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-+« narticle, the same lifetime (if the particle is not stable), the opposite charge and the opposite
|l: l’f]‘ other internal quantum numbers. Certain particles act as their own antiparticle, like photon
of al

and 7.
8.4 Observation and Production of Antimatter

Now a question arises. How to create antiparticles? A):air offi panic!e and its antipal;ticle can

created from energy in the form of electromagnetic radiation. This phenomenon is known
o ir creation. In fact, in the Anderson experiment, high-energy cosmic rays hit the lead
= {;’:lin the cloud chamber and created electron—positron pairs, and the two particles curved in
[’;‘eposite directions in the applied magnetic field. Reverse of this process, known as pair
aﬁnihilaliun is also possible. A particle and its antiparticle upon coming in contact wit‘h
each other annihilate yielding energy in the form of radiation. The phenomena of pair
production and particle-antiparticle annihilation prove conclusively the equivalence* and
interconvertibility of mass and energy.

Today, antiparticles of all the basic constituents of matter, such as leptons and quarks, and
quanta of forces have been observed experimentally. Also antiproton (), antineutron (77) and a
variety of others in this category (hadrons) also have been observed. In 1955, an accelerator
Bevatron was built at Berkeley which gave just enough energy to create antiprotons. This was
achieved by accelerating protons (p) to sufficient energy (6.2 GeV), colliding them with nuclei
to generate the following process:

ptp—-3ptp

This was followed by the discovery of antineutron () in 1956 and anti-A hyperon in
1958. Then there are instances in radioactive substances where an antiparticle, like positron or
antineutrino, is emitted by the nucleus which is made up of matter. In recent years researchers
have attenipted to produce atoms (or better term is antiatoms) made up of antiparticles only.
Simplest antiatom® should be antilydrogen formed by a positron orbiting around an
antiproton. Expetiments, using antiproton decelerator and plasma bottles to collect antiprotons
and positrons, are in progress which aim to synthesize antihydrogen at sub-kelvin temperatures.
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8.5 MASS SPECTRA AND DECAYS OF ELEMENTARY PARTICLES

Except for a few particles, like electrons, neutrinos, and protons, almost all the particles are
unstable, and decay to other lighter particles through one or more of these interactions. Every
particle is denoted by a special symbol, and its electric charge is usually shown as superscript.
Besides the charge, the particles carry unique properties, like mass, magnetic moments, and other

Quantum nymbers, Unstable particles may have several decay modes.
S
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8.5.1 Leptons

Electron, the first lepton, was discovered in 1897. In 1937 Anderson and others found a Partil
with a mass of about 105 MeV, which was named muon®. The experiments on the energy s, |
of the electrons from nuclear B-decay, made in the 1920s, indicated an apparent failure of the
energy and momentum conservation laws. Later work showed that the conservation of angyl
momentum was also violated. In 1933, W. Pauli suggested that these conservation laws could be
saved by postulating the existence of a spin 1/2/ particle of zero (or nearly 7ero) mass and pg
electrical charge, which was later called neutrino. In 1962, it was recognized that there are ty,
kinds of neuttinos. Until 1975, four leptons” were known: electron, muon, electron-neutrino and
muon-neutrino. In 1975, a fifth lepton named tau was discovered by Perl and his collaborators,
This lepton has a mass about 3500 times the mass of the electron, that means even greater than
that of the proton. Tau-lepton also has its corresponding neutrino partner, called tau-neutrino, So
now the total number of leptons is six, three charged and three neutral: ¢, 4", 7, Ves Vyand vy
and of course their antiparticles. Leptons do not have any internal structure at the present energy
scales, and all of them have spin 1/2. Range of their masses lies from zero to 1.78 GeV. Basic
properties of the leptons and antileptons are given in Tables 8.4 and 8.5. Some of their special
features are discussed below.

