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Atmospheric nentrinos are produced as decay products in hadronic showers resulting from collisions
of cosmic rays with nuclei in the atmosphere. Electron neutrinos and muon neutrinos are produced
mainly by the decay c¢hain of charged pions to muons to electrons. Atmospheric neutrinos have heen
observed by large underground detectors. Depending ot the energy of the neutrinos, atmospheric
neutrinos are cbserved as fully-contained events, partially contained events or upward-going muen
events. The energy range covered by these events is from a few hundred MeV to above 100 GeV. It
has been known for about ten years that some data suggested the existence of neutrine oscillations.
With the recent increase of event statistics, especially from the Super-Kamiokande data, the
atmospheric neutrino data gave evidence for neutrino oscillations. Two-flavor ¥, — v, oscillations,
with s5in®26 >0.88 and Am? in the region of 2x 1073 to 5x10~3 eV2, explain all these data.
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. INTRODUCTION AND HISTORY

Studies of the neutrino have played essential roles in the understanding of elementary particle physics. In the
standard model of elementary particle physics, the neutrino has been assumed to have no eclectric charge, interact
with other particles only via weak interactions, and have zero mass. In the 1970’s, there was important theoretical
progress. One advance was the development of Grand Unified Theories (GUTSs) of strong, weak and electromagnetic
interactions (Pati and Salam, 1973; Georgi and Glashow, 1974). In many non-minimal versions of GUT models, the
neutrino masses are suggested to be non-zero (for a review, see for example, Langacker, 1981). The other advance was
the scesaw mechanism (Yanagida, 1979; Gell-Mann, Ramond, Slansky, 1979) which naturally explains the smallness
of the neutrino masses. Through these developments, the importance of renewed experimental searches for neutrino
mass was recognized.

A sensitive way to observe small neutrino masses is to study neutrino flavor oscillations {Maki, Nakagawa, Sakata,
1962; Nakagawa et al., 1963; Pontecorvo, 1967; Gribov and Pontecorvo, 1969; see also, Pontecorvo, 1957). For
simplicity, we consider a two-neutrino oscillation hypothesis. If the neutrinos are massive, the flavor eigenstates, v,
and vg, are expressed as combinations of mass eigenstates, v; and vy

Vo \ cosf! sind@ v (1)
vg )\ —siné cosé vi |’

where ¢ is the mixing angle between the flavor eigenstates and the mass eigenstates. The probability for a neutrino
produced in a flavor state v, to be observed in a flavor state vy after traveling a distance L through a vacuum is:

1.27Am*(eV?) L{km) )

P(vy -3 v3) = sin® 26 sin® ( B.(GeV)
L (Ge

(2)

where E, is the neutrino encrgy and Am? is the mass-squarcd difference of the neutrino mass eigenstates: A’ =
mf —m?, where ;) represents the mass of vy, (The neutrino oscillation probability described in the above
equation does not depend on the sign of Am?, Therefore, if the sign is not mentioned explicitly, we assume Am? > 0
in this article.)

Over the past two decades, many reactor and accelerator experiments have searched for neutrino oscillations (for a
review, sec for example, Particle Data Group, 1998). In a nuclear reactor, low-energy (<10 MeV) 7.’s are produced.
Neutrino oscillations, ¥, — ¥, where 7, could be either 7, or ¥, have been studied by searching for the disappearance
of the ¥, flux. No evidence for neutrino oscillations has been obscrved in these experiments. Two long baseline
(L ~1 km) reactor experiments (Apollonio et al., 1998, 1999; Bochm et al., 2000) excluded 7. —+ ¥, oscillations with
Am? > 1077 eV? for maximal mixing. These reactor experiments are sensitive to the values of sin228 (for large Am?)
down to about 0.1

Accelerator neutrino oscillation experiments have searched for both v, > v and v, = v oscillations. In many of
these experiments, a high encrgy v, beam is used. As of this writing, only the LSND experiment (Athanassopoulos
et al. 1995, 1996a, 1996h, 1998) has observed evidence for v, — v, necutrino oscillations. The suggested region of
neutrino oscillation parameters (Am? and sin®26) from LSND (which has not been excluded by any other experiments)
is between 0.2 and 2 eV*® for Am? and between 2x107% and 4x107? for sin?26. However, the situation is stil}
controversial, because the KARMEN experiment (Steidl et al., 1999; Jannakos et al., 1999), which had a similar
beam, neutrino flight. distance and detector performance, has not observed any neutrino oscillation signal. Accelerator
experiments have excluded Am? > 107! eV? at maximal mixing (Borodovsky et al., 1992: Steidl et al., 1999, Jannakos
et al., 1999) and sin?20 > 2 x 1072 eV? at large Am? (Romosan et al., 1997; Steidl et al., 1999, Jannakos et al.,
1999) for v, — v, oscillations, and Am? 2> 0.3 eV? at maximal mixing (Dydak et al., 1984; Bergsma et al., 1984) and
sin®26 > 1073 eV? at large Am? (Astier et al., 1999; Eskut et al., 1998) for v, - v, (or v, — v,) oscillations.

The Sun is a strong source of v, which are produced by nuclear fusion processes in its central region. These neutrinos
are called solar neutrinos. To date, there have been five experiments which have observed solar neutrinos {Cleveland
et al., 1998; Fukuda et al., 1996a; Abdurashitov et al., 1999; Hampel et o, 1999; Fukuda et al, 1998). A deficit
of the solar v, flux has been observed m all of these experiments. The observed fluxes are 30 to 60% of the solar
model prediction (Bahcall, Basu and Pinsonneault, 1998) depending on the experiment. It is known that reasonable
modifications of the solar model are unlikely to explain the present solar neutrino data. On the other hand, it is
possible to explain the solar neutrino data by neutrino oscillations. The data suggest v, -+ v, neutrino oscillations.
There are four consistent parameter regions of neutrino oscillations {sce for example; Bahcall, Krastev and Smirnov,
1998): 107% < Am? < 107 eV? and large sin®26, Am? ~ 1077 eV? and sin?20 ~ 1072, Am? ~ 1077 eV? and large



5in®26, and 1071 < Am? < 107° eV? and large sin®26. One of the motivations of present and future solar neutrino
experiments (McDonald, 1998; Oberauer, 1998; Lanou Jr., 1998) is to obtain conclusive evidence for solar neutrino
oscillations and to determine the allowed parameter regions uniquely.

The atmospheric neutrino data which will be discussed in this article give evidence for neutrino oscillations between
vy = vr with 107% < Am? < 1072 eV? and almost maximal mixing. To date, there has been no neutrino oscillation
result which has contradicted the neutrino oscillation parameters obtained by the atmospheric neutrino data.

Cosmic ray interactions in the atmosphere produce neutrinos. These neutrinos are called atmospheric neutrinos.
Atmospheric neutrinos arise from the decay of secondary particles (m, K and p) produced by primary cosmic-ray
interactions in the atmosphere. Typical altitudes of production of the neutrinos are between 10 and 20 km. These
neutrinos can be detected by large underground detectors.

Atmospheric neutrino experiments started in the 1960’s. One experiment was carried out in the Kolar Gold Field in
South India (Achar et al., 1965a, 1965b; Krishnaswamy et al., 1971). Other experiments were carried out at the East
Rand Proprietary Mine in South Africa (Reines et al., 1965, 1971; Crouch et al., 1978). In these atmospheric neutrino
experiments, neutrino events occurring in the rock surrounding a detector were measured. Since the experiments
were carried out in extremely deep underground (about 8000 meters water equivalent(m.w.e.)), particles traversing
the detectors almost horizontally were almost all of atmospheric neutrino origin. Also, since it was required that the
particles should penctrate through the rock {(and the detector), most of these events were expected to be charged
current (CC) v, interactions.

Another experiment started during the late 1960’s (Bergeson, Cassiday and Hendricks, 1973). Since this detector
was located at a relatively shallow depth (about 1500 m.w.e.), horizontally-going particles, as well as the downward-
going particles, were dominated by cosmic ray muons, and only upward-going muons were selected as neutrino events.
5 events were observed during 603 days of the detector operation.

In the 1970’s, the idea of Grand Unified Theories appecared. These theories predicted baryon number non-
conservation, i.e., nucleon decay. From the early 1980, several dedicated proton decay experiments, such as KGF
{Krishnaswamy et al., 1981, 1982, 1986), NUSEX (Battistoni et al., 1982, 1983), Soudan-1 (Bartelt et ai., 1983), IMB
(Bionta et al.,, 1983; Cortez et al., 1984; Park et al., 1985; Blewitt ef al., 1985; Haines et al., 1986; Seidel et al,,
1988; Becker-Szendy et al., 1990; McGrew et al., 1999), Kamiokande (Arisaka et al., 1985; Kajita et al., 1986; Hirata
et al, 1989), HPW (Phillips et al., 1989), and Frejus (Berger et al, 1989a; 1991a, 1991b) began operation. The
background events for the proton decay searches were atmospheric neutrino events. These experiments observed a
much larger number of atmospheric neutrino events relative to the previous experiments. Also, these experiments
were the first to observe so-called fully-contained events: events for which the neutrinos interact inside the detectar
and for which all the visible secondary particles stop in the detector. To date, no evidence for nucleon decay has
been observed (including results from recent experiments (Allison et al., 1998; Shiozawa et al., 1998; Hayato et al.,
1999)). However, these neutrino events were studied carefully by comparing the data and the simulated events to
understand the background for the proton decay searches. Various distributions were reported to be reproduced well
by the Monte Carlo simulations (Haines et al., 1986; Nakahata et al., 1986). However, IMB-1 (Haines et al., 1986)
mentioned that the fraction of events with at least one muon decay was less than expected, 0.26 +£0.03 for the data
and 0.34 x 0.01 for the Monte Carlo. A similar effect was seen in Kamiokande (Fig.19 of Nakahata et al., 1986).

It was recognized already in the late 1970’s (see for example, Bilenky and Pontecorvo, 1978; Pakvasa, 1980; Frampton
and Glashow, 1982) that the atmospheric neutrino data can give information on neutrino flavor oscillations, because
of the long traveling distance of neutrinos. There were only a few experimental results on neutrino oscillations based
on the atmospheric neutrino data in 1980’s (Boliev et al., 1981; LoSecco et al., 1985; Bionta et al., 1988). No evidence
for neutrino oscillations was observed. (However, we note that the rates of the muon neutrino events observed in
Krishnaswamy et al. (1971) and Crouch et al. (1978) were lower than expected. Although the uncertainty in the
predicted Hux was large, some authors (for example, Barger ef al., 1980; Barger, Whisnant and Phillips, 1980; Pakvasa,
1980} pointed out that these results might suggest that muon neutrinos participate in neutrino oscillations. )

In spite of this progress, interest in atmospheric neutrinos was not very strong until Kamiokande published a study
of the atmospheric neutrino data. In 1988, Kamiokande (Hirata et al., 1988) showed a result in which fully-contained
single-ring events were separated into muon-(g-} and electron-(e-)like events. A single-ring p-like event is produced
by a non-showering straight track and is, in most cases, due to cither 2 muon or a pion. A single-ring e-like event
is produced by a showering particle and is due to either an electron or a gamma. Kamiokande observed that the
number of single-ring pi-like events, which were mostly due to quasi-elastic interactions of atmospheric », and 7, in the
detector, showed a significant deficit compared with the Monte Carlo (MC) prediction, while the number of single-ring
e-like events was in good agreement with the expected number. Defining p/e =(number of p-like events)/(number



of e-like events), (u/€)para/(p/€)arc was (85/93)/(144.0/88.5) = 0.567059 (stat.), where stat. means the statistical
error. Figure 1 shows, as an example, the momentum distributions of the single-ring e-like and p-like events in (Hirata
et al., 1988). The deficit of u-like events relative to the MC prediction was significant and did not show any strong
momentum dependence. The momentum distribution of e-like events was well explained by the MC prediction.

The prediction of the absolute atmaspheric neutrino Aux has an uncertainty of £20%. However, the flavor ratio of
the atmospheric neutrino flux, (v, + 7,)/(ve + 7.), has been calculated to an accuracy of better than 5% in a broad
energy range from 0.1 GeV to higher than 10 GeV. The accurate prediction of this ratio results from the fact that the
vy and v, are mainly produced by the decay of a pion, 7 — py,, and the subsequent decay of the muon, g — eVvely,
and therefore that the ratio does not depend on the details of the primary cosmic ray flux. The calculated flux ratio
has a value of about 2 for energy regions relevant to the Kamiokande data (E, ~ 1 GeV}). This value is understood
because the two muon neutrines and one electron neutrino produced in the pion’s decay chain have approximately
the same average energy. Because of the low (i/€) pera/(1t/€)are ratio, Kamiokande concluded: “We are unable to
explain the data as the result of the systematic detector effects or uncertainties in the atmospheric neutrino fuxes.
Some as-yet-accounted-for physics such as neutrino oscillations might explain the data.” This result triggered interest
in atmospheric neutrinos. Some authors (Learned et al., 1988; Barger et al., 1988; Hidaka et al., 1988) analyzed the
data in terms of neutrino oscillations.

Soon, thereafter, it was pointed out (Volkova, 1988) that the calculation of the atmospheric neutrino fluxes in
{Gaisser et al., 1988), which were used in the analysis of the Kamiokande data, did not take into account the effoct
of the polarization of cosmic-ray muons in their decay. Muons from pion decay are completely polarized in the
pion rest frame. Thercfore, the neutrinos from these muons are correlated in angle and energy with the direction of
the polarization of the muons. However, none of the flux calculations carried out before 1088 {except for (Volkova,
1980)) took into account this effect. Since neglecting the pt polarization underestimates the energy of v, and b,,
the polarization effect accounts for a part of the small p/e ratio of the data. Following this suggestion, atmospheric
neutrino fluxes including this effect were recalculated (Barr et al., 1988; Barr ef al., 1989; Honda et al., 1990). Tt
turned out that the change in the (1, +7,)/(v. + 7.} flux ratio due to the polarization effect was less than 15% at
E, ~1 GeV, which was not large enough to account for the observed ratio. Indeed, the ¢/ e ratio of the Kamiokande
data was still significantly smaller than the prediction based on the caleulated fluxes including the polarization effect
(Kajita et al., 1990; Hirata et ol., 1992).

