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The strong experimental evidence for neutrino oscillations is one of the
most exciting recent results in physics. Results obtained in the
SuperKamiokande, K2K, SNO and KamLAND experiments are presented.
A summary of the future experiments and of the most important measure-
ments concerning the neutrino oscillations is given. The neutrino absolute
mass scale, their mass hierarchy and character (Dirac or Majorana par-
ticles) are open questions of vital importance. The current and future
experiments trying to answer these questions are briefly discussed. A short
presentation of the recent experimental searches for ultra high energy neu-
trinos closes this article.
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1. Introduction

The conference organizers asked me to review the most important exper-
imental facts in the neutrino physics of today and to discuss perspectives for
the future. It is a fascinating subject. Recent reviews include, [1–4]. The
plenary talks of Lesko [5] and Murayama [6] at the EPS2003 conference in
Aachen should also be mentioned. Among the many WEB pages dedicated
to neutrino experiments and neutrino physics my favorite one is [7].

Neutrino physics has become a particularly active and attractive field
of research since the fundamental discovery of neutrino oscillations by the
SuperKamiokande experiment in 1998 [8]. It is enough to say that the
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SuperKamiokande publication [8] has become, in a few years, the most fre-
quently cited paper in experimental particle physics. During this period also
three new experiments, K2K, SNO and KamLAND, have started to take
data and brought strong additional evidence for the neutrino oscillations.

Several new experiments dedicated to the oscillations are either being
prepared or planned. In my opinion, there is a kind of a phase transition
between the present and the future experiments. The measurements done
by now belong to the romantic era of great discoveries while the future
experiments aim at a much more precise determination of the oscillation
parameters. In particular, a much better determination of the mixing angle
θ13 (describing the sub-dominant oscillations in the atmospheric region) is
a primary experimental goal in the current decade. Measurement of the
CP violation in the leptonic sector is, if at all possible, the ultimate goal.
Precision measurements in the case of weakly interacting neutrinos mean
an enormous experimental challenge. It is not only a question of huge and
preferably high granularity detectors but also of adequate neutrino sources
in the form of very intensive accelerator beams or powerful reactors.

The fact that neutrinos oscillate means that they are massive particles,
opposite to what had been assumed for decades. In particular, a non-zero
neutrino mass is not compatible with the Standard Model describing the
elementary constituents of matter and their interactions. Oscillation mea-
surements bring the information about differences of mass squares of the
oscillating neutrinos. The neutrino absolute mass scale and the hierarchy
of neutrino masses remain open questions of vital importance. Other types
of experiments, like direct mass determination based on the tritium beta
decay, searches for the neutrinoless double beta decays or cosmological mea-
surements give upper limits of the neutrino masses. The future KATRIN
experiment for the tritium beta decay will have sensitivity ten times higher
than the present experiments. The main goal of the searches for neutrinoless
double beta decays is even more important. It concerns an answer to the
fundamental question whether neutrinos are Dirac or Majorana particles.
Convincing evidence for the neutrinoless double beta decay would confirm
the Majorana character of neutrinos and would be another great discovery
in neutrino physics.

A big part of this article is dedicated to the present and future measure-
ments in the domain of neutrino oscillations. It is followed by a summary
of the important experimental results in non-oscillation neutrino physics,
and a section dedicated to the experiments searching for ultra high energy
neutrinos from extraterrestrial point sources.
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2. Neutrino sources

Besides the photons, neutrinos are the most abundant particles in the
Universe. As shown in Fig. 1 their energies can differ by more than twenty
orders of magnitude. On the low edge of the energy scale are the relic cos-
mological neutrinos, which had been produced at early stage of the Universe
while on the upper edge are the very high energy astrophysical neutrinos
from the extraterrestrial point-like sources.

Fig. 1. Fluxes and energy spectra of neutrinos on the Earth (figure from Paolo

Lipari — private communication).

The relic, cosmological neutrinos are not detectable with currently avail-
able detectors, but the theoretical calculations of their flux are reliable.
Studies of the ultra high energy neutrinos have only recently started. Thus,
most of the experimental results obtained up to now and presented in this
article, concern the interactions of neutrinos of intermediate energies, i.e.

solar, atmospheric, reactor and accelerator neutrinos. Energies of the ac-
celerator neutrinos, not shown in Fig. 1, cover the lower part of the energy
range of the atmospheric neutrinos. Another very interesting source of low
energy neutrinos are the Supernova explosions. They are discussed in detail
in Kisiel’s talk [9].
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3. Current status of neutrino oscillations

Neutrino oscillations are by far the best theoretical explanation of the
features of all the collected data on the atmospheric, accelerator, solar and
reactor neutrinos. Alternative theoretical ideas, e.g. the neutrino decay or
CPT non-conservation, are not favored by the data (see e.g. [1]).

3.1. Theoretical description of oscillations

Before going into discussion of the experimental results let us introduce
the formalisms used to describe oscillations. In the simplified case of two
oscillating neutrinos, the flavor states να and νβ are linear combinations of
the two mass states ν1 and ν2. The probability that the neutrino να of
energy E (in GeV) will become a neutrino νβ after passing a length L (in
km) is given by the well-known equation:

P (να → νβ) = sin2 2θ sin2

(

1.27∆m2 L

E

)

(1)

while the probability that it will survive as να is

P (να → να) = 1 − P (να → νβ) . (2)

The mixing angle θ between the two mass states and the difference of
their mass squares ∆m2 (in eV2) in equation 1 are the theoretical param-
eters fitted from the data. The experiments looking for a signal from νβ’s
in the flux of να’s are called appearance experiments, while the experiments
looking for a decrease of the flux of να’s are named disappearance exper-
iments. Depending on the length L between the neutrino source and the
detector, the short baseline (SBL) and the long baseline (LBL) experiments
are distinguished.