TABLE 8.4 Summary of lepton properties

Pariicle Charge of Mass Spin Lifetime Decay modes
pariicle (MeV) [0
- o 011 1 Stable Nil
ve 0 <2ev 1 Stable Nil
w -1 105.7 3 22x10%s oty
Vi 0 <0.19 1 Stable Nil
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TABLE 8.5 Summary of antilepton properties

(Mass, spin and lifetime of antileptons are identically the same as that of the corresponding lepton partner)

Antiparticle Charge of antiparticle

a Decay modes

¢ * Nil

Ve 0 Nil

H #1 Hse + T4y,

u 0 Nil

7t +1 Tl v+
oK+,

A 0 Nil

Electron (€7)

(i) This particle is negatively charged. e™-electron and its antiparticle (¢") is known as the
positron.

(ii) Electrons e are generally produced in two ways:

(@)

(b)

In metals there are lot of free e”, which can be ejected from the surface of metal

simply by heating the metal piece to high temperature. They can also be produced

by ionizing the gases and extracting e¢”, using suitable electric or magnetic fields.

In radioactivity, e~ are emitted when a neutron decays to a proton
nopte+v,

The source of ¢* is also radioactive decay in which a proton (inside nucleus) decays
to a neutron

pontettv,
or by electron—positron pair production by gamma rays
yoet+e
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(iii) Mass of both electron and positron is 0.511 MeV.
(iv) Magnetic moment of electron is one Bohr magneton, y, = ehi2m,c.

(V) e is stable particle. However, when an ¢ meets ¢, both of them annihilate emitting
photons as

ette s yty
Huon ()

(@ After positron, muon was the next particle observed in the cosmic ray experir'ne“l§ in
1936. Like electron, this particle occurs as negatively charged y1~ and its antiparticle
is pt.

(i) p-mesons are generally produced in the pions decays:

UtV
+ +
PR A
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(iii) Mass of both muons p* is 105.7 MeV.
(iv) Magnetic moment of muon is Wy = ehl2mye.
(v) Muons p* decay as under:

W —e+v, ty
e vty
(vi) Lifetime of y* is 2.2 x 10°s.
Tau-Lepton (1)
. SR .
(i) This particle occurs as negatively charged 7~ and its antiparticle st TheFe particles are
originally observed in the electron-positron collision at very high energies, as
ettt o T
followed by decays of the tau-leptons.
(i) Mass of both 7% is 1.777 GeV.
(iii) Like muon, 7* can also decay through pure leptonic modes
TV,
ottt
however, being massive they have several decay modes. Their dominant modes emit one
or more hadrons. For instance,
TSK+v,
(iv) Lifetime of 7* is much smaller than that of the muon, i.e., 0.29 x 10725,
Neutrinos

Like charged leptons, neutrinos have antipartners called antineutrinos, which have been

observed experimentally. All the neutrinos (and antineutrinos) are electrically neutral, massless®
and have spin ¥ /i. They participate in the weak interactions only.
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Electron-Neutrino (v,)

(i) v.and V, are produced when in a nucleus a proton or a neutron decays as:
p=antety,
n—pte+v,
It may be noted that proton can convert to neutrons only when inside a nucleus.
(i) Following neutrino-nucleon reactions take place in nature:
Vetn s p+e
Vo+pon+et

However, the cross-section for these reactions is extremely small ~1.2 x 10~ cm?




image14.png
(i) Experimental upper fimit on its mass is 2 eV based on tritium beta decay.

[n order to detect lhi§ small cross-section, very large amount of target material and high flux
of neutrinO§ were required. Fmall?', the existence of neutrino (in fact antineutrino) was
esmblished in nuclear reactor experiment by Reines and Cowan in 1959. (See Sections 3.6.6

and 3.6.7)
Muon-Neutrino (V,)

(i) Since neutrinos are also emitted along with muons in the decays of pions and kaons, a
question of considerable significance was asked: Are the neutrinos associated with
muons necessarily the same as those emitted in nuclear B-decay? In 1962, experimental
evidence showed that they are different, and thus muon-neutrino was identified, when it
was realized that the reaction .

V“ +n- ‘u’ +* P
performed with neutrinos beam obtained from the pion or kaon decays, always takes
place but never the following reaction:

Vytn—> e +p

In this experiment, muon-neutrinos were taken from the pion decay. Muon-neutrinos are
thus different from the electron-neutrinos.

