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In 2006, for the second time in the twelve-year history of the Cracow
Epiphany conferences, the conference was dedicated to neutrinos. This
reflects the very fast development of neutrino physics in recent years. Here
the comparison has been made between the 2006 Epiphany Conference
on Neutrionos and Dark Matter and the 2000 Epiphany Conference on
Neutrinos in Physics and Astrophysics.

PACS numbers: 14.60.Pq, 13.15.4+g, 23.40.—s, 95.35.Td

1. At the time of Epiphany 2000

It was less than two years after the famous SuperKamiokande publica-
tion on the observation of the neutrino oscillations v, < v; for atmospheric
neutrinos [1]. Thus the talk by Kielczewska from the SuperKamiokande and
K2K Collaborations [2] was a highlight of the Epiphany 2000 conference.
The flavour transformation with maximal mixing and 0.0013 eV? < Am3; <
0.0054 eV? at 90% C.L. was found and the first three events caused by neu-
trinos produced at the KEK accelerator during the 1999 runs were observed
in the SuperKamiokande detector.

In November 1999 the SNO experiment started to take data and the
“solar puzzle” of the missing flux of v, solar neutrinos was not yet resolved.
The second long baseline accelerator experiment MINOS at the NuMI beam
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from Fermilab was under construction [3], while the CNGS experiments
awaited a formal approval [4]. The reactor medium baseline experiment
CHOOZ was well advanced in determining the new upper limit of the 613
mixing angle [5]. The first long baseline reactor experiment KamLAND was
in the construction phase. The antarctic AMANDA experiment looking for
the ultra high energy neutrinos was at the initial stage of data analysis.

The observation of the neutrino oscillations revealed non-zero masses of
neutrinos and opened the field to many new theoretical ideas. Some of them
were presented at the 2000 Epiphany conference [6,7].

The conference was important for the group of Polish physicists wishing
to join the CNGS program. It was a good occasion to meet and to discuss
the preferences. The decision was taken to join the ICARUS experiment,
which seemed to offer a powerful experimental technique of Liquid Argon
TPC’s and due to that a variety of interesting measurements [8].

2. Between 2000 and 2006

This period of six years was very important for neutrino physics. Due
to the measurements from the SuperKamiokande, K2K, SNO and Kam-
LAND experiments the neutrino oscillations have become a well established
experimental fact. Further studies of the atmospheric neutrinos in the
SuperKamiokande experiment [9] and of the accelerator neutrinos in the
K2K experiment [10] have confirmed that the v, < v, oscillations are the
dominant mechanism for flavour changing at L/E = 103 km/GeV (L stays
for the measurement baseline, E for the neutrino energy). The SNO experi-
ment demonstrated that the total flux of neutrinos agrees with the prediction
of the Standard Solar Model with a deficit of the v, flux caused by the neu-
trino oscillations v, < v, - on the way from the Sun core to its surface [11].
The spectacular confirmation of the SNO results came from the KamLAND
experiment, which observed the reduction of the flux of reactor 7, and the
modulation of their energy spectrum due to the same oscillations [12|. The
measurements were based on antineutrinos from more than 30 power stations
with an average distance of 180 km between the detector at Kamioka and
the most powerful reactors. Finally, both SuperKamiokande for atmospheric
neutrinos [13] and KamLAND for reactor neutrinos [14] demonstrated the
oscillatory behaviour of neutrino fluxes as functions of L/FE.

The experimental data are now well described within the formalism of
three neutrino mixing. Three mixing angles form the intriguing set with one
angle being maximal within errors (623 describing the atmospheric oscilla-
tions) [13], one being large (012 =36° for solar oscillations) [14] and the third
one being small (613 <10°) [15]. Is there a new symmetry of nature hidden
behind this peculiar triad? The most probable values of the differences of
mass squares are Am3; ~ 2.5 x 1073 eV 2 for atmospheric oscillations and
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Am?2, ~ 8 x 1075 eV =2 for solar oscillations. Oscillation fits for the atmo-
spheric and solar regions almost exclude the oscillations v, < v,, where v
denotes sterile neutrinos. The question about the existence of sterile neutri-
nos remains because of the observation of the neutrino oscillations at Am?
about (0.1-1) eV~2 and at very small mixing angles in the LSND experi-
ment [16]. Three regions of Am? mean four neutrinos. The experiments at
LEP showed that there are three light neutrinos coupling to Z°, so the fourth
neutrino must be sterile. The effect should be checked by the MiniBooNE
experiment which has started in August 2002 [17] and should present its
first oscillation results in 2006.

This period was also important for the Polish ICARUS group. There
were the successful tests, with cosmics, of the first large TPC module
(300 tons of Liquid Argon) in Pavia in 2001. In 2003 the experiment was
accepted as CNGS2. In 2005 the collaboration was asked to change the con-
cept of the detector upgrade (from the initial 600 tons of LAr) by replacing
the cloning of the existing modules with the construction of a single large
TPC.

3. At the time of Epiphany 2006

The K2K experiment was finished in 2005 while other pioneering oscilla-
tion experiments of the last decade (SuperKamiokande, SNO, KamLAND)
are still active. They have been joined by the MINOS experiment at the be-
ginning of 2005. MINOS presented its first beam results at the Fermilab in
March 2006. The OPERA experiment will start data taking in 2006, while
the ICARUS T600 detector should be ready at the end of 2007.

The Epiphany 2006 conference was organised during the period of dis-
cussions about the best strategy for the future of neutrino physics and, more
generally, for the future of particle physics. We tried to make the Epiphany
conference part of this discussion in Poland.

The neutrino oscillation physics enters the period of precise measure-
ments, which should answer a few very important questions. Is a3 really
maximal? How small is 137 Is CP violated for neutrinos? Is the neutrino
mass hierarchy normal or inverted? The DoubleCHOOZ reactor experi-
ment with two detectors at two distances, should offer the quickest way to
improve the measurement of 613. Answering all the above questions will
require very intense neutrino sources as well as huge and rather precise de-
tectors. It means new types of accelerator beams (superbeams, beta beams
and beams from muon decays in neutrino factories) and overcoming techno-
logical problems due to rescaling the detector mass by more than one order
of magnitude. In the case of searches for ultra high energy astrophysical
neutrinos it means the construction of the 1 km? volume detectors in the
antarctic ice (ICECUBE) or in the water of the Mediterranean sea.
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A better planning of the future oscillation experiments also requires a
careful choice of the detector distance from the neutrino source
(the GLOBES program is a very helpful simulation tool for that) and much
better measurements and phenomenological descriptions of the neutrino
cross sections (the future MINERVA experiment is essential for that).

The most important questions nowadays concern absolute masses of neu-
trinos. The KATRIN experiment, based on the measurement of the end
point of electron spectrum from the Tritium beta decay, should improve the
current limit (2.2 eV) for the v, mass by an order of magnitude. Mass limit
of the order of 10 meV could be achieved by future experiments searching
for neutrinoless double beta decays. This, however, requires neutrinos to be
Majorana particles. A credible observation of the 860v decay would be a
discovery of similar importance as the discovery of neutrino oscillations. A
much better knowledge of nuclear matrix elements is also essential.

The characteristic feature of future neutrino research is the synergy be-
tween particle physics, astrophysics, cosmology and nuclear physics. This
makes this domain particularly attractive. One can also observe the appli-
cations, e.g. for dark matter searches, of experimental techniques developed
for neutrino physics.
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