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We give an element ary review of recent discov-
er ies in neut r ino physics, culminat ing in t he so-
lut ion of t he solar neut r ino problem and t he dis-
covery of neut r ino mass. A t mospher ic neut r inos,
react or neut r inos and ot her impor t ant develop-
ment s are also br ie° y descr ibed.

1. I nt roduct ion

This is an elementary account of the recent discover-
ies in Neutrino Physics. Because of its historical im-
portance and its role in the story of Hans Bethe, the
genesis of the solar neutrino problem and its solut ion in
terms of neutrino oscillat ion are described in greater de-
tail. In part icular, we trace the story of the 80-year-old
thermonuclear hypothesis which states that theSun and
thestarsarepowered by thermonuclear fusion react ions.
We describe how the Sudbury Neutrino Observatory in
Canada was ¯ nally able to give a direct experimental
proof of this hypothesis in 2002 and how, in the process,
a fundamental discovery, i.e. the discovery of neutrino
mass was made.

Atmospheric neutrinos and reactor neutrinos are im-
portant for a complete analysis of neutrino oscillat ions.
Theseand many other equally important issuesarebrief-
ly discussed at the end.

2. Solar N eut r inos

In the 19th century, the source of the energy in the Sun
and the stars remained a major puzzle in science, which
led to many controversies. Finally, after the discovery
of the tremendous amount of energy locked up in the
nucleus, Eddington in 1920 suggested nuclear energy as



50 RESONANCEç October   2005

GENERAL  ç ARTICLE

How does the Sun

shine? Thermonuclear

fusion is the answer.

But, observation of

neutrinos from the

Sun is the only direct

experimental

evidence for this

hypothesis. That is the

importance of

detecting neutrinos.

Neutrino is the only

particle that has

only weak

interactions and

hence the extreme

difficulty of its

detection.

thesourceof solar and stellar energy. It took many more
years for the development of nuclear physics to advance
to the stage when Bethe, the Master Nuclear Physicist ,
analysed all the relevant facts and solved the problem
completely in 1939. A year earlier, WeiszÄacker had given
a part ial solut ion.

Bethe's paper is a masterpiece. It gave a complete pic-
ture of the thermonuclear react ions that power the Sun
and the stars. However, a not-so-well-known fact is that
Bethe leaves out the neutrino that is emit ted along with
the electron, in the react ions enumerated by him. Neu-
trino, born in Pauli's mind in 1932, named and made
the basis of weak interact ion by Fermi in 1934, was al-
ready a well-known ent ity in nuclear physics. So it is
rather inexplicable why Bethe ignored the neutrinos in
his famous paper. The authority of Bethe's paper was
so great that the astronomers and astrophysicists who
followed him in the subsequent years failed to note the
presence of neutrinos. Even many textbooks on astron-
omy and astrophysics writ ten in the 40's and 50's do
not ment ion neutrinos! This was unfortunate, since we
must realize that, in spite of the great success of Bethe's
theory, it is nevertheless only a theory. Observat ion of
neutrinos from the Sun is the only direct experimental
evidence for Eddington's thermonuclear hypothesis and
Bethe's theory of energy product ion. That is the impor-
tance of detect ing solar neutrinos.

Thebasic processof thermonuclear fusion in theSun and
stars is four protons combining into an alpha part icle
and releasing two posit rons, two neutrinosand 26.7 MeV
of energy. So it is t rivial to calculate from the solar
luminosity the total number of neutrinos emit ted by the
Sun; for `every' 26.7 MeV of energy received by us, we
must get 2 neutrinos. Thus one gets the solar neutrino
° ux at the Earth as 70 billion per square cm per sec. So
an enormous number of neutrinos are passing through
our body!
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Box 1. Carbon Cycle

The net process is 4p®  4He + 2e+ + 2ne.