According to the measurements performed at LEP [10] there are three
light, i.e. with a mass smaller than half the mass of the Z0 boson and active,
i.e. coupling to the Z0, neutrino flavors νe, νµ and ντ . In the framework
of three mixing neutrinos the oscillation probabilities depend in the general
case on two differences of the mass squares, three mixing angles between
mass states ν1, ν2, ν3 and three phases (one Dirac’s and two Majorana’s).
Within the standard conventions the Maki–Nagakawa–Sakata–Pontecorvo
UMNSP mixing matrix can be written as (see e.g. [1]):





Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3



 =
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1 0 0

0 eiα/2 0

0 0 eiα/2+iβ



 ×





cos θ13 0 e−iδCP sin θ13

0 1 0
−eiδCP sin θ13 0 cos θ13





×





1 0 0
0 cos θ23 sin θ23

0 − sin θ23 cos θ23



 ×





cos θ12 sin θ12 0
− sin θ12 cos θ12 0

0 0 1



 . (3)

The squared modulus of matrix element | Uij |
2 corresponds to the con-

tribution of the neutrino mass state j to the neutrino flavor state i. The
first of the four matrices on the right hand side describes the mixing in the
solar neutrino sector and the third one is related to the atmospheric neutri-
nos. The second matrix mixes the solar and atmospheric neutrinos through
the mixing angle θ13 and contains the phase related to the CP violation in
the neutrino sector. The fourth matrix contains the Majorana phases which
enter into the description of the neutrinoless double beta decay, but do not
concern oscillations.

If neutrinos travel through a medium of high density, like the interior of
the Sun, the matter effects enter into equations (1)–(3) through complicated
formulas for the effective oscillation parameters (for details see [1]).

The mathematical formalism becomes much more complicated if more
than three mixing neutrinos are considered. In this case the fourth neutrino
has to be the so called sterile neutrino, i.e. one not coupling to the Z0 bo-
son. Such formalism and such neutrino(s) would be needed in the case of
observing the neutrino oscillations for more than two different values of the
∆m2

ij. To what extend the experimental data suggest that, will be discussed
further.

3.2. Experimental results

The experiments point to three oscillation regions in the parameter plane
of ∆m2 and sin2 2θ (or tan2 θ). There is solid experimental evidence for two
of them, corresponding to the oscillations of the atmospheric and the solar
neutrinos. The third region corresponds to the so called LSND effect and
requires further experimental studies.

3.2.1. Oscillations of atmospheric neutrinos

Atmospheric neutrinos come from the successive decays of π and K
mesons and µ leptons (π+,K+ → νµµ+ → νµe+νeνµ; π−,K− → νµµ− →
νµe−νeνµ), produced in the interactions of cosmic rays with nuclei in the up-
per part of the Earth atmosphere. Their average energy is around
0.4 GeV. For lower pion energies the ratio of the produced muon to elec-
tron neutrinos νµ/νe is equal two. Then it grows up with energy due to
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an increase of the number of muons, which reach the Earth before decay-
ing. There is a long story of the measurements of this ratio, which I do not
discuss here (for details see [12]).

The statistically significant measurements came from the SuperKamio-
kande experiment in 1998 [8]. Muons and electrons created in the charged
current (CC) νµ and νe interactions were identified and their energies and
directions were measured through the characteristic rings of the Cherenkov
radiation, emitted along particle paths in water and registered by photomul-
tipliers covering the detector walls. A detailed description of the 50 kton
SuperKamiokande water detector is given in [11].

The SuperKamiokande data analyses include several measurements per-
formed for different categories of events and different energy ranges [8,12,13].
The ratio of the observed number of the µ-like events to the observed num-
ber of the e-like events divided by the corresponding ratio simulated under
the assumption of no oscillations was found equal 0.688 ± 0.016 ± 0.050.
This is significantly different from one, which would be the result if there
were no oscillations. Very important are the measurements of the νµ and νe

fluxes as functions of the zenith angle. This dependence is directly related to
length of the neutrino path across the Earth (changing from L ≈ 10–30 km
for the neutrinos going down to the detector to L ≈ 13, 000 km for the up-
ward going neutrinos, which traverse the whole diameter of the Earth before
entering the SuperKamiokande detector). The measurements showed that
the depletion of the νµ flux increases with the zenith angle and that the νe

flux is stable. The measurement of the asymmetry between the fluxes of the
upward- and downward-going muons gave the value −0.303 ± 0.030 ± 0.004
significantly different from zero, which is another proof for the existence of
oscillations.

All the data sets are consistent with the same oscillation parameters
pointing to the oscillations νµ → ντ . Recently the SuperKamiokande re-
analyzed the whole data [14] collected up to the detector crash in autumn
2001. They applied an improved calculation of the neutrino flux [15], better
ν interaction models and improved detector simulation and reconstruction
programs. The preliminary best fit values of the oscillation parameters are
sin2 2θ = 1.0, ∆m2 = 2.0×10−3 eV2 (as compared to ∆m2 = 2.5 × 10−3 eV2

from [13]).

