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Course outline

Lecture 2 

Neutrino oscillations in vacuum and in matter

Lecture 1 

Historical introduction and Neutrinos in the Standard Model

Lecture 3 

Three-Neutrino phenomenology

Lecture 4 

 Neutrino physics beyond the Standard Model

Lecture 5 

Neutrino mass searches, Neutrinos in Astrophysics & 
Cosmology



Mariam Tórtola (IFIC-CSIC/UValencia) Galileo Galilei Institute 20253

What is a neutrino?
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Neutrino sources
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Neutrino sources
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Historical introduction  

to neutrino physics



Mariam Tórtola (IFIC-CSIC/UValencia) Galileo Galilei Institute 20257

The proposal of the neutrino

c"

Meitner and HahnChadwick
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The proposal of the neutrino

+?
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The proposal of the neutrino
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Fermi theory for weak interactions

➡ new name for particle: neutrino

n → p+ e− + ν̄e

GF Enrico Fermi

n → p + e− + ν̄e
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Pauli, 1930

N = ϕ σ Ntarg Δt

Event number in a neutrino experiment:

Neutrino: impossible to detect?
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First proposals for neutrino detection

1951: Detection after a nuclear explosion 1953: Prototype at Hanford reactor

Poltergeist Project

“The Reines-Cowan Experiments-Detecting the Poltergeist”
Los Alamos Science Number 25 1997
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Discovery of the neutrino

Telegram to Pauli on 12/06/1956
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More than one neutrino flavour?

νacc + n → p+ (e− orµ− ?)

π+ → µ+ + νµ

νµ + n → p+ µ−

not e-
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More than two neutrino flavours?

Nν = 2.984 ± 0.008
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More than two neutrino flavours?

DONUT (Direct Observation of the NeUtrino Tau) detector  
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Parity violation in Wu experiment

Wu et al, Phys. Rev. 105 (1957)1413

J=5 J=4 J=5 J=4
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Neutrinos in the Standard 
Model
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Neutrinos in the Standard Model

 no SU(2) neutrino singlets 
in the SM 
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-

Neutrino interactions with charged 
leptons

W’s couple to leptons in the same doublet
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-

Discovery of Neutral Currents

Hasert et al, Phys. Lett. B 46 (1973) 138
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⌫µ +N ! ⌫µ + hadrons
<latexit sha1_base64="sP4MYEsq6USVrklhFHrs3QUhULc=">AAACGHicdZBLS8NAFIUnPmt9RV26GSyCIJZE6mNZdOOygn1AE8NketMOnTyYmQgl9I/on9GV+Fi58984qVloq3d15n7nwpzjJ5xJZVmfxtz8wuLScmmlvLq2vrFpbm23ZJwKCk0a81h0fCKBswiaiikOnUQACX0ObX94mfP2HQjJ4uhGjRJwQ9KPWMAoUXrlmSdOrHF+nTlROvacMMWHGG6PsKNi/B/0zIpVtSaDZ4VdiAoqpuGZ704vpmkIkaKcSNm1rUS5GRGKUQ7jspNKSAgdkj50tYxICNLNJvHGeD+IBVYDwJP3T29GQilHoa89IVEDOc3y5V+sm6rg3M1YlKQKIqotmgUpxzpz3hLuMQFU8ZEWhAqmf4npgAhCle6yrOPb02FnReu4ap9Wa9e1Sv2iKKKEdtEeOkA2OkN1dIUaqIkoekBP6BW9GffGo/FsvHxb54ziZgf9GuPjCx/vn7g=</latexit>

⌫µ + e� ! ⌫µ + e�
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-

Neutral Currents
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⌫µ +N ! ⌫µ + hadrons
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⌫µ + e� ! ⌫µ + e�

Hasert et al, Phys. Lett. B 46 (1973) 138
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Charged Current Interactions

Neutral Current Interactions

-

Neutrino interactions in the SM

<latexit sha1_base64="CVbwlQan38GepKQuErM30jOjZBo=">AAACMXicbZDLSsNAFIYn9VbrLerSzWARhGJJpKjLohtXUsFeoEnLZDpphk4mYWYilNCn0sfwBepK1J0v4aRGsK1n9Z/zf2eY/3gxo1JZ1tQorKyurW8UN0tb2zu7e+b+QUtGicCkiSMWiY6HJGGUk6aiipFOLAgKPUba3ugm89uPREga8Qc1jokboiGnPsVI6VHfvGv3zqCjIsj6DmJxgHRbgU6kd7InU4cnk9yBjlNq9yrzdCWjefKL9M2yVbVmBZeFnYsyyKvRN1+cQYSTkHCFGZKya1uxclMkFMWMTEpOIkmM8AgNSVdLjkIi3XSWewJP/EhAFRA46/+yKQqlHIeeZkKkArnoZcP/vG6i/Cs3pTxOFOFYI9rzEwZ15ux8cEAFwYqNtUBYUP1LiAMkEFb6yCUd314Muyxa51X7olq7r5Xr1/khiuAIHINTYINLUAe3oAGaAINn8Ao+wKfxZEyNN+P9By0Y+c4hmCvj6xvLdagT</latexit>