The neutrinos emitted in the beta decay

of 13N have energies of 0 to 1.20 MeV

while those from 15O range from 0 to

1.73 MeV.

Box 2.  p–p Chain

In all the branches of the p–p

chain, the net process is

4p® 4He + 2e+ + 2ne. Neu-

trino energies (both continu-

ous as well as discrete) are

indicated at the correspond-

ing reaction or decay. The

percentage numbers are the

relative probabilities for the

various branches, as calcu-

lated in the Standard Solar

Model (SSM).

However, the probability of four protons meet ing at a
point is negligibly small even at the large densit ies ex-
ist ing in the solar core. Hence the actual series of nu-
clear react ions occuring in the solar and stellar cores are
given by the so-called carbon cycle (Box 1) and the p{ p
chain (Box 2). In the carbon cycle the four protons are
successively absorbed in a series of nuclei, start ing and
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The net process is

the fusion of four

protons to form an

alpha particle with

the emission of

two positrons and

two neutrinos.

The high energy

flux of neutrinos

from the Sun is

proportional to the

18th power of the

temperature in the

solar core and

hence is a very

sensitive

thermometer for

the solar core.

ending with carbon. In the p{ p chain two protons com-
bineto form thedeuteron and further protonsareadded.
Weshall not go into details hereexcept not ing that both
in the carbon cycle and the p{ p chain, the net process
is the same as what was ment ioned above, namely the
fusion of four protons to form an alpha part icle with the
emission of two posit rons and two neutrinos.

In the Sun, the dominant process is the p{ p chain. Al-
though the total number of neutrinos emit ted by the
Sun could be trivially calculated from the solar lumi-
nosity, their energy spectrum which is crucial for their
experimental detect ion, requires a detailed model of the
Sun, the so-called Standard Solar Model (SSM). SSM
is based on the thermonuclear hypothesis and Bethe's
theory, but uses a lot more physics input. A knowledge
of the neutrino energy spectrum is needed since the neu-
trino detectors are strongly energy sensit ive. Infact all
detectors have an energy threshold and hence miss out
the very low energy neutrinos.

Leaving out the details, the solar neutrino spectrum is
roughly characterized by a dominant (0.9975 of all neu-
trinos) low energy spectrum ranging from 0 to 0.42 MeV
and a very weak (0.0001 of all the neutrinos) high en-
ergy part extending from 0 to 14 MeV (Box 3). The
former arises from the p{ p react ion of two protons com-
bining to form a deuteron, a positron and a neutrino.
The lat ter comes from the beta decay of Boron-8 which
is produced in a thermonuclear react ion init iated by a
proton combining with Beryllium-7. Most of the neu-
trino detectors detect only the t iny high-energy branch
of the spectrum, the so-called Boron-8 neutrinos.

While the dominant low-energy neutrino ° ux is basi-
cally determined by the solar luminosity, the ° ux of the
high-energy Boron-8 neutrino ° ux is very sensit ive to
the various physical processes in the Sun and hence is
a test of SSM. Infact , this lat ter ° ux is a very sensi-
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Box 3. Energy Spectrum of the Solar Neutrinos

The y axis represents the

flux of the neutrinos in

units of cm–2 sec–1 MeV–1

for the continuum neutri-

nos and cm–2 sec–1 for the

neutrinos of discrete en-

ergy. The thresholds of

various detectors are also

shown.

t ive funct ion of the temperature of the solar core, being
proport ional to the 18th power of this temperature and
hence this neutrino ° ux providesa very good thermome-
ter for the solar core. In contrast to the photons which
hardly emerge from the core, the neutrinos escape un-
scathed and hence give us direct knowledge about the
core.

There is a simple physical reason for this sharp depen-
dence on temperature. It is related to the quantum-
mechanical tunnelling formula, the famous discovery of
George Gamow. The probablity for tunnelling through
the repulsive Coulomb barrier has a sharp exponent ial
dependenceon thekinet ic energy of thecolliding charged
part icles.

The pioneering experiment on solar neutrinos started
by Davis and collaborators in the 60's is based on the
inverse
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Box 4.  Beta Decay and Inverse Beta Decay

(Z,N) represents a nucleus with Z

number of protons and N number of

neutrons. At the bottom, b – and b +

decays are shown digrammatically.

