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Abstract

Atmospheric neutrinos are produced by the interaction of primary cosmic rays in the upper atmosphere. Their m
ment with large underground detectors has given results that are inconsistent with predictions based on the Minimal
Model. Theνe andνe fluxes, within errors, are compatible with the standard prediction, while theνµ andνµ fluxes show a
significant suppression. The dependence of the suppression on the neutrino energy and direction (path-length) ca
rately described assuming the existence of two flavorνµ ↔ ντ oscillations with parameters in the (90% CL) allowed interv
1.5 < |�m2|/(10−3 eV2) < 3.4 and sin2 2θ � 0.92. Various features of neutrino oscillations have been studied based on
data.To cite this article: T. Kajita, P. Lipari, C. R. Physique 6 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Les neutrinos atmosphériques et les oscillations de neutrinos.Les neutrinos atmosphériques sont produits par l’inte
tion des rayons cosmiques primaires dans les hautes couches de l’atmosphère. Leur détection avec des détecteur
souterrains donne des résultats incompatibles avec le modèle standard minimal de la physique des particules. Si leνe

et deνe est en accord avec les prédictions, le flux deνµ et deνµ montre une suppression significative. La dépendenc
cette suppression avec l’énergie et la distance parcourue (liée à la direction) des neutrinos peut être décrite avec préc
mécanisme d’oscillation des neutrinos á deux saveursνµ ↔ ντ . Les paramètres d’oscillation qui donnent le meilleur ajustem
des données sont (à 90% CL) 1.5< |�m2|/(10−3 eV2) < 3.4 et sin2 2θ � 0.92. Plusieurs caractéristiques de l’oscillation s
également étudiées.Pour citer cet article : T. Kajita, P. Lipari, C. R. Physique 6 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Neutrinos are the only known electrically neutral fermions, and exist in three separate flavors, identified by the
lepton (e, µ or τ ) associated with the neutrino in charged current transitions. Neutrinos are much lighter than all other
fermions, and in fact all attempts to measure their mass have only yielded upper limits. However if neutrinos have non-v
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1631-0705/$ – see front matter 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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masses, they are able to change their flavor during propagation. This phenomenon is known as neutrino (flavor) oscil
2]. In general, the neutrino states with well defined flavor:{νe, νµ, ντ } and the states with well defined mass:{ν1, ν2, ν3} do not
coincide. The two triplets can be seen as two orthonormal basis in the neutrino Hilbert space and are related by a unita
U . As an example, theνµ state can be written as the superposition:

|νµ〉 = Uµ1|ν1〉 + Uµ2|ν2〉 + Uµ3|ν3〉 (1)

Neutrinos are usually created in charged current (CC) interactions, and therefore in a flavor eigenstate. A neutrin
with flavorα and 3-momentum�p will not have a well defined energy, since each one of the three mass components will
different energy:

Ej =
√

p2 + m2
j

� p +
m2

j

2p
� E +

m2
j

2E
(2)

Each component will evolve in time acquiring a (slightly different) quantum phase with the result:∣∣νµ(t)
〉 = ∑

j

Uµj |νj 〉exp[−iEj t] (3)

The tiny energy splits between the different components, after a sufficiently long time (or a sufficiently long distanceL � ct),
will result in a large differences in phase, and the probability for flavor transition:P(νµ → ντ ) ≡ |〈ντ |νµ(t)〉|2 can in genera
become large.

For simplicity we will consider two-flavor oscillations, involving two flavors (νµ andντ ) and two mass eigenstates that
can choose to labelν2 andν3. The mixing matrix reduces to the form:

U =
(

cosθ23 sinθ23
−sinθ23 cosθ23

)
(4)

with the mixing angleθ23 ∈ [0,π/2]. The probability for a neutrino of energyEν , produced in flavor stateνµ to be observed
with the different flavor (ντ ) at a distanceL from its creation point is:

P(νµ → ντ ) = sin2 2θ23sin2
(

�m2
23L

4Eν

)
(5)

where�m2
23 = m2

3 − m2
2. In Eq. (5) we have used natural units (h̄ = c = 1); measuring�m2

23 in eV2, L in km andEν in GeV,
the factor 1/4 in the argument of the second sin becomes 1.27. The flavor transition has a non negligible probability on
mixing angle is not too small, (since it is proportional to sin2 2θ23) and when the neutrino mass eigenstates have accumu
a sufficiently large phase difference, that is whenL|�m2

23|/(4Eν) � 1. Therefore for a givenEν , one needs a sufficiently lon
path-lengthL. More details on the oscillation mechanism can be found in [33].

