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Lecture 1

Introduction: neutrinos 
and their history

Neutrino oscillations

Neutrinos in the 
Standard Model

Values of neutrino masses

Cosmological bounds on 
some neutrino properties

Introduction to 
neutrino cosmology
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Where do neutrinos come from?

Accelerators in 
astrophysical sources ?ü

EARLY UNIVERSE
(today 336 n/cm3)

Indirect evidence

Nuclear reactorsü

Particle acceleratorsü

Earth Atmosphere
(Cosmic rays)ü

Sun ü

Supernovae
SN 1987A ü

Earth interior
(Natural Radioactivity)
ü
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Grand Unified Neutrino Spectrum at Earth 

Vitagliano, Tamborra, and Raffelt, Rev Mod Phys 92 (2020) 45006  

cosmology
oscillations

astrophysics

Cosmic Neutrino Background
VERY LOW 
Energy Neutrinos
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https://doi.org/10.1103/RevModPhys.92.045006


Neutrino flux (×En2)
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Why neutrinos are so important?
Ø They can probe astrophysical environments that other 

techniques cannot: supernova explosions, the core of the Sun,...
 
Ø Their role is crucial for the evolution of the Universe (Big Bang 

Nucleosynthesis, structure formation…)

Ø They could help explaining the matter-antimatter asymmetry of 
the Universe (leptogenesis mechanism)

Ø They provide an evidence for physics beyond the SM!!!
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Detecting neutrinos
Neutrinos are so weakly interacting that detecting and 

studying them is an extremely difficult task

We need :

• Very intense neutrino sources
• A lot of patience (time)
• Large detectors
• Very low backgound signal
(underground experiments)

See Patricia’s lectures on experiments
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A brief history of neutrinos
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Neutrino proposal
Experiments by James Chadwick (1913) and others, measuring the

electrons from radioactive b decays of atomic nuclei
Carbon-14 Nitrogen-14

6 protons
8 neutrons

7 protons
7 neutrons

Electron

From energy and momentum
conservation, the emitted
electrons should have a 
fixed energy

Niels Bohr even suggested that 
energy may not be conserved 
in individual nuclear processes
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Neutrino proposal
1930: Wolfgang Pauli, in a famous letter to colleagues, postulated as a desperate
way to solve the observations, the existence of a new particle (with spin ½ from
conservation of angular momentum)

Carbon-14 Nitrogen-14

6 protons
8 neutrons

7 protons
7 neutrons

Electron

Carbon-14 Nitrogen-14

6 protons
8 neutrons

7 protons
7 neutrons

Electron
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Neutrino proposal
1930: Wolfgang Pauli, in a famous letter to colleagues, postulated as a desperate
way to solve the observations, the existence of a new particle (with spin ½ from
conservation of angular momentum)

Carbon-14 Nitrogen-14

6 protons
8 neutrons

7 protons
7 neutrons

Electron

The new particle would interact very weakly with matter, which explains why it
had not been observed, and would carry part of the decay energy, so that the
energy spectrum of electrons is continuous.

Fisrt proposal of a new particle that is NOT part of ordinary matter

Pauli (1930)
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the NEUTRINO is born
(Italian: “il piccolo neutro”, el little neutral particle)

Enrico Fermi and the neutrino
Enrico Fermi (1934) proposes the first theory of nuclear b decay : the
theory of weak interactions

n� p + e� + �̄e
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Is it posible to detect neutrinos?
Bethe and Peierls (1934) calculate the cross section for the processes

� + n� e� + p

�̄ + p� e+ + n

Interactions of n / sec = Flux (n cm-2s-1) × cross section (cm2) 
× particles in target

mean free path
of neutrinos

ln (water) ≈ 15 light-years (all nucleons)
ln (lead) ≈ 1.5 light-years (all nucleons)