W– and W+ are charged intermedi-

ate weak bosons. If the direction of

the arrows in the neutrino lines are

reversed and ne and ne changed to ne

and ne respectively, they will repre-

sent the inverse b decay reactions.

inversebeta decay process: Chlorine-37 absorbs theneu-
trino to yield Argon-37 and an electron. (See Box 4
for beta decay and inverse beta decay.) A tank con-
taining 615 tons of a ° uid rich in chlorine called tetra-
chloroethylenewasplaced in theHomestakegold minein
South Dakota (USA). The ° uid was periodically purged
with helium gas to remove the argon atoms which were
then counted by means of their radioact ivity. In a typ-
ical series of 62 runs during 1970-1983, the number of
radioact ive Argon-37 atoms detected per day was 0.44
§ 0.04. Of this, 0.08 § 0.03 was att ributed to cosmic
ray and other background and so the number of argon
atoms produced by solar neutrino capture was 0.36 §
0.05 per day. These numbers give an idea of the level of
achievement of Davis in devising methods of extract ing
the argon atoms and count ing them. No wonder it has
been likened to ¯ nding a part icular grain of sand in the
whole of the Sahara desert .
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Out of the millions

of high-energy

neutrinos arriving

per sec at Davis’s

huge tank of the

detecting fluid, only

about one neutrino

per three days

interacted. That is

the meaning of

‘weak interaction’.

Over the 3 decades

of operation of

Davis’s experiment,

the discrepancy

between the

predicted and the

detected numbers of

solar neutrinos

remained and was

known as the solar

neutrino puzzle.

1 See S N Ganguli, Neutrinos

and our Sun, Resonance, Vol.9,

Nos.2,3. 2004.

The detect ion threshold in Davis's experiment was 0.8
MeV and thus only the high-energy Boron-8 neutrinos
were detected. SSM could be used to get the number
of neutrinos expected above this threshold and the de-
tected number was less than the predicted number by a
factor of about 3. Over the three decades of operat ion of
Davis's experiment, this discrepancy has remained and
has been known as the solar neutrino puzzle.

Davis's radiochemical experiment was a passive experi-
ment. There was actually no proof that he detected any
solar neutrinos. In part icular if a crit ic claimed that all
theradioact iveatomsthat hedetected wereproduced by
some background radiat ion, there was no way of conclu-
sively refut ing it . That became possible through the
Kamioka experiment1 that went into operat ion in the
1980's.

In contrast to Davis's chlorine tank, the Kamioka water
Cerenkov detector is a real t ime detector. Solar neu-
trino kicks out an electron in the water molecule (elas-
t ic scat tering) and the electron is detected through the
Cerenkov radiat ion it emits. Since the electron is most ly
kicked toward the forward direct ion, the detector is di-
rect ional. A plot of the number of events against the
angle between the electron track and Sun's direct ion
gives an unmistakable peak at zero angle, proving that
neutrinos from the Sun were being detected. The orig-
inal Kamioka detector had 2 kilotons of water and the
Cerenkov light was collected by an array of 1000 pho-
tomult iplier tubes, each of 20" diameter and this was
later superceded by the SuperKamioka detector which
had 50 kilotons of water faced by 11,000 photomut iplier
tubes. Both Kamioka and SuperK gaveconvincing proof
of the detect ion of solar neutrinos. The energy thresh-
old of these detectors was about 7 MeV and so only the
high-energy part of the Boron-8 spectrum was being de-
tected. The rat io of the measured solar neutrino ° ux
to the predicted ° ux was about 0.5, thus con¯ rming the

solar neutrino puzzle.
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All the three

classes of neutrino

detectors with

different energy

thresholds

detected the solar

neutrinos, but at a

depleted rate.

