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Atmospheric neutrinos are produced through interactions of cosmic rays in the atmosphere. They were first detected
in 1965 and have been studied extensively since then. The detection of atmospheric neutrinos requires large-area
detectors located deep underground. Observations from several experiments involving different techniques have
finally led to conclusive evidence for neutrino oscillations. We first discuss the neutrino physics relevant for atmo-
spheric neutrino detection followed by our current knowledge on neutrino flux. We then review observations made
by past and current experiments and their consequences for the Standard Model of particle physics. We conclude by
summarising future prospects for atmospheric neutrino observations.
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1 Introduction

Among known particles, neutrinos are the most
weakly interacting particles and hence are quite diffi-
cult to detect experimentally. Neutrinos are produced
in the atmosphere through cascade interactions of pri-
mary cosmic rays with air nuclei and subsequent de-
cay of secondary particles. Primary cosmic rays at
the TeV energy scale are mostly composed of protons
and helium nuclei with a small fraction of heavier nu-
clei. On their interaction with air nuclei, they produce
secondary particles such as pions, kaons etc. Atmo-
spheric neutrinos are primarily produced through the
decay of charged pions and subsequently muons as
shown in the following decay chain,

π � � µ ��� νµ � ν µ �
µ � � e � � νµ � νµ � � νe � ν e ���

As can be seen from the decay chain above, neutri-
nos in the atmosphere are predominantly produced in
two flavours (νµ 	 νe). The flux of tau neutrinos (ντ )
in the atmosphere is negligibly small as it requires co-
pious production of mesons containing heavy quarks
like charm and bottom. Since neutrinos are weakly in-
teracting particles, large-area detectors with good tar-
get mass and tracking resolution are required to detect
atmospheric neutrinos.

Since the flux of secondary particles in cosmic

rays is extremely high at the surface as compared to
the flux of neutrino-induced particles, neutrino detec-
tors have to be located deep underground. Although
shallow-depth locations can eliminate fluxes of most
of the secondary particles, atmospheric muons still re-
main an irreducible background to the detection of
events due to νµ -interaction. This background can be
substantially reduced by placing the detector as deep
as possible. For example, the flux of atmospheric
muons beyond a zenith angle of 65 
 is quite small
as compared to the flux of νµ -induced muons in the
rock at the depth of 2 km1. In the early days, searches
for atmospheric neutrinos were carried out using deep
underground detectors with sufficiently good tracking
ability. They were located at depths of 2–3 km. The
detection of atmospheric νµ -induced muons was first
reported in2 1965, just 3 years after the discovery3 of
muon neutrinos!

Atmospheric neutrinos are very powerful tools in
the search for neutrino oscillations due to their wide
energy range and the large variation in their propa-
gation length before detection. They have been used
successfully by experiments at Kamioka to provide
clinching evidence for neutrino oscillation. In this
article we first review neutrino physics pertaining to
the study of atmospheric neutrinos and their role in
the study of neutrino oscillation. We then discuss
the estimation of fluxes of atmospheric neutrinos and
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the techniques used to detect them. We conclude
by summarising the exciting results from atmospheric
neutrino experiments and the future directions in this
field.

2 Neutrino Interactions

Atmospheric neutrinos interact with nucleons of nu-
clei or electrons of atoms via charged-current (CC) or
neutral-current (NC) interactions. In the CC interac-
tion, charged leptons are produced as a result of the
interaction while the neutrino remains unchanged in
the NC interaction. Here, we shall discuss only inter-
actions with nucleons since the interaction with elec-
trons is almost 1000 times smaller. Hence interactions
with electrons do not contribute significantly to the
observed data. The interaction of neutrinos depends
on their energy and can be broadly classified as,
1a. CC Quasi-elastic scattering: ν � N � l �� N �
1b. NC Elastic scattering: ν � N � ν � N
2a. CC Single pion production: ν � N � l �� N ��� π
2b. NC Single pion production: ν � N � ν � N � � π
3a. CC Multiple pion production:

ν � N � l �� N ��� n π
3b. NC Multiple pion production:

ν � N � ν � N ��� n π
The quasi-elastic CC interaction cross section

dominates in the low energy region. At 1 GeV, al-
most 60% of the time, neutrinos interact with nucleons
via this interaction. The single charged lepton that is
produced carries almost all the neutrino energy. The
cross section increases linearly at lower energy and
then saturates4, 5 around 1 GeV.

