
𝜈 physics 

in deep underground  laboratories …

1. Double beta decay

2. Solar and atmospheric neutrinos

3. Neutrino oscillations

4. Neutrino astronomy

5. Neutrino from supernovae

6. Neutrinos from reactors

7. Neutrinos from beams

8. Geoneutrinos

9. …

… and in under-ice, 

under-water experiments



What is a neutrino?
• Stable Elementary Particle – 3 over 6 constituents of (stable) matter

• No electric charge – cannot see it

• Very little interaction with matter – goes through the Earth unscathed

• Has very little mass – less than 1 millionth of electron’s mass

• Lots of them throughout – 100 million in your body any time! 



Starting…



Sources of 

Neutrino grand spectrum
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 and  decays& other information from:
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Sources of Neutrinos
• Natural:

o Atmospheric (10-4 s), 

o Solar (8 min), 

o Supernova (>104 yr), 

oOther astrophysical sources (GRB, AGN) (106 yr),

o Early Universe (1010 yr), 

o Earth's Interior (0.01 s).

• Artificial (Man-made):

o Reactors (10-4 s),

o Accelerators (0.001 s), 

o Sources from 𝛽/EC 

decay isotopes.



• November 1895: William Roentgen discovers X-rays from Cathode 

Ray Tubes (Wuerzburg)

• January 1896: Henri Becquerel (Paris) hears about the X-rays in a 

lecture by Poincare

• February 1896: H.B. discovers Radioactivity(in Uranium ore) while 

trying to find natural sources for X-rays! 

• 1898: Ernest Rutherford and Marie (and Pierre) Curie start working 

on Radioactivity and studying its properties

• Rutherford found: (a) the exponential decay law; (b) three types of  

activity: alpha (not-penetrating), beta (penetrating easily), and gamma 

(undeflected and most penetrating). Thus, alphas and betas were 

charged, and gammas were neutral.

• Curies found other stronger radioactive substances (Thorium, 

Radium, Polonium, etc) and showed alphas were much heavier than 

betas (turned out to be electrons).

Early History



The beginning of … Image766

1914 - Chadwick: Two-body decay would give

monoenergetic electrons. Continuous energy 

spectrum of  𝛽 inconsistent with 2-body decay!

1929 - Bohr: Goes as far as to suggest that energy is not conserved in beta decay!
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Before the discovery of  the 

neutron, there was the 

problem of  the “wrong” 

statistics of  the nuclei: 63Li 

and 14
7N. They behave like 

bosons, but they are Z-odd. 

Why is that?





The beginning of … Image766

1914 - Chadwick: Two-body decay would give

monoenergetic electrons. Continuous energy 

spectrum of  𝛽 inconsistent with 2-body decay!

1929 - Bohr: Goes as far as to suggest that energy is not conserved in beta decay!

250px-Nuclear_powerplant-01

1930 - W. Pauli postulates a new invisible particle

Savannah River Reactor

ne + p® n+e+

1933 - E. Fermi defines it the neutrino 𝜈

1956 - Reines and Cowan gave experimental proof

Delayed n-capture on Cd: σ𝛾′𝑠 ≈ 8 MeV
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𝜈 is a Dirac or a Majorana Particle?

(Majorana, 1937)

Teoria simmetrica dell’elettrone e del positrone (1937). 

Majorana trova una particolare formulazione delle matrici di Dirac che

gli permette di identificare una nuova particella priva di carica elettrica

che non è fisicamente distinguibile dalla sua antiparticella

→ fanno la loro apparizione i 𝜈 di Majorana. Una loro proprietà

fondamentale è che la loro massa a riposo ≠ zero.

