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PHY 409
ELEMENTARY PARTICLE PHYSICS

MODULE 1

UNIT1 1.0 INTRODUCTION

This module is a study of elementary particles, ey are, how they are
produced, how they behave and how they fall intoilias depending on
their various properties. Each of the families itm®wn spin which is a
major instrument in grouping the particles. Thetipkes possess some
properties which are usually referred to as quardtoperties. The
properties allow us to group them into the varitamsilies that exist. In this
module we will see how these sub-atomic particéslze produced,

observed and grouped into families.

2.0 OBJECTIVES
The objectives of this study are:
) to know what elementary particles are
i) to know how they are produced
iii) to identify equipments to detect particles
Iv)  to know the properties of the particles and

V) to be able to group particles into their varicasifies



3.0 TYPESOF ELEMENTARY PARTICLES
Elementary particles are numerous and they belmggaups and families
depending on their spin quantum numbers and ottogepties. Shortly, you
will get to know the families, their properties aywl will be able to group
them. However, it is worth noting that some of thparticles have integer
spins; others have half- integer spins while sothers possess fractional
charges.

3.1 ELEMENTARY PARTICLES

There are many elementary particles known, all luént are termed
elementary because they are assumed to be the lakiong blocks of
matter in understanding the properties of mattesrdvthan 200 subatomic
particles have been discovered so far, all detectesbphisticated particle
accelerators.
These particles are studied because their studieadrto a deeper

understanding of nature.

3.1.1 DEFINITION OF ELEMENTARY PARTICLES
An elementary particle is one that is not knowhdawe a substructure; that
IS, it is not known to be made up of smaller pseticlfan elementary
particle truly has no substructure, then it is ohthe basic building blocks
of the universe from which all other particles ar@de. Elementary particles
therefore, are particles with no measurable intestnacture; that is, they are
not composed of other particles. They are the fomaslal objects
of quantum field theory. Many families and sub-faesi of elementary
particles exist. Elementary particles are classifiecording to

their spin. Fermions have half-integer spin whibsdns have integer spin.



3.1.2 ORIGIN/PRODUCTION OF ELEMENARY
PARTICLES

Some of the particles were first observed in cosays and this discovery
opened the way to many other new particles disgovegood example is
the muon. Elementary particles are high energygbast hence they are
produced in high energy chambers like the accelssathere fast —moving
particles collide to generate other lighter pagscl
One good example is the collision of a proton \amiother proton in an
accelerator. This collision will produce a neutrarpositive pion and

another proton as shown below.

p+p - p+n+m

3.1.3 DETECTION OF ELEMENTARY PARTICLES

These patrticles can be detected using any of thielpadetectors in physics.
The particle detectors can be the Gaseous ionizdatectors like:

Cloud chamber
lonization chamber
Proportional counter

Multi-wire Proportional Chamber



Drift chamber

Time projection chamber
Geiger-Midiller tube
Spark chamber.

Apart from these, there are also Solid-state detedike:
semiconductor detectors
solid-state track detectors
Cherenkov detector
Scintillation counter

Photo multiplier or Photodiode / Avalanche phobald

3.2 PARTICLE FAMILIES
Elementary particles are grouped into families adiog to their properties
and behavior / interactions with other particlelseyf can be either fermions
(with half- integral spins) or bosons ( with integeins). The families
include :
) the quarks and the leptons which are fensi
i)  the hadrons ( which are the mesons and éngdms)
i)  the hyperons
The last two families here are bosons.



321 QUARKS
Quarks are elementary particles with fractionakrgha. They also possess
half- integer spins and so they are fermions. Theeesix quarks and six
corresponding anti-quarks . There are no free guarkature, i.e. quarks do
not exist by themselves. All quarks must be bounanother quark or anti-
guark by the exchange of gluons. This is calledlquanfinement. Let us

look at them on a table below with their propetties

Name Symbol Charge e Mass (Mé&y/c
up u u +2/3 1.5-3.3

charmc c +2/3 1,160-1,340

top t t +2/3 169,100-173,300
down d d -1/3 3.5-6.0

strange s S -1/3 70-130

bottom b b -1/3 4,130-4,370

3.22 LEPTONS

There are 12 fundamental fermions, made up ofgsiarks and six leptons.
Three of the leptons are neutrinos, and the remgitmree have electric
charge of —1 each .These are the electron, the mudithe tauon. The table

below shows the lepton family with some properties.

Charge Mass

Name Symbol Antiparticle = (MeV/c?)

Electron e- e+ 1 0511



Charge Mass

Name Symbol Antiparticle e (MeV/c)
Electron
) ve ve 0
neutrino
Muon W= wr -1 105.7
Muon neutrino VUL Vi 0 <0.170
Tau k o -1 1,777
Tau neutrino VT VT 0 <15.5

3.2.3 HADRONS
These are patrticles that interact by the strorgyaction and the general
classification includes mesons and baryons. Thesadéhadrons is further

described by the two families below.

