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The elusive neutrinos have periodically yielded
their secrets to man and at each such juncture
major advances have been achieved in our under-
standing of the sub-atomic phenomena. T hese
particles also carry invaluable information about
the centre of the Sun where energy is generated
through nuclear fusion. In Part | of this article,
history of the discovery of neutrinos is traced,
their properties and types are described. Also,
the Standard M odel which formsthe basis of the
structure of matter and of which massless neu-
trinos are an integral part, is described.

The role of neutrinos in solar energy generation
and the great "solar neutrino puzzle' and its so-
lution will be described later in the series.

1. Introduction

The neutrino is one of the elusive tiny particles created
by nature. The hint of its exisence came from radioac-
tive beta-decay of nucle. Although radioactivity was
discovered at the very end of the nineteenth century
(1896), it was only in 1931 that the neutrino was postu-
lated by Pauli to save the principle of energy conserva-
tion in radioactive beta-decay. It took another twenty
~ve years to detect neutrino interactions in the labora-
tory (1956).

Our sun, a dominant source of neutrinos, is powered
by proton-proton fusion reactions in which 600 million
tons of hydrogen are burned every second in the core.
This nudear fusion reaction, aprocessin which two light
atomic nuclei merge to form a single heavier nucleus,
produces not only heat and light but also a vast number
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of neutrinos. Nearly seventy billion neutrinas from the
un pass through every square centimetre of our body
(like our thumb nail) every second without any interac-
tion. Photons or light produced in the deep interior of
the sun undergo multiple interactions and take nearly
ten million yearsto reach the surface of the sun and in
this process of radiation transfer through the interior of
the sun, theinformation of the coreislost. On the other
hand, the neutrinos, because of their extremely weak
interactions with matter, escape straightaway from the
core without interacting and can thus be used to study
the core of the sun, the seat of its energy generation.
Neutrinos take only a few seconds to escape from the
aun and they take another eight minutes to arrive on
the earth.

A new role of neutrinos was realised on February 24,
1987, when agronomers observed a dazzling supernova
in the Large Magellanic Cloud, which isa satellite galaxy
to our own Milky Way, and is generally visible from
the southern hemisphere. This supernovais named SN
1987A. It was bright enough to be seen by the naked
eye. The parent star was about twenty times heavier
than the sun. The most interesting part of SN 1987A is
that two underground neutrino detectors, Kamiokande
in Japan and IMB in USA, detected eight to twelve neu-
trinos from the supernova over a ten second interval.
The detected neutrino sgnal strongly brought out the
important role of neurtinos in the exploson of a mas-
gve star and its transformation into a tiny and incred-
ibly dense object called a neutron star. Neutron sars
are about twenty kilometresin diameter and extremely
dense objects. They are as massive as or slightly more
massive than the sun.

Only recently there is some evidence that neutrinas may
possess a ganall mass (about a millionth the mass of an
electron). What happens if neutrinos do possess some
mass? As far as our day-to-day life is concerned, there
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will be no di®erence as we will continue to get our light
and heat from the sun, which is essential for the sus-
tenance of life on earth. On the other hand, neutrinos
are the second mog abundant species after the pho-
tons that permeate the universe. Neutrinos with mass
may have some impact on cosmology, a science which
deals with the evolution and gructure of the universe.
Astronomers and cosmologists, after several decades of
observations, are now coming to the concdusion that lu-
minous matter in the universe (like stars, galaxies, etc.)
is not enough to explain the total mass of the universe.
They nd that the bulk of the mass in the universe is
unseen and this has been given thename { dark matter’.
Neutrinos with mass may be one of the candidates for
dark matter.

We begin our story by giving a very brief account of
radioactivity that rst led to the postulate of the ex-
istence of neutrinos and then the rst detection of the
beta-decay neutrinosin thelaboratory. Then we discuss
the discovery of the second type of neutrinos in 1960.
We describe the experimental results from the Large
Electron Pasitron collider (LEP)? commissioned in 1989
at CERN, Geneva, which indicated that the number of
neutrino species in nature is three. Then we describe
the Standard Modd with the postulate of only three
generations of quarks and leptons with three massless
neutrinos.

