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Preistoria del Neutrino
I 1896: Henri Becquerel scopre la radioattività dell’Uranio (“raggi

uranici”). (Premio Nobel 1903 per la Fisica)

I 1897: Joseph John Thomson studiando i “raggi catodici” scopre che
sono particelle cariche che chiama elettroni.

(Premio Nobel 1906 per la Fisica)

I 1898: Marie Curie scopre la radioattività del Torio e propone il nome
radioattività. Pierre e Marie Curie scoprono due nuovi elementi, il
Radio e il Polonio, che sono molto più radioattivi dell’Uranio.
(Pierre e Marie Curie: Premio Nobel 1903 per la Fisica - Marie
Curie: Premio Nobel 1911 per la Chimica)

I 1899: Ernest Rutherford scopre che ci sono due tipi di radiazione:
alfa, carica positivamente, e beta, carica negativamente.

(Premio Nobel 1908 per la Chimica)

I 1900: Paul Villard scopre un terzo tipo di radiazione: i raggi gamma.
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I 1902: Ernest Rutherford e Frederick Soddy formulano la teoria delle
trasformazioni atomiche: gli elementi radioattivi sono atomi instabili
che decadono in atomi diversi emettendo radiazione: gli elementi non
sono immutabili! (Soddy: Premio Nobel 1921 per la Chimica)

I 1911: Ernest Rutherford formula il primo modello nucleare
dell’atomo: un nucleo pesante positivo con elettroni leggeri orbitanti.
L’atomo più leggero è quello di Idrogeno e Rutherford chiamò il suo
nucleo protone.
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I 1932: James Chadwick scopre il neutrone, che ha una massa simile al
protone, ma è neutro.

I Modello attuale dell’atomo:

7
3Li

Notazione nucleare: A
ZElemento

Z numero atomico (numero di protoni)

A numero di massa (numero di protoni + neutroni)

numero di elettroni = numero di protoni

I Un nucleo radioattivo può decadere emettendo:

I α : un nucleo di Elio-4 (2 protoni + 2 neutroni: 4
2He);

I β : un elettrone (e);

I γ : un fotone di alta energia (γ).
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Decadimeto Beta

I 1914: James Chadwick scopre che lo spettro di energia degli elettroni
(“raggi beta”) emessi nei decadimenti beta è continuo.

Esempio: [C.D. Ellis e W.A. Wooster, 1927]
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210
83 Bi → 210

84 Po + e−

Bi = Bismuto (Radio E)

Po = Polonio

1 eV = 1.6× 10−19 J

I Lo stato finale del decadimento è composto da 2 particelle (il nucleo
decaduto e l’elettrone) =⇒ La conservazione dell’energia e
dell’impulso implica che l’energia dell’elettrone puo’ assumere solo un
valore determinato.
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BiPo e

~p−~p

210
83 Bi → 210

84 Po + e−

I Conservazione dell’impulso: ~pPo = −~pe =⇒ ~pe = ~p e ~pPo = −~p

I Conservazione dell’energia: EPo + Ee = EBi

Fisica classica (non relativistica) + energia di massa

~p = m~v E = Em +
1

2
mv2 = Em +

p2

2m

I EmPo +
p2

2mPo
+ Eme +

p2

2me
= EmBi

I p2 = 2 (EmBi − EmPo − Eme)

(
mPome

mPo +me

)
I Ee = Eme +

p2

2m
= Eme + (EmBi − EmPo − Eme)

(
mPo

mPo +me

)
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BiPo e

~p−~p

210
83 Bi → 210

84 Po + e−

I Conservazione dell’impulso: ~pPo = −~pe =⇒ ~pe = ~p e ~pPo = −~p

I Conservazione dell’energia: EPo + Ee = EBi

Fisica moderna (relativistica)

E2 = m2c4 + p2c2

I

√
m2

Poc
4 + p2c2 +

√
m2

ec
4 + p2c2 = mBic

2

I p2 =

(
m4

Bi +m4
Po +m4

e − 2m2
Bim

2
Po − 2m2

Bim
2
e − 2m2

Pom
2
e

)
c2

4m2
Bi

I Ee =
√
m2

ec
4 + p2c2 =

(
m2

Bi −m2
Po +m2

e

)
c2

2mBi
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spettro osservato
valore atteso

in 2 corpi

per un decadimento

Spiegazioni?

I Niels Bohr: Nei decadimenti β l’energia non è conservata.

I ...?
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La nascita del Neutrino: Pauli - 4 Dicembre 1930

I 4 Dicembre 1930: lettera pubblica di Wolfgang Pauli al “gruppo dei
Radioattivi” di un congresso di fisica a Tubinga:

Cari Signore e Signori Radioattivi,
. . . a causa dello spettro continuo del decadimento beta, . . . ho
pensato a un disperato rimedio per salvare . . . il principio di
conservazione dell’energia.
Si tratta della possibilità che esista . . . una particella
elettricamente neutra, che vorrei chiamare neutrone . . .
Potremmo cos̀ı spiegare lo spettro continuo assumendo che nel
decadimento beta è emesso un neutrone assieme all’elettrone
. . .
Per il momento, comunque, non oso pubblicare niente su questa
idea . . .

I Pochi giorni dopo Pauli ricevette una lettera da Hans Geiger con una
risposta positiva e incoraggiante.

I Nel 1931 Pauli andò a Roma dove incontrò Enrico Fermi che fu
subito interessato alla nuova idea.
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I Secondo l’ipotesi di Pauli i decadimenti beta sono del tipo

210
83 Bi → 210

84 Po + e− + ν̄e

I Per consistenza con il seguito, ho usato per la nuova particella la
notazione attuale ν̄e che indica un antineutrino elettronico.

I Secondo la teoria quantistica relativistica a ogni particella
corrisponde una antiparticella (quando non coincidono).

I La scelta di considerare, ad esempio, l’elettrone una particella e il
positrone la sua antiparticella è arbitraria e dovuta al fatto che
viviamo in un mondo di elettoni.

I Per ragioni che vedremo in seguito è conveniente chiamare l’oggetto
che viene emesso nel decadimento beta antineutrino elettronico.
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I Con uno stato finale composto da 3 particelle, gli impulsi possono
essere diversi, con somma totale zero:

~p
Po

Po

e

~p
νe

~p
e

ν
e

Bi

~pPo = −
(
~pe +~pνe

)

I Conservazione dell’energia:√
m2

Poc
4 +

∣∣~pe +~pνe
∣∣2 c2 +√m2

ec
4 + p2ec

2 +
√

m2
νec

4 + p2νec
2 = mBic

2

3 incognite: ~p2e, ~p
2
νe e l’angolo tra ~pe e ~pνe

⇓
soluzione indeterminata
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E
min
e E

max
e

I Minimo valore di Ee: ~pe = 0 =⇒ Emin
e = mec

2

I Massimo valore di Ee: ~pνe = 0 =⇒ Emax
e =

(
m2

Bi −m2
Po +m2

e

)
c2

2mBi
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La teoria delle Interazioni Deboli di Fermi

I 1932: James Chadwick scopre il neutrone.

I 1933: Enrico Fermi propone il nome neutrino al Congresso Solvay a
Brussels.

I 1933-34: Enrico Fermi formula la teoria delle Interazioni Deboli.

TENTATIVO DI UNA TEORIA DELL’EMISSIONE DEI RAGGI BETA

[E. Fermi, Ricerca Scientifica 4 (1933) 491]

Riassunto. – Teoria della emissione dei raggi β delle sostanze
radioattive, fondata sull’ipotesi che gli elettroni emessi dai nuclei
non esistano prima della disintegrazione ma vengano formati,
insieme ad un neutrino, in modo analogo alla formazione di un
quanto di luce che accompagna un salto quantico di un atomo.
Confronto della teoria con l’esperienza.
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Interazioni dei neutrini

La teoria di Fermi descrive le interazioni dei neutrini nei decadimenti
nucleari e implica la possibilità di rivelare i neutrini.

I Decadimento del neutrone: n → p+ e− + ν̄e

e
−

pn

ν̄e

I Decadimento β nucleare: 14
6 C → 14

7 N+ e− + ν̄e

6 protoni + 7 neutroni

pn

e
−

14
6 C

8n

7 p

14
7 N

7n

6 p

ν̄e
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L’esistenza dell’interazione
e
−

pn

ν̄e

implica che esistono anche tutte le interazioni ottenute con:

I Scambio degli stati iniziali e finali.

I Simmetria di crossing: scambio di una particella iniziale (finale) con
la corrispondente antiparticella finale (iniziale).

Quindi si possono avere i processi di

I Rivelazione di neutrini:

νe + n → p+ e−
e
−

pn

νe

I Rivelazione di antineutrini:

ν̄e + p → n+ e+
e
+

np

ν̄e
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È possibile rivelare i neutrini?

I Fin dall’inizio fu chiaro che la rivelazione dei neutrini è molto
difficile, perchè interagiscono solo con the Interazioni Deboli.

I Con la teoria di Fermi fu possibile calcolare l’interazione dei neutrini
con la materia:

The “Neutrino”
[H. Bethe, R. Peierls, Nature 133 (1934) 532]

For an energy of 2− 3MeV . . . a penetrating power of 1016 km
in solid matter. It is therefore absolutely impossible to observe
processes of this kind with the neutrinos created in nuclear
transformations.
. . . one can conclude that there is no practically possible way of
observing the neutrino.

I 1016 km ≈ 103 anni luce ≈ 10 volte il diametro della Via Lattea.

I Quindi per molti anni nessuno pensò alla rivelazione dei neutrini, che
restarono nel limbo delle ipotesi fisiche.
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I Però, la rarità delle interazioni dei neutrini può essere
controbilanciata da una sorgente sufficientemente intensa.

I Se i neutrini hanno una lunghezza di penetrazione di circa
1016 km = 1019m, la probabilitá di interazione in ogni metro di
materia e’ circa 10−19.

I Quindi con una sorgente che emette 1019 neutrini si può avere una
interazione in un rivelatore lungo circa 1 m.

I Il problema era che negli anni 30 non si conosceva nessuna sorgente
cos̀ı intensa e non si era in grado di costruire grandi rivelatori.
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I 1951: Clyde Cowan e Frederick Reines iniziano a progettare la
rivelazione di antineutrini tramite il processo

ν̄e + p → n+ e+

con un grande rivelatore (∼ 1m3) riempito di scintillatore liquido e
tappezzato di fotomoltiplicatori: El MonstroThe Reines-Cowan Experiments

Number 25  1997  Los Alamos Science  

he Reines-Cowan Experiments

8 Los Alamos Science Number 25  1997

having 110 photomultiplier tubes to
collect scintillation light and produce
electronic signals. 

In this sandwich configuration, a
neutrino-induced event in, say, tank A
would create two pairs of proton
prompt-coincidence pulses from detec-
tors I and II flanking tank A. The first
pair of pulses would be from positron
annihilation and the second from 
neutron capture. The two pairs would
be separated by about 3 to 10 microsec-
onds. Finally, no signal would emanate
from detector III because the gamma
rays from positron annihilation and
neutron capture in tank A are too low
in energy to reach detector III. 

Thus, the spatial origin of the event
could be deduced with certainty, and
the signals would be distinguished from
false delayed-coincidence signals 
induced by stray neutrons, gamma rays,
and other stray particles from cosmic-
ray showers or from the reactor. These
spurious signals would most likely 
trigger detectors I, II, and III in a 
random combination. The all-important
electronics were designed primarily by
Kiko Harrison and Austin McGuire.

The box entitled “Delayed-
Coincidence Signals from Inverse Beta
Decay” (page 22) illustrates delayed-
coincidence signals from the detector’s
top triad (composed of target tank A
and scintillation detectors I and II).
Once the delayed-coincidence signals
have been recorded, the neutrino-
induced event is complete. The signals
from the positron and neutron circuits,
which have been stored on delay lines,
are presented to the oscilloscopes. 

Figure 5 shows a few samples of 
oscilloscope pictures—some are accept-
able signals of inverse beta decay while
others are not.

Austin McGuire was in charge of
the design and construction of the 
“tank farm” that would house and
transport the thousands of gallons of
liquid scintillator needed for the experi-
ment. Three steel tanks were placed on
a flat trailer bed. The interior surfaces
of the tanks were coated with epoxy to
preserve the purity of the liquids.

Today, the need for purity and cleanli-
ness is becoming legendary as 
researchers build an enormous tank for
the next generation of solar-neutrino
experiments (see the article “Exorcising
Ghosts” on page 136), but even in 
the 1950s, possible background conta-
mination was an overriding concern. 

Since the scintillator had to be 
kept at a temperature not lower than 
60 degrees Fahrenheit, the outside 
walls of the tanks were wrapped with 
several layers of fiberglass insulating
material, and long strips of electrical
heating elements were embedded in 
the exterior insulation.