3.2.2. K2K accelerator experiment

K2K is the first accelerator long baseline neutrino experiment [16]. The
distance from the νµ source at K2K to the SuperKamiokande detector is
about 250km and the average energy of the νµ beam is about 1.3 GeV. Thus
E/L corresponds to the oscillation region of the atmospheric neutrinos. The
experiment is aimed at looking for the disappearance of the initial νµ flux,
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which is measured by the so-called near detector at KEK with a precision
better than 8%.

The comparison is made between the νµ flux and energy spectrum mea-
sured by the SuperKamiokande far detector and the flux and energy spec-
trum predicted from the near detector measurements.

The analysis of the whole data collected before the SuperKamiokande
accident in autumn 2001 [17] shows both the νµ flux depletion (56 observed
events as compared to 80.1 ± 6.2 ± 5.4 expected ones) and the modification
of the energy spectrum. The K2K data is consistent with the νµ → ντ

oscillation as measured by SuperKamiokande for the atmospheric neutrinos.
The best fit values are: ∆m2 = 2.8 × 10−3 eV2, sin2 θ = 1.0.

3.2.3. Solar neutrinos

The solar νe neutrinos are produced in the Sun core in the processes
of synthesis of heavier nuclei from the light ones. A detailed discussion of
the solar neutrino fluxes and of the energy spectra can be found in [18].
I will only point out that the dominant contribution to the solar neutrino
flux (91%)is due to the synthesis of the 4He nucleus out of four protons.
Energies of neutrinos from this pp cycle are below 0.42 MeV, which makes
them very difficult to detect. Energies of the 7Be neutrinos are equal to 386
keV and 863 keV. The real time experiments like the SuperKamiokande and
SNO measure only the high energy part (between 5–6 MeV and 20 MeV)
of the solar neutrino flux, which is due mostly to the 8B neutrinos. Thus
the total solar neutrino flux, discussed in the following, in reality means
the flux above the experimental threshold of 5–6 MeV. What concerns the
oscillation of solar neutrinos, the formalism which fully takes into account
matter effects along the neutrino path from the Sun core to the surface has
been developed. Four different solar oscillation regions were allowed barely
a few years ago. Three of them (called SMA, LOW and LMA) corresponded
to the solar neutrino oscillations inside the Sun. The fourth (“just so”)
described the oscillations on the way from the Sun surface to the Earth.
The fact that solar neutrinos are sensible to the matter effects may cause
a difference between the solar flux measured during day and during night.
The night flux is expected to be higher, because of the νe regeneration inside
the Earth on the way from the Sun to the detector.

The story of the so-called solar neutrino puzzle is very long. It has started
35 years ago with the measurements of the solar νe flux performed in the
Homestake mine [19] which gave roughly one third of the solar neutrino flux
expected from the standard solar model (SSM) [20]. R. Davis Jr. got in 2002
the Nobel Prize for this discovery. Details about the studies of neutrinos
from the Sun performed by the experiments SAGE, GALLEX, Kamiokande
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and SuperKamiokande, which have followed the Homestake experiment, as
well as the history of the SSM can be found in [18].

The convincing demonstration that the solar neutrino puzzle results
from neutrino oscillations has been given only recently by the SNO ex-
periment [21]. The SNO detector is based on the same principle as the
SuperKamiokande one i.e. it uses the Cherenkov light emitted along the
paths of the charged particles. The difference is that the SNO inner detector
is filled with heavy water D2O (about 1000 tons). Due to that the detector
can simultaneously measure the νe flux in the CC reaction νe+d → p+p+e−

and the total neutrino flux (νe + νµ + ντ ) in the neutral current (NC) reac-
tion νx + d → n + p + νx, whose cross-section is the same for each type of
neutrinos. Only νe-s are produced in the Sun. νµ and ντ , if present, must
come from the νe oscillations.

The only signal for the NC reaction is the neutron, which can be observed
from the capture (n, γ) reaction. Three phases of the SNO experiment had
been foreseen. The goal is to increase the neutron detection efficiency εN .
After a first period of running with pure D2O (εN = 24%) [21], two tons of
salt (NaCl) were added to use the neutron capture on Cl atoms. This in-
creases εN to 83%. Now the experiment is at the beginning of its third stage,
when special helium counters are deployed in D2O, which makes possible the
event by event separation of the CC and NC reactions.

The SNO detector, like the SuperKamiokande, can also measure the elas-
tic scattering (ES) of neutrinos by atomic electrons. Although this reaction
happens for all three flavors, νµ and ντ contribute only 15% of the total
elastic cross-section. Hence its sensitivity to measure the total neutrino
flux is much smaller than that of the NC reaction used by SNO. The SNO
measurements of the elastic scattering reaction agree within errors with the
SuperKamiokande results.

The fluxes measured by SNO are [21]:

ΦCC = (1.76 ± 0.05 ± 0.09) × 106cm−2sec−1 ,

ΦNC = (5.09+0.44
−0.43

+0.46
−0.43) × 106cm−2sec−1 ,

showing the usual suppression of the CC flux and the total flux being in
agreement with the total flux given by the SSM: ΦSSM = 5.05+1.01

−0.81. The
SNO measurements [21] also include studies of the day-night asymmetry.

All SNO results agree with the oscillations of solar νe into νµ and/or ντ .
The ambiguity between the two flavors of the generated neutrinos cannot
be resolved, because their energies are below the thresholds for their CC
interactions.

