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Neutrino masses: bounds 
and models
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‣ In the SM neutrinos are massless 

‣ From oscillations we know that (at least 2) neutrinos do have mass!!

Are neutrinos massive?

‣ What about the absolute mass scale? Do we have information?

From oscillations:
<latexit sha1_base64="v9gD3sVAqLGDUx8jQ1mtV9eguGM="></latexit>
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Sensitivity to neutrino mass

 Neutrino oscillations
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 Beta decay kinematics  Neutrinoless 2β decay 
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‣ Neutrino masses may affect cosmological observables: 

Σ mi < 0.12 eV

 CMB anisotropies and lensing  Large Scale Structure formation

‣ Fit ΛCDM model + experimental data (95% C.L.)

Neutrino mass in cosmology

Planck TT,TE,EE+lowE+lensing+BAO 
[Planck Coll, 2018]

Σ mi < 0.09 eV

Planck TT,TE,EE+lensing+ RSD+BAO +SNIa   
[DiValentino et al, PRD2021]

Lattanzi and Gerbino, Front.Phys 2018

Planck Coll, 2014
Σm<0.06 eV

Σm<1.8 eV
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Neutrino mass in cosmology

de Salas et al, Front. Astron. Space Sci. 5 (2018) 36
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From oscillations:

Planck full  + BAO
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‣ β-decay spectrum close to the endpoint is very sensitive to the 
neutrino mass:

Mainz and Troitsk Experiments:

Tritium β decay experiments
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Taking data from June 2018

The KATRIN experiment
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KATRIN spectrometer: 200 ton, 24 m long, 10 m diameter

Leopoldshafen, Nov 2006

The KATRIN experiment
(KArlsruhe TRItium Neutrino experiment)
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The KATRIN experiment

11

Final sensitivity  
mβ < 0.2-0.3 eV (90%C.L.)

Discovery potential 
mβ= 0.35 eV (5σ)

Current bound 
mβ < 0.8 eV (90% C.L.)
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‣2νββ: rare process in the SM with t1/2∼ 1021 years

‣0νββ: possible for massive Majorana neutrinos.

→ violates Lepton Number

→ t1/2 > 1026-1027 years

test ν nature(A,Z) →(A,Z+2) + e- + e-

→ not observed yet

Neutrinoless double beta decay
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0νββ and Majorana neutrino mass

‣  Neutrinoless double beta decay can be treated as a dim-9 operator:

⟹

This leads to loop-generated Majorana mass

Blackbox theorem, Schechter & Valle, 1982

‣  Majorana neutrino mass is not the only mechanism leading to 0νββ: new 
physics models can also induce 0νββ.

‣  Only when related to Majorana neutrino masses one can use  0νββ results to 
constrain neutrino masses and their ordering. 

Bonnet, Hirsch, Ota, Winter, JHEP 2013.
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mββ < 79-180 meV GERDA II 

 → degenerate region explored

Bounds on neutrino mass from 0νββ

At 90% CL:

mββ < 36-156 meV KL-Zen

mββ < 93-286 meV EXO-200

mββ < 90-305 meV CUORE

KamLAND-Zen Collab, Neutrino 2022

[Ge: Gerda, Te: Cuore]

F. Simkovic, Neutrino 2022
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Future prospects from 0νββ 
experiments

A. Giuliani, TAUP 2021

 → next generation: full exploration of the IO region  (~10 years)
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We need to build models to 
explain neutrino masses 

(and their size)!!

mν ∼ 0 - 1 eV
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→ “sterile” neutrino (singlet under SU(2)xU(1))

‣ 4 components Dirac neutrino: 

Minimal extension SM: add NR

‣ From 𝝂 oscillations:

much smaller than other Yukawas !!!