In single pion production, the neutrino interacts
with nucleons producing an unstable baryon. This
baryon decays to produce a stable nucleon and a pion.
The cross section for this process increases rapidly
with energy and saturates around 2 GeV, and is com-
parable with quasi-elastic scattering6, 7.

Multiple pion production takes place when the in-
variant mass W of the νN system is more than 1.4
GeV � c2. The number of pions produced in the in-
teraction has a logarithmic dependence on W . Note
that the multi pion production process is a dominant
subset of the Deep Inelastic Scattering (DIS) process
ν � N � l  � X , where X may contain, in general, not
only pions but also heavier mesons apart from a nu-
cleon. Unlike quasi-elastic or single pion production,
the cross section for multi pion production increases

more or less linearly with the neutrino energy over a
wide energy range8, 9. This is also true for any DIS
process involving heavier mesons.

In all cases, the NC interaction cross section is
quite small as compared to the CC interaction of the
same type. NC elastic scattering does not provide any
observable experimental signature whereas NC inter-
action with pion production can be detected only if it
takes place inside or in the close vicinity of the detec-
tor.

3 Atmospheric Neutrino Fluxes

In order to search for neutrino oscillations in the data,
it is important to know as precisely as possible both
the fluxes of neutrinos in the atmosphere and their
interaction cross section. Inputs to the estimation of
the flux are primarily, a) the energy spectrum of pri-
mary cosmic rays b) the energy spectrum of muons
produced through decay of secondary particles such
as pions and kaons c) modelling of the interaction of
cosmic rays and secondary particles with the air nu-
clei d) modelling of geomagnetic effect on the flux of
cosmic rays and e) modelling of the longitudinal de-
velopment of extensive air showers produced by the
cosmic rays.

Several groups have predicted the flux of neu-
trinos in the energy range of 1 GeV to 104 GeV10.
The energy range of cosmic rays relevant for this is
about 10 times higher than the neutrino energy range.
The composition and the energy spectrum is better
known from direct measurements upto 100 TeV, be-
yond which they are measured indirectly by sampling
various components of air showers.

The energy spectrum of neutrinos is closely re-
lated to that of the muons as a function of altitude.
Although the energy spectrum of muons is measured
upto several TeV on Earth’s surface, not enough data
is available on its altitude dependence. Interaction of
cosmic rays and secondary particles is modelled using
accelerator-based data from hadron and heavy ion col-
lision experiments. The data does not extend upto the
required cosmic ray energy scale (1015 eV) and they
need to be extrapolated.

The mean interaction distance of secondary parti-
cles such as pions and kaons increases with zenith an-
gle thereby increasing the decay probability of these
particles. This enhances the flux of muons and neu-
trinos in a slanted direction. This is referred as the
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Fig. 1 Differential neutrino flux ( � E2
ν ) at Kamioka location.

secθ effect; due to this, the fluxes of neutrinos in-
crease gradually with zenith angle. As a result, the
fluxes of neutrinos in the horizontal direction is esti-
mated to be about 2 times higher than that in the ver-
tical direction.

Uncertainties in each of the inputs mentioned
above, due to limited availability of data, constrain the
accurate estimation of the neutrino fluxes. The uncer-
tainties in the neutrino flux are energy dependent and
typically of the order of 20%. The flux of νe and νµ
in the vertical direction is shown in Fig. 1.

Since the flux of cosmic rays is isotropic, the flux
of neutrinos in the upward and downward direction is
expected to be the same. However, due to geomag-
netic field effects, the flux of low energy neutrinos
(Eν � 3 GeV) gets modulated, resulting in an up-down
asymmetry. This is shown in Fig. 2. As can be seen
from this figure, the flux of neutrinos above 3 GeV
is almost symmetric in the upward and the downward
directions.

Once the fluxes of neutrinos and their interac-
tion cross sections are known, the flux of νµ -induced
muons (or electrons) can be computed. We consider
two kinds of interactions: one where the neutrino in-
teracts in the rock surrounding the (underground) de-
tector, producing an energetic lepton that is detected
in the detector, and another where the neutrino inter-
action and subsequent lepton detection occur within

the detector.
The flux of muons produced by neutrino interac-

tion in the surrounding rock can be evaluated by inte-
grating the flux of νµ , weighted by the muon yield,

d � µ � Eν � Θ ��� d � νµ � Eν � Θ ��� Y� νµ � µ � � Eν � �  ! ! (1)

where Y� νµ � µ � is the muon yield per neutrino. The νµ -
induced muon is assumed to maintain the original neu-
trino direction; an analogous formula holds for the ν̄µ -
induced muon flux.