Following (Hirata et e, 1988), several large underground experiments studied the flavor ratio of atmospheric
neutrinos. The observed /e ratios by NUSEX (Aglietta ef al., 1989) and Frejus (Berger et al., 1989h, 1990) were in
agrecent with the MC predictions within their statistics. Then, IMB-3 (Casper et al., 1991; Becker-Szendy et al.,
1992) published a result on atmospheric neutrinos, showing a smaller j2/e ratio than expected, in good agreement with
the Kamiokande result. A ji/e ratio smaltler than expected was also observed recently by the Soudan-2 experiment
(Allison et el., 1997, 1009).

Neutrino oscillations were suggested to explain the small u/e ratios. For detectors near the surface of the Earth, the
neutrino flight distance, and thus the oscillation probability, varies as a function of the zenith angle of the neutrino
direction. Vertically downward-going neutrinos travel about 15 km while vertically upward-going neutrinos travel
abont 13,000 km before interacting in the detector. The broad energy spectrum from a few hundred MeV to about
100 GeV and the broad range of neutrino flight distances make measurements of atmospheric neutrinos sensitive to
neutrine oscillations for Am? down to 1079 V2,

For neutrino energies higher than a few GeV, the fluxes of upward and downward going neutrinos are expected to
be nearly equal: the geomagnetic field effects on atmospheric neutrinos in this energy range are expected to be small
because the primary cosmic rays that produce these neutrinos have rigidities (= momentum/charge) exceeding the
geomagnetic cutoff rigidity (~10 GeV/Ze). A zenith angle dependence of the neutrino fluxes at high energies was
measured by the Kamiokande experiment {Fukuda et al., 1994). The observed zenith angle-dependent deficit of p-like
events, together with the small /e ratio, strongly suggested neutrino oscillations. However, the observed deficit of
upward-going u-like events relative to the downward going ones in the high energy regions was only a 2.9 standard
deviation effect and was not conclusive. Based on these measurements, Kamiokande estimated the allowed parameter
regions of neutrino oscillations (Hirata et al., 1992; Fukuda et al., 1994). Because of the relatively small statistics,
discrimination between v, — v, and v, — v, oscillations was not possible and both possibilities were allowed.

Recently, long baseline reactor experiments, CHOOZ (Apollonio et al., 1998, 1999) and Palo Verde (Boechm et al.,
2000}, did not observe any evidence for ¥, — 7, oscillations, and ruled out the v, —+ v, solution of the atmospheric
neutrino problem,

The upward-going muouns observed in underground detectors are the products of neutrino interactions in the rock.
The mean neutrino energy of these events is of the order of 100(10) GeV for through-going(stopping) events. These



events are used for an independent check of the neutrino oscillation analysis of the lower energy atmospheric neutrino
data.

Super-Kamiokande, a 50,000 ton water Cherenkov detector started taking data in 1996. In 1998, this experiment,
with approximately a factor of four more fully-contained and partially-contained events than the Kamiokande data,
together with the analysis of upward-going muons, concluded that the atmospheric neutrino data gave evidence for
neutrino oscillations.

In the following sections, details of ihe atmospheric neutrino observations are described. Section IT describes
calculations of the atmospheric neutrino fluxes. Section III cutlines the simulation of neutrino interactions relevant to
the energy range of atmospheric neutrinos. Sections IV and V describe the details of the atmospheric neutrino data
and the neutrino oscillation analyses. Then, in Section VI, various attempts to explain the atmospheric neutrino data
by other physics are briefly described. Section VII summarizes this article. In this article, when mention is made of
neutrinos, we imply both neutrinos and anti-neutrinos.

1. FLUX CALCULATICN

Atmospheric neutrino fluxes have been calculated by many authors (for example, Lipari, Stanev and Gaisser, 1998;
Agrawal et al., 1996; Honda et al., 1990, 1995; Perkins, 1994; Lipari, 1993; Bugaev and Naumov, 1989; Lee and Koh,
1990; Butkevich, Dedenko and Zheleznykh, 1989; Barr, Gaisser and Stanev, 1989; Gaisser ef al., 1983; Dar, 1983
Volkova, 1980; Tam and Young, 1969; Osborne, Said and Wolfendale, 1965). The difficulties and the uncertainties in
the calculation of atmospheric neutrino fluxes differ for high and low energics. Low energy neutrinos with energies
near 1 GeV are mostly produced by primary cosmic rays with energies of less than 100 GeV. In this energy range, the
primary cosmic ray fluxes are modulated by solar activity. Also, the cosmic ray fluxes at the top of the atmosphere are
affected by the geomagnetic ficld through the rigidity (= momentum/charge) cutofl. These effects must be carefully
taken into account in the flux calculation. High energy neutrinos with energies near 100 GeV are mainly produced by
primary cosmic rays with energies near 1000 GeV or higher. In this energy range, the solar activity and the rigidity
cutoff do not affect the cosmic rays. However, in the high energy range, details of the primary cosmic ray fluxes have
not been measured, and therefore the accuracy of the absolute flux calculation is limited.

In this article, we outline the methods and results of flux calculations for the two most detailed calculations (Lipari,
Stanev and Gaisser, 1998, Agrawal et al., 1996, and Honda et al., 1990, 1995). These fluxes are used for analyses of
recent atmospheric neutrino data. In these calculations, Monte Carlo methods are used to include accurately various
effects relevant to the calculations. For other methods and results, see the original reports.

In the flux calculations, a one-dimensional approximation is used, i.e., after the interaction of primary cosmic ray
particles with air nuclei, all the particles are assumed to be moving along the line of the momentum vector of the
primary cosmic ray particle. Recently, preliminary results of three-dimensional flux calculations have been reported
(Battistoni et al., 2000; Tserkovnyak et al., 1999; Lipari, 2000a). However, in this article, we use the fluxes calculated
by the one-dimensional approximation, because (a) the new fluxes based on the three-dimensional calculations have
not yet been used in the Monte Carlo calculations of the atmospheric neutrino experiments, and (b) the expected
energy and angular distributions of the produced leptons based on the three-dimensional calculation are similar to
those based on the one-dimensional calculation.

A. Flux of primary cosmic rays

Primary cosmic ray fluxes have been measured by many experiments. In the energy range below about 100 GeV,
the most accurate flux measurements were carried out by magnetic spectrometers with particle identification devices.
Between 1000 and 10° GeV, the energies and the fluxes of the cosmic ray particles were measured by calorimeter and
emulsion chamber techniques.

The fluxes of cosmic ray particles heavier than a proton have alsc been measured. For example, from the compilation
of Webber and Lezniak (1974}, the composition of cosmic rays is H~95%, He~4.5% and CNO (plus heavier nuclei)
~0.3% above 2 GeV /nucleus. We note that the neutrino fluxes are dependent on the number of nucleons rather than
the number of nuclei. Helium nuclei carry about 15% of the total nucleons in the cosmic ray flux and the CNO (plus
the heavier) group carries about 3.6% above 2 GeV/nucleon. Therefore we roughly expect that about 20% of the total
neutrino flux is produced by He and CNQO primaries. Figure 2 shows the measured energy spectrum of primary cosmic
ray fluxes. Since the energy spectrum of the cosmic rays is very soft (the flux is roughly proportional to E~27 above
10 GeV), the fluxes are multiplied by a factor of EZ75 in this figure. The fluxes used in the neutrino flux calculations



are also shown. The proton flux assumed in (Honda et al., 1995} is higher than that in {Agrawal et al., 1996) in the
cnergy range between 10 and 10000 GeV by at most 30%. We comment that the more recent proton flux data below
100 GeV favors the low flux in Figure 2 (top), and therefore the proton flux used in (Honda et al., 1995) is likely to
be overestimated at around 100 GeV proton energy.

B. Solar modulation

The flux of low energy cosmic rays is modulated by solar activity. The strength of the solar wind (an outflow of
plasma from the Sun), which is correlated with the solar activity, varies with an 11 year period. The magnetic field
associated with the solar wind drives back the low energy cosmic rays which are entering into the solar sphere. This
eflect increases as cosmic ray energy decreases. The flux difference at solar maximum and solar minimum is more
thaun a factor of 2 for 1 GeV cosmic ray protons and is about 10~20% for 10 GeV cosmic ray protons. However, this
variation has a relatively small effect on the calculation of atmospheric neutrino fluxes, because the geomagnetic field
prevents these low energy cosmic-ray particles from entering into the atmosphere anyway (see below).

€. Geomagnetic field and rigidity cutoff

The geomagnetic field bends the trajectory of cosmic ray particles, and therefore determines the minimum rigidity
at which a cosmic ray can arrive at the Earth (cutoff rigidity). The cutoff rigidity is a function of the entering position
on the Earth and the arrival direction.

The geomagnetic ficld can be represented by a multi-pole expansion of the spherical harmonic function (Honda
et al., 1990). Then the value of the cutoff rigidity for a position on the Earth and for a particle direction is obtained
by computer modeling of cosmic ray trajectories. In the simulation, an antiproton is used as a test particle. To
estimate the cutoff rigidity at different positions and for different directions, test particles are launched from the
surface of the Earth, varying the position and the direction. When a test particle with a given energy and direction
escapes to infinity, it is concluded that a cosmic ray with the same energy and mass and the opposite direction and
charge can enter into the atmosphere and reach the same position on the Earth. Figure 3 illustrates typical allowed
and forbidden tracks of cosmic rays. The cutoff rigidity is calculated as the minimum rigidity with which the test
particle escapes from the geomagnetic field, The cutoff rigidity at Kamioka calculated in this way (Honda et al., 1995)
is shown in Figure 4. (We note, however, that the exact definition of the cutoff rigidity is more complicated. For a
full discussion of the cutoff rigidity, see for example (Hillas, 1972).)

D. Interaction of cosmic rays in the air

As cosmic ray particles propagate in the atmosphere, they interact with air nuclei, producing = and less abundantly
K mesons. The mesons and muons produced by these meson decays produce atmospheric neutrinos when they decay.
In the simulation of cosmic ray interactions with air nuclei, different models were used in Honda et al. (1995) and
Agrawal et al. (1996). Agrawal et al. (1996} developed their own interaction model, TARGET (Gaisser, Protheroe
and Stanev, 1983). Ou the other hand, the interaction model used in Houda et el (1995) is composed of three different
models: NUCRIN {Hanssget and Ranft, 1986) for particle energy of less than 5 GeV, LUND code, FRITIOT ver.1.6
(Nilsson-Almgvist and Stenlund, 1987) and JETSET ver.6.3 (Sjostrand and Bengtsson, 1987) for 5 to 500 GeV, and
an air-shower sirnulation program, COSMOS (Kasahara et al., 1979), for encrgics higher than 500 GeV.

There are uncertainties in the charged pion multiplicity from cosmic ray interactions with air nuclei. Also, the
uncertainties in the pion momentum spectrum have non-negligible effects on the calculation of the flux of atmospheric
neutrinos. Gaisser et el. {1996) compared the pion multiplicity and momentum distributions for various flux calcula-
tions. The pion momentam spectrum of Honda et al. {1995) was softer than that of Agrawal et al. (1996}, As we will
show later in Figure 6, the calculated flux values in Honda et al. {1993) and Agrawal et al. (1996) agree within 10%
in the energy range of around 1 GeV due to a partial cancellation of the softer pion spectrum and the higher primary
cosmic ray fluxes of Honda et ol. (1995} compared with those of Agrawal et al. (1996). However, the agreement at
this level is likely to be accidental.

Finally, we comment that the proper modeling of the density structure of the atmosphere is important, because
this structure partly determines the zenith angle dependence of the neutrino flux.



E. Calculated flux of atmospheric neutrinos

In this section, the results from the most detailed calculations of the atmospheric neutrino fluxes are presented.
Since the fluxes in the low energy region depend on the location on the Earth, we show the fluxes calculated at
Kamioka in Japan.

The calculated energy spectra of atmospheric neutrinos are shown in Figure 5. Also shown in Figure 6 is the
comparison of the calculated fluxes as a function of neutrino energy. The calculated fluxes by Honda et al. (1995)
and Agrawal et ol (1996) agree at the 10% level. However, we note that the systematic error in the calculated
absolute flux values should be larger than 10%, because the primary cosmic ray flux measurements have relatively
large uncertainties in their absolute normalization. These authors estimate that the systematic uncertainty of the
absolute flux value is about 20%.

An important check of the absolute flux value can be made by comparing the observed and calculated fluxes of
atmospheric muons. Since the muons appear in the middle of the # — pwy,, 4 — ev. v, decay chain, the energy spectra
of these muons and neutrinos are well correlated. Figure 7 shows the comparison of the observed and calculated muon
fluxes at various atmospheric heights (Honda et al., 1995). The observed and calculated fluxes agree reasonably well
except for those at very high altitude (2> 37 g/cm?). We note that the good agreement of the absolute neutrino fluxes
calculated in Honda et al. (1995) and Agrawal et al. (1996) could be in part due to the fact that they both compare
their calculated muon fluxes to the common atmospheric muon data.

Figure 8 shows the caleulated (v, + 7,)/(v, + 7.} flux ratio as a function of neutrino energy integrated over the
solid angle. The calculated flux ratio is about 2 for neutrino energies less than a few GeV. This ratio results from
the fact that a m-decay produces a v, and a p: the g, when it decays, produces another v, and a v.. Furthermore,
the three neutrinos produced in the pion’s decay chain have approximately the same average energy. The flux ratio
increases with increasing neutrino energy. This increase results from the fact that the probability of a muon surviving
to reach the ground increases with increasing muon energy. As expected, the two calculated ratios agree within 5% in
the energy range between 0.1 and 30 GeV. This ratio is essentially independent of the primary cosmic ray spectrum.
In the energy region of less than about 10 GeV, where most of the neutrinos are produced by the decay chain of pions,
the expected uncertainty of this ratio is less than 5%. In the higher energy region (>30 GeV), the contribution of K
decay in the neutrino production is more important. Therefore the ratio depends more on the K production cross
sections and the uncertainty of the ratio is expected to be larger.

Figure 9 shows the calculated », /%, and v, /P, flux ratios as a function of neutrino energy integrated aver the
solid angle. The agreements between the calculations are at about the 5% level for both the v, /¥, (E.<10 GeV')
and v, /P, flux ratios. It is clearly seen that the v, /P, ratio in the low-cnergy region is near unity. This can be
understood because each of the 7+ and 7~ decay chains produce one v, and one 7, at low energies where most of
the muons decay before reaching to the ground. Therefore, the v, /7, ratio does not depend on the details of the
7t /m~ production ratio in the interactions of the primary cosmic rays with air nuclei. In contrast, the », /¥, ratio at
low energy is slightly larger than unity, reflecting the 7% /=~ production ratio, because a #% (n ™) produces a v, (P.)
through the 7 —+ u -3 e decay chain.

