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Il Futuro della Fisica dei Neutrini

I Introduzione: i neutrini e le loro oscillazioni.

I Masse dei neutrini.

I Gli antineutrini sono diversi dai neutrini?

I I neutrini primordiali.

I I neutrini da supernove.
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Particelle e Forze
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Neutrini
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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)
prodotti e rivelati nelle interazioni deboli con la materia.

e
−

pn

νe µ
−

pn

νµ τ
−

pn

ντ

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

I Un Neutrino Interagente è una sovrapposizione quantistica di Neutrini
Massivi. Considerando per semplicità solo due generazioni:

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

ϑ è chiamato angolo di mixing.
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ν(L = 0) = νµ = − sinϑ ν1 + cosϑ ν2
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Pνµ→νe = sin2 2ϑ sin2
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I La probabilità di transizione 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 ottime per rivelare piccole differenze di
massa, perché l’effetto è amplificato dalla distanza di propagazione L.
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Premio Nobel per la Fisica 2015
Scoperta delle Oscillazioni di Neutrini

Takaaki Kajita
1998: Oscillazioni dei neutrini

atmosferici misurate nell’esperimento
Super-Kamiokande

Arthur B. McDonald
2002: Oscillazioni dei neutrini solari
misurate nell’esperimento SNO
(Sudbury Neutrino Observatory)
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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-
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NEUTRINOS FROM 

COSMIC RADIATION
KAMIOKA, JAPAN

MUON-
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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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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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Osservazione Esplicita delle Oscillazioni di Neutrini

 (km/MeV)
eν

/E0L

20 30 40 50 60 70 80 90 100

S
u

rv
iv

al
 P

ro
b

ab
il

it
y

0

0.2

0.4

0.6

0.8

1

eνData - BG - Geo 

Expectation based on osci. parameters

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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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

C. Giunti − Il Futuro della Fisica dei Neutrini − Scuola di Fisica 2017 − 12 Aprile 2017 − 10/31



Misure delle Masse dei Neutrini
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Ordinamento delle Masse
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la scala delle masse non è determinata dalle misure di oscillazione

C. Giunti − Il Futuro della Fisica dei Neutrini − Scuola di Fisica 2017 − 12 Aprile 2017 − 12/31



Scala delle Masse
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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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Indicazioni dalle Oscillazioni
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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 L’antiparticella di una particella carica ha carica elettrica opposta =⇒
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 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?
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Doppio Decadimento β Senza Emissione di Neutrini

Esempio: 76
32Ge → 76

34Se + e− + e−

76

32
Ge

76

33
As

76

34
Se

Germanium

Arsenic

Selenium

β−

β−β−

32 protons + 42 neutrons

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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Indicazioni dalle Oscillazioni
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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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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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(layers not drawn to scale)

Onion-shell structure of pre-collapse star 
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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-II (Giappone)
11 eventi

M. Koshiba: Premio Nobel per la Fisica 2002

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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Super-Kamiokande (Giappone)

Borexino (Italia)

Sudbury Neutrino Observatory (Canada)

Daya Bay (Cina)
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