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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)  Ÿ (A, Z+1) + e- (two body decay, monoenergetic e -)

Expected 2-body decay



NielsBohr:

Energy not conserved
in the quantum domain?

BOHR EXPLANATION OF THE BETA DECAY SPECTRUM



1930: Pauli proposes existence of òneutronó(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 : òTodayI have done something which no theoretical
physicist should ever do in his life : I have predicted something which shall never
be detected experimentally .ò



Wolfgang Pauli
(1900-1958)

Nobel Prize 1945

άbŜǳǘǊƻƴέ
(1930)
άbŜǳǘǊƻƴέ

(1930)

PAULIõS EXPLANATION OF THE BETA DECAY SPECTRUM



1932: Chadwick discovers neutron :

ðMass of neutron similar to mass of proton : not Pauliõsparticle!

- 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



FERMIõS MODEL OF BETA DECAY 

1934: Enrico Fermi presents his theory of the beta decay in a paper entitled 
ôTentative theory of beta raysõ  

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

A neutron  n 0 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

άbŜǳǘǊƻƴέ
(1930)
άbŜǳǘǊƻƴέ

(1930)
άbŜǳǘǊƛƴƻέ
(E.Fermi)

FERMI EXPLANATION OF THE BETA DECAY SPECTRUM



The paper was rejected by Nature since  according to the editor ôcontained 
speculations too remote from reality to be of interest to the readerõ

The paper eventually appeared in italian in Nuovo Cimento



WHO INVENTED THE NAME NEUTRINO?

From L. Bonolis òBruno Pontecorvo. From slow neutrons to
oscillating neutrinosó  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 FERMIõS THEORY FOR NEUTRINOS 

Neutrino ceases to be a shorthand for ôlost energyõ. It carries energy along 
with it until it hits something.

Neutrino can be revealed !! 

1934: Bethe and Pierls calculate from the Fermiõstheory 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 ôlikea bullet through a bank of
fog ôThey concluded:

There is no practically possible way of observing the neutrino



BRUNO PONTECORVOõS 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

Pontecorvoõsidea: 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 experimenté. 



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

ÅCPTtheorem in 
quantum field theory

ïC: interchange 
particles & anti-
particles

ïP: parity

ïT: time-reversal

ÅState 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 ôEnergyProduction in Starsõwhere 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 Davisõexperimentcould 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 ſ1 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 Ñ3 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:

ôõItstarts 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.õõ

1988: Still very few people worked on solar neutrinos . Davisõschlorine
experiments was the only one recording data for two decades. Bahcall
summed the situation : ôõAllthe people working steadily on solar neutrinos,
theorists and experimentalists, could (and often did) fit confortably into
the front seat of Ray Davisõscar ôõ.





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

gm 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 ôõmuon-nessõõ. Today we call it flavor . Pontecorvo
extended its idea also to neutrinos . Symmetry amongparticles .
Electron and its sibling neutrino in one pair, muon and its sibling neutrino in
another pair

öö
÷

õ
ææ
ç

å

e

e

n
ö
ö

÷

õ

æ
æ

ç

å

mn

m

Neutrinos carry memory of their provenance.

How to probe it?

Pontecorvoõsidea 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 onPontecorvoõsidea. They prove that nu_mu are different from nu_e.

DISCOVERY OF MUON NEUTRINOS



THREE NEUTRINOS

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

2000 : DONUT experiment (Direct Observation of ôNu-Tauõ)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+eīcollisions. The
invisible partial width, ůinv, 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 ůnas 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 5ò PMTs



Kamiokande-I

July 6, 1983

3000-ton Imaging Water Cerenkov Detector

Kamiokande : Kamioka Nucleon Decay Experiment





Masatoshi Koshiba: óWhy not 
lower Eth 

down to 10 MeV 
to

detect 8B solar nôs!ó
(1983)
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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)