Atmospheric neutrinos are produced when cosmic-ray protons and nuclei enter the atmosphere and interact g
different types of secondary particles, which in turn can interact or propagate to the ground (depending on the particle
energy). The production of atmospheric neutrinos is schematically shown in Fig. 1. They have a very broad energy spec
extends from∼ 30 MeV up to very high energies. Neutrinos with energy belowE � 105 GeV have a cross section sufficient
small, so that they can cross the Earth even when traveling along trajectories that traverse its center. This fact has the
consequence that an atmospheric neutrino detector is able to observe particles coming from all directions, that is bo
going neutrinos (produced in the atmosphere above the detector), and up-going neutrinos, that have been created in
point on the Earth, have penetrated the interior of the Earth, and are exiting at the detector site. This situation is ide
study of flavor oscillations, because the neutrino path-lengthL can vary (depending on the neutrino direction at the detec
from Lmin � 10 km for vertically down-going particles toLmax � 2R⊕ � 1.25× 104 km, and one can search for oscillatio
effects comparing the measurements for neutrinos that have traveled for different path-lengths.

In fact the measurements of atmospheric neutrinos of Super-Kamiokande (SK) [3,4] and other detectors [5–9] h
vided strong evidence for the existence for neutrino oscillations. This evidence has been recently confirmed by
long-baseline accelerator experiment [10]. Oscillations of longer path-lengths have also been observed with solar
tor neutrinos [11–13]. These results are compatible with the atmospheric neutrino data, and together describe some r
patterns for theν masses and mixings.

This work is intended as a brief review of the measurements of atmospheric neutrinos, and the interpretation of the
is organized as follows: in Sections 2 and 3 we describe the prediction of the atmospheric neutrino rates, and the dete
for the measurements, in Section 4 we present the data and their interpretation in terms of neutrino oscillations. In Sec
discuss the use of atmospheric neutrinos to set limits on different neutrino properties. Finally, in the last section, we giv
summary and discuss the perspectives for future studies.
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Fig. 1. A schematic view of the generation of neutrinos in the atmosphere. Cosmic ray particles interact with the air nucleus produc
(and less frequently Kaons). Aπ+(π−) decays to aµ+(µ−) and aνµ(νµ). Subsequently, theµ+(µ−) decays to ane+(e−), aνe(νe) and a
νµ(νµ).

2. Prediction of the atmospheric neutrino fluxes

The search for the possible existence ofν flavor oscillations implies the comparison of the data with theoretical predic
calculated with and without the presence of oscillations. The calculation of the atmospheric neutrino fluxes (for a c
discussion, see [16]) starts from a description of the Cosmic Ray (CR) spectrum on top of the atmosphere; then com
distributions (in flavor, energy, and direction) of the neutrinos produced by the CR particles; finally the neutrinos are pro
from the production point to the detector. In the absence of oscillations this is trivial, in the general case one has to con
a function of the relevant parameters) the flavor transition probabilities.

The CR flux at the Earth has to be measured experimentally, and this implies the use of detectors placed on balloon
lites. These are not easy measurements and their systematic errors (that result in discrepancies between different ob
are an important source the systematic error in the atmospheric neutrino calculation. Note that while the CR fluxes in in
space are (to a very good approximation) constant in time and isotropic in direction, at low rigidity (p/Z) the effects of the sola
wind, (that varies with 11 years periodicity, and acts as a time varying source of energy loss for the CR) introduce a sm
dependence, and the effects of the geomagnetic field break the CR isotropy. The geomagnetic field prevents the lowe
particles from reaching the surface of the Earth. The geomagnetic effects vanish at the magnetic poles and are stron
magnetic equator (latitude effect) and, since CR have positive electric charge, are strongest for east-going particles (
effect). The geomagnetic effect is equivalent to the effect of a rigidity ‘cutoff’Rcut(�x⊕,Ω). The flux of CR from directionΩ
at the position�x⊕ vanishes ifp/Z < Rcut, while it coincides with the unperturbed spectrum for larger rigidities. This resul
be derived as a consequence of the propagation in a static magnetic field of a CR population that is isotropic at large
from the Earth. For an exactly dipolar magnetic field the cutoff can be calculated analytically (the Stormer solution), for
field and a more accurate calculations one has to study numerically the problem.