In the second part of this article we shall switch our at-
tention to the sun and describe the energy generation
process via hydrogen burning reactions, in which weak
interaction plays an important role. This process leads
to a huge °ux of nearly seventy billion solar neutrinos
incident per square centimetre of the surface of the earth
per second. It isnot an easy task to detect these neutri-
nos and physcists have managed to detect them usng
very large detectorsin thelast three and a half decades.
The experimental measurements indicated that one is
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seeing on the earth only about a third to a half of these
neutrinos compared to the theoretical prediction. This
came to be known as ‘the solar neutrino puzzle'. Only
very recently a solution to this puzzle seems to have been
found with the new results from the SNO detector (the
Sudbury Neutrino Observatory). We shall conclude the
article with theresultsfrom the KamLAND experiment
and the future outlook on neutrino physics.

2. Radioactivity

Curiosity and perseverance are the two important re-
quirements of agood researcher, and Becquerel had both
in plenty. The discovery of X-rays by Réntgen in the
rst week of January 1896 triggered him. Henri Bec-
querel of France was all of 44 years then, busy investi-
gating the phenomena of °uorescence and phosphores-
cence{ why some metals and mineralsglow in the dark.
When he learnt about Réntgen's discovery, he immedi-
ately started wondering whether X-rays and phospho-
rescence are related.

For his phosphorescence work, Becquerd used to expose
uranium crystals to sunlight for several hours with the
idea that sunlight will energise the crystals. On a par-
ticular cloudy day in Paris, he could not use the sun
to expose his crygals, so he wrapped them up in black
paper and placed the package on the top of a photo-
graphic plate and by accadent some metal pieces were
left in between. After a few days Becquerel decided
to develop the unexposed plates, and to his great sur-
prise he found shadow images of the metal piecesin the
photograph. This meant that the uranium salt emitted
radiation without an external source of energy, in this
case, the sun. He reported his discovery to the French
Academy of Scences in March 189%. Within anacther
week he was able to esablish beyond doubt that ener-
getic and penetrating radiations were being emitted by
the uranium in the salt and thus Becquerel discovered
radioactivity.

The experimental
measurements
indicated that one
is seeing on the
earth only about a
third to a half of
these neutrinos
compared to the
theoretical
prediction. This
came to be known
as ‘the solar
neutrino puzzle'.
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The name
radioactivity was
given by Marie
Curie. The Curies
developed a new
method, called
radiochemistry, to
extract radioactive
elements from
natural ores.

Marie Sklodowska of Poland came to Parisin 1891 and
met Pierre Curie who was with the Ecole de Physque et
deChemie Indudgridle They got married in 1895. They
garted investigating the ndings of Becquerel. Marie
Curie found that the intensity of radiation was propor-
tional to the amount of uranium in the compound, thus
indicating that the radiation was an atomic property of
the dement uranium. Marie Curie soon found that tho-
rium, a white metal found in minerals, also emits this
mygsery radiation. The name radioactivity was given
by Marie Curie. The Curies developed a new method,
called radiochemistry, to extract radioactive dements
from natural ores. Soon they identi ed and isolated new
elements which are radioactive: polonium and radium.
In 1903, Marie and Pierre Curie shared the Physics No-
bel Prize with Becquerel, and in 1911, Marie Curie re-
ceved the Nobel Prize in Chemistry for her work on
radium. We will see later that our dusive neutrino is
deeply entangled with the radioactivity of nuclei.