Dirac mass term

<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="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

<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

‣ Dirac mass term: 

<latexit sha1_base64="4WJNnn/hxmCd26i/qKYNAOCqLtQ=">AAACAnicbVC7TsMwFHV4lvIKMDJgUSExVUlVAQtSBQyMRaIP1FSR4zqtVdsJtlOpirLBz8CEgI1P4Af4G9ySAVrOdO4950r3nCBmVGnH+bIWFpeWV1YLa8X1jc2tbXtnt6miRGLSwBGLZDtAijAqSENTzUg7lgTxgJFWMLyc6K0RkYpG4laPY9LlqC9oSDHSZuXbB9y/gufwzvdEAr1QIgzTUZZ66l7qtJJlvl1yys4UcJ64OSmBHHXf/vR6EU44ERozpFTHdWLdTZHUFDOSFb1EkRjhIeqTjqECcaK66TRIBo/CSEI9IHA6//amiCs15oHxcKQHalabLP/TOokOz7opFXGiicDGYrQwYVBHcNIH7FFJsGZjQxCW1HwJ8QCZHrRprWjiu7Nh50mzUnZPytWbaql2kRdRAPvgEBwDF5yCGrgGddAAGDyCZ/AG3q0H68l6sV5/rAtWfrMH/sD6+Aar+Zbx</latexit>

mD = Y⌫
vp
2

<latexit sha1_base64="8OKd3C5FkkmYEw7eni4tHsaNAqo=">AAAB+HicbZC9TsMwFIWd8lfKXwAxsVhUSCxUCVTAWMHCWCT6g5oQOe5ta9VOgu0glajvAhMCNp6DF+BtcEsGKJzp8z3H0r0nTDhT2nE+rcLc/MLiUnG5tLK6tr5hb241VZxKCg0a81i2Q6KAswgammkO7UQCESGHVji8mPite5CKxdG1HiXgC9KPWI9Ros0osHduAi9KsaeYgDvsOrfZoXs8DuyyU3Gmwn/BzaGMctUD+8PrxjQVEGnKiVId10m0nxGpGeUwLnmpgoTQIelDx2BEBCg/m64/xvu9WGI9ADx9/8xmRCg1EqHJCKIHatabDP/zOqnunfkZi5JUQ0RNxHi9lGMd40kLuMskUM1HBgiVzGyJ6YBIQrXpqmTOd2eP/QvNo4p7UqleVcu187yIItpFe+gAuegU1dAlqqMGoihDT+gVvVkP1qP1bL18RwtW/mcb/ZL1/gU5L5IV</latexit>

Y⌫ ' 10�13

→

→
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‣ Most general mass term:

→ Diagonalization:

for → seesaw mechanism

Minimal seesaw mechanism

<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 :

‣ Provides a “natural” explanation for smallness of neutrino mass:

‣ Can explain baryon asymmetry of the Universe through leptogenesis if N 
decay violates CP:

for mD ∼ 100 GeV and mν ∼ 0.01 - 1 eV  → 
MR ∼1013 - 1015 GeV !!! 

<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

<latexit sha1_base64="6ZnENBpRopk0HQdjv+zUdU3UlDc=">AAACIXicbVBbSwJBGJ21m9nN6rGXIQkUQXZDqqeQesinMMgLuCKz46cOzuxuM7OBLP6a+jNFD1G9RH+m0YRM+57Od86ZyzleyJnStv1pJZaWV1bXkuupjc2t7Z307l5NBZGkUKUBD2TDIwo486GqmebQCCUQ4XGoe4PLsV6/B6lY4N/qYQgtQXo+6zJKtKHa6XP3ighBsteuDjDHeVzOYdeHOzzDu4G5YfxAzEc4/7uVR7l2OmMX7MngReBMQQZNp9JOv7idgEYCfE05Uarp2KFuxURqRjmMUm6kICR0QHrQNNAnAlQrnuQc4aNuILHuA57ss96YCKWGwjMeQXRfzWtj8j+tGenuWStmfhhp8KmxGK0bcWzaGNeFO0wC1XxoAKGSmV9i2ieSUG1KTZn4znzYRVA7LjgnheJNMVO6mBaRRAfoEGWRg05RCZVRBVURRY/oGb2jD+vBerJerbcfa8KantlHf8b6+gZ4AKJ9</latexit>

�(N ! l +H) 6= �(N ! l +H)
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�LD = mD(�LNR +NR�L)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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⇒ ν masses are generated through mixing with heavy particles.