During the previous winter, while
the equipment was being designed and
built, John Wheeler encouraged and
supported the team, and he helped

pave the way for the next neutrino
measurement to be done at the new,
very powerful fission reactor at the
Savannah River Plant in South 
Carolina. By November 1955, the 
Los Alamos group was ready and once
again packed up for the long trip to
the Savannah River Plant.

The only suitable place for the 
experiments was a small, open area in
the basement of the reactor building,
barely large enough to house the detec-
tor. There, 11 meters of concrete would
separate the detector from the reactor
core and serve as a shield from reactor-
produced neutrons, and 12 meters 
of overburden would help eliminate 
the troublesome background 
neutrons, charged particles, and 
gamma rays produced by cosmic rays. 

Schuch’s idea gave birth to the 
Los Alamos total-immersion, or
“whole-body,” counter (see box “The
Whole-Body Counter” on page 15),
which was similar in design to the 
detector for Project Poltergeist but was
built especially to count the radioactive
contents of people. Since counting 
with this new device took only a few
minutes, it was a great advance over
he standard practice of using multiple

Geiger counters or sodium iodide (NaI)
crystal spectrometers in an underground
aboratory. The Los Alamos whole-

body counter was used during the
1950s to determine the degree to which
adioactive fallout from nuclear tests

and other nuclear and natural sources
was taken up by the human body. 

The Hanford Experiment

In the very early spring of 1953, the
Project Poltergeist team packed up 
Herr Auge, the 300-liter neutrino detec-
or, as well as numerous electronics

and barrels of liquid scintillator, and set
out for the new plutonium-producing
eactor at the Hanford Engineering

Works in Hanford, Washington. It was
he country’s latest and largest fission
eactor and would therefore produce
he largest flux of antineutrinos. 

Various aspects of the setup at Hanford
are shown in the photo collage. 

The equipment for the liquid scintil-
ator occupied two trucks parked 
outside the reactor building. One was
used to house barrels of liquid; in a sec-
ond smaller truck, liquid scintillators
were mixed according to various recipes
before they would be pumped into the
detector. Herr Auge was placed inside
he reactor building, very near the face
of the reactor wall, and was surrounded
by the homemade boron-paraffin shield-
ng intermixed with nearly all the lead
shielding available at Hanford. This
shield was to stop reactor neutrons and
gamma rays from entering the detector
and producing unwanted background. In
all, 4 to 6 feet of paraffin alternated with
4 to 8inchesof lead.

The electronic gear for detecting the
telltale delayed-coincidence signal from
inverse beta decay was inside the reac-
tor building. Its essential elements were
two independent electronic gates: one
to accept pulses characteristic of the
positron signal and the other to accept
pulses characteristic of the neutron-
capture signal. The two circuits were
connected by a time-delay analyzer. 

If a pulse appeared in the output of
the neutron circuit within 9 microsec-
onds of a pulse in the output of the
positron circuit, the count was regis-
tered in the channel that recorded 
delayed coincidences. Allowing for 
detector efficiencies and electronic 
gate settings and taking into account
the neutrino flux from the reactor, the 
expected rate for delayed coincidences
from neutrino-induced events was 
0.1 to 0.3 count per minute.

For several months, the team
stacked and restacked the shielding and
used various recipes for the liquid 
scintillator (see Hanford Menu in 
“The Hanford Experiment” collage).
Then they would set the electronics 
and listen for the characteristic double
clicks that would accompany detection
of the inverse beta decay. Despite the
exhausting work, the results were not
definitive. The delayed-coincidence
background, present whether or not the
reactor was on, was about 5 counts per
minute, many times higher than the 
expected signal rate. 

The scientists guessed that the back-
ground was due to cosmic rays entering
the detector, but the addition of various
types of shielding left the background
rate unchanged. Subsequent work 
underground suggested that the 
Hanford background of delayed-
coincidence pulses was indeed due to
cosmic rays. Reines and Cowan (1953)
reported a small increase in the number
of delayed coincidences when the 
reactor was on versus when it was 
off. Furthermore, the increase was 
consistent with the number expected
from the estimated flux of reactor 
neutrinos. This was tantalizing but 
insufficient evidence that neutrino

events were being detected. The 
Hanford experience was poignantly
summarized by Cowan (1964). 

“The lesson of the work was clear:
It is easy to shield out the noise men
make, but impossible to shut out the
cosmos. Neutrons and gamma rays
from the reactor, which we had feared
most, were stopped in our thick walls
of paraffin, borax and lead, but the 
cosmic ray mesons penetrated gleefully,
generating backgrounds in our equip-
ment as they passed or stopped in it.
We did record neutrino-like signals but
the cosmic rays with their neutron sec-
ondaries generated in our shields were
10 times more abundant than were 
the neutrino signals. We felt we had the
neutrino by the coattails, but our 
evidence would not stand up in court.”

The Savannah River
Experiment

After the Hanford experience, the
Laboratory encouraged Reines and
Cowan to set up a formal group with
the sole purpose of tracking neutrinos.
Other than the scientists who had 
already been working on neutrinos,
Kiko Harrison, Austin McGuire, and
Herald Kruse (a graduate student at the
time) were included in this group. 

They spent the following year 
redesigning the experiment from top to
bottom: detector, electronics, scintilla-
tor liquids, the whole works. The detec-
tor was entirely reconfigured to better
differentiate between events induced by
cosmic rays and those initiated in the
detector by reactor neutrinos. Figure 4
shows the new design. 

Two large, flat plastic tanks (called
the “target tanks” and labeled A and B)
were filled with water. The protons in
the water provided the target for 
inverse beta decay; cadmium chloride
dissolved in the water provided the 
cadmium nuclei that would capture 
the neutrons. The target tanks were
sandwiched between three large scintil-
lation detectors labeled I, II, and III
(total capacity 4,200 liters), each 

Figure 4. The Savannah River Neutrino Detector—A New Design
The neutrino detector is illustrated here inside its lead shield. Each of two large, fl at

plastic tanks (pictured in light blue and labeled A and B) was fi lled with 200 liters of

water. The protons in the water provided the target for inverse beta decay; cadmium

chloride dissolved in the water provided the cadmium nuclei that would capture the

neutrons. The target tanks were sandwiched between three scintillation detectors 

(I, II, and III). Each detector contained 1,400 liters of liquid scintillator that was viewed 

by 110 photomultiplier tubes. Without its shield, the assembled detector weighed 

about 10 tons. 
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having 110 photomultiplier tubes to
collect scintillation light and produce
electronic signals. 

In this sandwich configuration, a
neutrino-induced event in, say, tank A
would create two pairs of proton
prompt-coincidence pulses from detec-
tors I and II flanking tank A. The first
pair of pulses would be from positron
annihilation and the second from 
neutron capture. The two pairs would
be separated by about 3 to 10 microsec-
onds. Finally, no signal would emanate
from detector III because the gamma
rays from positron annihilation and
neutron capture in tank A are too low
in energy to reach detector III. 

Thus, the spatial origin of the event
could be deduced with certainty, and
the signals would be distinguished from
false delayed-coincidence signals 
induced by stray neutrons, gamma rays,
and other stray particles from cosmic-
ray showers or from the reactor. These
spurious signals would most likely 
trigger detectors I, II, and III in a 
random combination. The all-important
electronics were designed primarily by
Kiko Harrison and Austin McGuire.

The box entitled “Delayed-
Coincidence Signals from Inverse Beta
Decay” (page 22) illustrates delayed-
coincidence signals from the detector’s
top triad (composed of target tank A
and scintillation detectors I and II).
Once the delayed-coincidence signals
have been recorded, the neutrino-
induced event is complete. The signals
from the positron and neutron circuits,
which have been stored on delay lines,
are presented to the oscilloscopes. 

Figure 5 shows a few samples of 
oscilloscope pictures—some are accept-
able signals of inverse beta decay while
others are not.

Austin McGuire was in charge of
the design and construction of the 
“tank farm” that would house and
transport the thousands of gallons of
liquid scintillator needed for the experi-
ment. Three steel tanks were placed on
a flat trailer bed. The interior surfaces
of the tanks were coated with epoxy to
preserve the purity of the liquids.

Today, the need for purity and cleanli-
ness is becoming legendary as 
researchers build an enormous tank for
the next generation of solar-neutrino
experiments (see the article “Exorcising
Ghosts” on page 136), but even in 
the 1950s, possible background conta-
mination was an overriding concern. 

Since the scintillator had to be 
kept at a temperature not lower than 
60 degrees Fahrenheit, the outside 
walls of the tanks were wrapped with 
several layers of fiberglass insulating
material, and long strips of electrical
heating elements were embedded in 
the exterior insulation.

During the previous winter, while
the equipment was being designed and
built, John Wheeler encouraged and
supported the team, and he helped

pave the way for the next neutrino
measurement to be done at the new,
very powerful fission reactor at the
Savannah River Plant in South 
Carolina. By November 1955, the 
Los Alamos group was ready and once
again packed up for the long trip to
the Savannah River Plant.

The only suitable place for the 
experiments was a small, open area in
the basement of the reactor building,
barely large enough to house the detec-
tor. There, 11 meters of concrete would
separate the detector from the reactor
core and serve as a shield from reactor-
produced neutrons, and 12 meters 
of overburden would help eliminate 
the troublesome background 
neutrons, charged particles, and 
gamma rays produced by cosmic rays. 

Schuch’s idea gave birth to the 
Los Alamos total-immersion, or
“whole-body,” counter (see box “The
Whole-Body Counter” on page 15),
which was similar in design to the 
detector for Project Poltergeist but was
built especially to count the radioactive
contents of people. Since counting 
with this new device took only a few
minutes, it was a great advance over
he standard practice of using multiple

Geiger counters or sodium iodide (NaI)
crystal spectrometers in an underground
aboratory. The Los Alamos whole-

body counter was used during the
1950s to determine the degree to which
adioactive fallout from nuclear tests

and other nuclear and natural sources
was taken up by the human body. 

The Hanford Experiment

In the very early spring of 1953, the
Project Poltergeist team packed up 
Herr Auge, the 300-liter neutrino detec-
or, as well as numerous electronics

and barrels of liquid scintillator, and set
out for the new plutonium-producing
eactor at the Hanford Engineering

Works in Hanford, Washington. It was
he country’s latest and largest fission
eactor and would therefore produce
he largest flux of antineutrinos. 

Various aspects of the setup at Hanford
are shown in the photo collage. 

The equipment for the liquid scintil-
ator occupied two trucks parked 
outside the reactor building. One was
used to house barrels of liquid; in a sec-
ond smaller truck, liquid scintillators
were mixed according to various recipes
before they would be pumped into the
detector. Herr Auge was placed inside
he reactor building, very near the face
of the reactor wall, and was surrounded
by the homemade boron-paraffin shield-
ng intermixed with nearly all the lead
shielding available at Hanford. This
shield was to stop reactor neutrons and
gamma rays from entering the detector
and producing unwanted background. In
all, 4 to 6 feet of paraffin alternated with
4 to 8inchesof lead.

The electronic gear for detecting the
telltale delayed-coincidence signal from
inverse beta decay was inside the reac-
tor building. Its essential elements were
two independent electronic gates: one
to accept pulses characteristic of the
positron signal and the other to accept
pulses characteristic of the neutron-
capture signal. The two circuits were
connected by a time-delay analyzer. 

If a pulse appeared in the output of
the neutron circuit within 9 microsec-
onds of a pulse in the output of the
positron circuit, the count was regis-
tered in the channel that recorded 
delayed coincidences. Allowing for 
detector efficiencies and electronic 
gate settings and taking into account
the neutrino flux from the reactor, the 
expected rate for delayed coincidences
from neutrino-induced events was 
0.1 to 0.3 count per minute.

For several months, the team
stacked and restacked the shielding and
used various recipes for the liquid 
scintillator (see Hanford Menu in 
“The Hanford Experiment” collage).
Then they would set the electronics 
and listen for the characteristic double
clicks that would accompany detection
of the inverse beta decay. Despite the
exhausting work, the results were not
definitive. The delayed-coincidence
background, present whether or not the
reactor was on, was about 5 counts per
minute, many times higher than the 
expected signal rate. 

The scientists guessed that the back-
ground was due to cosmic rays entering
the detector, but the addition of various
types of shielding left the background
rate unchanged. Subsequent work 
underground suggested that the 
Hanford background of delayed-
coincidence pulses was indeed due to
cosmic rays. Reines and Cowan (1953)
reported a small increase in the number
of delayed coincidences when the 
reactor was on versus when it was 
off. Furthermore, the increase was 
consistent with the number expected
from the estimated flux of reactor 
neutrinos. This was tantalizing but 
insufficient evidence that neutrino

events were being detected. The 
Hanford experience was poignantly
summarized by Cowan (1964). 