The muon yield increases with the energy of the
neutrino and is calculated from the inclusive cross sec-
tion for muon production dσ � νµ � µ � and the number of

target nucleons per cm2. The yield of muons above
the detector threshold energy, Emin, is given by

Y� νµ � µ � � Eν ���#" Eν

Emin

dEµ
dσ � νµ � µ �

dEµ
� Eν � Eµ �� NA $R � Eµ �&% R � Emin �('   ! ! (2)

Here NA is the Avogadro number and R � Eµ � is the
range of muons in the rock. The neutrino flux is
known and can be obtained from ref.[10]. For the
cross sections, the prescriptions of refs.[11–13] can
be used for evaluating the energy dependence of vari-
ous interaction processes described in Section 2.The
range-energy dependence is illustrated in ref.[14].
The cross section and the range of muons increases



42 SHASHIKANT R DUGAD

0

1000

2000

3000

4000

5000

6000

-1 -0.5 0 0.5 1

0.3 GeV

Fl
ux

(m
-2

se
c-1

sr
-1

G
eV

-2
)

0
50

100

150
200
250
300

350
400

-1 -0.5 0 0.5 1

1 GeV
νµ + ν

–
µ

0
5

10
15

20
25
30
35

40

-1 -0.5 0 0.5 1

3 GeV

cosΘ

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

-1 -0.5 0 0.5 1

10 GeV

cosΘ

Fluka-3D
Honda-3D
Batrol-1D
Honda-1D

Fig. 2 Zenith angle distribution of neutrinos of different energies at Kamioka location24.

more or less linearly with energy. Hence the energy
spectrum of νµ -induced muons in the rock is much
softer than that of the parent neutrinos.

When the ν ) induced muons (or electrons) are
produced inside the detector’s fiducial volume, the
event rate is directly proportional to the fiducial mass
(W) and can be evaluated using,

Rate *,+
Ω
+

Eν - Emin

dEν dΩ d . ν / Eν 0 θ 1 σ / Eν 12 W / tons 1 / 106 NA 1 043!3!3 (3)

where Emin
l is the energy threshold for a lepton of

flavour l ( * e 0 µ). Integration over neutrino energy
has to be carried out above this threshold. For a given
flavour the rate is the sum of contributions from νl and
ν̄l .

The flux of νµ and νe depends on the flux of
muons produced through decay of pi/K in the atmo-
sphere. Hence the uncertainties on the flux of each of
them are highly correlated. Therefore, even if uncer-
tainties on the absolute flux are high, the ratio of the
ν-induced muon to electron events, for a given detec-
tor configuration, can be estimated more accurately.
We have

Rtheory / E 15* Nexp
µ / E 1

Nexp
e / E 1 0 3!3!3 (4)

where Nexp
µ and Nexp

e are the expected number of

muons and electrons respectively. Here E is the en-
ergy of the charged lepton produced in the interaction.
The ratio Rtheory / E 1 is predicted as a function of en-
ergy with an uncertainty better than 5%. It is to be
noted that systematic effects due to detector response
in obtaining this ratio experimentally are larger than
theoretical errors. The decay probability of low en-
ergy muons in the atmosphere is higher as compared
to that at high energy. Hence, for every νe there may
be 2 νµ at low energy. Therefore the ratio Rtheory is
expected to be around 2 at low energy which will in-
crease with lepton energy as shown in Fig. 3.

4 Atmospheric Neutrino Anomaly

The energy spectrum of low energy ν-induced muons
and electrons has been measured experimentally us-
ing contained events. The detection techniques used
for this measurement are described in Section 6. By
understanding the detector response to electron and
muon neutrinos, the ratio of the νµ -induced muon
events to electron events has been measured in the low
energy region by several experiments using contained
event data-set and compared with predictions. This
ratio is defined as,

Robs / E 15* Nobs
µ / E 1

Nobs
e / E 1 3 3!3!3 (5)
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The ratio of ratio, RRc,

RRc 6 E 758 Robs 6 E 7
Rtheory 6 E 7 9!9!9 (6)

of contained events is expected to be unity but as
can be seen from Table I, where results from various
experiments are summarised, it deviates significantly
from unity.

