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some history



proposed to make sense of 

radioactive decays
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Wolfgang Pauli
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Wolfgang Pauli

the new particle should be

- spin 1/2 (like the electron)

- electrically neutral

- of tiny mass ( <0.01 m
p
)

“I have done a terrible thing, I have postulated a particle that 

cannot be detected.” - Pauli, 1930
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first neutrino observation, ν
e

from a reactor

(1956) 

Project Poltergeist, Savannah River nuclear reactor

Reines & Cowan



first detection of the 

muon neutrino,

from a particle beam

(1962)

M. Schwartz -

spark chamber 

at BNL



discovery of atmospheric neutrinos

(1965-68)

Kolar Gold Fields detector

Case Western Irvine/South Africa Neutrino Detector



Gargamelle

bubble

chamber

(1970)
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first and only detection of 

neutrinos from a supernova

(1987)

first detection of neutrinos 

from the Sun 

– with some odd results

(1972)

Homestake neutrino 

experiment

SN1987a



tau neutrino observed 

for the first time

(2000)

discovery of high energy 

astrophysical neutrinos

(2013)
IceCube



Astrophysical 

neutrino 

sources 

identified

by IceCube

IceCube

TXS 0506+056 (blazar) – two “flares”

NGC 1068 – 

steady source

Our own 

galaxy – 

steady source



neutrinos can be detected



neutrino detection

E
ν

= 0 .. 1 MeV

Coherent scattering

Capture in radioactive nuclei

E
ν

= 20+ GeV

Deep Inelastic Scattering

1 103 106 109 1012 1015

eV



neutrino detection

E
ν

= 0 .. 1 MeV

Coherent scattering

Capture in radioactive nuclei

E
ν

= 20+ GeV

Deep Inelastic Scattering

1 103 106 109 1012 1015

eV

arXiv:1708.01294



what about the neutrino mass?
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tritium (3H) decay studies 

show are compatible with 

neutrinos of zero mass

(1949)



first weak interaction theories assume the 

neutrino is massless

(1957)
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first weak interaction theories assume the 

neutrino is massless

(1957)

so the Standard Model is built using 

neutrinos with zero mass

experiments agree with theorymost



missing solar neutrinos at Homestake

Theoretical prediction

Cleveland, B.T. et al. Astrophys.J. 496 (1998) 505-526



missing solar neutrinos at Homestake

Theoretical prediction

other experiments also see a neutrino deficit

Cleveland, B.T. et al. Astrophys.J. 496 (1998) 505-526



from Neutrino'98 presentation

and along came 

Super-Kamiokande and SNO

(1998)

Atmospheric neutrinos



and along came 

Super-Kamiokande and SNO

(2001)

Sudbury Neutrino Observatory

Solar neutrinos



so, neutrinos are massive after all



so, neutrinos are massive after all

their masses are small, but relevant



so, neutrinos are massive after all

their masses are small, but relevant

their flavors get mixed as they travel



neutrino masses



what's the origin of the ν mass?
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you can add mass to the neutrino as you do 

for other matter particles

Dirac

but



masses of elementary particles
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masses of elementary particles

ν

at least 5 orders of 

magnitude below

< 1 eV
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there’s an alternative to gain mass
follow Majorana's recipe: elementary, massive

neutral particles that are their own 

antiparticles

(E. Majorana, 1937)



the mechanism generating the Majorana 

neutrino mass explains its smallness



the mechanism generating the Majorana 

neutrino mass explains its smallness



another Majorana peculiarity

recall the antineutrino emission in beta decay



now, let's make it two of them

another Majorana peculiarity



if the neutrino is its own antiparticle

annihilation can occur

x

another Majorana peculiarity



number of leptons change by 2

violating a law in the Standard Model

x

another Majorana peculiarity



matter-antimatter asymmetry searches

aka neutrinoless double-beta decay



evolution of limits

scalability is as crucial as 

background suppressionE. Lisi, Neutrino18, from



what happens in the box doesn’t matter 

observation of process → lepton # violation

x

side note on this process



x

side note on this process

asymmetry between l & l→ leptogenesis



conversion between 

baryons to anti-leptons, anti-baryons to leptons
by a Standard Model process known as “sphalerons”

asymmetry between l & l→ leptogenesis



conversion between 

baryons to anti-leptons, anti-baryons to leptons
by a Standard Model process known as “sphalerons”

baryon-antibaryon asymmetry → baryogenesis

asymmetry between l & l→ leptogenesis



possible explanation of matter-antimatter

asymmetry in the Universe

baryon-antibaryon asymmetry → baryogenesis

asymmetry between l & l→ leptogenesis



origin still unknown, fine … but 

what is the mass?
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direct mass measurements