John Bahcall who

played a major role in

the genesis of the

solar neutrino

problem and

hammered at SSM

for more than 30

years until it reached

a precision suitable

for its eventual

confrontation with

solar neutrino

experiments died on

17 August 2005.

Thenext input camefrom thegallium experiments. The
Boron-8 neutrino ° ux is very sensit ive to the details of
the SSM and so SSM could be blamed for the detect ion
of a lower ° ux. On the other hand the low energy p{ p
neutrinos are not so sensit ive to SSM. So the gallium
detector based on the inverse beta decay of Gallium-71
was constructed. Although this was also a passive ra-
diochemical detector, its threshold was 0.233 MeV and
hence it was sensit ive to a large part of the p{ p ° ux ex-
tending upto 0.42 MeV. Actually two gallium detectors
were mounted, called SAGE and GALLEX and both
succeeded in detect ing the p{ p neutrinos in addit ion to
the B-8 neutrinos but again at a depleted level by a
factor of about 0.5.

To sum up, therewerethreeclassesof neutrino detectors
with di®erent energy thresholds, all of which detected
solar neutrinos, but at a depleted rate. The rat io R
of the measured ° ux to the predicted ° ux was 0.33 §
0.028 in the chlorine experiment, 0.56§ 0.04 in the two
gallium experiments (average) and 0.475 § 0.015 in the
SuperK experiment.

Actually it must be regarded as a great achievement for
both theory and experiment that the observed ° ux was
so close to the theoret ical one, especially considering the
tremendous amount of physics input that goes into the
SSM. After all, R does not di®er from unity by orders
of magnitude! This is all the more signi¯ cant since the
large uncertaint ies in some of the low energy thermonu-
clear cross-sect ions do lead to a large uncertainty in the
SSM predict ion. But astrophysicists led by late John
Bahcall were ambit ious and claimed that the discrep-
ancy wasreal and must be explained. Two points favour
this view. As already stated, the gallium experiments
sensit ive to the p{ p ° ux which is comparat ively free of
the uncertaint ies of SSM, also showed a deplet ion in the
° ux. Second, SSM has been found to be very successful
in account ing for many other observed features of the
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Box 5.

Electron (e), muon (m), tauon (t) ) and their associated

neutrinos.

Box 6.

Reactions on 37Cl induced by

the three flavours of neutrinos.

At low energies, only the ne can

induce the reaction.

Sun, in part icular the helioseismological data, i.e data
on solar quakes.

Hence something else is the reason for R being less than
unity and that is neutrino oscillat ion.

In addit ion to thewell-known electron, two heavier types
of electrons are known to exist . Reserving the name
electron to the well-known part icleof mass 0.5 MeV, the
heavier onesarecalled muon and tauon and their masses
are 105 and 1777 MeV respect ively. Correspondingly
thereare threetypesor ° avoursof neutrinoscalled e, mu
or tau neutrino that go respect ively with the electron,
muon or tauon in the beta decay as well as inverse beta
decay interact ions (See Box 5).

What is produced in the thermonuclear reactions in the
Sun is thee neutrino. If some of the eneutrinos oscillate
to the mu or the tau neutrinos on the way to the Earth,
the deplet ion in the number detected on the Earth can
be explained since the chlorine and gallium detectors
cannot detect the mu or tau neutrinos. Just as the e
neutrino produces an electron in the inverse beta decay
process, the mu or tau neutrino has to produce a muon
or a tauon respect ively in the ¯ nal state (See Box 6).
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If we say that

neutrinos have

oscillated into some

other flavour, we

have to detect the

neutrinos of those

flavours too.This is

precisely what the

Sudbury Neutrino

Observatory (SNO)

achieved and thus

finally solved the

solar neutrino

problem.

But since the energy of thesolar neutrinos are limited to
14 MeV, the muon or tauon with the high masses of 105
and 1777 MeV cannot be produced in the inverse beta
decay and so the neutrinos that have been converted
into the mu or tau ° avour through oscillat ion escape
detect ion.

Although elast ic scat tering of neutrinoson electron which
is used as the detect ing mechanism in the Kamioka and
SuperK water Cerenkov detectors can detect the con-
verted mu or tau ° avours also, it has a much reduced
e± ciency. Hence the deplet ion of the number of neutri-
nos observed in the water detector also is at t ributable
to oscillat ion.