This observation was referred as the atmospheric
neutrino anomaly and it is indicative of the existence
of neutrino oscillation. However this measurement
is sensitive to geomagnetic effect and detector re-
sponse as a function of energy for both the flavours
of neutrino; both of which are modelled through ex-
tensive Monte-Carlo (MC) simulation without enough
experimental data. Based on these observations, the
Super-Kamioka collaboration, in 1996, commissioned
a very large volume detector with active volume of
50000 tons. This detector has not only confirmed the
anomaly with high statistics but has also given evi-
dence for neutrino oscillation. Results from this ex-
periment are described in Section 7.

5 Neutrino Oscillations

In the standard model, neutrinos of all flavours are
assumed to be massless. This would mean that neu-
trinos produced with certain flavour would remain in

the same flavour at all times. However, if neutrinos
are not massless then there is a possibility that neu-
trinos can change flavour as they propagate in space.
This phenomenon is called as neutrino oscillation and
originates from the mixing of flavour (weak) eigen-
states. Neutrinos produced via weak interaction carry
definite flavour (governed by the lepton number con-
servation). However, when it propagates in space, its
mass eigenstate remains the same as that at production
but its flavour content can change. The probability of
flavour change depends on the mixing angle between
flavours, the masses of the eigenstates, the energy of
the neutrino and the distance travelled between point
of production and detection. Observation of change
in neutrino flavour is of great importance in particle
physics since this will be the signature of breakdown
of some of the vital assumptions made in the Stan-
dard Model. Within the 2-flavour vacuum oscillation
model the flavour changing probability is given by,

Pα : β 6 Eν ; Lν 7�8 sin2 6 2Θv 7< sin2 = 1 9 27 ∆m2 6 eV 2 7 Lν 6 km 7
Eν 6 GeV 7 > ; 9!9!9 (7)

where α and β represent the flavour of neutrinos. As
can be seen from the above expression, irrespective of
neutrino masses the flavour and mass eigenstates are
completely decoupled if the mixing angle Θv is zero.
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Table I
Summary of RRc measurements from earlier experiments

Detector Energy Range Exposure RRc Ref.
(kton-year)

IMB Sub-GeV 7.7 0 ? 54 @ 0 ? 05 @ 0 ? 01 15

Multi-GeV 2.1 1 ? 4 A 0 B 4C 0 B 3 @ 0 ? 3 16

Kamiokande Sub-GeV 7.7 0 ? 60 A 0 B 06C 0 B 05 @ 0 ? 05 17

Multi-GeV 6.0 0 ? 57 A 0 B 08C 0 B 07 @ 0 ? 07 17

Soudan 2 3.9 0 ? 64 @ 0 ? 11 @ 0 ? 06 18

Frejus 1.56 1 ? 00 A 0 B 15C 0 B 08
19

NUSEX 0.74 0 ? 96 A 0 B 32C 0 B 28
20

If the same is very small then it will be difficult to
observe such a phenomenon experimentally. On the
other hand if the mixing angle is sufficiently large,
then the flavour changing probability will oscillate as
a function of (Lν D Eν ). Therefore, the probability of
flavour change is often referred to as the oscillation
probability. For ∆m2 E 0 F 01eV 2 and neutrino energy
of 1 GeV the oscillation probability is maximum at
Lν G 120 km. If the distance travelled is very large as
compared to the oscillation length, then the oscillation
probability reaches the average value of Pα H β I 0 F 5
for a given energy spectrum of neutrino. In order to
probe oscillation parameter space, therefore, we need
an experimental setup which can span a wide range of
Lν D Eν . Neutrinos coming from an accelerator do not
have a wide energy range. Furthermore it is not feasi-
ble to move the detector over a wide range of distances
wF rF t F to the neutrino source.

Atmospheric neutrinos offers all the desired fea-
tures in a neutrino source for probing neutrino oscilla-
tions, that too free of cost! The distance travelled by
the neutrino before its detection in the underground
detector varies in the range of 10km G 13000 km de-
pending on the zenith angle (angle of incidence). The
variation in the distance travelled as a function of the
incident zenith angle of the neutrino is shown in Fig.
4. The energy of the neutrinos for events detected in
the detector varies between 0.1 G 1000 GeV. Hence
the atmospheric neutrinos offer a wide dynamic range
of 106 in Lν D Eν , thus making them a very powerful
probe for studying the oscillation phenomenon.