3. Beta Decay and the Neutrino Hypothesis

Three types of radiation are associated with radioac-
tivity: alpha, beta and gamma. Alpha partice is the
nudeus of the hdium atom, beta partide is an elec-
tron and gamma is a high energy photon. Radioactive
decays occur spontaneously and are a conseguence of
the breakdown of one type of atomic nucleus into an-
other. Natural radioactivity arisesin very heavy nuclei
such as uranium and radium, containing a large number
of pratons and neutrons, and the tendency is to dign-
tegrate into more stable structures. Each radiocactive
product has a characteristic half-life which is de ned as
the amount of time in which half of the atoms disinte-
grate into atoms of a new element. The nature of this
disintegration law indicates that we are dealing with a
gatigical law for the rst time.

With detailed measurements of the radioactive decay
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products, it was realised in 1914 that there is a serious
problem in undersanding beta decay. The rst mea-
surements by Lise Meitne and Otto Hahn suggested
that the beta particles are emitted with discrete ener-
gies. However, the measurements of Chadwick revealed
that the energy spectrum of beta particlesis continuous,
that is, the beta particles emitted in the decays have a
wide spread in kinetic energy ranging from zero up to
a maximum paossible value. It was generally bdieved
that, like in alpha decay, in beta decay too the nal
products are the electron and the daughter nucleus. If
90, the beta decay of a nucleus can be written as: (A,Z)
' (A,Z+1) + €, where A and Z are respectively the
mass and atomic numbers of the parent nucleus (A,2),
which decays into an electron and the daughter nudeus
(A,Z+ 1); we haveassumed herethat theinitial and nal
gates have the same tota values for the mass number
and the dectric charge In all these reactions the total
energy and momentum of the nal state will be the same
as those of theinitial state; these are known as conser-
vation laws of energy and momentum. For a two-body
“nal state, asin the present case, one expects from the
above conservation laws the electron to emerge with a
- xed value of energy, which is nearly equal to the di®er-
ence of masses of the parent and daughter nuclei, known
as the Q-value or the energy rdease in the reaction:

Q' M(A:2) i M(A:Z+1). (SeeBox 1)

Ontheother hand, the measurement s of Chadwick show-
ed a continuous energy spectrum of abeta particlewhich
was a great surprise and a puzzle, (Figure 1).

Niels Bohr, who was awarded the Nobel Prize in 1922
for his theory of the hydrogen atom, attempted to un-
derstand the continuous energy spectrum of the nuclear
beta decay with a hypothess of theredricted validity of
the principle of energy conservation. T hiswas unaccept-
able because the principle of the conservation of energy
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Box 1. Two Body Decay
B + C,

Let a hypothetical beta decay occur from rest into atwo-body nal state, A'!
where A and B are the parent and daughter nucleé and C isthe eectron. The aim is
to get the energy of the dectron in this so-called two-body decay. From the momentum
conservation in the reaction, we get: pa = Ps + Pc. Since the nucleus A decays at
rest, that is p, = 0, and hence pg = i Pc. Now we usethe energy conservation in the
reaction, that isthe total energy of the initial sate should be the same as that of the
"nal sate En = Eg + E¢. For the sake of smplicity let usset ¢ = 1, where cisthe
speed of light. Let us rewrite the energy reation and using jpgj = jpc we get:

p——"-— p——"-+—

En = PE+MZ+Ec = p2+MZ+Ec:

We will use M,; Mg and M astherest masses for A, B and C respectively. With a

little bit of simpli cation of the above equation, we get:

E. = E2+M2EiME _ MZ+M2EiM2E
c 2Ea 2M A

0. We make a further simpli cation by

where we have used Ep = M, since pa
noting that the parent and daughter nuclei A and B are nearly of the same mass, and
the outgoing dectron C has negligible mass compared to A:
2
Mc o Mai Mg

Ec = " - ®Mai Mg) + 3575

which is same as the Q value of the reaction.
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had been proved beyond doubt in all €elds of physics.

