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History of the neutrino

 Problems with
measured beta
decay

* First predicted in
1930 by Wolfgang
Pauli
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History of the neutrino (con’t)

* The electron neutrino is detected in 1956
through Cowan-Reines neutrino
experiment

* Using a nuclear reactor, shot neutrinos
iInto protons, creating neutrons and
positrons




Properties of neutrinos

 Electrically neutral

Travel close to the speed of light

Small, but nonzero mass

Permeate everything




Neutrino flavor

 Neutrinos come in 3 flavors: electron
neutrinos, muon neutrinos, tauon

neutrinos

» Each flavor is associated with the
corresponding elementary particle




What is an atmospheric neutrino?

* Produced by
cosmic rays striking
the atmosphere

* Primarily, muon
and electron
neutrinos are
created




What is neutrino oscillation?

* A phenomenon in which a neutrino
changes from one flavor to another

 Theorized when the flux of electron

neutrinos from the sun was ~1/3 of the
predicted value




Neutrino oscillation (con't)

* A simple analogy is
that it is like any
coupled harmonic
oscillator
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Probability of Oscillation

* Consider the mixing matrix for two neutrinos

« Using the Schrodinger wave equation for two
neutrinos of different mass and frequency




Probability of Oscillation (con’t)

If we combine the two equations from the
first page

» Assuming there is only one flavor of
neutrino to begin with




Probability of Oscillation (con’t)

* We assume the energies are much higher
than the masses and plug back in




Super Kamiokande

Completed in 1996

1 km underground, 41.4 m high, 39.3 m In
diameter

Holds ~50,000 tons of ultra-pure water

Contains 11,146 photomultiplier tubes
(PMTs)
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Photomultiplier Tubes

incident light

* Extremely sensitive
vacuum tubes for

detecting light

» Used in Super K for
detecting rings of
Cherenkov radiation

1-12 dynodes 14 focussing electrodes
13 anode 15 photocathode

Fig. 4.1 Schematic of a photomultiplier tube.




Initial hints of oscillation

* Atmospheric neutrinos are created
uniformly around the whole earth.

* The number of atmospheric muon

neutrinos going “up” was less than that
going “down’




Detection of oscillation

* August 1998 article released by the Super-
Kamiokande Collaboration at Tokyo
University in Japan




How this Is oscillation
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2004 Detailed analysis of dependence of
event rate and Length/Energy




Ongoing Super K Experiments

» 2004 - The observed L/E distribution
constrained v <->v; neutrino oscillation

parameters; 1.9x103<Am? < 3.0x10-3eV?

» 2006 — Finds a best fit tau neutrino
appearance signal after 1489 days of
operation




Other Experiments

* Sudbury Neutrino Observatory (SNO)
* lceCube/AMANDA

* Main Injector Neutrino Oscillation Search
(MINOS)

* |Irvine—Michigan—Brookhaven (IMB)




Implications

* Neutrinos have mass — not predicted

through the Standard Model
— Some theoretical solutions: unobserved right-

handed neutrinos, Majorana fermions, seesaw
mechanism




The Future

» Cherenkov detectors can still only
calculate difference of the squares of the
masses

— New methods using nuclear beta decay

(KATRIN and MARE) or neutrinoless double
beta decay (GERDA, CUORE, NEMO-3)
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