3.24 MESONS AND BARYONS
Mesons are intermediate mass particles which acdemp of a quark and an
anti-quark pair. On the other hand, three quarkhinations give rise to
baryons.
Mesons are bosons, with integral spins. They irelin@ pi-mesons (pions),
the k-mesons (or kaons) and the eta. (The pions are positive- , negative-
and neutral - pions. The neutral pion decays telactron, positron, and

gamma ray by the electromagnetic interaction ama scale of about 16



seconds, but the positive and negative pions hanger lifetimes of about
2.6x10s.

The baryons include the nucleons which are proémalsneutrons; as well as
the hyperons that are strange baryons ( the lanthe@ajgmas, the chis and
the omega).

3.25 HYPERONS
A hyperon is any baryon containing one or morengteaquarks, but no
charm quarks or bottom quarlBeing baryons, all hyperons are fermions.
That is, they have half-integer spin and obey Fdimac statistics. They all
interact via the strong nuclear force, making thgpes of hadrons. They are
composed of three light quarks, at least one otlwls a strange quark,
which makes them strange baryons. They includetSigma hyperong;’,
>° andx”. They possess rest mass of ~1,190 MeV and lifstiofie
~1x10"° s with the exception &° whose lifetime is shorter than 1x1¥s.
There is also one Lambda hypera), with a rest energy of 1,115 MeV and
a lifetime of 2.6x10'° s. There are two Xi hyperons, also known as the
cascade<€’ and=".. They have rest energies of 1,315 MeV and 1,32¥ M
and lifetimes of 2.9x18°s and 1.6x108° s respectively. There is one
Omega hyperon, the last discover@d, with a mass of 1,670 MeV and a

lifetime of 8.2x10"! s.

326 DECAY OF HYPERONS

The hyperons do participate in strong interactiemg the following show

their decay modes

A decay



A p+ +7—-

A’ - n°+7°
A° may also decay on rare occurrences via thesegses:

A° — p+ +e- +e

A% 5 p+ +p— +vp
Y decay

>+ — p+ +70
>+ -+t
50y A® 4y

>— — n’ +n-

= decay

0—>A0+7I0

E-— A% +n-
= particles are also known as "cascade" hyperomse shey go through a

two-step cascading decay into a nucleon by firsagiag to aA°
and emitting ar".

Q" decay

0O- - 20 +71—

4.0 CONCLUSION



Elementary particles are basic building blocks atter. They help us to
understand matter and its composition. Elementariigbes come in
families and they all possess spin, charge and qgtntum properties.
Understanding of the elementary particles and theavior will help us to

understand some basic laws and principles of plysic

50 SUMMARY
We have been able to see that the elementarylparéice many in nature.
They are observable in cosmic rays. They have rfamifies which

include: the quarks, the baryons, the mesons,dtehs and the hyperons.

6.0 TUTOR-MARKED ASSIGNMENT

[MT 1.1] Draw a table showing the elementaaytigles ( not anti-
particles) according to their families with theléaVing
properties: symbol, charge, and spin.

[MT1.2] Differentiate between a lepton and a megimmg names of

particles and some properties.

7.0 FURTHER READINGS
An Introduction to the Physics of Nuclei and Pagscy R. Dunlap



MODULE 2

UNIT 1 1.0 INTRODUCTION

Elementary particles interact with each other, &y also collide one with
another or even exchange some force carriersh@dle can give rise to
production of new particles or energies which caritiked to other smaller
particles or resonances (ie intermediate partidieg)interactions of the
particles with one another are governed by soms i{akich must be obeyed
before a reaction can be allowed in nature. Thess hre known as

conservation laws.

2.0 OBJECTIVES
The objectives of this chapter are:
(i)  to know about the various conservation laws
(i)  to classify the conservation laws
(i)  to describe each law using examples
(iv) to test whether a reaction will take place in natir not

3.0 CONSERVATIONLAWS
These are laws that must be obeyed before a raawimtake place in
particle physics. There are many of them ranginghfthe law of charge
conservation to the hypercharge conservation.
3.1 CLASSIFICATION OF LAWS
We are well aware of the fact that in a collisionareaction, the total

momentum is always conserved. This is a fundaméaial



Similarly, the total energy in a reaction involvitigese elementary particles

Is conserved. Elementary particles obey severdl sanservation laws.

