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A description of the early work on experimental observation and study of cosmic ray neutrinos in India is sketched
here. This includes experiments to measure the variation of intensity of cosmic ray muons down to great depths
underground, the first detectors for neutrino detection, and the consolidation of neutrino data using large scale proton
decay experiments. Also included is a brief description of special (Kolar) events recorded in the KGF detectors, that
defy explanation on the basis of normal muon or neutrino interactions. Results from the neutrino experiments
conducted in other laboratories around the same time period as well as those recorded in all the first-generation

proton decay experiments will be reviewed briefly.

Key Words: Cosmic Rays; Kolar Gold Fields, Underground Experiments; Neutrino Detectors; Atmospheric

Neutrinos, Kolar Events; Proton Decay

1 Introduction

Primary Cosmic Radiation (PCR), the only source of
high energy elementary particles until the advent of
accelerators in the early 1960s, was the subject of in-
tense study at a number of laboratories around the
world including those in India, and in particular at
the Tata Institute of Fundamental Research, Mum-
bai (TIFR). The detection media used were nuclear
emulsions flown at balloon altitudes (at Hyderabad)
and triggered cloud chambers operated at mountain
altitudes (at Ooty), to study the composition of pri-
mary cosmic rays and secondary hadron interactions
respectively. This was closely followed by extensive
air shower (EAS) studies using a network of scintil-
lation detectors arranged in an array at both sea-level
and at mountain altitudes.

This led to the study of hadron collisions at ultra
high energies which are not available from accelerator
beams, by a detailed simulation and comparison with
the EAS data on electrons, muons and hadrons. A dif-
ferent path was taken in the study of cosmic ray muons
in the early 1950s. The Kolar Gold Fields (KGF) pro-
vided an ideal environment to study muons at different
depths underground and thereby allowed the study of
their energy spectrum and angular distributions up to
very high energies, much beyond what was possible
with magnet spectrometers operated at sea level.

It has long been recognized that the secondary
cosmic radiation is a rich source of neutrinos with
a wide range of energies. This was based on the
understanding that cosmic ray secondaries comprise
high energy pions and muons and their decays in the
Earth’s atmosphere provide a copious source of neu-
trinos. The first suggestion that cosmic ray neutri-
nos could be detected by experiments operated deep
underground was made in 1960 by Markov and his
collaborators. An estimate of fluxes was made by
Greisen?, and detailed calculations on fluxes and an-
gular distributions were first made by Zatsepin and
Kuzmin? with pions and muons as the source of neu-
trinos. Some of these authors talked of installations
of area 300 m? or 10 m? in volume but felt that some
idea of cross-section was necessary and one should
await the results of the then planned accelerator ex-
periments.

It was only from the accelerator experiment of
Danby et al.® at Brookhaven, that one became aware of
the distinction between the muon and electron neutri-
nos and of the large cross-section for v-N interactions
at a few GeV. Detailed estimates of fluxes of muon and
electron neutrinos and anti-neutrinos from all possible
decay modes of kaons, in addition to those from pions
and muons, were made by Osborne et al.* and Cowsik
etal.®

At the Kolar Gold Mines, a detailed mapping of
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Fig. 1 The scintillator-lead-GM counter telescope used at great depths in KGF mines. A coincidence of pulses from PMTSs viewing the
two scintillators and the sandwiched GM counter array provided the signal with negligible background.

Tablel

Summary of muon measurements by MNR experiment in KGF mines.
Depth from  Depth from the Time of Number of  Counting
surface in top of the observation:  counts ratein
meters atmosphere (mwe)  Hrs. Mins. observed counts/hr
270 810 60 - 20 10,152 168.3 + 1.7
800 1812 100- 28 1,029 10.23+0.32
1130 3410 211-45 142 0.67 £+ 0.056
1415 4280 944 - 06 127 0.132 + 0.012
2110 6380 2992 - 40 18 6.0+ 1.4)x10°3
2760 8400 2880 - 00 none <3.47x1073

cosmic ray muons as a function of depth and angle
was undertaken since 1960 in a series of experiments
by Miyake, Narasimham and Ramanamurty up to ~
3 km below ground. It was clear that the muon fluxes
attenuate rapidly with depth and are so low at the great
depth of 8400 hg/cm?, that no count was recorded for
2 months in detectors of area 3 sg. meters. This paved
the way for a realistic estimate of the muon back-
ground for a possible neutrino detector using the ad-
vantage of great depths for unambiguous detection of
events from neutrino interactions (see Menon et al.®).
This was indeed the starting point for the neutrino ex-

periments conducted in KGF, India, and in the ERPM
mines in South Africa during 1965.