The second step in theν flux estimate is the calculation of neutrino production in the development of hadronic sho
This task requires a detailed description of multi-particle production in strong interactions, and in addition careful prop
of secondary particles in the atmosphere taking into account energy losses (this is especially important for muons).
known that we are not able to compute from first principles the properties of particle production in the strong inter
and one has to rely on experimental data collected at accelerators, interpolating (or extrapolating) when needed. This
another important source of systematic uncertainty in the calculation of the atmospheric neutrino flux.

To perform the calculation, analytic approximations exist, however the most accurate results are obtained with Mon
methods. For maximum accuracy, one has to recur to a ‘straightforward’, but highly inefficient, method where sho
all (geomagnetically allowed) directions, are generated over the entire surface of the Earth testing if they produce
that intersect the detector (placed at its geographical position). This ‘3-Dimensional’ method substitutes the less acc
computationally much simpler ‘1-Dimensional’ method of older calculations, where the neutrinos are assumed to be
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Fig. 2. A neutrino trajectory that enters a spherical Earth with zenith angleθin will exit with a new zenith angleθout = π − θin. Assuming that
the primary fluxes are equal at the entry and exit points (isotropy), one can deduce the up-down symmetry of the fluxes.

with the primary CR particle. This is in fact a good approximation forEν � 2 GeV, where the two methods give approximat
equal results.

The main source of atmospheric neutrinos is the chain decay of charged pions:

π+ → µ+ + νµ

↓
e+ + νe + νµ

π− → µ− + νµ

↓
e− + νe + νµ

(6)

(See Fig. 1.) Smaller sources are due to kaon decays. Eq. (6) tells us that the fluxes ofνe, νµ ’s and antineutrinos are strictl
related to each other, and in particular that, if the muon decay probability is equal to unity, one has:

φ(νµ + νµ) � 2φ(νe + νe) (7)

Eq. (7) is actually valid not only in an ‘integral sense’ but also as function of energy and angle, since the three neutrinos
in the chain decay of a pion are approximately collinear and have similar average energies. With increasing energy, b
the Lorentz time dilatation, the muons begin to reach the ground before decay, and the ratiorν = (νµ +νµ)/(νe +νe) increases
It is important also to note that the flux of muons that reaches the ground (or that are present at high altitude where
be measured by experiments on balloons) are also calculable, and the comparison of the calculations with the muon
important constraint that can reduce systematic uncertainties.

The essential point of this discussion is that value of the ratiorν can be predicted very robustly, independently from
details of the calculation. Early (and modern [17–19]) calculations of the ratiorν show difference� 5% (3%). The earlies
evidence for the existence of oscillations for atmospheric neutrinos came in fact from the observation of a measuredrν smaller
that the prediction [5–7].

A second very robust result of the atmosphericν calculation, is the prediction that in the absence of flavor transitions
neutrino fluxes are to a very good approximation up-down symmetric, that is for every neutrino type:

φνα (E,cosθ) = φνα (E,−cosθ) (8)

Eq. (8) can be derived as an elementary geometry theorem (see Fig. 2), from the assumptions isotropy of the CR, and
of the Earth.

For the prediction of observable event rates (and not only fluxes), one has to include a description of theν cross sections
that in the energy rangeEν ∈ [0.1,10] GeV, have uncertainties of order 15%, and of course a detailed knowledge of the d
efficiency and acceptance.

3. Atmospheric neutrino experiments

The rate of atmospheric neutrino interactions is about 200 (kton yr)−1. The background rate at the surface, mostly du
atmospheric muons, is so high that, with the present technology it has been possible to observe the atmospheric neu
with detectors placed deep underground. Even underground, the problems of background rejection and identificati
neutrino-induced events have to be carefully studied. Events are accepted only if theν interaction point is within a fiducia
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volume that excludes the more external volume of the detector (to reject photon and neutron contaminations) and oute
detectors are set up, to test for the presence of entering or exiting charged particles.