Recently the SNO experiment has published the results of its second
phase [22]. As expected, the measurement errors for the NC reaction signif-
icantly decreased. When the SNO measurements are included into the solar



Topical Questions in the Experimental Neutrino Physics 5373

oscillation global fit, only the LMA solution survives. The best values of
the fitted parameters are [22]: ∆m2

12 = 6.5 × 10−5eV2, tan2 θ12 = 0.40 and
the flux fB = 1.04. It is worth to notice that the allowed parameter space
of the solar oscillations decreased by seven orders of magnitude due to the
SNO measurement.

3.2.4. Reactor experiment KamLAND

KamLAND is the LBL reactor experiment “looking” at more than thirty
reactors in Japan and Korea at an average distance of about 180 km from
the detector. Electron antineutrinos νe come from the fission processes. The
total νe flux is directly related to the produced power; a typical 3 GW power
station gives 6× 1020νe per second. The energies E of the reactor νe-s vary
from about 1 MeV to about 8 MeV with the most probable values between
2 and 4 MeV. The resulting values of E/L correspond very well to the solar
neutrino oscillation region.

The νe are registered through the two-step process νe + p → e+ + n,
n + p → d + γ. In the KamLAND detector, whose inner part is filled with 1
kton of liquid scintillator, it gives a clear signature due to the prompt signal
from the e+ + e− annihilation and the delayed (by about 210µ sec) signal
from the γ of energy 2.2 MeV.

The KamLAND experiment has started data taking in January 2002 and
already in December 2002 has published its first results [23], providing the
spectacular confirmation of the solar oscillations. They manifest themselves
through both the suppression of the initial flux (54 observed events with re-
spect to 86.8± 5.6 expected ones) and the modulation of the ν energy spec-
trum. The best values of the fitted parameters are: ∆m2

12 = 6.9 × 10−5 eV2,
sin2 θ = 0.91. One should mention that already this low-statistics measure-
ment has significantly reduced the uncertainty in the measurement of ∆m2

12
from SNO.

3.2.5. LSND effect

Solar and atmospheric oscillations fit very well in the three-neutrino os-
cillation framework. However, the LSND experiment found evidence for
νµ → νe oscillations [24] in the data for µ+ decays at rest. The significance
of this result is 3.3σ. The allowed oscillation region of LSND has been
largely suppressed by the KARMEN experiment which found no evidence
for νµ → νe oscillations [25]. The remaining region of the allowed parame-
ter space corresponds to ∆m2

L about 0.2–1 eV2 or 7 eV2 and a small mixing
angle [1].

The independent experiment MiniBOONE which covers the whole pa-
rameter space of LSND has started to take data in 2002 [26]. If the LSND
oscillations are confirmed, a fourth neutrino (the sterile one) is needed to
incorporate the three different values of ∆m2: solar, atmospheric and LSND.
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4. Future of neutrino oscillations

The starting point, which is the present knowledge of neutrino oscilla-
tions, could be summarized as follows. We already approximately know four
out of the six oscillation parameters:

• |∆m2
23| and θ23 based on the oscillations of the atmospheric and accel-

erator νµ neutrinos (the best fit values are [14]: |∆m2
23| = 2×10−3 eV2

and sin2 2θ23 = 1 corresponding to the maximal mixing of the mass
states ν2 and ν3)

• ∆m2
12 and θ12 based on the oscillations of the solar νe neutrinos into

νµ and/or ντ neutrinos and of the reactor νe into νµ and/or ντ . The
best fit values are [22]: ∆m2

12 = 7.1 × 10−5 and tan2 θ12 = 0.41,
corresponding to the large but not maximal mixing of the mass states
ν1 and ν2.

The missing information is:

• Value of θ13 describing the sub-dominant oscillation νµ → νe in the
atmospheric region. We only know that this angle is small.

• Sign of ∆m2
23 — note that the sign of ∆m2

12 is known due to the matter
effects in the Sun, involved in the oscillations of the solar neutrinos.

• Dirac CP phase δ.

The future experimental program can be divided into two phases: mea-
surements done by the running and/or already accepted experiments and
the further future experiments now under discussion. The near future mea-
surements will bring further improvements in the determination of the oscil-
lation parameters for the dominant oscillations in the solar and atmospheric
regions. The main challenge for the further future experiments is a very
precise determination of the θ13 mixing angle with the ultimate goal of de-
termining the CP violation in the leptonic sector.

4.1. Solar region

A road map to a better understanding of the solar region is described
in [4]. Further measurements of SNO and KamLAND should result in a bet-
ter determination of ∆m2

12 and θ12. The allowed 3σ region for ∆m2
12 should

be reduced by a factor of ten after three years of data taking by KamLAND.
Then ∆m2

12 will be known with a precision of about 10%. The reduction of
the region allowed for θ12 will come mostly from the SNO measurements. It
is not expected to be large, but should exclude maximal mixing at a high
confidence level.
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The BOREXINO experiment [27] dedicated to studies of the 7Be neutri-
nos will not significantly contribute to the measurement accuracy for θ12. It
should, however, considerably reduce the uncertainty in the measured 7Be
neutrino flux and in the p–p flux.

A much better determination of θ12 could be realized in two ways. Since
the ∆m2

12 will be known from KamLAND with good precision, one could
think about the future reactor experiment with a baseline exactly corre-
sponding to a minimum in the survival probability [28] i.e. optimal for
the θ12 determination. For example, the baseline of 70 km corresponds to
∆m2

12 = 7 × 10−5 eV2.