(i) v, and V, are produced in the decay of 7-mesons as under:
xt - pt vy,
T+,
(iiiy Experimental upper limit on their mass is 0.19 MeV.
Tau-Neutrino (v;)

(i) v:and v, are produced in the tau decays.
(ii) Experimental upper limit on their mass is 18.2 MeV.
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8\.4/C/LASSIFICATION OF ELEMENTARY PARTICLES

In cosmic rays and high-energy accelerator experiments, a large variety of elementary particles
were discovered. The total number of elementary particles around 1957 was about 30 and by
1965, this number rose to about 200 and now it has become over 500. As the number kept on
growing further, so need was felt to classify these particles into different groups. All fundamental
forces can act on the elementary particles at the same time. Since they have differences in their
strengths, interaction time and range, etc., these parameters can be used to classify the elementary
particles. The most common classification is as shown in Figure 8.1, in which the elementary
particles are divided into two main categories:

e Quanta of forces.

e Matter particles.
Matter particles are classified into the following two categories:
e Leptons.

e Hadrons.

The hadron family further consists of baryons and mesons. This classification has some
similarities with atomic structure. All the leptons are electron-like, quanta are photon-like,
whereas the baryons are nucleon-like, and mesons are pion-like in nature.
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Figure 8.1 Classification of elementary particles.
8.4.1 Quanta of Forces
Correspondin,

there are cey
Properties i

g to four different interactions, strong, weak, electromagnetic and gravitational,

rtain quanta of the forces which act as the mediator of these interactions. Their
n brief are given in Table 8.2. - and Z-bosons, having respective decay widths of

?J GeVand 2.5 GeV, decay to lepton pairs or hadrons. Decay width (T') of any unstable particle

S related to its lifetime (1) as

T'=hit

Photon and gluons are electrically neutral and massless. These are treated as stable particles.
STe are eight kinds of gluons differing in their colour quantum number.
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TABLE 8.2 Quanta of forces

Quanta Interaction Spin Mass
Gluons Strong 1 0
W+ and 7~ bosons Weak 1 80.4 GeV
Z boson Weak 1 91.2 GeV
Photon Electromagnetic 1 0
Graviton Gravity 2 0

8.4.2 Matter Particles

Leptons do not participate in the strong interactions; neutral leptons participate only in the weak
interactions, whereas the charged leptons participate in electromagnetic as well as weak interac-
tions. Hadrons participate in all the interactions. Later we shall learn that all the hadrons, having
size of the order femtometer, are in fact composed of quarks and/or antiquarks. Remember that
gravitational interaction is universal, but does not play a significant role at the present energy
scales (Table 8.3).

TABLE 8.3 Matter particles

Particles Strong Electromagnetic Weak

Hadrons Yes Yes Yes
Charged leptons No Yes Yes
Neutral leptons No No Yes

8.4.3 Antiparticles

Scientific history of antiparticles (and of antimatter) started in 1928 when Nobel laureate
Physicist P.A.M. Dirac dramatically predicted on theoretical basis the existence of a particle that
in certain respects was similar and in other respects in direct contrast with an electron. After the
successes of nonrelativistic quantum mechanics, it was natural to perform its relativistic
generalization, which faced certain difficulties. To solve them, Dirac constructed a relativistic
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equation, now known as the Dirac equation, which has four solutions. First two solutions were
used to describe electron (e7), the last two solutions, having negative energies, were interpreted
as antiparticle to the electron. Imagine the amazement when in 1932 Carl Anderson observed this
antiparticle in a cloud chamber. Later, it was christened positron which has the same mass as that
of the electron but opposite charge (¢"). The discovery of the positron was an important event for
two reasons. Firstly, it marked the beginning of a series of discoveries of new elementary
particles in the cosmic radiation made in the next two decades. Secondly, it provided the first
experimental proof of relativistic quantum theory. There has been no looking back on the story
of antiparticles since then, as the idea of antiparticle is not limited to electrons only. In later
experiments, pions and muons were found to come with both particle and antiparticle species. In
1957, CPT (C = charge conjugation, P = parity, 7 = time reversal) theorem was formulated
(see Section 8.7.10) which enunciates that “for every particle that exists in nature there is a
corresponding antiparticle”. The theorem also predicts that the antiparticle has the same mass as




