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A NEUTRINO POEM



1896: the French scientist Henri Becquerel discovers the radioactivity, while
working with phosphorescent material.

RADIOACTIVITY

Rutherford and his student Frederick Soddy realized that many decay
processes resulted in the transmutation of one element to another.



DECAY SPECTRA

1914: James Chadwick discovered that the energy of the beta radiation
varied from one measurement to the next. Instead of always having the
same energy, electrons emerged with a continuous range of energies.

In alpha and beta decay the energy account were straightforward. If
there is only one particle emitted, energy conservation enforces a single
value for the emitted energy



BETA DECAY SPECTRUM

This experimental energy spectrum is
from G.J. Neary, Proc. Phys. Soc.
(London), A175, 71 (1940).

1914: discovery continuous energy spectrum of beta decay
(Chadwick)

Problem: nucleus (A,Z) thought to be A protons + (A-Z) electrons

Beta decay: (A,Z)  → (A, Z+1) + e- (two body decay, monoenergetic e-)

Expected 2-body decay



Niels Bohr:

Energy not conserved
in the quantum domain?

BOHR EXPLANATION OF THE BETA DECAY SPECTRUM



1930: Pauli proposes existence of “neutron” (with spin ½ and mass not more
than 0.01 mass of proton) inside nucleus in a famous letter (4 December
1930):

THE BIRTH OF THE NEUTRINO



Pauli also left in his diaries: “Today I have done something which no theoretical
physicist should ever do in his life: I have predicted something which shall never
be detected experimentally.“



Wolfgang Pauli
(1900-1958)

Nobel Prize 1945

“Neutron”
(1930)

“Neutron”
(1930)

PAULI’S EXPLANATION OF THE BETA DECAY SPECTRUM



1932: Chadwick discovers neutron:

– Mass of neutron similar to mass of proton: not Pauli’s particle!

- However, the discovery of neutron has increased the number of
atomic particles by 50 %! The idea of inventing further particles no
longer seemed so heretical.



22-29 October 1933: Solvay Conference in Bruxelles to discuss about
nuclear physics



FERMI’S MODEL OF BETA DECAY 

1934: Enrico Fermi presents his theory of the beta decay in a paper entitled 
‘Tentative theory of beta rays’  

He introduces the name “neutrino” (ne), which is different to neutron, and 
beta decay is decay of neutron

A neutron  n0 turns into a proton p+, electron  e- and a neutrino c0  in  a single 
point of the space   



Enrico Fermi
(1901-1954)

Nobel Prize 1938

“Neutron”
(1930)

“Neutron”
(1930)

“Neutrino”
(E.Fermi)

FERMI EXPLANATION OF THE BETA DECAY SPECTRUM



The paper was rejected by Nature since  according to the editor ‘contained 
speculations too remote from reality to be of interest to the reader’

The paper eventually appeared in italian in Nuovo Cimento



WHO INVENTED THE NAME NEUTRINO?

From L. Bonolis “Bruno Pontecorvo. From slow neutrons to
oscillating neutrinos”  AJP 73(6): 487 (2005)



Fermi theory implied that neutrino could bump into a neutron and convert it 
into a proton and an electron.

CONSEQUENCES OF FERMI’S THEORY FOR NEUTRINOS 

Neutrino ceases to be a shorthand for ‘lost energy’. It carries energy along 
with it until it hits something.

Neutrino can be revealed !! 

1934: Bethe and Pierls calculate from the Fermi’s theory the probability of
interactions between neutrinos and matter. They found it to be incredibly
small. The interaction become known as weak interaction. Neutrinos could
travel through the Earth without interruption ‘like a bullet through a bank of
fog ‘ They concluded:

There is no practically possible way of observing the neutrino



BRUNO PONTECORVO’S IDEA

1946: Bruno Pontecorvo comes with an idea to
capture a neutrino (seminal report at Chalk
River Laboratory in Canada).
Nuclear power in uranium reactor should also
produce 10 million billion neutrinos each
second!
With right detector it would be possible to
capture a few

Pontecorvo’s idea: a huge vat of chlorine (hundreds of tons). If neutrino
hits Cl atoms, it is transformed in Argon

Ar is radioactive and decays. Its radiation can be detected.



ENTER RAY DAVIS

1955: Ray Davis realized an experiment
(based on the Pontecorvo idea) in the
Savannah river nuclear reactor in South
Carolina

Result: Nothing!