Therewasa famouspaint ing called `TheCow and Grass'.
But nothing except a blank convas was visible. When
asked to show the grass, the painter said the cow had
eaten the grass. When pressed to show at least the cow,
he said it went away after eat ing the grass.

Our neutrino story so far is like that . We said ther-
monuclear react ions in the Sun must produce so many
neutrinos. We did not see so many neutrinos, but then
explained them away through oscillat ions.

In science we have to do something better. If we say
that neutrinos have oscillated into some other ° avour,
we have to see the neutrinos of those ° avours too.

This is precisely what is done in a two-in-one experi-
ment (Box 7). There are two kinds of weak interact ion
processes. Beta decay in which a nucleus decays into an-
other nucleus emit t ing a neutrino along with an electron
as well as the related inverse beta decay in which a neu-
tral neutrino colliding with a nucleus leads to a charged
lepton and a di®erent ¯ nal nucleus are both charged
current (CC) weak interact ion processes. (Here charged
lepton means electron, muon or tauon.) There is a sec-
ond class of weak interact ion known as neutral current
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Box 7.  CC and NC Reactions

na stands for ne nm  or  nt .

W– is the charged weak

boson while Z0 is the neu-

tral weak boson.

(NC) weak interact ion in which the neutrino colliding
with the nucleus excites or disintegrates it but remains
as the neutrino in the ¯ nal state. A low energy mu or
tau ° avoured neutrino will not cause the CC interact ion
in the nucleus as we already stated, but it can cause
NC interact ion. So if we design an experiment in which
both the CC and NC modes are detected, although the
CC mode will give only the number of e neutrinos, the
NC mode will give the total number of e, mu and tau
neutrinos. The total number detected will be a test of
SSM independent of oscillat ions while theNC minus CC
events will give the number that had oscillated away.

A huge two-in-one detector (BOREX) was proposed by
Pakvasa and Raghavan but that has not materialized.
The two-in-onedetector based on deuteron in heavy wa-
ter proposed by Chen has come up. This is the Sudbury
Neutrino Observatory (SNO) that has ¯ nally solved the
solar neutrino problem.

SNO uses 1000 tons of heavy water. Solar neutrino
breaks up the deuteron by CC and NC modes. While
CC modeleads to two protonsand an electron, NC mode
leads to a neutron, a proton and a neutrino. The thresh-
old of detect ion was again high like SuperK so that only
the B-8 neutrinos were detected. Let us now straight-
away go to the excit ing results of SNO that came out in
April 2002.
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In trying to verify the

thermonuclear

hypothesis

experimentally

through the detection

of solar neutrinos,

Davis and the other

scientists made a

discovery of

fundamental

importance, namely

that the neutrinos

have mass.

In Quantum

Mechanics, a

particle behaves

as a wave too and

vice versa. To

understand

neutrino oscillation,

think of neutrino as

a wave.

The CC mode gave the ° ux (million neutrinos per sq
cm per sec) as 1.76 § 0.11 while the NC gave 5.09 §
0.65 in the same units. Thus we conclude that the ° ux
of e + mu + tau neutrinos is 5.09 § 0.65 while that of
the e ° avour alone is 1.76 § 0.11. The di®erence 3.33 §
0.66 is the ° ux of the mu + tau ° avours. Hence oscilla-
t ion is con¯ rmed. Roughly two third of the e neutrinos
have oscillated to the other ° avours. Further, compar-
ing with the SSM predict ion of 5.05 § 0.40, SSM also is
con¯ rmed. So at one sweep the SNO results con¯ rmed
both the SSM and neutrino oscillat ion.

What is themoral of thestory? When wesaid in the be-
ginning that the thermonuclear hypothesis for the Sun
has to be proved, it was not a quest ion of proof before
a court of law. Science does not progress that way. In
trying to prove the hypothesis experimentally through
the detect ion of solar neutrinos, Davis and the other
physicists have helped in making a discovery of funda-
mental importance, namely that the neutrinos oscillate
and hence have mass.