En = 2 MeV

<latexit sha1_base64="ckAScGBaPZRXdF0cI7YpIVRXQ9w=">AAACA3icbVC7TsMwFL3hWcqrwMhiUSExQJVUFTBWsDAWiT6kJq0c12mt2klkO0hVlBF+BiYEbPwBP8Df4JQO0HKWe+49x5LP8WPOlLbtL2tpeWV1bb2wUdzc2t7ZLe3tt1SUSEKbJOKR7PhYUc5C2tRMc9qJJcXC57Ttj69zvX1PpWJReKcnMfUEHoYsYARrc+qXkKvYUOB8COTYvfSsVsvc09SVAhHRq2b9Utmu2FOgReLMSBlmaPRLn+4gIomgoSYcK9V17Fh7KZaaEU6zopsoGmMyxkPaNTTEgiovnSbJ0HEQSaRHFE33394UC6UmwjcegfVIzWv58T+tm+jg0ktZGCeahsRYjBYkHOkI5YWgAZOUaD4xBBPJzC8RGWGJiTa1FU18Zz7sImlVK855xbmtletXsyIKcAhHcAIOXEAdbqABTSDwCM/wBu/Wg/VkvVivP9Yla/bmAP7A+vgG+DyWXw==</latexit>

� ⇠ 10�44 cm2

solar / reactor neutrino flux ~ 7x1010 n cm-2 s-1 / 1020 n s-1
15



First attempts to detect neutrinos
After a first idea (1952) to detect neutrinos in a nuclear explosion

Falling detector 
right after explosion
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Fred Reines
(1918-1998)

Nobel Prize 1995

Clyde Cowan
(1919-1974)

Detector prototype

Electron 
antineutrinos 
from nuclear
reactor  

Coincidence 
detection 
of 3 photons 

en p

n Cd

e+ e- g

g

g

1st experiment to detect neutrinos from a nuclear reactor (1953)

First attempts to detect neutrinos
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First detection of neutrinos
Evidence for neutrino detection from the Savannah River nuclear reactor (1956)

Telegram to Pauli:

Fred Reines
(1918-1998)

Nobel Prize in Physics 1995
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More than ONE neutrino flavour?

1959: Pontecorvo suggested the existence of a different neutrino state, 
associated to muon decay, and proposed an experiment to check it.

Nobel Prize in Physics 1988

<latexit sha1_base64="W3P4zJ91J4pXBJ9c+0IyL10FnIE=">AAACD3icbVDNSgMxGMzW//pX9eglWATFtuyKqDeLXjxWsD/Q3ZZs/NoGk+ySZIWy9CH0ZfQk6k3wBXwb07UHtc5pMjOBbyaMOdPGdT+d3Mzs3PzC4lJ+eWV1bb2wsdnQUaIo1GnEI9UKiQbOJNQNMxxasQIiQg7N8PZi7DfvQGkWyWszjCEQpC9Zj1FirNQtlHyZdFNfCUwoHR1I30Q4PtiDTtkvZXKkRn7JF0mnfLbfLRTdipsBTxNvQopoglq38OHfRDQRIA3lROu258YmSIkyjHIY5f1EQ0zoLelD21JJBOggzVqN8G4vUtgMAGfvn9mUCK2HIrQZQcxA//XG4n9eOzG90yBlMk4MSGoj1uslHNvS43HwDVNADR9aQqhi9kpMB0QRauyEeVvf+1t2mjQOK95xxbs6KlbPJ0Msom20g/aQh05QFV2iGqojih7QE3pFb8698+g8Oy/f0Zwz+bOFfsF5/wLpT5s2</latexit>

⌫acc + n ! p+ (e� orµ�?)

1963: Discovery of muon neutrinos (νμ) by Lederman, Schwartz & Steinberger
<latexit sha1_base64="xhwgRsb4vvQBWWWdKTZ3pWB50/4=">AAAB/HicbZDLSgMxGIUz9VbrbdSVuAkWQRDKjIi6LLpxWcFeoDMOmTTThiaZIRehDNWX0ZWoO5/CF/BtTOsstPVfffnPCfznxBmjSnvel1NaWFxaXimvVtbWNza33O2dlkqNxKSJU5bKTowUYVSQpqaakU4mCeIxI+14eDXR2/dEKpqKWz3KSMhRX9CEYqTtKnL3gozeHcNApzDgxpJlYSLLkVv1at504Dz4BVRBMY3I/Qx6KTacCI0ZUqrre5kOcyQ1xYyMK4FRJEN4iPqka1EgTlSYTyOM4WGSSqgHBE7fv7054kqNeGw9HOmBmtUmy/+0rtHJRZhTkRlNBLYWqyWGQRt10gTsUUmwZiMLCEtqr4R4gCTC2vZVsfH92bDz0Dqp+Wc1/+a0Wr8siiiDfXAAjoAPzkEdXIMGaAIMHsEzeAPvzoPz5Lw4rz/WklP82QV/xvn4BtvJk4s=</latexit>