2 Cosmic Ray Muons

A brief description of the muon experiments at KGF
will be useful to understand how the neutrino experi-
ments evolved in a natural manner.

The KGF mines are situated at 870 m above sea
level at a latitude of 12°54’N near Bangalore, South
India; it has a flat surface topography (+40m) over a
3 km x 3 km area around the main shaft of the Cham-
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pion reef mine. The mines have an extended network
of tunnels underground permitting observations at a
series of depths down to 3 km, i.e., 8400 hg/cm? of
Kolar rock. The Kolar rock has special characteristics
in terms of density (3.02 g/cm3), and chemical com-
position i.e. (Z/A) = 0.495 and (Z?/A) = 6.4 when
compared to the so-called standard rock (0.5, 5.5 re-
spectively). The first experiments on depth variation
of muon fluxes at KGF were conducted by Sreekantan
et al.” up to depths of 900 hg/cm?. At KGF, 1 hg/cm?
is equivalent to approximately 30 cm of rock thick-
ness.

A new series of TIFR experiments was
started in 1961 by Miyake, Narasimham and
Ramanamurty®(MNR) covering depths ranging from
816 to 8400 hg/cm?. They employed a scintillation
counter-lead telescope of area 1.62 m? in a 4-fold
coincidence mode of photomultipliers (PMT’s) and
added another similar unit (with an extra layer of GM
counters) to increase the rate of collection of muons at
depths of 6380 and 8400 g/cm?. A picture of the de-
tector is shown in Fig. 1. Table | provides some details
of the data collected in these experiments (Miyake et
al.*°). The counting rates were converted to actual
fluxes by taking account of the aperture and the angu-
lar distribution of muons at each depth of observation.
The angular distribution was known only for the very
shallow depths at that time and one had to infer it for
great depths from the Depth vs Intensity relation of
muons.

The angular distributions of muons were mea-
sured at KGF by a TIFR-Durham University exper-
iment (Achar et al.?) using neon flash tubes (glass
tubes of 1 cm diameter, 2 m long, filled with spec-
troscopic neon and sealed) as visual track detectors;
they had a resolution of approximately 10° in the pro-
jected zenith angle of the tracks. The angular distri-
bution was measured at depths of 816, 1812 and 4100
hg/cm? and found to be consistent with those derived
indirectly from depth-intensity variation. See Fig. 2.
This was indeed the starting point to use a visual de-
tector at KGF in the study of cosmic rays at great
depths. Neon flash tube arrays were used in all ex-
periments conducted at KGF subsequently, until pro-
portional counters in large numbers were employed in
the massive proton decay experiments during 1980.

While the angular distribution could be expressed
as 1(6) =1(0) cos" O for shallow depths, the exponen-
tial depletion of flux at great depths is more accurately

expressed as I(h,8) = I(h,0)sec 8exp[—n(secO —
1)]. At the depth of 7000 hg/cm? , the exponent
n=9=+0.5, a fact that is crucial in the identification
of neutrino events to be discussed in the next section.

3 Neutrino Experimentsat KGF

The no-count observation of the experiment of
Miyake et al.’ at the depth of 8400 hg/cm? led to
the conclusion that the atmospheric muon intensity
has been attenuated to such an extent that one could
search for rare processes like the interaction of high
energy neutrinos of the cosmic ray beam. However,
with the measured cross-section up to 10 GeV and
the estimated fluxes of all neutrinos, it was clear that
at least a few kilotons of target would be required to
record a few neutrino interactions per year. On the
other hand, one could detect the muons produced in
the charged current neutrino interactions in the sur-
rounding rock by using modest detector arrays of large
area. The target material available in such a case de-
pends upon the range of the muon inside the rock,
which is proportional to the muon (neutrino) energy.
Furthermore, one could suppress the residual atmo-
spheric muon background by utilizing the widely dif-
ferent features of the angular distributions. While at-
mospheric muons have a steep distribution with a peak
in the vertical direction, the neutrino-induced muons
have a nearly isotropic distribution but with an energy-
dependent excess in the horizontal direction. This fea-
ture was exploited in designing the detector arrays as
horizontal telescopes, which provided maximum sen-
sitivity for detection of neutrino events.

