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I was a Postdoc and Dirac Fellow (2007-2011) at UW-Madison, a wonderful place ! 
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Main Goal
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Massive Neutrinos

• Majorana Fermions (Lepton Number is broken by two units)

• Dirac Fermions (Lepton Number is conserved or broken but 
not effective Majorana masses )
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Majorana Neutrino Masses 

• Type I Seesaw 
• Type II Seesaw 
• Type III Seesaw 
• Zee’s Model 
• Colored Seesaw 
• Witten’s Model 
… 
…

Theories: 

• B-L 
• Left-Right Symmetry 
• Pati-Salam 
• GUTs 
•  ….

Mechanisms:



P. Fileviez Perez 

(Minkowski, Mohapatra, Senjanovic, Glashow, Yanagida, Gell-Mann, Ramond, Slansky)

Canonical Seesaw
<latexit sha1_base64="LH0W6Hhe4+XUPyClCYDnqO96lqA="></latexit>
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if mD ⇠ 102 GeV
<latexit sha1_base64="ciWcfRizki2m49qjkQCvhekgmfc=">AAACDXicbVC7SgNBFJ31GeNr1dJmMAo2hl1J1DJooY0QxTwgG8Ps5CYZMrO7zMwKYdkfsPFXbCwUsbW382+cPApNPHDhcM693HuPH3GmtON8W3PzC4tLy5mV7Ora+samvbVdVWEsKVRoyENZ94kCzgKoaKY51CMJRPgcan7/YujXHkAqFgZ3ehBBU5BuwDqMEm2klr1/3brFHgelFBPYde4Tt3DkFlPs4cSTIrmEapq27JyTd0bAs8SdkByaoNyyv7x2SGMBgaacKNVwnUg3EyI1oxzSrBcriAjtky40DA2IANVMRt+k+MAobdwJpalA45H6eyIhQqmB8E2nILqnpr2h+J/XiHXnrJmwIIo1BHS8qBNzrEM8jAa3mQSq+cAQQiUzt2LaI5JQbQLMmhDc6ZdnSfU4757kizeFXOl8EkcG7aI9dIhcdIpK6AqVUQVR9Iie0St6s56sF+vd+hi3zlmTmR30B9bnD9bsmi8=</latexit>

MR . 1014�15 GeV

(Seesaw Scale)

What is the Seesaw Scale ?



Neutrino Masses:
“Standard Paradigm”
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Pati, Salam, 1974

Quark-Lepton Unification

<latexit sha1_base64="iwKBBOM4eQPODWSYpaw+evEd6Kk=">AAACH3icbVDLTgIxFO34RHyNunTTSExgQ2YIoksiGxcmosgjATLplAINnUfaOyZkwp+48VfcuNAY446/scAsFDxJk3PPuTe397ih4Aosa2qsrW9sbm2ndtK7e/sHh+bRcUMFkaSsTgMRyJZLFBPcZ3XgIFgrlIx4rmBNd1SZ+c0nJhUP/EcYh6zrkYHP+5wS0JJjlmr1bDHnVHAnAO4xhXVdyDm3S/UD7qgoVAxw7S5rWznHzFh5aw68SuyEZFCCqmN+d3oBjTzmAxVEqbZthdCNiQROBZukO5FiIaEjMmBtTX2id3fj+X0TfK6VHu4HUj8f8Fz9PRETT6mx5+pOj8BQLXsz8T+vHUH/qhtzP4yA+XSxqB8JDAGehYV7XDIKYqwJoZLrv2I6JJJQ0JGmdQj28smrpFHI26X8xX0xU75O4kihU3SGsshGl6iMblAV1RFFz+gVvaMP48V4Mz6Nr0XrmpHMnKA/MKY//m+fQA==</latexit>

SU(4)C ⌦ SU(2)L ⌦ SU(2)R � SO(10)
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MR . 1014�15 GeV