Figure 10 shows the zenith angle dependence of the atmospheric neutrino fluxes for several neutrino energies. The
fluxes of the downward-going neutrinos are lower than those of the upward-going neutrinos at low energies. This is
due to the geomagnetic field effect (cutoff rigidity): i.e., the cutoff rigidity near Kamiocka is higher than the averaged
cutoff rigidity over the Earth. (The map of the cutoff rigidity at the Kamioka site is shown in Figure 4. Clearly, the
averaged cutoff rigidity for down-going directions is higher than that for up-going directions.} However, for neutrino
energies of higher than a few GeV, the calculated fluxes are essentially up-down symmetric, because the geomagnetic
field effect is negligible in the high energy regions.

The flight length of neutrinos is an important input to the analysis of neutrino oscillations. For neutrinos passing
through the Earth, the flight length can be easily calculated. However, for neutrinos produced in the upper atmosphere,
the flight-length distribution must be calculated by a Monte Carlo method (Honda et al., 1995; Gaisser and Stanev,
1998}, Figure 11 shows the distribution of calculated flight length of neutrinos for vertically downward-going directions.
The mean flight length for these neutrinos is about 15 km. Figure 12 shows the calculated mean flight length of
neutrinos as a function of the zenith angle for three neutrino energies. Since electron neutrinos {muon neutrinos) are
mainly produced by muoon decays (pion and muon decays), and since the muon lifetime is much longer than the pion
lifetime, there is a stronger energy dependence in the flight length for the downward-going electron neutrinos than for
the muon neutrinos.

In summary, we remark that, while the absolute flux value has an uncertainty of about 20%, the (v, +7,)/{v. +7.)
flux ratio is predicted to an accuracy of better than 5% and the zenith angle dependence of the flux is well understood.



In particular, above a few GeV neutrino energies, the flux is predicted to be essentially up-down symmetric.

HI. SIMULATION OF THE ATMOSPHERIC NEUTRINO INTERACTIONS

A. Neutrino interactions

The important energy range for contained neutrino interactions is between 0.1 and 100 GeV. To understand the
details of atmospheric neutrino events, each experiment has developed its own Monte Carlo simulation.

As an example, in the Monte Carlo simulation of the Super-Kamiokande experiment, the following 8 types of
reactions were simulated:

1. Charged-current quasi-elastic interaction; v(Z)N — [TN'.

. Charged-current single-pion production through baryon resonances; v(B)N = 1Fa N,

. Charged-current coherent pion production; v(7)0 — *7¥F0.

- Charged-current multi-hadron production; v(F)N — I£(ma)N' (m >1).

. Neutral-current elastic interaction; v(F)N — v(Z)N'.

Neutral-current single-pion production through baryon resonances; v(Z)N — v(5)xN'.
Neutral-current coherent pion production; »(7)( — v(7)z°0.

- Neutral-current multi-hadron production; v(F)N — v(7)(mn)N' (m >1).

/(N') and O represent a charged lepton, a nucleon and an oxygen nucleus, respectively. In the lowest energy region
of E, < 0.5 GeV, the quasi-clastic interaction is the dominant interaction. Near 1 GeV, the single-pion production is
also important. In the higher energy region, the multi-hadron production processes by deep inelastic scattering are
dominant.

The models by Llewellyn Smith (1972), Rein and Sehgal (1981), Rein and Sehgal (1983), and the deep-inelastic
interaction formulae with structure functions from GRV94 (Gliick, Reya, and Vogt, 1995) were used for the simulation
of the (quasi-) elastic interactions, the single-pion production through baryon resonances, the coherent pion production
and the multi-hadron production, respectively. The momentum spectrum of the particles {most of them are pions)
produced by these deep-inclastic neutrino interactions were simulated based on JETSET 7.4 (Sjostrand, 1994).

The actual neutrino interactions with a nucleus (HQ, Fe) are more complicated than those with a free nucleon,
because nucleons in a nucleus are hound. For nucleons bound in a nucleus, the Fermi motion of the target nucleon
must be taken into account. For (quasi-) elastic interactions, the Pauli exclusion principle must also be taken into
account. The actual treatment of these effects was made using the Fermi-gas model, in such a way that the momentum
of the recoil nucleon must exceed the Fermi surface momentum (taken to be 217 MeV/e).

The total cross section was taken to be the sum of the cross section of each channel. Figure 13 shows the CC total
cross section as a function of neutrino energy. The simulation reproduces the cross section data within +£15%.

Finally, we comment that the threshold energy of CC v, interaction is about 3.5 GeV and that the CC cross section
of v is significantly smaller than that of v, even above the threshold, due to the heavy tau mass. Figure 14 shows
the calculated total cross section ratio of v, N and v, N interactions.
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B. Pion interactions

Pions produced by a neutrino interaction in a nucleus often undergo secondary nuclear interactions before leaving
the nucleus. This effect was taken into account in the Monte Carlo simulation of Super-Kamiokande based on the
model of Oset ef al. (1988). Figure 15 shows the probability of varicus nuclear interactions of #° generated randomly
in a %0 nucleus before leaving the same nucleus. It is clear that the nuclear effect on pions is relatively large. Due
to this effect, a fraction of CC single-pion production events have no pion emerging from the nucleus. This effect is
important, since, for example, Super-Kamiokande uses mostly single-ring events for the neutrino oscillation analysis.

Charged pions which propagate in the detector material undergo nuclear interactions. In the Super-Kamiokande
Monte Carlo simulation, this effect was simulated based on the CALOR model (Gabricl et al., 1989) in the energy
range above 500 MeV. In the energy range below 500 MeV, a specially developed simulation program was used
(Nakahata et al., 1986). The reproducibility of these simulation programs was studied in a beam test using a 1 kton
water Cherenkov detector at KEK (Kasuga et al., 1996).



IV. ATMGSPHERIC NEUTRINO EXPERIMENTS

A. General remarks

The rate of atmospheric neutrino interactions is about 0.5 per kton per day. Since the background rate at the
surface due to cosmic ray particles is so large, ~2x10%/m?/sec, it is unrealistic to carry out atmospheric neutrino
experiments at the surface with present technology. Hadrons, electrons and gammas from cosmic ray showers, which
are still remaining at the surface, are quickly absorbed by several meters of rock. Muons, which make up a large
fraction of the secondary cosmic rays at the surface, lose their energy mainly by ionization and penetrate deeper into
the earth. The muons at the surface have a mean energy of about 2 GeV and a differential energy spectrum falling
as B2 at E, = 10 GeV, steepening smoothly to E;3% above 1 TeV (Allkofer, Carstensen and Dau, 1971). In order
to reduce the atmospheric muon flux significantly, the detector must be located deep underground. Figure 16 shows
the depth of the detectors and the cosmic ray muon rate. Even at a depth of 2700 m.w.e. (meters water equivalent,
1000 m underground for standard rock), Super-Kamiokande observes about 2 muons per second. This rate should be
compared with the observed atmospheric neutrino rate in the fiducial volume of the same detector - about 9 events per
day. The rate of muons is ~2x10* times higher than the rate of atmospheric neutrino events in Super-Kamiokande.

B. Detectors

The present atmospheric neutrino detectors can be classified into three types. One type comprises gas-counter, iron-
plate tracking calorimeters, which detect the tracks of charged particles. Examples of this type of detector are Frejus
(Berger et al., 1987), NUSEX (Battistoni et al., 1986), and Soudan-2 (Allison et al., 1996a, 1996b). These detectors
record a three-dimensional view of events with about 1 cm segmentation size, and detailed studies of complicated
events are possible. In these detectors, fully-contained and partially-contained events have been observed. However,
upward-going muons, which are produced by high energy v, interactions below the detector, have not been identified
due to the lack of the fast timing and the resulting ambiguity between upward- and downward-going muons.

The second type comprises imaging water Cherenkov detectors. Examples are Kamiokande (Nakamura. et al., 1994},
IMB-3 (Becker-Szendy et al., 1993, 1994) and Super-Kamiokande (Fukuda et al., 1998a). As an example, Figure 17
shows the Super-Kamiokande detector. Since Photo-Multiplier-Tubes (PMTs) placed at the surface of a detector are
used to detect Cherenkov photons, it is possible to construct. relatively large detectors for a limited cost. On the other
hand, since the three-dimensional topology of an event must be reconstructed from the information recorded on the
detector surface, generally the reconstruction program is not simple. However, for events with a single Cherenkav
ring, the accuracy of various quantities such as the energy resolution and particle identification is even better than
those of tracking calorimeters. Three types of events — fully-contained, partially-contained and upward-going muon
events — have been observed in water Cherenkov detectors.

The third type of atmospheric neutrino detector cotnprises liquid scintillator detectors (combined with some track-
ing devices). Examples are Baksan (Boliev et al, 1991) and MACRO (Ahlen et al., 1993). Taking advantage of
good timing resolution, these detectors can observe upward-going muons. Table I summarizes the main features of
atmospheric neutrino experiments.

V. OBSERVATION OF ATMOSPHERIC NEUTRINQOS AND NEUTRINO OSCILLATIONS

Atmospheric neutrino events are usually categorized into four types: fully-contained (FC) events, partially-contained
evenis (PC), upward stopping muon events and upward through-going muon events. FC events have their vertex
positions in the fiducial volume of the detector and have all the visible secondary particles stopping in the detector.
PC events have their vertex positions in the fiducial volume and have at least one charged track exiting the detector.
Most PC events are CC v, events, since a particle must propagate in the detector material for a relatively long distance
to satisfy the requirement of partial containment. Upward-going muon events are neutrino interactions occurring in
the rock surrounding the detector. Only muons are observed, since the electrons, photons and hadrons are absorbed
by a few meters of rock. Almost all upward-going muon events are due to CC v, interactions. The estimated fractions
of CC v, CC v, and neutral current (NC) interactions for each event type are summarized in Table I1 based on
the Super-Kamiokande Monte Carlo and analysis. The estimated neutrino energies for various types of atmospheric
neutrino events are shown in Figure 18. Typical neutrino energies of FC, PC, upward stopping muon and upward



through-going muon events are of the order of 1, 10, 10 and 100 GeV, respectively. In this section, FC and PC events
are described first. Then upward-going muon events are described.

A. Contained neutrino events

1. Selection of atmospheric neutrino events

In very deep underground experiments such as Frejus (Berger et al., 1989b) and NUSEX (Aglietta et al., 1989),
the trigger rates were very low, about 7 and 45 events per hour for NUSEX and Frejus, respectively. Atmospheric
neutrino events were selected by requiring the primary vertex in the fiducial volume. In NUSEX, only fully-contained
(FC) events were used for the analysis. In Frejus, both FC and partially-contained (PC) events were used in the
analysis.

Some of the detectors located at less deep places (Kamiokande (Fukuda et al., 1994), Soudan-2 (Allison et al., 1999),
and Super-Kamiokande (Fukuda et al., 1998a, 1998b)), consisted of an outer anti-counter and an inner detector. In
Kamiokande and Super-Kamiokande, most of the cosmic ray muons were rejected by requiring no signal in the anti-
counter. For example, in Super-Kamiokande, after the software reduction which essentially required no anti-counter
signal, about 20 events per day survived. These events were then doubly scanned by physicists. After the scanning,
about 5 events per day were rejected as background events. Most of the background events were “flashing PMT”
events {events caused by light emitted by internal corona discharges of one of the PMTs).

In Soudan-2, a different approach was taken. Events with reconstructed vertices in the fiducial volume were selected
without using any anti-counter information. Then the events were classified into “gold” and “rock” events according to
the anti-counter information. “Gold” events have no anti-counter hit signal and should be primarily neutrino events.
The “rock” events have anti-counter hits and are background events. Since there could be some contamination of
background events among the “gold” events, the distribution of the minimum distance between the event vertex and
the detector exterior (excluding the detector floor) was studied. Generally, the vertex positions of the background
events should cluster near the exterior of the detector. The distributions are shown in Figure 19. About 80% of the
“gold” events were fitted as neutrino events, and were used for further analyses. In Soudan-2, to date, only analyses
of FC events have been published.

In IMB-3 (Becker-Szendy et al., 1992}, there were 10* triggers per hour. Most of them were cosmic ray Imuons.
About 10 events per day survived software cuts. These events were then scanned by physicists, and any cvents
confirmed to originate inside the fiducial volume were saved as atmospheric neutrinos.

In Kamiokande and Super-Kamiokande, PC events were systematically studied. The selection of PC events required
special criteria (Fukuda et al., 1994, 1998b), because these events had anti-counter signals. Super Kamiokande reduced
the number of PC event candidates to about 2 events per day by software cuts. Then finally, these events were scanned,
and the final PC event sainple was made. The rate of the PC events at this stage {before the fiducial volume cut)
was about 0.8 events per day.

The numbers of the observed events and the detector exposures from each experiment are summarized in Table I.

2. Generat distributions

Before discussing the data related to neutrino oscillations, we briefly discuss distributions which are relatively
insensitive to neutrino oscillations.

The vertex positions of atmospheric neutrino interactions must be distributed uniformly within the detector. On
the other hand, the vertex positions of background events should be clustered near the surface of the detector. The
distribution of vertex positions is therefore useful to check the background contamination. Figure 20 shows the
distance of the reconstructed vertex position from the PMT plane of the inner detector of Super-Kamiokande {Dy,q1)
for the FC events. The observed event rate was lower than that for the Monte Carlo prediction. However, the observed
event rate was also consistent with the prediction within the uncertainty in the absclute neutrino flux. Some excess of
events near [,y = 0 was seen. However, this excess was not seen for events with Dy, > 0.5 m. Therefore, within
the fiducial volume of D,y >2 m, there was no evidence for contamination from non-neutrino background.

A similar study was carried out by the Soudan-2 experiment. As previously shown in Figure 19, the background
contamination in the FC sample was estimated using the vertex position distribution of the background events with
the anti-counter hits. The background contamination in the Soudan-2 FC sample was estimated to be about 20%.
The larger background contamination in Soudan-2 than in Super-Kamiokande can be understood to be due to the
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shallower detector position and the thinner detector region outside of the fiducial volume in Soudan-2. In Soudan-2,
the fiducial volume is defined to be 20 cm from the surface of the detector. The average density of the detector is
1.6 g/cm®. In Super-Kamiokande, the thickness of the water from the surface of the detector to the surface of the
fiducial volume is 4.6 to 4.75 m, which is thick enough to eliminate most of the gamma-ray and neutron background
events.