W� ! l�↵ + ⌫↵

W+ ! l+↵ + ⌫↵

<latexit sha1_base64="Svz01dXWRVf6OX8cYddEnDiNSZE=">AAAB+nicbVDLSgMxFM3UV62vURcu3ASLUEHKjBR1IxTduKxgH9CWcie9bUOTmSHJCGXsz+hK1J2f4Q/4N6a1C209i8u595xAzgliwbXxvC8ns7S8srqWXc9tbG5t77i7ezUdJYphlUUiUo0ANAoeYtVwI7ARKwQZCKwHw5uJXn9ApXkU3ptRjG0J/ZD3OANjTx33oNACEQ+AXlE8pS2Z2GEgOem4ea/oTUEXiT8jeTJDpeN+troRSySGhgnQuul7sWmnoAxnAse5VqIxBjaEPjYtDUGibqfTAGN63IsUNQOk0/23NwWp9UgG1iPBDPS8Njn+pzUT07tspzyME4Mhsxar9RJBTUQnPdAuV8iMGFkCTHH7S8oGoIAZ21bOxvfnwy6S2lnRPy+W7kr58vWsiCw5JEekQHxyQcrkllRIlTAyJs/kjbw7j86T8+K8/lgzzuzNPvkD5+MbqcCSQA==</latexit>

(↵ = e, µ, ⌧)

<latexit sha1_base64="3bi3H1yI/3/e3mNxiLkMbzpwE3E="></latexit>
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<latexit sha1_base64="GPQ6/a+Cpeb3gPAq0j7EHoXKqSI="></latexit>
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µl↵LWµ + h.c.

α

α



Mariam Tórtola (IFIC-CSIC/UValencia) Galileo Galilei Institute 202524

Neutrino production in the SM

✦ Weak interactions conserve flavour: neutrinos are always 
produced together with their associated charged lepton (e, μ, τ)
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Neutrino detection

✦ Neutrinos are indirectly detected through the detection of their 
associated charged lepton
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Coherent Elastic ν Nucleus Scattering 
(CEvNS)

Freedman, PRD 1974 Cadeddu et al, EPL 143 (2023) 3
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∝ N2

2017: First observed at the 
Spallation Neutron Source 
(Oak Ridge National Lab)

COHERENT Coll. Science 357 (2017) 1123

Coherent Elastic ν Nucleus Scattering 
(CEvNS)
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Nuclear form factor

Weak nuclear charge Axial contribution: 
small for most 

nuclei, it cancels out 
for nuclei with even 
number of p and n

<latexit sha1_base64="NEVpFbyWb3BZXwNrf5NHfwax1zI=">AAACBXicbVDLTsJAFJ36RHxVXbqZQExwAWkJUTcmRDeuDCRCiW1tpsMUJkwfmZmakIa1/oyujLrzB/wB/8YBu1DwrM6959zknuMnjAppGF/a0vLK6tp6YaO4ubW9s6vv7XdFnHJMOjhmMe/5SBBGI9KRVDLSSzhBoc+I5Y8up7p1T7igcXQjxwlxQzSIaEAxkmrl6aW2Z8FzaMPbilltOIJGd3VHDolEnnUMq/Aaup5eNmrGDHCRmDkpgxwtT/90+jFOQxJJzJAQtmkk0s0QlxQzMik6qSAJwiM0ILaiEQqJcLNZlgk8CmIO1QNwNv/2ZigUYhz6yhMiORTz2nT5n2anMjhzMxolqSQRVhalBSmDMobTSmCfcoIlGyuCMKfqS4iHiCMsVXFFFd+cD7tIuvWaeVJrtBvl5kVeRAEcghKoABOcgia4Ai3QARg8gmfwBt61B+1Je9Fef6xLWn5zAP5A+/gGsp6Vbw==</latexit>

QW = [Z(1� 4 sin2 ✓W )�N ]
<latexit sha1_base64="TiUTASBe7QDR40RSscbYglWdxeg=">AAAB+3icbVDLSsNAFJ34rPUVdSO4GSyCq5LUoi6LblxWsA9oYphMJ+3QmSTM3Agl1J/Rlag7/8If8G+c1iy09azOvedcuOeEqeAaHOfLWlpeWV1bL22UN7e2d3btvf22TjJFWYsmIlHdkGgmeMxawEGwbqoYkaFgnXB0PdU7D0xpnsR3ME6ZL8kg5hGnBMwqsA89zeP7mgdDBiToYDNK7FRrZ4FdcarODHiRuAWpoALNwP70+gnNJIuBCqJ1z3VS8HOigFPBJmUv0ywldEQGrGdoTCTTfj5LMMEnUaKw+QHP5t/enEitxzI0HklgqOe16fI/rZdBdOnnPE4zYDE1FqNFmcCQ4GkRuM8VoyDGhhCquPkS0yFRhIKpq2ziu/NhF0m7VnXPq/XbeqVxVRRRQkfoGJ0iF12gBrpBTdRCFD2iZ/SG3q2J9WS9WK8/1iWruDlAf2B9fANVEZM/</latexit>

sin2 ✓W ⇠ 0.23 → neutron contribution 
dominates

✦ Standard Model CEvNS cross section:
Barranco et al, JHEP 2005

Freedman, PRD 1974

✦ New physics may affect the nuclear form factor, weak nuclear charge or add 
new terms to the cross section

Physics potential of CEvNS
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→ forbidden: not invariant under SU(2)x U(1) gauge invariance

Fermion masses in the SM
Dirac mass term

<latexit sha1_base64="xD9CKHyduKnEkI6jJaQJjtE+AHI="></latexit>

�LD = m  = m( L +  R)( L +  R) = m L R +m R L
<latexit sha1_base64="GiIyaDIB3zFuja5FZNuODcznZ9s=">AAAB53icbZC9TsMwFIVvyl8pfwVGFosKialKUAWMFSwMDEWiP1IbVY5705o6TmQ7SFXUZ4AJARvvwwvwNrglA7Sc6fM9x9I9N0gE18Z1v5zCyura+kZxs7S1vbO7V94/aOk4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfD3z24+oNI/lvZkk6Ed0KHnIGTV21Oolmvdv++WKW3XnIsvg5VCBXI1++bM3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7tlJyEsSJmhGT+/p3NaKT1JApsJqJmpBe92fA/r5ua8NLPuExSg5LZiPXCVBATk1lpMuAKmRETC5QpbrckbEQVZcaepmTre4tll6F1VvXOq7W7WqV+lR+iCEdwDKfgwQXU4QYa0AQGD/AMb/DucOfJeXFef6IFJ/9zCH/kfHwDYa2Mpw==</latexit>