Seesaw mass models
⇒ They led to the Weinberg operator at tree level.

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; …
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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

Low energy seesaw models

<latexit sha1_base64="+2fL1jGZwpQMrCnDFgNCJ+I7+2w=">AAAB8nicbVDLTgJBEJz1ifhg1aOXicQEE0J2DVGPRC8eMcojgZXMDr0wYXZ2Mw8TQvgRPRn15qf4A/6NA+5BwTp0qruqk64OU86U9rwvZ2V1bX1jM7eV397Z3Su4+wdNlRhJoUETnsh2SBRwJqChmebQTiWQOOTQCkfXM731CFKxRNzrcQpBTAaCRYwSbUc9t1DqClPGtjzQMr477blFr+LNgZeJn5EiylDvuZ/dfkJNDEJTTpTq+F6qgwmRmlEO03zXKEgJHZEBdCwVJAYVTOaHT/FJlEish4Dn/W/vhMRKjePQemKih2pRmw3/0zpGR5fBhInUaBDUWqwWGY51gmf5cZ9JoJqPLSFUMnslpkMiCdX2S3kb318Mu0yaZxX/vFK9rRZrV9kjcugIHaMS8tEFqqEbVEcNRJFBz+gNvTvaeXJenNcf64qT7RyiP3A+vgF3+Y9a</latexit>

(⌫, ⌫c, S)

<latexit sha1_base64="CFltVUrJs08VKWcibcq8V6VjQLE="></latexit>

M⌫ =

0

@
0 MD 0

MT
D 0 M
0 MT µ

1

A <latexit sha1_base64="SXxLDncreOj+yWz19merS8/wq54=">AAACCHicbVDNSsNAGNz4W+tf1KOXxVKoB0siRb0IRT14KVToHzRp2Gy37dLdJOxuhBL6AvoyehL15tkX8G3cxhy0dU6zM7PwzfgRo1JZ1pextLyyurae28hvbm3v7Jp7+y0ZxgKTJg5ZKDo+koTRgDQVVYx0IkEQ9xlp++Prmd++J0LSMGioSURcjoYBHVCMlJY8s8g9J4jhJax5N7BU6zWOe8mJPXV4DGsp03qv4ZkFq2ylgIvEzkgBZKh75qfTD3HMSaAwQ1J2bStSboKEopiRad6JJYkQHqMh6WoaIE6km6R1prA4CAVUIwLT9+9sgriUE+7rDEdqJOe9mfif143V4MJNaBDFigRYR7Q3iBlUIZytAvtUEKzYRBOEBdVXQjxCAmGlt8vr+vZ82UXSOi3bZ+XKXaVQvcqGyIFDcARKwAbnoApuQR00AQaP4Bm8gXfjwXgyXozXn+iSkf05AH9gfHwD/GqXWA==</latexit>

m⌫ = MD(MT )�1µM�1MT
D
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Radiative models
‣  extension of scalar sector of the SM

‣  neutrino masses can be generated through loops

 ⇒ loop suppression accounts for the smallness of mν 

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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‣ Why do fermion masses show these hierarchical relations?

‣ Why quark and lepton mixings are so different?

‣ seesaw models explain the smallness of neutrino masses

However, they can not explain:

θ12 ≃ 13° 
θ13 ≃ 0.2° 
θ23 ≃ 2.4°

θ12 ≃ 34° 
θ13 ≃ 9° 
θ23 ≃ 49°

The flavour problem

<latexit sha1_base64="saQW9C3pAVxE+Nl7+Stpa0+OjbA=">AAAB+3icbZDNSsNAFIUn9a/Wv6gbwc1gEVyVRIq6LLpxWcHWQhPCZHrTDp1JwvwIpdSX0ZWoO9/CF/BtnNYI2npX39xzBu45cc6Z0p736ZSWlldW18rrlY3Nre0dd3evrTIjKbRoxjPZiYkCzlJoaaY5dHIJRMQc7uLh1VS/uwepWJbe6lEOoSD9lCWMEm1XkXsgIsAB51hEgTA/pImJ3KpX82aDF8EvoIqKaUbuR9DLqBGQasqJUl3fy3U4JlIzymFSCYyCnNAh6UPXYkoEqHA8SzDBx0kmsR4Anr1/e8dEKDUSsfUIogdqXpsu/9O6RicX4ZiludGQUmuxWmI41hmeFoF7TALVfGSBUMnslZgOiCRU27oqNr4/H3YR2qc1/6xWv6lXG5dFEWV0iI7QCfLROWqga9RELUTRA3pCr+jNmTiPzrPz8m0tOcWfffRnnPcvJK6Tzg==</latexit>