Figure 21 shows the visible energy (E,;;) distribution of FC events observed in Super-Kamiokande. The shape
of this distribution was in reasonable agreement with the corresponding Monte Carlo prediction over a wide energy
range from 100 MeV to 100 GeV.

Figure 22 (a) shows the distribution of the number of the observed charged tracks per event in the Frejus experiment.
Figures 22 (b) and {c) show the distributions of the number of Cherenkov rings in the Kamiokande and Super-
Kamiockande experiments, respectively. In these figures, the shapes of the distributions of the data were in reasonable
agreement with the corresponding simulations. In summary, the Monte Carlo simulations of atmospheric neutrino
interactions reasonably reproduced these global distributions of the data.

3. Flux ratio

The atmospheric (v, /v.) flux ratio has been measured by identifying electrons and muons produced by CC v, and
CC v, interactions, respectively. Electrons produce electromagnetic showers while propagating in matter. On the
other hand, muons slowly lose their energy by dE/dzx while propagating in matter. The different propagation of these
particles in matter is used to separate electrons and muons. The efficiency for separating CC v, and v, events (or
e-like and p-like events), i.c., the probability that an electron{muon) track is identified as ‘e’ {*1’), is generally high
in the present atmospheric neutrino experiments: 85~99% depending on the experiment.

In tracking calorimeters, the event pattern is recorded in a 3-dimensional view, and the separation of electrons and
muons is carried out by event pattern recognition. Figure 23 shows examples of events observed by the Soudan-2
detector. CC v, events are clearly recognized by a (long) straight track, which is a candidate muon. A CC v, event,
on the other hand, has an electromagnetic shower linked to the vertex point.

In water Cherenkov detectors, CC v, and v, events are distinguished by the difference of the characteristic shape
of the Cherenkov ring. Figure 24 shows examples of (a) an e-like and {b) a p-like event observed in the Super-
Kamiokande detector. A clear outer edge of the Cherenkov light is identified for a p-like event, while the edge is
relatively unclear for an e-like event due to an electromagnetic shower and the multiple scattering of low-energy
electrons. The particle identification techniques of the Kamiokande experiment (Kasuga et al., 1996) (which was used
in the Super-Kamiokande experiment with some improvements) and the IMB-3 experiment (Breault, 1997) were tested
using a beam at KEK. In water Cherenkov detectors, most analyses are carried out using the single Cherenkov ring
events to minimize the systematic errors related to the use of multi-ring events. In tracking calorimeters, mulii-prong
events are also used based on suitable criteria to select lepton candidates.

Based on the particle identification technique, the flavor ratio in the atmospheric neutrino flux was measured. The
(v, +F,)/(ve + T.) flux ratio has been calculated to an accuracy of better than 5%, and therefore the measurement of
this ratio is sensitive to neutrino oscillations. Experimentally, the p-like/e-like ratio for the data is compared with the
same ratio for the MC. Therefore, (jr-like/e-like) para /(1i-like/e-like) are should be consistent with unity within the ex-
perimental errors for the case of no neutrino oscillations. Figure 25 suinmarizes the (gt/e) para/{(11/€) s mMeasurements
from various experiments. Measurements from Kamiokande (both sub- and multi-GeV data samples), IMB-3 (sub-
GeV), Soudan-2 and Super-Kamickande (both sub- and multi-GeV data samples) showed (j/€) para/{jt/€)arc ratios
which were smaller than unity. The sub-GeV (multi-GeV) sample in Kamiokande and Super-Kamiokande was defined
to included events with F.;; <1.33 (>1.33) GeV. E,;; =1.33 GeV corresponds to an electron(muon) momentum of
1.33 (about 1.4) GeV/e. The statistical errors from these measurements, especially those from Super-Kamiokande,
were so small that statistical fluctuations cannot explain the smaliness of these measurements. There were a few
measurements suggesting a ratio consistent with unity. However these measurements had relatively large statistical
€ITOrS.

Since many of the uncertainties of the prediction and the experiment cancel when taking this ratio, the systematic
error of this measurement was relatively small. As an example, we summarize, in Table III, the sources of the
systematic error in the Super-Kamiokande analysis. Among them, the largest contribution came from the uncertainty
in the calculated (v, /v, ) flux ratio in the sub-GeV energy range, and from the single-ring and multi-ring separation
uncertainty in the multi-GeV energy range. Neither a statistical fluctnation nor systematic uncertainties can explain
the small (p/e) ratio of the data.
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4. Momentum distribution

The momentum spectra of e-like events and p-like events from Super-Kamiokande are shown in Figure 26. The
shapes of the observed momentum spectra agreed well with the MC predictions. F igure 27 compares the momentum
dependence of (u1/€)pata/(1s/€)asc from various experiments. Data from these experiments agreed reasonably well.
No strong momentum dependence was seen in (g/e)pare/(1/€)arc.

5. Zenith angle distribution

The flight length of the atmospheric neutrinos varies from ~15 km to 13000 km depending on the zenith angle of
the neutrino direction (see Figure 12). Therefore, if the observed small (#/€)pate/(p/€) pe ratio is due to neutrino
oscillations and if the oscillation length is between ~15 km and 13000 km, it should be possible to observe a zenith
angle-dependent deficit {and possibly excess) of the neutrino flux. However, the direction of the neutrino must
be estimated from the reconstructed direction of the products of the neutrino interaction. In water Cherenkov
detectors, the direction of an observed charged lepton is assumed to be the direction of the neutrino. Figure 28 shows
the estimated correlation angle between the neutrinos and the leptons as a function of the lepton momentum. At
energies below ~400 MeV /e, the lepton direction has little correlation with the neutrino direction. The correlation
angle becomes smaller with increasing lepton momentum. Therefore, the zenith angle dependence of the flux as
a consequence of neutrino oscillations is largely washed out below 400 MeV /¢ lepton momentum. With increasing
momentum, the effect can be seen more clearly.

The zenith angle distributions of e-like and g-like events from Super-Kamiokande and Kamiokande are shown in
Figures 29 and 30, respectively. The p-like data, especially in the multi-GeV energy region from Super-Kamiokande,
exhibited a strong up-down asymmetry in zenith angle (6) while no significant asymmetry was observed in the e-like
data. The zenith angle distributions of the Kamiokande data agreed reasonably with those of Super-Kamiokande.
However the zenith angle distribution of the Kamiokande sub-GeV p-like events did not show any significant up-
down asymmetry. For further analyscs, we define the up-down double-ratio, (U/D)paea/(U/D)asrc, where U is
the number of upward-going events (~1 < cos® < —0.2) and D is the number of downward-going events (1.2 <
cos® < 1). This ratio is expected to be consistent with unity within errors for no neutrino oscillations. For the
multi-GeV FC4+PC ge-like events from Super-Kamiokande, shown in Figure 29, the (U/D) pata/ (U} D)y value was
0.54 + 0.04(stat.) +0.01(syst.), where syst. means the systetnatic error. It deviated from unity by 8 standard
deviations. The Kamiokande (U/D) paa /(U/ D) asc value for the multi-GeV FC4+PC #-like events, shown in Figure 30,
was (.59 fgj}?(smt.). These measurcruents agreed well. These measurements, which were close to 0.5, suggest a near-
maximal neutrino mixing, since (U// D} pore /(U/D)pge: = 1 — (sin?28)/2 to first approximation, assuming that there
is no (full) oscillation effect for downward-(upward-) going particles, and averaging over the energy spectrum.

In tracking calorimeters, especially in Soudan-2, it is possible to identify protons recoiled from the neutrino inter-
actions. For events with an identified lepton plus a proton in the final state, the neutrino direction can be determined
accurately. However, the actual resolution of the neutrino direction is limited for reasons mcluding: Fermi motion
of the target nucleons, nuclear effects on the recoil protons, and a contamination of single-pion production events
with the pions being absorbed in the target nucleus. Soudan-2 studied the zenith angle distribution by selecting
quasi-clastic-like events with the following criteria: (a) a recoil proton should be ohserved and the lepton momentum
should be higher than 150 MeV /e, or (b) the lepton momentum should be higher than 600 MeV/e if the recoil proton
was not identified. In addition, multi-prong events with E,;, > 700 MeV, total momentum > 450 MeV /¢ and lepton
momentum > 250 MeV/c were used. The estimated resolutions of the neutrino direction reconstruction were 21
and 33 degrees for the CC v, and CC v, samples, respectively. Figure 31 shows the zenith angle distributions from
Soudan-2 for events selected according to the above criteria (Mann, 1999). The shape of the zenith angle distribu-
tion for the CC v, sample agreed with the MC prediction. For the CC v, sample, a deficit of upward-going events
was clearly observed. However, a less significant deficit of down-going events was also observed. From Figure 31,
(U/D)pata/{U/D)arc: for the CC v, sample was 0.76+0.18(stat.). Although the statistics of the Soudan-2 data were
limited, the observed zenith angle-dependent deficit of p-like events was consistent with the Super-Kamiokande data.

We now summarize the systematic error in the (I//D)pasa J(U/D)p¢ measurement in Super-Kamiokande. A
comparison of results from the Monte Carlo simulation using different flux models (Honda et al., 1990, 1995; Agrawal
et al., 1996) as inputs resulted in an uncertainty of roughly £2 ~ 3% in the expected U/ D values for e-like and p-like
sub-GeV events, and less than +2% for multi-GeV events. These two flux calculations did not assume the existence
of the 1 km mountain over the Super-Kamiokande detector. The mountain reduces the neutrino flux because some
fraction of muons are stopped before they decay in flight. The estimated effect of the presence of the mountain
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was +2% in U/D for the multi-GeV events. The effect was much smaller for the sub-GeV events. (The effect of
the mountain over the detector should be larger for NUSEX, Frejus and experiments at Gran Sasso, and should be
smaller for IMB, depending on the height of the mountain. See also Figure 11.) The estimated energy calibration
difference between upward-going and downward-going particles was +£0.6% in Super-Kamiokande. This difference
caused +0.9%, and £0.7% uncertainty in U/D for the multi-GeV e-like and pu-like events. This uncertainty is much
smaller for the sub-GeV sample. A contamination from non-neutrino background such as downward-going cosmic ray
muons could have directional correlation. The maximum contribution to the uncertainty in I//D from the background
contamination was estimated to be £1.2%, +0.2%, £0.4% and +0.4% for the sub-GeV e-like, p-like, multi-GeV e-like
and p-like events, respectively.

The (U/D)pata/{U/D)pc values from various experiments are summarized in Figure 32. In the Super-
Kamiokande (and the Kamiokande) data, (U/D) paia/(U/ D) asc for e-like events were consistent with the expectations.
(U/D)pata/{U} D) pc for high momentum g-like events deviated significantly from unity, while (/D) para /(T /D) asc:
for low momentum p-like events was consistent with unity. In the momentum range below 400 MeV /e, the possible
up-down asymmetry of the neutrino flux is largely washed out due to the poor angular correlation between the lepton
and the neutrino directions (see Figure 28 ). Super-Kamiokande has found no detector bias differentiating e-like and
p-like events that could explain an asymmetry in p-like events but not in e-like events (Fukuda et al., 1998b}. From
these studies, Super-Kamiokande concluded that the observed up-down asymmetry cannot be due to a systematic
effect in the data analysis, the detector, or the flux calculation.

6. East-west anisotropy

As we will show later, the zenith angle-dependent deficit of p-like events is explained by neutrino oscillations.
However before describing the neutrino oscillation analysis, we show another directional distribution, the azimuthal
angle distribution.

The azimuthal anisotropy, called the east-west effect, was discovered in the 1930’s as a deficit of secondary cosmic
ray muons arriving from the easterly direction compared to a westerly direction (Johnson, 1933a, 1933b, 1935; see
also, Rossi, 1964). Since the Earth has a magnetic field and the primary cosmic rays are positively charged, there is an
angular anisotropy for those primaries which reach and interact in the atmosphere. The azimuthal anisotropy varies
according to the position on the Earth and the momentum and charge of the primary cosmic ray. The anisotropy
can be characterized by a cutoff rigidity, which is the minimum rigidity at which an incoming particle can reach the
atmosphere. For example, at the Super-Kamiokande site, the cutoff momentum for downward-going protons is about
10 GeV /e, and for horizontally-arriving protons from the east it is about 50 GeV /¢ (see Figure 4}. This effect should
result in the depletion of the westward-going atmospheric neutrino flux. Since the mean path length of neutrinos
should be independent of the azimuthal angle in a first approximation, the study of the azimuthal angle distribution
should give useful information on the geomagnetic field effects independent of neutrino oscillations.

To study the azimuthal angle distribution, Super-Kamiokande selected events according to the following criteria:
single-ring events with momentum between 400 MeV /¢ and 3000 MeV /¢ and with the cosine of zenith angle between
—0.5 and 0.5. Figure 33 shows the azimuthal angle distributions for e-like and p-like events observed in Super-
Kamiokande during a 45 kton-yr exposure of the detector (Futagami et al., 1999). An east-west anisotropy was
observed and the observed anisotropy was consistent with the Monte Carlo prediction. In order to understand
the magnitude of the east-west anisotropy quantitatively, the east-west asymmetry, {Ng — Nw)/(Neg + Nw), was
calculated. Np(Ny ) represents the number of eastward-{westward-)going events. The observed asymmetries in e-like
and p-like events were 0.21+0.04 and 0.08£0.04, respectively. The corresponding Monte Carlo predictions were 0.13
and 0.11 for e-like and p-like events, respectively.

The study of the azimuthal angle distributions, which should be unaffected by neutrino oscillations, showed that the
data and the Monte Carlo were in good agreement for both e-like and p-like events. This observation suggested that
the geomagnetic field effects in the production of atmospheric neutrinos in the GeV energy range and the resolution
for reconstructing the neutrino direction were reasonably well-modeled.

Finally we note that the observed asymmetry in e-like (u-like) events was larger (smaller) than the prediction
based on the one-dimensional flux calculation, although the discrepancies were not significant statistically. It has
been pointed out that the possible discrepancies can be resolved by including the full three-dimensional features of
the neutrino production in the flux calculation (Lipari, 2000h).
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7. Neutrino osciltation analysis

Because of the small (u/e) ratio and the zenith angle-dependent deficit of p-like events, Kamiokande, Super-
Kamiokande and Soudan-2 carried out detailed neutrino oscillation analyses. In this section, the neutrino oscillation
analysis from Super-Kamiokande is described. The results of the analyses from other experiments are also described.