⇡+ ! µ+ + ⌫µ
<latexit sha1_base64="a4g6jl5PJ3P5kNosbmgnnVV/GY0=">AAAB/HicbZDLSgMxGIUz9VbrbdSVuAkWQRDLjIi6LLpxWcFeoDMOmTTThiaZIRehDNWX0ZWoO5/CF/BtTOsstPqvvv8/J5Bz4oxRpT3v0ynNzS8sLpWXKyura+sb7uZWS6VGYtLEKUtlJ0aKMCpIU1PNSCeTBPGYkXY8vJzo7TsiFU3FjR5lJOSoL2hCMdL2FLk7gTBRwA08hAIGOoWZJbvfHkVu1at504F/wS+gCoppRO5H0Eux4URozJBSXd/LdJgjqSlmZFwJjCIZwkPUJ12LAnGiwnwaYQz3k1RCPSBwuv/05ogrNeKx9XCkB2pWmxz/07pGJ+dhTkVmNBHYWqyWGAZtyEkTsEclwZqNLCAsqf0lxAMkEda2r4qN78+G/Qut45p/WvOvT6r1i6KIMtgFe+AA+OAM1MEVaIAmwOABPIFX8ObcO4/Os/PybS05xZtt8Guc9y8xfZMY</latexit>

⌫µ + n ! p+ µ�

<latexit sha1_base64="BTkLNB7yEJqnC6J+C7SRfqsj4w0=">AAAB8nicdVDLSgNBEJz1bXxk1aOXwSB40LC7iYneRC8eFcwDkhhmJ51kyOyDmV4hLPkRPYl681P8Af/G2RhBRetUXVUNXe3HUmh0nHdrbn5hcWl5ZTW3tr6xmbe3tus6ShSHGo9kpJo+0yBFCDUUKKEZK2CBL6Hhjy4yv3EHSosovMFxDJ2ADULRF5yhkbp2Pm2rgIYRTtqHFG6PunbBKZ6eVLxjjzpFx6l6pUpGvGrZK1HXKBkKZIarrv3W7kU8CSBELpnWLdeJsZMyhYJLmOTaiYaY8REbQMvQkAWgO+n08And70eK4hDodP6eTVmg9TjwTSZgONS/vUz8y2sl2D/ppCKME4SQm4jx+omkGNGsP+0JBRzl2BDGlTBXUj5kinE0X8qZ+l8d6f+k7hXdStG9LhfOzmePWCG7ZI8cEJdUyRm5JFekRjhJyAN5Ji8WWvfWo/X0GZ2zZjs75Aes1w//hpBc</latexit>

not e�
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More than TWO neutrino flavours?
1978: Discovery of the τ lepton at SLAC → imbalance of energy in τ decay 
suggests the existence of a third neutrino

2000: Discovery of ντ by the DONUT Collaboration:

1989: measurements at LEP accelerator of the invisible decay width of Z 
boson

ne nµ nt
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Parity violation in weak interactions

1956: T.D. Lee and C.N. Yang proposed parity violation in weak interactions.

1957: using a radioactive source of 60Co, Chien-
Shiung Wu et al. determined that weak interaction
violates parity conservation maximally
.

1958: Goldhaber et al. showed that neutrinos can 
only be emitted with their spin anti-parallel to 
their momentum direction.

21



Helicity and Chirality
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Neutrinos in the Standard Model
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... and neutrino massesNeutrinos in the Standard Model of particle physics

Each type (flavour) of neutrino is 
associated to a charged lepton
They belong to SU(2) lepton doublets

only sensitive to the weak force

✓
⌫e
e

◆

L

✓
⌫µ
µ

◆

L

✓
⌫⌧
⌧

◆

L

In the SM, there exist (eR, µR, tR) 
but no SU(2) neutrino singlets

Ø Only two types of neutrinos have been observed in nature: 
left-handed neutrinos AND right-handed antineutrinos
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... and neutrino massesWeak interactions of neutrinos

Ø Neutrinos were first detected through their weak interactions with 
charged leptons, or Charged Current (CC) interactions.

Ø CC weak interactions first described by Fermi as point-like 4-fermion 
vertex.