me ⌧ mµ ⌧ m⌧
<latexit sha1_base64="43roridoh2iEktRw25mQ6U2C0oA=">AAACBXicbVC7TsMwFHXKq5RXgJHFaoXEgKoEVcBYwcJYJPqQ2ihyXKe1aieRfYNURZ3hZ2BCwMYP8AP8DU7JAC1n8Tn3nCv5niARXIPjfFmlldW19Y3yZmVre2d3z94/6Og4VZS1aSxi1QuIZoJHrA0cBOslihEZCNYNJte5371nSvM4uoNpwjxJRhEPOSVgRr5dlX56iqU/xAMhzEtzoQsBuQh8u+bUnTnwMnELUkMFWr79ORjGNJUsAiqI1n3XScDLiAJOBZtVBqlmCaETMmJ9QyMimfay+S0zfBzGCsOY4bn+nc2I1HoqA5ORBMZ60cuH/3n9FMJLL+NRkgKLqIkYL0wFhhjnleAhV4yCmBpCqOLml5iOiSIUTHEVc767eOwy6ZzV3fN647ZRa14VRZTREaqiE+SiC9REN6iF2oiiR/SM3tC79WA9WS/W60+0ZBU7h+gPrI9vsSOWtg==</latexit>

mu,md ⌧ mc,ms ⌧ mt,mb
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‣ Why do fermion masses show these hierarchical relations?

‣ Why quark and lepton mixings are so different?

‣ seesaw models explain the smallness of neutrino masses

However, they can not explain:

θ12 ≃ 13° 
θ13 ≃ 0.2° 
θ23 ≃ 2.4°

θ12 ≃ 34° 
θ13 ≃ 9° 
θ23 ≃ 49°

⇒ One can add new symmetries of leptons to the Standard Model

The flavour problem

<latexit sha1_base64="saQW9C3pAVxE+Nl7+Stpa0+OjbA=">AAAB+3icbZDNSsNAFIUn9a/Wv6gbwc1gEVyVRIq6LLpxWcHWQhPCZHrTDp1JwvwIpdSX0ZWoO9/CF/BtnNYI2npX39xzBu45cc6Z0p736ZSWlldW18rrlY3Nre0dd3evrTIjKbRoxjPZiYkCzlJoaaY5dHIJRMQc7uLh1VS/uwepWJbe6lEOoSD9lCWMEm1XkXsgIsAB51hEgTA/pImJ3KpX82aDF8EvoIqKaUbuR9DLqBGQasqJUl3fy3U4JlIzymFSCYyCnNAh6UPXYkoEqHA8SzDBx0kmsR4Anr1/e8dEKDUSsfUIogdqXpsu/9O6RicX4ZiludGQUmuxWmI41hmeFoF7TALVfGSBUMnslZgOiCRU27oqNr4/H3YR2qc1/6xWv6lXG5dFEWV0iI7QCfLROWqga9RELUTRA3pCr+jNmTiPzrPz8m0tOcWfffRnnPcvJK6Tzg==</latexit>