As described in Section 4, the atmospheric neu-
trino anomaly suggests the possibility of oscillations
but cannot confirm the same. There is yet another way
to look for neutrino oscillations which is far more el-
egant and not very sensitive to either the geomagnetic
effect or an accurate knowledge of the detector re-
sponse. The distance travelled by neutrinos is signifi-
cantly different for the upward and the downward di-
rections. The distance travelled in the downward (up-

ward) direction varies between 10-200 km (200 km -
13000 km) as shown in Fig. 4. If the ∆m2 for 2-flavour
oscillation is in the range of 0.001 eV2 to 0.01 eV2,
then for maximal mixing, the oscillation probability
is quite small in the downward direction as compared
to that in the upward direction. Hence we would ex-
pect an asymmetry in the ν-induced events in the de-
tector for upward and downward direction for a givenJ
cos θ

J
, where θ is the zenith angle. Therefore, if we

can make sure that there is no asymmetry in the detec-
tor efficiency, one can look for oscillations by com-
paring the observed zenith angle distribution of events
in the upward and downward directions. This is the
cleanest channel to look for oscillation using atmo-
spheric neutrinos and has been exploited successfully
by the Super-Kamiokande detector.

6 Detection techniques

Ideally, the detector designed for detecting atmo-
spheric neutrino interactions should be able to infer
the flavour of the interacting neutrino, the energies
and the directions of particles produced in the inter-
action, since each type of interaction provides a dis-
tinct event topology in the detector. For example,
muon neutrino interacting inside the detector can give
rise to partially or fully contained penetrating track.
There are no prominent sources of background which
can mimic this topology. The neutrino direction can
be inferred by reconstructing the track. If the track
is fully confined within the fiducial volume, then the
energy of the muon can be inferred by the range of
its track. This particular topology will correspond to
quasi-elastic CC scattering of νµ . In case of CC νe-
interaction, it would give rise to an electromagnetic
cascade inside the detector. The neutrino interaction
with multiple pion production (DIS) can give rise to
several tracks as well as an electromagnetic cascade
in the detector.

So far, we have mentioned event topologies gen-
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erated by interaction inside the detector. But muon
neutrinos can also interact with the surrounding rock
giving rise to a penetrating track in the detector. This
particular topology has a huge background due to at-
mospheric muons coming from the surface. However,
those detectors which can distinguish between upward
and downward going muons can identify this topol-
ogy without any ambiguity if the neutrino is prop-
agating in the upward direction. In Fig. 5 we de-
pict several topologies induced by the neutrino in-
teractions. In order to study atmospheric neutri-
nos, the detector should be able to resolve different
event topologies efficiently. For example, the gaseous
fine grain calorimetric sampling detectors with good
tracking resolution can be used to resolve most of
the topologies. Several detectors, KGF, MACRO,
SOUDAN1, 18, 21 etc., in the early days employed this
technique for studying atmospheric neutrinos. How-
ever these detectors have had serious limitations in
distinguishing between the upward and downward di-
rections of the track. To distinguish the up and down
directions, one requires time of flight (TOF) measure-
ment of particle along the track to the nanosecond ac-
curacy. In the upgrade of MACRO detector, several
well separated layers of scintillators were introduced
to measure the TOF of the track.

In the early eighties large volume water Cerenkov
detectors were commissioned for studying proton de-

cay. These detectors contained large quantities of
highly pure water surrounded by photo multiplier
tubes (PMT). The passage of a charged particle (with
sufficiently high energy) through water produces large
number of Cerenkov photons in the form of a ring cen-
tered around its trajectory. The PMTs mounted on the
surface of the detector are then used to detect these
photons. The event topology is reconstructed using
the timing and the signal size information from these
tubes. Since there is no dead medium, these water
Cerenkov detectors can measure energy deposited in
the detector accurately. Furthermore they have excel-
lent sensitivity to distinguish between the upward and
downward directions for the through going muons as
well as the contained events. However, none, of these
detectors has a good sensitivity to study neutrino in-
teraction with multiple pion production. Most of the
important results are obtained using the data on quasi-
elastic CC interaction events inside the detector and
νµ -induced muon events in the surrounding rock.

