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Motivation

Existence of small but non-zero neutrino masses, as implied by the neutrino oscillation 
experiments, is clear evidence for BSM

Dirac vs Majorana neutrinos?

Majorana neutrinos are arguably more natural

A Majorana mass term for the neutrino would explicitly break LN by two units: |∆L| = 2 

It may play crucial role in explaining the matter-antimatter asymmetry: Leptogenesis

See talk by K. Babu
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Black box theorem at colliders

Schechter, Valle (1982)

<latexit sha1_base64="o+SxWeV4L+FQjCIzQaBVjW0Bc8w="></latexit>
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76Ge T 1/2
0⌫ & 1.8⇥ 1026 yr (GERDA)

<latexit sha1_base64="1spL1bNPmQPecFcqbqfnja5g3Qo="></latexit>

136Xe T 1/2
0⌫ & 1.07⇥ 1026 yr (Kamland-Zen)



Dorival Gonçalves Pittsburgh - 05.09.2023Dorival Gonçalves

Black box theorem at colliders

Schechter, Valle (1982)
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Black box theorem at colliders

Schechter, Valle (1982)

 LNV observation at colliders would allow us to explore the underlying mechanism for such signal
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Neutrino mass generation

Tree-level Loop-induced

Type-II seesaw Zee model

Mohapatra, Senjanovic (1980); Schechter, Valle (1980)
Lazarides, Shafi, Wetterich (1981) 

Zee (1980) 

Pheno: Perez, Han, Huang, Li, Wang (2008) 

Cai, Han, Li, Ruiz (2017)
Pheno: Babu, Dev, Jana, Thapa (2019) 
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Type-II Seesaw

Mohapatra, Senjanovic (1980); Schechter, Valle (1980); Lazarides, Shafi, Wetterich (1981) 

H H

<latexit sha1_base64="7WF1jLgi6TDkt3f7SwwOMj7rTwE=">AAACDnicbVC7SgNBFJ2Nrxhfq5Y2gyFgFXeDr0YIamEjRDAPyK5hdjJJhsw+nLkbCEu+wMZfsbFQxNbazr9xkmyhiQcuHM65l3vv8SLBFVjWt5FZWFxaXsmu5tbWNza3zO2dmgpjSVmVhiKUDY8oJnjAqsBBsEYkGfE9wepe/3Ls1wdMKh4GdzCMmOuTbsA7nBLQUsssDFrOFRNAzh0/xoP7Uss6dNSDhKQ0ukktLZp5q2hNgOeJnZI8SlFpmV9OO6SxzwKggijVtK0I3IRI4FSwUc6JFYsI7ZMua2oaEJ8pN5m8M8IFrbRxJ5S6AsAT9fdEQnylhr6nO30CPTXrjcX/vGYMnTM34UEUAwvodFEnFhhCPM4Gt7lkFMRQE0Il17di2iOSUNAJ5nQI9uzL86RWKtonxePbo3z5Io0ji/bQPjpANjpFZXSNKqiKKHpEz+gVvRlPxovxbnxMWzNGOrOL/sD4/AH8Optz</latexit>
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<latexit sha1_base64="eMSZd431Z068rxSj5IssSMkVWhw="></latexit>

Majorana neutrino masses given by m⌫ =
p
2Y⌫v�
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�(1, 3, 1)
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<latexit sha1_base64="O1HSqDcOv+M3FH3PgIpjCZeCoFc="></latexit>

� can directly couple to SM gauge bosons (W±, Z, �)
<latexit sha1_base64="j2PU76efxTuxKZQ9xiBsN02W6eo=">AAACB3icbZBLSwMxFIUzPmt9jboUJFgEV2Wm4GNZLEIXLirYB7SlZNLbNjSTGZI7YindufGvuHGhiFv/gjv/jeljoa0HAh/n3Eu4J4ilMOh5387S8srq2npqI725tb2z6+7tV0yUaA5lHslI1wJmQAoFZRQooRZrYGEgoRr0C+O8eg/aiEjd4SCGZsi6SnQEZ2itlnt0/cAFCtWlRnQVw0SDoQwp9oDeFAstN+NlvYnoIvgzyJCZSi33q9GOeBKCQi6ZMXXfi7E5ZBoFlzBKNxIDMeN91oW6RcVCMM3h5I4RPbFOm3YibZ9COnF/bwxZaMwgDOxkyLBn5rOx+V9WT7Bz2RwKFScIik8/6iSSYkTHpdC20MBRDiwwrm0fnPIe04yjrS5tS/DnT16ESi7rn2fPbnOZ/NWsjhQ5JMfklPjkguRJkZRImXDySJ7JK3lznpwX5935mI4uObOdA/JHzucPFVqYzA==</latexit>

Exciting signatures at the LHC Perez, Han, Huang, Li, Wang (2008); Cai, Han, Li, Ruiz (2017)

Babu, Barman, DG, Ismail (2022)

Type-II Seesaw
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Type-II Seesaw: LNV signature
<latexit sha1_base64="kJvrUFHUWcZgrb7ORhRRlYsA9Ik="></latexit>