KATRIN – stopping electrons

PROJECT8 – electrons go round and round

ECHo, HOLMES, NuMECS – electron capture 163Ho



KATRIN – stopping electrons

PROJECT8 – electrons go round and round

ECHo, HOLMES, NuMECS – electron capture 163Ho

KATRIN is running and setting 

new limits

mν < 0.8 eV 
Nature Physics volume 18, pages160–166 (2022)

direct mass measurements



indirect mass measurements

see arXiv:1502.01589

neutrino masses are 

a parameter in 

interpretation of 

cosmological data

results depend on 

details of the 

cosmological model

mν < 250-600 meV Lesgourges, Neutrino18



(in)direct measurements see 

no evidence for neutrino mass
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mixing and 

oscillations



neutrinos are detected/produced in weak interactions

cannot assign mass to the ν
e

ν
μ

ν
τ

states!
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postulate states ν
1

ν
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ν
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with well defined masses
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production → flavor eigenstates

propagation → mass eigenstates

interaction → flavor eigenstates

postulate states ν
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production → flavor eigenstates

propagation → mass eigenstates

interaction → flavor eigenstates

if flavor ≠ mass eigenstates

𝑙 i 𝑙’

mixing!

postulate states ν
1

ν
2

ν
3

with well defined masses



postulate states ν
1
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with well defined masses

the SM gives you the matrix structure



postulate states ν
1

ν
2

ν
3

with well defined masses

3 real parameters (mixing angles)

1 imaginary phase

2 Majorana-only imaginary phases

the SM gives you the matrix structure



postulate states ν
1

ν
2

ν
3

with well defined masses

the SM gives you the matrix structure

nothing to say about the actual values

need to be determined by experiment



considering propagation in vacuum 

assuming 2 neutrinos for simplicity

valid when 



considering propagation in vacuum 

assuming 2 neutrinos for simplicity

valid when 



considering propagation in vacuum 

the master formula (for N species)

matter adds some complications



current knowledge



current knowledge

mostly in disappearance mode

appearance experiments are tough but 

help complete the picture



current knowledge

close to maximal mixing possible

why? another symmetry?



current knowledge

close to maximal mixing possible

why? another symmetry?

need better precision



missing measurements

mass ordering – which is the lightest mass state?



missing measurements

CP violation – nu vs anti-nu oscillations



global fits chiming in

multiple experiments 

measure the same

parameters



global fits chiming in

analysis of all data available including correlations



global fits chiming in
-NuFit (Esteban, Gonzalez-Garcia, 

Hernandez, Maltoni, Schwetz)

-“Bari” group (Capozzi, Lisi, 

Marrone, Montanino, Palazzo)

-“Valencia” group (Salas, Forero, 

Ternes, Tortola, Valle)

hints of

-normal ordering

-some CP violation



good knowledge of oscillation 

parameters but relevant 

details still missing
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neutrino flavors



neutrino flavors

evidence of 3 light, 

active neutrinos in 

invisible Z-decay

Invisible Z-boson decay



neutrino flavors

evidence of 3 light, 

active neutrinos in 

cosmological data 

from Planck



neutrino flavors

evidence of 3 light, 

active neutrinos in 

most oscillation 

experiments

IceCube DeepCore

arXiv:1901.05366



neutrino flavors

except LSND, 

MiniBooNE which 

suggest a sterile 

state might be there

or that low energy neutrino 

interactions are hard to measure



3+ flavors? would be exciting but 

could be symptoms of 

experimental problems
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neutrinos as probes



neutrino sources



searching for exotic physics with ν

non-standard 

interactions

Lorentz invariance 

violation



studying astrophysical objects

supernova 

neutrinos
HE neutrinos from 

violent sources

solar neutrinos



let’s wrap it up



neutrino summary

The 
neutrino 

ν

Spin  1/2 
lepton

Massive                      

Different 
masses                

Mixed                        

Electrically 
neutral

Interacts 
weakly

Only left-
handed**

Come in 3
νe, νμ, ντ

experiments testing all of 

these knowledge

+the potential uses of ν’s

searching for the next 

breakthrough



symmetry 

magazine

thank you
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