me ⌧ mµ ⌧ m⌧
<latexit sha1_base64="43roridoh2iEktRw25mQ6U2C0oA=">AAACBXicbVC7TsMwFHXKq5RXgJHFaoXEgKoEVcBYwcJYJPqQ2ihyXKe1aieRfYNURZ3hZ2BCwMYP8AP8DU7JAC1n8Tn3nCv5niARXIPjfFmlldW19Y3yZmVre2d3z94/6Og4VZS1aSxi1QuIZoJHrA0cBOslihEZCNYNJte5371nSvM4uoNpwjxJRhEPOSVgRr5dlX56iqU/xAMhzEtzoQsBuQh8u+bUnTnwMnELUkMFWr79ORjGNJUsAiqI1n3XScDLiAJOBZtVBqlmCaETMmJ9QyMimfay+S0zfBzGCsOY4bn+nc2I1HoqA5ORBMZ60cuH/3n9FMJLL+NRkgKLqIkYL0wFhhjnleAhV4yCmBpCqOLml5iOiSIUTHEVc767eOwy6ZzV3fN647ZRa14VRZTREaqiE+SiC9REN6iF2oiiR/SM3tC79WA9WS/W60+0ZBU7h+gPrI9vsSOWtg==</latexit>
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Neutrino physics beyond 
the Standard Model
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✦ Neutrino results suggest the presence of physics BSM to explain:

✦ Many different BSM scenarios analyzed in the literature:

 Beyond the 3-neutrino scenario

✓ light neutrino masses (mass generation mechanism) 

✓ large neutrino mixing compared to quark sector (flavour problem) 

✓ short-distance anomalies (LSND, reactor and Ga anomalies)

✓ neutrino non-standard interactions (NSI) with matter 

✓ exotic neutrino electromagnetic properties 

✓ presence of light sterile neutrinos 

✓ mixing with heavy sterile neutrinos: non-unitary neutrino mixing

 ⇒ the presence of new physics may affect our current description of 
3-nu oscillations as well as the future measurements
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Are there light sterile 
neutrinos?



MariamTortola (IFIC-CSIC/UValencia) IMFP22, Benasque, September 202227

What is a sterile neutrino?

‣ sterile neutrino = singlet fermion of the Standard Model

‣ neutrino oscillation anomalies (m ∼ eV)

Motivations: sterile neutrinos can explain...

‣ small neutrino masses (seesaw mechanism, m > TeV-MPlanck)

‣ baryon asymmetry of the universe (leptogenesis, m>> 1 GeV)

→ it has no interactions (exceptions: Higgs, mixing and physics BSM)

‣ (part of) the dark matter of the universe.
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How many neutrinos?

Experimental hints for a 4th sterile neutrino:

→ Nν = 2.984 ± 0.008 (light, active neutrinos)

⌫e

‣according to LEP measurements of invisible Z decay width: 

LSND & MiniBooNE Reactor anomaly Gallium anomaly
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How many neutrinos?

Experimental hints for a 4th sterile neutrino:

→ Nν = 2.984 ± 0.008 (light, active neutrinos)

⌫e

LSND & MiniBooNE Reactor anomaly Gallium anomaly
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??

‣according to LEP measurements of invisible Z decay width: 
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First results from MicroBooNE

MicroBooNE Collab, 2021

Argüelles et al, 2021

‣ Overlap of 2σ MicroBooNE 
and MiniBooNE regions

‣ MicroBooNE does not support 
the interpretation of the 
MiniBooNE low energy excess 
in terms of νe
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How many neutrinos?

Experimental hints for a 4th sterile neutrino:

→ Nν = 2.984 ± 0.008 (light, active neutrinos)

⌫e

LSND & MiniBooNE Reactor anomaly Gallium anomaly
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‣according to LEP measurements of invisible Z decay width: 
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Current status of the reactor anomaly

‣ Reactor measurements indicate that the 

neutrino flux for 
235

U in the H-M model 
should be reduced by 5-10 %.

→ this would explain the reactor 
neutrino flux anomaly  

P. Vogel, Neutrino 2022
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Current status of the reactor anomaly

‣ Reactor measurements indicate that the 

neutrino flux for 
235

U in the H-M model 
should be reduced by 5-10 %.

→ this would explain the reactor 
neutrino flux anomaly  

P. Vogel, Neutrino 2022

‣ Indications of anomaly in the 
neutrino reactor spectra:

Neutrino-4 Collab, 2020

→ low statistical significance

→ indep of flux predictions
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How many neutrinos?