 L
<latexit sha1_base64="5gikJLE1fU/Dv1Hw5jNRr84+zkc=">AAAB53icbZDNTgIxFIXv4B/iH+rSTSMxcUVmDFGXRDcu0chPAhPSKXeg0ulM2o4JmfAMujLqzvfxBXwbC85CwbP6es9pcs8NEsG1cd0vp7Cyura+UdwsbW3v7O6V9w9aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxhfz/z2IyrNY3lvJgn6ER1KHnJGjR21eonm/bt+ueJW3bnIMng5VCBXo1/+7A1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXoqQRaj+bbzslJ2GsiBkhmb9/ZzMaaT2JApuJqBnpRW82/M/rpia89DMuk9SgZDZivTAVxMRkVpoMuEJmxMQCZYrbLQkbUUWZsacp2freYtllaJ1VvfNq7bZWqV/lhyjCERzDKXhwAXW4gQY0gcEDPMMbvDvceXJenNefaMHJ/xzCHzkf32qhjK0=</latexit>

 R

Higgs mechanism

→
SSB 

<latexit sha1_base64="/EBM6CzJRgkotxZH34w2sU9yQUM=">AAACD3icbVC7TsMwFHV4lvIKMLJYVEgMqEqqChgrWBgYCqIP1ESR4zqtVeeB7VSqrHwE/AxMCNiQ+AH+Bid0gJaz+Piecy2f4yeMCmlZX8bC4tLyympprby+sbm1be7stkWcckxaOGYx7/pIEEYj0pJUMtJNOEGhz0jHH13kemdMuKBxdCsnCXFDNIhoQDGSeuSZx07AEVbjTDninktVyzJ4B51Y7+RPKicR1LvKiuPGMytW1SoA54k9JRUwRdMzP51+jNOQRBIzJETPthLpKsQlxYxkZScVJEF4hAakp2mEQiJcVaTK4GEQcyiHBBb3316FQiEmoa89IZJDMavlw/+0XiqDM1fRKEklibC2aC1IGZQxzMuBfcoJlmyiCcKc6l9CPES6IKkrLOv49mzYedKuVe2Tav26XmmcT4sogX1wAI6ADU5BA1yCJmgBDB7BM3gD78aD8WS8GK8/1gVjurMH/sD4+Aa8up2s</latexit> vp
2
Y  L R

→ no R-chiral neutrino state in the SM!

<latexit sha1_base64="tewSSxqDMMB6QLXi+uhY9BlFpX8="></latexit>

�LYukawa = Y  L�̃ R + h.c.
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R-chiral field from charge conjugation of L-chiral field by (Majorana, 1930)

Majorana neutrino mass:

Ĉ = iγ2γ0

Majorana neutrino mass

<latexit sha1_base64="nkh7ZxsKLCq3OWhI7xXRJtHfP6I=">AAACFHicbVC7TsMwFHXKq5RXgJHFokJiqhKEgAWpogsDQ0F9SU1bOe5ta9V5YDuVqqi/AT8DEwIWxM7f4IQM0HKmc+851/I5bsiZVJb1ZeSWlldW1/LrhY3Nre0dc3evIYNIUKjTgAei5RIJnPlQV0xxaIUCiOdyaLrjSqI3JyAkC/yamobQ8cjQZwNGidKrnmk7oWS9O+zAfcQmOJ1uuhV8iZ0RUXFl5gT6PHk9TrRZt9Yzi1bJSoEXiZ2RIspQ7ZkfTj+gkQe+opxI2batUHViIhSjHGYFJ5IQEjomQ2hr6hMPZCdOo83w0SAQWI0Ap/Nvb0w8Kaeeqz0eUSM5ryXL/7R2pAYXnZj5YaTAp9qitUHEsQpw0hDuMwFU8akmhAqmf4npiAhCle6xoOPb82EXSeOkZJ+VTm9Pi+WrrIg8OkCH6BjZ6ByV0TWqojqi6BE9ozf0bjwYT8aL8fpjzRnZzT76A+PzG9TFnqk=</latexit>

 R ⌘  C
L = Ĉ 

T
<latexit sha1_base64="9+7uwgok0KA8ZW/JZolFprLwg6Q=">AAAB/3icbVC7TsMwFHV4lvIKMMJgUSExVUlVAQtSRRfGItGH1ITqxnVaq3YS2Q5SFXWAn4EJARv/wA/wN7glA7Sc5Z57z7Hkc4KEM6Ud58taWl5ZXVsvbBQ3t7Z3du29/ZaKU0lok8Q8lp0AFOUsok3NNKedRFIQAaftYFSf6u17KhWLo1s9TqgvYBCxkBHQ5tSzj7wh6Kw+wZeYYW8AQsBdJZ9Ozy45ZWcGvEjcnJRQjkbP/vT6MUkFjTThoFTXdRLtZyA1I5xOil6qaAJkBAPaNTQCQZWfzVJM8EkYS6yHFM/2394MhFJjERiPAD1U89r0+J/WTXV44WcsSlJNI2IsRgtTjnWMp2XgPpOUaD42BIhk5peYDEEC0aayoonvzoddJK1K2T0rV2+qpdpVXkQBHaJjdIpcdI5q6Bo1UBMR9Iie0Rt6tx6sJ+vFev2xLln5mwP0B9bHN4u/lRc=</latexit>