“The lesson of the work was clear:
It is easy to shield out the noise men
make, but impossible to shut out the
cosmos. Neutrons and gamma rays
from the reactor, which we had feared
most, were stopped in our thick walls
of paraffin, borax and lead, but the 
cosmic ray mesons penetrated gleefully,
generating backgrounds in our equip-
ment as they passed or stopped in it.
We did record neutrino-like signals but
the cosmic rays with their neutron sec-
ondaries generated in our shields were
10 times more abundant than were 
the neutrino signals. We felt we had the
neutrino by the coattails, but our 
evidence would not stand up in court.”

The Savannah River
Experiment

After the Hanford experience, the
Laboratory encouraged Reines and
Cowan to set up a formal group with
the sole purpose of tracking neutrinos.
Other than the scientists who had 
already been working on neutrinos,
Kiko Harrison, Austin McGuire, and
Herald Kruse (a graduate student at the
time) were included in this group. 

They spent the following year 
redesigning the experiment from top to
bottom: detector, electronics, scintilla-
tor liquids, the whole works. The detec-
tor was entirely reconfigured to better
differentiate between events induced by
cosmic rays and those initiated in the
detector by reactor neutrinos. Figure 4
shows the new design. 

Two large, flat plastic tanks (called
the “target tanks” and labeled A and B)
were filled with water. The protons in
the water provided the target for 
inverse beta decay; cadmium chloride
dissolved in the water provided the 
cadmium nuclei that would capture 
the neutrons. The target tanks were
sandwiched between three large scintil-
lation detectors labeled I, II, and III
(total capacity 4,200 liters), each 

Figure 4. The Savannah River Neutrino Detector—A New Design
The neutrino detector is illustrated here inside its lead shield. Each of two large, fl at

plastic tanks (pictured in light blue and labeled A and B) was fi lled with 200 liters of

water. The protons in the water provided the target for inverse beta decay; cadmium

chloride dissolved in the water provided the cadmium nuclei that would capture the

neutrons. The target tanks were sandwiched between three scintillation detectors 

(I, II, and III). Each detector contained 1,400 liters of liquid scintillator that was viewed 

by 110 photomultiplier tubes. Without its shield, the assembled detector weighed 

about 10 tons. 
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I In quel tempo i rivelatori più grandi avevano un volume di circa un
litro!

I Lo scintillatore liquido era stato appena scoperto nel 1949-50.

I L’idea era di rivelare il positrone emesso nel processo ν̄e+ p → n+ e+.

surface radioactivity had died away 
sufficiently) and dig down to the tank,
recover the detector, and learn the truth
about neutrinos!”

This extraordinary plan was actually
granted approval by Laboratory 
Director Norris Bradbury. Although the 
experiment would only be sensitive to
neutrino cross sections of 10–40 square
centimeters, 4 orders of magnitude 
larger than the theoretical value, 
Bradbury was impressed that the plan
was sensitive to a cross section 3 orders
of magnitude smaller than the existing
upper limit.1 As Reines explains in 
retrospect (unpublished notes for a talk
given at Los Alamos),

“Life was much simpler in those
days—no lengthy proposals or complex
review committees. It may have been
that the success of Operation Green-
house, coupled with the blessing given
our idea by Fermi and Bethe, eased the
path somewhat!”

As soon as Bradbury approved the
plan, work started on building and 
testing El Monstro. This giant liquid-
scintillation device was a bipyramidal
tank about one cubic meter in volume.
Four phototubes were mounted on each
of the opposing apexes, and the tank
was filled with very pure toluene 
activated with terphenyl so that it
would scintillate. Tests with radioactive
sources of electrons and gamma rays
proved that it was possible to “see” 
into a detector of almost any size. 

Reines and Cowan also began to
consider problems associated with 
scaling up the detector. At the same
time, work was proceeding on drilling
the hole that would house the experi-
ment at the Nevada Test Site and 
on designing the great vacuum tank

and its release mechanism.
But one late evening in the fall of

1952, immediately after Reines and
Cowan had presented their plans at a
Physics Division seminar, a new idea
was born that would dramatically
change the course of the experiment. 
J. M. B. Kellogg, leader of the
Physics Division, had urged Reines
and Cowan to review once more the
possibility of using the neutrinos from
a fission reactor rather than those
from a nuclear explosion. 

The neutrino flux from an explosion
would be thousands of times larger than
that from the most powerful reactor.
The available shielding, however,
would make the background noise from
neutrons and gamma rays about the

same in both cases. Clearly, the nuclear
explosion was the best available 
approach—unless the background could
somehow be further reduced.

Suddenly, Reines and Cowan real-
ized how to do it. The original plan had
been to detect the positron emitted in
inverse beta decay (see Figure 2), a
process in which the weak interaction
causes the antineutrino to turn into a
positron and the proton to turn into a
neutron. Being an antielectron, the
positron would quickly collide with an
electron, and the two would annihilate
each other as they turned into pure 
energy in the form of two gamma rays
traveling in opposite directions. Each
gamma ray would have an energy
equivalent to the rest mass of the 
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pproached, we would start vacuum
umps and evacuate the tank as highly
s possible. Then, when the countdown
eached ‘zero,’ we would break the 
uspension with a small explosive, 
llowing the detector to fall freely in the

vacuum. For about 2 seconds, the falling
detector would be seeing the antineutri-
nos and recording the pulses from them
while the earth shock [from the blast]
passed harmlessly by, rattling the tank
mightily but not disturbing our falling

detector. When all was relatively quiet,
the detector would reach the bottom of
the tank, landing on a thick pile of foam
rubber and feathers.

“We would return to the site of 
the shaft in a few days (when the 
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1H. R. Crane (1948) deduced the upper limit of
10–37 square centimeters on the cross sections for
neutrino-induced ionization and inverse beta
decay. This upper limit was based on null results
from various small-scale experiments attempting
to measure the results of neutrino absorption and
from a theoretical limit deduced from the maxi-
mum amount of solar neutrino heating that could
take place in the earth’s interior and still agree
with geophysical observations of the energy
flowing out of the earth.

Figure 3. The Double Signature of Inverse Beta Decay
The new idea for detecting the neutrino was to detect both products of inverse beta

decay, a reaction in which an incident antineutrino (red dashed line) interacts with a

proton through the weak force. The antineutrino turns into a positron ( e1), and the

proton turns into a neutron ( n). In the fi gure above, this reaction is shown to take

place in a liquid scintillator. The short, solid red arrow indicates that, shortly after it

has been created, the positron encounters an electron, and the particle and antiparticle

annihilate each other. Because energy has to be conserved, two gamma rays are emit -

ted that travel in opposite directions and will cause the liquid scintillator to produce a

flash of visible light. In the meantime, the neutron wanders about following a random

path (longer, solid red arrow) until it is captured by a cadmium nucleus. The resulting

nucleus releases about 9 MeV of energy in gamma rays that will again cause the liquid

to produce a tiny fl ash of visible light. This sequence of two fl ashes of light separated

by a few microseconds is the double signature of inverse beta decay and confi rms the

presence of a neutrino. 
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eines and Cowan planned to build a

ounter filled with liquid scintillator and

ned with photomultiplier tubes (PMTs),

he “eyes” that would detect the

ositron from inverse beta decay, which

s the signal of a neutrino-induced

vent. The figure illustrates how the liq -

id scintillator converts a fraction of the

nergy of the positron into a tiny flash

f light. The light is shown traveling

hrough the highly transparent liquid

cintillator to the PMTs, where the 

hotons are converted into an electronic

ulse that signals the presence of the

ositron. Inverse beta decay (1) begins

hen an antineutrino (red dashed line)

nteracts with one of the billions and 

illions of protons (hydrogen nuclei) in

he molecules of the liquid. The weak

harge-changing interaction between the

antineutrino and the proton causes the

proton to turn into a neutron and the

antineutrino to turn into a positron ( e1).

The neutron wanders about undetected.

The positron, however, soon collides

with an electron ( e2), and the particle-

antiparticle pair annihilates into two

gamma rays ( g) that travel in opposite

directions. Each gamma ray loses about

half its energy each time it scatters

from an electron (Compton scattering).

The resulting energetic electrons 

scatter from other electrons and radiate

photons to create an ionization cascade

(2) that quickly produces large numbers

of ultraviolet (uv) photons. 

The scintillator is a highly transparent

liquid (toluene) purposely doped with 

terphenyl. When it becomes excited by

absorbing the uv photons, it scintillates

by emitting visible photons as it returns

to the ground (lowest-energy) state (3).

Because the liquid scintillator is trans -

parent to visible light, about 20 percent

of the visible photons are collected by

the PMTs lining the walls of the 

scintillation counter. The rest are 

absorbed during the many reflections

from the counter walls. A visible 

photon releases an electron from the

cathode of a phototube. That electron

then initiates the release of further 

electrons from each dynode of the PMT,

a process resulting in a measurable

electrical pulse. The pulses from all the

tubes are combined, counted,

processed, and displayed on an 

oscilloscope screen.
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I Problema: come trovare una sorgente di antineutrini sufficientemente
intensa?

I Una bomba atomica?

I Reines aveva lavorato a Los Alamos ai test delle bombe atomiche
dopo la seconda gurerra mondiale.

I Nella fissione di nuclei pesanti si creano nuclei leggeri altamente
radioattivi, perchè ricchi di neutroni.

I I decadimenti β dei prodotti di fissione producono un enorme flusso
di neutrini.
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suing.] The initial idea was to view a large pot of liquid scintillator with many

photomultiplier tubes located on its boundary. The neutrinos would then

produce positrons which would ionize causing light flashes which could be

sensed by the photomultipliers and converted to electrical pulses for display

and analysis.

The idea that such a sensitive detector could be operated in the close prox-

imity (within a hundred meters) of the most violent explosion produced by

man was somewhat bizarre, but we had worked with bombs and felt we could

design an appropriate system. In our bomb proposal a detector would be sus-

pended in a vertical vacuum tank in the near vicinity of a nuclear explosion

and allowed to fall freely for a few seconds until the shock wave had passed

(Fig. 1). It would then gather data until the fireball carrying the fission frag-

ment neutrino source ascended skyward. We anticipated a signal consisting

of a few counts assuming the predicted (~ 10
-43 

cm
2
/ proton) cross section,

but background estimates suggested that our sensitivity could not be guar-

anteed for cross sections < l0
-39 

cm
2
/ proton, four orders of magnitude short!

It is a tribute to the wisdom of Los Alamos Director, Norris Bradbury, that he

approved the attempt on the grounds that it would nevertheless be  1000

times as sensitive as the then existing limits.

I recall a conversation with Bethe in which he asked how we proposed to

distinguish a neutrino event from other bomb associated signals. I described

how, in addition to the use of bulk shielding which would screen out gamma

NUCLEAR EXPLOSIVE

- F I R E B A L L

- - I

Figure 1. Sketch of the originally proposed experimental setup to detect the neutrino

using a nuclear bomb. This experiment was approved by the authorities at Los Alamos but

was superceded by the approach which used a fission reactor. [Reines, Nobel Lecture 1995]
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I Mentre portavano avanti il progetto con la bomba atomica, Cowan e
Reines pensavano anche alla possibilità preferibile di usare come
sorgente un reattore nucleare.

I Il primo reattore nucleare fu costruito all’Università di Chicago nel
1942 da un gruppo di fisici guidato da Enrico Fermi.
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I Le prime centrali nucleari iniziarono a operare nei primi anni 50.
I Un reattore nucleare emette un flusso di circa 2× 1020 antineutrini al

secondo per ogni GigaWatt di potenza termica.
I Il problema per la rivelazione dei neutrini sono i segnali spuri (fondo)

generati da altre particelle: raggi cosmici (principalmente µ),
neutroni, raggi gamma.

I 1952: Cowan e Reines capiscono che la rivelazione del neutrone in
coincidenza ritardata (. 200µs) con il positrone in ν̄e + p → n+ e+

permette di ridurre drasticamente il fondo.
surface radioactivity had died away 
sufficiently) and dig down to the tank,
recover the detector, and learn the truth
about neutrinos!”

This extraordinary plan was actually
granted approval by Laboratory 
Director Norris Bradbury. Although the 
experiment would only be sensitive to
neutrino cross sections of 10–40 square
centimeters, 4 orders of magnitude 
larger than the theoretical value, 
Bradbury was impressed that the plan
was sensitive to a cross section 3 orders
of magnitude smaller than the existing
upper limit.1 As Reines explains in 
retrospect (unpublished notes for a talk
given at Los Alamos),

“Life was much simpler in those
days—no lengthy proposals or complex
review committees. It may have been
that the success of Operation Green-
house, coupled with the blessing given
our idea by Fermi and Bethe, eased the
path somewhat!”

As soon as Bradbury approved the
plan, work started on building and 
testing El Monstro. This giant liquid-
scintillation device was a bipyramidal
tank about one cubic meter in volume.
Four phototubes were mounted on each
of the opposing apexes, and the tank
was filled with very pure toluene 
activated with terphenyl so that it
would scintillate. Tests with radioactive
sources of electrons and gamma rays
proved that it was possible to “see” 
into a detector of almost any size. 