Reactor were producing antineutrinos and not neutrinos. Chlorine would have 
been fine to detect neutrinos !! 
By seeing nothing- Davis implicitly proved that neutrinos are different from 
antineutrinos



DETECTING NEUTRINOS FROM A NUCLEAR EXPLOSION

Reines and Cowan project 1st idea. However they realized that there is a better 
way to realize the experiment…. 



PROJECT POLTERGEIST

1953-56: Reines and Cowan experiment. target made of 400 liters of a
mixture of water and cadmium chloride. The anti-neutrino coming from the
nuclear reactor interacts with a proton of the target matter, giving a
positron and a neutron. The positron annihilates with an electron of the
surrounding material, giving two simultaneous photons and the neutron
slows down until it is eventually captured by a cadmium nucleus, implying
the emission of photons some 15 microseconds after those of the positron
annihilation. All those photons are detected and the 15 microseconds
identify the neutrino interaction.

1955: The detector was taken 
to Savannah River 12 meter 
underground to shield it from 
cosmic rays



1956: NEUTRINO DISCOVERY

Summer 1956: Poltergeist recorded gamma-rays separated by 5.5 ms. 

On 14 June, Cowan & Reines sent Pauli a telegram announcing that they found
the neutrino he invented a quarter of century earlier.



HELICITY

Helicity: projection of the particle spin along the direction of motion  

For massive particles it depends on the reference frame.



PARITY VIOLATION IN THE WEAK INTERACTIONS

First hints that there are only LH neutrinos and RH antineutrinos



WU EXPERIMENT





Neutrinos are Left-handed



Anti-Neutrinos are Right-handed

• CPT theorem in 
quantum field theory

– C: interchange 
particles & anti-
particles

– P: parity

– T: time-reversal

• State obtained by CPT 
from nL must exist: nR



HOW SUN SHINES?

This question challenged scientists for a hundred and fifty years, beginning in the
middle of the nineteenth century. Theoretical physicists battled geologists and
evolutionary biologists in a heated controversy over who had the correct answer.

1939: Hans Bethe published his paper ‘Energy Production in Stars’ where he
worked out the basic nuclear processes by which hydrogen is burned into
helium in stellar interiors.





THE p-p CHAIN IN THE SUN

The pp neutrino energy is less than half than required to affect chlorine.

1955: Davis finds no evidence of solar neutrinos



A GLIMMER OF HOPE 

1958: Bethe realized that production of Be can happen, but only rarely. If Be-7
was produced it could bump into one of the solar proton, fusing togheter to
make B-8.

Neutrino can have energy as high as 15 MeV that Davis’experiment could detect!!



ENTER JOHN BAHCALL

1962: John Bahcall wrote a paper pointing
out that the rates for beta decay
processes in stars would differ from those
being used by astrophysicists

February 1962: Davis wrote an historical
letter to Bachall asking about the specific
process involving Be-7 and B-8 and
producing neutrinos.

1963: Bahcall first attempt was
complete.
However, it did not give too much
encouragement:
4000 liter tank would capture only one
neutrino event every 100 days !

Davis was eager to build a 400,000 litres experiments. However, the venture
was considered high risk.

(Further calculations by Bahcall improved by a factor 20 the rates)



HOMESTAKE MINE EXPERIMENT

1965: Excavation started in Homestake Gold Mine, South Dakota 

End summer 1966: the experiment was ready to begin



How many solar neutrinos could Davis hope to capture?

Bahcall calculated that a neutrino born along with B-8 would have a
chance of

10-36/sec ≡ 1 SNU (1 Solar Neutrino Unit)

to hit a single atom of Cl-37.
Given a capture rate of 1 SNU it would be an average waiting time of six 
days for a single capture.

Using the best models for solar interior and data on various nuclear
reactions Bahcall predicted a rate of

7.5 ± 3 SNU

1968: Davis announced his first result. If the experiment was
observing solar neutrinos the rate was at most

3 SNU

in tension with Bahcall predictions

SOLAR NEUTRINO PROBLEM



1978: After ten years from the first data Davis continued to improve his
experiments and Bahcall had improved and refined his calculations. However,
the disagreement still remained.

SOLAR NEUTRINO PROBLEM

Pontecorvo wrote to Bahcall:

‘’It starts to be really interesting! It would be nice if all this ends with
something unexpected from the point of view of [neutrinos].
Unfortunately it will not be easy to demonstrate this even if nature works
that way.’’

1988: Still very few people worked on solar neutrinos. Davis’s chlorine
experiments was the only one recording data for two decades. Bahcall
summed the situation: ‘’All the people working steadily on solar neutrinos,
theorists and experimentalists, could (and often did) fit confortably into
the front seat of Ray Davis’s car ‘’.





