5kl8ZyYpBpIOYx5xRo0d3bf6eU9m5Gbar9bcujsX+QteATUo1OxXP3qDhGUSY8ME1brruakJcqoMZwKnlV6mMaVsTIfYtRhTiTrI5wtPyVGUKGJGSObvn9mcSq0nMrQZSc1IL3qz4X9eNzPReZDzOM0MxsxGrBdlgpiEzHqTAVfIjJhYoExxuyVhI6ooM/Y6FVvfWyz7F/yT+kXduz2tNS6LO5ThAA7hGDw4gwZcQxN8YCDhCV7hzRHOo/PsvHxHS07xZx9+yXn/AsnMjZY=</latexit><latexit sha1_base64="TeJH+dMWO/67cNKWDG5BOUbdvzg=">AAAB6XicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0lTaUyfSmHTqThJmJUEJfQjciuvJ1fAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKHiMvuFGYCdVSGUosB2Or2Z++wGV5kl8ZyYpBpIOYx5xRo0d3bf6eU9m5Gbar9bcujsX+QteATUo1OxXP3qDhGUSY8ME1brruakJcqoMZwKnlV6mMaVsTIfYtRhTiTrI5wtPyVGUKGJGSObvn9mcSq0nMrQZSc1IL3qz4X9eNzPReZDzOM0MxsxGrBdlgpiEzHqTAVfIjJhYoExxuyVhI6ooM/Y6FVvfWyz7F/yT+kXduz2tNS6LO5ThAA7hGDw4gwZcQxN8YCDhCV7hzRHOo/PsvHxHS07xZx9+yXn/AsnMjZY=</latexit>

V⌧N
<latexit sha1_base64="gFQoWmiviBTLWK/9GWJcGHsEuaU=">AAAB6nicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0xTaUyfSmHTqZhJmJUEKfQjciuvJxfAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Or2Z++wGV5om8M5MUg5gOJY84o8aO7lv9vGdoRm6m/WrNrbtzkb/gFVCDQs1+9aM3SFgWozRMUK27npuaIKfKcCZwWullGlPKxnSIXYuSxqiDfL7xlBxFiSJmhGT+/pnNaaz1JA5tJqZmpBe92fA/r5uZ6DzIuUwzg5LZiPWiTBCTkFlxMuAKmRETC5QpbrckbEQVZcaep2Lre4tl/4J/Ur+oe7entcZlcYcyHMAhHIMHZ9CAa2iCDwwkPMErvDmx8+g8Oy/f0ZJT/NmHX3LevwCNMI4I</latexit><latexit sha1_base64="gFQoWmiviBTLWK/9GWJcGHsEuaU=">AAAB6nicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0xTaUyfSmHTqZhJmJUEKfQjciuvJxfAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Or2Z++wGV5om8M5MUg5gOJY84o8aO7lv9vGdoRm6m/WrNrbtzkb/gFVCDQs1+9aM3SFgWozRMUK27npuaIKfKcCZwWullGlPKxnSIXYuSxqiDfL7xlBxFiSJmhGT+/pnNaaz1JA5tJqZmpBe92fA/r5uZ6DzIuUwzg5LZiPWiTBCTkFlxMuAKmRETC5QpbrckbEQVZcaep2Lre4tl/4J/Ur+oe7entcZlcYcyHMAhHIMHZ9CAa2iCDwwkPMErvDmx8+g8Oy/f0ZJT/NmHX3LevwCNMI4I</latexit><latexit sha1_base64="gFQoWmiviBTLWK/9GWJcGHsEuaU=">AAAB6nicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0xTaUyfSmHTqZhJmJUEKfQjciuvJxfAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Or2Z++wGV5om8M5MUg5gOJY84o8aO7lv9vGdoRm6m/WrNrbtzkb/gFVCDQs1+9aM3SFgWozRMUK27npuaIKfKcCZwWullGlPKxnSIXYuSxqiDfL7xlBxFiSJmhGT+/pnNaaz1JA5tJqZmpBe92fA/r5uZ6DzIuUwzg5LZiPWiTBCTkFlxMuAKmRETC5QpbrckbEQVZcaep2Lre4tl/4J/Ur+oe7entcZlcYcyHMAhHIMHZ9CAa2iCDwwkPMErvDmx8+g8Oy/f0ZJT/NmHX3LevwCNMI4I</latexit><latexit sha1_base64="gFQoWmiviBTLWK/9GWJcGHsEuaU=">AAAB6nicbZDNSsNAFIVv6l+tf1WXbgaL4KokIqi7ohtXUsG0xTaUyfSmHTqZhJmJUEKfQjciuvJxfAHfxmnNQqtn9c09Z+CeG6aCa+O6n05paXllda28XtnY3Nreqe7utXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Or2Z++wGV5om8M5MUg5gOJY84o8aO7lv9vGdoRm6m/WrNrbtzkb/gFVCDQs1+9aM3SFgWozRMUK27npuaIKfKcCZwWullGlPKxnSIXYuSxqiDfL7xlBxFiSJmhGT+/pnNaaz1JA5tJqZmpBe92fA/r5uZ6DzIuUwzg5LZiPWiTBCTkFlxMuAKmRETC5QpbrckbEQVZcaep2Lre4tl/4J/Ur+oe7entcZlcYcyHMAhHIMHZ9CAa2iCDwwkPMErvDmx8+g8Oy/f0ZJT/NmHX3LevwCNMI4I</latexit>