Reines and Cowan also began to
consider problems associated with 
scaling up the detector. At the same
time, work was proceeding on drilling
the hole that would house the experi-
ment at the Nevada Test Site and 
on designing the great vacuum tank

and its release mechanism.
But one late evening in the fall of

1952, immediately after Reines and
Cowan had presented their plans at a
Physics Division seminar, a new idea
was born that would dramatically
change the course of the experiment. 
J. M. B. Kellogg, leader of the
Physics Division, had urged Reines
and Cowan to review once more the
possibility of using the neutrinos from
a fission reactor rather than those
from a nuclear explosion. 

The neutrino flux from an explosion
would be thousands of times larger than
that from the most powerful reactor.
The available shielding, however,
would make the background noise from
neutrons and gamma rays about the

same in both cases. Clearly, the nuclear
explosion was the best available 
approach—unless the background could
somehow be further reduced.

Suddenly, Reines and Cowan real-
ized how to do it. The original plan had
been to detect the positron emitted in
inverse beta decay (see Figure 2), a
process in which the weak interaction
causes the antineutrino to turn into a
positron and the proton to turn into a
neutron. Being an antielectron, the
positron would quickly collide with an
electron, and the two would annihilate
each other as they turned into pure 
energy in the form of two gamma rays
traveling in opposite directions. Each
gamma ray would have an energy
equivalent to the rest mass of the 
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pproached, we would start vacuum
umps and evacuate the tank as highly
s possible. Then, when the countdown
eached ‘zero,’ we would break the 
uspension with a small explosive, 
llowing the detector to fall freely in the

vacuum. For about 2 seconds, the falling
detector would be seeing the antineutri-
nos and recording the pulses from them
while the earth shock [from the blast]
passed harmlessly by, rattling the tank
mightily but not disturbing our falling

detector. When all was relatively quiet,
the detector would reach the bottom of
the tank, landing on a thick pile of foam
rubber and feathers.

“We would return to the site of 
the shaft in a few days (when the 
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1H. R. Crane (1948) deduced the upper limit of
10–37 square centimeters on the cross sections for
neutrino-induced ionization and inverse beta
decay. This upper limit was based on null results
from various small-scale experiments attempting
to measure the results of neutrino absorption and
from a theoretical limit deduced from the maxi-
mum amount of solar neutrino heating that could
take place in the earth’s interior and still agree
with geophysical observations of the energy
flowing out of the earth.

Figure 3. The Double Signature of Inverse Beta Decay
The new idea for detecting the neutrino was to detect both products of inverse beta

decay, a reaction in which an incident antineutrino (red dashed line) interacts with a

proton through the weak force. The antineutrino turns into a positron ( e1), and the

proton turns into a neutron ( n). In the fi gure above, this reaction is shown to take

place in a liquid scintillator. The short, solid red arrow indicates that, shortly after it

has been created, the positron encounters an electron, and the particle and antiparticle

annihilate each other. Because energy has to be conserved, two gamma rays are emit -

ted that travel in opposite directions and will cause the liquid scintillator to produce a

flash of visible light. In the meantime, the neutron wanders about following a random

path (longer, solid red arrow) until it is captured by a cadmium nucleus. The resulting

nucleus releases about 9 MeV of energy in gamma rays that will again cause the liquid

to produce a tiny fl ash of visible light. This sequence of two fl ashes of light separated

by a few microseconds is the double signature of inverse beta decay and confi rms the

presence of a neutrino. 
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nergy of the positron into a tiny flash

f light. The light is shown traveling

hrough the highly transparent liquid

cintillator to the PMTs, where the 

hotons are converted into an electronic

ulse that signals the presence of the

ositron. Inverse beta decay (1) begins

hen an antineutrino (red dashed line)

nteracts with one of the billions and 

illions of protons (hydrogen nuclei) in

he molecules of the liquid. The weak

harge-changing interaction between the

antineutrino and the proton causes the

proton to turn into a neutron and the

antineutrino to turn into a positron ( e1).

The neutron wanders about undetected.

The positron, however, soon collides

with an electron ( e2), and the particle-

antiparticle pair annihilates into two

gamma rays ( g) that travel in opposite

directions. Each gamma ray loses about

half its energy each time it scatters

from an electron (Compton scattering).

The resulting energetic electrons 

scatter from other electrons and radiate

photons to create an ionization cascade

(2) that quickly produces large numbers

of ultraviolet (uv) photons. 

The scintillator is a highly transparent

liquid (toluene) purposely doped with 

terphenyl. When it becomes excited by

absorbing the uv photons, it scintillates

by emitting visible photons as it returns

to the ground (lowest-energy) state (3).

Because the liquid scintillator is trans -

parent to visible light, about 20 percent

of the visible photons are collected by

the PMTs lining the walls of the 

scintillation counter. The rest are 

absorbed during the many reflections

from the counter walls. A visible 

photon releases an electron from the

cathode of a phototube. That electron

then initiates the release of further 

electrons from each dynode of the PMT,

a process resulting in a measurable

electrical pulse. The pulses from all the

tubes are combined, counted,

processed, and displayed on an 

oscilloscope screen.

igure 2. Liquid Scintillation Counter for Detecting the Positron from Inverse Beta Decay
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La scoperta del Neutrino
I 1956: Un gruppo di fisici guidato da Clyde Cowan e Frederick Reines

rivela per la prima volta gli antineutrini (ν̄e) emessi dal reattore della
centrale nucleare di Savannah River in South Carolina.

just due to reactor neutrons leaking into the detector.
These marginal results merely served to whet our
appetites—we figured that we had to do better than that.
Back home, we puzzled over the origin of the reactor-

independent signal. Was it due to ‘‘natural’’ neutrinos?
Could it be due to fast neutrons from the nuclear cap-
ture of cosmic-ray muons? The easiest way to find out
was to put the detector underground. So back at Los
Alamos we performed an underground test that showed
that the background was in fact from cosmic rays. While
we were engaged in this background test, some theorists
were rumored to be constructing a world made predomi-
nantly of neutrinos!

THE SAVANNAH RIVER EXPERIMENT

Encouraged by the Hanford results, we considered
how it might be possible to build a detector that would
be even more discriminating in its rejection of back-
ground. We were guided by the fact that neutrons and
positrons were highly distinctive particles and that we
could make better use of their characteristics.
Figure 4 is a schematic of the detection technique

used in the new experiment. An antineutrino from fis-
sion products in the reactor is incident on a water target
containing cadmium chloride. As previously noted, the
n̄e1p reaction produces a positron and a neutron. The
positron slows down and is annihilated with an electron,
producing two 0.5 MeV gamma rays, which penetrate
the water target and are detected in coincidence by two
large scintillation detectors on opposite sides of the tar-
get. The neutron is slowed down by the water and cap-

tured by the cadmium, producing multiple gamma rays,
which are also observed in coincidence by the two scin-
tillation detectors. The antineutrino signature is there-
fore a delayed coincidence between the prompt pulses
produced by e1 annihilation and those produced micro-
seconds later by the neutron capture in cadmium.
These ideas were translated into hardware and associ-

ated electronics with the help of various support groups
at Los Alamos. Figure 5 is a sketch of the equipment. It
shows the target chamber in the center, sandwiched be-
tween the two scintillation chambers. Figure 6 shows
one of the banks of 55 photomultiplier tubes that was
used to view the scintillation chambers. Then, in the fall
of 1955, at the suggestion and with the moral support of
John A. Wheeler, the detector was taken to a new, pow-
erful (700 MW at that time), compact heavy-water mod-
erated reactor at the Savannah River Plant in Aiken,
South Carolina.
The Savannah River reactor was well suited for neu-

trino studies because of the availability of a well
shielded location 11 meters from the reactor center and
some 12 meters underground in a massive building. The
high n̄e flux, 1.231013/cm2/sec, and reduced cosmic-ray
background were essential to the success of the experi-
ment which, even under those favorable conditions, in-
volved a running time of 100 days over the period of
approximately one year.

Observation of the neutrino

At Savannah River we carried out a series of mea-
surements (Reines et al., 1950) to show that:

FIG. 3. Photograph of Clyde Cowan (right) and me (left) with
some of the equipment we used in the Hanford experiment.

FIG. 4. Schematic of the detection scheme used in the Savan-
nah River experiment. An antineutrino from the reactor inter-
acts with a proton in the target, creating a positron and a neu-
tron. The positron annihilates on an electron in the target and
creates two gamma rays, which are detected by the liquid scin-
tillators. The neutron slows down (in about ten microseconds)
and is captured by a cadmium nucleus in the target; the result-
ing gamma rays are detected in the liquid scintillators.

321F. Reines: The neutrino: from poltergeist to particle

Rev. Mod. Phys., Vol. 68, No. 2, April 1996

ν̄e + p → n+ e+

I Frederick Reines ha ricevuto il Premio Nobel 1995 per la Fisica.
Sfortunatamente Clyde Cowan è mancato nel 1974.
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Mai Dire Mai

I La rivelazione degli (anti)neutrini di Cowan e Reines nel 1956
dimostrò che le previsioni pessimistiche dello studio del 1934 di Bethe
e Peierls erano sbagliate (“there is no practically possible way of
observing the neutrino”).

I confronted Bethe with this pronouncement some 20 years
later and with his characteristic good humor he said, “Well,
you shouldn’t believe everything you read in the papers”.

[Reines, Nobel Lecture 1995]
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I È importante però notare che non ci è possibile interagire
direttamente con i neutrini, come facciamo con i protoni, neutroni e
elettroni che costituiscono la materia, o con la radiazione
elettromagnetica (luce).

I Possiamo solo rivelare le particelle che vengono prodotte dai neutrini
nelle loro rare interazioni con la materia.

I Ad esempio, i circa 2× 1020 antineutrini al secondo per GigaWatt
prodotti in un reattore nucleare producono solamente circa una
interazione ogni 2 secondi in un rivelatore di una tonnellata posto a
una distanza di circa 10 m.

I I neutrini possono essere considerati una specie di particelle fantasma
(ghost, poltergeist).
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Esercizio
Calcolo della frequenza di interazioni dei ν̄e emessi da un reattore della
potenza di 1 GW in un rivelatore con una massa di 1 tonnellata alla
distanza di 10 m

I 1W = 1J/s = 6.2× 1012MeV/s

I 1GW = 109W = 6.2× 1021MeV/s

I Fissione dell’235U: in media circa

n+ 235U → A+B + 3n+ 6e− + 6ν̄e + 200MeV

I Frequenza approssimata delle fissioni:

6.2× 1021MeV/s

(
1 fissione

200MeV

)
= 3.1× 1019 fissioni/s

I Intensità approssimata di antineutrini:

3.1× 1019 fissioni/s

(
6ν̄e

1 fissione

)
' 2× 1020 ν̄e/s
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I Processo di rivelazione: ν̄e + p → n+ e+

I Concetto necessario: sezione d’urto

σ = A = πR2

I Per un oggetto macroscopico la sezione d’urto σ e’ l’area della
sezione nel piano ortogonale alla direzione dei proiettili.

I Conoscendo la sezione d’urto σ si può calcolare la frequenza di
interazioni Fint di un flusso uniforme ΦP di proiettili:

Fint = σΦP con il flusso ΦP =
NP

area× tempo
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I Processo di rivelazione: ν̄e + p → n+ e+

I Le particelle elementari sono puntiformi, ma sono circondate da un
campo di forza che genera una sezione d’urto (area efficace per
l’interazione).

I Conoscendo la sezione d’urto σ si può calcolare la frequenza di
interazioni Fint di un flusso uniforme Φν̄e di ν̄e in un rivelatore
contenente Np protoni:

Fint = σNpΦν̄e con il flusso Φν̄e =
Nν̄e

area× tempo

I Per i ν̄e prodotti nella fissione dell’235U: σ ' 1.1× 10−43 cm2
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I Flusso di ν̄e a d = 10m = 103 cm:

Φν̄e =
Nν̄e

area× tempo
' 2× 1020/s

4πd2
=

2× 1020/s

4π106 cm2
=

1.6× 1013

cm2 s

I Numero di protoni in 1 tonnellata di scintillatore (principalmente
12
6 C):

Np ' 6N12
6 C = 6

106 g

12 g
NA =

106

2
6× 1023 = 3× 1029

I Frequenza di interazioni:

Fint = σNpΦν̄e '
(
1.1× 10−43 cm2

) (
3× 1029

)(1.6× 1013

cm2 s

)

Fint ' 0.5/s
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Quanto vale la massa del neutrino?

TENTATIVO DI UNA TEORIA DEI RAGGI β

[E. Fermi, Nuovo Cimento 11 (1934) 1]

La dipendenza della forma della curva di distribuzione dell’energia
da µ è marcata specialmente in vicinanza della energia massima
E0 dei raggi β.
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La maggiore somiglianza con le curve sperimentali si ha per la
curva teorica corrispondente a µ = 0. Arriviamo cos̀ı a concludere
che la massa del neutrino è uguale a zero o, in ogni caso, piccola
in confronto della massa dell’elettrone.
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Teoria dei Neutrini senza massa

I 1957: Landau, Lee & Yang, e Salam ipotizzano che i neutrini sono
privi di massa ed esistono solamente con polarizzazione sinistrorsa
(νeL) o polarizzazione destrorsa (νeR).