Two-flavor v, — v, and v, — v, oscillation hypotheses were tested by a x2 comparison of the data and Monte
Carlo, allowing all important Monte Carlo parameters to vary weighted by their expected uncertainties (Fukuda et al.,
1998¢c). The data were binned by particle type, momentum, and cos©. A ¥? is defined as:

70 r o .9 2 2 7 N2
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where the sum is over five bins equally spaced in cos® and seven momenturm bins for both e-like events and -
like plus PC events (70 bins total). The statistical error, o, accounts for both data statistics and the weighted
Monte Carlo statistics. Npgs, is the measured number of events in each bin. N Mc{sin2 20, Am? ¢;) is the expected
number of Monte Carlo events and is a function of sin? 26, Am? and €;. a is an overall normalization factor. The
uncertainty in the overall normalization was estimated to be 25%, however the absolute normalization was treated
as a free parameter. The €;’s are parameters which are related to the systematic uncertainties. o; is the uncertainty
corresponding to each ¢;. The parameters (and their uncertainties) considered in this analysis were: E, spectral index
(0.05), sub-GeV (p/e)paia/(1t/e)arc (8%), multi-GeV {u/e)pata/ ()€} pe (12%), relative normalization of PC to FC
(8%), L/E, {15%), sub-GeV (2.4%) and multi-GeV (2.7%) up-down ratios.

For v, — v, effects of matter on neutrino propagation through the Earth were included {Mikheyev and Smirnov,
1985, 1986; Wolfenstein, 1978). Due to the small number of events expected from r-production (about 20 CC r,
events per 22.5 kton-year), the effects of T appearance and decay were neglected in simulations of v, = v;. A global
scan was made on a {sin” 24, log Am?) grid minimizing y? with respect to the ¢; uncertainty parameters at each point.

For the test of v, — v, oscillations, the Super-Kamiokande data based on 61 kton-yr exposure gave a best-fit at
(sin”26,Am?) = (1.00, 2.6 x 107% eV?) inside the physical region (0 < sin? 26 < 1). The x? value at this point
(xfnm(phw}) was 45.4. The degrees of freedom (DOF) for this fit was 67, since there were 77 terms in Eq. (3), and the
7 uncertainty parameters (¢;), the absolute normalization, sin® 26 and Am? were estimated by the fit. The best-fit
values of the Monte Carlo uncertainty parameters were all within their expected errors for this point. If the unphysical
region, sin 20 > 1.0, was included in the analysis, the best-fit point was at (1.01, 2.6 x 107? ¢V?). However, the
difference in x2 ;. between unphysical and physical regions was only 0.1. The 90% C.L. allowed region was defined
to he located within X;zni'n(phys] + 4.8 based on the method described in Barnett et al., (1996). The allowed region is
shown in Figure 34. The y? increases rapidly outside of the 90% C.L. region. x? = 191/69 DOF was obtained, when
calculated at sin® 26 = 0, Am? =0 (i.c. assuming no oscillations).

For the test of v, — v, oscillations. the Super-Kamiokande data resulted in a relatively poor fit; X2 = 88/67 DOF,
at {sin®26, Am?) = (0.99, 3.5 x 10~* eV2). The X&in for v, — v. was larger than that for v, — v, by more than
40. For v, — v, oscillations, an excess of upward-going e-like events is expected. However, the Super-Kamiokande
data did not show any significant excess for these directions (see Figure 29). Super-Kamiokande concluded that the
¥, = ¥, hypothesis was not favored. This conclusion was consistent with the non-observation of U. — 7, oscillations
(z = g or 7) by the CHOOZ {Apollonio et al., 1998, 1999) and Palo Verde (Boehm et al., 2000) experiments.

In Figure 29, the zenith angle distributions for the sub- and multi-GeV samples observed by Super-Kamiokande
are compared to the Monte Carlo expectation (no oscillations, solid lines) and the best-fit expectation for Yy ¥ Uy
oscillations (dashed lines). The oscillated Monte Carlo simulation well reproduces the zenith angle distributions of
the data.

Figure 35 shows the expected (/€) pata/(1t/€) arc: values as a function of Am?. Figure 36 shows the expected U/p
values as a function of Am?. The observed small (1£/€) Duta/ (/) arc and U/D values consistently suggest 1073 to
10-2 eV? for Am?2.

Because the neutrino oscillation probability is a function of L/E,, L/E, dependent deficit of i-like events should be
observed for v, — v, oscillations. Figure 37 shows the L/E, distributions for e-like and p-like events. A clear deficit
of p-like events was observed for large L/E, (2100 km/GeV), while the distribution for e-like events was consistent
with flat. The observed deficit of p-like events was well reproduced by the Monte Carlo simulation with neutrino
oscillations.

The allowed regions obtained by the contained event analyses from Kamiokande (Fukuda et al., 1994) and Soudan-
2 (Mann, 1999} are also shown in Figure 34. The Super-Kamiokande allowed region favors a lower Am? than does
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Kamiokande. However, the allowed regions from both experiments have a region of overlap. One of the reasons for the
difference in the allowed region is the zenith angle distribution of the sub-GeV p-like events. The (U/ D) pata/(U/D)psc
values of the p-like events from Kamiokande and Super-Kamiokande are summarized in Figure 32. It should be noted
that the Kamiokande (U/D)pata /(U /D) psc value for the sub-GeV p-like events was consistent with unity even in the
momentum range of >500 MeV /e. However, Super-Kamiokande observed a smaller (U/D)paso /(U/D)are value for
the same energy range. This difference resulted in a difference in the favored Am? region for these two experiments,
because the energy region for which (/D) pata/(U/D)arc is small is directly related to the determination of Am?.

8. Upward going muons

Energetic atmospheric »,'s passing through the Earth interact with rock surrounding the detector and produce
muons via CC interactions. Upward going muons can be categorized into two types: “upward through-going muons”
enter the detector and exit, and “upward stopping muons” enter the detector and stop inside it.

Muons produced by neutrino interactions can only be identified when traveling in the upward-going direction, where
the background from cosmic ray muons is small. Careful studies of the background contamination have been carried out,
in atmospheric neutrino experiments. For example, the estimated contaminations from cosmic-ray muon background
were 0.7% and 7% for the through-going muon and stopping muon samples, respectively, in Super-Kamiokande. The
higher background contamination in the upward stopping muon sample compared to the through-going muon sample
can be understood as being due to the larger multiple scattering effect in the lower energy region. These estimated
background events were statistically subtracted from the analyses.

1. Upward through-going muons

The typical energy of a neutrino which produces an upward through-going muon is about 100 GeV (see Figure 18).
Neutrinos arriving vertically travel roughly 13,000 km, while those coming from near the horizon travel only 500 km.
These numbers, together with the Am? region from the contained event analysis (~ 3 x 1072 eV?), suggest that the
neutrino oscillation effect can be seen in the zenith angle distribution of the upward through-going muon events. In
other words, a larger deficit of vertically upward through-going muon events is expected than for almost horizontally-
going muaons.

In the past, several experiments observed these upward-going muons. The first atmospheric neutrino experiments
observed these muons in the 1960's (Achar et ol., 1965a, 1965b; Reines et al., 1965, 1971; Krishnaswamy et al., 1971;
Bergeson, Cassiday and Hendricks, 1973; Crouch et al., 1978). Then in the late 1970’s, a large scale experiment using
liquid scintillators started at Baksan (Boliev et al., 1981}. In the 1980)’s, large detectors constructed for the detection
of proton decay began to observe a large number of upward through-going muons.

The Baksan scintillator telescope has been in operation for about 20 years. They observed 424 upward through-going
muons during 10.55 years of operation (Boliev et al., 1995). The threshold energy of these muons was 1 GeV. The
ohserved average flux was 2.72x 10712 em~2sec 'sr !, while the expected flux was 2.62~2.94 x 10~ 13 em2sectsr— 1.
A neutrino oscillation analysis was carried out by comparing the number of ohserved and expected events with
—1 <cos® < —0.6 (vertically upward-going muons). No evidence for neutrino oscillations was observed.

The IMB experiment observed 532 upward through-going muon events during 3.6 years of detector operation
(Becker-Szendy et al., 1992a). No zenith angle distribution was reported. The threshold encrgy of these muons was
1.8(1.0) GeV for the initial 1/3 (later 2/3) of the data taking time. The expected number of events was 516+£103(¢heo.),
where theo. means the theoretical error in the prediction. Based on the comparison of the observed and expected
number of events, IMB estimated an excluded region of neutrino oscillation parameters: Am? higher than 2x10~% eV?
was excluded at 90% C.L. for sin®28 =1 and for v, — v, oscillations. However, we comment that the structure func-
tions (Eichten et al. (EHLQ), 1984} used in their analysis predicted smaller cross sections than the data. Therefore,
the excluded region is likely to have been over-estimated.

Kamiokande observed 372 upward through-going muons during 2456 detector live days. The selection criteria
were: —1 < cos@® < —0.04, where O is the zenith angle of the muon direction, and a track length of the muon in
the inner detector of longer than 7 meters (Hatakeyama et al, 1998). The minimum {mean) energy loss of these
muons in the inner detector is 1.6{3.0) GeV. The average detection efficiency was 97%. With the requirement of
cos® < -0.04, the background contamination was negligible. The observed average flux of upward-going muons

was 1.94+0.10(stat.) To 0i(syst.) x 107 em~%sec™tsr~!. The expected flux based on the calculated neutrino flux of
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Agrawal et al. (1996) was 2.46+0.54(theo.) x 107'* em~2sec™'sr~!. Figure 38 shows the zenith angle distribution of
the upward through-going muon flux observed in Kamickande.

In Super-Kamiokande, 1196 upward through-going muon events were observed during 1074 detector live days
(Fukuda et al., 1999a, 2000a). The selection criteria were: cos® <0, two outer detector clusters corresponding to the
muon entrance and exit points, and the track length of the muon inside the inner detector of longer than 7 meters. The
minimum {mean) energy loss of these muons in the inner detector is 1.6 (6) GeV. The average detection efficiency of
these events was estimated to be >99%. The validity of this efficiency was tested using the real down-going cosmic-ray
muons by assuming the up-down symmetry of the detector.

The number of background events, 8.6, was estimated by extrapolating the zenith angle distribution of cosmic
ray muons with 0 < cos® < 0.08. Background events were expected only in the —0.1 < cos® < 0 bin and were
subtracted in further analyses. The observed average flux of upward going muons was 1.734£0.05(stat.)£0.02(syst.) x
1071 em~%sec™'sr~?. The expected fluxes based on the calculated neutrino flux of Honda et af., (1995) and Agrawal
et al., (1996) were 1.84+0.41(theo.) x 1071 cm~2sec™tsr~! and 1.97+0.44(theo.) x 10713 em=2sec~1sr1, respectively.
We note that the average energy loss of the upward through-going muons and therefore the average neutring energy
in Super-Kamiokande is higher than that in Kamiokande, resulting in a lower muon flux. Figure 39 shows the zenith
angle distribution of the upward through-going muon flux observed in Super-Kamiokande.

The MACRO experiment observed 607 upward through-going muon events after a subtraction of 28 background
events (Ambrosio et al., 1998; Bernardini, 1999; Spurio, 1999). The predicted number of events was 8251+140(theo.)
based on the neutrino flux of Agrawal et al. (1996). (MACRO has not shown the average flux of the upward through-
going muons.) Figure 40 shows the zenith angle distribution of the upward through-going muon flux observed in
MACRO.

It has been argued by Lipari and Lusignoli (1998) that the prediction for the shape of the zenith angle distribution
is accurate. The measured zenith-angle distributions in these three experiments had similar shapes: these experiments
observed lower flux near the vertical direction compared with the predicted flux. The x? values of the comparison of
the shape of the zenith angle distributions of the data and prediction were 21.3/9 DOF, 22.9/9 DOF and 22.9/8 DOF
for Kamiokande, Super-Kamiokande and MACRO, respectively.

Neutrino oscillation analyses were carried out by these experiments. In Kamiokande and Super-Kamickande, the
oscillation parameters were estimated using a y2 method:

wo, o 2 a0y 2 N2
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where o is the statistical and systematic error in the observed flux {#pate), and a and o, are the absolute normalization
factor of the expected flux(¢arc (sin® 20, Am?)) and its uncertainty, respectively. o, was taken to be £22% by adding
the theoretical uncertainty and correlated experimental errors. The uncertainty in the absolute neutrino flux (£20%)
was the dominant source of o,. A minimum x* was calculated by changing a for each (sin?28, Am?). Since the
contained event data preferred v, — v, oscillations and since the reactor neutrino oscillation experiments {Apollonio
et al., 1998, 1999; Boehm ef al, 2000) have excluded the v, — v, oscillation parameter region relevant to the
atmospheric neutrino data, only v, — v, oscillations were tested.

The Kamiokande data had x3,;, at (sin*26, Am?) = (1.0,3.2 x 107% ¢V?) with & =1.00. The x2,, value was
12.8/8 DOF. x7,;, for the Super-Kamiokande data occurred at (sin?26, Am?) = (0.77,1.3 x 1072 ¢V?) with & =1.13.
The x7,;,, value was 10.3/8 DOF. The allowed regions did not change significantly for two assumed neutrino fluxes,
(Honda et al., 1995) and (Agrawal et al., 1996), suggesting that the zenith angle and energy dependence of the
calculated neutrino flux at high energies is well-understood.

The MACRO experiment carried out a similar analysis and found that the best fit point was in the region of
{sin?28, Am?) = (1.0, (afew) x 1073 eV?),

Figure 41 shows the allowed regions of neutrino oscillation parameters obtained from these upward going muon
data. The allowed regions were larger than those of the contained events. However they overlapped the allowed regions
obtained by the contained events. We note that the allowed region from MACRQ was substantially smaller than those
from Super-Kamiokande and Kamiokande. This can be understood (in part) by the fact that the X2, value in the
unphysical region (10.6) was smaller than the x2,, value in the physical region (12.5) (Bernardini, 1999), favoring
large sin® 260, Also, the estimated uncertainty of the absolute normalization of the upward through-going muon flux
was smaller for the MACRQ's analysis (17%) than for Super-Kamiokande and Kamiokande (22%). In addition, the
statistical method adopted by the MACRO experiment (Feldman and Cousins, 1998), if applied to the upward-going
muons with the oscillation parameter region suggested by the present atmospheric neutrino data, results in smaller
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aliowed region than that obtained based on the method adopted by Kamiokande and Super-Kamiokande (Barnett
et al., 1996).