For low neutrino energy,ν-events are selected requiring that they are ‘fully contained’ (FC), and all secondary pa
remain inside the detector volume. In this case the background rejection is relatively easy, and is obtained requiring th
of signals from the outer- (or veto-) detector, and requiring that the interaction vertex position is in a fiducial volume.
quirement that all particles are absorbed inside the detector volume limits this class of events toEν � few GeV. With increasing
energy, the requirement of confinement for all particles reduces the detection efficiency, and in particular the muons
by CCνµ andνµ interactions can easily exit from the detector volume. However, events where a clearly identified muo
only exiting particle, can also be selected as neutrino events and are referred to as ‘partially contained’ (PC) events.

There is a third category of CCνµ events, where the interaction occurs outside the detector, and the muon enters an
passes through or stops in the detector. These are referred to as ‘upward-going muons’ because one generally re
originate from below the horizon to ensure that a sufficient amount of rock absorbs ordinary cosmic ray muons. The
energies for upward stopping and through-going muon events are 10 and 100 GeV, respectively.

To date, two significantly different techniques, water Cherenkov and find grained tracking detectors, have been
observe these atmospheric neutrino events.

3.1. Water Cherenkov detectors

In water Cherenkov detectors, an atmospheric neutrino event is detected by observing Cherenkov radiation from r
charged particles produced by the neutrino interaction with the nucleus. A two-dimensional array of photomultiplier t
the inside surface of the detector detects the photons. The hit time and the pulse height from each PMT are recorded. T
information, with a typical resolution of a few ns for a single photo-electron pulse, is useful for reconstruction of the
position. The total number of photo-electrons gives information on the energy of the particles above Cherenkov th
Some of the water Cherenkov detectors are equipped with an anti-counter that surround the inner detector. In the 1
early 1990s, Kamiokande [5,6] and IMB [7] observed the early indication for atmospheric neutrino oscillations.

The current generation water Cherenkov detector is Super-Kamiokande, whose results dominate our understand
mospheric neutrinos. It began taking data in 1996. It has a total mass of 50 ktons. It uses 11 146 20-inch diameter PM
photo-cathode coverage of 40% of the inner detector surface. An outer detector surrounds the inner detector with 2 m
of water, equipped with 1885 8-inch PMTs with wavelength shifting plates. The fiducial volume for neutrino vertices
from the plane of photomultiplier tubes, resulting in a 22.5 kton mass. The large mass and photo cathode coverage
high statistics and detailed studies of atmospheric neutrinos.

3.2. Fine grained tracking detectors

The second category of atmospheric neutrino detectors consists of comparatively fine resolution tracking detecto
ing detectors have an advantage in sensitivity because they can detect low momentum charged particles that would
Cherenkov threshold in water. In the 1980s, the NUSEX [14] and Frejus [15] experiments studied atmospheric neutr
actions in detail.

More recent experiment, Soudan-2 [8], is able to reconstruct the short and heavily ionizing trajectory of recoil proto
atmospheric neutrino events such asνµn → µ−p. The Soudan-2 detector is a 963 ton detector with the fiducial mass o
tons. It is equipped with anti-counters. The anti-counter is useful to estimate the fraction of non-neutrino background
the atmospheric neutrino sample as well as to eliminate cosmic ray background events easily.

There is a second type of tracking detector, mostly sensitive to muon neutrinos in the form of upward-going muo
example of such detector is MACRO [9], with a relatively large area (� 860 m2), and an absorber mass of� 0.8 kton. This
detector could identify the direction of the muon by resolving the time-of-flight as it traverses two or more layers o
scintillator. The MACRO detector is composed three horizontal planes with the lower section filled with crushed rock a
and a hollow upper section. In addition to through-going muons, MACRO has analyzed partially contained and stoppi
topologies, where the crushed rock in the lower section acts as neutrino target or muon stopper, respectively.

4. Experimental results and oscillation analyses

To study neutrino oscillations, the flavor of the interacting neutrinos must be determined. This is only possible
interactions, identifying the charged lepton in the final state. Electrons with energy greater than∼ 100 MeV produce an elec
tromagnetic shower in the detector material, while for muons belowEµ ∼ 103 GeV, the dominant source of energy loss
ionization, and a single particle propagates losing smoothly its energy. For very fine grained detectors the separatione and
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µ is a relatively straightforward task. For water Cherenkov detectors one can separate ‘showers’ (e) from ‘tracks’ (µ) from the
patterns of the Cherenkov light rings that are formed by a stopping charged particle (in water photons are emitted at
mately 42◦ from the particle direction). An electron ring is fuzzier than a muon one, because it is in fact the superpos
many rings produced by many low-energye± that have undergone multiple scattering.