Ĉ = i�2�0

<latexit sha1_base64="Runw5UZ7ubEWTfyvSNWDxUZPgR0=">AAACDXicbVBLSwMxGMz6rPW16tFLsAiiUHalqBeh2IuHHqrYB7Trkk2/tqHZB0lWKEt/g/4ZPYl68+If8N+YbfegrXPJZGYCmfEizqSyrG9jYXFpeWU1t5Zf39jc2jZ3dhsyjAWFOg15KFoekcBZAHXFFIdWJID4HoemN6ykfvMBhGRhcKdGETg+6QesxyhRWnLN404kGb7E6eFW8cmU3M4p1fuKaxasojUBnid2RgooQ801vzrdkMY+BIpyImXbtiLlJEQoRjmM851YQkTokPShrWlAfJBOMuk0xoe9UGA1ADy5/84mxJdy5Hs64xM1kLNeKv7ntWPVu3ASFkSxgoDqiPZ6MccqxOk0uMsEUMVHmhAqmP4lpgMiCFV6wLyub8+WnSeN06J9VizdlArlq2yIHNpHB+gI2egcldE1qqE6ougJvaB39GE8Gs/Gq/E2jS4Y2Zs99AfG5w+ulZlY</latexit>

 =  L +  R =  L +  C
L

<latexit sha1_base64="T+2XqYKWbG5Xa7yOAmu2++9Sho8=">AAACGnicbZBLTwIxFIU7+EJ8oS7dNBITjAmZMUTcmBDZuGCBRh4JjKRTLtDQeaTtmJAJ/0T/jK6MuHPjv7EMY6LgXX095zS55zoBZ1KZ5peRWlldW99Ib2a2tnd297L7Bw3ph4JCnfrcFy2HSODMg7piikMrEEBch0PTGVVmfvMRhGS+d6/GAdguGXiszyhRWupmS51AsocKvsL5GXWr+AzHcHcaq3NRYyJXf7RsziyY8eBlsBLIoWRq3ey00/Np6IKnKCdSti0zUHZEhGKUwyTTCSUEhI7IANoaPeKCtKO44ASf9H2B1RBw/P6djYgr5dh1dMYlaigXvZn4n9cOVf/SjpgXhAo8qiPa64ccKx/P7oR7TABVfKyBUMH0lpgOiSBU6WtmdH1rsewyNM4L1kWheFvMla+TQ6TRETpGeWShEiqjG1RDdUTRM3pFU/RhPBkvxpvxPo+mjOTPIfozxuc324ydkg==</latexit>

 C = ( L +  R)
C =  C

L +  L =  

<latexit sha1_base64="pNfOLSxbPqO9HuUSDIujjQs04Tk=">AAAB/3icbVDLSgMxFL3js9bXqEtdBIsgCGVGiroRit24cFHBPqAzDpk004ZmHiQZoQxd6M/oStSd/+AP+Dem7Sy09SySk3vOhZzjJ5xJZVnfxsLi0vLKamGtuL6xubVt7uw2ZZwKQhsk5rFo+1hSziLaUExx2k4ExaHPacsf1MZ664EKyeLoTg0T6oa4F7GAEaz0yDMPnEQydImcKJ2e3g06md73Nc8sWWVrAjRP7JyUIEfdM7+cbkzSkEaKcCxlx7YS5WZYKEY4HRWdVNIEkwHu0Y6mEQ6pdLNJihE6CmKBVJ+iyfu3N8OhlMPQ154Qq76c1cbD/7ROqoILN2NRkioaEW3RWpBypGI0LgN1maBE8aEmmAimf4lIHwtMlK6sqOPbs2HnSfO0bJ+VK7eVUvUqL6IA+3AIx2DDOVThGurQAAJP8ALv8GE8Gs/Gq/E2tS4Y+c4e/IHx+QMR1pQi</latexit>

 = ⌫ = ⌫L + ⌫CL
<latexit sha1_base64="3fgLNuEqMbMvnbiWGkOphni3go4="></latexit>

�LM =
1

2
m

⇣
⌫CL ⌫L + ⌫L⌫

C
L

⌘

→ forbidden: not invariant under gauge invariance

→ not invariant under global symmetries either

only for neutral 
particles
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Neutrino mass in the SM

Neutrinos are strictly massless in the 
Standard Model!

✦  Since the SM does not contain right-handed neutrinos: a Dirac 
mass term as for the rest of fermions is not allowed. 

✦The SM only contains one Higgs doublet: no Higgs triplet to build 
a Majorana mass term 

✦The SM is renomalizable and, therefore, dim-5 terms as the 
Weinberg operator are not allowed.
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mν ∼ 0 - 1 eV

“For the discovery of neutrino 
oscillations, which shows that 

neutrinos have mass”
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→ “sterile” neutrino (singlet under SU(2)xU(1))

✦ 4 components Dirac neutrino: 

Minimal extension SM: add NR

→

much smaller than other Yukawas !!!