Very little was known at this time from the accel-
erator experiments about neutrino interactions at en-
ergies beyond a few GeV and the success of cosmic
ray experiments indeed depended heavily on the pre-
dictions on the cross-section at higher energies and
the details of interactions. The neutrino-interactions
studied at accelerators (ANL, BNL and CERN) in the
early 1960s were based primarily upon v, beams; v,
interactions were not studied as also the v, and v.
processes. The v,, cross-sections measured at CERN
upto 10 GeV and the mean fraction, f, of muon en-
ergy in charged current processes can be summarized
as follows™:

e Elagtic: (0.6 +0.2) x 1073 cm? per n-p
pair, f=0.95+0.05.
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Fig. 2 Depth vs. Intensity plot from all experiments conducted at KGF until 1970. Many points in this plot were extracted from angular
distributions assuming that only pions and kaons are the parents of muons.

. IneIastic(N§/2 32

10~38¢m? per proton,

production): (1.13+0.28) x
f =0.75.

e Al (elagtic + indastic):
1038 cm? per nucleon,

(0.8+£0.2) x E, x
f =0.54+0.06.

The atmospheric neutrino fluxes—muon and electron
types and their anti-particles—had been estimated in
detail by this time using specific interaction models
(Cowsik et al.®) or working back from the observed
energy spectrum of muons to the production spectra
of pions and kaons in the collisions of cosmic rays in
the Earth’s atmosphere*. The fluxes and their angular
distributions as a function of energy, as estimated by
Oshorne et al., are shown in Fig. 3.

The principle of detection of neutrino events was
to a) deploy detectors at great depths underground, b)
maximize the exposure and suppress the residual at-
mospheric muon component by employing horizon-
tal telescopes or of a rail-geometry, and c) search for
muons generated by neutrino interactions in surround-
ing rock, at large zenith angles, using visual detectors.
The target mass is provided by the rock and its weight
depends on the range of a muon produced in neutrino-
interactions; this in turn depended on the muon energy

whose fraction, f, in the interaction is related to the
processes at play, as given above.

The rate of neutrino interactions inside the rock
can be expressed as follows:

1i(6)d6 =/ Fi(E,,8)dE,d6 x o(E,) x R[E/f]
th
XNy, X P,

where 6 is the zenith angle of neutrinos; i is the
flavour index—ve, vy, Ve,0rv,; o is the cross-section;
f is the fraction of energy transferred to leptons; R is
the range of muons in g per cm? ; N, is the Avagadro
number and p is the density of rock. The lower limit
‘th’ is the trigger level for each of the detectors.

KGF Neutrino Detectors

The neutrino experiment at KGF was conducted
by groups from TIFR, India, Durham University, UK,
and Osaka City University, Japan, using techniques
perfected over the years for the muon experiments de-
scribed in Section 2, i.e., basic trigger with scintilla-
tion counters and Neon Flash Tubes (NFT) for track-
ing detectors. Seven detectors were deployed in a long
tunnel at the depth of 2.3 km in the Heathcote shaft
of Champion reef mines, in three batches spread over



EXPERIMENTAL NEUTRINO PHYSICS IN INDIA 15

ratio

neutrine intensity x £%/m-? 51 ar—! GeV

G

(a) contributions from
various decays

500

25( =
90  80° 60°

W 200
zenith angle, ¢

(b) inteasity relative to that at 907,

as. a function of energy

Fig. 3 Energy spectra of neutrinos produced in the atmosphere, after Osborne et al.# ( v,’, denotes v, + v_‘, and v[, denotes Ve + Ve; in (a)
the letter in brackets after the type of neutrino indicates the parent particle).