Another way (strongly advocated in [4]) is a new experiment dedicated to
the solar neutrinos from the pp cycle. According to the LMA solution, some-
what below 1 MeV there should be a transition from the matter-dominated
oscillations to the vacuum oscillations. This change of mechanism could be
verified and the vacuum θ12 mixing angle could be measured. The p–p neu-
trinos account for 91% of the total solar flux. The experimental verification
of this SSM prediction is very important in order to better understand the
production mechanisms of solar energy.

4.2. Atmospheric neutrinos

The SuperKamiokande detector was rebuilt (with about 50 % of the
initial photomultipliers) and resumed data taking in December 2002. The
atmospheric and accelerator experiments continue as SuperKamiokande-II
and K2K-II. The latter should collect a statistics comparable to that of
K2K-I, making possible a better determination of the modification of the
neutrino energy spectrum due to oscillations.

The other two LBL accelerator programs (NuMI in the USA and CNGS
in Europe) are at the preparatory stage. In both cases the baseline is around
730 km. The NuMI program will start in 2005 and the CNGS program in
2006. There will be one experiment (MINOS) running on the NuMI beam
and two experiments (ICARUS and OPERA) on the CNGS beam.

The experimental program of MINOS [29] is similar to the K2K pro-
gram. It is a disappearance experiment, measuring the survival probability
P (νµ → νµ). Because the energy of the MINOS beam is adjustable (of
course within certain limits), it can be chosen according to the actual best
knowledge about the atmospheric oscillations. The main goal of the MINOS
experiment is a significant improvement of the ∆m2

23 and θ23 determina-
tions; after three years of data taking by MINOS errors should be reduced
to about 10%. There will be two detectors, the near one at the Fermilab and
the far one in the Soudan mine, close to the Canadian border. These are
similar calorimetric detectors, built of 2.54 cm thick steel plates interleaved
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with sensitive plates of solid scintillator with a crude granularity. The total
weight of the close and far detectors is 0.98 kton and 5.4 ktons respectively.

The CNGS beam will be produced at CERN and sent to the Gran Sasso
laboratory in Italy. It will be a high energy beam peaked around 20 GeV.
This energy is needed for the production of sufficiently energetic τ leptons
because the CNGS program aims at the observation of ντ appearance in the
initial νµ beam. In this way the νµ into ντ oscillations will be directly proven.
There is no near detector (not necessary in this type of experiment), but far
detectors (ICARUS and OPERA) are characterized by their fine granularity
and capabilities for kinematic measurements, necessary for the background-
free searches of the ντ interactions. The detailed presentation of the ICARUS
experiment has been given in Jan Kisiel’s talk, so I will only present a short
description of the OPERA experiment [30].

The OPERA detector has been designed to enable identification of the
τ leptons produced in the ντ CC interactions through their characteristic
decay topologies, e.g. a kink on the track very close to the ντ interaction
vertex (for τ leptons cτ = 87.11µm). The detector is subdivided into two
supermodules, each built of a target unit and a magnetic spectrometer. The
target units consist of 31 walls of emulsion chambers and scintillator planes.
The walls are built with bricks, each of 8.3 kg and containing 56 lead sheets
interleaved with emulsion films. Five years of running should result in finding
about ten events of ντ CC interactions; this number depends quadratically
on ∆m2

23.

4.3. Measurement of θ13

The determination of θ13, the third mixing angle, which describes the
sub-dominant oscillation νµ → νe in the atmospheric region, is now the
most important measurement in the domain of neutrino oscillations. An
upper limit on sin2 2θ13 of 0.12 comes from the CHOOZ experiment [31]. A
recent publication [32] gives a smaller limit of 0.074 based on the global fit of
the solar region after including the results of the second phase of SNO [22].

The near future accelerator experiments (MINOS, ICARUS, OPERA)
should provide further constraints. After five years of data taking MINOS
should reach the sensitivity of 0.06 − 0.08 (depending on the systematic
uncertainty). In the case of the CNGS experiments, the limiting factor is
the νe contamination of the beam, hard to control without the near detector.

The further future dedicated experiments (in the first-stage aiming at a
sensitivity of 0.01) can proceed in two ways: either by searching for the νe

appearance in the νµ → νe oscillations or by looking, á la CHOOZ, for the
νe flux suppression in a reactor disappearance-experiment.
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The leading term in probability of the νe appearance in νµ → νe oscil-
lations is proportional to sin2 θ13. Including also the term describing the
dependence on the CP violating phase δCP, one gets approximately [36]

P

(

(−)
ν µ→

(−)
ν e

)

= sin2 θ23 sin2 2θ13 sin2 ∆31

±
∆m2

21

∆m2
31

sin 2θ13 sin δCP cos θ13 sin 2θ12 sin 2θ23 sin3 ∆31 + . . . , (4)

where ∆31 =
∆m2

31
L

4Eν

. Two observations are important here: the possibility
to measure the CP violation in the leptonic sector depends on the value of
sin 2θ13, and the measurement of sin 2θ13 itself depends on the other oscil-
lation parameters (correlations) quadratically and trigonometrically (degen-
eracies). Thus, we have to measure sin 2θ13 before deciding on the measure-
ments of the CP violation and, in order to resolve the ambiguities, several
measurements under different experimental conditions should be performed.

Two interesting experimental projects are considered: the NuMi off-
axis [33] experiment at Fermilab and the JHF- (or equivalently J-PARC-)
Kamioka neutrino project in Japan [34]. In the off-axis experiments the
detector is located at a certain angle (of the order of a few tens of mrads)
with respect to the beam direction. Due to the kinematics of the π decays,
the off-axis neutrinos have a narrower energy spectrum, reflecting the pions’
pT distribution, while on-axis neutrinos have energies proportional to the
pions’ energies, which have a larger spread. This solution yields a consider-
able background reduction and better tuning of the neutrino energy to the
first oscillation maximum.