<latexit sha1_base64="9woPjVIL446xLNdMP2MxRSo56sY=">AAACFXicbVBNS8MwAE39nPOr6tFLcAgexmjHUI9DLx5EprgPWEtJs3QLS9OSpMIo+x36Z/Qk6kHw7L8xrT24zXd6ee8l5D0/ZlQqy/o2lpZXVtfWSxvlza3tnV1zb78jo0Rg0sYRi0TPR5IwyklbUcVILxYEhT4jXX98mfndByIkjfi9msTEDdGQ04BipLTkmXWHJ961U61CJ9K57Jk0l6aZduPdzVpamHpmxapZOeAisQtSAQVanvnpDCKchIQrzJCUfduKlZsioShmZFp2EklihMdoSPqachQS6aZ5tyk8DiIB1YjA/Pw3m6JQykno60yI1EjOe5n4n9dPVHDuppTHiSIc64j2goRBFcFsIjiggmDFJpogLKj+JcQjJBBWesiyrm/Pl10knXrNPq01bhuV5kUxRAkcgiNwAmxwBprgCrRAG2DwBF7AO/gwHo1n49V4+40uGcWdAzAD4+sH57+d+w==</latexit>

⌫L , ⌫L , NR , NR

<latexit sha1_base64="CN3mWSbhKYMuOS01j4XwxH3TIdU="></latexit>

�LD = mD⌫⌫ = mD(⌫L +NR)(⌫L +NR) = mD

�
⌫LNR +NR⌫L

�

<latexit sha1_base64="U5qvUuB0i5xb2kfk4XgP4RWEmUE="></latexit>

LYukawa = Y⌫

�
⌫l l

�✓ �0

��

◆
NR + h.c.

<latexit sha1_base64="7zLkyL3dsyQ9p+uL3tFafyd01Bs=">AAAB9XicbZC7TsMwFIadcivlFsrIYlEhsVAlqFzGChbGItELakPkuKetVTsJtgNUUR8FJgRsvAgvwNvglgzQ8k+fz/9bOucPYs6UdpwvK7ewuLS8kl8trK1vbG7Z28WGihJJoU4jHslWQBRwFkJdM82hFUsgIuDQDIYXE795D1KxKLzWoxg8Qfoh6zFKtBn5dvHGB9xRTMAddp3b9PB47Nslp+xMhefBzaCEMtV8+7PTjWgiINSUE6XarhNrLyVSM8phXOgkCmJCh6QPbYMhEaC8dLr7GO/3Ion1APD0/TubEqHUSAQmI4geqFlvMvzPaye6d+alLIwTDSE1EeP1Eo51hCcV4C6TQDUfGSBUMrMlpgMiCdWmqII53509dh4aR2X3pFy5qpSq51kRebSL9tABctEpqqJLVEN1RNEjekZv6N16sJ6sF+v1J5qzsj876I+sj28oa5Du</latexit>

Ye ' 10�5

✦ From 𝝂 oscillations:

<latexit sha1_base64="qh3qCzJlGsCrywViWuveIgDcVUA=">AAACGXicbVC9TsMwGHT4p/wVGFksKiQGVCVQCgsSAgZGkGiL1JTIMV9bq3YS7C9IVZQngZeBCQEbE2+DWzoA5abz3Vn67sJECoOu++lMTE5Nz8zOzRcWFpeWV4qra3UTp5pDjccy1tchMyBFBDUUKOE60cBUKKER9k4HfuMetBFxdIX9BFqKdSLRFpyhlYJiVQV+lFK/A9Q3dxoz/wwkMqpudoNsz8tzekTdsrtP/R3qK4ZdrTKo50GxZNUh6DjxRqRERrgIiu/+bcxTBRFyyYxpem6CrYxpFFxCXvBTAwnjPdaBpqURU2Ba2bBfTrfasabYBTp8/8xmTBnTV6HNDI4zf72B+J/XTLF92MpElKQIEbcR67VTSTGmg5nordDAUfYtYVwLeyXlXaYZRztmwdb3/pYdJ/XdslctVy4rpeOT0RBzZINskm3ikQNyTM7JBakRTh7JM3kj786D8+S8OK/f0Qln9Ged/ILz8QWWF560</latexit>

m⌫ �
q
�m2

31 = 0.05 eV

<latexit sha1_base64="StTPDnjxPcQrCXHtu59p1hT0vu4=">AAACAXicbVDLSsNAFJ34rPUVdSnIYBFclaQUdSMUdeGygn1IU8JkOmmHzkzizKRQQlb6M7oSdecv+AP+jdOahbae1bn3nAv3nCBmVGnH+bIWFpeWV1YLa8X1jc2tbXtnt6miRGLSwBGLZDtAijAqSENTzUg7lgTxgJFWMLyc6K0RkYpG4laPY9LlqC9oSDHSZuXbB9y/gufwzvdEAr1QIpyOstRT91KnlSzz7ZJTdqaA88TNSQnkqPv2p9eLcMKJ0JghpTquE+tuiqSmmJGs6CWKxAgPUZ90DBWIE9VNpzkyeBRGEuoBgdP5tzdFXKkxD4yHIz1Qs9pk+Z/WSXR41k2piBNNBDYWo4UJgzqCkzpgj0qCNRsbgrCk5kuIB8jUoE1pRRPfnQ07T5qVsntSrt5US7WLvIgC2AeH4Bi44BTUwDWogwbA4BE8gzfwbj1YT9aL9fpjXbDymz3wB9bHN0/Glsc=</latexit>

mD = Y⌫
vp
2

<latexit sha1_base64="8vxm8R9cKVVcJLhn/CwcYQ+BIIw=">AAAB/HicbVDLTsMwEHTKq5RXgBPiYlEhcaFKoAKOFVw4Fok+UBMix920Vp0HtoNURYWfgRMCbnwFP8Df4JYcoGVOszuz0s74CWdSWdaXUZibX1hcKi6XVlbX1jfMza2mjFNBoUFjHou2TyRwFkFDMcWhnQggoc+h5Q8uxnrrHoRkcXSthgm4IelFLGCUKL3yzB1HxfjGc6IUO5KFcIdt6zY7tI9Hnlm2KtYEeJbYOSmjHHXP/HS6MU1DiBTlRMqObSXKzYhQjHIYlZxUQkLogPSgo2lEQpBuNokwwvtBLLDqA57Mv70ZCaUchr72hET15bQ2Xv6ndVIVnLkZi5JUQUS1RWtByrEOPG4Cd5kAqvhQE0IF019i2ieCUKX7Kun49nTYWdI8qtgnlepVtVw7z4sool20hw6QjU5RDV2iOmogih7RM3pD78aD8WS8GK8/1oKR32yjPzA+vgH45ZOc</latexit>