3.2 EXACT CONSERVATION LAWS

The exact or absolute conservation laws includegtud:

) Energy

i) linear momentum

lii)  angular momentum

iv)  charge

v)  baryon number

vi)  lepton numbers and

vi) CPT (Change conjugation, Parity and Time reversal)

3.3 DESCRIPTION OF EACH LAW
Conservation of Energy and Linear M omentum
These state that in a reaction the total energy lsw@dr momentum are

conserved.

Example: Consider a reaction whanemeson decays into a~ meson and

an antineutring’ i.e,
N -a+y,
E __E,+E, (tisconserved)
m,c’ =E, +Ey
E,= prrc2 + M’y c“)% = total energy ofu~ and that ofy, will be

E, =|p,[" (usingmp=0)



Initial momentum of therm-meson is zero because it is at rest and its rest
mass is zero.

Hence conservation of momentum gives
0=p,+p, (p, =0)
Or p,=-p,
Substitute to get energy equation as;
prrcz +m?, c“)% +| pﬂ|c =m,c?
or [+ o*) 3 = myc? |
use p for the modulus,|
l.e
pée? +nt,ct =mict + p¥’ - 2my, pc®
2,, pc* = (i, - g Jc*

or p= (nﬁz;;ni)c
2 2

2
Hence the energy of the neutrino E§:Cp:%and that of they -

2 2 :
e 2 _!mj —my!
meson Ise, =m,c"-E, =

2m,
We have determine the energies of the partigleand y,in terms of the

masses of the pi-meson and myepn and m,).

This is characteristic of a two-body decay system.
In general for an n-body decay (n >2), the energfesich particles are not

fixed but constrained by the two conservation laws.



In the g-decay, the energy of the electron and the antimeutan take

continuous values because it is a three body decay.

Conservation of Angular Momentum
This law states that if an isolated system is ideéinite state of angular
momentum the initial angular momentum is the saméeha final angular
momentum.
The angular momentum of a particle is the sum sfatbital angular
momentum and its spin.
Example

K* 2" +0°
Decay of aKk * meson at rest.
Total angular momentum of'Ks zero because its orbital momentum is zero

(at rest ) and the spin for'Ks zero also 0+0=0.

Therefore the total angular momentum of the sysfenm°) must be zero
also.
A M -meson has a o spin, its orbital angular momentupeio. Hence law of

conservation of angular momentum is obeyed.

Conservation law of Charge

This law states that in a reaction, the total ceasgconserved.

eg E-ytv

electron cannot decay into neutral particles sulplotons and neutrons

because this will violate the law of conservatidrclmarge.



The electron is the lightest particle and a pastican decay only into
particles lighter than itself so that energy can do@served, hence the
conservation law for charge makes the electroreta btable particle. So, an
isolated electron cannot decay.

We can show that the following reactions are pdsdsiiecause charge is

conserved in each case.

N -u+y,
N - e+y,
n- - nN°+e+yp,
and also
N-p+e+j,
Conservation of Baryon number
The electron which is the lightest charged partislestable because of
conservation of charge.
The proton is another known stable particle, batldws of conservation of
charge, energy and momentum do not explain thelistabf proton. For
example
D e +M°
p-e+y
are reactions which do not take place in naturencllea new conservation
law must be used to explain the proton stabilithisTis the law of
conservation of baryon number B.
Each particle is assigned a baryon number B agvisl

B = 0 for photon, lepton and mesons
(vv,e 1, K,\n,nr)
B=+1forpn/N\N,Z"°= =



B=-1forpANZ" 0= =

This baryon number is an additive number. The barmywamber for a set of
particles is the sum of the baryon number of eactigbe in the set.

This is similar to the law of conservation of chaf a system of particles.

Conservation law of baryon number states that ireaction, the initial
baryon number must be the same as the final barymber.

Hence we can have the following reactions occurirngature

p+n - p+n+MN°

p+n—> p+n+y

p+n - p+p+|‘|'
But the reactions

p+n - € +0 and
p+n-nN*+0°

are not allowed because the baryon number befgrés (Bot equal to the
baryon number (0) after the reaction. However rédaetion.

p+n - N*+N° is allowed. Hence we can conclude that the newr@hthe
antineutron are very different even though theyhljmissess same mass and
charge (charge =0).

The system (pn) cannot form two pi-mesons but ttstesn (pn) can. This
shows that n and interact with proton very differently.

The proton is the lightest baryon and hence itabls.

A decay such ag - e* +y is not possible, because baryon number is 1

initially and zero at the end of the reaction.

Conservation of Lepton Number



The interaction of leptons is different complet&tym that of baryon. Hence
as we have baryon number conservation law we ase kepton number
conservation law.

There is an associated lepton number for each &fnlépton and also a
conservation law corresponding to the lepton number

So, we have the conservation laws for the eledepton number (Le) and
the muon leptop numberf).