2 years, starting from the end of 1964. All of them
had vertical walls of scintillators as trigger, NFT as
tracker and absorber walls of lead (Telescopes 1,2),
iron (Telescopes 3,4,5) or magnetized iron (Spectro-
graphs 6,7), as shown in Fig. 4. This geometry pro-
vided maximum aperture for near horizontal tracks,
where the atmospheric muon background is negligi-
ble.

A schematic of the three types of detectors is
shown in Fig. 4. By April 1965, the first telescopes
(Tels. 1 & 2) were operational and the first ever clear
neutrino events were recorded in them in May 1965.
The scintillator walls were of area 2m x 3m (Tels.
1,2), 2m x 2m (Tels. 3,4,5) and 2m x 4m in the
spectrographs. Each 1m square area was viewed by
2 PMTs whose pulses were measured over a dynamic
range of ~ 20 with on-line oscilloscopes and which
were also used to generate the trigger. Between these
walls of scintillators, the NFT trays (4 staggered lay-
ers in each) and absorbers walls were sandwiched as
shown in Fig. 4. The absorbers were two walls of
2.5 cm thick lead in Tels. 1 & 2, four iron walls of
7.5 ¢cm thickness in Tels. 3,4 & 5 and 40 cm thick
magnetized iron in the spectrographs 1 & 2. These
provided different thresholds (100 MeV for Tels. 1

& 2 and larger for the rest of the detectors) and dis-
tinction between the electromagnetic component and
muons/hadrons traversing these detectors. The visual
tracking detectors were built into modules of area 1m
x 2m with 4 staggered layers of 2 cm dia, 2m long
NFT’s, and were pulsed with high voltage on trigger
from scintillators. These allowed measurement of spa-
tial angles in Tels 3,4 & 5 due to orthogonally placed
NFT arrays, but only projected angles in Tels. 1 & 2
and the two spectrographs, with an overall accuracy
of ~ 1°.

The primary trigger was by a 4-fold coincidence
of PMT pulses on opposite walls of the detectors.
With a minimum threshold of ~ 100 MeV, there
was essentially no background from radioactivity—
the signal comprised entirely of cosmic ray muons
and a tiny number of neutrino-induced events. A de-
tailed description of the detectors, trigger and analysis
of neutrino data was given by Narasimham™.

Identification of Neutrino-Induced Events and
Results

As discussed in section 2, the atmospheric muons
have a very steep angular distribution at this depth and
their flux falls to negligible levels at large zenith an-
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Fig. 4 Neutrino detectors at the depth of 2.3 km at KGF

gles. On the other hand, the neutrinos arrive fairly
isotropically at these depths. As a result, a cut on the
zenith angle of muons (> 50°) provided an efficient
filter for neutrino events. In some cases, upward go-
ing muons/events could be easily identified by their
shower profile in the detector and these are undeni-
ably due to upward going neutrinos.

A total of 220 events were recorded in these detec-
tors; of these, 18 were identified as products of neu-
trino interactions. The remainder, with zenith angles
< 50° , were attributed to atmospheric muons. The
number of events in each category and exposures are
given in Table II.

The first neutrino event recorded underground was
in early 1965 (Achar et al.*?). The first clear inelastic
neutrino event was Event 4 in Telescope 2 with two
well-defined tracks emerging from the rock in an up-
ward direction, see Fig. 5. Based on the prevailing
knowledge at that time, it was considered as a can-
didate for W-boson production, with one track due
to charged current interaction of a muon neutrino in
rock and the second one due to a muon from decay
of an associated W-boson i.e., v+ N — N+ u+W,

with W — u+ v. From these data, the horizontal in-
tensity of v-induced muons with energy loss > 100
MeV was estimated as 1,(6 = 90°) = (3.5+0.9) x
10~13/cm?/seclst.

