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Discovering Mass
The farther neutrinos travel, the more time they have to oscillate. By
comparing the ratio of flavors of neutrinos coming "up" through the Earth
to those coming from overhead, physicists determined that neutrinos
oscillate, which neutrinos can only do if they have mass.

A cosmic ray
(usually a proton)
from space

Neutrinos continue on
the trajectory and begin
to oscillate as they
pass through the earth

Cosmic ray

A neutrino strikes another
elementary particle in the
detector tank. The interaction
is recorded and analyzed by
scientists to identify both the
flavor of the neutrino and its
flight path.
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The cosmic ray hits the
earth's atmosphere,
making a spray of
secondary particles,
some of which decay
into neutrinos

Earth’s
atmosphere
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One cycle of an oscillating neutrino
as it passes through earth

SUPER KAMIOKANDE DETECTOR

Oscillating
neutrinos
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The excavated chamber,
before building the detec-
tor.
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Stainless steel container
and all phototubes in place,
before filling with water.
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Half-filled with water.
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SUPERKAMIOKANDE DETECTOR Catching Neutrinos
About once every 90 minutres, a neutrino interacts in the detector
chamber, generating Cherenkov radiation. This optical equivalent of
a sonic boom creates a cone of light that is registered on the
photomultipliers that line the tank. Characteristic ring patterns tell
physicists what kind of neutrinos interacted and in which direction
they were headed.

The light is
detected by
photo sensors
that line the
tank, and
translated into a
digital image.

Electronics
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Control
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Access
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12.5 million gallon
tank of ultra-pure
water

Mt. Ikena Yama

Mountains filter out other signals
that mask neutrino detection.

A few neutrinos interact
within the huge tank of super
pure water, generating a
cone of light.
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How Super-Kamiokande detects neutrinos

Neutrinos almost never interact with matter. But if there are lots of
them passing through a large tank of a dense substance like water,
occasionally one interacts with a molecule of water, creating a charged
particle in the water, which travels about 1 m in roughly the same
direction as the original neutrino.

This particle travels faster than the speed of light in water, and emits a
cone (“Cerenkov cone”) of light [analogous to the sonic boom of an
aircraft travelling faster than sound] that is detected by the
photomultipliers that line the tank.

nucleon

νe or νµ
e or µ
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Cerenkov rings

From the direction and characteristics of the Cerenkov ring of light,
you can tell whether the neutrino was a º µ or a º e, what direction it
came from, and how much energy it had.

electron event:

muon event:
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Neutrino oscillations formula

Probability that a º µ of energy E converts to a º τ after travelling
distance L is

Prob(º µ → º τ ) = sin2(2µµτ ) sin2
( (m2

ν3
−m2

ν2
)L

4E ~c

)

Earth

neutri
no

L

Cosmic
ray

L = length of neutrino path
E = energy of neutrino

mν2 = mass of º 2 mass eigenstate,
mν3 = mass of º 3 mass eigenstate
µµτ = mixing angle
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The results

Muon neutrinos that pass through the earth seem to just disappear, in
exactly the way predicted by neutrino oscillations.
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Clearly the º µ are oscillating into
some other neutrino (º τ ?), and
the º e are not.

The solid line is the pre-
diction from the neutrino
oscillation formula, with

sin2(2µµτ ) > 0:9,
(
m2

ν3
−m2

ν2

) 1
2 = 0:050(5) eV
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The importance of the Super-Kamiokande result

1. Neutrinos have mass. Super-Kamiokande only measures
m2

νµ
−m2

ντ
, but if that is nonzero then they can’t all be massless.

So mν & 0:05 eV. This is important for cosmology: processes in
the early universe produce lots of neutrinos, so if they are massive
their gravitational effects alter the evolution of galaxies and the
cosmic microwave background.

2. Oscillations can explain the solar neutrino problem (we only see
only half the expected number of º e from the sun). The º e could
have an even smaller mass than º µ, so in the sun or on the long
journey from the sun to the earth they oscillate into unseen º τ .

3. The kind of mass that causes oscillation may also allow neutrinos
to turn into antineutrinos, violating “lepton number” which was
thought to be conserved. It also affects attempts to explain the
“antimatter problem”, the observed dominance of matter over
antimatter in the universe.
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