In the following we will discuss results from three recent, major atmospheric neutrino experiments: Super-Kami
Soudan-2 and MACRO. Super-Kamiokande has observed more than 15 000 atmospheric neutrino events, and with
statistics has given the dominant contribution to the observations. Fig. 3 (top) shows the zenith angle distributions fo
data samples from Super-Kamiokande [4]. In order to predict the characteristics of the data, detailed Monte Carlo p
have been developed. The box histograms in Fig. 3 (top) show the predicted distributions without neutrino oscillatio
clear that the number of up-goingνµ events has deficit compared with the Monte Carlo prediction. Furthermore, the defi
up-goingνµ events has energy dependence. In the lowest energy range, the zenith angle dependence in the deficit is n
This is due to the poor angular correlation between the neutrino and lepton direction.

Consistent results have been obtained from the analyses of the contained events in Soudan-2 [8] and the upw
muons and PC events in MACRO [9], see Fig. 3 (middle and bottom).

4.1. 2 flavor oscillation analysis

Data samples, which include significant CCνµ events shows zenith angle and energy dependent deficit of events. O
other hand, the zenith angle distributions fore-like data show no evidence for deviation from the predicted shape, and h
there is no evidence for the oscillations involvingνe (see Fig. 3). Therefore,νµ → ντ oscillation is assumed to fit to the dat
In this analysis, simulated neutrino events are oscillated according to Eq. (5), where sin2 2θ23 and�m2

23 are the parameters t
be estimated by the fit.

There are various sources of the systematic errors in the measurement and prediction. The dominant sources are t
flux, the neutrino interaction cross sections and the detection efficiencies for CCνe and νµ interactions. These errors a
carefully evaluated and are taken into account in the fitting. For example, in Super-Kamiokande, 39 systematic er
are considered in the analysis. The allowed regions ofνµ → ντ oscillation parameters from these experiments are show
Fig. 4. The allowed regions from these experiments agree well. The 90% C.L. allowed region from Super-Kamiok
1.5×10−3 < �m2

23 < 3.4× 10−3eV2 and sin2 2θ23 > 0.92.
Also shown in Fig. 4 is the allowed parameter region from the K2K long–baseline experiment [10]. K2K is the firs

baseline neutrino oscillation experiment. Neutrinos are produced using a proton beam accelerated by the KEK 12 Ge
synchrotron, and are detected in Super-Kamiokande, which is 250 km away from KEK. This experiment observed 107
events, while the expected number of events was 151+12

−10. In addition, the observed neutrino energy spectrum agreed wit
oscillation prediction. The K2K data are consistent with neutrino oscillations. The allowed regions from atmospheric a
baseline experiments agree well.

The result that a neutrino mixing angle is large, was very unexpected, and is in sharp contrast with the situation for t
sector, where all mixing angles are small. Moreover the mixing parameter (sin2 2θ23) is near to its maximal value. A maxima
mixing would imply some ‘special’ reason like the existence of new symmetry, and the measurement of a (possible) d
of θ23 from 45◦ is an important goal for future studies.

4.2. 3 flavor oscillation analysis

The general formula for flavor oscillations is complex, and involves two independent squared mass differences�m2
12 and

�m2
23, three mixing anglesθ12, θ13 andθ23, and one CP violating phaseδ. The measurements of solar and reactor neutr

[11–13] have actually allowed one to determine a precise measurement of�m2
12 = 7.9+0.6

−0.5 × 10−5 eV2, andθ12 � (32.3 ±
2.5)◦.

The ‘solar’ squared mass difference�m2
12 is approximately 30 times smaller than|�m2

23|, and generates oscillations wi

a 30 times longer period. It is therefore a reasonable approximation to neglect the effects of�m2
12 for atmospheric neutrinos

Even with this simplifying assumption, the oscillation probabilities will depend on the additional mixing angleθ13, and in
general the transitionsνe ↔ νµ andνe ↔ ντ will be present, vanishing only in the limitθ13 → 0. Note that ifνe are involved
in the oscillations one has to take into account the presence of matter along the neutrino trajectory [26,27].