Neutrino destrorso:
~v

νeR

Neutrino sinistrorso:
~v

νeL
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I Le particelle massive si muovono a velocità inferiori a quella della
luce.

I E’ possibile considerare un osservatore che si muove nella stessa
direzione della particella con velocità superiore:

~v
e
−

L

~v
′

e
−

R

V > v

I La polarizzazione delle particelle massive dipende dal sistema di
riferimento dell’osservatore.

I Le particelle massive esistono necessariamente sia nello stato
sinistrorso che in quello destrorso.

I Solo le particelle senza massa possono esistere unicamente con
polarizzazione sinistrorsa o destrorsa.

I C’e’ anche un altro requisito: la violazione della parità.
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Violazione della Parità

I La Parità è la simmetria per inversione spaziale, che si ottiene in uno
specchio, dove sinistra e destra vengono scambiate.

x

z

y

x

y

z

sist. rif. cartesiano destrorso sist. rif. cartesiano sinistrorsospecchio

I Prima del 1956 la Parità era considerata una simmetria esatta.

I 1956: T.D. Lee e C.N. Yang ipotizzano che la Parità sia violata nelle
Interazioni Deboli (Premio Nobel 1957 per la Fisica).

I 1957: C.S. Wu e collaboratori scoprono la violazione della Parità nei
decadimenti β del 60Co.
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L’esperimento di Wu

60Co → 60Ni + e− + ν̄e

specchio

mondo reale mondo dello specchio

e
−

e
−

ν̄e

60Co 60Co

ν̄e

A B

I Se la parità fosse conservata, nel mondo reale si dovrebbero osservare
le configurazioni A e B con la stessa frequenza.

I Invece, si osserva la configurazione A con una frequenza maggiore
della configurazione B.

I Quindi, la parità è violata nelle interazioni deboli.
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I Consideriamo la possibilità che i neutrini siano solamente sinistrorsi:

νeL

I È possibile solamente se la parità è violata, perchè νeL
P−⇀↽− νeR:

~v
νeL

~v
νeR

specchio

mondo dello specchiomondo reale

A B

I Se la parità fosse conservata, nel mondo reale si dovrebbero osservare
entrambe le configurazioni A e B, cioè i neutrini dovrebbero
necessariamente esistere in entrambi gli stati di polarizzazione νeL e
νeR.

I Siccome la parità non è conservata, se i neutrini non hanno massa
possono esistere solamente nello stato sinistrorso, come ipotizzato da
Landau, Lee & Yang, e Salam nel 1957, immediatamente dopo la
scoperta della violazione della parità.
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I neutrini sono sinistrorsi

I 1958: Goldhaber, Grodzins and Sunyar misurano la polarizzazione
del neutrino.

−~p ~p

Sz = 1 Sz = −1/2

Sz = 0

γ

Sz = 1

152
Sm

∗ νeL

152
Sm

152Eu

Sz = 0
Sz = 1/2

e−

hγ = hSm∗ = hν = −1

configurazione osservata

−~p ~p

Sz = −1 Sz = +1/2

Sz = 0

γ

Sz = −1

152Sm∗ νeR

152Sm

152Eu

Sz = 0
Sz = −1/2

e−

hγ = hSm∗ = hν = +1

configurazione non osservata
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Proliferazione delle Particelle

I 1936: Carl D. Anderson e Seth Neddermeyer scoprono il muone (µ),
che è un leptone, come l’elettrone, ma e’ circa 200 volte più pesante
(me = 0.5MeV e mµ = 106MeV).
I muoni non si trovano stabilmente nella materia perchè decadono:

µ− → e− + ν̄e + νµ
µ+ → e+ + νe + ν̄µ

τµ = 2.2× 10−6 s

I 1947: Cecil Powell, Cesar Lattes e Giuseppe Occhialini scoprono il
pione (π), che è un mesone, non un leptone, e ha massa
mπ = 139.6MeV.
I pioni non si trovano stabilmente nella materia perchè decadono:

π− → µ− + ν̄µ
π+ → µ+ + νµ

τπ = 2.6× 10−8 s
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Il neutrino muonico
I Prima del 1962 non si sapeva che il neutrino elettronico νe e il

neutrino muonico νµ sono diversi.

I 1960: Bruno Pontecorvo ipotizzò che l’antineutrino prodotto nel
decadimento

π− → µ− + ν̄µ
possa essere diverso dal ν̄e prodotto nei decadimenti beta:

n → p+ e− + ν̄e
che come abbiamo visto viene rivelato nel processo

ν̄e + p → n+ e+

I Pontecorvo propose di controllare sperimentalmente se

π− → µ− + ν̄µ
sorgente

propagazione−−−−−−−−−−−→ ν̄µ + p → n+ e+

rivelatore

I 1962: Lederman, Schwartz e Steinberger effettuano l’esperimento al
Brookhaven National Laboratory (BNL) e non osservano nessuna
interazione ν̄µ + p → n+ e+. Quindi ν̄µ 6= ν̄e e νµ 6= νe. È la scoperta
di una nuova particella (Premio Nobel 1988 per la Fisica).
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Fasci di neutrini da acceleratore

beam

proton
target

decay tunnel

beam dump

µ
−

ν̄µ

π
+

π
−

π
+

magnetic

focusing
ν̄µµ

−π
−

fascio composto da ν̄µ prodotti nei decadimenti

π− → µ− + ν̄µ τπ− ' 2.6× 10−8 s

con una piccola contaminazione di ν̄e e νµ prodotti nei decadimenti

µ− → e− + ν̄e + νµ τµ− ' 2.2× 10−6 s
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Fasci di neutrini da acceleratore

beam

proton
target

decay tunnel

beam dump

µ
+

νµ

π
−

π
+

π
−

magnetic

focusing
νµµ

+π
+

fascio composto da νµ prodotti nei decadimenti

π+ → µ+ + νµ τπ+ ' 2.6× 10−8 s

con una piccola contaminazione di νe e ν̄µ prodotti nei decadimenti

µ+ → e+ + νe + ν̄µ τµ+ ' 2.2× 10−6 s
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I Nei decadimenti beta nucleari:

I Vengono prodotti solo ν̄e.

I Gli antineutrini sono emessi in tutte le direzioni (flusso isotropo).

I L’energia degli antineutrini è dell’ordine del MeV.

I Nei fasci di neutrini da acceleratore:

I Vengono prodotti principalmente νµ o ν̄µ a seconda della polarità della
focalizzazione magnetica. C’è sempre una contaminazione di νe e ν̄µ nel
primo caso e ν̄e e νµ nel secondo caso.

I Gli antineutrini sono emessi in una direzione (fascio).

I L’energia degli antineutrini è determinata dall’energia dei protoni
prodotti dall’acceleratore: si va dalle centinaia di MeV a circa 100 GeV.
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Particelle e Forze

Forza Forte Forza Debole

g

q q

q q

W

e
− ν

e

u d

Forza
Elettromagnetica

γ

e
−

e
−

q q

Forza
Gravitazionale
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I Adroni (dal greco αδρóς = forte): particelle che sono composte da
quarks e quindi interagiscono con le interazioni forti:

I Barioni (dal greco βαρύς = pesante): Adroni con spin semintero:

p = uud, n = udd, p̄ = ūūd̄, n̄ = ūd̄d̄

I Mesoni (dal greco µέσoς = medio): Adroni con spin intero:

π+ = ud̄, π− = ūd, π0 =
1√
2

(
uū− dd̄

)
I Leptoni (dal greco λεπτ óς = leggero): particelle con spin semintero

che non interagiscono con le interazioni forti:

I Leptoni carichi:

e−, µ−, τ−, e+, µ+, τ+

I Neutrini: leptoni neutri:

νe, νµ, ντ , ν̄e, ν̄µ, ν̄τ
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Interazioni Deboli

Alle basse energie, tipiche dei decadimenti nucleari, si ha
l’approssimazione della teoria di Fermi:

W

ν̄
e e+

p = uud n = udd

Fermi−−−→

ν̄
e e+

p = uud n = udd

e
+

np

ν̄e
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Le masse delle particelle

m
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I Negli anni 60 Glashow (1961), Weinberg (1967) and Salam (1968)
formulano il Modello Standard che descrive le interazioni deboli e
elettromagnetiche (Premio Nobel 1979 per la Fisica), incorporando la
teoria di Landau, Lee & Yang, e Salam dei neutrini sinistrorsi privi
di massa.

I Quindi nel Modello Standard i neutrini sono privi di massa per
costruzione.

I In realtà però non esiste una ragione di principio per cui i neutrini
non dovrebbero avere massa e anche gli stati destrorsi, come tutte le
altre particelle.

I Ma se i neutrini hanno masse piccolissime come è possibile scoprirle?
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Le Oscillazioni dei Neutrini

I Le oscillazioni di neutrini sono state ipotizzate per la prima volta da
Bruno Pontecorvo nel 1957.

I Neutrini Interagenti: νe, νµ, ντ (flavor neutrinos o neutrini di sapore)
prodotti e rivelati nelle interazioni deboli con la materia.

e
−

pn

νe µ
−

pn

νµ τ
−

pn

ντ

I Le oscillazioni di neutrini sono trasformazioni tra neutrini di sapore
che dipendono in modo oscillante dalla distanza di propagazione.

I Neutrini Massivi: ν1, ν2, ν3 si propagano tra la sorgente e il
rivelatore.

I Un Neutrino Interagente (di sapore) è una sovrapposizione
quantistica di Neutrini Massivi.

I Considerando per semplicità solo due generazioni:

νe = cosϑ ν1 + sinϑ ν2
νµ = − sinϑ ν1 + cosϑ ν2

ϑ: angolo di mixing
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Esempio di oscillazione νµ → νe

ν(L = 0) = νµ = − sinϑ ν1 + cosϑ ν2

νµ

source L

νe

detector

ν2

ν1

ν(L > 0) = − sinϑ eip1L/~ ν1 + cosϑ eip2L/~ ν2

I Costante di Planck: h = 4.1× 10−15 eV s

I Costante di Planck ridotta: ~ =
h

2π
= 6.6× 10−16 eV s
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Esempio di oscillazione νµ → νe

ν(L = 0) = νµ = − sinϑ ν1 + cosϑ ν2

νµ

source L

νe

detector

ν2

ν1

ν(L > 0) = − sinϑ eip1L/~ ν1 + cosϑ eip2L/~ ν2

I Se le masse di ν1 e ν2 sono uguali (m1 = m2 = m) o nulle (m = 0):

p1 = p2 = p =
1

c

√
E2 −m2c4

ν(L > 0) = e−ipL/~ (− sinϑ ν1 + cosϑ ν2) = e−ipL/~ νµ

Il νµ resta un νµ e non si ha oscillazione.
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Esempio di oscillazione νµ → νe

ν(L = 0) = νµ = − sinϑ ν1 + cosϑ ν2

νµ

source L

νe

detector

ν2

ν1

ν(L > 0) = − sinϑ eip1L/~ ν1 + cosϑ eip2L/~ ν2

I Se le masse di ν1 e ν2 sono diverse:

p1 =
1

c

√
E2 −m2

1c
4 e p2 =

1

c

√
E2 −m2

2c
4

Quindi p1 6=p2 e ν(L > 0) 6= νµ, per cui si ha oscillazione.
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Esempio di oscillazione νµ → νe

ν(L = 0) = νµ = − sinϑ ν1 + cosϑ ν2

νµ

source L

νe

detector

ν2

ν1

ν(L > 0) = − sinϑ eip1L/~ ν1 + cosϑ eip2L/~ ν2

I Le oscillazioni dipendono dalla differenza degli impulsi per la
distanza:

(p2 − p1)L

~
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I p1 =
1

c

√
E2 −m2

1c
4 e p2 =

1

c

√
E2 −m2

2c
4

I Le masse dei neutrini sono più piccole di circa 2 eV/c2.

I L’energia dei neutrini e’ molto più grande: circa 1MeV per i neutrini
da reattore e molto più grande per i fasci di neutrini da acceleratore.

I In questo caso si può fare l’approssimazione ultrarelativistica

p1 '
E

c
+

m2
1

2E
c3 e p2 '

E

c
+

m2
2

2E
c3

I Quindi in pratica le oscillazioni dipendono da

(p2 − p1)L

~
' ∆m2

2E

c3

~
L con ∆m2 = m2

2 −m2
1
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L

P
ν
µ
→
ν
e

sin2(2ϑ)

L
osc

1

0.8

0.6

0.4

0.2

0

Pνµ→νe = sin2(2ϑ) sin2
(
∆m2L

4E

c3

~

)

I La probabilità di oscillazione dipende dall’angolo di mixing ϑ
e da ∆m2 ≡ m2

2 −m2
1.