A detailed comparison with the estimated num-
ber of events for different scenarios on the growth of
cross-section with energy, W-boson production etc.,
was made, using the available accelerator based data™
and the theoretical extrapolations; this is shown in
Fig. 6. Krishnaswamy et al.* had then concluded that
the mass of the W-boson should be at least 3 GeV
at 90% confidence level—much before the advent of
high energy neutrino beams and the eventual discov-
ery of W and Z bosons at the CERN p- p collider.
One should also mention the use of magnetic spectro-
graphs for the first time in these studies. Each of the
two spectrographs had a magnetic field of 1.4 Tesla
and an MDM of ~30 GeV/c for the best configuration
of tracks; but for typical tracks it was ~10 GeV/c. In
a total aperture x time of 1.4 x 109/m?/sec/st, only
4 neutrino-events were recorded. The muons in these
events had momenta < 4GeV/c except one which was
close to the MDM. The signs of charges were 3 posi-
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Division of events and exposure times. (OST was a special trigger using PMTs on any one side-wall of counters,

Detector —» Telescopes  Telescopes  OST Spectrographs
1& 2 34&5 1&2
Run time (years) 5.6 2.0 2.99 2.83
No. of atmospheric muons 42 2 76 82
No. of v-induced muons 7 2 5 2
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Details of the double track event (no. 4) showing the bottom third of telescope no, 2.

Fig. 5 An expanded view of a section of Telescope 2 in which an inelastic collision in rock of an upward-moving neutrino was recorded.

The black dots are the fired NFTSs.

tive and one undecided. We will compare these results
with predictions, in section 4.2, where the Utah results
on the energy spectrum of v-induced muons are pre-
sented.

Events With Unusual Features (Kolar Events)

In the neutrino experiments at 7000 hg/cm?, as
well as those conducted later at 3375 hg/cm? and the
proton decay experiments in the KGF mines, it was
noticed (Krishnaswamy et al.*®) that some multi-track
events (6 in total) had unusual features which could
not be explained away by any known processes of
muons or neutrinos. They are characterized by the fol-
lowing features:

1. The event consisted of two or more tracks, with

at least one of them a muon or a pion as seen
from their penetrating power without shower-

ing.

2. All tracks of the event seemed to originate from
a vertex located either in air or thin detector ma-
terials, based on an extrapolation of projected
angles of tracks.

3. The tracks had a large opening angle (~ 45°)
between them and

4. their rate was depth-independent and was a frac-
tion of neutrino events.

A few examples of such events recorded in the neu-
trino detectors at 2.3 km depth are shown in Fig. 7.
The first event had 3 tracks, out of which there is at
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Fig. 6 Comparison of the observed number of neutrino events with estimates based on various interaction processes. E is the neutrino

energy at which the cross-section was assumed to level off. The errors shown are of 1o value.

least one penetrating track (u/m) traversing lead ab-
sorbers without showering. When extrapolated, they
meet in air at a distance of 45 cms from the nearest
rock wall. The second one had 3 penetrating tracks
with a large opening angle. The third one has only
2 tracks, either due to p or T at an opening angle of
~ 63°. In the proton decay experiments at KGF there
were similar examples. One of them consisted of an
upward-going muon (> 1 GeV) at an angle of 62° ,
a down-going shower at a median angle of 51° with
visible energy of > 2 GeV and with the vertex close
to the edge of the rock wall. It was suggested that
most of these events could be due to new particles of
mass of a few GeV with an unusually long life-time of
~ 1079 sec. and produced at a rate of the same order
of magnitude as that of the atmospheric neutrino in-
teractions. Searches were made at the v- experiments
at CERN* and at Fermilab'” but they led to negative
results with bounds on cross-sections (and masses) to
produce neutral, long-lived particles in neutrino inter-
actions.

A number of theoretical attempts were made*s **2°
to understand the production processes and see if they
could fit into the prevailing schemes of particles and
their interactions. The Kolar events have so far re-
mained an enigmatic puzzle and they need to be stud-
ied with specially designed detectors that can address

their special characteristics.

4 Contemporary Neutrino Experiments

In this section we describe some of the other neutrino
experiments that were contemporary to the KGF neu-
trino experiments.