These are:

Le = for electron e- and electron neutino

= 1 for position & electro-antiy,

= o for all other particles

Lu = 1 for muon /) and muon neutrino

= -1 for antimuon £ +) and muon antinutring
= o for all other particles.

Lt = 1 fortauon and its neutring
= -1 for anti tauon and tauon anti —neutnno

= o for all other patrticles.
The lepton number is also additive like baryon narsbIf we have two-
electron system then the electron lepton numb2r is
Conservation laws of electron-, muon- and tauomelemumbers state that
in a reaction, the initial and the final electromuon- and tauon-lepton

numbers must be the same.

Hence
,U_—> e + y,u+J_/e

n" - u +y,



Mn* - e + y, are possible and allowed.

But

H - e +vy

U - € + e + e are forbidden since final electron lepton numbeuns

and initial electron lepton number is zero.

Origin of Exact Conservation L aws

The conservation laws are ultimately connected wime symmetries in
nature; they result from some symmetry the systessgsses.

For example, a particle in a spherically symmeaential will have

angular momentum that is conserved because that@thas a rotational
symmetry.

In general it can be shown that the total angulamentum of an isolated
system is conserved if the system has a rotatispi@mmetry. That is, the
physical properties of the systems remains the same

The law of conservation of momentum results whersyatem has a
translation symmetry, that is, the physical prapsrtof the system are

unchanged when it is translated by an arbitrargldecement.

34 APPROXIMATE CONSERVATION LAWS
The approximate conservation laws are not obeyedlllilze interactions but
are useful in cases where the contribution of arte@other interaction is
negligible.
Some of such laws are the laws of conservation of
)] Isospin (strong)
i) Strangeness (strong & electromag)

lii)  Parity (strong & electromag)



Iv)  Charge conjugation (strong & electron)
v)  Time reversal (strong & electromag) and
vi)  Hypercharge

The law of conservation of isospin is valued omlythe strong interaction.
Isospin: I-spin

The concept of isospin was used in grouping thagpiomgether. It applies
only to strongly interacting particles like mes@msl baryons.

The assumption made is that if only the strongratigon were present, the
pions world be completely alike. If however theatlemagnetic interaction
Is turned on, there will be mass difference betwenneutral and charged
pions of about 2MeV, as well as differences inrthié@times and magnetic
moments. Application of the magnetic field causspétting of the level.
This is similar to seaman splitting of a level toraic spectral or better still,
the fine structure in atomic spectra where one actoontrol experimentally
the splitting of the levels.

Isospin is designated T with its projection ontspecial axis as sl These
guantum numbers are analogous to the angular momedt and its
projection mrespectively.

Each set of particles (or multiplet) of I-spin Tggsesses (21) charged
states. Hence the nucleon is an I-spin doublet With’2 . The proton has
T; =% the neutron hags - 2.

See the table for the I-spin assignments for oetdl listed particles.

Strangeness



Strangeness was introduced to account for incamgigtin behavior of some
particles -A,Z, andK. They are called strange b/c they are produced at
fast rate in high Energy collision but decay aloavgate.

It has been discovered that a large number ofiogecinvolving the hadrons
can be understood systematically only when a neantgem number is
assigned to each such particles. This is knowrhasstrangeness quantum

number S.

The strangeness quantum number assigned to eaanbasl as follows:

Hadron Strangeness S
K*, KA TF 3° 5° 1

Anti particles of = = 2

K™ K° A 2" 30 5° -1

CA -2
Other hadrons on our table 0

Observe that this strangeness quantum number ignilgeguantum number
that is negative for the particles and positivetfair antiparticles.

The strangeness number is an additive quantum numbe

In a reaction, if the strangeness is conservedraaetion has a large cross-

section.

Consider thereactions

1 Consider the collision of a negative pion ammaon
T +P 3+ KY

and
m+P - X"+ K®



Here the total strangeness of edahp)and (z°k*) is zero whereas that of
(£*+k*) is — 2. thus, by the conservation of strangenessagction
(7 p) - (£7K!) is possible (or allowed) bitr p) - ('K ") is forbidden.
Experimentally, it has been observed that readtiop) - (="K *) has a large

Cross section.

2. Consider the decay @Y into two particles.

N°is the lightest baryon with a nonzero strangenessiigim number. The
laws of conservation of baryon number and energyashel that the final
products must contain a baryon lighter thstn This means that a proton or
a neutron must be produced by that decay.

N - P+K™
- n+K°

I.e

In each of these reactions, the energy is not ceedesince the sum of the
rest masses of the products is larger that themmass ofA°. Therefore the
only way the decay can occur is through the viotatof the law of
conservation of strangeness. In other words theaydexf A° into two
particles can take place only through the weakraat®n. The possible
reactions then are
N - P+m

-n+ 7
Parity
In a parity transformation, the coordinates (x,y¥)a particle become

(-xy,—2).