Finally we comment that much larger detectors, AMANDA (Karle et al., 1999) and BAIKAL (Balkanov et al.,
1999), have begun to observe upward-going muons. Since the threshold energies of the muons in these detectors are
much higher than those in the detectors described in this section, the data from these detectors could be useful to
study the atmospheric neutrinos in still higher energy regions.

2. Upward stopping muons

In large detectors such as Super-Kamiokande, a substantial fraction of upward going muons stop in the detector. The
typical neutrino energy of the upward stopping muons is about 10 GeV, which is substantially lower than that of the
upward through-going muons. Therefore, for some neutrino oscillation parameters, the observed {stopping/through-
going) flux ratio of the upward-going muons should be different from the calculated ratio. The first systematic study
of these stopping muons was carried out by the IMB experiment (Becker-Szendy et al., 1992a). IMB found that the
number of the observed events was in agreement with the Monte Carlo prediction, and obtained an excluded region
of the neutrino oscillation parameters. However, it was found that a careful evaluation of the neutrino interaction
cross section in the multi-GeV energy range increases the number of predicted upward stopping muon events (Lipari,
Lusignoli, and Sartogo, 1995). It is likely that the exctuded region was overestimated, and therefore we do not refer
to this excluded region in this article.

Super-Kamiokande observed 285 upward stopping muons during 1053 detector live days (Fukuda et al., 1999b,
2000a). The selection criteria were similar to those for upward through-going muons, except for a requirement of
one outer detector cluster corresponding to the entrance point. The detection efficiency was estimated to be 99%.
The estimated number of cosmic-ray background events was 20. It was estimated that these background events were
mostly in the —0.2 <cos® < 0 bin. The background events were subtracted from this bin for further analyses. The
resulting (stopping/through-going) flux ratio (= R) of the data was R =0.226+0.016(stat.) " 01 2(syst.), while the
predicted value was ® =0.377 042 (theo.). The observed value was 2.9 ¢ smaller than the prediction. Figure 42 shows
the zenith angle dependence of the observed R together with the predictions with and without neutrino oscillations.
Figure 39 shows the zenith angle distribution of the upward stopping muon flux. Also shown in the same figure
are the predicted fluxes with and without neutrino oscillations. Clearly, the predicted flux and R without neutrino
oscillations disagree with the data beyond the systematic uncertainty of the predictions.

The 90% C.L. allowed region of the neutrino oscillations was estimated by a x? test:

N 5’: (%Dam ~ 8- Rage(sin? 29,Am2))2 . (ﬁ— 1)'2’
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where ¢ is the experimental (mostly statistical) error in the observed ratio (Rpae,) and 3 and o4 are the uncertainty
factor of the expected ratio (Rarc(sin® 26, Am?}) and its 1o error, respectively. o5 was taken to be +14% by adding
the theoretical uncertainty and correlated experimental systematic errors. The largest source of o5, 13%, was the
uncertainty in the energy spectrum index of the atmospheric neutrino flux {EF%-95),

X2, Occurred at (sin?26, Amn?) = (1.0,3.8 x 107% eV?). Figure 41 shows the allowed region obtained from this
analysis. Again, the allowed region was larger than that from the contained events. However it overlapped the allowed
regions obtained by the contained and upward through-going muon data.

Before finishing this section, we mention the MACRO data on (upward stopping muons + downward PC events)
and upward PC events (Spurio, 1999). MACROQ has some ambiguity in separating upward stopping muon events and
downward PC events, and therefore these events are combined. Assuming a 50%(0%) deficit of upward-(downward-
Jgoing events by neutrino oscillations, about 25% and 50% deficits are expected in the (upward stopping muons +
downward PC) and upward PC samples, respectively. Figure 43 shows the zenith angle distributions of these events.
The smaller numbers of events near the horizon are due to the detector geometry and the detection efficiency. Deficits
of these events were observed in these samples, and were consistent with neutrino oscillations.

C. Combined analysis of contained events and upward-going muon events

We have seen that the contained and the upward-going muon events were consistent with neutrino oscillations. It
is then a natural extension of the previous analyses to obtain an allowed region of neutrino oscillation parameters
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by combining the contained and upward-going muon events. Kamiokande and Super-Kamiokande carried out these
analyses.

The analysis method was similar to that for the contained events (see Eq. 3) and for the upward through-going
muon events (see Eq. 4). The relative normalization between the contained events and upward-going muon events
was considered as an additional constraint to the fit. The allowed regions obtained from these analyses are shown
in Figure 44. As expected, with more constraints, the allowed regions are smaller than those obtained from the
individual data sets. The x? value of the neutrino oscillation analysis for the Super-Kamiokande data (61 kton-yr,
1053 day, and 1074 day data for the contained events, upward stopping muons, and upward through-going muons,
respectively) at the best-fit parameter point (sin?26 = 1.00 and Am? = 2.8x1072 eV?) was 61.1 for 82 DOF. Even if
the analysis was extended to the unphysical region (sin®26 >1.0), the best-fit parameter remained unchanged. The
x? value for no oscillation was 233 for 84 DOF, thus excluding the no oscillation hypothesis at a very high confidence
level. Since the best-fit parameter set was in the physical region, the 90% C.L. allowed region was defined to be
located within Xmm"‘4 6. The 90% C.L. allowed parameter region from Super-Kamiokande was: sin?28 >0.88 and
2x107% < Am? < 5x107% eV?. We would like to point out that it is really remarkable that atmospheric neutrino
events which range between ~0.1 and ~10® GeV in energy and ~10 and ~10* km in flight length arc consistently
explained by neutrino oscillations.

Finally, we comment that it is possible that the above allowed parameter region, especially in Am?, could shift
slightly if a three-dimensional flux calculation is used for the prediction. Such a shift is possible because the three-
dirensional flux calculation predicts an enhancement of the horizontal flux in the sub-GeV crergy region (Battistoni
et al., 2000; Lipari, 2000a) relative to the flux based on the one-dimensional calculations. However this horizontal
enhancement is not expected to change the predicted zenith- angle distribution for e-like and p-like events significantly
due to the large scattering angle in the low energy region (see Figurc 28). Also, in the three-dimensional flux
calculation, the distribution of the flight lengths of the neutrinos for the horizontal direction is predicted to be shorter
by about 30% in the sub-GeV energy region {Battistoni et al., 2000) relative to that based on the one-dimensional
calculations.

D. Three-flavor neutrino oscillation analysis

Since there are three neutrino flavors, there should be three neutrino mixing angles, 82, 613 and 8,3 and one CP
phase. The flavor neutrino states can be expressed as a superposition of the mass eigenstates as follows:

|va) = ZUm- Iv.), (6)

where U is a unitary mixing matrix which relates flavor eigenstates and mass eigenstates of neutrinos. a and i
represent the flavor and mass eigenstates, respectively. The mixing matrix for three neutrinos (neglecting the CP
term) can be expressed as:

C12€13 512€13 813
U= —812C23 — €12823813  €12C23 — 812823813 S23C13 » (7)
812823 — €12023513 —C12823 — S12C23513 €23C13

where s;; and ¢;; (i,7=1,2,3) show sin#;; and cos8,;, respectively, and §,; is the mixing angle between the i-th and
J-th generation neutrinos.

Also, there should be three Am?’s. (Among them only two Am?’s are independent.) However, a complete explo-
ration of the three-flavor neutrino parameter space would be extremely complicated. Therefore, in the analysis of the
atmospheric neutrino data, an approximation is commonly used to simplify the analysis (Fogli, Lisi and Montanino,
1997). The solar neutrino deficit is commonly interpreted as v, — v, oscillations with [m3 —m?| = Am?, €107 eV2,
where m, represents the mass of »;. If we assume Amf, <107* eV? and Am, (= |m2 —m3|)>107% eV?, atmOSpherlc
neutrino oscillations depend only on Am?*(= Am3, ~ Ami,). (However, for larger Am?, values, there should be a
non-negligible effect of Am?, on atmospheric neutrino oscillations. See for example, Fogli, List and Montanino, 1995;
Peres and Smirnov, 1999).

With the above approximation, the neutrino oscillation probabilities in vacuum take the simple form:

1.27/_\771?'[/)

= (a #8), ®)

P(vg = va) = AU |Uga|? sin? (
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27Am?
Pve = va) = 1 = 4lUag (1 ~ [Uas]?) sin? (l%) | ()
For example, for 1, — v, the oscillation probability is:
) 1.27Am2L
P(Vu — V,u) =1~ 4|323(213|2(1 - |823613i2) sm2 (—E———~) . (10)

It #5 =0, the oscillation can be identified as pure two-flavor v, - v, oscillations with sin26 = 4s3,c2,.

In the absence of CP violating effects, the oscillation probabilities in vacuum are equal for neutrinos and anti-
neutrinos. However, in matter these probabilities are not equal, and the probability must be calculated numerically
for the Earth density profile (Wolfenstein, 1978; Mikheyev and Smirnov, 1985, 1986). We note that there has been a
lot of theoretical work on the matter effect in the Earth (see for example, Pantaleone, 1998; Barenboim and Scheck,
1999; Chizhov and Petcov, 1999; Akhmedov, 1999; Akhmedov et al., 1999).

Three-flavor analyses of the atmospheric neutrino data has been carried out by various authors (for a recent
reference, see for example, Yasuda, 1998; Fogli et al, 1999a; Sakai and Teshima, 1999; Meier and Ohlsson, 1999).
The results can be summarized as follows. Since the shape of the observed zenith-angle distributions for e-like events
is consistent with the Monte Carlo prediction, there is no evidence for non-zero #;5. This result is consistent with
the results from CHOOZ and Palo Verde which did not observe any oscillation effect {Apollonio et al., 1998, 1999;
Boehm et al., 2000). The constraint on é;3 from the CHOOZ data is much stronger than that from the atmospheric
neutrino data. Therefore, it is concluded that atmospheric neutrino oscillations are consistent with pure v, =% v
and the result from the two-flavor oscillation analysis is approximately correct. For further details of the three-flavor
analysis, see the original references.

V1. OTHER INTERPRETATIONS

An important question to ask is whether neutrino oscillations {generated by neutrino mass and mixing) are the only
possible explanation of the atmospheric neutrino data. In this section, we review some of the alternative explanations
of the atmospheric neutrino data. Most of the alternatives have already been excluded for various reasons.

A. Proton decay p - eTv

Proton decay, p -» eTwr, was proposed (Mann, Kafka and Leeson, 1992) to explain the small (u/e) ratio. If
protons decay into et v with the lifetime of about 4 x 103!years, experiments should observe an excess of e-like events
below about 500 MeV, thus explaining the small {u/e) ratio. However, this scenario was essentially ruled out by
the small (;2/e) ratio in the multi-GeV energy range and especially by the zenith angle-dependent deficit of p-like
events observed in Kamiokande(Fukuda et al., 1994) and Super-Kamiokande (Fukuda et al., 1998b, 1998¢). Also, the
high-statistics Super-Kamiokande data do not show any significant excess of e-like events below 500 MeV/c relative
to the predicted momentum distribution (see Figure 26).

B. Neutron background

If there is a high flux of energetic neutrons at a detector site, a fraction of these neutrons enter into the fiducial
volume of the detector and interact with the detector material producing energetic hadrons (mostly pions). A #°
produced by this mechanism should look like an e-like event, if one of the two gammas is not detected. Such neutron
background was suggested to explain the small (u/e) ratio (Ryazhskaya, 1994, 1995).

The vertex position of these background events should cluster near the surface of the fiducial volume, because of
the relatively short interaction length of neutrons. By using the vertex position distribution, it is possible to separate
the neutrino and neutron events statistically. Figure 45 (left) shows the invariant mass distribution for events with
2 e-like Cherenkov rings observed in Kamiokande. A clear 7" mass peak was observed. Figure 45 (right) shows the
distribution of the distance from the nearest PMT plane for 7%-like events observed in Kamickande. No evidence
for background contamination was observed. From this figure Kamiokande concluded that the neutron background
contamination should be less than 1.2% at 90% C.L. for the sub-GeV e-like sample (Fukuda et al., 1996b). A similar
analysis for the multi-GeV sampte was carried out, finding no evidence for background contamination {Fukuda et al.,
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1996b). Even stronger limits on the background were obtained by Super-Kamiokande. Because of the thicker anti-
counter and because of the higher statistics, the upper limits on the neutron contamination in the sub- and multi-GeV
e-like samples were estimated to be 0.1 and 0.2%, respectively (Fukuda et af., 1998a, 1998b). These measurements
ruled out neutron background contamination as an explanation for the small (p/e) ratio.

C. v, = Viterite Neutrino oscillations

The atmospheric neutrino data were consistent with v, — v, oscillations. However, since the expected event rate
of v, interactions in the contained event sample is small {(about 20 fully contained CC v, events are expected per
22.5kton-year, which is less than 1% of the total atmospheric neutrino events), and since most of the neutral-current
(NC) events are eliminated from the analysis of neutrino oscillations using contained events, the contained event data
could also be explained by v, = rg.rq. neutrino oscillations. vyerie is a hypothetical neutrino-like particle which
does not interact with matter by either CC or NC weak interactions. Indeed, according to the neutrino oscillation
analysis using contained events, both v, — v, and v, — vgerye were equally allowed (Foot, Volkas and Yasuda,
1998). Since the existence of vy.ryq. has significant impacts on particle physics and cosmology, it must be studied
seriously whether v, — vyerq. oscillations are really favored by the atmospheric neutrino data.

There have been several suggestions for discriminating the two possibilities. One possibility is the (NC/CC v, ) ratio,
where NC and CC v, are the number of NC and CC v, events, respectively. If the oscillations are v, = vy, the above
ratio for the data should agree with the non-oscitlated Monte Carlo prediction. On the other hand, if the oscillations
are v, — Vgerile, the above ratio for the data should be smaller than the prediction for the non-oscillated Monte
Carlo. =-like events were observed in Kamiokande (Fukuda et al., 1996b) and Super-Kamiokande. For example,
the #° data from Kamiokande are shown in Figure 45. A significant fraction of them (>85%) are NC events. As
the (NC/CC v,) ratio, Super-Kamiokande took the 7°/sub-GeV-e-like ratio. The preliminary result on this ratio
based on the 61 kton-yr data was (Fukuda et al., 2000b): (x°/sub-GeV-e-like) pasq / (70 /sub-GeV-e-like) prer = 1.02
+0.06(stat.) £0.23(syst.). The largest source of systematic error was the uncertainty in the NC 70 production cross
section. Because of the large systematic error, both hypotheses were allowed.