Experiments in South African Mines

Around the same time as the KGF neutrino-
experiments, groups from Case Institute of Technol-
ogy, University of California (Irvine) and University
of Witswatersrand had set up an experiment in the
E.R.P. Mines in South Africa at a depth of 3200 m.
The principle of detection of v-events was essentially
the same as in the KGF experiment i.e., to look for
interaction products from surrounding rock. Their de-
tector (see Fig. 8) arranged in a rail geometry com-
prised 2 walls of liquid scintillation tanks of total area
160 m2. Each tank had dimensions of 500 cm x 56 cm
x 13 cm and was viewed by PMTs from both sides.
This gave a position measurement (+ 15 cm) along the
length of the tank and when combined with the loca-
tion of the hit tanks in the 3-tier bays, gave an angular
resolution of & 10°. In the first experiment, started in
1965 with 54 tanks, there was neither an absorber nor
a tracking detector and the detection depended on the
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Fig. 8 On the left is shown the detector array in ERP mines with only scintillator tanks in a rail geometry. On the right are shown particle
trajectories for 3 types of events in yz and xy views in the final detector assembly including a tracker.

great depth, the energy deposit, and the crude zenith
angle of tracks as measured from the well-separated
bays of scintillators.

The first detector recorded about 35 neutrino
events from which the flux of v-induced muons was
determined as (3.5 4 0.7)10713 /cm?/sec/st, assuming
an isotropic angular distribution. Subsequently, it was
shifted to a new site, 50m deeper, where the detector
was expanded to include neon flash tubes as tracking
detectors. About 50,000 of them were used in an or-
thogonal geometry straddling the scintillator tanks, to

get an angular resolution of 0.5°. Some representative
events are shown in Fig. 8 where the hits in the flash
tubes can also be seen. Event 131 is probably an at-
mospheric muon at 8 = 34 +5°; event 61 is neutrino-
induced and has two tracks at 68° and 84° with vertex
at the edge of rock; event 443 has a single track at
41° and is a border line case between these two types
of processes. The angular distribution of all events
recorded in this experiment® is shown in Fig. 9, where
one notices the clear separation between atmospheric
muons and neutrino-induced events. The data were
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Fig. 10 The neutrino detector in Utah salt mines.

fitted by a curve giving the vertical intensity of muons
vs vertical depth, h, as

v, (o)

where A= (2.26+0.16) x 1076 /cm?/sec/d, and y =
(7.584+0.09) x 10* g.cm~2 and the flux of v-induced
muons, 17}, = (2.23+0.20) x 10 **/cm?/sec/st. The
v-induced muon flux from this measurement is con-
sistent with that of its Phase 1 result mentioned above;
it is also in general agreement with the fluxes reported

from the KGF experiment.

= Aexp(=ho/y) +1y, ,

The Neutrino Experiment in the Utah Salt Mine

A 2 kton detector was employed by the University
of Utah group in a salt mine under the Utah mountains

with a vertical overburden of 1500 hg/cm? . Due to the
shallow depth of the location, only up-going particles
could be unambiguously identified with neutrino in-
teractions. The detector, shown in Fig. 10, had fast
timing from water Cerenkov detectors for trigger as
well as to get the sense of motion of particles, cylindri-
cal spark counters for tracking, and magnetised iron to
measure momenta upto ~100 GeV/c.

While it had collected lot of data on the atmo-
spheric muons in terms of angular distribution, charge
ratio as a function of energy, and multiplicity dis-
tribution of muons, only a few neutrino events with
measurement of muon momenta were reported from
this detector 2. The energy spectrum thus obtained is
shown in Fig. 11, where the KGF data is also plot-
ted. The conclusion was that the spectrum is con-
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Fig. 11 The energy spectrum of neutrino-induced muons, measured by the Utah and KGF experiments.

sistent with a linear growth of neutrino cross-section
upto high energies and that the W-boson mass has to
be large.

The BAXAN Neutrino Detector

This detector had a large array of liquid scintil-
lator tanks at a vertical depth of 300 m in the El-
brus mountain of Baxan valley, Russia. With about
3000 tanks (330 tons of liquid) arranged in 4 well-
separated layers and fast timing, it was designed to
identify the up-moving v-induced muons (threshold
of 2 GeV) from the overwhelming down-moving at-
mospheric muon flux. Based on 19 up-moving muons
in the angular range of +50° around the vertical direc-
tion, they obtained the vertical flux of (1.92 +0.44) x
10~13 /cm?/sec/st. This was in close agreement with
their estimates on the neutrino-induced muon fluxes
which led Boliev et al.? to set an upper limit of
6 x 102 eV2 on Am? at maximum mixing angle in
the 2-neutrino oscillation scenario.