On December 4, 1930, Wolfgang Pauli, famous for his
excluson princple postulated in 1925, suggested a des-
peratesolution to the beta decay puzzlethrough his now
famous letter addressed to the ‘Dear Radioactive Ladies
and Gentlemen', who had gathered in Thbingen for a
conference which Pauli could not attend. In this letter
Pauli outlined hisidea that a nudeus undergoing a beta
decay did not emit the electron alone, rather the decay
was accompanied by another sub-atomic particle with
no electric charge and with negligible interaction. The
neutral third particle according to him, was reponsible
for the continuous energy spectrum of the electron in
beta decay: (A,Z) ! (AZ+1)+ € + ©.

In 1934, the Italian physicist Enrico Fermi, developed
a theory of beta decay using Pauli's idea and named
the new particle neutrino or the ‘little neutral on€ in
Italian. A beta decay is then visualised as a neutron
breaking up into a proton, an electron and a neutrino
©): n! p+ € + @ (for technical reasonsit is
the antiparticle of the neutrino, namely the antineutrino
that is invaved in the decay of the neutron). Pauli
realised that it would be di+ cult to detect neutrinos. A
detailed calculation was made by Hans Bethe and Rudolf
Peerls in 1934 regarding the interaction of neutrinos
with matter and they esimated the cross-section (see
Box 2) as % Y 10' “ cm?. To gaugethe smallness of
thiscross-section, it isenough to note that on an average
only one neutrino out of 10, that is ten billion, will
interact during its passage through the earth and the
rest will pass through like in empty space. So it was
thought that it ishopelessto make an attempt to detect
these neutrinos in the laboratory.

3.1 Neutrinos from Reactor

Anything that iscreated should in principle be detected
otherwise its creation is a colossal waste on the part
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Box 2. Cross-section

The cross-section of a process is a measure of the probability of its occurrence. Thusin
an interaction or a collision between two particles, the cross-section, (measured in units
of area, cm?), may be taken as an eRective area of the target nucleus as seen by an
incident projectile. Let us consider a beam of particles, say protons, which isincident on
athin target of hydrogen of thickness x cm. A detector placed behind the target detects
all outgoing particles from collisons. Let the °ux of the beam of protons be denoted
by F in units cmi 2 seci 1 and let it be incident on an area A cm? of the target. If the
number densty of the target nuclei is n, the total number of them as seen by the beam
isnAx. Let R denotethe number of collisions taking placein unit time. It is also called
the event rate and is measured in units of sec’ 1. The cross-section, denoted by %is then
given by % = R We note that the dimension of is cm?. In nuclear physics, one

Fnax"*
uses the unit barn for cross-section, where 1 barn = 10i 24 cm?.

Another useful quantity describing such an interaction isthe mean free path, denoted by
., Which isthe distance a particle traverses on an average before colliding with a target
nucleus. The mean free path isgiven by , = (n %' ! and its unit is the unit of length.

Now let us compare two di®erent types of collison cross-sections, one due to a beam
of protons and the other due to a beam of neutrinos, but both with energy of 10 GeV,
incident on a liquid hydrogen target of density n = 4 £ 10?2 cmi 3. One GeV isa
unit of energy commonly used in high energy interactions and equals 10° eV, where an
eV or an electron-volt is de ned as the kinetic energy gained by an electron when it is
accelerated in an electric ~ €d produced by a potential di®erence of one volt. The value
of the proton-proton cross-section for 10 GeV protonsis %, = 5 £ 100 26 cm2, while
the neutrino-proton cross-section is %, = 7 £ 10 %8 cm?. Thus,, = 500 cm while
o = 3 £ 10 cm. Thisindicates that neutrinos hardly collide.

5

of nature. To be sure of detecting neutrinos one needs
intense beams of neutrinos (that is a large ° ux of neu-
trinos) and a very large amount of target material. Be-
sides detecting neutrinos, one also needs to undersand
the background events which may mimic the signal one
expects for the neutrino.