Experimental hints for a 4th sterile neutrino:

→ Nν = 2.984 ± 0.008 (light, active neutrinos)

⌫e

LSND & MiniBooNE Reactor anomaly Gallium anomaly
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‣according to LEP measurements of invisible Z decay width: 

✓
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Current status of the Ga anomaly

‣ Recently confirmed by 
BEST (Baksan Experiment 
on Sterile Transitions) at 4σ
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Current status of the Ga anomaly

‣ Recently confirmed by 
BEST (Baksan Experiment 
on Sterile Transitions) at 4σ

Barinov et al, PRC 2022
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Δm2
sol ∼ 8x10-5 eV2 Δm2

LSND ∼ 1 eV2Δm2
atm ∼ 2x10-3 eV2

Interpretation of the anomalies

⇒ Can only be accommodated considering four neutrino states
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Maltoni et al, NPB643 (2003), NJP06 (2004)

excluded by 
solar and 

atmospheric 
data

‣This scheme requires the presence of sterile 
neutrinos either in solar or atmospheric neutrinos

‣However, solar and atmospheric data show a 
strong preference for active oscillations

ΔΧ2

2+2 neutrino scheme
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Global fit in 3+1 neutrino scheme
 Dentler et al, JHEP 2018 [See also Giunti et al]

⇒ Global fit to νe data alone is 
consistent

⇒ strong tension between 
appearance (LSND/MiniBooNE) 

and disappearance experiments: 
SK, IceCube, MINOS/+,…
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‣In Cosmology, sterile neutrinos with eV masses would contribute to: 

Neff = relativistic degrees of freedom.

Σmν = sum of neutrino masses

‣ if the mixing active-sterile neutrino is small, one can relax limits from 
cosmology

‣ However, for mass & mixing 
parameters required to explain the 
anomalies, νs is fully thermalized in 
the early universe.

Hannestad et al, 1204.5861

eV-sterile neutrino in Cosmology

→ Neff ≈ 4

<latexit sha1_base64="5d21zrxk/j6vdRSrfqyi3iR9c1w="></latexit>X
m⌫ & 0.05 eV +

q
�m2

41 > 1 eV→
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‣In Cosmology, sterile neutrinos with eV masses would contribute to: 

Neff = relativistic degrees of freedom.

Σmν = sum of neutrino masses

‣ if the mixing active-sterile neutrino is small, one can relax limits from 
cosmology

‣ However, for mass & mixing 
parameters required to explain the 
anomalies, νs is fully thermalized in 
the early universe.

→ Neff ≈ 4

eV-sterile neutrino in Cosmology
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‣ Constraints from Cosmology:
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95%, Planck TT,TE,EE+lowE +lensing+BAO
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Neutrino non-standard 
interactions (NSI) with matter
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‣  New 4-fermion interactions involving neutrinos

Neutrino NSI with matter

⇒ effect on neutrino production and detection 

(source) (detector)

→ NSI violate lepton flavor (FC-NSI)

⇒ mainly affecting neutrino propagation in matter:        

(but also detection, e.g., Super-K and Borexino)

LNC�NSI = �2
p
2GF ✏fX↵� (⌫̄↵�
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�
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�

CC-NSI:

NC-NSI:
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→ NSI violate lepton universality (NU-NSI)

‣  NSI may affect the 3-neutrino oscillation picture: 

⇒ sensitivity reach of upcoming experiments (degeneracies)

⇒ precision measurements at current experiments
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NSI in the solar neutrino sector

⇒ degenerate solar solution

Miranda et al, JHEP 2006

Maltoni & Smirnov, EPJ 2015

⇒ reconciles tension between  Δm2
21  

       @ KamLAND and solar data 
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Standard 3ν oscillations
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Gouvea and Kelly, NPB 2016

NSI at future LBL experiments

(θ23-𝜖ττ) degeneracy in DUNE

Coloma, JHEP 2016
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NSI can significantly spoil DUNE’s sensitivity to:

Masud and Mehta, PRD 2016

NSI at future LBL experiments

CP violation mass ordering
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The T2K-NOνA δCP tension

Chatterjee and Palazzo, PRL 2021

‣  NSI may include new sources of CP violation besides δCP:  εαβ = |εαβ| exp(iφαβ)

‣  CP-violating NSI with a new complex phase φeμ or φeτ close to maximal 

with NSI couplings  εeμ or εeτ of the order of 0.2 may reconcile T2K and 
NOvA results.