High Scale Seesaw

<latexit sha1_base64="sEh/UAO32Vwb5qrtgJFJfe5C6HY=">AAACC3icbVDLSgMxFM34rPU16tJNaBHqwjIjUt0oBV24KVTpC9rpkEkzbWgmMyQZoQzdu/FX3LhQxK0/4M6/MW1noa0HLvdwzr0k93gRo1JZ1rextLyyurae2chubm3v7Jp7+w0ZxgKTOg5ZKFoekoRRTuqKKkZakSAo8BhpesPrid98IELSkNfUKCJOgPqc+hQjpSXXzFXcDo8vA/emqzusuPfd5MQew0KqHHdrrpm3itYUcJHYKcmDFFXX/Or0QhwHhCvMkJRt24qUkyChKGZknO3EkkQID1GftDXlKCDSSaa3jOGRVnrQD4UuruBU/b2RoEDKUeDpyQCpgZz3JuJ/XjtW/oWTUB7FinA8e8iPGVQhnAQDe1QQrNhIE4QF1X+FeIAEwkrHl9Uh2PMnL5LGadEuFUt3Z/nyVRpHBhyCHCgAG5yDMrgFVVAHGDyCZ/AK3own48V4Nz5mo0tGunMA/sD4/AGVOZl9</latexit>
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<latexit sha1_base64="7d5hPIt5JxRBLih94YWFXYZs3aA=">AAAB9HicdVDLSsNAFL2pr1pfVZduBovgqiSt1G6Ugi5cVjBtoY1hMp20Q2cmcWZSKKXf4caFIm79GHf+jelDqKIHLhzOuZd7OEHMmTa2/WllVlbX1jeym7mt7Z3dvfz+QUNHiSLUJRGPVCvAmnImqWuY4bQVK4pFwGkzGFxN/eaQKs0ieWdGMfUE7kkWMoJNKnnCv77vyARdIOG7fr7gFO0ZkL1EyuVStYK+rQIsUPfzH51uRBJBpSEca9127Nh4Y6wMI5xOcp1E0xiTAe7RdkolFlR741noCTpJlS4KI5WONGimLl+MsdB6JIJ0U2DT17+9qfiX105MWPXGTMaJoZLMH4UJRyZC0wZQlylKDB+lBBPF0qyI9LHCxKQ95ZZL+J80SkWnUqzcnhVql4s6snAEx3AKDpxDDW6gDi4QeIBHeIYXa2g9Wa/W23w1Yy1uDuEHrPcvq36RZQ==</latexit>

m⌫
D = mU
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P. F. P., M. B. Wise, Phys.Rev.D88, 057703


Low Scale Quark-Lepton Unification

<latexit sha1_base64="UsHaJQOOUhNs02i3OQXchyLvhJ4=">AAACEHicbVDLTsJAFJ3iC/FVdelmIjHChrQEH0siGxcu8FEggaaZDlOYMH1kZmpCGj7Bjb/ixoXGuHXpzr9xCo1R8CSTnHvOvblzjxsxKqRhfGm5peWV1bX8emFjc2t7R9/da4kw5phYOGQh77hIEEYDYkkqGelEnCDfZaTtjhqp374nXNAwuJPjiNg+GgTUoxhJJTn68a1VqpWdBuyFkvpEQFVXy87VT22VzLJzU3D0olExpoCLxMxIEWRoOvpnrx/i2CeBxAwJ0TWNSNoJ4pJiRiaFXixIhPAIDUhX0QCpZXYyPWgCj5TSh17I1QsknKq/JxLkCzH2XdXpIzkU814q/ud1Y+md2wkNoliSAM8WeTGDMoRpOrBPOcGSjRVBmFP1V4iHiCMsVYZpCOb8yYukVa2Yp5WT61qxfpHFkQcH4BCUgAnOQB1cgiawAAYP4Am8gFftUXvW3rT3WWtOy2b2wR9oH9+WcZnM</latexit>

SU(4)C ⌦ SU(2)L ⌦ U(1)R
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P. F. P., M. B. Wise, Phys.Rev.D88, 057703

Neutrino Masses

<latexit sha1_base64="GG1aNTsm9je0hMF89ZiWd+9uoDo=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQIYRd8XUMevEY0TwgWcPsZJIMmZldZmaVsOQ/vHhQxKv/4s2/cZLsQRMLGoqqbrq7gogzbVz328ksLa+srmXXcxubW9s7+d29ug5jRWiNhDxUzQBrypmkNcMMp81IUSwCThvB8HriNx6p0iyU92YUUV/gvmQ9RrCx0sMdamsmUNEreSX3uJMvuGV3CrRIvJQUIEW1k/9qd0MSCyoN4VjrludGxk+wMoxwOs61Y00jTIa4T1uWSiyo9pPp1WN0ZJUu6oXKljRoqv6eSLDQeiQC2ymwGeh5byL+57Vi07v0Eyaj2FBJZot6MUcmRJMIUJcpSgwfWYKJYvZWRAZYYWJsUDkbgjf/8iKpn5S98/LZ7WmhcpXGkYUDOIQieHABFbiBKtSAgIJneIU358l5cd6dj1lrxkln9uEPnM8faFCQgw==</latexit>