A nuclear reactor provided the rst possibility of de-
tecting neutrinos. The uranium ~ssion fragments from
areactor are neutron-rich and they undergo beta decay;
as a reault the reactor acts as a copious source of anti-
neutrinos of about 10 to 10*® per second per cm?. In
1953, Clyde Cowan and Fred Renes proposed an experi-
ment to detect neutrinos utilizing thisvery great supply.
The reaction expected between an antineutrino and a

16
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X Figure 2. Schematic dia-
& .
E&J‘_;‘ gram of the reactor experi-
& ment by Reines and Cowan.
liquid scintillation detectar ;‘:,-’ [
1 =
&
gUmme rays _S fj
from neutren cuplure ':E‘."/
by cadmivm annihilation i
gamme ray 4’
\ ’f
i !
Y 77 i
H40 + €dCly / 7 b 2
{target) Cd ﬂ—'”‘\// F{'”I‘ o’ e proton
of nevlron ||-
/ \ onnihilation
gamma ray

liquid scinfillation datector

G

gu i ru}-i -gamma rays from

fram ,) -

(k) \\ R

neutran coplore

proton is the formation of a neutron and the emission
of a positron, the reaction being: @ + p! € + n.
To detect this reaction, the antineutrinos were allowed
to enter a large tank of water which provided the tar-
get protons. Some cadmium chloride was dissolved in
the water. Thistarget of about 400 litres of water con-
taining cadmium chloride was placed between two tanks
containing liquid scintillation detectors, (Figure 2).

Thelight from the santillations was detected by photo-
multiplier tubes at the ends of the tanks and fed to an
oscilloscope. The estimated cross section of the above
reaction isof theorder 6 £ 10 ® barn. In order to be
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In 1937 a charged
particle called
muon (m), about
200 times heavier
than an electron,
was discovered in
cosmicrays.

certain that the above reaction was taking place, both
the neutron and the postron had to be detected. The
positron, in its passage through the tank, was captured
by an dectron inthewater giving risetoannihilation ra-
diation producing two gamma rays, of energy 0:5 MeV
each, (" + € ! °°), and thesg inturn, were detected
by the two liquid scintillation detectorsand a small pulse
was recorded on the oscilloscope trace for that detector.
The neutron rdeased in the reaction di®used through
thewater losing speed by callison with protons and was
“nally captured by a cadmium nucleus, resulting in the
emisson of several gamma rays with their total energy
equal to 9 MeV. These gamma rays were then detected
by thescintillation detectorsand produced higher pulses
on theosalloscope. Thetimeinterval between the pulses
from the annihilation gamma rays and the gamma rays
from neutron capture was 5:5' sec (see Figure 2(b)).
The rst results of Cowan and Reines yielded a rate for
the neutrino signal that was marginally higher when the
reactor was ‘on' compared to when it was o®. Ther
g udies convinced them that the background was due to
neutrons produced by the cosmic rays. Their next at-
tempt was to use amore powerful reactor to get a higher
yield of neutrinos. They also built an improved detector
better shielded (the detector was kept 12 metres under-
ground) to reduce the background events due to cosmic
ray hits. This time they were successful and detected
neutrino interactions without any doubt; ther experi-
mental value for the event rate was in good agreement
with thetheoretical calculations. Thusthe neutrino was
“nally detected in a physics laboratory.

In 1956 Pauli made the important announcement:

| recaived on June 15 the following telegram from F Reli-
nes and C Cowan (Los Alamos): \ We are happy to in-
form you that we have de nitely detected neutrinos from
~ ssion fragments by observing inverse beta decay of pro-
tons. The observed cross-section agrees wel with ex-

18
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pected six timesten to the power minus forty four square
centimeter”. Fred Reines was awarded the Nobel Prize
for this discovery in 1995.