A three-flavor analysis of the SK data, shows that the data favorsθ13 � 0 and sets an upper limit for this mixing angle. T
sensitivity of an atmospheric neutrino detector for oscillations ofνe is reduced because one has to consider both appea
(νµ → νe) and disappearance (νe → νµ, νe → ντ ) channels, with a cancellation effect.
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ooz
sis
Fig. 3. Zenith angle distributions for atmospheric neutrino events observed in Super-Kamiokande (top), Soudan-2 (middle, (a)e-like, (b)µ-like)
and MACRO (bottom, left: through-going muon flux, middle: upward-going PC events, right: upward-going stopping muons+ down-
ward-going PC events). cos
 = 1 (−1) means down-going (up-going). The histograms show the prediction with and withoutνµ → ντ

oscillations.

The constraint onθ13 from a study of the disappearance ofνe produced in nuclear reactors with a 1 km path-length (Ch
experiment [21]) gives a more stringent upper limit onθ13. The result, in turn, implies that the 2-flavor oscillation analy
described in the previous section is approximately correct.
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Fig. 4. 90% C.L. allowed neutrino oscillation parameter regions forνµ → ντ from atmospheric neutrino experiments: Kamiokande [20] (t
dashed line), Soudan-2 [8] (thick dotted line), MACRO [9] (thick dashed line), and Super-Kamiokande [4] (thick line). The allowed
from theL/E analysis in Super-Kamiokande is shown by the thin line. The thin dotted line shows the allowed region from K2K [10].

The possibility that the observed disappearance of the of theνµ, is due to transitions into a super-weakly interacting sin
[underSU(2) ⊗ U(1)] particle (or a ‘sterile’ neutrino), has also been proposed and investigated. This possibility has be
excluded as the dominant mechanism [23], and is now also strongly constrained as a sub-dominant effect.

4.3. L/E analysis

Although Fig. 3 shows a clear zenith angle and energy dependent deficit ofνµ events, these plots do not show any dir
evidence for sinusoidalνµ survival probability of Eq. (5). This can be explained as a consequence of the poor resolu
L/E of the measurement, and the averaging over the oscillations. However other models, such as the neutrino dec
the decoherence [25] models, can reasonably reproduce the observed atmospheric neutrino data with smooth (non-
probabilities. It is an important goal to confirm the validity of the oscillating form of Eq. (5). The first evidence that tνµ

survival probability obeys a sinusoidal function has been recently obtained by Super-Kamiokande [22]. Neutrino eve
good (better than 70%) resolution inL/E were selected. Then the event rate normalized by the prediction as a funct
L/E was studied comparing with different predictions (see Fig. 5(left)). The oscillation prediction gives the best fit to t
reproducing the expected minimum atL/E � π |�m2| � 500 km/GeV. The neutrino oscillation parameters can be determ
by theL/E distribution. The results for the allowed region are shown in the bottom part of Fig. 5. Note how the identifi
of the dip allows an accurate determination of�m2.

Fig. 5. Left: (Number ofµ-like events)/(predicted number ofµ-like events without oscillation) as a function ofL/E from Super-Kamiokande
Only high L/E resolution FC+ PC events were used. The solid, dashed and dotted histograms show the best-fit expectation for
νµ ↔ ντ oscillations, neutrino decay and neutrino decoherence, respectively. Right: 68, 90 and 99% allowedνµ → ντ oscillation paramete
regions obtained by theL/E analysis.
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5. Constraints on neutrino properties

The ‘standard’ mechanism described above involving neutrino masses and mixing is not the only one that results
oscillations. In factν flavor transitions can also be generated by a variety of forms of non-standard neutrino interac
properties that modify the Hamiltonian. One example of such non-standard interactions is the proposal [28] that
neutrino types could have different coupling to the gravitational field. Such difference is a violation of the Equivalence P
(VEP) in General Relativity. In the VEP scenario (considering for simplicity only two flavors) the gravitational ene
neutrinosνG

1 andνG
2 (connected to the flavor eigenstates by the mixing angleθG) is −2|φ|Eν(1 + γ1,2), whereφ = −|φ| is

the gravitational potential, andγ1 �= γ2 are extra non-standard couplings. Much in the same way as for standard oscill
even if the neutrinos are massless, one will have flavor transitions, because of the difference in phase: 2|φ|�γEνL accumulated
between the twoG-eigenstates. The corresponding flavor transition probability is:

P G
νµ→ντ

= sin2(2θG)sin2[�γ |φ|EνL] (9)

A striking property of (9) is that the argument of the oscillating term, is proportional toLEν in contrast to the standar
mechanism, where it is proportional toL/Eν .

