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HoOow MANY NEUTRINOS CROSS YOUR
FINGER

NAIL EVERY SECOND?
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THE WORLD IN THE XXTH CENTURY

PROTONS AND NEUTRONS IN THE NUCLEUS
ELECTRONS ORBITING AROUND




CIRCA 1900

UNIVERSAL EXPOSITION
PARIS NEW YORK
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BETA DECAY

Helium-3 (1, 2)

Tritium (2, 1) Recoil nucleus and
electron separate
‘ —_— with equal and
opposite momentum.

.e‘
(NN2)—= (N—1,Z+ 1)+ e,

where N = number of neutrons, and
Z = number of protons.
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BETA DECAY

Helium-3 (1, 2) 2-body decay

Tritium (2, 1) Recoil nucleus and
electron separate
— with equal and
opposite momentum.
o o

(N.2)—= (N—-1,Z+ 1)+ e, Beta Energy

where N = number of neutrons, and
Z = number of protons.
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Two-Body Final State

Helium-3 (1, 2)

Tritium (2, 1) Recoil nucleus and
electron separate
. —_— with equal and
opposite momentum

.'9‘
(N.2)— (N—1,Z+ 1)+ e,

where N = number of neutrons, and
Z = number of protons.




ENERGY CONSERVATION?

Two-Body Final State
Observed Expected

spectrum of electron
energies energy

Helium-3 (1, 2)

Tritium (2, 1) Recoil nucleus and
electron separate
. — with equal and
opposite momentum

.'9‘
(N.2)— (N—1,Z+ 1)+ e,

where N = number of neutrons, and Endpoint of
Z = number of protons. spectrum

Number of electrons




ENERGY CONSERVATION?

Two-Body Final State
Observed Expected
spectrum of electron

energies energy

Helium-3 (1, 2)

Tritium (2, 1) Recoil nucleus and
electron separate
—_— with equal and
opposite momentum
. e

(N,2)—= (N—1,Z+ 1)+ ¢, Energy

where N = number of neutrons, and Endpoint of
Z = number of protons. spectrum

Number of electrons
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Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom | graciously ask you to listen, will explain to you in
more detail, how because of the "wrong" statistics of the N and Li¢ nuclei and the
continuous beta spectrum, | have hit upon a desperate remedy to save the "exchange
theorem" of statistics and the law of conservation of energy. Namely, the possibility that
there could exist in the nuclei electrically neutral particles, that | wish to call neutrons, which
have spin 1/2 and obey the exclusion principle and which further differ from light quanta in
that they do not travel with the velocity of light. The mass of the neutrons should be of the
same order of magnitude as the electron mass and in any event not larger than 0.01 proton
masses. The continuous beta spectrum would then become understandable by the
assumption that in beta decay a neutron is emitted in addition to the electron such that the
sum of the energies of the neutron and the electron is constant...

| agree that my remedy could seem incredible because one should have seen these

neutrons much earlier if they really exist. But only the one who dare can win and the difficult
Situation, due to the continuous structure of the beta spectrum, is lighted by a remark of my
honoured predecessor, Mr Debye, who told me recently in Bruxelles: "Oh, It's well better not
to think about this at all, like new taxes”. From now on, every solution to the issue must be
discussed. Thus, dear radioactive people, look and judge.

Unfortunately, | cannot appear in Tubingen personally since | am indispensable here in
Zurich because of a ball on the night of 6/7 December. With my best regards to you, and
also to Mr Back.

Your humble servant,

W. Pauli







| HAVE MADE A TERRIBLE THING
PROPOSING A PARTICLE THAT
CAN’T BE DETECTED...

THIS IS SOMETHING NO THEORIST
SHOULD EVER DO...
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Three-Body Final State

Helium-3 (1, 2)

Tritium (2, 1) Electron and
neutrino share
‘ —_— the available

energy.

Electron Antineutrino
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PAULI’S NEUTRINO

Observed Expected
spectrum of electron
energies energy

Number of electrons

Endpoint of
spectrum

PAULI HAD GOOD
REASONS TO FEEL
GUILTY

HE HAD PREDICTED
THE EXISTENCE OF
A GHOST!
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VERSUCH EINER THEORIE DER B-
STRAHLEN (FERMI, 1936)

Neutron Beta Decay

P

Initial
state

n>p+e + V )

POINT INTERACTION AMONG FOUR SPIN 1/2 PARTICLES.
THEORY IS RELATIVISTIC. WAVE FUNCTIONS ARE SPINORS
SATISFYING DIRAC EQUATION. PARTICLES ARE CREATED AT
THE INSTANT OF DECAY.

PREDICTION OF DECAY RATES AND ELECTRON ENERGY
SPECTRA DEPENDS ONLY OF ONE CONSTANT, Gr, DETERMINED
EXPERIMENTALLY. ENERGY SPECTRUM DEPENDS OF NEUTRINO
MASS . MEASURABLE DISTORTIONS NEAR END-POINT OF
SPECTRUM IF >O0.




THE DISCOVERY OF NEUTRINOS

SIR ARTHUR EDDINGTON




THE DISCOVERY OF NEUTRINOS

-
IN AN ORDINARY WAY | MIGHT SAY

THAT | DO NOT BELIEVE IN NEUTRINOS.
DARE | SAY THAT EXPERIMENTAL
PHYSICISTS WILL NOT HAVE
SUFFICIENT INGENUITY TO MAKE
NEUTRINOS..