3.2 Second Neutrino (°:)

In 1937 a charged particle called muon (*), about 200
times heavier than an electron, wasdiscovered in cosmic
rays. The strange thing about this particle was that it
behaved exactly like an electron and this led | Rabi, a
well-known physicig of that period, to exdaim \who
ordered the muon?" The muon is known to decay in
» 10" ® sec into three particles: an éectron, a neutrino
(°) and an antineutrino (2) asfollows: 17 ! ¢ +°+¢2,
Partides which are detected in this reaction are only
muons and electrons, since neutrinos are neutral and
escape detection. During the early 1950s high energy
accederators came into operation which made it possible
to study theproduction of particlesin collisions between
high energy beams of charged particles and various tar-
gets like hydrogen, helium, copper, etc. Muons are not
directly produced in high energy cdlisons of protons
with target nuclei, rather they are the decay products
of other partideslikepions: ¥3 ! 1% +°. Muonsthus
produced in laboratories were studied and the energy
goectrum of electrons from their decays were found to
be well undersood in terms of the Fermi theory of beta
decay mentioned earlier.

An interesting suggestion was made towards the end of
the 1950s regarding the neutrino and antineutrino pair
seen in the decay of muons. Sinceit was assumed in the
decay of the muon that the antineutrino was an antipar-
tide of neutrino, it was argued that the muon could also
decay by the emisson of agammaray: 1" ! & +°
and the theoretical calculation predicted that one out
of 10,000 muons should decay by this mode. All exper-
imental searches failed to see this decay mode, and one
could not detect even a single muon decaying via the
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that there are two
types of neutrinos:
one associated
with the electron,
and the second
one associated
with the muon.
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In modern physics,
interactions
between patrticles
are often
described in terms
of the exchange of
field particles or
guanta.

gamma mode out of a total of ten billion decays.

The only way one could reconcile the above negativere-
alt was to conclude that the antineutrino emitted in
the decay of the muon is not an antiparticle of the neu-
trino. So it was suggested that there are two types of
neutrinos. one associated with the electron, let us call it
%, asin betadecay (n! p+ € + %), and the second
one asociated with the muon, let us call it ©:, like in
the decay of a pion: % ! 11 + @ |t means that
the neutrino detected by Reines and Cowan in the re-
actor referred to the rst neutrino assodated with the
electron. The next obvious question ishow doesone dis-
tinguish between °. and °. ? The answer isthat a °e
on interaction with matter will produce an dectron and
not a muon, whilea °: will produce a muon and not an
electron. In other words these two types of reactions are
dlowed: %+ n! € +p and °.+n! 17" + p; while
the following types are not allowed: °c+nb i +p
and °: + nb € +p.

In 1960 Lederman, Schwartz, Seinberger and collab-
orators carried out an experiment to detect the neu-
trino species associated with the muon. They used the
high intensity pion beam from the accderator of the
Brookhaven National Laboratory. They extracted the
neutrinos associated with the muons from pion decay:
Y5 ! 17 4+ ° The neutrinos were allowed to interact
in a 13.5 metresthick sted wall which was followed by
a special detector called a spark chamber to detect elec-
trons and muons These neutrinos were found to pro-
duce only muons and nat electrons, and thus a second
neutrino species, the °:, was discovered. For this dis-
covery, Lederman, Schwartz and Steinberger shared the
Nobel Prize for Physics in 1988. Since the Nobel Prize
was awarded nearly thirty years after the work, Stein-
berger, while giving aseminar at CERN, made a remark
that one must have along lifeto receivethe Nobel Prize.

20
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3.3 Three Light Neutrinos

In modern physcs, interactions between particles are
often described in termsof the exchangeof dd particles
or quanta. In the case of the familiar dectromagnetic
interaction, the eld particles are photons. Likewise,
the weak force that is regponsible for beta decays, is
mediated by dd particles called the W and Z bosons.
To see the dgnatures of these particles, physicists study
interactions at very high energies.