In particular if r refers to a point P in a coor@ia frame, then after parity
transformation, it becomes —r. This type of transfation is related to the
transformation brought about by a reflection inieron.

Mirror reflection about x-y plane followed by ratat about z-axis through
180.

Imagine that a mirror is kept coordinate systemenTthe mirror image of r
is r' where

r= vy ezl

r=xt+y) =%

Now rotate t about z-axis through 180then it will be transformed into —r,
because the x- and y- component will change sigd; the z-component
remains unchanged. Hence we can think of parityatjssm as a product of
reflection about the x-y plane followed by a ratatebout the z-axis.

If a law governing a physical phenomenon is foumbté invariant under the
transformation r— - r, the phenomenon is said to obey the law of
conservation of parity. The mirror symmetry and itgaare equivalent
because an isolated system has a rotation symmetry.

Casel

Consider force of gravity on a mass, nocated at s due to a mass /m
located at4. Newton’s law states

FoCmm

|r e |3 rl_rz)
171

The motion of mis given by

d’r _ _cmm,
dt2 |r1—r2|3(rl )

Under parity transformation, we hawe,. -r, andr, - -,



Hence equation of motion becomes

d’r _ _cmm,,
dt2 - |r:l _ r2|3 (rl r2)

2

=S, -)

2 |rl _ r2|3

Which is same as, 3

Thus the law of gravitation is invariant under pari

Case?2

Consider a particle with charge e moving in a umif@lectric field E.

The force on the particle is eE. If r is the pasitiof the particle then the
motion of particle is

2
md—2r =ek
dt

To transform this equation of motion under paritg \wust know the
transformation of E under parity. The electric diglue to a charge e at a
point r is given by
e
E=———r
ang,r?
Now transformr - -r meanskE - -E and equation of motion goes to

2
—m% =-€ekE

Which is same as the original equation, hence Elsi@tic force law is

invariant under parity.

Case 3a
Consider a particle moving in a uniform magneteldi B. the magnetic
force is



2
e{% XB} and the equation of motion thenn’% = e(% xBj

To transform under parity we must know the transftion of B under
parity.
Recall that the magnetic field produced by a cun®given according to the
law of Biot and Savart as

B:& as >§r

411 |r|

Under parity therefore, -~ r anddl - dl hencedB - dB or B - B
A magnetic field produced by a current does notngkd under parity
transformation (opposite of case with electricd)el

Using this result in equation of motion for thetpae we get

d’r dr
-Mm—-=¢ ——X B
dt? dt? j

2
- md_zr = —e(—ﬁx Bj
dt dt

Hence we see that the magnetic force law is inmanader the parity
transformation

Case 3b

In the presence of a free magnetic chaggeusually referred to as a

magnetic monopole, how is the law affected.

Magnetic field is given as

BDE

r*
Sunder parity transformation B would transformleselectric field E.,
B--B
Motion equation becomes



dr dr
-m——=e!l—-—x(-B
mdt2 e{ dt d )}

m%e{%B}
This is not the same as before, hence, in the pecesef a free magnetic
monopole, the force law is not invariant under tyaransformation.
It is very transformation parity is a multiplicagivquantum number, the net
parity of a system of particles is the product bftlze orbital and intrinsic
parities.
The dichotomy of orbital and intrinsic party is &gous to that of orbital
and intrinsic angular momenta.
The proton has intrinsic parity + 1, the pion {ig¢ kaon -1, the lambda -1
and so on.
The net parity of a system of particles is the poadbf all the orbital and
intrinsic parties.
The strong and electromagnetic interactions coeseerity but the weak
interaction does not. Since the reactions thattertsptons are weak, the
leptons do not have intrinsic parities. Hence tleeteon in the hydrogen
atom has a well-defined orbital parity but no imsic parity.
Recall that a wave function is either odd or eveden the operation of
changing the sing of all its coordinates.
Define P as the parity operator in the form
py(x.y,2)=¢(-x-y,~2)
Two cases arise

py =+ (even parity)

py =-y (odd parity)



For instance, the wave functions for the electrom ihydrogen atom have
parity P =(-1)

In fact any orbital angular momentusmwill contribute a factor of-1) .

C Parity and G Parity

These are two conserved quantities that are mighiple like the ordinary
spatial parity. Both are applicable only to mesons.

C parity refers to behavior under the transfornmatimf particles into
antiparticles while G parity refers to the behaviaunder this same
transformation compounded with a rotation by %i&0sospin space.

Strong interaction conserve C and G. The electrowtag interaction
conserves C but not G. the weak interaction doesartserve their C nor G.
C is known as charge conjugation.

When failure of parity conservation was discovertedas at first thought
that the product CP would be conserved by the weakaction.