S ⇠ (1, 1, 0)
<latexit sha1_base64="5yhHQu1+xQg/qjUkGpNN1jiA3ps=">AAAB/HicbVDLSgMxFM3UV62v0S7dBItQodSZUh/LohuXFewDOkPJpGkbmmSGJCMMQ/0VNy4UceuHuPNvTNtZaOuBC4dz7uXee4KIUaUd59vKra1vbG7ltws7u3v7B/bhUVuFscSkhUMWym6AFGFUkJammpFuJAniASOdYHI78zuPRCoaigedRMTnaCTokGKkjdS3ix4eU+gpymG5XnEr7nntrG+XnKozB1wlbkZKIEOzb395gxDHnAiNGVKq5zqR9lMkNcWMTAterEiE8ASNSM9QgThRfjo/fgpPjTKAw1CaEhrO1d8TKeJKJTwwnRzpsVr2ZuJ/Xi/Ww2s/pSKKNRF4sWgYM6hDOEsCDqgkWLPEEIQlNbdCPEYSYW3yKpgQ3OWXV0m7VnUvqxf39VLjJosjD47BCSgDF1yBBrgDTdACGCTgGbyCN+vJerHerY9Fa87KZorgD6zPHy9gkog=</latexit>

� ⇠ (4, 1, 1/2)

Inverse Seesaw

<latexit sha1_base64="CSg133RfGvlpj924hIijPYL6/Co="></latexit>

MQL � 103 TeV (K0
L ! e±µ⌥)

See also: 2308.07367, 2205.02235, 2203.07381, 2107.06895, 2104.11229 
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Main Goal



Theory of Neutrino Masses 
at the Low Scale
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Lepton Number as Local Gauge Symmetry

Low Scale Theory<latexit sha1_base64="tZ+OMruLBflqPL53XVdua9HY/P0=">AAACAnicbVA9SwNBEN2LXzF+nVqJzWIQrMJdkGgZ1MJGjGA+IDnD3maSLNm9O3f3hHAEG/+KjYUitv4KO/+Nm+QKTXww8Hhvhpl5fsSZ0o7zbWUWFpeWV7KrubX1jc0te3unpsJYUqjSkIey4RMFnAVQ1UxzaEQSiPA51P3B+divP4BULAxu9TACT5BewLqMEm2ktr3XuhbQI+3k4mqE+3dF3OJwj52CW2zbeafgTIDniZuSPEpRadtfrU5IYwGBppwo1XSdSHsJkZpRDqNcK1YQETogPWgaGhAByksmL4zwoVE6uBtKU4HGE/X3REKEUkPhm05BdF/NemPxP68Z6+6pl7AgijUEdLqoG3OsQzzOA3eYBKr50BBCJTO3YtonklBtUsuZENzZl+dJrVhwS4XSzXG+fJbGkUX76AAdIRedoDK6RBVURRQ9omf0it6sJ+vFerc+pq0ZK53ZRX9gff4Ag5GVlA==</latexit>

⌦DMh2  0.12

DM
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Lepton Number as Local Gauge Symmetry

Anomaly Cancellation:
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P. F. P., S. Ohmer, H. H. Patel, Phys. Lett. B735, 283


M. Duerr, P. F. P., M. B. Wise, Phys. Rev. Lett. 110, 231801


P. F. P., M. B. Wise, JHEP1108, 068


Solutions:

P. F. P., Physical Review D 110, 035018 (2024)

- Vector-like leptons

- Four representations

- Minimal Model
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How do we test the theory of 

 P.F.P., Physical Review D 110, 035018 (2024)

Minimal number of fields to cancel all leptonic gauge anomalies 

Minimal Model
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How do we test the theory of 

New Fermion Masses

 P.F.P., Physical Review D 110, 035018 (2024)



Relic Density



P. Fileviez Perez 

How do we test the theory of 
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How do we test the theory of 

