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Neutrino Oscillations, Twenty Years After

Photo by Andreas Gursky, detail.
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Pontecorvo 1959: The Birth of Neutrino Oscillations
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Pontecorvo 1946: Solar Neutrinos

Pontecorvo’s paper on neutrino detection.
Chalk River, 1946, Report PD-205 CLASSIFIED
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Homestake Neutrino Experiment

Ray Davis, jr. and John Bahcall, Homestake Mine, 1964.
Observed flux ≈ 1/3 of the expected one (Davis 1994).
Neutrino Oscillation? Neutrino decay? Solar Model wrong?
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John Bahcall

John Bahcall’s determinations of the νe-CL37 cross section
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Superkamiokande 1988: Muon Neutrinos Oscillate . . .

23. Cosmic rays 11

atmosphere for muon decay in flight. Fig. 23.7 from Ref. 46 shows a comparison between
measurement and expectation for the zenith angle dependence of multi-GeV electron-like
(mostly νe) and muon-like (mostly νµ) events separately. The νe show an enhancement
near the horizontal and approximate equality for nearly upward (cos θ ≈ −1) and nearly
downward (cos θ ≈ 1) events. There is, however, a very significant deficit of upward
(cos θ < 0) νµ events, which have long pathlengths comparable to the radius of the
Earth. This pattern has been interpreted as evidence for oscillations involving muon
neutrinos [45]. (See the article on neutrino properties in this Review.) Including three
dimensional effects in the calculation of atmospheric neutrinos may change somewhat the
expected angular distributions of neutrinos at low energy [47], but it does not change the
fundamental expectation of up-down symmetry, which is the basis of the evidence for
oscillations.
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Figure 23.7: Zenith-angle dependence of multi-GeV neutrino interactions from
SuperKamiokande [46]. The shaded boxes show the expectation in the absence of
any oscillations. The lines show fits with some assumed oscillation parameters, as
described in Ref. 46.

The east-west effect [48,49] is the enhancement, especially at low geomagnetic latitudes,
of cosmic rays incident on the atmosphere from the west as compared to those from
the east. This is a consequence of the fact that the cosmic rays are postively charged
nuclei which are bent systematically in one sense in the geomagnetic field. Not all
trajectories can reach the atmosphere from outside the geomagnetic field. The standard
procedure to see which trajectories are allowed is to inject antiprotons outward from
near the top of the atmosphere in various directions and see if they escape from the
geomagnetic field without becoming trapped indefinitely or intersecting the surface of
the Earth. Any direction in which an antiproton of a given momentum can escape is an
allowed direction from which a proton of the opposite momentum can arrive. Since the
geomagnetic field is oriented from south to north in the equatorial region, antiprotons
injected toward the east are bent back towards the Earth. Thus there is a range of
momenta and zenith angles for which positive particles cannot arrive from the east but
can arrive from the west. This east-west asymmetry of the incident cosmic rays induces
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. . . and electron neutrinos do not.
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New νµ Oscillation data from Accelerator Experiments

Yellow pictures from Eligio Lisi’s talk at the INFN Program Committee, 2008
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OPERA νµ→ ντ Oscillations
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Reactor Experiments

The Chooz limit on θ13, the mixing of νe at the atmospheric frequency.
New experiments: Chooz-II, Dayan Bay.
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The Solar Neutrino Deficit

It fits with the oscillation hypothesis,
SNO and KamLAND gave two complementary tests.
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SNO

It is oscillations! Missing electron neutrinos
are still seen as ντ,νµ in neutral current reactions
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KamLAND 2001

The 2001 KamLAND results demonstrated
νe oscillations at the solar frequency.
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KamLAND 2008

Best determination of m2
12.

An impressive textbook example of neutrino oscillations!

KamLAND Collaboration, arXiv:0801.4589.
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Borexino 2007

A return to John Bahcall’s program: the study of the Sun.
But also real time study of the neutrino flux:
The exploration of neutrino-matter interaction.
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Neutrino Mass

Experiments are under
preparation for measuring mβ

— KATRIN, MARE —
and mββ — CUORICINO.

From Fogli et al.
arXiv:hep-ph/0408045v2

Σ=m1+m2+m3, mβ = [c2
13c2

12m2
1 +c2

13s212m2
2 +s213m2

3]1/2,

mββ = [c2
13c2

12m2
1 +c2

13s212e iφ2m2
2 +s213m2

3e iφ3 ]1/2
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The role of cosmology

The best limit on the sum of neutri-
no masses,

∑
mν < 0.66 eV comes from

cosmological data.

The CMB fluctuation spectrum is sensitive
to the presence of non-relativistic neutrinos
in the decoupling era (Tγ ≈0.7eV). On this
basis WMAP obtains a limit

∑
mν < 1.3 eV,

and a stronger limit,
∑

mν < 0.66 eV using
other “safe” data.

More stringent limits could be obtained,
but are not at this time firmly established.
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Where we Stand.

Nicola Cabibbo Neutrino Oscillation 14/04/2008 18 / 21



We Have a Long Road Ahead.
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And to Conclude
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And to Conclude

Also Borrowing this Slide!
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