I I neutrini oscillano perché hanno massa!

I Le oscillazioni di neutrini sono lo strumento ottimale per rivelare
piccole differenze di massa, perché l’effetto è amplificato dalla
distanza di propagazione L.
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L

P
ν
µ
→
ν
e

sin2(2ϑ)

L
osc

1

0.8

0.6

0.4

0.2

0

Pνµ→νe = sin2(2ϑ) sin2
(
1.27

∆m2[eV2]L[km]

E[GeV]

)

L ∼



10− 100m experimenti short-baseline ∆m2 ∼ 0.1
eV2

c4

1− 13000 km
experimenti long-baseline
e neutrini atmosferici

∆m2 ∼ 10−4 eV
2

c4

150× 106 km neutrini solari ∆m2 ∼ 10−11 eV
2

c4
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I Probabilità di transizione: Pνµ→νe = sin2(2ϑ) sin2
(
1.27

∆m2[eV2]L[km]

E[GeV]

)

L
P
ν
µ
→
ν
e

sin2(2ϑ)

L
osc

1

0.8

0.6

0.4

0.2

0

I Probabilità di sopravvivenza:

Pνµ→νµ = 1− Pνµ→νe = 1− sin2(2ϑ) sin2
(
1.27

∆m2[eV2]L[km]

E[GeV]

)

L

P
ν
µ
→
ν
µ

1− sin2(2ϑ)

L
osc

1

0.8

0.6

0.4

0.2

0
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Scoperta delle oscillazioni di neutrini

1998: l’esperimento Super-Kamiokande scopre le

oscillazioni dei neutrini atmosferici

Takaaki Kajita: Premio Nobel 2015 per la Fisica
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I neutrini atmosferici

ν̄µ

νµ ν̄µ

π
+ π

−

νµ

e
−

ν̄e

νe

µ
+

µ
−

e
+

p
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L’esperimento Super-Kamiokande

50000 tonnellate di acqua in una miniera in Giappone

3(6)THE NOBEL PRIZE IN PHYSICS 2015 � THE ROYAL SWEDISH ACADEMY OF SCIENCES � HTTP://KVA.SE

faster than light in vacuum. In the water, the light is slowed down to 75 per cent of its maximum speed, 

and can be “overtaken” by the charged particles. The shape and intensity of the Cherenkov light reveals 

what type of neutrino it is caused by, and from where it comes.

A solution to the enigma

During its first two years of operation, Super-Kamiokande sifted out about 5,000 neutrino signals. This 

was a lot more than in previous experiments, but still fewer than what was expected when scientists esti-

mated the amount of neutrinos created by the cosmic radiation. Cosmic radiation particles come from all 

directions in space and when they collide at full speed with molecules in the Earth’s atmosphere, neutrino 

showers are produced.

Super-Kamiokande caught muon-neutrinos coming straight from the atmosphere above, as well as those 

hitting the detector from below after having traversed the entire globe. There ought to be equal numbers 

of neutrinos coming from the two directions; the Earth does not constitute any considerable obstacle to 

them. But the muon-neutrinos that came straight down to Super-Kamiokande were more numerous than 

those first passing through the globe. 

This indicated that muon-neutrinos that travelled longer had time to undergo an identity change, which 

was not the case for the muon-neutrinos that came straight from above and only had travelled a few dozen 

kilometres. As the number of electron-neutrinos arriving from different directions were in agreement with 

expectations, the muon-neutrinos must have switched into the third type – tau-neutrinos. However, their 

passage could not be observed in the detector.

Muon-neutrinos 

give signals in

the water tank.

COSMIC 

RADIATION
ATMOSPHERE

SUPER-

KAMIOKANDE

Light detectors 

measuring Cherenkov 

radiation

1 000 m

Muon-neutrinos 

arriving directly 

from the 

atmosphere

Muon-neutrinos 

that have travelled 

through the Earth

CHERENKOV 

RADIATION

PROTECTING 

ROCK

40 m

SUPER-

KAMIOKANDE

NEUTRINOS FROM 

COSMIC RADIATION
KAMIOKA, JAPAN

MUON-

NEUTRINO

Super-Kamiokande detects atmospheric neutrinos. When a neutrino collides with a water molecule in the tank, a rapid, electrically 

charged particle is created. This generates Cherenkov radiation that is measured by the light sensors. The shape and intensity of the 

Cherenkov radiation reveals the type of neutrino that caused it and from where it came. The muon-neutrinos that arrived at Super-

Kamiokande from above were more numerous than those that travelled through the entire globe. This indicated that the muon-

neutrinos that travelled longer had time to change into another identity on their way.
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L’asimmetria up-down

Presentata per la prima volta da Kajita alla conferenza Neutrino 1998

B

θzA

θz

νµ

νµ

I I raggi cosmici con energia minore di
circa 1 GeV sono deviati dai campi
magnetici solare e terrestre.

I Il flusso di raggi cosmici con energia
maggiore di circa 1 GeV è isotropo.

I Il flusso di neutrini atmosferici con
E > 1GeV è isotropo.

I Considerando il flusso φνµ di νµ con
E > 1GeV, se non ci sono oscillazioni

φ(B)
νµ (θz) = φ(A)

νµ (θz)

X

X

X
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L’asimmetria up-down

Presentata per la prima volta da Kajita alla conferenza Neutrino 1998

B

νµ

θz

π − θz

A

I I raggi cosmici con energia minore di
circa 1 GeV sono deviati dai campi
magnetici solare e terrestre.

I Il flusso di raggi cosmici con energia
maggiore di circa 1 GeV è isotropo.

I Il flusso di neutrini atmosferici con
E > 1GeV è isotropo.

I Considerando il flusso φνµ di νµ con
E > 1GeV, se non ci sono oscillazioni

φ(B)
νµ (θz) = φ(A)

νµ (θz)

φ(B)
νµ (π − θz) = φ(A)

νµ (θz)

⇓

φ(B)
νµ (θz) = φ(B)

νµ (π − θz)
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I In assenza di oscillazioni i flussi di νµ con E > 1GeV diretti verso
l’alto e verso il basso sono uguali.

I φup
νµ : flusso di νµ con E > 1GeV diretti verso l’alto (up).

I φdown
νµ : flusso di νµ con E > 1GeV diretti verso il basso (down).

I In assenza di oscillazioni Aup-down
νµ =

(
φup
νµ − φdown

νµ

φup
νµ + φdown

νµ

)
= 0

I Valore misurato: Aup-down
νµ (SK) = −0.30± 0.05

I Il valore di Aup-down
νµ (SK) è negativo!

I Scoperta delle oscillazioni: i νµ provenienti dal basso si sono
trasformati in un altro sapore per effetto delle oscillazioni dovute alla
grande distanza percorsa (fino a quasi 13000 km), mentre quelli
provenienti dall’alto non sono oscillati perchè hanno percorso una
distanza troppo corta (circa 15 km).
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Esercizio

Determinare quale è l’intervallo approssimato di ∆m2 che può spiegare
l’asimmetria up-down considerando νµ con energia media di 4 GeV e
sapendo che i neutrini che arrivano verticalmente dall’alto percorrono
una distanza di circa 15 km e che il diametro della terra è circa 12740
km.

I Pνµ→νµ = 1− sin2(2ϑ) sin2
(
1.27

∆m2[eV2]L[km]

E[GeV]

)
I Affinchè Pνµ→νµ sia sufficientemente minore di uno per i neutrini che

vengono dalla parte opposta della terra (L = D = 12740 km), bisogna
che sin2(2ϑ) sia sufficientemente grande e che

1.27
∆m2[eV2]D[km]

E[GeV]
&

π

2
=⇒ ∆m2[eV2] &

π

2.54

E[GeV]

D[km]

I Quindi ∆m2[eV2] &
π

2.54

4

12740
' 4× 10−4
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I Affinchè Pνµ→νµ sia molto minore di uno per tutti i neutrini che
vengono dall’alto, bisogna che

1.27
∆m2[eV2]Loriz[km]

E[GeV]
.

π

2
=⇒ ∆m2[eV2] .

π

2.54

E[GeV]

Loriz[km]

I La distanza percorsa dai neutrini che arrivano orizzontalmente è

Loriz =
√
(R+ d)2 −R2 ' 437 km

con R ' 6370 km and d ' 15 km

I Quindi ∆m2[eV2] .
π

2.54

4

437
' 1× 10−2

I In conclusione, l’asimmetria up-down può essere spiegata con ∆m2

nell’intervallo

4× 10−4 eV2 . ∆m2 . 1× 10−2 eV2

Valore stabilito: ∆m2 ' 2.5× 10−3 eV2
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Domanda
I La scoperta delle oscillazioni dimostra che i neutrini hanno una

piccola massa.
I Ma allora esistono anche i neutrini destrorsi?
I Come abbiamo visto per le altre particelle massive, se i neutrini

hanno massa:

~v
νL

~v
′

νR

V > v

I Si, esistono anche i neutrini destrorsi, ma sono molto rari perchè
interagiscono molto più debolmente di quelli sinistrorsi: l’interazione
è soppressa dal rapporto (m/E)2.

I Ad esempio, per i neutrini da reattore(m
E

)2
.

(
1 eV

1MeV

)2

=

(
1

106

)2

= 10−12

I Quindi in pratica non è possibile (almeno con le conoscenze attuali)
rivelare i neutrini destrorsi, che perciò sono chiamati anche sterili.
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Osservazione diretta delle oscillazioni di neutrini
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determined by KamLAND

I L’esperimento KamLAND (Giappone) ha misurato le interazioni dei
ν̄e prodotti da circa 30 reattori nucleari giapponesi e coreani.

e
+

np

ν̄e

I Probabilità di sopravvivenza: Pν̄e→ν̄e = 1−
(
Pν̄e→ν̄µ + Pν̄e→ν̄τ

)
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I neutrini solari

Il sole visto con i neutrini in Super-Kamiokande
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La superficie del sole

Extreme ultraviolet Imaging Telescope (EIT) 304 Å images of the Sun

emission in this spectral line (He II) shows the upper chromosphere

at a temperature of about 60,000 K

[The Solar and Heliospheric Observatory (SOHO), http://sohowww.nascom.nasa.gov/]
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I L’energia solare è generata da reazioni termonucleari di fusione nel
centro del sole, dove la temperatura è di circa 1.5× 107 ◦C.

I La principale sorgente di energia e’ la catena pp:

4 p+ 2 e− → 4
2He + 2 νe + 26.7MeV

I I neutrini solari sono gli unici messaggeri diretti dal centro del sole!
I Il flusso di neutrini solari sulla terra è enorme: circa 6×1010 cm−2s−1!
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Esercizio

Calcolare l’energia Q emessa nella catena pp

4 p+ 2 e− → 4
2He + 2 νe +Q

sapendo che:

la massa del protone è mp = 938.3MeV/c2,

la massa del neutrone è mn = 939.6MeV/c2,

e la massa dell’elettrone è me = 0.5MeV/c2,

l’energia di legame del nucleo 4He è B4He = 28.3MeV.

I L’energia emessa è data dalla differenza tra la somma delle masse
nello stato iniziale e la somma delle masse nello stato finale.

I La massa del nucleo 4He è data dalla somma delle masse dei suoi
costituenti (2 protoni e 2 neutroni) meno l’energia di legame:

m4He = 2mp + 2mn −B4He/c
2 = 3727.5MeV/c2

I Trascurando la massa del neutrino, si ottiene

Q = 4mp + 2me −m4He = 26.7MeV
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Esercizio

Calcolare il flusso dei neutrini dal sole in cm−2s−1 sapendo che

4 p+ 2 e− → 4
2He + 2 νe +Q con Q = 26.7MeV,

la luminosità del sole è L� = 3.8× 1026W,

la distanza sole-terra è 1 au = 150× 106 km,

trascurando l’energia emessa in neutrini.

I 1W = 1J/s = 6.2× 1012MeV/s

I L� =
(
3.8× 1026

) (
6.2× 1012

)
MeV/s = 23.6× 1038MeV/s

I Trascurando l’energia emessa in neutrini, l’intensità di neutrini
emessa dal sole é

Iνe = 2
L�
Q

= 1.8× 1038 νe/s

I La distanza sole-terra è 1 au = 1.5× 1013 cm.

I Il flusso di neutrini sulla terra è

Φνe =
Iνe

4π(1 au)2
= 6.4× 1010 cm−2s−1
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Osservazione dei neutrino solari

I 1957: Bruno Pontecorvo suggerisce di rivelare i neutrini solari usando
un rivelatore contenente molte tonnellate di Cloro tramite la reazione
νe +

37
17Cl → 37

18Ar + e−

I 1964: John N. Bahcall calcola la sezione d’urto dei neutrini e trova
che è sufficiente per rivelare i neutrini solari.

I 1964: Raymond Davis propone l’esperimento the Homestake, che
viene costruito negli anni 1965–1967. Si basa sul conteggio
radiochimico degli atomi di 37Ar prodotti in un rivelatore di 615
tonnellate di tetrachloroethylene (C2Cl4).