In 1989, the LEP collider was commissioned at CERN,
Geneva with an electron beam of energy of about 45
GeV calliding head-on with a paositron beam of the same
energy from the opposite direction. Remember 1 GeV
equals10° eV of energy. Thisenergy was chosen to study
the production and decay of Z bosons, responsble for
theweak ‘neutral current’ interactions. The beamswere
made to callide at four intersection regions surrounded
by four giant detectors called: ALEPH, DELPHI, L3
and OPAL 3. These detectors collected over seventeen
million Z decays.

If the lifetime of an unstable particle is very short, asis
thecasewith theZ particle, thereisa measurable spread
in the mass of the particle called the decay width, de-
noted by j . The decay width, whose units are those of
energy, and the lifetime of the particdle, denoted by T,
arerdated through the uncertainty principle | £ T =
h=2%; where h is the Planck's constant with the value
413 £ 10 # MeV sec. Thetotal decay width is equal
to the sum of the partial widths; each partial width cor-
responds to a decay mode of the particle. For the Z
particle, the total width jz, which includes contribu-
tions from all possible decay channels, is measured in-
dependent of the partia widths. The experiments at
CERN made precision measurements of Z production
cross-sctions as a function of collison energy { same
as the mass distribution of Z { for the fdlowing four -

3 Physicists of experimental

high energy physics gorup of
Tata Institute of Fundamental
Research are members of this

collaboration.
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Figure 3. Cross-section of
e*e"—>hadrons vs centre of
mass energy.
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1711 and e'€ | (¢l . Expeimental results from
the L3 experiment for the nal gate €€ ! hadrons
are shown in Figure 3. The width of the mass dis-
tribution increases with the number of modes of de-
cay of the Z particle This brings out the sengtivity
of the mass digribution of Z to the number of neu-
trino species (Z can decay to neutrino pairs of all ex-
isting species:. Z ! %%; ©.%;::) as can be seen
from the curves with the number of neutrino species
as. No = 2;3and 4 The partia widths are due
to Z decaying into hadrons, j nad, t0 three charged lep-
ton pairs: €€ (iee); 171" (ix), and ¢"é' (iee) and
to pairs of neutrinos like ©e%; ©°:2:; ©0,2, ¢ec. The
ratio of a partial width tothe total width gives the frac-
tion of the time Z decays into a given nal state, e.g.,
the ratio j had/ j z gives the Z decay via the hadronic
mode. Since the neutrinos are neutral, one cannot ex-
perimentally detect them. Let us call the sum of the
partial widths due to the neutrinos j inv. From theory,
one knows that the partial width of Z decay to one neu-
trino pair joo is 166:9 MeV and therefore, the num-
ber of neutrino pairs can be written as; No = =

ioo
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o jinv = No £ joo. We can then write jz =
ihad * jee * ji2 + j, o + No £ joo. Froma t
to the data one obtains the value of No, the number of
light neutrino species and thisvalue is determined to be
Ne = 2:998 0:01. Thus, thereareonly threelight neu-
trinos in nature. Two of them, °c and °:, were already
known, and the direct observation of the third neutrino,
called tau-neutrino (°,) was made several years later in
2000 at Fermilab by the DONUT experiment.

4. Building Blocks of Matter

By the 1960s there were many particles discovered, e.g.,
the proton, the neutron, the pion, and then the elec-
tron, the muon, the neutrino, etc. It became necessary
totake a closer look and updatetheclass cation of par-
tides in terms of a smaller number of building blocks.
Fortunatdy, evidence was accumulating from the exper-
imentswith high energy electrons, muons and neutrinos
that particlesliketheproton and the neutron have struc-
ture. A Standard Modd of partidephysicswasput forth
putting theseideastogether. Accordingto the Standard
Modd, particles were dassi ed into two groups { mat-
ter particles and force particles. Matter particles, as we
undergand today are of two types { quarks and leptons;
thesearethefundamental constituentsof matter. T here
arethree generations of these and each generation comes
in a doublet. In the quark sector the generations are:
(up, down), (charm, grange) and (top, bottom), while
in the lepton sector these are(€ ; %¢), (*'; °) and
(¢'; °:). In the scheme of the Standard Model, neu-
trinos are assumed to have zero mass and zero charge.
Hadrons are particles that are formed out of quarks.
Hadrons are further subdivided into two types baryons
(likep, n, &, etc.) and mesons (like ¥ K, etc.). Baryons
consist of threequarksand mesonscons & of a quark and
an antiquark. The visible matter that we see around us
is formed out of two kinds of quarks (up and down) and
one lepton (eectron). High energy partices from accd -

