Lectures on
Neutrino Physics




.-~

\

+ US EMBARGO EXPIRATION 20: OO
June 4, 1998, PaC|f|c Dayllglﬂt'&me

‘..o

; 3
® :
. '3 -
™ - R o | ’ » : ?
- > Ay Ot " e 3.
¥ . o - S ,.‘ -
. - - - » e ¢ ,.
0 . “ - il » "' s
> T P B o b
e Mo ’ e T 1 »
e s 2% L el .
LS4 ’ . o ‘. .
- P o ",..
LS RN s P » l“
: 3 et s
- . L)

o~
‘A
P

>




The Neutrino Revolution (June, 1998)

m m sci-tech >

interactive

CNMN.com

weeer - dcientists in Japan may have
WORLD

L]
s discovered secret to the
US. LOCAL . o a e s ,
POLITICS rarep’e o acc’
ouncs — yniverse’s ‘missing mass
BUSINESS
SPORTS ’
SCLTECH Web posted at: 3:32 am. EDT (0932 GMT)
computing ) o i . .
space TOKYO (CNN) -- An international
ENTERTADMENT  team of scientists working from a
TRAVEL revamped mineshaft in central Japan
HEALTH said Friday they may have unlocked
STYLE one of the biggest mysteries of
IN-DEFTH physics -- evidence that an infinitesimally small subatomic particle
called the neufrino has mass.




Clinton on neutrino M,
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MIT SHAA Clinton® & Y
(excerpted from remarks at the MIT
commencement, June 6, 1998) ‘

[W]e must help you to ensure that America continues
to lead the revolution in science and technology........
Just yesterday in Japan, physicists announced a

discovery that tiny neutrinos have mass. ....but it ma

change our most fundamenta eories from the
nature of the smallest subatomic

articles to how the
universe itself works, and indeed how it expands.
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Invented to resolve a
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Invention of the Neutrino

Beta decay mystery (1920E 0 ====HI7I):

2-body decay should give But observed spectrum is continuous
mono-energetic electron

neutron
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Wolfgang Pauli's solution (1930)

In B—decay

Weakly interacting massless neutral fermion
(0= ot =/ Eot) 20| Sle 42 IH=0I=2)



4th December 1930
Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will
explain to you in more detail, how because of the "wrong" statistics of the N

6
and Li nuclei and the continuous beta spectrum, I 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 I 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 masgs 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...




Discovery of Neutrino

“ the first detection of anti—neutrinos **

Anti-Neutrino Detector
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Discovery of Muon Neutrino
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L. Lederman, M. Sc w and J, Steinberger



Neutrinos in the standard model

=2 S : our best model for the microscopic universe
Neutrinos:

N
4:Come inThree " flavors'’

The Standard Model of
Particle Interactions

Three Generations of Matter

I II III ‘Interact weakly
‘Cannot change flavor

All neutrinos left-handed
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Neutrinos in the standard model

Strength Range (m) Particle

Electro- <® (> 1 photon

137 Infinite mass =0

magnetic O ~® spin = 1

Strength Range (m) Particle

Intermediate

107'°
. - vector bosons
(0.1% of the diameter Wt wW- 7
. : of a proton) ’ v ’
neultrino interaction mass > 80 GeV
induces beta decay spin =1




Neutrinos in the standard model
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Neutrinos in the standard model

neutron decay

muon decay

muon absorption




Neutrinos in the standard model

Photon exchange Fermi’s theory W-hoson exchange

g(J W+ W)

eJpA+ g(JJ W+ T W)+ gnInZ



Neutrinos in the standard model

« \Weak interaction exchanging




Neutrinos in the standard model

. 1.r..r b
-
Two d quarks

implies two ways & U 9 U d U
to do this.

Charged current reaction,
electron neutrings only.

|" I
Intaracts with (((

any quark, 80 d ududy

sixways todo ’

this. de — i e 44 . &— Outgoing
. Lo oy o - neutrino

Elastic scattering with

any neutrino,

MNeutral current reaction,
all neutrinos.,

Shower of
particles due to
bremstrahlung

+ &— Collision
point

&— Incoming

neutrino



Neutrinos in the standard model

Classify according to whether (1) charged (W) or neutral () current, {2)
nucleonic or leptomc, (3) whether ener oy 18 exch‘mned or not. L;reneﬂllv
mucleonic o larger than leptonic. [}1'101"11118 (a)-i(f) exch‘mue momentum and
energy; dngnm (g) exhanges momentum but little energy.




‘Neutrinos in the Universe

«Birth of Neutrinos *How many neutrinos
In our Universe?
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Neutrino Sources

: Supeghova 1987A. ‘23
<Sun stronomy: > Cebruar 1967
Supernovae
Hi
B UHE V'S
. - " <Cosmoloy
b y Reactors—>
L v
Cosmic Ray
Atmosphere
w. Afr nuclfeus
Accelerators->

Super—IK
Detector




Neutrinos are everywhere.
Every second tens of thousands of neutrinos




Oty

: s, s B8 B
m -~ - ,W g«*r“'ﬂii-
T, =R !”' - ol

T N N Lt
A LY




sd0lA =2cl=t0] & S KA A=IIH?




The Neutrino Revolution (1998-)

Discovery of Neutrino Oscillation

Neutrinos are massive.

Neutrinos mix.

S 22 =2 0|29 ¢HA

— = dd HE2 24
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Neutrino's are hot!

20023 . LH=2ISHA
(Davis & Koshiba)
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Neutrinos
from backstage to center stage



Neutrino's are still hotl

201548 : HZ22ISHAL: “discovery of neutrino oscillation
Kajita & Mcdonald

Yoji Totsuka(March 6, 1942 - July 10, 2008)

"The discovery of oscillation in neutrinos was largely
due to the work done by Professor Totsuka,” Kajita
said.