 4 masses

 4x4 mixing matrix
N

e
W

W

W

N

N

µ

𝜏

Z/H

N

𝜈
Neutral currents⊕

m⌫ = (m⌫1 ,m⌫2 ,m⌫3 ,mN )
<latexit sha1_base64="izlUrR6JSXkUS/6vwctSsuMdoj8="></latexit><latexit sha1_base64="izlUrR6JSXkUS/6vwctSsuMdoj8="></latexit><latexit sha1_base64="izlUrR6JSXkUS/6vwctSsuMdoj8="></latexit><latexit sha1_base64="izlUrR6JSXkUS/6vwctSsuMdoj8="></latexit>

 FeynRules > MadGraph > Pythia > MadAnalysis 
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Heavy Neutral Lepton decays
 Decays via off-shell W and Z mN < mW

<latexit sha1_base64="4I/PT5CICmWRfnk27kyUGmDa3Mo=">AAAB+nicbVBNS8NAFHypX7V+VT16CRbBU0lEUMFDQQ+epIIxhTaEzfa1XbqbhN2NWEJ/hFc9ehKv/hlP/hW3bQ62OqfZN7O8eROlnCntOF9WaWl5ZXWtvF7Z2Nza3qnu7j2oJJMUPZrwRLYiopCzGD3NNMdWKpGIiKMfDa8muv+IUrEkvtejFANB+jHrMUq0GfkivL0UoR9Wa07dmcL+S9yC1KBAM6x+d7oJzQTGmnKiVNt1Uh3kRGpGOY4rnUxhSuiQ9LFtaEwEqiCfxh3bR71E2nqA9vT925sTodRIRMYjiB6oRW0y/E9rZ7p3HuQsTjONMTUWo/UybuvEnlxtd5lEqvnIEEIlMyltOiCSUG26mdvyNAtpGnEX7/9LvJP6Rd29O601rotqynAAh3AMLpxBA26gCR5QGMIzvMCrNbberHfrY2YtWcWffZiD9fkDupaVGg==</latexit><latexit sha1_base64="4I/PT5CICmWRfnk27kyUGmDa3Mo=">AAAB+nicbVBNS8NAFHypX7V+VT16CRbBU0lEUMFDQQ+epIIxhTaEzfa1XbqbhN2NWEJ/hFc9ehKv/hlP/hW3bQ62OqfZN7O8eROlnCntOF9WaWl5ZXWtvF7Z2Nza3qnu7j2oJJMUPZrwRLYiopCzGD3NNMdWKpGIiKMfDa8muv+IUrEkvtejFANB+jHrMUq0GfkivL0UoR9Wa07dmcL+S9yC1KBAM6x+d7oJzQTGmnKiVNt1Uh3kRGpGOY4rnUxhSuiQ9LFtaEwEqiCfxh3bR71E2nqA9vT925sTodRIRMYjiB6oRW0y/E9rZ7p3HuQsTjONMTUWo/UybuvEnlxtd5lEqvnIEEIlMyltOiCSUG26mdvyNAtpGnEX7/9LvJP6Rd29O601rotqynAAh3AMLpxBA26gCR5QGMIzvMCrNbberHfrY2YtWcWffZiD9fkDupaVGg==</latexit><latexit sha1_base64="4I/PT5CICmWRfnk27kyUGmDa3Mo=">AAAB+nicbVBNS8NAFHypX7V+VT16CRbBU0lEUMFDQQ+epIIxhTaEzfa1XbqbhN2NWEJ/hFc9ehKv/hlP/hW3bQ62OqfZN7O8eROlnCntOF9WaWl5ZXWtvF7Z2Nza3qnu7j2oJJMUPZrwRLYiopCzGD3NNMdWKpGIiKMfDa8muv+IUrEkvtejFANB+jHrMUq0GfkivL0UoR9Wa07dmcL+S9yC1KBAM6x+d7oJzQTGmnKiVNt1Uh3kRGpGOY4rnUxhSuiQ9LFtaEwEqiCfxh3bR71E2nqA9vT925sTodRIRMYjiB6oRW0y/E9rZ7p3HuQsTjONMTUWo/UybuvEnlxtd5lEqvnIEEIlMyltOiCSUG26mdvyNAtpGnEX7/9LvJP6Rd29O601rotqynAAh3AMLpxBA26gCR5QGMIzvMCrNbberHfrY2YtWcWffZiD9fkDupaVGg==</latexit><latexit sha1_base64="4I/PT5CICmWRfnk27kyUGmDa3Mo=">AAAB+nicbVBNS8NAFHypX7V+VT16CRbBU0lEUMFDQQ+epIIxhTaEzfa1XbqbhN2NWEJ/hFc9ehKv/hlP/hW3bQ62OqfZN7O8eROlnCntOF9WaWl5ZXWtvF7Z2Nza3qnu7j2oJJMUPZrwRLYiopCzGD3NNMdWKpGIiKMfDa8muv+IUrEkvtejFANB+jHrMUq0GfkivL0UoR9Wa07dmcL+S9yC1KBAM6x+d7oJzQTGmnKiVNt1Uh3kRGpGOY4rnUxhSuiQ9LFtaEwEqiCfxh3bR71E2nqA9vT925sTodRIRMYjiB6oRW0y/E9rZ7p3HuQsTjONMTUWo/UybuvEnlxtd5lEqvnIEEIlMyltOiCSUG26mdvyNAtpGnEX7/9LvJP6Rd29O601rotqynAAh3AMLpxBA26gCR5QGMIzvMCrNbberHfrY2YtWcWffZiD9fkDupaVGg==</latexit>
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Heavy Neutral Lepton decays
 Decays via off-shell W and Z mN < mW