T
=AU -

There are only three
light neutrinos in
nature. Two of
them, n_and n_,
were already
known, and the
direct observation of
the third neutrino,
called tau-neutrino
(n,) was made
several years later
in 2000 at Fermilab
by the DONUT
experiment.
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Matter particles are
acted on by four
basic forces of nature
and they are — the
gravitational force,
the electromagnetic
force, the weak force
and the strong force.

The weak force,
weaker than the
electromagnetic
force but stronger
than gravitation, is
responsible for the
phenomena of
radioactivity and
decays of unstable
particles like
muons.

erators (or from cosmic rays) in colisons with target
nudei produce additional quarks and leptons.

Matter particles are acted on by four basic forces of na-
ture and they are { the gravitational force, the elec-
tromagnetic force, the weak force and the strong force.
These forces are mediated by the exchange of particles,
which are di®erent from the matter particlesthrough an
internal property called spin. All matter particles have
half-integral spin and they obey the exclusion principle
of Pauli which states that two particles cannot occupy
the same state they are called fermions (after Enrico
Fermi, the Italian phydcist). The force particles have
integral spin and they do not obey the exclusion prin-
ciple; they are called bosons (after Satyendranath Bose,
the Indian physicist). The gravitational forceis univer-
sal, meaning every object experiencesit. It is also the
weakest of the four forces and the force carrier is called
a graviton. Gravitational force plays a vital role in the
formation and sustenance of gars, galaxies and other
objects in the universe. The dectromagnetic force is
experienced by all electrically charged particles (quarks
and charged leptons), and the forceisdue to exchange of
massless particles called photons, which form the elec-
tromagnetic radiation, induding visible light. It isre
goonsible for the stability of atoms and molecules. The
grong force, mediated by a particle called gluon, isre-
goonsible for the compactness of atomic nuclel and for
holding the quarks together in protons and neutrons;
leptons are not sensitiveto the strongforce. Finally, the
weak force, weaker than the dectromagnetic force but
gronger than gravitation, isresponsible for the phenom-
ena of radioactivity and decays of unstable particleslike
muons (1* ! € + %%+ 2); quarks and leptons both
experience the weak force.

The weak force has two components. The one in which
theinteraction is mediated by the exchange of a charged
vector boson (W* or W' ) isknown as ‘charged-current'
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interaction (examples %+ n! € + p and neu-
tron decay via the quark transition d! u+ € + 2,
where d and u are down and up quarks respectivey),
and the other in which the exchange vector boson has
no charge (Z°), called “neutral-current' interaction (ex-
amples %e+p! %%+p and e +e ! Z01 1t 41l
Weak interaction has very interesting properties{ it vio-
lates the spatial symmetry called parity, that is, the mir-
ror image of a physical process does not exist in nature
(P vidation), it violates the symmetry between parti-
cles and antiparticles (C violation) and it also violates
the combination of CP symmetry. At thisgageit isim-
portant to notethat neutrinos are involved in only weak
interactions
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™ Human beings, who are amost unique in having

5 'E“w\,t “_5, the ability to learn from the experience of oth-
"T{‘“@ ) ers, are also remarkable for their apparent disin-

clination to do so.

Douglas Noel Adams
From: Hitchhiker’s Guide to the Galaxy
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