3. N eut r ino Osci llat ion

To understand neutrino oscillat ion, one must think of
neutrino as a wave rather than a part icle (remember
quantum mechanics). Neutrino oscillat ion is a simple
consequence of its wave property. Let us consider the
analogy with light wave. Consider a light wavetravelling
in the z-direct ion. Its polarizat ion could be in the x-
direct ion, y-direct ion or any direct ion in the x-y plane.
This is the case of plane-polarized wave. However the
wave could have circular polarizat ion too, either left or
right . Circular polarizat ion can be composed as a linear
superposit ion of the two plane polarizat ions in the x
and y direct ions. Similarly plane polarizat ion can be
regarded as a superposit ion of the left and right circular
polarizat ions.
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Now consider plane polarized wave travelling through
an opt ical medium. During propagat ion through the
medium, it is important to resolve the plane polarized
light into its circularly polarized components since it is
the circularly polarized wave that has well-dē ned prop-
agat ion characterist ics such as the refract ive index or
velocity of propagat ion. In fact in an opt ical medium,
waveswith theleft and right circular polarizationstravel
with di®erent velocit ies. And so when light emerges
from the medium, the left and right circular polariza-
t ions have a phase di®erence proport ional to the dis-
tancetravelled. If werecombinethecircular components
to form plane polarized light , we will ¯ nd the plane of
polarizat ion to have rotated from its init ial orientation.
Or, if we start with a polarizat ion in the x-direct ion, a
component in the y-direct ion would be generated at the
end of propagat ion through the opt ical medium.

For the neutrino wave, the analogues of the two planes
of polarizat ions of the light wave are the three ° avours
(e, mu or tau) of the neutrino (See Box 8). When
the neutrinos are produced in the thermonuclear reac-
t ions in the solar core, they are produced as the e-type.
When the neutrino wave propagates, it has to be re-
solved into the analogues of circular polarizat ion which
are energy eigenstates or mass eigenstates of the neu-
trino. These states have well-dē ned propagat ion char-
acterist ics with well-dē ned frequencies (remember fre-
quency is the same as energy divided by Planck's con-
stant). The e-type of neutrino wave will propagate as

Box 8.  The Analogy

between Light Wave

and Neutrino Wave



62 RESONANCEç October   2005

GENERAL  ç ARTICLE

The fundamental

importance of

neutrino oscillation

is that it implies

that neutrinos have

mass, since so far

neutrinos were

thought to be

massless particles

like photons.

a superposit ion of three mass eigenstates which pick up
di®erent phases as they travel. At the detector, we re-
combine these waves to form the ° avour states. Because
of the phase di®erences introduced during propagation,
therecombined wavewill haverotated ìn ° avour space'.
In general, it will have a mu component and tau com-
ponent in addit ion to the e component it started with.
This is what is called neutrino oscillation or neutrino
° avour conversion through oscillat ion.

Flavour conversion is direct ly dueto thephasedi®erence
arising from thefrequency di®erenceor energy di®erence
which in turn is due to the mass di®erence. Mass dif-
ference cannnot come without mass. Hence discovery of
° avour conversion through neutrino oscillat ion amounts
to thediscovery of neutrino mass. This is the fundamen-
tal importanceof neutrino oscillat ion, since sofar neutri-
nos were thought to be massless part icles like photons.

Since it is an oscillatory phenomenon, the probability
of ° avour conversion is given by oscillatory funct ions of
the distance travelled by the neutrino wave, the charac-
terist ic `oscillat ion length' being proport ional to the av-
erage energy of the neutrino and inversely proport ional
to the di®erence of squares of masses. Further, the over-
all probability for conversion is controlled by the mixing
coe± cients that occur in the superposit ion of the mass
eigenstates to form the ° avour states and vice versa.
These mixing coe± cients form a 3 £ 3 unitary matrix.