In summary, neutrino events were detected unam-
biguously amidst the large cosmic ray background us-
ing different techniques and the observed rate of inter-
actions in rock was consistent with the estimates based

on the atmospheric neutrino fluxes and the cross-
sections measured at the accelerators, as of 1971.

5 Neutrinos as Background to Proton Decay
Experiments

The Grand Unified Theories (GUT), proposed dur-
ing the mid 1970s, invariably led to the prediction of
non-conservation of baryon number as the only con-
sequence that could be tested at the laboratory level.
In particular, it was predicted that proton decay or
bound nucleon decay could occur with a mean life of
10%° — 10%* years and into a variety of decay channels
depending on the details of the GUT models. The ex-
periments conducted deep underground until then, ei-
ther to study atmospheric muons at KGF®, or neutrino
interactions in the ERPM? and KGF mines®, were
used to set lower limits of about 10%° years on the life-
time of bound nucleons. But these were counting type
experiments of limited mass and were never designed
to search for nucleon decay events that would have
special decay characteristics and they had no ability
to discriminate against the background from low en-
ergy neutrino events.
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Dedicated proton decay experiments were there-
fore planned in late 1970s to extend the reach and to
distinguish the possible decay signal from the back-
ground. With total visible energy in such decays be-
ing less than 1 GeV, it was the low energy neutrino
component that posed a formidable background. This
led to a variety of detector designs, such as fine grain
calorimeters, tracking detectors and water Cerenkov
detectors to discriminate against such background. It
is but natural that these experiments also collected rich
data on atmospheric neutrinos from confined events of
low energy to through-going muons produced in inter-
actions in the surrounding rock.

The first experiment of this type was started at
KGF in 1980 at the depth of 2.3 km with 140 tons of
steel plates and proportional counters followed by an-
other 340 ton expanded version at the depth of 2 km.
This was followed by a fine grain tracker with Irocchi
tubes at a depth of 1.5 km under Mt Blanc, an NFT
tracking detector in the Frejus tunnel at a depth of
1.6 km, a massive water Cerenkov detector by Irvine-
Michigan-Brookhaven (IMB) groups in Cleveland salt
mines at a depth of 600 m and a water Cerenkov de-
tector using large PMTs at a depth of 1 km in the
Kamioka mines.

Neutrino Results from KGF Nucleon Decay
Experiments

The first (Phase 1) detector was set up at a depth of
2.3 km, close to the site of the earlier neutrino exper-
iment. The main detector modules were sealed pro-
portional counters of cross-section 10 cm x 10 cm
and 4m (6m) length, which provided tracking and also
ionization measurement of particles®®. They were ar-
ranged in a 140 ton array of 34 horizontal layers with
1/2" thick iron absorbers between them as shown in
Fig. 12.

The zenith angles of penetrating tracks were mea-
sured to better than 1° and the energy loss dE/dx
of particles and penetration of absorbers were used
to distinguish electrons from muons/pions. Another
detector (Phase 2) of similar design but with a to-
tal weight of 340 tons and comprising 60 horizontal
layers of proportional counters in a cubical detector
of side 6m, was set up a few years later at a depth
of 2 km in the same mines”. In addition to neu-
trino interactions in the surrounding rock, one has also
neutrino events produced within the detector material

(iron) acting as target. The latter category comprises
the fully confined events as well as partially confined
events with vertex inside the detector. Since the timing
response of the counters was not adequate to measure
the sense of direction, only the muons traversing the
detector at large angles ( > 55° in Phase 1 and > 60°
in Phase 2 detectors) could be unambiguously identi-
fied as due to v, interactions in rock.

A detailed evaluation of the early data from the
KGF detector was made by Krishnaswamy et al.?;
this involved a study of various processes of neu-
trino interaction leading to confined events with en-
ergy up to a few GeV, through-going muons due to
high energy neutrinos (mean energy ~ 50 GeV) and
the intermediate energy events classified as partially
confined ones. We present here only the category
of through-going muons. The total numbers of such
events recorded in these experiments, conducted over
10 years® are shown in Table I1l and their angular dis-
tributions in Fig. 13.

Tablelll
Details of KGF data on neutrinos during 1980-90. The number of

neutrino-induced muons includes includes up-going muons while the
background is mostly from the first bin after the cut-off angle.