-

SIR ARTHUR EDDINGTON
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HOW TO DETECT NEUTRINOS

Welcome to the ghost detector

S & 72 =2 10

GAIN FREQUENGCY




Neutron Beta Decay IF N ARE PRODUCED BY B DECAY, THEY
CAN BE DETECTED USING THE INVERSE
REACTION.

10 em”® E, ~3 MeV

Inverse Beta Decay
1

610% (nucleon / g)(7.9 g/ cm’)(107™" cm”)
~ 4 light years!

A(Pb) ~
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SO ONE NEEDS

INTENSE NEUTRINO
SOURCES




SO ONE NEEDS

INTENSE NEUTRINO
SOURCES

MASSIVE DETECTORS




SO ONE NEEDS

LONG EXPOSURES (LOTS
OF PATIENCE)

INTENSE NEUTRINO
SOURCES

MASSIVE DETECTORS




INTENSE NEUTRINO SOURCES = NUCLEAR REACTORS
|
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vessel

I T YY" YITYYYYY

|low activity gravel shielding |




Nuclear reactors are very intense sources of ¥, deriving
from beta-decay of the neutron-rich fission fragments

Yield :
200MeV | fission
ov,/ fission

6F,
200 MeV x1.6x107"

P : reactor thermal power [W] conversion factor
MeV — |

=1.87x10"P V/s

Vv production rate =

For a typical reactor: P,=3x10°W = 5.6x 1020V /s (isotropic)
Continuous V energy spectrum — average energy ~3 MeV




SAVANAH RIVER

Frotomultiplier

F
Delayed l:c:i”n::idena
detection of ¢ from
with pair of v's from

Part from _ . gh & annibilation,
nuclear

reactor &

[t

u !-J‘(-\ '.j
—a s

Meutring
flux

13 .
10 “iem2s

Water target with
scintillator plus
CdCl., .




EXPERIMENTAL SIGNATURE

Positron scope

Neutron scope

( Fositron S{ZUHE ‘




WHO ORDERED THAT?

Four events showing the decay of a T~
coming to rest in nuclear emulsion

Cosmic ray muon stopping

vt — }.L+ — e" decav chain in a cl!]u[l chamber and
- decaying to an electron




Muon decay
U —et+v+v

Decay electron
momentum distribution

T T T 'T T | T | T | L]
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i ‘ 4
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Momentum in unils of rnFm"'E

U decay is a three body
process (observed electron
has a continuous spectrum).
One needs two neutrinos

n decay is a two body process
(muon has always the same energy
when pion decays at rest). One
undetected particle (kink in

emulsion) signals the presence of
a heutrino

Are all those neutrinos the
same than the one emitted
in B decay?




HoOw TO BUILD A NEUTRINO BEAM

HARP BE TARGET DATA

Absorber Muon Monitors

Target
\ Target Hall
120 GeV

protons - —
From = #1 7 ‘l\

Main Injector Horns™= rt

10m s
675 m

Hadron Monitor

Decay Pipe 3
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DISCOVERY OF
THE MUON NEUTRINO Muon Neutrino

2 kind of neutrino discovered - muon neutrino (1962)
produces a muon instead of electron

Absorber Muon Monitors

L Decay Pipe l

. Target Hall J7a

20 GeV N oL di Ldibls
protons 5

EE— L2 . - =

From #1 \

#2

Main Injector I . Horns at B} A y1

10 m 30m

675 m J Rockl

Hadron Monitor

Neutrino beam produced by decay of particles produced by
Farticle accelerator




DISCOVERY OF THE TAU NEUTRINO

The third heavy electron, tha tau was discovered by M.
Perl and collaborators in 1975 at SLAC

.

L
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Seen

I
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i Seen v

£~  Unseen Meutrinos —

EXP..DONUT
3024/30175

MOD.:ECC1
Emuloio~ Tzrgets

— T \ \ 0

— u \

—— Electron 200mgad

——— Hadron . . .
Unknown
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THERE ARE ONLY THREE LIGHT NEUTRINOS
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ALEPH
DELPHI
L3
OPAL

| § average measurements,
error bars increased

by factor 10




THERE ARE ONLY THREE LIGHT NEUTRINOS

Z 39 ALEPH
- DELPHI
L3
- OPAL

| { average measurements,
error bars increased

by factor 10

Leptuns. Quarks
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SIR ARTHUR & THE NEUTRINOS

SIR ARTHUR WOULD NOT HAVE MADE A LIVING AS A PROPHET.

PHYSICISTS HAVE GOT INGENUITY ENOUGH TO DETECT NOT ONLY ELECTRON
NEUTRINOS BUT ALSO MUON AND TAU NEUTRINOS.

FURTHERMORE NEUTRINOS COMING FROM THE SUN, FROM THE ATMOSPHERE FROM
SUPERNOVAE (1987A) HAVE BEEN OBSERVED.

SOME EXPERIMENTS (NOMAD) HAVE REGISTERED MILLIONS OF NEUTRINO
INTERACTIONS.

PAULI CAN REAST IN PEACE. HIS BEAST HAS BEEN DETECTED AND EXHAUSTIVELY
STUDIED!