<latexit sha1_base64="4I/PT5CICmWRfnk27kyUGmDa3Mo=">AAAB+nicbVBNS8NAFHypX7V+VT16CRbBU0lEUMFDQQ+epIIxhTaEzfa1XbqbhN2NWEJ/hFc9ehKv/hlP/hW3bQ62OqfZN7O8eROlnCntOF9WaWl5ZXWtvF7Z2Nza3qnu7j2oJJMUPZrwRLYiopCzGD3NNMdWKpGIiKMfDa8muv+IUrEkvtejFANB+jHrMUq0GfkivL0UoR9Wa07dmcL+S9yC1KBAM6x+d7oJzQTGmnKiVNt1Uh3kRGpGOY4rnUxhSuiQ9LFtaEwEqiCfxh3bR71E2nqA9vT925sTodRIRMYjiB6oRW0y/E9rZ7p3HuQsTjONMTUWo/UybuvEnlxtd5lEqvnIEEIlMyltOiCSUG26mdvyNAtpGnEX7/9LvJP6Rd29O601rotqynAAh3AMLpxBA26gCR5QGMIzvMCrNbberHfrY2YtWcWffZiD9fkDupaVGg==</latexit><latexit sha1_base64="4I/PT5CICmWRfnk27kyUGmDa3Mo=">AAAB+nicbVBNS8NAFHypX7V+VT16CRbBU0lEUMFDQQ+epIIxhTaEzfa1XbqbhN2NWEJ/hFc9ehKv/hlP/hW3bQ62OqfZN7O8eROlnCntOF9WaWl5ZXWtvF7Z2Nza3qnu7j2oJJMUPZrwRLYiopCzGD3NNMdWKpGIiKMfDa8muv+IUrEkvtejFANB+jHrMUq0GfkivL0UoR9Wa07dmcL+S9yC1KBAM6x+d7oJzQTGmnKiVNt1Uh3kRGpGOY4rnUxhSuiQ9LFtaEwEqiCfxh3bR71E2nqA9vT925sTodRIRMYjiB6oRW0y/E9rZ7p3HuQsTjONMTUWo/UybuvEnlxtd5lEqvnIEEIlMyltOiCSUG26mdvyNAtpGnEX7/9LvJP6Rd29O601rotqynAAh3AMLpxBA26gCR5QGMIzvMCrNbberHfrY2YtWcWffZiD9fkDupaVGg==</latexit><latexit sha1_base64="4I/PT5CICmWRfnk27kyUGmDa3Mo=">AAAB+nicbVBNS8NAFHypX7V+VT16CRbBU0lEUMFDQQ+epIIxhTaEzfa1XbqbhN2NWEJ/hFc9ehKv/hlP/hW3bQ62OqfZN7O8eROlnCntOF9WaWl5ZXWtvF7Z2Nza3qnu7j2oJJMUPZrwRLYiopCzGD3NNMdWKpGIiKMfDa8muv+IUrEkvtejFANB+jHrMUq0GfkivL0UoR9Wa07dmcL+S9yC1KBAM6x+d7oJzQTGmnKiVNt1Uh3kRGpGOY4rnUxhSuiQ9LFtaEwEqiCfxh3bR71E2nqA9vT925sTodRIRMYjiB6oRW0y/E9rZ7p3HuQsTjONMTUWo/UybuvEnlxtd5lEqvnIEEIlMyltOiCSUG26mdvyNAtpGnEX7/9LvJP6Rd29O601rotqynAAh3AMLpxBA26gCR5QGMIzvMCrNbberHfrY2YtWcWffZiD9fkDupaVGg==</latexit><latexit sha1_base64="4I/PT5CICmWRfnk27kyUGmDa3Mo=">AAAB+nicbVBNS8NAFHypX7V+VT16CRbBU0lEUMFDQQ+epIIxhTaEzfa1XbqbhN2NWEJ/hFc9ehKv/hlP/hW3bQ62OqfZN7O8eROlnCntOF9WaWl5ZXWtvF7Z2Nza3qnu7j2oJJMUPZrwRLYiopCzGD3NNMdWKpGIiKMfDa8muv+IUrEkvtejFANB+jHrMUq0GfkivL0UoR9Wa07dmcL+S9yC1KBAM6x+d7oJzQTGmnKiVNt1Uh3kRGpGOY4rnUxhSuiQ9LFtaEwEqiCfxh3bR71E2nqA9vT925sTodRIRMYjiB6oRW0y/E9rZ7p3HuQsTjONMTUWo/UybuvEnlxtd5lEqvnIEEIlMyltOiCSUG26mdvyNAtpGnEX7/9LvJP6Rd29O601rotqynAAh3AMLpxBA26gCR5QGMIzvMCrNbberHfrY2YtWcWffZiD9fkDupaVGg==</latexit>