Experiment  LiveTime No. of v-induced  Background
(Years) muons (atm. muons)

Phase | 8.41 139(55° —125°) 113

Phase I 5.53 182 (60° —120°) 17.8

Total 321 29.1+23

One notices in this plot a clear separation of the
two types of events i.e., atmospheric and neutrino-
induced. The number of the observed neutrino events
with separate cuts on zenith angles for Phase 1 & 2
detectors were consistent with predicted values within
the statistical accuracies of data and the uncertainties
in fluxes and cross-sections "%,

The Phase 1 & 2 detectors had recorded ~ 100
confined events, out of which ~ 84 had visible energy
larger than 200 MeV, in a total exposure of 1.65 kton
years. These included single tracks (u, 1), showers
(e,m°) and inelastic events with multi-track configura-
tion. These were analysed in terms of v-interactions
as well as possible decay of bound nucleons in the
iron absorber and also in the detector material. An
early analysis of the Phase 1 data was given by Krish-
naswamy et al.¥”. While there were candidate events
that are consistent with nucleon decay in this final
sample, they are by no means unambiguous or con-
clusive to be ruled out as rare v-interactions. These
data were therefore used to set stringent lower limits
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Fig. 12 Front view of Phase 1 Nucleon decay detector at 2.3 km depth in KGF. Each square section seen here is of a proportional counter
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Fig. 13 Angular distribution of through-going muons in KGF detectors.

on the life-time of bound nucleons that could decay

into a variety of channels predicted by grand unified
theories.

Neutrino Data from Other Proton Decay
Experiments

As mentioned earlier, two types of detectors were
employed to search for proton decay:

1. Fully activated water Cerenkov detectors by
Irvine-Michigan-Brookhaven  collaboration®
in Cleveland salt mines in USA, Harvard-
Pennsylvania-Wisconsin® under Utah moun-
tains in USA, and Kamiokande® collaborations
in a mine in Japan.

2. Tracking calorimeters with iron absorbers by

Nusex in Mt Blanc tunnel®; Frejus experiment®
in a tunnel in France and Soudan Il experiment
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Table IV
A compendium of results from the proton decay detectors of the 1980s. Here ST stands for (muon like) single tracks; SH for e-like showers, and R is as
defined in the text. A comparison with calculations from a Monte Carlo (MC) simulation is also shown.

Experiment Exposure vydata v, M.C vedaa veM.C R
(ktonyear)  (ST) (smn) (SH) (SH) ratio of ratios
Contained events only
IMB1 3.80 104 136 297 265 0.68+0.08
Kamioka-ring 7.70 234 356.8 248 227.6 0.60+0.06
Kamioka-decay 182 2775 300 313.9 0.69+0.06
IMB-3ring 7.70 182 268 325 257.3 0.54+0.05
IMB-3 decay 208 261.5 402 348.5 0.64+0.07
Frguscontained  2.00 94 100 89 82 0.87+0.13
Soudan 2 101 335 421 35.3 28.7 0.64+0.19
NUSEX 05 32 36.8 18 20.5 0.99+0.29
Including the uncontained events

Kamioka Multi-GeV 0.59+0.08
Fregjus-Total 0.96+0.18

in a mine in Minnesota, USA®.

The largest among these were at IMB (with 9
ktons of water under 1600 hg/cm?) and Kamiokande
(with 3 ktons of water under 2700 hg/cm?) whereas
the Frejus experiment had 800 tons of steel and a
fine-grain flash chamber tracker at 4400 hg/cm? and
the Nusex experiment employed 160 tons of steel
plates with lrocchi tube tracking. Since they were
operated at different depths underground, different
strategies were needed to suppress cosmic ray back-
ground. While only strong lower limits could be set
on proton decay life-time from these experiments, the
wealth of data on atmospheric neutrinos allowed a de-
tailed study of fluxes of electron and muon neutri-
nos. A summary of the neutrino data obtained from
these experiments is shown in Table IV.A strong ev-
idence from the large water detectors on the deple-
tion of v-induced muons, as exemplified by the ratio
R= (Nu/Ne)gata/ (Nu/Ne)yc has been a clear signal
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