Two phases are considered for both these projects — the second with
very long time scales (2020 for NuMi), giant detectors (1 Mton Hyper-
Kamiokande water detector) and very intensive beams (e.g. about 4 MW
proton beam in J-PARC). The experimental challenges are enormous. E.g.

the construction of a target supporting a 4 MW proton beam is far from
trivial. After the first stage the sin2 θ13 measurements should reach the sen-
sitivity of the order of 0.01. The second stage should give a factor of ten
improvement.

The complementary approach to the θ13 determination relies on a re-
actor disappearance experiment with the baseline corresponding to the at-
mospheric ∆m2

23 (first proposed in [35]). A big advantage of this approach
is that the survival probability for νe directly measures sin2 2θ13 without
parameter degeneracies [36]:

P (νe → νe) = 1 − sin2 2θ13 sin2 ∆31 − . . . . (5)



5378 A. Zalewska

The question is how much the new experiment would improve over the sen-
sitivity of CHOOZ. At least two identical detectors (near and far) will be
needed in order to reduce the error on the νe flux. The detectors should be
cross-calibrated. The idea of a movable experimental setup is also consid-
ered. According to [36] the sensitivity of 0.01 in sin2 2θ13 should be reached
with this kind of experimental setup located at a single- or two-reactor site
with an average thermal power of 3 GW per reactor. The authors of [37] get
more conservative values, claimed to be more realistic, of 0.017 to 0.026.

4.4. CP violation and sign of ∆m2
23

If the determination of sin2 θ13 is within the reach of the future off-axis
and reactor experiments, studies of CP violation in the leptonic sector could
start. The CP asymmetry in the νµ − νe channel, to leading order in the
∆m2-s, is given by the equation [1]

P (νµ → νe) − P (νµ → νe)

P (νµ → νe) + P (νµ → νe)
= −

(

sin 2θ12 sin 2θ23

2 sin2 θ23

)(

sin 2∆12

sin 2θ13

)

sin δCP .

(6)
Both the νµ and the νµ beams are needed for this measurement. Because
the contribution of the sub-leading scale ∆m2

12 enters the formula, large val-
ues of L/E are necessary to measure the asymmetry. Moreover, parameter
degeneracies as well as matter effects in the Earth can hide the effect. In
order to resolve them, combinations of measurements for different L/E and
with different experimental setups will be needed [1].

Neutrino factories [38] can turn out to be the only adequate accelera-
tors for measuring the CP violation. Conventional neutrino beams, even
if super-beams, are formed by νµ (or νµ) from the pion decays (with a νe

(νe) contamination from kaon decays), while muons from the decays are ab-
sorbed. In the neutrino factories, muons will be captured and accelerated
to the energy of 20–50 GeV. Then the beam will be put into a storage ring
with long straight sections serving as decay tubes. Simultaneously produced
pairs of νµ and νe (or νµ and νe) will be ideal for studies of CP violation
in the detectors located at a distance of the order of thousand or several
thousands km (optimized according to L/Eν and problems to be solved).

For such long distances as in the future LBL accelerator experiments the
matter effects in the Earth can influence the oscillations. They can reveal,
as in the case of solar neutrinos, the yet unknown sign of ∆m2

23.

5. Absolute neutrino mass

The oscillation experiments bring information about the differences of
the masses squared. They cannot measure neutrino masses. Since the sign
of ∆m2

23 is unknown yet, two possibilities of the mass ordering exist. They
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are called normal and inverted mass hierarchies and are presented in figure 2.
If the mass of the lightest neutrino is small, then the mass of the heaviest
one is

√

|∆m2
23| ≈ 40 meV and either of these hierarchies can exist. If the

lightest neutrino is heavy (m ≫ 40 meV), the neutrino masses are quasi-
degenerate.

Fig. 2. Hierarchies of neutrino masses.

As discussed in the previous section, the determination of the sign of
∆m2

23 may come from future oscillation experiments. The absolute neu-
trino masses must be measured applying different methods. Three types
of measurements are pursued: direct measurements of the end-point en-
ergy in tritium beta decay, cosmological estimates providing limits on the
sum of masses of all the neutrino species and measurements based on life-
time determination for the neutrinoless double beta decays. In order to
distinguish between the mass hierarchies and the case of quasi-degenerate
neutrino masses the sensitivity of the mass measurements must be better
than 40 meV.

The effective mass determined from the end-point region of the elec-
tron spectrum in 3H beta-decay is m2

β =
∑

i |Uei|
2m2

i . The present limit

mβ ≤ 2.2 eV at the 2σ level comes from the Troitsk [39] and Mainz [40] ex-
periments. A big collaboration including physicists from both experiments
is working on the next-generation experiment KATRIN [41], which will start
in 2007 and whose sensitivity should eventually reach 0.2 eV. In order to get
this factor of ten improvement, the experiment will use a very strong 3H
source and a large electrostatic spectrometer with ∆E = 1 eV, will take
data during 1000 days and will have to reduce systematic errors by more
than a factor of ten as compared to its predecessors.