Ø SM: CC interactions are mediated by the vector boson W (W-, W+)

W bosons couple 
to leptons in the 

same doublet
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... and neutrino massesWeak interactions of neutrinos

Ø In the SM: predicted Neutral Current (NC) interactions mediated by a 
neutral vector boson, the Z0

Ø NC first observed in 1973 with the Gargamelle bubble chamber
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... and neutrino masses

Ø Interactions conserve the total lepton number L:

Ø Family lepton numbers L(ne) L(nµ) L(nt) are also conserved

Neutrino interactions in the SM
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... and neutrino massesFermion masses in the SM lagrangian

a Dirac mass term for neutrinos can not be built in the Standard Model
29



... and neutrino massesMajorana neutrino mass
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Neutrino mass in the SM

Neutrinos are strictly MASSLESS in the Standard Model!
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Neutrinos are always produced together with an associated charged lepton
(e, µ, t)

Weak interactions conserve flavour

Source

e

ne

µ

nµ

t

nt

or or

NEVER
µ

ne

FLAVOUR IS PRESERVED
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Neutrino detection at experiments is related to the corresponding charged
lepton

Production and detection of neutrinos

Source

e

ne
Detector

e

Source

µ

nµ
Detector

µ

FLAVOURS DO NOT MIX
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Neutrino oscillations
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Solar neutrinos

Chain of
reactions

Helium

Energy
26.7 MeV

Solar luminosity :
98 % light (photons)

2 % neutrinos

Solar neutrino 
flux @ Earth :

6.6 × 1010 neutrinos cm-2s-1
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Seeing the Sun with neutrinos

�e +
37Cl � 37Ar + e�

1968: First observation of solar neutrinos in an underground
experiment (Homestake gold mine, South Dakota)
615 Tn of C2Cl4

C2Cl4
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Seeing the Sun with neutrinos

�e +
37Cl � 37Ar + e�

1968: First observation of solar neutrinos in an underground
experiment (Homestake gold mine, South Dakota)
615 Tn of C2Cl4 Homestake

7Be

8B

CNO

# neutrinos

predicted

observed

the Solar 
neutrino 
problem

37

Nobel Prize 2002



The solar neutrino problem

1980s-1990s: Confimed by the
following solar neutrino experiments
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The atmospheric neutrino anomaly
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The atmospheric neutrino anomaly
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n

n

Nobel Prize in Physics 2015
Takaaki Kajita



Sudbury neutrino observatory (SNO)

neutrino detection in SNO

ne + d      p + p + e-

nx + d       nx + p + n

nx + e-      nx + e- D2O

Arthur B. McDonald
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Nobel Prize in 
Physics 2015



Homestake

7Be

8B

CNO

chlorine

Gallex/GNO
SAGE

CNO

7Be

pp

8B

gallium

Detectors sensitive only (or mostly) to electron neutrinos

(Super-)
Kamiokande

8B

Water
ne+ e-® ne+ e-

SNO

8B

ne+d®p+p+e-
heavy water

8B

n + d® p + n + n
heavy water

Any n

SNO (2001)

8B

water
n + e-® n + e-

SNO: confirmation of solar neutrino conversion
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Other important results on neutrino oscillations

43

3-neutrino oscillations have been observed in solar, 
atmospheric, reactor and accelerator neutrino experiments



Experimental data can only be explained if neutrinos 
change type (flavour) during their propagation

Flavour neutrino conversions?

Source

e

ne
Detector

nµ

µ

long enough distance …

Born as ne

Maybe ne

Maybe nµ

Detected
as nµ

Flavour neutrinos are produced and detected, 
but mass eigenstates propagate (n1, n2)
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Experimental data can only be explained if neutrinos 
change type (flavour) during their propagation

Flavour neutrino conversions?

Source

e

ne
Detector

nµ

µ

long enough distance …

Amplitude

Conversion probability ne® nµ

time or 
espace

Oscillation lenght Bruno Pontecorvo
(1913-1993) 45



Neutrino mixing

46

mixing matrix

2N-1 arbitrary phases can be eliminated from U: (N-1)(N-2)/2 physical phases



Neutrino mixing

47

only these have an
effect on oscillations



Neutrino mixing
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Neutrino oscillations
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Neutrino oscillations picture
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neutrino 
source

la

na
Detector

nb

lb

long distance …W

neutrino oscillations

W



General properties of neutrino oscillations
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Two possible neutrino mass orderings
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2-neutrino oscillations
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2-neutrino oscillation probability
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Matter effects on neutrino oscillations
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End of 1st lecture
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