7 Observations

Over the period of last 20 years, a large number of
events due to neutrino interaction have been recorded
by several detectors at different locations. These de-
tectors have measured the flux of ν-induced muons
and electrons using contained events and also the
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muons produced in the rock. Though the measured
fluxes cannot be directly compared with the calculated
fluxes, due to large uncertainty, as explained in Sec-
tion 3, the ratio of the ν-induced muon to electron
events has been measured and compared with predic-
tions. The results from these experiments have been
summarized in Table I. Based on this data, a large wa-
ter Cerenkov detector (Super-Kamiokande23) was pro-
posed in the late eighties. Since this detector has now
given the first signal beyond the Standard Model, we
shall present the observations from Super-K in detail
followed by results from another more recent experi-
ment (MACRO).

Super-Kamiokande (SK) Observations

This is the biggest detector in size and mass and
has observed the largest collection of neutrino events.
Observations made by other experiments which are
relatively smaller in size, are more or less consistent
with the results from this detector. Before presenting
the data from this experiment, we describe the salient
features of this experiment23 . Super Kamiokande de-
tector is located in the Kamioka mines of Gifu Prefec-
ture, Japan. It has a mean overburden of 2700 mwe. It
is a water Cerenkov detector, counting photons in the
Cerenkov light generated by charged particles such as
e, µ K π propagating in the water. It has a cylindrical

shape (41.4 m height and 39.3 m in diameter) contain-
ing 50000 tons of highly purified water. The detector
is segmented into two parts called the inner detector
(ID) and the outer detector (OD). The OD is used as
a veto detector. The dimension of the ID is 33.8 m
(height) x 36.2 m (diameter). Cerenkov light produced
in the water is detected by 7650 large area photo mul-
tiplier tubes (PMT) mounted on the side, top and bot-
tom wall of the detector. The trajectory of a charged
particle going through water is obtained by recon-
structing Cerenkov ring using the timing and pulse
height data from the PMTs the number of Cerenkov
rings in an event corresponds to th number of particles
generated in the interaction. The observed neutrino
data in this detector can be broadly classified into two
categories:L Partially or Fully contained (PC/FC) events:

These events are caused by νµ or νe interactions
inside the detector. It is difficult to identify the
flavour for ν-interaction with multiple pion pro-
duction, therefore only events with single ring
are used for the main analysis. The shape of
the ring is used to identify the flavour of the in-
cident neutrino. Passage of muon produces a
sharp ring due to its energy loss mostly by ion-
ization where as the Cerenkov ring produced by
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Table II
Event statistics for various topologies in SK detector

Event Topology Running Period Live time No. of events
(days)

Contained (PC/FC) May-96 to July-01 1489 12785
Upward through going Muons April-96 to July-01 1678 1878
Upward Stopping muons April-96 to July-01 1657 457

Table III
Event Summary of partially and fully contained events in SK detector with 91.6 k-ton years exposure

Data Monte Carlo Data/MC Ratio RRc

Sub-GeV
Fully Contained
1 M Ring 6447 6573.8 0.98N

e M like O 3266 2665.2 1.23N
µ M like O 3181 3908.6 0.81 0 P 664 Q 0 R 017S 0 R 016 T 0 P 052

2 M Ring 1701 1658.2 1.03U
3 M Rings 756 809.8 0.93

Multi-GeV
Fully Contained
1 M Ring 1436 1398.3 1.03N
e M like O 772 603.2 1.28N
µ M like O 664 795.1 0.84 0 P 653 Q 0 R 036S 0 R 034 T 0 P 095

2 M Ring 583 620.8 0.94U
3 M Rings 949 1012.9 0.94

Partially Contained 913 1063.7 0.86 0 P 663 Q 0 R 030S 0 R 028 T 0 P 079
(FC + PC 1-Ring Data)

the electron is much broader due to the produc-
tion of electromagnetic cascade. There is prac-
tically no background for these type of events
from atmospheric muons. Contained event data
is divided into sub-GeV and multi-GeV range
for the purpose of analysis.V Upward through going and stopping muons:
The νµ -induced muons in the surrounding rock
propagate through the detector giving rise to
sharp Cerenkov rings inside the detector. The
rings may be accurately reconstructed if the
path length inside the detector is sufficiently
long. The upward and downward directions can
be easily resolved from the timing information
of pulses in PMT’s. If a ring terminates within
the detector, then it is identified as a stopping
muon. There is overwhelming background for
both these topologies (through going and stop-
ping muons) due to the downward going atmo-
spheric muons. However, there is no such back-
ground for upward going tracks and hence they
can only come from νµ interactions in the sur-
rounding rock.