The most stringent bound on the sum of neutrino masses comes from
the recent cosmological measurements, the WMAP [42] Sky Map of the
Cosmic Microwave Background and the 2dF Galaxy Redshift Survey [43].
Depending on the assumptions and selection of data sets, the analyses give
slightly different results. However, they are consistent with an upper limit
of 1 eV for the sum of neutrino masses.
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5.1. Neutrinoless double beta decay

The third way of probing the absolute neutrino mass is by measuring half-
lives T 0ν

1/2 of the neutrinoless double beta decays (ββ0ν), provided that the

neutrinos are Majorana particles, i.e. that lepton number is not conserved
and the neutrino is identical with its antineutrino. A recent summary con-
cerning the double beta decays (ββ0ν) is given in [44] (see also references
there).

The ordinary double beta decays (ββ2ν) correspond to rare but allowed
transitions A

ZX →A
Z+2 X + 2e− + 2ν, which may happen when the binding

energy of the intermediate nucleus A
Z+1X is lower than the binding energy

of the nucleus A
ZX. The transition, which corresponds to the ββ0ν decay is

A
ZX →A

Z+2 X + 2e− with the characteristic line corresponding to the sum of
the electron energies at the end of the energy spectrum for the corresponding
ββ2ν decay. A number of even-even nuclei decay via ββ2ν, e.g. 76Ge, 82Se,
100Mo, 130Te, 136Xe, 160Gd.

The effective mass mββ is related to the measured half-lives T 0ν
1/2 and

to a nuclear matrix element which is poorly known. For example, half-lives
T 0ν

1/2 calculated theoretically assuming mββ = 10 meV and using various

phenomenological models to calculate the nuclear matrix element differ by
an order of magnitude (typically one obtains between 1028 and 1029 years).
This corresponds to a factor of three uncertainty in the determination of
mββ [44]. The current best upper limits on mββ come from the Heidelberg–
Moscow [45] (mββ < 0.35 eV) and the IGEX [46] (mββ < (0.33 − 1.35) eV)
experiments.

The announcement of the discovery of the ββ0ν decay from a few mem-
bers of the Heidelberg–Moscow Collaboration [47] requires further experi-
mental confirmation. Several new experiments, exploiting very interesting
techniques, are being prepared with a goal of reaching high sensitivity (for
details see [44]). After fundamental discoveries in the domain of the neutrino
oscillations, searches for neutrinoless double beta decays got a new boost.
It is the only way to answer the question whether neutrinos are Dirac or
Majorana particles.

6. Ultra high energy neutrinos

The primary goal of the studies of ultra high energy (UHE) neutrinos
is the search for extraterrestrial, or even extragalactic, sources of the high-
est energy phenomena. For example, the cores of active galaxies (AGN)
and gamma ray bursts (GRB) are currently considered candidates. Since
neutrinos propagate undeflected from the source to the Earth, they bring
information complementary to the knowledge based on photons or charged
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particles. In particular, high energy neutrino astronomy may help to re-
solve the mystery related to the mechanism for accelerating cosmic rays to
energies above 1015 eV.

The rate of UHE neutrinos is very low, hence the detectors to regis-
ter their interactions must be huge. The interesting technique, based on
the detection of Cherenkov light with photomultipliers deployed in lake or
sea water or in ice, is applied. The photomultipliers are settled on strings
or towers with a typical distance between neighboring photomultipliers of
a few tens of meters and at a depth of at least several hundreds meters.
This technique has been pioneered by the DUMAND [48] and BAIKAL [49]
experiments with relatively small detectors deployed in water and by the
AMANDA experiment [52] with its 0.1 km3 detector frozen into Antarctic
ice close to the South Pole. The future IceCube detector, based on the same
principles and located near the AMANDA detector, will have a volume of
1 km3. At the stage of deploying prototype detectors in the Mediterranean
sea are two water experiments ANTARES [50] and NESTOR [51]. It is
worth to notice that the NESTOR detector will work at a depth of 4000 m
and that according to the first measurements performed with the prototype
detectors the background is due mostly to bioluminescence of fishes, bacte-
rias etc. In order to avoid the background from cosmic muons AMANDA
and IceCube are dedicated to the searches of UHE neutrino sources on the
Northern Sky, while the water detectors will look at the Southern Sky.

The AMANDA collaboration analyzed the data taken in 1997 [53] and
has recently reported on the data taken with the upgraded detector in
2000 [54]. No excess of events above those expected from the background
atmospheric events has been observed yet, but the experiment has achieved
the sensitivity required to probe known TeV γ-ray sources in the Northern
hemisphere. It is worth to add that in the IceCube detector the charge cur-
rent interactions of the tau neutrinos with energies in the PeV range, if only
so energetic neutrinos exist, will be easily tagged through the well separated
signals (typically at a distance of a few hundred meters) of the τ lepton itself
and of its decay products.

The author thanks the Conference Organizers for the nice and stimulat-
ing atmosphere at the conference, A. Para, whose reports were very helpful,
M. Jeżabek and K. Zalewski for critical reading of the manuscript and valu-
able suggestions.



5382 A. Zalewska

REFERENCES

[1] V. Barger, D. Marfatia, K. Whisnant, Int. J. Mod. Phys. E12, 569 (2003).

[2] B. Kayser, Nucl. Phys. Proc. Suppl. B118, 425 (2003).

[3] G. Giacomelli, M. Sioli, hep-ex/0211035.

[4] J.N. Bahcall, C. Peña-Garay, J. High Energy Phys. 0311, 004 (2003).

[5] K. Lesco, http://eps2003.physics.rwth-aachen.de/schedule/
plenarysessions/index.php

[6] H. Murayama, http://eps2003.physics.rwth-aachen.de/schedule/
plenarysessions/index.php

[7] http://www.nu.to.infn.it/exp/

[8] Y. Fukuda et al. (SuperKamiokande Collaboration), Phys. Rev. Lett. 81, 1562
(1998).