I 1970: Davis (Premio Nobel 2002 per la Fisica) e collaboratori
osservano i neutrini solari estraendo circa un atomo di 37Ar ogni 2
giorni dal rivelatore Homestake contenente circa 2× 1030 atomi!

I I neutrini solari sono stati osservati negli esperimenti Homestake
(1970-1994), Kamiokande (1987-1995) SAGE (1990-2010),
GALLEX/GNO (1991-2000), Super-Kamiokande (1996-2019), SNO
(1999-2008), Borexino (2007-2019).
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Esercizio

Calcolare la frequenza F37Ar di produzione di atomi di 37Ar causata dai
neutrini solari nell’esperimento Homestake tramite la reazione
νe +

37
17Cl → 37

18Ar + e− in 615 tonnellate di C2Cl4, sapendo che sono
rivelabili i neutrini del 7Be e del 8B e

σ37Cl(
7Be) = 2.4× 10−46 cm2 e σ37Cl(

8B) = 1.06× 10−42 cm2,

Φ7Be = 4.8× 109 cm−2s−1 e Φ8B = 5.0× 106 cm−2s−1,

il cloro ha peso atomico ACl = 35.45 e l’abbondanza isotopica
del 37

17Cl è 24%.

I F37Ar =
(
σ37Cl(

7Be)Φ7Be + σ37Cl(
8B)Φ8B

)
NCl

I σ37Cl(
7Be)Φ7Be = 1.2× 10−36 s−1

I σ37Cl(
8B)Φ8B = 5.3× 10−36 s−1
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I Peso atomico di C2Cl4: AC2Cl4 = 2AC + 4ACl = 165.8

I Numero di molecole di C2Cl4: NC2Cl4 =
615× 106

AC2Cl4

NA = 2.2× 1030

I Numero di atomi di 37Cl: N37Cl = 0.24× 4×NC2Cl4 = 2.2× 1030

I F37Ar =
(
σ37Cl(

7Be)Φ7Be + σ37Cl(
8B)Φ8B

)
NCl = 1.4× 10−5 s−1

I 1 d = 86400 s =⇒ F37Ar = 1.2 d−1

La frequenza osservata è F obs
37Ar = 0.5 d−1

PROBLEMA DEI NEUTRINI SOLARI!
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Il problema dei neutrini solari

I 1968: Bruno Pontecorvo ipotizza che una parte dei νe solari possono
sparire per effetto delle oscillazioni νe → νµ.

I 1970: Nascita del problema dei neutrini solari con l’osservazione
nell’esperimento Homestake di un flusso di νe inferiore a quello
previsto dal modello solare.

I Dal 1970 al 2002 gli esperti hanno dibattuto accanitamente su
diverse soluzioni possibili (e impossibili).

I Le due spiegazioni che venivano considerate più plausibili sono:

I C’e’ un errore nel calcolo del flusso di νe previsto dal modello solare.

I Una parte dei νe sparisce per effetto delle oscillazioni νe → νµ e/o
νe → ντ .
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Nel 2002 l’esperimento SNO (Sudbury Neutrino Observatory)

ha dimostrato che il problema dei neutrini solari è dovuto

alle oscillazioni dei neutrini

Arthur B. McDonald: Premio Nobel 2015 per la Fisica
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SNO: Sudbury Neutrino Observatory

I Un rivelatore di 1000 tonnellate di D2O a 2000 m di profondità in
una miniera a Sudbury (Canada).

I Nell’acqua pesante D2O i due idrogeni dell’acqua H2O sono costituiti
dall’isotopo pesante deuterio D = 2

1H costituito da un protone e un
neutrone.

I I neutrini possono interagire con il deuterio in due modi:
I Interazione di corrente carica (CC): νe +D → p+ p+ e−

Il neutrone nel deuterio viene trasformato in un protone con emissione di
un elettrone secondo l’interazione che abbiamo già visto nella slide 18:

νe + n → p+ e−
e
−

pn

νe

I Interazione di corrente neutra (NC):

 νe +D → p+ n+ νe
νµ +D → p+ n+ νµ
ντ +D → p+ n+ ντ

È una dissociazione del deuterio nei suoi costituenti p e n, che avviene
con la stessa sezione d’urto per νe, νµ, ντ .
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4(6) THE NOBEL PRIZE IN PHYSICS 2015 � THE ROYAL SWEDISH ACADEMY OF SCIENCES � HTTP://KVA.SE

A decisive piece of the puzzle fell in place when Sudbury Neutrino Observatory, SNO, performed their measure-

ments of neutrinos arriving from the Sun, where the nuclear processes only give rise to electron-neutrinos. Two 

kilometres below the Earth’s surface the rushing electron-neutrinos were monitored by 9,500 light detectors in 

a tank filled with 1,000 tonnes of heavy water. It is different from ordinary water in that each hydrogen atom in 

the water molecules has an extra neutron in its nucleus, creating the hydrogen isotope deuterium. 

The deuterium nucleus offers additional possibilities for the neutrinos to collide in the detector. For some 

reactions only the amount of electron-neutrinos could be determined, while others allowed scientists to 

measure the amount of all three types of neutrinos together, without distinguishing them from each other.

Since only electron-neutrinos were supposed to arrive from the Sun, both ways of measuring the number 

of neutrinos should yield the same result. Hence, if the detected electron-neutrinos were fewer in number 

than all three neutrino types together, this would indicate that something had happened to the electron-

neutrinos during their 150 million kilometre long journey from the Sun. 

Out of the over 60 billion neutrinos per square centimetre that every second reach the Earth on their 

way from the Sun, the Sudbury Neutrino Observatory captured only three per day during its first two 

years of operation. This corresponded to a third of the expected number of electron-neutrinos that should 

have been caught in the detector. Two thirds had disappeared. The sum however, if counting all three types 

together, corresponded to the expected number of neutrinos. The conclusion was that the electron-neutrinos 

must have changed identities on the way. 

SUDBURY NEUTRINO OBSERVATORY (SNO)

SNO

ONTARIO, CANADA

Electron-neutrinos 

are produced in the 

solar core. 
2 100 m

18 m

CHERENKOV 

RADIATION

NEUTRINOS FROM

THE SUN

PROTECTING ROCK

HEAVY

WATER

Both electron neutrinos 

alone and all three types of 

neutrinos together give sig-

nals in the heavy water tank.

Sudbury Neutrino Observatory detects neutrinos from the Sun, where only electron-neutrinos are produced. The reactions between 

neutrinos and the heavy water in the tank yielded the possibility to measure both electron-neutrinos and all three types of neutrinos 

combined. It was discovered that the electron-neutrinos were fewer than expected, while the total number of all three types of neutrinos 

combined still corresponded to expectations. The conclusion was that some of the electron-neutrinos had changed into another identity.
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I Misure di SNO relative alle previsioni del modello solare senza le
oscillazioni:

F SNO
CC

Fm.s.
CC

= 0.35± 0.02
F SNO
NC

Fm.s.
NC

= 1.02± 0.13

I La misura CC conferma il problema dei neutrini solari: sparizione dei
νe che sono gli unici che interagiscono tramite le iterazioni CC.

I La misura NC mostra che la somma dei flussi di νe, νµ, ντ è in
accordo con la previsione del modello solare.

I L’unica spiegazione possibile è che i νe solari si siano trasformati in
νµ e ντ in modo da mantenere invariato il flusso totale di neutrini.

I Questa è la prova delle oscillazioni dei neutrini solari:

νe → νµ e/o νe → ντ
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Due Tipi di Oscillazioni

Solari
νe → νµ, ντ


SNO, Borexino

Super-Kamiokande

GALLEX/GNO, SAGE

Homestake, Kamiokande


Reattori

ν̄e → ν̄µ, ν̄τ
(KamLAND)


→

∆m2
S ' 7.5× 10−5 eV2

sin2 ϑS ' 0.30

Atmosferici
νµ → ντ , ν̄µ → ν̄τ

 Super-Kamiokande

Kamiokande, IMB

MACRO, Soudan-2



Acceleratori
νµ → ντ , ν̄µ → ν̄τ

 K2K, MINOS

T2K, NOνA

Opera




→

∆m2
A ' 2.5× 10−3 eV2

sin2 ϑA ' 0.50
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Misure delle Masse dei Neutrini
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Ordinamento delle Masse

νe νµ ντ

∆m
2
A

∆m
2
S

ν2

ν1

ν3

m
2

Ordinamento Normale

m
2

∆m
2
S

ν2

ν1

∆m
2
A

ν3

Ordinamento Inverso

Solo due ∆m2 indipendenti:

∆m2
21 +∆m2

13 +∆m2
32 =

(
m2

2 −m2
1

)
+
(
m2

1 −m2
3

)
+
(
m2

3 −m2
2

)
= 0

la scala delle masse non è determinata dalle misure di oscillazione
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Scala delle Masse

Lightest mass:    m1    [eV]
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Decadimento Beta del Trizio

3H → 3He + e− + ν̄e Q = M3H −M3He −me = 18.58 keV

Spettro energetico dell’elettrone: K(T ) =

√
(Q− T )

√
(Q− T )

2 −m2
β

Massa Efficace del Neutrino: mβ =

√
cos2ϑm2

1 + sin2ϑm2
2

mβ = 0 ⇐⇒ K(T ) = Q− T

mβ > 0

Q−mβ Q

mβ = 0

T

K
(T

)

Limite attuale:

mβ . 2 eV

Esperimenti:

Mainz (Germania)

Troitsk (Russia)
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Trasporto dello spettrometro dal Reno al Karlsruhe Institute of Technology.
(Novembre 2006)
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Neutrini e Antineutrini
I 1928: Paul Dirac formula “The Quantum Theory of the Electron”

che applicata alle particelle elementari implica che ad ogni particella
corrisponde una antiparticella. (Premio Nobel per la Fisica 1933)

I Particelle e antiparticelle hanno carica elettrica opposta:

Particella Carica Antiparticella Carica

u +2/3 ū −2/3
d −1/3 d̄ +1/3
e− −1 e+ +1
νe 0 ν̄e 0

I Nel caso di particelle cariche, particella e antiparticella sono
necessariamente diverse: ū 6= u, d̄ 6= d, e+ 6= e− (Particelle di Dirac)

I 1937: Ettore Majorana formula la “Teoria simmetrica dell’elettrone e
del positrone” secondo la quale una particella neutra può essere
identica alla propria antiparticella.

I Poichè i neutrino sono neutri, neutrino e antineutrino possono essere
la stessa particella: ν̄e = νe ? (Particella di Majorana)
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Neutrini: Particelle di Dirac o di Majorana?

Neutrino Dirac: ν̄e 6= νe

Neutrino Majorana: ν̄e = νe

Come distinguere le due possibilità?

Il processo più conveniente è il

Doppio decadimento β senza neutrini
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Doppio decadimento β con neutrini

Esempio: 76
32Ge → 76

34Se + 2 e− + 2 ν̄e

76

32
Ge

76

33
As

76

34
Se

Germanium

Arsenic

Selenium

β−

β−β−

32 protoni + 42 neutroni

n p

n p

e
−

e
−

76
32Ge

76
34Se

44n

32 p 34 p

42n

ν̄e

ν̄e

I È un processo molto raro previsto dalla teoria delle interazioni deboli
di Fermi e dal Modello Standard delle interazioni elettrodeboli.

I In processo è stato osservato con un tempo di decadimento enorme:

T1/2(
76Ge) = 1.8× 1021 y
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Doppio decadimento β senza neutrini

Esempio: 76
32Ge → 76

34Se + 2 e−

76

32
Ge

76

33
As

76

34
Se

Germanium

Arsenic

Selenium

β−

β−β−

32 protoni + 42 neutroni

n p

n p

e
−

e
−

76
32Ge

76
34Se

44n

32 p 34 p

42n

ν̄e

νe

Possibile solo se ν̄e = νe ⇐⇒ Neutrini di Majorana!

Massa Efficace del Neutrino: mββ = cos2ϑm1 + sin2ϑm2
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Come distinguere 0νββ da 2νββ?