MUONS AND PIONS

In the 1940s, cosmic  radiation revealed new particles

1937: Discovery of muon m. Mass ~ 105 MeV/c^2 , 
Spin 1/2 

1947: Discovery of pion p. Mass ~ 139 MeV/c^2 , 
Spin 0



MUONS AND NEUTRINOS

1947: Pontecorvo proposed compelling evidences that the muon was not the 
carrier of the nuclear force, but a heavy version of the electron.

If that was the hole story a muon should produce an electron and a
neutrino

m e→

However, a young physicist Jack Steinberger, was about to show that 
this is not the case, uncovering a great mistery



1947: Steinberger concluded his experiments. The result was that muon
decays into an electron accompanied by two further particles, not one.
Everything was consistent with the idea that it consisted of two neutrinos,
that escaped the detection

1958: Steinberger studying the decay of pions produced by accelarators in 
muons and neutrinos, found a ratio consinstent with parity violation

Bruno Pontecorvo started wondering: Are the neutrinos produced when a
pion decays into a muon, the same as those emitted in conventional beta
decays?



The theory of Fermi of the weak interactions implied that the chances of
neutrinos reacting grew with energy. However, this had absurd implications:
With increasing energy this cross section grows without limit!

The solution was to abandon the idea that particles all met in a single point.
Like e.m. forces are carried by photons, weak forces are carried by an agent,
W boson.

W BOSON



The introduction of a finite-mass W boson removes the divergence
of ne e scattering
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MUON DECAYS AND W BOSON
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Muon decay

If the two neutrinos are the same (nu_e = nu_mu) it would be possible for a 
muon to convert into an electron through the intermediate W



Pontecorvo was the first to propose that the muon is more than just an heavy
electron: it has a special ‘’muon-ness’’. Today we call it flavor. Pontecorvo
extended its idea also to neutrinos. Symmetry among particles.
Electron and its sibling neutrino in one pair, muon and its sibling neutrino in
another pair
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Neutrinos carry memory of their provenance.

How to probe it?

Pontecorvo’s idea was to make a large number of pions by smashing a beam of
high-energy protons into a target. Pions decay into muons and neutrinos. A
steel shield will absorbe muons, but is transparent to neutrinos. Several meter
further another target acts as detector. It all neutrinos are alike, the number
of electron and muon produced will be similar. However, if only muons appear,
electron neutrino differs from muon neutrinos.



1962: Leon Lederman, Mel Schwartz, Jack Steinberger and colleagues at
the accelerator of Brookhaven National Laboratories realized an experiment
based on Pontecorvo’s idea. They prove that nu_mu are different from nu_e.

DISCOVERY OF MUON NEUTRINOS



THREE NEUTRINOS

1976: the tau lepton was discovered….A third type of neutrinos, associated
with the lepton, was required.

2000: DONUT experiment (Direct Observation of ‘Nu-Tau’) at Fermilab,
Chicago discovers nu_tau



NUMBER OF LIGHT NEUTRINOS FROM COLLIDER 
EXPERIMENTS

The most precise measurements of the number of light neutrino
types, Nn, come from studies of Z production in e+e− collisions. The
invisible partial width, Γinv, is determined by subtracting the measured
visible partial widths, corresponding to Z decays into quarks and
charged leptons, from the total Z width. The invisible width is
assumed to be due to Nn light neutrino species each contributing the
neutrino partial width Γn as given by the Standard Model.



BACK TO SOLAR NEUTRINO PROBLEM

In order to solve the solar netrino problem Bahcall proposed an experiment
sensitive to pp neutrinos. A Gallium experiment was proposed, since it has a
lower threshold than a chlorine one. One would have sensitivity to the whole
neutrino spectrum with good intensity.
In 1990s the stage was set for two experiments with this technique,
GALLEX in LNGS (Italy) and SAGE in URSS.

But even before these experiments a new way of detecting solar neutrinos
was being born...



1976: Designs for a new generation neutrino detectors made at Hawaii
workshop, subsequently leading to IMB, HPW and Kamioka detectors.

WATER CHERENKOV DETECTORS

1980-90: The IMB, the first massive underground nucleon decay search
instrument and neutrino detector is built in a 2000' deep Morton Salt mine
near Cleveland, Ohio. The Kamioka experiment is built in a zinc mine in
Japan.