Neutrino oscillat ionsduring neutrino propagat ion in ma-
t ter become much more complex and richer in physics,
but we shall not go into the details here. However it is
important to ment ion two things. Hans Bethe redeemed
himself for his earlier omission of neutrinos in his fa-
mous paper on the energy product ion in stars. This
redempt ion came in the following way. After Wolfen-
stein pointed out the important e®ect of matter on the
propagat ing neutrino and Mikheyev and Smirnov drew
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Neutrinos are the

most penetrating

radiation known to

us. Hence

tomograhy of the

Earth’s interior by

neutrino beams will

be possible

sometime in the

future.

attent ion to the dramat ic e®ect on neutrino oscillat ion
when theneutrino passes through matter of varying den-
sity, it wasBethewho gavean elegant explanat ion of the
MSW (Mikheyev{ Smirnov{ Wolfenstein) e®ect based on
quantum mechanical level-crossing. In fact most people
(including the present author) appreciated the beauty
of MSW e®ect only after Bethe's paper came out.

The second important thing about the matter e®ect is
the possibility of neutrino tomography. Neutrinos are
the most penetrat ing radiat ion known to us. A typi-
cal neutrino can travel through a million Earth diame-
ters without get t ing stopped. However because of the
MSW e®ect the neutrino senses the density pro¯ le of
the matter through which it t ravels and so the ° avour
composit ion of the ¯ nal neutrino beam can be decoded
to give informat ion about the matter through which it
has travelled. Hence tomography of the Earth's interior
through neutrinos will be possible. Of course this re-
quires our mastery of neutrino technology. But neutrino
technology will be mastered and neutrino tomography
will come!

4. A t mospher ic N eut r inos

Solar neutrinos are MeV neutrinos. We now shift to
GeV neutrinos. Cosmic rays, which are most ly protons,
collide on the nit rogen and oxygen nuclei of the Earth's
atmosphere and produce a large number of pions which
ult imately decay into neutrinos and electrons. Theseare
called atmospheric neutrinos. A pioneering experiment
was done in India 40 years ago. This was the under-
ground cosmic ray experiment in the Kolar Gold Field
(KGF) mine which is one of the deepest mines in the
world. When the experiment was done at deeper and
deeper levels, the cosmic ray detector became silent at
a certain depth. It was realized that at that depth and
beyond, the other cosmic ray produced part icles such as
muons were completely shielded by the overlying rock
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The first detection of

atmospheric

neutrinos took place

in India exactly 40

years ago, in the

underground cosmic

ray experiment in the

Kolar Gold Field

(KGF) mine.

(a few km thick) and hence one reaches the capability
of detect ing the cosmic ray produced neutrinos at those
depths.The experimenters went ahead and did detect
the neutrinos. That was in 1965.

Detailed studiesof theseatmospheric neutrinoswereun-
dertaken in many underground laboratories around the
world in the succeeding decades. A well-known fact of
weak interact ion physics is that a pion most ly decays
into a muon and a mu-type neutrino. Subsequent ly the
muon decays into an electron and two neutrinos, an e-
type and a mu-type. So in the ¯ nal debris of neutrinos
detected deep underground, for every e neutrino there
must be two mu neutrinos. In other words, the rat io
R of mu-type to e-type must be 2. One could dist in-
guish between the two types of neutrinos by observing
either the electron or the muon that will be respect ively
emit ted when the e neutrino or the mu neutrino has a
CC interact ion in the detector. Since the atmospheric
neutrinos have energies in the GeV range, both the e-
type and the mu-type of neutrinos can induce the CC
react ions, in contrast to the solar neutrinos.

The Kamioka water Cerenkov detector in Japan could
dist inguish between the electron and the muon and thus
measure the rat io R. It was found that the rat io was in
fact 2 for the neutrinos coming in the downward direc-
t ion, but it deviated considerably from 2 and was about
1 for those neutrinos coming in the upward direct ion
which have obviously travelled through the 13,000 Km
of the Earth diameter. Although the Kamioka detector
and a few other detectors saw this anomaly in 1990, it
required the SuperKamioka detector with its superior
stat ist ics to establish the e®ect in 1998.