Other possibilities include studies of the zenith angle distributions of NC 7% events (Learned, Pakvasa and Stone,
1998) or of multi-ring events which include a significant number of NC events (Hall and Murayama, 1998).

Another suggestion was that the matter effect for upward-going neutrino events could be useful to discriminate the
two possibilities (see for example, Liu, Mikheyev and Smirnov, 1998; Lipari and Lusignoli, 1998a; see also, Akhmedov,
Lipari and Lusignoli, 1993}. In the case of v, — v, oscillations, the matter effect does not change the oscillation
probability. On the other hand, in the case of v, — vy oscillations, the matter effect may change the oscillation
probability significantly. For Am* ~ 3 x 107%V?, the neutrino eoscillation probability is expected to be significantly
modified only for high energy atmospheric neutrinos traveling through the Earth.

A preliminary result from Super-Kamiokande (Fukuda et al., 2000c) was obtained from analyses of multi-ring, high-
encrgy PC and upward through-going muon events. Multi-ring events with (a) the most energetic ring being e-like and
{b) E,;s >400 MeV were used. The estimated fraction of NC events (in the absence of neutrino oscillations) was 29%,.
Figure 46(a) shows the zenith angle distribution of these events, together with the neutrino oscillation predictions.
The difference between the two hypotheses for the expected zenith-angle distributions is significant at cos® < —0.4.
In order to minimize the systematic error, the up-down ratio, Up(—1 < c0s© < —~0.4)/Down(0.4 < cos® < 1), was
studied. Figure 46(c) shows the expected up-down ratio as a function of Am? for the two hypotheses, together with
the ratio for the data. The ratio for the Yy —F Vgerite Neutrino oscillation hypothesis did not agree with the data by
>2 standard deviations in the suggested Am? range.

The typical neutrino energy for upward through-going muon events is about 100 GeV. Figure 46(b) shows the
zenith angle distribution of these events, together with neutrino oscillation predictions. The difference between the
two hypotheses for the zenith angle distributions is significant at cos® < —0.4. Therefore, the vertical-horizontal
ratio, Vertical(—1 < cos® < ~0.4)/Horizontal(—0.4 < cos® < 0), of the flux was studied. Figure 46(d) shows the
expected vertical-horizontal ratio as a function of Am? for the two hypotheses, together with the ratio of the data.
Since the expected vertical-horizontal ratio may depend on the flux calculation, the systematic error in the predicted
ratio was carefully evaluated. A preliminary result by Honda, Kasahara and Midorikawa (1999) showed that the
systematic error in this ratio from the flux calculation is less than 3% (see also, Lipari and Lusignoli, 1998). The
total systematic error in the ratio was 3.3%. The expected vertical-horizontal ratio for the v, — vgerie neutrino
oscillation hypothesis did not agree with the data by >2 standard deviations for a wide range of Am?. In addition,
a similar analysis of high-energy PC events did not favor v, — vgerie neutrino oscitlation hypothesis.
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Finally, the two oscillation hypotheses were tested by combining these three studies by a x¥* method:

2 .2 2 2
X = Xmulti»ring + Xpc + Xupgoing—muon-

If the above x? value is larger than 6.3 (11.3), the hypothesis is disfavored at 90 (99)% C.L.. Figure 47 shows the
results of this hypothesis test. Because the matter effect and therefore the neutrino oscillation probability depend on
(m3 — m7) rather than [m3 — m?| for v, = Vsserire oscillations, both positive and negative Am?(= m? — m?) were
tested. The v, —+ v oscillation hypothesis did not contradict the data in this analysis. On the other hand, most of
the parameter regions suggested by the analysis of FC events for the Yy =+ Vsierite Nypothesis were disfavored at 99%
C.L.{preliminary).

D. Neutrino decay

If v,’s decay to some other particles, the atmospheric neutrino data, the small (ji/€)pata/{t/€)rmc ratio and
the deficit of upward going v, events, could be explained. However, a simple decay model, i.e., Py, = v} =
e *L/Bv where a = m, /7, and 7, is the neutrino lifetime, cannot explain the weak energy dependence of the small
(#/€)Data/(11/€) M ratio observed in Kamiokande and Super-Kamiokande (see, Figures 26, 27). Therefore, a simple
decay model is ruled out.

A neutrino decay-mixing explanation for the atmospheric neutrino data has been proposed (Barger et al., 1999a,
1999b). Assuming v, = cosfva + sinfluy with my > ms, and v, unstable and decaying to {anti-)v3 plus another
particle, the », survival probability can be written as:

Am3,L

Py, = v,) = sin* 8 + cos® e~ *L/Ev 4 25in? 6 cos? fe 0L/ 2Ex cos( 5E
v

) (11)

where a = my/7,2. In this scenario, Am3; must be larger than 0.73 eV? to satisfy constraints from kaon decay
(Barger et al., 1999a). Then the third term in the above equation averages to zero for atmospheric neutrinos. It was
shown that the L/E, distribution of the Super-Kamiokande data can be explained reasonably well if cos?8 ~0.87 and
a ~1 GeV/Dg, where Dg = 12800 km is the diameter of the Earth (Barger et al., 1999a). However, soon after this
proposal, it was shown that the fit to the higher energy events (especially the upward going muons) was poor (Lipari
and Lusignoli, 1999; Fogli, Lisi and Marrone, 1999; Choubey and Goswami, 1999).

Another decay-mixing model has been proposed (Barger et al., 1999a, 1999b), in which v, is a mixed state of
vy and r3, and vy’s decay into another state with which ¢5’s do not mix. For example, this state could be a
sterile neutrino. In this scenario, Am2; does not need to satisfy >0.73 eV? and could be very small (Barger et al.,

2
1999a). In this case, cos(A—?gﬁE} in the third term of the above equation is approximately unity, and therefore

P{u, = v,) = (sin® @ + cos? fe~>L/2Bv)2_ Tt was shown that the atmospheric neutrino data including the upward-
going muons can be explained (Barger et al., 1999b). This model is difficult to distinguish from oscillations unless
the dependence on L/E, is found to be exponential {decay-mixing maodel) or sinusoidal (oscillation). Finally, we
comment that, in general, it will be important for future experiments to observe the sinusoidal L/E, dependence of
P{v, -+ v,) to exclude many of the non-oscillation scenarios.

E. Non-standard neutrino oscillations

Possible non-standard neutrino interactions or properties can also generate neutrino oscillations. There have been
several proposals for such mechanisms. A list of possibilities can be found in (Lipari and Lusignoli, 1999; Fogli et al.,
1999b). We will not go into the details of these models, although we mention that in many such models, the energy
dependence of the oscillation probability does not take the form, P(v, — v,) = asin(§- L - E]!), where a and 3 are
constants. [nstead, some of the models take the form, P(v, —+ v,} = aesin{3- L - E}), where n = J or 1.

Since the atmospheric neutrino data cover the energy range from about 0.1 GeV to 10° GeV, the energy dependence
of the oscillation can be studied in detail. The Super-Kamiokande data based on 500 days of the detector exposure
were analyzed in (Fogli et ol., 1999)). In this analysis, FC, ’C and upward-going muon events were used. The data
were fitted with n as a free parameter. It was found that n = —0.9+0.4 at 90% C.L., thus essentially excluding
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non-standard oscillation models which take either n = 0 or 1. A similar conclusion was obtained in (Lipari and
Lusignoli, 1999).

Some of the non-standard neutrino oscillations cannot be described by P(v, — v,) = assin(3-L-E?). An important
exampie of such a model is neutrino oscillations generated by flavor changing neutral currents (FCNC) {Gonzalez-
Garcia et al.,, 1999). In this case, the L/E, in the mass-generated neutrino oscillation is replaced by the column
density. In this model, there is no energy dependence in the oscillations. Furthermore, since air has a density much
lower than that of the Earth, down-going neutrinos are essentially unaffected. Therefore, the neutrino oscillation
probability is a function of zenith angle only. A detailed analysis of the atmospheric neutrino data in terms of FCNC
was carried out in (Lipari and Lusignoli, 1999; Fornengo, Gonzalez-Garcia, and Valle, 1999). They observed that
this model was essentially ruled out because, among other reasons, the observed upward through-going muons had a
deficit considerably smaller than the deficit of upward-going stopping muons and upward-going multi-GeV muons.

VII. SUMMARY AND FUTURE PROSPECT

In the past several decades, atmospheric neutrinos have been observed by various experiments. Until 1988, the
study of atmospheric neutrinos was a relatively quiet field. After 1988, when Kamiokande reported an experimental
study of the flavor ratio of the atmospheric neutrino fluxes, various experimental and flux caleulation studies were
carried out to understand the details of the atmospheric neutrinos. The understanding of the atmospheric neutrino
phenomena improved significantly after Super-Kamiokande started taking data in 1996.

The total number of atmospheric neutrino events observed by various atmospheric neutrino detectors is about
1x10* as of this writing. Remarkably, these data, which vary from 10 km to 10* km in flight length and from 0.1 GeV
to 10® GeV in energy, are consistently explained by two-flavor v, — v, neutrino osciliations. The most convincing
evidence for neutrino oscillations came from the zenith angle distribution of the multi-GeV p-like data from Super-
Kamiokande. The data showed nearly a factor of two deficit of upward-going events relative to the downward-going
ones, where up-down symmetry was expected. The 90% C.L. aliowed region of the neutrino oscillation parameters
obtained from Super-Kamiokande was: 2 x 1072 eV? <« Am? < 5 x 10~% ¢V? and sin?26¢ >0.88. We conclude that
the present data from various atmospheric neutring experiments give evidence for neutrino oscillations.

The study of neutrino oscillations by the atmospheric neutrinos is maturing from the discovery phase to the precision
measurement phase. To determine the neutrino oscillation parameters more accurately, improvements in both the
data quality and the flux calculation are required. There is now intense flux calculation activity in which the fluxes are
calculated based on the full three-dimensional simulation of the particle trajectory and the Earth. As the full three-
dimensional calculation predicts an enhancement of horizontal fluxes in the sub-GeV energy region, the estimated
Am? based on the comparison of the data and the one-dimensional flux calculation may be shifted (slightly). In
spite of the possible correction to the Am? value, the measurement of sin26 by atmospleric neutrinos is likely to be
robust, and independent of the details of the flux calculation. The accuracy of the sin®26 measurement has not yet
been limited by the systematic uncertainties.

Several neutrino oscillation experiments using high-energy accelerators and very long neutrino flight distances
(250 km (the K2K experiment, Nishikawa, 1998) or 730 km (the MINOS project, Wojcicki, 1998; a long baseline
project between CERN and Grand Sasso, Picchi and Pietropaolo, 1998)) will provide various important data. These
experiments will study muon-neutrino oscillations intensively. These experiments will be able to determine the Am?
value much more precisely than for atmospheric neutrinos due to the weli-defined neutrino flight distance. While the
atmospheric neutrino data favor v, — v, rather than Vy = Vaterile, the signal of v, CC interaction has not been
observed. Some of the long baseline experiments will be able to observe direct evidence for v, — v, oscillations via
the observation of v, CC events.

Finally, we note that solar neutrino experiments are also very important to explore neutrino oscillations involving
ve. The study of neutrino oscillations will continue to be an important and exciting field.
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Experiment Status of'® Detection Type of Fiducial Total Number

experiment technique events Mass exposure of events

Baksan runuing liquid scintillator up-through-y — 10.55 yr 424

NUSEX finished gas counter- FC 0.13 kt 0.74 kt-yr 50
iron plate

Frejus finished gas counter- FC 0.7 kt 2.0 kt-yr 158

iron plate PC 0.7 kt 2.0 kt-yr 58

Kamiokande finished water- FC 1.04~1.35 kt 7.7~8.2 kt-yr 885

Cherenkov PC 1.04 kt 6.0 kt-yr 118

up-through-u — 6.7 yr 372

IMB finished water- FC 33kt 7.7 kt-yr 9356
Cherenkov

up-through-p — 3.6 yr 532

up-stopping- — 36 yr 85

Soudan-2 running gas counter- FC 0.77 kt 3.9 kt-yr 371
iron plate

MACROQO runnoing liquid scintillator up-through-p — 5.9 yr'® 607
+ gas counter

Super- running water- FC 22.5 kt 61 kt-yr 7940

Kamiokande Cherenkov PC 22.5 kt 61 kt-yr 563

up-through- — 2.94 yr 1187

up-stopping-gt — 2.88 yr 265

(a) As of 1999.

(b) Detector exposure with the full detector is 4.1 yr.

TABLE I. Summary of atmospheric neutrino experiments which observed fully-contained (FC), partially-contained (PC)
upward stopping muon, and upward through-going muon events.

H

Type of events CC v, CC v, NC
FC, sub-GeV

1-ring, e-like 87.1% 3.1% 9.83%

l-ring, p-like 0.4% 95.4% 4.2%

multi-ring 22.0% 42.4% 35.6%
FC, multi-GeV

1-ring, e-like 83.6% 7.3% 9.1%

l-ring, p-like 0.2% 99.5% 0.3%

multi-ring 32.9% 52.6% 14.4%
PC 1.9% 97.1% 0.9%
Upward stopping muons <1% >99% €1%
Upward through-going muons <1% »99% 1%

TABLE II. Estimated fraction of CC v., CC v, and NC events for each event type in Super-Kamiokande (Fukuda et al., 1998a,
1998b, 1999a, 1999b, 2000a).
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Source sub-GeV Multi-GeV
Predicted (v, fv.) flux ratio 5% 5%
Spectrum index of the neutrino fluxes 0.6% 1.6%
Data reduction <1% 3%
it/ € separation 2% 3%
1-ring/>2-ring separation 3% 6%
Vertex position uncertainty 0.6% 2.4%
Absolute energy calibration 1.0% 4.1%
Background contamination (cosmic ray pu) <0.1% <0.2%
Background contamination (neutron) <0.1% <0.2%
Background contamination (PMT flashing) <0.5% <0.1%
FC/PC separation <0.1% 0.5%
CC cross section 3.6% 4.3%
NC cross section 3% 4%
Simulation of hadron interactions in water 0.5% 1%
Stat. error of MC 0.7% 1.4%
Total 7.8% 12%

TABLE III. Summary of the systematic errors in the {j/¢) pata /(p1/€)arc flux ratio measurement in Super-Kamiokande for the

sub- and multi-GeV samples (Fukuda et ol., 1998a, 1998b, 2000a).
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FIG. 1. Momenturn distributions for (a) e-like and (b) p-like events observed in Kamiokande in 1988 (Hirata et al., 1988). The
histograms are the predictions based on the flux calculation of (Gaisser ef al., 1988).
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{Honda et al., 1995}. This figure is taken from {Gaisser, 1998). See (Gaisser, 1998) for the references of the cosmic ray data.
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FIG. 3. Typical allowed and forbidden tracks of incident cosmic rays. The curved line shows the allowed trajectory of a cosmic
ray which has a rigidity larger than the cutoff rigidity and the dotted curved line shows a forbidden trajectory. ‘SK’ represents
an atmospheric neutrino detector.