[9] J. Kisiel, Acta Phys. Pol. B B34, 5385 (2003).

[10] K. Hagiwara et al. (Particle Data Group), Phys. Rev. D66, 010001 (2002).

[11] S. Fukuda et al. (SuperKamiokande Collaboration), Nucl. Instrum. Methods
A501, 418 (2003).

[12] E. Kearns, Frascati Phys. Ser. 28, 413 (2002).

[13] Y. Fukuda et al. (SuperKamiokande Collaboration), Phys. Rev. Lett. 82, 2644
(1999); Phys. Lett. B467, 185 (1999); S. Fukuda et al. (SuperKamiokande
Collaboration), Phys. Rev. Lett. 85, 3999 (2000).

[14] Y. Hayato, talk at EPS2003: International Eurphysics Conference on High
Energy Physics, Aachen, Germany, July 17–23, 2003.

[15] T.K. Gaisser, M. Honda, Annu. Rev. Nucl. Part. Sci. 52, 153 (2002).

[16] S.H. Ahn et al. (K2K Collaboration), Phys. Lett. B511, 178 (2001).

[17] H.M. Ahn et al. (K2K Collaboration), Phys. Rev. Lett. 90, 041801 (2003).

[18] J. Bahcall web site, http://www.sns.ias.edu/∼jnb

[19] R. Jr. Davis, D.S. Harmer, K.C. Hoffman, Phys. Rev. Lett. 20, 1205 (1968).

[20] J.N. Bahcall, M.H. Pinsonneault, S. Basu, Astrophys. J. 555, 990 (2001).

[21] Q.R. Ahmad et al. (SNO Collaboration), Phys. Rev. Lett. 87, 071301 (2001);
Phys. Rev. Lett. 89, 011301 (2002); Phys. Rev. Lett. 89, 011302 (2002).

[22] S.N. Ahmed et al. (SNO Collaboration), nucl-ex/0309004 v1.

[23] K. Eguchi et al. (KamLAND Collaboration), Phys. Rev. Lett. 90, 021802
(2003).

[24] C. Athanassopoulos et al. (LSND Collaboration), Phys. Rev. C54, 2685
(1966); Phys. Rev. Lett. 77, 3082 (1996); A. Aguilar et al. (LSND Collab-
oration) Phys. Rev. D64 112007 (2001).

[25] B. Armbuster et al. (KARMEN Collaboration), Phys. Rev. D65, 112001
(2002).

[26] A. Bazarko, hep-ex/0210020.



Topical Questions in the Experimental Neutrino Physics 5383

[27] G. Alimonti et al., Astropart. Phys. 16, 205 (2002).

[28] A. Bandyopadhyay, S. Choubey, S. Goswami, Phys. Rev. D67, 113011 (2003).

[29] M.V. Diwan, hep-ex/0211026.

[30] M. Komatsu, Nucl. Instrum. Methods Phys. Res. A503, 124 (2003).

[31] M. Apollonio et al. (CHOOZ Collaboration), Phys. Lett. B466, 415 (1999),
Eur. Phys. J. C27, 331 (2003).

[32] A. Bandyopadhyay et al., hep-ph/0309174.

[33] D. Ayres et al., hep-ex/0210005.

[34] Y. Itow et al., hep-ex/0106019.

[35] V. Martemianov et al., hep-ex/0211070.

[36] M.H. Shaevitz, J.M. Link, hep-ex/0306031 v1.

[37] F. Suekane, K. Inoue, T. Araki, K. Jongok, hep-ex/0306029.

[38] http://muonstoragerings.cern.ch;
http://www.fnal.gov/projects/muon-collider.

[39] V.M. Lobashev et al., Nucl. Phys. Proc. Suppl. 91, 280 (2001).

[40] C. Weinheimer et al., Phys. Lett. B460, 219 (1999); Nucl. Phys. A721, 533
(2003).

[41] A. Osipowicz et al. (KATRIN Collaboration), hep-ex/0109033.

[42] D.N. Spergel et al., Astrophys. J. Suppl. 148, 175 (2003).

[43] O. Elgaroy et al., Phys. Rev. Lett. 89, 061301 (2002).

[44] O. Cremonesi, Nucl. Phys. Proc. Suppl. 118, 296 (2003).

[45] H.V. Klapdor-Kleingrothaus et al., Eur. Phys. J. A12, 147 (2001).

[46] C.E. Aalseth et al. (IGEX Collaboration), Phys. Rev. D65, 092007 (2002).

[47] H.V. Klapdor-Kleingrothaus et al. (HM Collaboration), Mod. Phys. Lett. A16,
2409 (2001).

[48] J.W. Bolesta et al., astro-ph/9705198.

[49] I. Belolaptikov et al., Astropart. Phys. 7, 263 (1997).

[50] ANTARES proposal, astro-ph/9707136.

[51] S.E. Tzamarias (NESTOR Collaboration) Nucl. Instrum. Methods A502, 150
(2003).

[52] E. Andres et al. (AMANDA Collaboration), Astropart. Phys. 13, 1 (2000).

[53] J. Ahrens et al. (AMANDA Collaboration), Phys. Rev. D66, 012005 (2002)
and Astrophys. J. 583, 1040 (2003).

[54] J. Ahrens et al. (AMANDA Collaboration), astro-ph/0309585.