Proton decay is predicted in theories that attempt to unify the forces of
nature





IMB: 8000 ton Water Cherenkov Detector

2400 x 5” PMTs



Kamiokande-I

July 6, 1983

3000-ton Imaging Water Cerenkov Detector

Kamiokande : Kamioka Nucleon Decay Experiment





Masatoshi Koshiba: ”Why not 
lower Eth 

down to 10 MeV 
to

detect 8B solar n’s!”
(1983)

~
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5
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e
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Kamiokande-II

What invented Kamiokande-II ?



Kamiokande-II Construction 
(September, 1984 ~ )



1986: Kamiokande group makes first directional counting observation of
solar neutrinos and confirms deficit.

1991-2: SAGE (in Russia) and GALLEX (in Italy) confirm the solar neutrino
deficit in radiochemical experiments.

In all energies it seemed that the number of neutrinos detected was only 
about one-half of the predicted by the solar models!

1996: Kamiokande is ready for more work. With ten times more water and 
PMT than Kamiokande, the detector was named Super-Kamiokande (SK)











1985: Hints in both Kamiokande and IMB that the ratio of nu_mu to nu_e
coming from the atmosphere was closer to 1 than to 2. The anomaly is at
first believed to be an artifact of detector inefficiencies.

Super-Kamiokande detection of atmospheric neutrinos

Muon data show an anomaly (clearly asymmetric distribution). Electron
samples are compatible with the predicitons.



COULD NEUTRINO DISAPPEAR IN FLIGHT, NOT JUST MUON-
NEUTRINOS FROM THE ATMOSPHERIC ANOMALY, BUT ELECTRON
NEUTRINOS TOO?



OSCILLATING NEUTRINOS

1957: Bruno Pontecorvo proposes neutrino-antineutrino ocillations
analogously to K0-antiK0, leading to what is later called oscillations into
sterile states.

1962: Ziro Maki, Masami Nakagawa and Sakata introduce neutrino flavor
mixing and flavor oscillations.

1969: Gribov and Pontecorvo published their theory on neutrino oscillations
based on the hypotheses that there are two varieties of neutrinos with
different masses. They realized that laws of quantum mechanics allow
neutrinos to oscillate back and forth between one state to another, but only
if they have some (even tiny) mass.

In Pontecorvo’s original theory, electron neutrinos that had been created in
the center of the Sun could convert into muon or tau neutrinos, being
invisible to Davis’s experiment.



However, this idea was considered more as a mathematical curiosity.
Large mixing angle was required to have significant conversions.



MSW EFFECT

Mikheyev (1985) Smirnov (1985) Wolfenstein (1978)

Opinions start to change when three theorists discovered a novel implication of
the oscillation idea, known as MSW effect: As neutrino passed through the
layers of the Sun, the presence of matter could amplify the likelihood that
neutrinos oscillate. Even a small mixing angle would be enough.

Largely because the elegance of the theory, around 1990, physicists began to
take idea of neutrino oscillations seriously.



1998: After analyzing more than 500 days of data, the Super-Kamiokande
team reports finding oscillations and, thus, mass in muon neutrinos. After
several years these results are widely accepted and the paper becomes the
top cited experimental particle physics paper ever.





2001-2: SNO announces observation of neutral currents from solar
neutrinos, along with charged currents and elastic scatters, providing
convincing evidence that neutrino oscillations are the cause of the solar
neutrino problem.





On receiving the news Bahcall commented: ’I feel like dancing, I am so
happy’





KamLAND finds that on average about 40% of the anticipated number of
antineutrinos has disappeared. It shows that neutrino oscillates with the same
parameters indicated by the solution of the solar problem.



December 10, 2002: The ceremony of the Nobel Prize award: R. Davis Jr. and
M. Koshiba: “... for pioneering contribution to astrophysics, in particular for
the detection of cosmic neutrinos”

NEUTRINOS:...ANNUS MIRABILIS



BOREXINO

Real time n detector with liquid scintillator

n detection: 
elastic scattering on electrons

−− +→+ ee xx nn

Very low threshold (~240 keV 
due to 14C bkg)

Unique possibility to probe the
solar n spectrum in the sub-
MeV regime

Fiducial mass: 75 ton



(Slide from G. Testera)



DISCOVERY OF pp NEUTRINOS

The                                  reaction occurs 99.76 % of the time

Unprecedent low level of radioactivity inside the detector. Measured pp
neutrino flux (6.6 ±0.7)x1010 cm-2 s-1 in agreement wit SSM + oscillations.
Accuracy ~10% vs 0.6% SSM.