0 1) U S
= =
8
S
@

B

k!

£

T

B . 1
9 90 hled =
_.C_ —
: ( |
N 5

180 L L '
120° 180 24¢0° 300° aso0"
S Azimuth angle of arrival direction
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FIG. 7. Comparison of the calculated p~ flux by Honda et al. (1995) and data from

1993) at various altitudes.
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FIG. 9. The calculated (a} v,./¥, and (b) v. /¥, flux ratios by Honda ef al.
(dashed lines).

FIG. 10. The calculated zenith angle distributions of the atmospheric neutrino fluxes for several neutrino energies by Honda
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FIG. 19. Distributions of the minimum distance between the event vertex and the detector exterior {(excluding the detector
floor) in Soudan-2 (Allison et al., 1999). Crosses show the “gold” events which have no anti-counter hits. The shaded histograms
show the distributions of events with anti-counter hits. Open histograms show the atmospheric neutrino MC distributions.
The shaded and open histograms are normalized to the fitted background and neutrino events present in the “gold® sample.
The sums of these two histograms are shown by dashed histograms, which show the best fit to the “gold”' data.
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FIG. 20. Distribution of the minimum distance between the vertex position and the PMT plane of the inner-detector of Super-
Kamiokande (D). Black circles with error bars show the FC data and the histogram shows the atmospheric neutrino MC
without neutrino oscillations. The excess of the (Monte Carlo} events at the bin nearest to the PMT plane (D =~ 0) is due
to a constraint in the vertex reconstruction: the reconstructed vertex position was constrained to be inside the inner-detector,
and therefore events which had the best-fit vertex position outside of the inner-detector were reconstructed as Dy, =~ 0.
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FIG. 21. Distribution of visible energy (E..,) for FC events observed in Super-Kamiokande. Black circles with error bars show
the data and the histogram shows the atmospheric nentrinoe MC without neutrino oscillations. Visible energy ts defined to be
the energy of an electron which would produce the observed amount of Cherenkov light.

@ 10 10—y
2 (a) (b)
I
] i ]
_g 2. 4
310 E E E
Z ] F
10 | 410 F E
12345 12345

Nnumber of Tracks / Rings

FIG. 22 (a) shows the distribution of the number of charged tracks observed in the Frejus experiment (Berger ef al.. 1989h).
(b) and (c) show the distributions of the number of Cherenkov rings observed in Kamiokande {(Fukuda et al., 1994} and Super-
Kamiokande (Fukuda et al., 2000a), respectively. The black circles with error bars show the data and the histograms show the
Monte Carlo predictions. The arrows refer to bins which include all higher track (or Cherenkov ring) multiplicity events.
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FIG. 23. From left to right: two track-plus-recoil events, a single shower event, and a CC v, multi-prong event observed in the
Soudan-2 detector (Mann, 1999).
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FIG. 25. Summary of the (pt/e)pata/(/e) s flux ratio measurements. Inner error bars show the statistical error and the
outer error bars show the total error which is defined to be a quadratic sum of the statistical and systematic errors. The
uncertainty in the predicted flux ratio is included in the systematic error. Data are from Kamiokande (Fukuda ef al., 1994),
IMB-3 (Becker-Szendy et al., 1992, Clark «f al., 1997), Frejus (Daum et al., 1995), NUSEX (Aglietta et al, 1989}, Soudan-2
{Allison et al, 1999, Mann, 1999), Super-Kamiokande (Fukuda et al., 2000a).
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FIG. 26. The momentum spectra of the single-ring (a) e-like events and (b) p-like events observed in Super-Kamiokande. The
cut-off of the momentum spectrum for p-like events near 10 GeV/e is due to the requirement of full containment.
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FIG. 27. Momentum dependence of (p/e)pata/(pt/e)arc from Super-Kamiokande (black circles, Fukuda et al., 2000a),
Kamiokande ({blank circles, Fukuda et al., 1994), IMB-3 (squares, Becker-Szendy et al., 1992; Clark et ol., 1997), Frejus
(blank-triangles, Berger et al., 1989b), and NUSEX (black-triangles, Aglietta ef al., 1989). The vertical error bars show the
statistical errors only. The dashed extensions of the horizontal error bars refer to bins which include all higher energy events.
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FIG. 29. Zenith angle distributions observed in Super-Kamiokande based on 61 kton-yr data for {(a) sub-GeV e-like, (b) sub-GeV
p-like, {c}) multi-GeV e-like, and (d) multi-GeV p-like events. PC events are included in (d). Cos® =1(-1}) means down-going
{up-going). The solid histograms show the Monte Carlo prediction without neutrino oscillations. The dashed histograms show
the prediction with neutrino oscillations {Am? =2.8x107% eV?, sin% 26 =1.0). In the oscillated Monte Carlo, the absolute
normalization was adjusted to give the best fit to the data.
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FIG. 30. Zenith angle distributions observed in Kamiokande (Fukuda et al., 1994) for (a) sub-GeV e-like, (b) sub-GeV p-like,
(¢) multi-GeV e-like, and (d) multi-GeV p-like events. PC events are included in (d). Cos® =1(—1) means down-going (up-
going). The solid histograms show the Monte Carlo prediction without neutrino oscillations. The dashed histograms show
the prediction with neutrino oscillations (Am® =1.6x107% eV?, sin*20 =1.0). In the oscillated Monte Carlo, the absolute
normalization was adjusted to give the best fit to the data.
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histograms show the Monte Carlo prediction without neutrine oscillations.

-k
(4]
T
! }.—.-
)
-
H
—h
(4}
T
—d
£
L

(U/D} o/ (U/D)y

0 -1 " L 1 0 1 -1 Vi L
10 1 10 10 1 10
Momentum (GeV/c) Momentum (GeV/c)

FIG. 32. Summary of (U/D)paea/(I//D)are as a function of lepton momentum from various experiments for (a) e-like events
and (b) p-like events. Black circles show the Super-Kamiokande data {Fukuda et al.. 1998c, 2000a). blank circles the Kamiokande
data (Fukuda et al, 1994), black wriangles the Soudan-2 data (Mann, 1999}, and the blank triangles the Frejus data (Berger
et al., 19891L). The vertical error Tars show the statistical errors only. The dashed extensions of the horizontal error bars refer
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FIG. 33. Azimuthal angle distribution for e-like and u-like events observed in Super-Kamiokande {Futagami et al., 1999). The
crosses represent the data, the solid and dashed histograms show the Moute Carlo prediction based on the flux of (Honda ef al.,
1990, 1995) and (Agrawal ¢t el., 1996; Lipari, Stanev and Gaisser, 1998), respectively. Data are shown with statistical errors.
The Meonte Carlo is normalized to the total number of data events. ¢ represents the azimuthal angle. ¢ = 0, #/2, 7 and 3= /2
correspond to particles going to north, west, south and east. respectively.
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FIG. 34. 90% C.L. allowed regions of the », — v, neutrino oscillation parameters by the analyses of contained events from

Super-Kamiokande (thick-black line, Fukuda et al., 1998c, 2000a}, Kamiokande (thick-gray line, Fukuda et al, 1994) and
Soudan-2 (thin-black line, Mann, 1999). The allowed regions correspond to the insides of each curve.
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F1G. 35. The expected (p/e)paia/{pt/e)arc values for sub- and multi-GeV energy ranges are shown as a function of Am® (solid
curves). Also shown are the observed (u/e)paeaf(jt/e)are values with their errors (dashed lines). R = {p/e)para/(p/e)pc.
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FIG. 36. The expected Up/Down (U//D) values for p-like events and for three momentum ranges are shown as a function of
Am” (solid curves). Also shown are the observed U/ D values with their errors (dashed lines).
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FIG. 37. Data/MC values for e-like and p-like events as a function of L(km)/E,(GeV). White and black circles show p-like
and e-like data, respectively. The dashed histograms show the prediction with neutrino oscillations {Am? =2.6x10"*% ev?,
sin® 26 =1.0).
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FIG. 38. Zenith angle distribution of the upward through-going muon flux observed in Kamiokande {Hatakeyama et al., 1958).
Inner(outer) error bars show statistical (statistical + uncorrelated experimental systematic) errors. The solid histogram shows
the expected flux for the null neutrino oscillation case. The dashed histogram shows the expected flux for v, — v, oscillations

with (sin® 26 =1.0, Am? =3.2x107? eV?), In the oscillated Monte Carlo, the absolute normalization was adjusted to give the
best fit to the data.
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FIG. 39. Zenith angle distribution of the upward through-going muon (blank circles) and stopping muon (black circles) fluxes
observed in Super-Kamiockande (Fukuda et al, 1999a, 2000a}. Error bars show statistical + uncorrelated experimental sys-
tematic errors. Estimated background is subtracted. The solid histograms show the expected fluxes for the null neutrino
oscillation case based on the calculated flux of Honda et al, {1995). The dashed histograms show the expected fluxes for
v, — v, oscillations with (sin*26 =1.0, Am® = 2.8 x 107% eV?). In the oscillated Monte Carlo, the absolute normalization was
adjusted to give the best fit to the data.
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FIG. 40. Zenith angle distribution of the flux of the upward through-going muons with encrgy higher than 1 GeV observed in
MACRO (Ambrosio et al., 1998; Bernardini, 1999; Spurio, 1999). The solid curve shows the expectation for no oscillations and

the shaded region shows the absolute normalization uncertainty in the expectation. The dashed line shows the expected Hux
for v, = v, oscillations with (sin® 20 =1.0, Am? =2.5x107? 2V,
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FIG. 41. 90% C.L. allowed regions of the v, — v, neutrino oscillation parameters obtained by upward-going muon data
from various experiments. The thick-black, thick-gray and thin-black lines show the regions obtained by upward through-
going muons from Super-Kamiokande (Fukuda et al., 1999a, 2000a), Kamiokande (Hatakevama et al, 1998) and MACRO

{Ambrosio et al., 1998; Bernardini, 1999; Spuric, 1999}, respectively. The dotted-black curve shows the region obtained by the
{stopping/through-going) ratio analysis of upward-going muons from Super-Kamiokande.
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FIG. 42. Zenith angle dependence of the stopping/through-going ratio of the upward going muons obtained by Super-
Kamiokande (Fukuda et al., 1999a, 2000a). The solid histogram shows the prediction for the null neutrino oscillation case. The
dashed histogram shows the expected ratio for ¥, — v, oscillations with {sin®26 =1.0, Am?® = 3.8 x 107% eV?).
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FIG. 43. Zenith angle distributions of (upward stopping muons + downward PC events) (top), and upward PC events (bottomn)
observed in MACRO (Spurio, 1999). The expected distributions with and without neutrino oscillations are shown by dashed
and solid histograms, respectively. For nentrino oscillations, w, — v, Am® = 2.5 x 107% eV? and sin® 26 =1 are assumed.
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FIG. 44. 90% C.L. allowed region of the v, — v neutrino oscillation parameters from a combined analysis of fully-contained,
partially-contained, upward-stopping muon and upward through-going muon events from Super-Kamiokande {black line, Fukuda

et al.,, 2000a). The result from a combined analysis (without the upward-going stopping muon data) from Kamiokande (gray
line, Hatakeyama et al., 1998) is also shown.
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FIG. 45. Left: Invariant mass distribution for atmospheric neutrino data and Monte Carlo events with 2 e-like Cherenkov rings
observed in Kamiockande (Fukuda ef al., 1996b), The Monte Carlo was normalized by the number of the observed events. Right:
Event rate as a function of Dy, the distance to the nearest PMT-plane from the event vertex, for 7%-like events observed in
Kamiokande (Fukuda et al., 1996b). The thick histogram shows the MC atmospheric neutrino events. The thin one shows the
90% C.L. upper limit on the neutron plus atmospheric neutriro events, and the shaded area shows the contribution of neutron
events to the upper limit histogram. In both cases, the histograms are normalized to the number of data events.
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FIG. 46. Zenith angle distributions cbserved in Super-Kamiokande (Fukuda et al., 2000¢c} for: (a)multi-ring events with the
most energetic ring being e-like and E..s >400 MeV (61 kton-yr), and (b)upward through-going muon events (1074 days).
In {a) and (b}, solid (dashed) histograms show the expectations for v, — v» { ¥, = Viserie) oscillations. In (c), expected
Up(-1 < cos® < —0.4)/Doum(0.4 < cos© < 1) ratios of the multi-ring events for v, — v, (thin-dotted line) and v, — vorerise
(thick-dotted line) are plotted as a function of Am®. Also shown in the same figure is the Up/Down ratio of the data.
The solid line shows the central value of the data and the dashed lines show the £1o statistical error. In {d), expected
Vertical(—1 < e0s® < —0.4)/Horizontal(—0.4 < cos® < 0) ratios of upward through-going muon events for v, — v, (thin-
dotted line) and v, — vererse {thick-dotted lines) are plotted as a function of Am?®. Also shown in the same figure is the
Vertical/ Horizontal ratio of the data. In these figures, sin?2¢ =1 is assumed for the expected lines.
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FIG. 47. 90 and 99% C.L. allowed regions of neutrino oscillation parameters obtained by the FC events are shown by the
thin-black and thin-gray lines, respectively for v, — vy (top), ¥u = Vsterie (Am® >0) (middle), and v, — Vyerie (Am? <0)
(bottom). Also shown are the excluded regions from the combined analysis of the multi-ring, high-energy-PC and upward
through-going muon events. Thick-black and thick-gray lines show the preliminary 90% and 99% C.L. exclusion lines, respec-
tively. In each figure, the regions below the thick lines are excluded at 90 or 99% C.L.. In (b) and {c), most of the parameter
regions suggested by the FC analysis are disfavored at 99% C.L. (Fukuda et af., 2000c).
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