𝜈 = ҧ𝜈



• Dirac equation: 𝑖ℏð𝜓 −𝑚𝜓 = 0

• Majorana equation: 𝑖ℏð𝜓 −𝑚𝜓𝑐 = 0
𝑖ℏð𝜓𝑐 +𝑚𝜓 = 0

In this equation, ψc, is the charge conjugate of  𝜓, which can 

be defined in the Majorana basis as: 𝜓𝑐 = 𝑖𝜓∗

electromagnetic field

charge conservation

• The appearance of  both 𝜓 and ψc in the Majorana equation means 

that the field 𝜓 cannot be coupled to a charged electromagnetic field

without violating charge conservation, since particles have the 

opposite charge to their own antiparticles. 

• To satisfy this restriction, 𝜓 must be taken to be neutral. 

• The quanta of  the Majorana equation allow for two classes of  

particles, a neutral particle and its neutral antiparticle. 

• The frequently applied supplemental condition 𝜓 results in a single 

neutral particle, in which case 𝜓 is known as a Majorana spinor.

https://en.wikipedia.org/wiki/Electromagnetic_field
https://en.wikipedia.org/wiki/Charge_conservation


Distribuzione energetica dei gamma osservati 

dal rivelatore. La radiazione prodotta dalla 

cattura elettronica del 152Eu eccita lo stato di 

964 keV del 152Sm; questo si diseccita 

emettendo gamma di 961 e 839 keV.



If  the 𝜈 and 𝛾 are 

anti-parallel, they have 

the same helicity 

The spins of  the electrons 

responsible for the 

ferromagnetism are oriented 

opposite to B. These electrons can 

easily absorb the photons, by 

flipping their spin, if  the photon 

spin has the direction of  B.

The measured quantity is the 

asymmetry:

… in more details

• Because the directions of  the photon 

and neutrino momenta are nearly 

uncorrelated, the problem is to select 

only those photons that happen to be 

emitted opposite to the neutrino. 

• This is done by scattering the photons in 

a sample of  152Sm before they enter the 

detector. 

• Only photons emitted opposite to the 

direction of the neutrino have sufficient 

energy to be resonantly scattered 



New missing energy problems in  and  decays, observed in cosmic rays

1964 Lederman, Schwartz & Steinberger First  beam built at Brookhaven accelerator

29 interactions showing a muon, none with an electron

 with  e with e

 two different conserved leptonic numbers





Confirmation that the 

second neutrino is 

different from the first!



New missing energy problems in  and  decays, observed in cosmic rays

1964 Lederman, Schwartz & Steinberger First  beam built at Brookhaven accelerator

29 interactions showing a muon, none with an electron

 with  e with e

 two different conserved leptonic numbers



1975 Mark 1 detector at SPEAR: ~ 20 « anomalous events »

e+ + e-  e +  + X

The 3rd family

e+ + e-  + + -

Direct proof:    few events in the Donut exp 

2000  Beam-dump at Fermilab:     Ds   + 

Three conserved lepton numbers

  e +  + e

   +  + 







Neutrino interactions
• Weak interactions only, high energy 𝜈

𝜈𝜇 + N  𝜇 + hadrons

1. ഥ𝜈𝑒 + 𝑝 → 𝑒+ + 𝑛 CC (Ethr≃1.8 MeV, reactor and geoch. expts)

2. 𝜈𝑒 + (𝐴, 𝑍) → 𝑒− + (𝐴, 𝑍 + 1) CC (Ethr, radiochemical and geoch. expts)

3. 𝜈𝑋 + 𝑒− → 𝜈𝑋 + 𝑒− NC (CC) (real time, e- direction Sun-Earth;  energy 

dist.;  flavour sensitivity)

4. 𝜈𝑋 + 𝐴, 𝑍 → 𝜈𝑋 + 𝐴, 𝑍 ∗ NC (Recoil energy + E;  flavour)

5. 𝜈𝑒 + 𝑑 → 𝑒− + 𝑝 + 𝑝 CC (real time, anti-correlation with Sun direction)

6. 𝜈𝑋 + 𝑑 → 𝜈𝑋 + 𝑝 + 𝑛 NC ( flavour sensitivity)