The fact that the weak interaction does not cors@® was established by
experiments on Kmesons decay into two pions.

The violation is also rare. Violation of CP consdign carries a
conseguences for time-revered invariance of reagtio

Time-reversal invariance means that reactions ayeally capable of
proceeding forward and backward.

Time reversal transformation requires replacing +b

A physical law that is invariant under time revérsa

It has been found that electromagnetic and strategactions are invariant

under time reversal.



If a physical law for a set of particle also holftg the antiparticles
corresponding to the particles then the law is iiawve under charge
conjugations.

A general theorem known as the CPT theorem of guarfield theory

asserts that any violation of CP conservation ntstcompensated by a
violation of time reversal invariance. Thus the esqment evidence for the

violation of CP conservation in the decaykffmeson implies that nature is

not / time symmetric.

It is believed that all interactions in nature argariant under CPT
transformation. It is exact (or absolute) conseovalaw. (CPT is exact).
The conservation laws are associated laws are iasstonith symmetry
operations, i.e.

Parity P . reflection symmetry in ordinary space

Isospin - rotation symmetry in Isospin space

C, G - with different kinds of particle — antiparticleaange symmetries.

Hypercharge

In modern terminology the strangeness quantum nu®@d®s been largely
superseded by the hypercharge number.

The hypercharge number equals the sum of strang@mesbaryon number
e 'Y =S+B

Conservation of hypercharge is equivalent to thenseovation of

strangeness.



3.5 USESOF CONSERVATION LAWS
Conservation laws are used to ascertain whichiogecwill occur in nature
and which ones will not occur. Some of the exaahsolute conservation
laws are used to test for the reactions since st be obeyed. These are
majorly the conservation laws of charge ( Q), bargamber (B), Lepton
numbers (L e, Lu and L ). Four of these must btk see the validity of
the laws. Violation of any of the four laws revéadt the reaction cannot
occur in nature.

3.6. TESTING REACTION EQUATIONS
We want to test for certain equations to see whiaes are allowed and
which ones will not take place in nature.
The test will usually begin with the reaction ptaraction equation
Then use the four different laws one after theegtbheck for the one that

will be obeyed . If all four laws used are obeyieelt the reaction will occur

in nature.
CASE |

p+tn— p+p+m
Charge Q: +1+0 = +1+1-1=+1 (Q issEmred)
Baryon B: +1+1 = +1+1+0 =2 ( B mnserved)
e-lepton numberl: 0+0 =0+0+0 =0 (Le is conserved)
u-lepton number i: 0+0 = +0+0+0=0 (Lis conserved)

The test shows that all the conservation laws beyed, hence the reaction
can occur in nature. The proton can collide witleatron to give two
protons and a negative pion.
CASE II

p+n— n+

Charge Q: +1+0 = +1+0=+1 (Q is coned)



Baryon B: +1+1 = 0+0 ( B.is nainserved)
e-lepton numberl: 0+0 =0+0 =0 (Le is conserved)
u-lepton numberhi: 0+0 =0+0 =0 (Lis conserved)

In this case, the conservation law of baryon numdeiolated, hence the
reaction cannot occur in nature. The meaning isalmoton will not collide

with a neutron to produce positive and neutral gion

4 CONCLUSION
It is obvious that there are two classes of coraem laws in particle
Physics; namely: absolute and approximate consenviaws. The absolute
( or exact) conservation laws only can be useddbthe validity of a

reaction taking place in nature.

5 SUMMARY
The exact conservation laws include the laws oteoration of Charge,
Energy, linear momentum, angular momentum, Baryanbyer, lepton
numbers of the electron, muon and tauon as weélle@€PT conservation
laws. The approximate conservation laws includedhaf Isospin,
Strangeness, C- Parity, G-parity, Charge conjugatime reversal T and
hypercharge Y.

6 TUTOR-MARKED ASSIGNMENT
[TM 2.1] Test the following reactions and state g¥hones will occur in
nature, also identify the laws violated by any teacthat will
not occur in nature.

@u - e +y D)y - e +e +¢€



C)uw - e +y,+V. (d) n" - u +y,

+

(e)p—’e+y

[TM 2.2] List all the conservation laws known towand classify them
into two major groups.

[TM2.3]  Write short notes on any two conservatiaws from each
group.

7 FURTHER READINGS
Particle Physics by B. R. Martin, G. Shaw (2ddien).



MODULE 3

UNIT 1 1.0 INTRODUCTION

Physics is the study of all natural phenomena amnals with all laws of
nature. There are four fundamental forces that weegming to consider
under this study which account for the generaluiest of known physical
processes. The weakest of the forces under coasimers also the most
familiar and the first law of physics to be mathéwgsaly described. This
happens to be the gravitational law discovered ibyis@ac Newton which
states that the force between any two point massegroportional to
the product of the two masses and inversely prapatto the square of

their distance apart.

i.e. F=G mm,/r?