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Heavy Neutral Lepton production

 Main production from W, Z and H decays
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|VµN |2 = 1 ⇥ 10�6
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Displaced vertices from HNL: general idea

 Example: p p > e N 
W
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e
q

q

Dominated by Drell Yan on-shell W

σ(pp → e−N)[a.u.]
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σ(pp → e−N)[a.u.]
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Displaced vertices from HNL: general idea

Detector stable

 Example: p p > e N 
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Area with DV

σ(pp → e−N)[a.u.]
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Displaced vertices from HNL: general idea

Detector stable

 Example: p p > e N 
W

N

e
q

q

Dominated by Drell Yan on-shell W

Prompt decay
Area with DV

σ(pp → e−N)[a.u.]
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W N

ℓ
q
q

ℓ

W*
j
j

Primary vertex Displaced vertex

HNL produced with a prompt lepton 
Helo, Hirsch, Kovalenko[PRD89 (2014) 073005] Izaguirre and Shuve [PRD91 (2015) 093010]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.073005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.093010
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DV region

 11

The role of HNL flavor
Standard assumption: only one non-zero mixing at a time

In DV searches all of them are important

VeN}

Tr
an

sv
er

se
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isp
lac

em
en

t

Longitudinal displacementPV

same

pp → e±N

N
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The role of HNL flavor

Displaced vertex searches ⟺ |VeN |2 + |VμN |2 + |VτN |2
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 Simplified scenario