! Y⌫ ' 10�13

✦ Higgs mechanism:

Dirac neutrino mass term

SSB
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✦ Most general mass term:

→ Diagonalization:

for 

Minimal seesaw mechanism
<latexit sha1_base64="axXawYOg7ygN8kLpXqkxqvN/9uk=">AAAB+HicbVDLSgMxFM3UV62vUXHlJlgEQSgzUtSNUOzGhYsK9gHtOGTSO21oJjMkGaEO/RddibrzO/wB/8b0sdDWs7j35J4TuPcECWdKO863lVtaXlldy68XNja3tnfs3b2GilNJoU5jHstWQBRwJqCumebQSiSQKODQDAbVsd58BKlYLO71MAEvIj3BQkaJNiPfPuiIFF9hU/1bfDrtD1XfLjolZwK8SNwZKaIZar791enGNI1AaMqJUm3XSbSXEakZ5TAqdFIFCaED0oO2oYJEoLxssv4IH4exxLoPePL+7c1IpNQwCownIrqv5rXx8D+tnerw0suYSFINghqL0cKUYx3jcQq4yyRQzYeGECqZ2RLTPpGEapNVwZzvzh+7SBpnJfe8VL4rFyvXsyDy6BAdoRPkogtUQTeohuqIogy9oHf0YT1Zz9ar9Ta15qzZn330B9bnD6VDkbc=</latexit>

⌫ = ⌫L + ⌫CL
<latexit sha1_base64="vqn43r8xktYI9yk3uRG9e+0pVfw=">AAAB8nicdVDLSsNAFJ3UV62PRl26GSyCIISkhrYbodiNq1LFPqCNYTKdtEMnD2YmQgn9EV2JuvNT/AH/xkmNoKJncTn3nnPhnuvFjAppmu9aYWV1bX2juFna2t7ZLet7+z0RJRyTLo5YxAceEoTRkHQllYwMYk5Q4DHS92atTO/fES5oFN7IeUycAE1C6lOMpBq5erkNz2HbvYanWb1tuXrFNMwloGnUqw3TtBWxa/aZ3YBWLlVAjo6rv43GEU4CEkrMkBBDy4ylkyIuKWZkURolgsQIz9CEDBUNUUCEky4PX8BjP+JQTglc9t+9KQqEmAee8gRITsVvLRv+pQ0T6TeclIZxIkmIlUVpfsKgjGCWH44pJ1iyuSIIc6quhHiKOMJSfamk4n9lhP+TXtWwaoZ9ZVeaF/kjiuAQHIETYIE6aIJL0AFdgEECHsAzeNGkdq89ak+f1oKW7xyAH9BePwC+Wo7m</latexit>

N = NR +NC
R

<latexit sha1_base64="Rvh4yRmPYxV2Lv7aXYHnzNbxQhw="></latexit>

L = LD + LM =
1

2

⇣
⌫L NC

R

⌘✓
0 mD

mD MR

◆✓
⌫CL
NR

◆
+ h.c.

<latexit sha1_base64="Pj9eyGb3gEpZeYmSxXtvAYgfiYw="></latexit>

1

2

�
⌫ N

�✓ M1 0
0 M2

◆✓
⌫
N

◆

<latexit sha1_base64="2xCt2hm9CcR2s+BIJ2oXvbwjXe4=">AAAB93icbZDLTgIxFIY7eEO8jZedm0ZighsyY4i6JOrCJSZyMUAmnXKAhrYzth0SnPAsujLqzvfwBXwbC7JQ8F99Pf/f5Jw/jDnTxvO+nMzS8srqWnY9t7G5tb3j7u7VdJQoClUa8Ug1QqKBMwlVwwyHRqyAiJBDPRxcTfz6EJRmkbwzoxjagvQk6zJKjB0F7kFBBNctzQQ84CG+D1oywSeBm/eK3lR4EfwZ5NFMlcD9bHUimgiQhnKiddP3YtNOiTKMchjnWomGmNAB6UHToiQCdDudbj/Gx91IYdMHPH3/zqZEaD0Soc0IYvp63psM//OaieletFMm48SApDZivW7CsYnwpATcYQqo4SMLhCpmt8S0TxShxlaVs+f788cuQu206J8VS7elfPlyVkQWHaIjVEA+OkdldIMqqIooekTP6A29OyPnyXlxXn+iGWf2Zx/9kfPxDZLkkbo=</latexit>

(mD ' vY⌫)

<latexit sha1_base64="Boup05TpYCddJDtrhkkfHaQBsAI=">AAAB7nicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJiIqroi7cCFXsBdoQJtOTdujk4sxEKKGvoStRdz6ML+DbOK1ZaOu/+ub8/8D5j58IrrRtf1mFhcWl5ZXiamltfWNzq7y901RxKhk2WCxi2fapQsEjbGiuBbYTiTT0Bbb84eXEbz2iVDyO7vUoQTek/YgHnFFtRu6Nd0e6/T4JvSty7pUrdtWeisyDk0MFctW98me3F7M0xEgzQZXqOHai3YxKzZnAcambKkwoG9I+dgxGNETlZtOlx+QgiCXRAyTT9+9sRkOlRqFvMiHVAzXrTYb/eZ1UB2duxqMk1RgxEzFekAqiYzLpTnpcItNiZIAyyc2WhA2opEybC5VMfWe27Dw0j6rOSfX49rhSu8gPUYQ92IdDcOAUanANdWgAgwd4hjd4txLryXqxXn+iBSv/swt/ZH18A7IBjmw=</latexit>