2.0 OBJECTIVES
The objectives of this module are
(1) to know which interactions exist between edmtary particles
(i) to know the carriers of each interaction
(i)  to know the properties of the carriers
(iv) to know what resonances are in particle physics

(v) to see the symmetry models employed

3.0 INTERACTIONS RESONANCESAND
SYMMETRY MODELS



Elementary particles interact with each other lgyg¢lkchange of carriers of
the interactions. The interactions differ as wesltlze carriers.

Resonances are intermediate particles in a rea@mmetimes they are
transient [i.e. too short-lived to be observed].

There are also models that are used to group ttielpa in their various
families and the grouping will enable us to idgnahy missing particle with

its corresponding properties.

3.1 INTERACTIONSIN PARTICLE PHYSICS
Interactions are just the forces that are resptangp reactions to take
place. This reminds us of the reactions in Nucd®arsics. There are four
basic interactions we shall observe here in parpblysics, they are known

as four forces or interactions.

311 DIFFERENT KINDS OF INTERACTIONS
The interactions in particle physics include:
(i)  Gravitational interaction
(i)  Electromagnetic interaction
(i) Weak interaction and

(iv) Strong interaction

3.1.1 THE CARRIERSOF INTERACTIONS
the fundamental forces of nature are mediated Bpit®wwhich are known
as carriers. These carriers of the interactionsrerdosons which must be
exchanged between the particles themselves béfeneaction can take
place. Just as there are four interactions, wehase four carriers ; one for

each interaction.



Let us look at them one after the other as liseldw.

3.2 PARTICLE INTERACTIONSAND CARRIERS

It is believed that all interactions in particleyBlts are carried out through
some carriers. However, the interactions each tieieown carriers. In the
next sub-sections you will get to know the intei@ats as well as their

carriers. The carriers are bosons and their pnesedate also stated.

321 GRAVITATIONAL INTERACTIONS

The weakest of the interactions or forces undersidenation is also the

most familiar and the first law of physics to bethematically described.

This is the gravitational law discovered by Sirds&ewton.

It states that the force between two point massesrectly proportional to

the product of the masses and inversely propoitiéhe square of their

distance apart.

l.e. F=Gmm,/r?

. Because this force is always attractive andffesston general theory of

relatively cannot be tested, its effect on fundatagrarticles and nuclear

physics is generally not considered.

CARRIER: The carriers of the gravitational interaction doeown as
gravitons the quanta of gravitational field. Excpanof a virtual
graviton between two protons will lead to the grawonal attraction
between them.

Gravitons have zero mass, spin of 2 and chargerds z

322 ELECTROMAGNETIC INTERACTION




. Electromagnetic force is the second force todresiclered.

The laws used for force relations in this case@walomb’s law and Biot-

Savart law which are also inverse-squared lawshtLygaves are examples
of electromagnetic phenomenon and we have seenethatromagnetic

forces govern the behavior of electrons in atontsraalecules.

Maxwell developed the theory of electromagnetisrd his equations were
later developed by Schrddinger, Dirac and HeisepbBuclear processes
can hence be thought of as electromagnetism. Famgbe, the decay of

gamma rays involve electromagnetism.
+ —
y -¢e t+e
CARRIER:
The carriers of electromagnetic interactions aeepiotons. They have mass

equal to zero, spin 1 and charge zeroligarticles).

323 WEAK INTERACTIONS

Weak interaction is also a type of nuclear forcen @xample of its

manifestation is the beta decay of a nucleus. Teetl®magnetic waves are
believed to be quantized with a quantum known ghaton (). About
1930, this belief was developed that a force afisas exchange of photons
between two charged patrticles. This developmentemadkawa in 1935 to
try it for nuclear force. He tired to exchange asemne particle so as to
obtain short range of the force. i.e. Two electroihsind came apart, there is

exchange of photons, mass is equal to zero, range =



For proton there must be some particle involvedtargparticle cannot be a
photon because if range of force is infinity)( the uncertainty in force is
also» and mass must be zero to keep the law invariant.
CARRIER:
The carriers of the weak interaction are the cliye, W and the
neutral 2 bosons.
Masses of W+ W particles are 81,800 MeV@vhile mass of Z particle =
92,600 MeV/C.
These enormous masses account for the extremety reimge of the weak

interaction (or weak force).

3.24 _ STRONG INTERACTIONS

The force that holds nuclei together is strongradtgon forces; which is
very strong because it must overcome the Coulomde fimside the atom.
However the strong force here must be short ranfiéde order of 18°cm
and it is known as nuclear force because it exmstisle the nucleus of the
atoms. Reactions that obey this force are alphaydecuclear fission,
nuclear fusion and scattering of nucleons by nuatehigh energy. The
mathematical form of the strong force is not easitiften.