The Super Kamioka detector started collecting
data in 1996. Exposures for the data24 presented here,
are slightly different for different types of events and
are indicated in Table II.

The through going and stopping muons are sub-
jected to a minimum path length requirement of 7 me-
ters corresponding to an energy loss of about 1.5 GeV
in the detector. The contained events are further di-
vided into two energy ranges and as per the number of
rings associated with the event. In the case of single
ring event, the flavour of the neutrino is identified us-
ing the shape of the ring. The data is divided into sub-
GeV and multi-GeV. The sub-GeV range for electrons
and muons are 0 W 1 X Ee

vis X 1 W 33 GeV and 0 W 22 X
Eµ

vis
X 1 W 33 GeV respectively, where, Evis is the vis-

ible energy deposited by the particle. The multi-GeV
range for both the particles (e Y µ) is Evis Z 1 W 33 GeV.
Breakup of contained events is shown in Table III.The
number of expected events estimated from Monte-
Carlo (MC) estimates have large systematic uncertain-
ties. However, as mentioned before, the ratio of ratios
defined in eq. 6 should be consistent with unity within
the statistical and systematic uncertainties. The over-
all systematic uncertainty from the expected ratio and
detector response is about 10%. Statistical errors are
about 2% which is quite small when compared to sys-
tematic errors. The ratio of ratios has been determined
for both (sub-GeV and multi-GeV) the energy range
and it deviates significantly from unity indicating de-
pletion in the muon flux in both energy regions (Ta-
ble III). They are consistent with observations made
by earlier experiments shown in Table I.
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Fig. 6 Zenith angle distribution of observed no. of events in sub-GeV and multi-GeV range for electron and muon like events24.

Due to the large data sample, the atmospheric neu-
trino anomaly can be investigated in more detail. The
zenith angle distribution of the number of electron and
muon-like events in different energy regions is shown
in Fig. 6. Since the flux of neutrinos is roughly
symmetric in upward and downward directions (ig-
noring geomagnetic effects in the low energy region),
we expect observed number of events to be symmet-
ric around cosθ [ 0. As can be seen from Fig. 6,
the observed shape of the distribution for electrons is
indeed consistent with that expected, but for muons,
a distinct asymmetry is observed around the horizon
(cosθ [ 0). This is referred to as the up-down asym-
metry in muon flux and is independent of the many
uncertainties that plague the neutrino fluxes, cross sec-
tions as well as the detector response. It is this ob-
servation that has given compelling evidence for the
signal beyond Standard Model.

Another set of data in which neutrino interacts in
the rock has also been looked at for possible deple-
tion in the flux. The SK experiment has measured the
flux of stopping and through going upward muons.
Once again theoretical errors on each of these evens
are quite large. However they get compensated to
a large extent when the ratio of stopping to through
going muons is estimated. The ratio of ratios for

this type of events is obtained in a way similar to
that of contained events (eq.6). It is measured to be
0 \ 650 ] 0 \ 043 ] 0 \ 092, again showing significant de-
viation from unity.

All the observations made by the SK experiment
show that there is disappearance of muon neutrinos.
No apparent inconsistency has been seen between var-
ious methods used in the data analyses as well as in
the similar observations made by other experiments
on atmospheric neutrinos. One of the most promising
explanations for the disappearance is the oscillation
of νµ to the ντ flavour. Many other models such as
neutrino decay and oscillation into sterile flavours etc.
have been ruled out to a good extent by these obser-
vations. The allowed region of oscillation parameters
for νµ ^ ντ oscillation that explains all the features
of the data is shown in Fig. 7. The best fit values in
the physical region are ∆m2 [ 2 \ 51 _ 10 ` 3 eV2 and
sin a 2Θv b [ 1.