The explanat ion of this anomaly is again neutrino oscil-
lat ion. Since the anomaly was in the rat io of the ° uxes
of two types of neutrinos, unlike the solar neutrino prob-
lem before the advent of SNO, the inference of neutrino
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buried in the bowels of

the Earth.

oscillat ion from the atmospheric neutrino anomaly was
relat ively free of the large uncertaint ies of the absolute
° ux. Hence in the discovery of neutrino mass through
oscillat ion, SuperK and the atmospheric neutrino exper-
iment won the race.

5. React or N eut r inos

A ¯ ssion reactor is a copious source of neutrinos (ac-
tually e-type ant ineutrinos). The very ¯ rst experimen-
tal detect ion of neutrino was in fact made with reac-
tor neutrinos. Fermi's theory of beta decay which was
based on the existence of neutrino was in such beaut iful
agreement with experimental data on the beta decays
of nuclei that hardly anybody doubted the existence of
neutrinos. Nevertheless Cowan and Reines realised the
importance of direct ly detect ing the ant ineutrinos pro-
duced in a ¯ ssion reactor and succeeded doing it in 1954,
thusushering theexperimental study of neutrinos. They
used inverse beta decay for the detect ion. The ant ineu-
trino is absorbed by a proton, giving a posit ron and a
neutron, both of which are detected by delayed coinci-
dence.(See Box 4)

A very important result on neutrinos was obtained in
1998 in a reactor neutrino experiment at Chooz in Fran-
ce. The reactor was so powerful that the neutrino detec-
tor could be placed even 1 km away. The detected ° ux
agreed with the calculated ° ux within about 2 percent,
thus showing that there was no oscillat ion upto 1 km.
Although this was a null result , this played a crucial role
in the global analysis of neutrino oscillat ions.

Even more recent ly, ant ineutrinos from a dozen power
reactors in Japan were detected in a scint illat ion detec-
tor called KamLAND. Although the reactors were at
various locat ions, they were all at about 180 km from
the detector and at such a distance the ant ineutrinos
must oscillate and this has been con¯ rmed beaut ifully.
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More information on INO is

available at the website

http://www.imsc.res.in/~ino

6. Ot her M at t ers in Br ief

A combined analysis of the solar, atmospheric and re-
actor neutrino data has led to a rough determinat ion
of the two di®erences of neutrino mass squares and the
3 £ 3 mixing matrix, although there are st ill many un-
certaint ies to be resolved. The mass-square di®erences
are found to be very t iny: 0.002 and 0.00007 in units of
electron-Volt (eV) squared.

Neutrinos from supernovae which are exploding stars is
an important topic we have not discussed. In fact Bethe
made fundamental contribut ions to the theory of super-
nova explosion and cont inued to work on it almost to the
last day. Neutrinos in cosmology is another fascinat ing
subject we have not touched.

Neutrino Physics has only started. There are st ill many
quest ions to be answered. Although neutrinos are now
known to be massive from the existence of neutrino os-
cillat ions, wedo not know thevaluesof themasses, since
only di®erences in neutrino mass-squares can be deter-
mined from theoscillat ion phenomena. However nuclear
beta decay experiments can give the absolute masses,
although so far they have led only to an upper limit to
the neutrino mass and that limit is 2.2 eV. Even the
fundamental nature of the neutrino is st ill not known,
namely whether neutrino is its own ant ipart icle or not .
This quest ion can be answered only by the `neutrinoless
double beta decay experiment ' .

There are many plans to start new neutrino laborato-
ries all over the world. India was a pioneer in neutrino
experiments. As we already pointed out, atmospheric
neutrinos were ¯ rst detected in the deep mines of KGF
in 1965. It is planned to revive underground neutrino
experiments in India. A mult i-inst itut ional Neutrino
Collaborat ion has been formed with the object ive of
creat ing the India-based Neutrino Observatory (INO).