LNV signature, pp ! `±`0±+jets, arise from all 3 leading production modes for
<latexit sha1_base64="XfiaVoXIBv+H6L1C6d3/zYzFSYU=">AAAB+nicbVDLTsMwEHR4lvJK4cglokXiVCWVeBwruHAsEn1Ibagcx2mt2k5kb0BV6Kdw4QBCXPkSbvwNbpsDtIx2pdHMrryeIOFMg+t+Wyura+sbm4Wt4vbO7t6+XTpo6ThVhDZJzGPVCbCmnEnaBAacdhJFsQg4bQej66nffqBKs1jewTihvsADySJGMBipb5cqvZBywPdZLxGmJpW+XXar7gzOMvFyUkY5Gn37qxfGJBVUAuFY667nJuBnWAEjnE6KvVTTBJMRHtCuoRILqv1sdvrEOTFK6ESxMi3Bmam/NzIstB6LwEwKDEO96E3F/7xuCtGlnzGZpEAlmT8UpdyB2Jnm4IRMUQJ8bAgmiplbHTLEChMwaRVNCN7il5dJq1b1zqtnt7Vy/SqPo4CO0DE6RR66QHV0gxqoiQh6RM/oFb1ZT9aL9W59zEdXrHznEP2B9fkD+D2T0w==</latexit>

�±±

Babu, Barman, DG, Ismail (2022)
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Zee Model

<latexit sha1_base64="Rp3bhiW/H+uJLHsR1sCzGlpo4RQ=">AAACBnicbVDLTgIxFO3gC/GFujQmDcQEAuJ0Eh9LohuWmMgjYZB0SoGGziNtx2QywY0bP8CfcONCY9z6De74Gwu4UPDc3OTknHvT3uMEnEllmmMjsbS8srqWXE9tbG5t76R39+rSDwWhNeJzXzQdLClnHq0ppjhtBoJi1+G04QyvJn7jjgrJfO9GRQFtu7jvsR4jWGmpkz6sdCyYQ0WreIxOrHzx3qYK3xa0oivfSWfNkjkFXCToh2TLGbvwNC5H1U76y+76JHSppwjHUraQGah2jIVihNNRyg4lDTAZ4j5taephl8p2PD1jBI+00oU9X+j2FJyqvzdi7EoZuY6edLEayHlvIv7ntULVu2jHzAtCRT0ye6gXcqh8OMkEdpmgRPFIE0wE03+FZIAFJkonl9IhoPmTF0ndKqGz0uk1ypYvwQxJcAAyIAcQOAdlUAFVUAMEPIBn8ArejEfjxXg3PmajCeNnZx/8gfH5DXuXl6w=</latexit>

H2(1, 2,�1/2), ⌘
+(1, 1, 1)

<latexit sha1_base64="8bAVt+9yaHhG1up5Z4dH5xJoFkA="></latexit>

m⌫ = (fM`Y + Y TM`fT ), where  = (1/16⇡2) sin 2' log(m2
h+/m2

H+)

Zee (1980) 



Dorival Gonçalves Pittsburgh - 05.09.2023Dorival Gonçalves

Zee Model: LNV signature

<latexit sha1_base64="eq43TrB364H0DotLtKJXXKDLawY=">AAACEXicbVDLSgMxFM34rPVVdekmWAVBKDMFH7gS3bgQUbBV6NSSSW9rNMmE5I5QSn/Bjb/ixoUibt25829Maxe+DoQczrmX5JzESOEwDD+CkdGx8YnJ3FR+emZ2br6wsFh1aWY5VHgqU3uRMAdSaKigQAkXxgJTiYTz5Oag75/fgnUi1WfYMVBXrK1FS3CGXmoU1o+Oq9SJtmaYWdilq8bEmFK4jI2KVda/VjeuAV2jUAxL4QD0L4mGpEiGOGkU3uNmyjMFGrlkztWi0GC9yywKLqGXjzMHhvEb1oaap5opcPXuIFGPrnmlSVup9UcjHajfN7pMOddRiZ9UDK/cb68v/ufVMmzt1LtCmwxB86+HWpmkPnO/HtoUFjjKjieMW+H/SvkVs4yjLzHvS4h+R/5LquVStFXaPC0X9/aHdeTIMlkh6yQi22SPHJITUiGc3JEH8kSeg/vgMXgJXr9GR4LhzhL5geDtE1HJnLg=</latexit>

LNV signature: pp ! e±µ±+jets

For a general pheno study of the Zee model see Babu, Dev, Jana, Thapa (2019) 

<latexit sha1_base64="seOARJTBntgQJezELErqTKHBf2M="></latexit>

Focus on parameter space region: feµ ⇠ O(1) � fµ⌧ , fe⌧
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Zee Model: LNV signature
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LNV signature: pp ! e±µ±+jets

For a general pheno study of the Zee model see Babu, Dev, Jana, Thapa (2019) 
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Focus on parameter space region: feµ ⇠ O(1) � fµ⌧ , fe⌧
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Summary

Dorival Gonçalves

LHC has potential to probe LNV by two units which would provide evidence for Majorana neutrino 

Tree and loop-level models for mass generation may display LNV signature at the LHC

<latexit sha1_base64="UAiEMcYR8pQGJzh49Ji5Ku1s3rk="></latexit>

Type-II seesaw: pp ! `±`0±+jets complementary to standard 4` and 4W
<latexit sha1_base64="fFoS7gmu6iC5N7a12ZbPymlQvWc=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKewGfByDXjxGMA9IljA76U2GzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFSRyNVbIS6X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nr93Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIye54MuEJmxMQSyhS3txI2oooyYyMq2RC85ZdXSatW9S6rF/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAYCnuEV3pxH58V5dz4WrQUnnzmGP3A+fwBDf5Ag</latexit>

searches
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at intermediate v� ⇠ 10�4 GeV

<latexit sha1_base64="kw2r85CunnRkm28B3pofIVCYBhs="></latexit>

Zee model: pp ! e±µ±+jets will be able to probe LNV for wide range of masses
mh± = [0.3, 4.8] TeV
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