MR � mD :

Minimal extension SM: add NR

<latexit sha1_base64="LgtsEkLdn1zwWBk17CX1ZPKZetw=">AAACGnicbVBNS8NAFNz4WetX1aOXxSJ4KCUpYj0W9eClUMWq0MSw2b7Yxd0k3d0IJfSf6J/Rk1hvXvw3bmsEtc5p3pt58GaChDOlbfvDmpmdm19YLCwVl1dW19ZLG5uXKk4lhTaNeSyvA6KAswjammkO14kEIgIOV8Hd8Vi/ugepWBxd6EECniC3EQsZJdqs/FK96TvYVUxAH7uhJDQT/slNbZg1/fMhdiu4gt1+SroYN/3at9FofqlsV+0J8DRxclJGOVp+aeR2Y5oKiDTlRKmOYyfay4jUjHIYFt1UQULoHbmFjqEREaC8bBJwiHfDWGLdAzyZf3ozIpQaiMB4BNE99VcbL//TOqkOD72MRUmqIaLGYrQw5VjHeNwT7jIJVPOBIYRKZr7EtEdMQdq0WTTxnb9hp8llreocVPfP9suNo7yIAtpGO2gPOaiOGugUtVAbUfSIntEIvVkP1pP1Yr1+WWes/GYL/YL1/glh/p5/</latexit>

M1 ' m2
D

MR
, M2 ' MR
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−LD = mD(νLNR +NRνL)Weinberg operator

Effective dim-5 operator for Majorana neutrino mass

S. Weinberg PRL 43 (1979) 1566

<latexit sha1_base64="0gV9whdRoJ9mKyxJoHTTKGDnExQ=">AAACCXicbVC7TsMwFHV4lvIKMLJYVKCyVAmqgLGCpUORikQfUhNVjuu0Vh0nsh2kysoXwM/AhICNlR/gb3BLBmg507n3nGv5nCBhVCrH+bKWlldW19YLG8XNre2dXXtvvy3jVGDSwjGLRTdAkjDKSUtRxUg3EQRFASOdYHw91Tv3REga8zs1SYgfoSGnIcVImVXfPtEeRkw3sgx6nEIvFAhrj5kHBijTNxksNxr1+mnfLjkVZwa4SNyclECOZt/+9AYxTiPCFWZIyp7rJMrXSCiKGcmKXipJgvAYDUnPUI4iIn09y5PB4zAWUI0InM2/vRpFUk6iwHgipEZyXpsu/9N6qQovfU15kirCsbEYLUwZVDGc1gIHVBCs2MQQhAU1v4R4hEwZypRXNPHd+bCLpH1Wcc8r1dtqqXaVF1EAh+AIlIELLkAN1EETtAAGj+AZvIF368F6sl6s1x/rkpXfHIA/sD6+AZsHmYs=</latexit>

L 3 �

M
(LLHH)

⟹
<latexit sha1_base64="TB4bkfvqa7dgdVvC92GxVzwXANE=">AAACAHicbVDLSsNAFJ3UV62vqEsRBovgqiSlqBuh6MaNUME+oIllMp20Q2cmYWZSKCEb/RldibrzG/wB/8ZpzUJbz+rce86Fe04QM6q043xZhaXlldW14nppY3Nre8fe3WupKJGYNHHEItkJkCKMCtLUVDPSiSVBPGCkHYyupnp7TKSikbjTk5j4HA0EDSlG2qx69iHveSKBF9ALJcKpx8xpH2XpTQbH99WeXXYqzgxwkbg5KYMcjZ796fUjnHAiNGZIqa7rxNpPkdQUM5KVvESRGOERGpCuoQJxovx0FiODx2EkoR4SOJt/e1PElZrwwHg40kM1r02X/2ndRIfnfkpFnGgisLEYLUwY1BGctgH7VBKs2cQQhCU1X0I8RKYJbTormfjufNhF0qpW3NNK7bZWrl/mRRTBATgCJ8AFZ6AOrkEDNAEGj+AZvIF368F6sl6s1x9rwcpv9sEfWB/fHt+WCw==</latexit>

m⌫ =
�

M
v2

<latexit sha1_base64="QkxRFTRCswQeecc3VcENIwWj6oY=">AAAB73icbZC7TgJBFIbP4g3xhlraTCQm2JBdQtTGhKiFhQUmcklgJbPDASbMXpyZNSEbnkMro3a+iy/g2zjgFgr+1Tfn/yc5//EiwZW27S8rs7S8srqWXc9tbG5t7+R39xoqjCXDOgtFKFseVSh4gHXNtcBWJJH6nsCmN7qc+s1HlIqHwZ0eR+j6dBDwPmdUm9F9sXOFQlNyQ85J+bibL9gleyayCE4KBUhV6+Y/O72QxT4GmgmqVNuxI+0mVGrOBE5ynVhhRNmIDrBtMKA+KjeZbT0hR/1QEj1EMnv/zibUV2rseybjUz1U8950+J/XjnX/zE14EMUaA2YixuvHguiQTMuTHpfItBgboExysyVhQyop0+ZEOVPfmS+7CI1yyTkpVW4rhepFeogsHMAhFMGBU6jCNdSgDgwkPMMbvFsP1pP1Yr3+RDNW+mcf/sj6+AaqLI5W</latexit>