[Borexino Collaboration, Nature 512 , 383 (2014)]

n flux consistent with solar luminosity → The Sun has been in thermodynamic
equilibrium at least over a timescale of 105 years







2013: KamLand geo-neutrino flux

28

27116+

−
geo-neutrino events

Separately free fitting:
U 116 events
Th 8 events

Beginning of neutrino geophysics !











THE COSMIC-NEUTRINO SKY

Through Neutrino Eyes: Ghostly Particles Become Astronomical Tools 



Core collapse SN corresponds to the terminal phase of a massive star [M ≳ 8 M


]
which becomes unstable at the end of its life. It collapses and ejects its outer
mantle in a shock wave driven explosion.

SUPERNOVA NEUTRINOS
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▪ TIME SCALES: Neutrino emission 
lasts ~10 s

▪ EXPECTED: 1-3 SN/century in our
galaxy (d  O (10) kpc).

▪ ENERGY SCALES: 99% of the
released energy

(Ln~ 1053 erg/3sec= 3 x 1019 Lsun)

is emitted by n and n of all flavors,
with typical energies E ~ O(15 MeV).



Sanduleak −69 202

Large Magellanic Cloud 

Distance 50 kpc

(160.000 light years)

Tarantula Nebula

Supernova 1987A

23 February 1987



Neutrino Astronomy

Neutrino Burst Observation : 

First verification of stellar evolution mechanism



Fax from Sid Bludman to E. Beier



NEUTRINO SIGNAL OF SN 1987A IN KAMIOKANDE 

SN 1987A

Background noise



Kamiokande & IMB 

in PRL



Kamiokande-II (Japan)
Water Cherenkov detector
2140 tons
Clock uncertainty  1 min

Irvine-Michigan-Brookhaven (US)
Water Cherenkov detector
6800 tons
Clock uncertainty  50 ms

Baksan Scintillator Telescope
(Soviet Union), 200 tons
Random event cluster ~ 0.7/day
Clock uncertainty  +2/-54 s

NEUTRINO SIGNAL OF SUPERNOVA 1987A

Within clock uncertainties,
signals are contemporaneous



Large Detectors for Supernova Neutrinos

In brackets events  for a “fiducial SN”  at distance 10 kpc

HALO (tens) LVD (400)
Borexino (80)

Super-Kamiokande
(104)

KamLAND (330)

IceCube (106)



COSMIC-NEUTRINO FLUXES @ E > 100 TeV

[Halzen, 1311.6350]

At E > 100 TeV cosmic-neutrino fluxes (produced by SNR & GRB) exceed the
atmospheric neutrino flux



NEUTRINO BEAM DUMP





A CUBIC KILOMETER DETECTOR: FROM DREAM....

ICRC 1973: first 
discussion of DUMAND 
(Deep Underwater Muon 
and Neutrino Detector)
to be built in the sea off 
the main insland of Hawaii. 

m

n

Cherenkov  light



.... TO REALITY: ICECUBE NEUTRINO TELESCOPE AT SOUTH POLE

Instrumentation of 1 km3 antartic 
ice with ~5000 photomultipliers
Completed December 2010



DETECTION OF ne , nm , nt

~ 5 m

Electromagnetic and hadronic
cascades

O(km) long muon tracks

~ 15 km



THE TWO PeV NEUTRINO EVENTS IN ICECUBE

[Icecube Collaboration, 1304.5356, PRL 111, 021103 (2013)]



THE TWO PeV NEUTRINO EVENTS IN ICECUBE

[Icecube Collaboration, 1304.5356, PRL 111, 021103 (2013)]

1.04 ± 0.16 PeV 1.14 ± 0.17 PeV



Conservative analysis: 37 candidates, ∼15 background, 5.7σ rejection of
pure atmospheric neutrino flux 

HIGH-ENERGY NEUTRINO  ENERGY SPECTRUM

[Icecube Collaboration, 1405.5303, PRL 113, 101101 (2014)]



SUMMARY

• Neutrino mixing parameters:Matrix well known from astro and lab 
evidence

• New experiments for missing parameters in the making

• Absolute masses yet to be determined (KATRIN, cosmology)

Neutrinos as astrophysical messengers 

• Detailed measurement of solar nus (ca 60,000 events in Super-K)

•   First geo-neutrinos (ca 116 events in KamLAND)

•   SN 1987A (ca 20 events)

•   First high-E events in IceCube (Ernie, Bert, and 35 others)

Understanding neutrino internal properties  — a mature field



‘’If you can measure something accurately enough, you have
a chance of discovering something of important. The
history of astronomy shows that it is very likely that what
you discover will not be what you were looking for...It
helps to be lucky’’ (J. Bahcall)



FURTHER READING