7. 𝜈𝑋 +𝑁 → 𝜇, 𝑒, 𝜏 + ℎ𝑎𝑑𝑟𝑜𝑛𝑠 CC (HE )

8. 𝜈𝑋 +𝑁 → 𝜈𝑋 + ℎ𝑎𝑑𝑟𝑜𝑛𝑠 NC (HE )

• Nuclear reactions used in experiments:



A textbook picture



Gargamelle

Discovery of 

neutral currents

(1973)



Neutrino masses, mixings and oscillations

Important m1 ≠ m2

• B. Pontecorvo invented the concept of  neutrino 

oscillation (1957)

• Z. Maki, M. Nakagawa and S. Sakata (1962)

• V. Gribov and B. Pontecorvo (1968) 

❑ When neutrinos have masses, the “flavor” states, such as 𝜈𝑒 and 𝜈𝜇 , 

do NOT have well defined mass states.

❑ So the production is in these states, whereas the propagation

afterwards is in terms of  states with well defined masses.



Bruno Pontecorvo
(1913–1993)

Invented  oscillations



Neutrino oscillations
basics: flavor and mass eigenstates

➢1957: Bruno Pontecorvo proposed neutrino oscillations in analogy with 

𝐾0 ⇄ ഥ𝐾0 oscillations (Gell-Mann and Pais, 1955)

➢Flavor Neutrinos: 𝜈𝑒 , 𝜈𝜇 , 𝜈𝜏 produced in weak interactions

➢Massive Neutrinos: 𝜈1, 𝜈2, 𝜈3 propagate from source to detector

➢A Flavor Neutrino is a linear superposition of  Massive Neutrinos

➢U is the 3 × 3 Neutrino Mixing Matrix

➢ It is called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.

ۧ|𝜈𝑒 = 𝑈𝑒1 ۧ|𝜈1 + 𝑈𝑒2 ۧ|𝜈2 + 𝑈𝑒3 ۧ|𝜈3
ൿ|𝜈𝜇 = 𝑈𝜇1 ۧ|𝜈1 + 𝑈𝜇2 ۧ|𝜈2 + 𝑈𝜇3 ۧ|𝜈3
ۧ|𝜈𝜏 = 𝑈𝜏1 ۧ|𝜈1 + 𝑈𝜏2 ۧ|𝜈2 + 𝑈𝜏3 ۧ|𝜈3





Simplest case: two flavour neutrino oscillation

• Interaction eigenstates are linear combination of  mass eigenstates:

ۧ|𝜈𝑒 = cos 𝜃 ۧ|𝜈1 + sin 𝜃 ۧ|𝜈2
ൿ|𝜈𝜇 = −sin𝜃 ۧ|𝜈1 + cos 𝜃 ۧ|𝜈2

• An electron neutrino evolves in time into the state

ۧ|𝜈𝑒(𝑡) = cos 𝜃 𝑒𝑖𝐸1𝑡 ۧ|𝜈1 + sin 𝜃 𝑒𝑖𝐸2𝑡 ۧ|𝜈2

• Probability amplitude for 𝜈𝑒 to 𝜈𝜇 conversion

𝐴 𝜈𝑒 → 𝜈𝜇 = 𝜈𝜇 𝜈𝑒(𝑡) = −sin𝜃 cos 𝜃 𝑒𝑖𝐸1𝑡 + cos 𝜃 sin 𝜃 𝑒𝑖𝐸2𝑡

𝐴 𝜈𝑒 → 𝜈𝜇 = sin2𝜃
𝑒𝑖𝐸2𝑡 − 𝑒𝑖𝐸1𝑡

2



• Probability of  𝜈𝑒 to convert into 𝜈𝜇

❑ 𝑃 𝜈𝑒 → 𝜈𝜇 = 𝐴 𝜈𝑒 → 𝜈𝜇
2
= sin2 2𝜃

𝑒𝑖𝐸2𝑡−𝑒𝑖𝐸1𝑡
2

4

❑ 𝑃 𝜈𝑒 → 𝜈𝜇 = sin2 2𝜃
2− 𝑒𝑖 𝐸2−𝐸1 𝑡+𝑒−𝑖 𝐸2−𝐸1 𝑡

4

❑ 𝑃 𝜈𝑒 → 𝜈𝜇 = sin2 2𝜃
1−cos 𝐸2−𝐸1 𝑡

2

❑ 𝑃 𝜈𝑒 → 𝜈𝜇 = sin2 2𝜃 sin2
𝐸2−𝐸1 𝑡

2

• When neutrinos are relativistic

❑ 𝐸2 − 𝐸1 = 𝑝2 +𝑚2
2 − 𝑝2 +𝑚1

2 ≃
Δ𝑚21

2

2𝑝
; where Δ𝑚21

2 = 𝑚2
2 −𝑚1

2

• Neutrinos can change flavour during propagation with a probability

❑ 𝑃 𝜈𝑒 → 𝜈𝜇 = sin2 2𝜃 sin2
Δ𝑚21

2 𝐿

4𝐸
; where L=ct is the distance

❑ 𝑃 𝜈𝑒 → 𝜈𝜇 = sin2 2𝜃 sin2 1.27
Δ𝑚21

2 𝐿

𝐸

Δ𝑚21
2 in eV2; L in km; E in GeV







Suppose neutrinos have non-zero masses.

Mass eigenstates are distinct from weak interaction eigenstates.

Weak interaction 

eigenstates
Mass eigenstates

𝜈𝑒
𝜈𝜇
𝜈𝜏

=

𝑈𝑒1 𝑈𝑒2 𝑈𝑒3
𝑈𝜇1 𝑈𝜇2 𝑈𝜇3
𝑈𝜏1 𝑈𝜏2 𝑈𝜏3

𝜈1
𝜈2
𝜈3

➢It is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.



Neutrino flavor oscillations

Flavor eigenstates ≠ Mass eigenstates

Weak interaction Propagation

Neutrino flavor oscillations

what we presently know from neutrino flavor oscillations

oscillations do occur neutrinos are massive



Neutrino mixing and masses

given the three  mass eigenvalues m1, m2, m3 we have

approximate measurements of two Δmij:

Δm21
2

~ (9 meV)
2

Solar |Δm31
2

| ~ (50 meV)
2

Atmospheric

approximate measurements and/or constraints on Uij

elements of the  mixing matrix

3

2

1

e  

Exactly, ∆𝑚21
2 ≃ 7.6 × 10−5 eV2; ∆𝑚31

2 ≃ 2.5 × 10−3

eV2

2



Neutrino flavor oscillations and mass scale

what we do not know from neutrino flavor oscillations:

• neutrino mass hierarchy direct inverted

• absolute neutrino mass scale   →  degeneracy ? 𝑚1~𝑚2~𝑚3

• DIRAC or MAJORANA nature of  neutrinos

 ≠ anti-  ≡ anti-

Since ∆𝑚21
2 ≃ 7.6 × 10−5 eV2; ∆𝑚31

2 ≃ 2.5 × 10−3 eV2

⟹𝑚2 > 𝑚1 but we don’t know if  either 𝑚3 > 𝑚1 or 𝑚3 < 𝑚1



Neutrinos Are Left-Handed (chirality is left-handed)

… and Helicity

• Helicity is projection of spin along the 

particle direction

– Frame dependent (if massive)

• Handedness (or chirality) is Lorentz-

invariant

– Only same as helicity for massless 

particles.