MACRO Observations

The MACRO experiment22 conducted at the Gran
Sasso laboratory is a large area detector with 14 lay-
ers of streamer tubes providing fine tracking and the
scintillation counters measuring timing precisely. The
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Fig. 7 Allowed region of oscillation parameter space under νµ c ντ oscillation24.

experiment completed data taking in the year 2000
with a total live time of 5.52 years. The measured ra-
tio of ratio21 RRc is 0 d 72 e 0 d 026 e 0 d 043 e 0 d 12. The
detector is also sensitive to the upward going muons
with ν-interaction in the rock or inside the detector
and the downward going muons with ν-interaction in
the detector. The number of events observed for dif-
ferent types of events is summarized in Table IV. The

Table IV
Event statistics for various topologies in MACRO Detector

Event Topology Signal Events Background
Upward through going muons 809 54

Upward Stopping muons +
Internally Downward going 262 10

Internally upgoing muons 154 7

shape of zenith angle distribution for upward going
muons is shown to be sensitive to neutrino oscillations
and other phenomena beyond Standard Model. The
data21 rejects null hypothesis with no oscillation and
also disfavours oscillations into a sterile neutrino byf 99% CL. The data is consistent with 2-flavour (ac-
tive) oscillation model, however, the range of allowed
parameters obtained is wider than the corresponding
range in SK results. It is consistent with the SK data.

8 Future Directions

The atmospheric neutrino anomaly observed by sev-
eral earlier experiments has been confirmed by de-
tailed observations at the Super Kamioka detector.
Furthermore the results of SK and earlier detectors
provide conclusive evidence for a signal beyond Stan-
dard Model. The most favourable explanation is the
oscillation between νµ and ντ flavours. This explana-
tion also provides consistency between solar and at-
mospheric neutrino observations. However, there are
some other models which may explain various fea-
tures in the atmospheric neutrino data. This is mainly
because the upward swing in the up-down ratio is not
yet clearly observed in the data and is crucial to es-
tablish neutrino oscillation hypothesis on a firm foot-
ing. The swing in the ratio is anticipated from the
relatively high energy neutrinos and hence can be ob-
tained only if we can probe the energy spectrum of
muons induced by the higher energy neutrinos. In the
SK detector muon energy can only be measured for
the fully contained events. The fiducial volume drops
rapidly as a function of the muon energy and hence
the energy spectrum can only be measured in a small
energy range for the muons. The up-down ratio is
obtained using eq. 8 in different energy bins and is
shown in Fig. 8.
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Fig. 8 Up/Down ratio for electron and muon like events24.

Ru g d h Eµ i5j Nup h Eµ k e l Cosθ mon 0 p 2 i
Ndown h Eµ k e l Cosθ q 0 p 2 i p!p!p (8)

At low energies the ratio is close to unity. This
can happen if the oscillation probability for downward
and upward directions reaches the average asymp-
totic value, whereas, in the multi-GeV region, the
ratio is close to 0.5. Probable explanation for this
could be that the oscillation probability is very small
in the downward direction whereas it has reached
the asymptotic value in the upward direction. If we
can sample sufficiently high energy neutrinos then
we should be able to observe the turnaround (upward
swing) of the ratio towards unity since the oscillation
probability in both directions are very small. Among
the existing observations, KGF atmospheric neutrino
data combined with SK observations is expected to
have the sensitivity to observe the upward swing in the
oscillation probability25 . Further the magnetic spec-
trograph type of detectors that are being planned26, 27

will allow such measurements with greater accuracy.
These detectors can measure momentum of the muons
for fully and partially contained events as well as the
upward going muons and hence probing higher range
of neutrino emerges to measure the spectrum. They
would have the sensitivity to observe the full cycle
of oscillation probabilities and also will have higher

sensitivity to distinguish between the various models
explaining SK observations. So far evidence for neu-
trino oscillations has only been seen as a disappear-
ance of νµ to the ντ neutrino. In order to establish
this beyond any doubts, it will be desirable to iden-
tify the events due to appearance of ντ interaction in
the detector. It is extremely difficult to identify such
an event. The ICARUS collaboration 28 is building a
liquid argon calorimeter specially designed to identify
events due to ντ -interaction in the detector.

9 Discussion

The Standard Model of particle physics has been
firmly established over the last three decades. Exper-
iments carried out with atmospheric neutrinos have
given the first ever evidence challenging the Stan-
dard Model. Being the first signal, it has to be
confirmed using different sources of neutrinos with
more advanced experimental techniques. Current data
strongly suggests the existence of neutrino oscillation.
Future experiments are expected to confirm the source
of this new signal and if it is indeed due to the os-
cillations they will measure the oscillation parame-
ters more accurately. Observation of solar neutrinos
also suggests the oscillation of electron neutrinos. All
these results have formed the basis for changing our
current understanding of the Standard Model. Proba-
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bly this is just the beginning and the future appears to be exciting.
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