0.0 0.5 1.0 1.5 2.0
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0
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1
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T    [MeV]

f(
T

)

32

76
Ge 2νββ

0νββ

Q = 2.039MeV
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Limiti sperimentali

ββ− decay experiment T 0ν
1/2 [y] mββ [eV]

48
20Ca → 48

22Ti ELEGANT-VI > 1.4× 1022 < 6.6− 31

76
32Ge → 76

34Se

Heidelberg-Moscow > 1.9× 1025 < 0.23− 0.67
IGEX > 1.6× 1025 < 0.25− 0.73
Majorana > 4.8× 1025 < 0.20− 0.43
GERDA > 8.0× 1025 < 0.12− 0.26

82
34Se → 82

36Kr NEMO-3 > 1.0× 1023 < 1.8− 4.7
100
42Mo → 100

44Ru NEMO-3 > 2.1× 1025 < 0.32− 0.88
116
48Cd → 116

50Sn Solotvina > 1.7× 1023 < 1.5− 2.5
128
52Te → 128

54Xe CUORICINO > 1.1× 1023 < 7.2− 18
130
52Te → 130

54Xe CUORE > 1.5× 1025 < 0.11− 0.52

136
54Xe → 136

56Ba
EXO > 1.1× 1025 < 0.17− 0.49
KamLAND-Zen > 1.1× 1026 < 0.06− 0.16

150
60Nd → 150

62Sm NEMO-3 > 2.1× 1025 < 2.6− 10
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Flussi di neutrini
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I Neutrini Primordiali

I I neutrini primordiali sono estremamente freddi: (0K = −273.15 ◦C)
Tν = 1.95K = −271.2 ◦C

I Sono lenti: Eν = 1.7× 10−4 eV <
√
∆m2

S ' 8.7× 10−3 eV =⇒ vν � c

I Hanno una probabilità di interazione circa 106 volte più piccola dei
neutrini da reattore! =⇒ Riusciremo ad osservarli?
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I geoneutrini
I L’interno della Terra emette circa 47 TW di calore.

I E’ una piccola quantità rispetto al calore che riceviamo dal sole
(circa 173000 TW), ma è cruciale per la dinamica interna della Terra
perchè il calore del sole penetra solo qualche metro.

I Principali sorgenti del calore terrestre:

I Calore primordiale (∼ 20–30 TW)

I Calore radiogenico (∼ 20–30 TW)

I Decadimenti radioattivi principali:

238
92 U → 206

82 Pb + 8α+ 6e− + 6ν̄e + 51.7MeV

232
90 Th → 207

82 Pb + 7α+ 4e− + 4ν̄e + 46.4MeV

40
19K → 40

20Ca + e− + ν̄e + 1.3MeV

I Circa 20% dell’energia viene emessa in antineutrini.
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Calore emesso totale: 47± 2TW

after Jaupart et al 2008 Treatise of Geophysics

Mantle cooling
(18 TW)

Crust R*
(8 ❄ 1 TW)
(Rudnick and Gao ‘03)

Mantle R*
(12 ❄ 4 TW)

Core
(~9 TW)

-

(4-15 TW)

Earth’s surface heat flow 46 � 3 (47 � 2)

(0.4 TW) Tidal dissipation
Chemical differentiation

*R radiogenic heat
(after McDonough & Sun ’95)

total R*
20 ✁ 4

1✂
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I I geoneutrini possono essere rivelati con lo stesso metodo usato per

gli antineutrini da reattore:
e
+

np

ν̄e

I Il segnale di geoneutrini non è uniforme sulla superficie terrestre:

I Terrestrial Neutrino Unit:

1TNU = 1 interazione per anno per 1032 protoni
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I 2005: I geoneutrini sono rivelati per la prima volta nell’esperimento
KamLAND in Giappone.

I 2010: I geoneutrini sono rivelati nell’esperimento BOREXINO al
Gran Sasso.

I Le misure attuali dei due esperimenti sono:

KamLAND: 30± 7TNU
BOREXINO: 43± 12TNU

I Implicazioni per il calore radiogenico della misura di BOREXINO:
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Neutrini, messaggeri delle Supernove
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Energia totale emessa: circa 3× 1053 erg, di cui:

I circa 99% neutrini (3× 1053 erg),

I circa 1% energia cinetica (∼ 1051 erg),

I circa 0.01% energia elettromagnetica (∼ 1049 erg).

Comparazioni:

I L’energia emessa dal sole ogni anno è circa 1.2× 1041 erg,

I L’energia equivalente alla massa della terra è circa 5.4× 1048 erg,

I L’energia emessa dal sole in 10 miliardi di anni è circa 1.2× 1051 erg,

I L’energia equivalente alla massa del sole è circa 1.8× 1054 erg.
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Supernove Storiche

length of Historical Records
date visibility remnant Chinese Japanese Korean Arabic European

AD1604 12 months G4.5+6.8 few – many – many
AD1572 18 months G120.1+2.1 few – two – many
AD1181 6 months 3C58 few few – – –
AD1054 21 months Crab Nebula many few – one –
AD1006 3 years G327.6+14.6 many many – few two
AD393 8 months – one – – – –
AD386? 3 months – one – – – –
AD369? 5 months – one – – – –
AD185 8-20 months – one – – – –
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SN1987A

23 Febbraio 1987 nella Grande Nube di Magellano (168000 anni luce)
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Neutrini dalla SN1987A
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7:35 UTC del 23 Febbraio 1987

Kamiokande (Giappone)
11 eventi

M. Koshiba: Premio Nobel 2002 per la Fisica

IMB (Irvine Michigan Brookhaven, USA)
8 eventi

Baksan (Caucaso, Russia)
5 eventi

THE 23 YEAR REMINISCENCE 469

5 MeV was set for the second one. In both cases the
low energy threshold was the same: 0.8 MeV.

Every pulse was tagged by a time clock which was
given Italian Standard Time with an accuracy of 2 ms.
An electronic check to the whole detector was given
every 7 min in order to have the entire detector under
control all the time.

Under the above threshold conditions the total rate
was 0.012/s while the muon counting rate was 3.5/h.

In our LSD data acquisition system, on line soft-
ware identifies on real time and prints any burst can-
didate on the computer output. The neutrino burst
was recognized on the statistical on-line analysis by
our computer on the basis of the actual frequency of
events. With this system our computer was able to
detect any burst of N pulses, recorded in any interval
of time ∆t between 1 ms and 600 s, and this program
computes the background imitation rate according to
the standard distribution:

Fimit = f

∞∑

n=N−1

P (n,∆t)

= f

∞∑

n=N−1

e−f∆t (f∆t)n

n!
,

where f is the raw trigger rate.
In the on-line analysis if there is an abnormal

burst of pulses, which is out of the computed Poisson
statistics, our computer printed out the burst given
the main information of the burst: the time duration
of the burst, the tanks in the trigger and their pulse
high, the low energy pulses if any and the imitation
probability as well as the Italian time of occurrence.
Off-line analysis is made in a similar way, but includ-
ing a more detailed analysis of the single pulse in the
burst.

3. THE 5 PULSES DETECTED BY LSD

On February 23, 1987, at 3:52 Italian time (2:52 UT)
the LSD computer printed an alarm on-line burst of
5 pulses within 7 s duration time. The burst has been
analyzed on line by the computer given the probability
of simulation by the background of ∼10−3 on the
base of the actual frequency of the background rate
of 0.012 event/s. This type of event had never been
presented before by our computer since the start of
the experiment on January 1985.

Since such a burst occurred at 3:52 in the early
morning of Monday 23rd February it was not ob-
served by any operator on shift at the laboratory. It
was seen only in the morning of the same day at 8:30
by a member of our group on shift at the experiment
and who called the headquarters in Torino and in-
formed us about what our computer had printed. The

Table 1. The burst of 5 pulses detected by LSD. It also
includes the two pulses detected near IMB time

Number of event Time UT ± 2 ms Energy, MeV

994 2 h 52 min 36.79 s 6.2–7

995 2 h 52 min 40.65 s 5.8–8

996 2 h 52 min 41.01 s 7.8–11

997 2 h 52 min 42.70 s 7.0–7

998 2 h 52 min 43.80 s 6.8–9

1285 7 h 36 min 00.5 s 9.0

1286 7 h 36 min 18.9 s 6.4

burst consisted of 5 pulses, distributed uniformly in
the entire LSD detector. From the computer out put
we can see that the tanks are 31, 14, 25, 35, and
33. From the pulse high it appears that all pulses are
low energy and in only one tank the prompt pulse is
followed by a second one at 259 µs in the 500 µs
gate. The time duration of the burst is 7.00 s while
the imitation probability is 1.7 × 10−3 per day, see
Saavedra 2007, (Saavedra, 2007) for more details.
Table 1 shows the burst of 5 pulses detected on-line
at LSD. The same table also shows the two pulses
detected at the IMB time.

It was only on Wednesday 25th February that
we received the news that a SN has been optically
observed in the Southern Hemisphere Observatories.
Immediately we have brought the tape and analyzed
our Mt. Blanc data in order to see whether or not the
pulses detected in our experiment had something to
do with the optically observed SN explosion in the
LMC.

The analysis off-line of our data shows that every-
thing was OK long before Feb. 23 and after the checks
and discussions with our Italian–Russian colleagues,
and in particular checking the time of occurrence of
SN explosion with the time of the probable start of
the explosion by comparing them with optical mea-
surements, we decided to announce the detection of
the Mt. Blanc event on Saturday February 28 on the
circular No. 4323 (Castagnoli et al., 1987).

Figure 2 shows the No of bursts as function of their
duration and the multiplicity of pulses in the burst
(>5, >10, and >15) in the period of 2 days. The burst
of 5 pulses with 7 s duration in the Fig. is shown as a
dot.

4. THE GRAVITATIONAL ANTENNAS
AND LSD EVENTS

Soon after detection of the burst at LSD detector
we informed the group of professor E. Amaldi who

ASTRONOMY LETTERS Vol. 36 No. 7 2010

2:52 UTC del 23 Febbraio 1987

LSD (Liquid Scintillator Detector)
Monte Bianco

Collaborazione: Torino e Mosca
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Siamo Pronti per la Prossima Supernova?
Are We Ready For SN 20XXa?

Recent review papers: Scholberg (2012). Mirizzi, Tamborra, Janka, Scholberg et al. (2016). 

Expected number of events for a SN at 10 kpc and dominant flavor sensitivity in parenthesis.

HALO (30,        )νe, νx

SNO+ (300,   )ν̄e

MicroBooNE (17,   )νe

NovA(4000,   )ν̄e

LVD (300,   )ν̄e

Borexino (100,   )ν̄e

Baksan (100,   )ν̄e

KamLAND (300,    )ν̄e

Super-Kamiokande (7x10 ,   )4
ν̄e

Daya Bay(100,   )ν̄e

IceCube (10 ,   )
6
ν̄e

Fundamental to combine the SN signal seen in detectors employing different technologies.
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SuperNova Early Warning System (SNEWS)

I I neutrini arrivano alcune ore prima del segnale ottico.

I Il segnale dei neutrini allerta la comunità astronomica.
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I Nuclei Galattici Attivi (AGN)
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Neutrini da Nuclei Galattici Attivi
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L’esperimento IceCube
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2015: I neutrini da AGN vengono osservati per la prima volta
nell’esperimento IceCube.
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Mappa di tutti i segnali di neutrino osservati

� Muoni generati fuori dal rivelatore da νµ provenienti dal basso.

⊗ Muoni generati dentro il rivelatore da νµ.

⊕ Cascate di particelle generate dentro il rivelatore da νe o ντ .

I Nell’area blu scura i neutrini di alta energia (E & 100TeV) sono assorbiti dalla
terra.

I Linea tratteggiata: orizzonte. Stella: centro galattico.
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L’astronomia neutrinica e multimessaggera

I 1970: Prima osservazione dei neutrini solari (distanza: 150× 106 km)
nell’esperimento Homestake (R. Davis: Premio Nobel 2002 per la
Fisica). Ha confermato la teoria della produzione termonucleare di
energia nel sole e ha iniziato l’osservazione multimessenger del sole.

I 1987: Prima osservazione dei neutrini da supernova (distanza:
168× 103 ly) nell’esperimento Kamiokande (M. Koshiba: Premio
Nobel 2002 per la Fisica). Ha confermato le caratteristiche principali
del meccanismo di esplosone delle supernove e ha iniziato
l’osservazione multimessenger delle supernove.

I 2015: Prima osservazione dei neutrini da AGN (distanza dell’ordine
di 109 ly) nell’esperimento IceCube (F. Halzen: Premio Nobel 20??
per la Fisica?). Ha confermato le caratteristiche principali degli AGN
e ha iniziato l’osservazione multimessenger degli AGN.
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Conclusioni
I neutrini sono particelle
I Misteriose:

I Interagiscono molto debolmente e li possiamo rivelare solo
indirettamente osservando le particelle che producono.

I Sappiamo che hanno una massa molto più piccola delle altre particelle
ma non l’abbiamo ancora misurata direttamente.

I Essendo neutri potrebbero essere “particelle di Majorana”, che
coincidono con la propria antiparticella, contrariamente alle altre
particelle che sono cariche.

I Utili per la scienza:
I Ci portano informazioni da zone altrimenti inaccessibili: il centro della

terra, il centro del sole, il nucleo di una supernova, l’universo
primordiale.

I La comprensione delle strane proprietà dei neutrini è fondamentale per
gli sviluppi delle nuove teorie fisiche.

I Potenzialmente utili per la tecnologia:
I Monitoraggio dei reattori per il controllo degli armamenti (ci sono già

molti studi).
I Tomografia della terra (idea speculativa).
I Comunicazioni attraverso corpi densi (idea molto speculativa).
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