 Different flavor scenarios

��VeN

�� :
��VµN

�� :
��V⌧N

�� = 1 : 1 : 1
<latexit sha1_base64="a74q+Pvw4t/deH2VJxONAfQbTEI=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjMiaAtCwY0gSAWnLbTDkElv29DMgyQjlLH/pP/hWhFEdOVvmBmLj7aHLM4951zIuV7EmVSm+WLkFhaXllfyq4W19Y3NreL2TkOGsaBg05CHouURCZwFYCumOLQiAcT3ODS94XnqN29BSBYGN2oUgeOTfsB6jBKlJbd42fFY/w433ASuxjgbqj9Sx4/xHFWRXxmfYQtXsaVfwS2WzLKZAc8Sa0JKaIK6W3zsdEMa+xAoyomUbcuMlJMQoRjlMC50YgkRoUPSh7amAfFBOklWeowPeqHAagA4m/9mE+JLOfI9nfGJGshpLxXnee1Y9U6dhAVRrCCgOqK9XsyxCnF6O9xlAqjiI00IFUz/EtMBEYQqfeG0vjVddpbYR+VK2bo+LtUqkzvk0R7aR4fIQieohi5QHdmIogf0jN7Rh3FvPBmvxtt3NGdMdnbRPxifX7K5pdE=</latexit><latexit sha1_base64="a74q+Pvw4t/deH2VJxONAfQbTEI=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjMiaAtCwY0gSAWnLbTDkElv29DMgyQjlLH/pP/hWhFEdOVvmBmLj7aHLM4951zIuV7EmVSm+WLkFhaXllfyq4W19Y3NreL2TkOGsaBg05CHouURCZwFYCumOLQiAcT3ODS94XnqN29BSBYGN2oUgeOTfsB6jBKlJbd42fFY/w433ASuxjgbqj9Sx4/xHFWRXxmfYQtXsaVfwS2WzLKZAc8Sa0JKaIK6W3zsdEMa+xAoyomUbcuMlJMQoRjlMC50YgkRoUPSh7amAfFBOklWeowPeqHAagA4m/9mE+JLOfI9nfGJGshpLxXnee1Y9U6dhAVRrCCgOqK9XsyxCnF6O9xlAqjiI00IFUz/EtMBEYQqfeG0vjVddpbYR+VK2bo+LtUqkzvk0R7aR4fIQieohi5QHdmIogf0jN7Rh3FvPBmvxtt3NGdMdnbRPxifX7K5pdE=</latexit><latexit sha1_base64="a74q+Pvw4t/deH2VJxONAfQbTEI=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjMiaAtCwY0gSAWnLbTDkElv29DMgyQjlLH/pP/hWhFEdOVvmBmLj7aHLM4951zIuV7EmVSm+WLkFhaXllfyq4W19Y3NreL2TkOGsaBg05CHouURCZwFYCumOLQiAcT3ODS94XnqN29BSBYGN2oUgeOTfsB6jBKlJbd42fFY/w433ASuxjgbqj9Sx4/xHFWRXxmfYQtXsaVfwS2WzLKZAc8Sa0JKaIK6W3zsdEMa+xAoyomUbcuMlJMQoRjlMC50YgkRoUPSh7amAfFBOklWeowPeqHAagA4m/9mE+JLOfI9nfGJGshpLxXnee1Y9U6dhAVRrCCgOqK9XsyxCnF6O9xlAqjiI00IFUz/EtMBEYQqfeG0vjVddpbYR+VK2bo+LtUqkzvk0R7aR4fIQieohi5QHdmIogf0jN7Rh3FvPBmvxtt3NGdMdnbRPxifX7K5pdE=</latexit><latexit sha1_base64="a74q+Pvw4t/deH2VJxONAfQbTEI=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjMiaAtCwY0gSAWnLbTDkElv29DMgyQjlLH/pP/hWhFEdOVvmBmLj7aHLM4951zIuV7EmVSm+WLkFhaXllfyq4W19Y3NreL2TkOGsaBg05CHouURCZwFYCumOLQiAcT3ODS94XnqN29BSBYGN2oUgeOTfsB6jBKlJbd42fFY/w433ASuxjgbqj9Sx4/xHFWRXxmfYQtXsaVfwS2WzLKZAc8Sa0JKaIK6W3zsdEMa+xAoyomUbcuMlJMQoRjlMC50YgkRoUPSh7amAfFBOklWeowPeqHAagA4m/9mE+JLOfI9nfGJGshpLxXnee1Y9U6dhAVRrCCgOqK9XsyxCnF6O9xlAqjiI00IFUz/EtMBEYQqfeG0vjVddpbYR+VK2bo+LtUqkzvk0R7aR4fIQieohi5QHdmIogf0jN7Rh3FvPBmvxtt3NGdMdnbRPxifX7K5pdE=</latexit>
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Flavor blind HNL production
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It may be better to…

GO INCLUSIVE!!!