• If neutrinos have mass, then 

left-handed neutrino is:

– Mainly left-helicity

– But also, small right-helicity 

component  m/E

• Only left-handed charged-leptons 

(e−−−) interact weakly but those 
with mass bring right-helicity:

right-helicity left-helicity

Neutrinos only interact weakly with a (V-A) 

interaction

– All neutrinos are left-handed

– All antineutrinos are right-handed



Domanda: qual è la differenza  tra un neutrino  e un antineutrino  ?

eFenomenologicamente: + materia e-

+ materia e+e

Se
L = H

DIRAC = MAJORANA
m = 0

due modi per spiegare questo comportamento

numero leptonico differente

L ( e ,e-) =  -1

L (     ,e+) = +1e

Il numero leptonico, come 

una carica, è
strettamente conservata

Dirac e e

differente elicità

H ( ) =  -1

H ( ) = +1
e

e
p

s

p

s

e e=Majorana

Il comportamento del 

 è determinato solo 
dalla elicità

Ma esperimenti 

indicano che il 
ha massa

Neutrino di Dirac e di Majorana



Massive Neutrinos: Majorana or Dirac?

Lorentz Invariance:

massive particle velocity < speed of light c

Momentum

spin

Helicity: H = -1 L

Helicity: H = 1 R

(Lab)

(Speed-of-light Frame)

Majorana Neutrino

Neutrino=anti-neutrino

Dirac Neutrino

Neutrino and anti-neut distinct

L R

Boost

CPT

L L RR

Boost

CPT CPT

If m<<E, chirality ≃ helicity



Neutrino Properties

• Neutrino Mass Phenomenology

• Direct Neutrino Mass Experiments

• Double Beta Decay Experiments

• Neutrino Oscillations



 (MeV)

Direct Neutrino Mass Experiments

 (keV)

e (eV)

• Techniques
– Electron neutrino:  

• Study Ee end point for 
3H→3He + e + e−

– Muon neutrino: 

• Measure P in 
→ decays

– Tau neutrino: 

• Study n mass in 
→ (n)  decays

(Also, information from 
Supernova time-of-flight)



Three and only three neutrinos

LEP  = Z factory

Z decays democratically to all 

pairs of constituents (m<45 GeV)

11 constituents: 2.7 GeV width

New  flavor adds 167 MeV to the width

First LEP result (1989)

N() = 3.00 ± 0.01

 Three families of constituents

+ infos from cosmology



Neutrinos

The Fundamental Particles in the Standard Model

There exist 3 and only 3 “active” neutrinos, with their 

antineutrinos

 + N  l– + hadrons cc

anti- + N  l+ + hadrons cc

 + N   + hadrons nc

anti- + N  anti- + hadrons nc

They only feel weak interactions:

couplings to W± (CC) and Z0 (NC)

In the MSM, SU(2)xU(1) 

leptons appear as left-handed doublets + right-handed 

singlets      ( l- ,  )L ( l- )R

No right-handed  (or left-handed anti-)   are massless

Neutrino interactions



Parity violation and V-A

Electroweak Theory



Parity violation and V-A

Electroweak Theory



Parity violation and V-A

Electroweak Theory

𝐿𝑉−𝐴 = −
𝐺𝐹

2
ത𝜓𝑝𝛾

𝜇 1 − 𝑔𝐴𝛾5 𝜓𝑛 ത𝜓𝑒𝛾𝜇 1 − 𝛾5 𝜓𝜈
with 𝑔𝐴 = −1.2573 ± 0.0028 (determined empirically)



Electroweak Theory
• Standard  Model

– SU(2)  U(1) gauge theory unifying weak/EM   

 weak Neutral Current interaction

– Measured physical parameters related to mixing 

parameter for the couplings, g’=g tanW

• Neutrinos are special in SM

– Only have left-handed weak interactions 

 W and Z boson exchange

W

Z

W

W

FW
M

M

M

g
Gge qq cos,

8

2
,sin

2

2

===

Charged-Current Neutral-Current



Electroweak Theory



Electroweak Theory



Electroweak Theory



Electroweak Theory



Neutrino cross-section

 = 0,7 10-38 * E (GeV) cm2

Solar : only 1/1 billion interacts in crossing the earth

But Earth becomes opaque above 1015 eV

• Neutrino physics: need of huge fluxes and gigantic detectors

Total cross-section (ignoring mass terms) on electrons:

𝜎 ≈
𝐺𝐹
2𝑠

𝜋
=

2𝐺𝐹
2𝑚𝑒

𝜋
𝐸𝜈 (LAB) The squared energy in CM: 

𝑠 = 𝑝𝜈 + 𝑝𝑒
2 ≈ 2𝑚𝑒𝐸𝜈

Total cross-section on nucleus:



Total cross section:

Different quark 

content in the nucleus: 

𝑄 , ത𝑄



Interactions on electrons

But experimentally difficult

(+e)/(+N) ~ me/mN ~ 1/2000

• Purely leptonic process, simple in principle

𝜎 ≈
𝐺𝐹
2𝑠

𝜋
=

2𝐺𝐹
2𝑚

𝜋
𝐸𝜈 (LAB)



Neutrino Mass: Theoretical Ideas

• No fundamental reason why neutrinos are much lighter than other particles?

➢Grand Unified Theories

– Dirac and Majorana Mass 
 See-saw Mechanism

➢Modified Higgs sector to accommodate neutrino mass

➢ Extra Dimensions

– Neutrinos live outside of 3 + 1 space

Many of these models have at least one Electroweak iso-singlet 

– Right-handed partner of the left-handed 

– Mass uncertain from light (< 1 eV) to heavy (>1016 eV)

– Would be “sterile” – Doesn’t couple to standard W and Z bosons



This model produces a light neutrino, corresponding to the three known neutrino flavours, and a very heavy, 

undiscovered neutrino.

A is essentially the mass matrix for the right-handed neutrino. 

The Majorana mass B is comparable to the GUT scale

The Dirac mass M is of order of the electroweak scale. 

The matrix A has the following eigenvalues:

The larger eigenvalue is approximately equal to B while the smaller eigenvalue is approximately equal to

If one of the eigenvalues goes up, the other goes down, and viceversa. This is the reason why the name 

seesaw was given to the mechanism.

This mechanism is used to explain why the neutrino masses are so small. 

The smaller eigenvalue leads to a very small neutrino 
mass comparable, which qualitatively agrees with the 

experiments. Such an agreement may be interpreted as an 
experimentally confirmed qualitative prediction of 
Grand Unified Theories.

Seesaw mechanism

B>>M
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𝜆− ≈
246 GeV 2

1015GeV
= 60meV

http://en.wikipedia.org/wiki/Mass_matrix
http://en.wikipedia.org/wiki/Majorana_spinor
http://en.wikipedia.org/wiki/GUT_scale
http://en.wikipedia.org/wiki/Dirac_spinor
http://en.wikipedia.org/wiki/Electroweak_scale
http://en.wikipedia.org/wiki/Eigenvalue
http://en.wikipedia.org/wiki/Seesaw
http://en.wikipedia.org/wiki/Neutrino
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Prime evidenze di oscillazioni di 

neutrino: esperimenti con neutrini 

solari (vedi prossime lezioni)



Example: GALLEX results

(Low energy  measurements)

Capture Rate expected in 

SSM for 71Ga *

Source               Rate (SNU)

pp 70.8

pep 3.0

hep 0.06
7Be                           34.3
8B                            14.0

13N                            3.8
15O                            6.1
17F                            0.06

TOTAL              132 SNU

Data/SSM  = 06.059.0 

*Bahcall 1990











1998: Super-Kamiokande announces 

observation of Neutrino oscillations 



(about 35 m)





Summary

1. Are neutrinos their own anti-particles? Dirac or 

Majorana neutrinos

2. What are the hierarchy of  the neutrino mass ordering?

3. What are the scale of  neutrino masses?

4. What about the mixing angles 𝜗12, 𝜗23, 𝜗13? Now 

measured

5. Do neutrinos violate the CP symmetry and contribute to 

the matter-antimatter asymmetry?  



Oscillations indicate  m2 ≠ 0, but unable to determine <m >



How to weight neutrinos?

Neutrino Oscillations

Cosmology

Direct Beta Decay Endpoint

Double Beta Decay
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