Flavor transitions of form (9) are also predicted in models (that violate Lorentz Invariance) where different particl
different asymptotic (p → ∞) velocities [29], after the substitution 2|φ�γ | ↔ |�v|.

A different mechanism that can generate flavor transition [27] is the existence of flavor changing neutral currents
that is processes likeνα +f → νβ +f (with α �= β andf a target fermion). The existence of these new interactions introd
additional non diagonal terms in the effective Hamiltonian forν propagating in matter:

HFCNC
µτ = HFCNC

τµ = GF√
2

εNf (10)

whereε is the ratio between the strengths of the new (FCNC) and standard (diagonal) NC interactions, andNf is the density

of fermionf . Extra non-universal neutral current interactions can also introduce a differenceHmat
µµ − Hmat

ττ = GF ε′Nf /
√

2.
These effects generate (for masslessν) a flavor transition probability:

P FCNC
νµ→ντ

= 4ε2

4ε2 + ε′2 sin2
[

GF√
2

Xf

√
4ε2 + ε′2

]
(11)

whereXf is the column density crossed by the neutrino. These effects have been proposed as an explanation of the at
neutrino data; however, they are now all excluded as the dominant source of the observed effects [30]. It is, however, n
interesting to study the possibility of the existence of these effects assub-dominantcontributions to the observations. It tur
out that these effects are strongly restricted even at the sub-dominant level [31,32]. The inclusion of VEP effects is l
|φ�γ | � 4.0× 10−25; for FCNC |εµτ | � 0.034. These limits may be the strongest constraints on these forms of New P
beyond the standard model. Atmospheric neutrinos span several decades inEν andL, and therefore are very sensitive to the
forms of new physics.

6. Summary

The experimental study of atmospheric neutrinos has lead to the discovery of neutrino oscillations. The first ‘hint
existence of new physics were the measurement of a smallνµ/νe ratio, and then the observation of a zenith angle depend
for the suppression. The high statistics data from Super-Kamiokande has allowed us to study in detail the energy an
distributions of different flavor neutrinos, confirming the previous hints, and providing a robust demonstration of the do
νµ ↔ ντ standard oscillations, and determining the oscillation parameters. All alternative mechanisms proposed to
data and predictions have been excluded. The recentL/E analysis from Super-Kamiokande, showing that theνµ disappearance
probability obeys the sinusoidal form inL/E predicted by neutrino oscillations has played an important role in this exclus

The study of solar and reactor neutrinos [11–13] has also lead to the discovery of(νe ↔ νµ,τ ) oscillations with a longer
path-length. The solar and atmospheric results are perfectly consistent with each other, and a consistent patternν

masses and mixing is emerging. The smallest mass splitting between mass eigenstates (�m2
12) controls the solar neutrin

effects and the KamLAND data, while the larger squared mass difference measured with atmospheric neutrinos corre
|�m2

23| � |�m2
13|. The mixing angles measured with solar and atmospheric neutrinos correspond toθ12 andθ23, respectively.

Note that there is an ambiguity in the ordering of the mass eigenstates. The ‘most isolated’ mass eigenstates (ν3), that appears
to be a superposition ofνµ andντ with approximately the same weight, could be either the heaviest (normal hierarchy)
lightest (inverse hierarchy) neutrino. This is one of the open problems for the future, together with the measuremen
two remaining parameters in the mixing matrix; the angleθ13 (for which there is only an upper limit), and the CP-violati
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phaseδ. The absolute value of the neutrino masses is not accessible with flavor transition measurements, but can b
with cosmological observations or (if neutrinos are Majorana particles) by searching for double beta decay.

The study of the flavor oscillations controlled by|�m2
23| is accessible with long baseline (LBL) accelerator neutrino bea

and several large scale LBL projects are planned for the near (and not so near) future, with the goal to obtain mor
measurements of the known parameters, and complete our knowledge of the neutrino masses and mixing.

Atmospheric neutrino experiments have unique features, such as well understood and precisely predicted prope
as flavor and up-down ratios, and especially a wide coverage of the neutrino energy and path-length. Because of th
atmospheric neutrino experiments are likely to give a significant contributions to future neutrino oscillation studies es
if new large mass detectors will become available to obtain larger statistics. Moreover, the feature is ideal for the
sub-dominant effects due to extra-dynamics in the Hamiltonian. Thus, the scientific potential of future atmospheric
experimental studies remains of great interest.
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