N
ℓ

p 
p

ℓ

j

Primary vertex Displaced vertex
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Focusing only on the DV
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It may be better to…
And explore all final state channels in the DV

5 10 15 20 251
mN [GeV]

10�8

10�7

10�6

10�5

10�4

|V
e
N

|2
+

|V
µ

N
|2

+
|V

⌧
N

|2

L = 300 fb�1p
s = 13 TeV

5

100

p p ! X N ! X e�e+⌫

5 10 15 20 251
mN [GeV]

10�8

10�7

10�6

10�5

10�4

|V
e
N

|2
+

|V
µ

N
|2

+
|V

⌧
N

|2

L = 300 fb�1p
s = 13 TeV

5

100

p p ! X N ! X µ±e⌥⌫

5 10 15 20 251
mN [GeV]

10�8

10�7

10�6

10�5

10�4

|V
e
N

|2
+

|V
µ

N
|2

+
|V

⌧
N

|2

L = 300 fb�1p
s = 13 TeV

5

100

p p ! X N ! X µ�µ+⌫

5 10 15 20 251
mN [GeV]

10�8

10�7

10�6

10�5

10�4

|V
e
N

|2
+

|V
µ

N
|2

+
|V

⌧
N

|2
L = 300 fb�1p

s = 13 TeV

5

100

p p ! X N ! X µ± q q̄0

5 10 15 20 251
mN [GeV]

10�8

10�7

10�6

10�5

10�4

|V
e
N

|2
+

|V
µ

N
|2

+
|V

⌧
N

|2

L = 300 fb�1p
s = 13 TeV

5

100

p p ! X N ! X e± q q̄0



Xabier Marcano (LPT) RPP 2019 17

A more realistic collider analysis

Trigger on displaced collimated muons

Ex : pp → NX → μ+μ−ν X

pμ
T > 20 & 15 GeV ΔRμμ < 0.5

Displaced vertex condition

Dimuon invariant mass close to the HNL mass

1 mm < ℓDV < 1 m zDV < 300 mm

Isolation from hadron activity

Cosmic ray veto

5 GeV < mμμ < mN

Background free (optimistic) hypothesis

ATLAS [1808.03057], CMS [1411.6977]
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A more realistic collider analysis

5 10 15 20 251
mN [GeV]

10�8

10�7

10�6

10�5

10�4

|V
e
N

|2
+

|V
µ

N
|2

+
|V

⌧
N

|2

2�

L = 300 fb�1p
s = 13 TeV

p p ! X N ! X µ�µ+⌫

5 10 15 20 251
mN [GeV]

10�8

10�7

10�6

10�5

10�4

|V
e
N

|2
+

|V
µ

N
|2

+
|V

⌧
N

|2

2�

L = 3000 fb�1p
s = 13 TeV

p p ! X N ! X µ�µ+⌫

LHC could improve present bounds going for inclusive DV searches 

Even better lowering the triggers (back up)

Challenging searches due to very soft leptons
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Conclusions
 Heavy Neutral Leptons present in many BSM theories

 If they are long-lived Displaced Vertices

 HNL flavor matters 

 LHC could prove new areas of the parameter space

mN ~ 𝓞(10) GeV and |UℓN|2 ≲ 𝓞(10-6-10-7) 

|VeN |2 + |VμN |2 + |VτN |2

Inclusive DV searches Explore all final states
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Thank you!
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Back up slides
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Different decay channels
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 For our range of masses what matters is the ratio
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Cutflow
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Lowering the triggers
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Boosted topologies
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How many HNL?

 Imprints in the distributions?

mN1
mN2
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Future - lepton colliders

Antusch, Carazzo, Fischer [JHEP 1612 (2016) 007]

https://link.springer.com/article/10.1007/JHEP12(2016)007