CARRIER:

The carriers of the more fundamental strong inteva@re the gluons. They
have mass zero, spin 1 and charge zero.

They have not been detected directly but they arengnently hidden from

view within the hadrons.



3.3 RESONANCES
Physicists prefer to call certain objects resonsnegher than particles

because these objects are (hypothetical) intermeedimtes in a reaction
chain. These particles are short-lived intermedtdées.
The particles include lambda with energy 1520 meiften asA(1520.

This is a [K"P] resonance; or a&[’A]resonance or & 77-1] resonance.
This A@1520 was found in collisions between kaons and protorsbubble

chamber where a variety of reactions take place.
e.g
K +p - A(1520 - K +p
~K%+p
-2+
S X+
20+

S N+ +m

The reaction cross-section for each of the reastisnsome function of
energy. It can be plotted as a function of the reenf mass energy. The
important feature of the curves is the local maximino the cross sections at
a centre of mass energy of 1520 MeV. At this eneatjythe cross sections
have a peak. In particle physics, a resonanceaisgbak located around a
certain energy found in differential cross sectiohscattering experiments.
These peaks are associated with subatomic partitkesnucleons, delta
baryons, upsilon mesons) and their excitations. Widéh of the
resonancel() is related to the lifetimer) of the particle (or its excited state)
by the relation

I' =h/1

whereh is the planck constant.



34 SYMMETRY MODELS
The symmetry models to be studied are two typessé&lare Mathematical
models employed in the grouping of particles tartkarious families. They
are matrices that are unitary in nature with a matent equals to 1. They
are special unitary model with a 2x2 matrix stroetQi SU(2)]and special

unitary model with a 3x3 matrix structure [SU(3Yhey described below.

Unitary Symmetry

I-spin was used to classify particles and resorance

GelpMann + Ne’e man in 1961 independently exterilecconcept of I-spin
to get a new theory for pointing out regularitiescang many states of the
particles. Their theory is now known as the SU%Bgcial Unitary Model.
To understand SU (3) we must first look at SU (2).

Su (2) is a model or mathematical structure defimgthe properties of 2x2
matrices which are unitary and have determinantl= +

SU (2) is special unitary model with 2x2 matrixustiure SU (3) is special

unitary model with 3x3 matrix structure.

SU (2) Mode

In this model, multiplets exist and can be portchlpg weight diagram. Each
multiplet is characterized by a quantum numbertaltangular momentum.
The multiplet consists of 2J+1 substates correspgntb equally spaced
values of J from value + J to — J, with no stdiseat.

Only one number is required to specify a multiplet.



SU(3) Mode

This is an extension of SU(2) to a 3x3 matrix diee, unitary with

determinant = + 1.

Multiplets here are called super-multiplets becatils®sy contain SU (2)
multiplets. For SU(2) we require two numbers toveethe purpose of J in
SU(2) model.

Let these numbers be and4,.

The number of substance is given by
o+, +) (2% 4]

Weight diagrams here are 2 dimensional with hypengd Y on the y-axis

and third component of I-spin {lon x-axis.

4.0 __CONCLUSION
According to the quantum theory of fields, all tideractions rely on the

mechanism of exchange of quanta. Each of the fGetds has its own
guanta — analogous to photons — which act as caoféhe interaction.

Thus all the four forces are transmitted from ortiple to another by
emission, propagation and absorption of their gpweading carriers. You

have also seen that resonances exist as intermeties in a reaction.

5.0__SUMMARY

The carriers of the four interactions are bosonanigainteger spins. They

are referred to as intermediate bosons.
These intermediate bosons and their propertieseasdy put on a table

below



Char
Name |Symbol Antiparticle

(e)

Photon

W boson

Z boson
Gluon

Graviton

[TM3.1]

[TM3.2]

[TM3.3]

W-

Self

W+

Self

Self

Self

Mass
(GeVi/c?)

80.4

91.2

Interaction
mediated

Electromagnetic

Weak interaction

Weak interaction

Strong interaction

Gravitation

6.0__TUTOR-MARKED ASSIGNMENT

Why are the interaction carriers called dos?

Existence

Confirmed

Confirmed

Confirmed

Confirmed

Unconfirmed

List the interactions on a table with thearresponding carriers

and their spin quantum numbers.

The mass of the YWoson is 80.400 MeVJ¢ Calculate the

range of the weak interaction .

7.0 FURTHER READINGS
Particle Physics by B. R. Martin, G. Shaw (2ddien).
An Introduction to the Physics of Nuclei and Pagscdy R. Dunlap