See also Denton et al, PRL 2021
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Non-unitary neutrino 
mixing
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‣  Most models of neutrino masses include new extra heavy states 

Ex: type I seesaw, 
inverse seesaw 

Non-unitary light neutrino mixing
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‣  NxN non-unitary mixing matrix described with 2N2-(2N-1) parameters

→ 13 parameters are needed to describe a non-unitary (3x3) matrix 

→ besides the 4 standard ones (θij and δCP), 9 more parameters are needed

→ (3x3) light neutrino mixing matrix U is non-unitary in general
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‣  General parameterization for non-unitary NxN mixing matrix

N = NNPU3⇥3 =
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Escrihuela et al, PRD92 (2015)

See also Xing, PRD2012 for n=6

with

→ αii real, αij complex: 9 new parameters
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NU neutrino oscillations in DUNE

→ (δ, 𝜙) degeneracies in Pμe for E≳ 3 GeV spoil sensitivity to δ 

Escrihuela et al, NJP 2017
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The new phase (φ) will modify the standard oscillation 
picture in LBL experiments, such as DUNE

with 



MariamTortola (IFIC-CSIC/UValencia) IMFP22, Benasque, September 202249

DUNE CP sensitivity with NU
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→ The sensitivity to CP violation might be spoiled in the absence of priors on  NU

Fernández-Martínez et al (DUNE-BSM Working Group)

→ With priors based on current bounds (10-3-10-2), the effect is not less dramatic
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Forero et al, PRD 2022

‣  NU includes additional sources of CP violation.

The T2K-NOνA δCP tension
Non-unitary mixing analysis of T2K and NOvA (normal ordering)

‣ In this case, the tension is not alleviated in the context of NU neutrino 
mixing, since the new phase has the same effect on T2K and NOvA
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BSM searches with 
CEvNS experiments
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Coherent Elastic ν Nucleus Scattering (CEνNS)

D. Freedman, 1974

φ(νe)=1013 cm−2s−1 

μν=10−10 μB
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Coherent Elastic ν Nucleus Scattering (CEνNS)

D. Freedman, 1974

φ(νe)=1013 cm−2s−1 

μν=10−10 μB

COHERENT Coll. Science 357 (2017) 1123

First observed at the Spallation Neutron Source 
(Oak Ridge National Laboratory) in 2017



MariamTortola (IFIC-CSIC/UValencia) IMFP22, Benasque, September 202254

Probing BSM physics with CEvNS

Non-standard interactions (NSI)

Coloma et al, PRD 2017

Neutrino electromagnetic  properties

Miranda et al, JHEP 2019

10�9 10�8
0

2

4

6

8

10

C
s
I

H
P
G
e

L
A
r

N
a
I
[T

l]

prompt

|⇤i| [µB]
�
�

2

⇤1

⇤2

⇤3

10�9 10�8

C
s
I

H
P
G
e

L
A
r

N
a
I
[T

l]

delayed

|⇤i| [µB]

→ Very relevant to provide a 
complementary test of the LMA-D 
degenerate solution.

→ Not competitive with other 
searches (Borexino), but they 
provide complementary information

Other searches: neutrino charge radius, models with light mediators,…
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‣ Extensions of the SM can explain the smallness of neutrino mass, 
although the flavor structure is not well understood yet

‣ The absolute scale of neutrino mass is bounded from cosmological and 
laboratory measurements, below 1 eV.

‣ Anomalies point towards the existence of light (eV) sterile neutrinos. 
However, some of them although some of them are in conflict with other 
data and the full picture is in tension with cosmology.

‣ New physics beyond the SM (NSI, NU mixing) may affect significantly 
the standard picture of neutrino oscillations but they can also help to 
alleviate some experimental tensions.

‣ Several scenarios of physics BSM motivated by the building of neutrino 
mass models and the observation of anomalies are being explored.

Summary ( Part II)

‣ Coherent elastic neutrino-nucleus scattering, CEvNS, provide a powerful 
tool to search for new physics BSM. 