Indirect Detection 
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How do we test the theory of 
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Collider Signatures J. Butterworth, H. Debnath, J. Egan, P. F. P., arXiv:2505.06341

<latexit sha1_base64="ysRg5DtXspJLXLyPHo7uVcoyX68=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEQSwzItVlUQSXFfqCdjpk0kwbmsmEJCOUobjxV9y4UMStX+HOvzFtZ6GtBy4czrmX5JxAMKq043xbuaXlldW1/HphY3Nre8fe3WuoOJGY1HHMYtkKkCKMclLXVDPSEpKgKGCkGQxvJn7zgUhFY17TI0G8CPU5DSlG2ki+fSAE7OgYku6pmTN469e6aUSVGvt20Sk5U8BF4makCDJUffur04txEhGuMUNKtV1HaC9FUlPMyLjQSRQRCA9Rn7QN5SgiykunEcbw2Cg9GMbSDNdwqv6+SFGk1CgKzGaE9EDNexPxP6+d6PDKSykXiSYczx4KEwZN5kkfsEclwZqNDEFYUvNXiAdIIqxNawVTgjsfeZE0zktuuVS+vyhWrrM68uAQHIET4IJLUAF3oArqAINH8AxewZv1ZL1Y79bHbDVnZTf74A+szx9yiJY3</latexit>

pp ! e+e�Emiss
T

<latexit sha1_base64="naDn1c9RKrZIFlx2IfTyw1juRQI=">AAACBnicbVDNS8MwHE3n15xfVY8iBIcgiKMVmR6HInicsC9Yu5Jm6RaWtCVJhVF28uK/4sWDIl79G7z535h1Pejmg4THe78fyXt+zKhUlvVtFJaWV1bXiuuljc2t7R1zd68lo0Rg0sQRi0THR5IwGpKmooqRTiwI4j4jbX90M/XbD0RIGoUNNY6Jy9EgpAHFSGnJMw/jGDoqgg5PeqfZfQZvvUYv5VTKiWeWrYqVAS4SOydlkKPumV9OP8IJJ6HCDEnZta1YuSkSimJGJiUnkSRGeIQGpKtpiDiRbprFmMBjrfRhEAl9QgUz9fdGiriUY+7rSY7UUM57U/E/r5uo4MpNaRgnioR49lCQMKhzTzuBfSoIVmysCcKC6r9CPEQCYaWbK+kS7PnIi6R1XrGrler9Rbl2nddRBAfgCJwAG1yCGrgDddAEGDyCZ/AK3own48V4Nz5mowUj39kHf2B8/gDCV5gR</latexit>

pp ! µ+µ�Emiss
T
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pp ! ⇢+⇢� ! ⇢0⇢0⇡+⇡�
<latexit sha1_base64="WJ3wN38owkOFHGw4YLVroeNxEtU=">AAACGXicbVBLSwMxGMzWV62vVY9egkXwVHZFqseiF48V7AO6tWTTbBuaZEOSFcrSv+HFv+LFgyIe9eS/MdsuPlo/CBlm5iOZCSWj2njep1NYWl5ZXSuulzY2t7Z33N29po4ThUkDxyxW7RBpwqggDUMNI22pCOIhI61wdJnprTuiNI3FjRlL0uVoIGhEMTKW6rmelDAwMQzUML4NJJ8B74fzvi9JM0PPLXsVbzpwEfg5KIN86j33PejHOOFEGMyQ1h3fk6abImUoZmRSChJNJMIjNCAdCwXiRHfTabIJPLJMH0axskcYOGV/b6SIaz3moXVyZIZ6XsvI/7ROYqLzbkqFTAwRePZQlDBoY2c1wT5VBBs2tgBhRe1fIR4ihbCxZZZsCf585EXQPKn41Ur1+rRcu8jrKIIDcAiOgQ/OQA1cgTpoAAzuwSN4Bi/Og/PkvDpvM2vByXf2wZ9xPr4An9qfdQ==</latexit>

pp ! ⇢±⇢0 ! ⇢0⇢0⇡±
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How do we test the theory of 

Collider Signatures

J. Butterworth, H. Debnath, J. Egan, P. F. P., arXiv:2505.06341
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How do we test the theory of 

Majorana Neutrinos



Relic Density
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How do we test the theory of 

Majorana Neutrinos
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How do we test the theory of 

Symmetry Breaking Scale: 
Dirac vs. Majorana
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Summary