(�L = 2)

⟹ Majorana 
mass
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Type-I seesaw 

(right-handed singlet NR)

Type-II seesaw 

(Scalar triplet Δ)

Type-III seesaw 

(Fermion triplet ΣR)

<latexit sha1_base64="2ztbg6YoUr0n3GM3g9gkMte7cE8=">AAACBXicbVC9TsMwGHT4LeUvwMhitUJiqpKqAhakChYWqiL1DzVp5LhOa9VOItupVEWZ4WVgQsDGC/ACvA1u6QAtN53vztJ358eMSmVZX8bK6tr6xmZuK7+9s7u3bx4ctmSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66nfntMhKRR2FCTmLgcDUIaUIyUljyzwD0nTOAlvPdqvQZ0AoFwamfprVfLtATHvbJnFq2SNQNcJvacFMEcdc/8dPoRTjgJFWZIyq5txcpNkVAUM5LlnUSSGOERGpCupiHiRLrprEsGT4JIQDUkcPb+nU0Rl3LCfZ3hSA3lojcV//O6iQou3JSGcaJIiHVEe0HCoIrgdBLYp4JgxSaaICyovhLiIdJDKD1cXte3F8suk1a5ZJ+VKneVYvVqPkQOHIMCOAU2OAdVcAPqoAkweATP4A28Gw/Gk/FivP5EV4z5nyPwB8bHN4EClzw=</latexit>

m⌫ = Y T
N

1

MN
YNv2

<latexit sha1_base64="J1R1u1NzbGN+tyy4c4N0ZRdc2R4=">AAACFHicbZDNSsNAFIUn9b/+RV26GSyCq5KUom6Eoi7cCApWK00bJtObduhMEmYmhRL6GvoyuhJ1I+59G6c1C229q+/ecwbmnCDhTGnH+bIKc/MLi0vLK8XVtfWNTXtr+1bFqaRQpzGPZSMgCjiLoK6Z5tBIJBARcLgL+mdj/W4AUrE4utHDBFqCdCMWMkq0Ofm2K3wvSvEJvve9c+CaeKEkNPNEmu+j7DKndmWEB+2Kb5ecsjMZPAtuDiWUz5Vvf3idmKYCIk05UarpOoluZURqRjmMil6qICG0T7rQNBgRAaqVTaKN8H4YS6x7gCf7b29GhFJDERiPILqnprXx8T+tmerwuJWxKEk1RNRYjBamHOsYjxvCHSaBaj40QKhk5peY9ohpRZseiya+Ox12Fm4rZfewXL2ulmqneRHLaBftoQPkoiNUQxfoCtURRY/oGb2hd+vBerJerNcfa8HK3+ygP2N9fgMa+54s</latexit>

m⌫ = Y�
µ�

M2
�

v2
<latexit sha1_base64="16LtMXgAr8b94ag69RjURKBhNhk=">AAACE3icbVDNSsNAGNzUv1r/oh69LBbBU0lKUS9C0YsXoWL/pGnDZrtpl+4mYXdTKCGPoS+jJ1FP+gC+jdsaQVvnNDszC9+MFzEqlWV9Grml5ZXVtfx6YWNza3vH3N1ryjAWmDRwyELR9pAkjAakoahipB0JgrjHSMsbXU791pgIScOgriYR6XI0CKhPMVJack2Lu04Qw3N45zq3dMBRr+74AuHETpPrTEp/PDjulV2zaJWsGeAisTNSBBlqrvnu9EMccxIozJCUHduKVDdBQlHMSFpwYkkihEdoQDqaBogT2U1mzVJ45IcCqiGBs/fvbIK4lBPu6QxHaijnvan4n9eJlX/WTWgQxYoEWEe058cMqhBOB4J9KghWbKIJwoLqKyEeIj2J0jMWdH17vuwiaZZL9kmpclMpVi+yIfLgAByCY2CDU1AFV6AGGgCDB/AEXsGbcW88Gs/Gy3c0Z2R/9sEfGB9fJHydpQ==</latexit>

m⌫ = Y T
⌃

1

M⌃
Y⌃v

2

Minkovski; Gellman, Ramond, Slansky; 
Yanagida; Mohapatra, Senjanovic.

Schechter, Valle; Lazarides, Shafi, 
Wetterich; Cheng, Li; Mohapatra,…

Foot, Lew, He, Joshi; …

Seesaw mass models
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Inverse seesaw model Mohapatra and Valle, PRD 34 (1986) 1642

Extended lepton content: 

SU(2) singlets

L=(+1,-1,+1)

✦𝛍 breaks L and generates neutrino mass (massless for 𝛍=0)

✦m𝛎 can be very light even if  M is far below GUT scale:

with 𝛍～ keV and M～103 GeV → m𝛎～eV
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Low energy seesaw models
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Radiative models
✦ extension of scalar sector of the SM

✦ neutrino masses can be generated through loops

Zee model

 + singlet scalar h+ 

Zee-Babu model

 + extra Higgs doublet H  + singlet scalar k++ 

 + singlet scalar h+ 

Zee, PLB 93 (1980) 389
Zee, NPB 264 (1986) 99;  
Babu, PLB 203 (1988) 132
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⇒ New symmetries can be added to the Standard Model

 Why quark and lepton mixings are so different?

θ12 ≃ 13° 
θ13 ≃ 0.2° 
θ23 ≃ 2.4°

θ12 ≃ 34° 
θ13 ≃ 9° 
θ23 ≃ 49°
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The flavour problem




