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Structure of Matter Seventy years after

the Bohr=-Rutherford atom

Nineteenth cenmtury sScience appeared to have found the.

apnsSwer to the ancient question about the,basic constitueats of
matter: all substances, it had been found, are composed of chemical
elements and these elements are composed of atoms, the ultimate particles
of matters. Then towards the end of that century, J.J. Thomson discovered
the electron to indicats that the problem was far from solved and that the
atom has constituent parts.

| The intellectual breakthrough with which modern physics
begins is the Rutherford's discovery that the atom,2s Bohr put it,
éonsista of a rslatively heavy, '"positively charged mucleus sumundad

by a system of negatively charged alectrons kept togethsr by attractiv‘a_ '

" forcas from the mucleus." But according to classical elsctrodynamies, .th_e ‘
aystem of electrons would loae energy csntimicusly through radiation and
by the electrons required o new principla in physics. As is well kmowm,
ig 1913 Nials Bohr provided a sclution by introducing in ths laws of mc"tion
of the electrons Planck's principle of the quantum of action to l.".mit ~ther
m‘encrgy an electron can give out to fixed values. Quantum mechanics had
;pmvided a theoretical explamation of the stability of the atom. It is a

'cqx{rpcaite system consisting of @ mucleus and electroms. 73y 19‘52, the gcene

; appearsd beguilingly simple: the building blocks of matter were the f:-:u:r
.ent_i't‘;.ee, the ellectron-; the photon (the carrier of light), the proton and
the nautron, the last two being the constituents of micleus, The sfudv of
the structure of matter has a contimmous history which is still going om today,
Our aim here is to report on the progress made sinee Bohr's breakthreugh but |
especially aince these past two decades. ) l

In the realm of classical physics, the proton and slectron E

""linteraet with each other through two of nature's bvasic forces, namely,



2T R R R

the elactromagnetic and the gravitational forcss. 3ince the (attractive)
gravitational force between two protons inmside a nucleus is weaker than

the carresponding (repulsive) slectromagnetic force oy the encrmous

factor of about 1036, the amazing stability of the auclear structure caannot
9e 2xplained on the basis of these two forces alone. Clearly there is inside
the nucleus a2 new fundamental force Strong smcugh to overcome the enormous
2lectrical forces ftemding to blow the mucleus apart. This is the strong
auclear force, an extremely Short range farce whase effacts ars felt over

: -1
distances of only about 10 3 cm

s the radius of a subatomic particle. It
is so strong that it swamps the slsctromagnetic force by a factor of about
cne hundred.

The simple picture of the basic comstituents of matter of tha

193C8 had since then been complicated by the discovery these vast fev

'decades of hundreds of related subatcmic particles which respond to the

strong force. Such particles are called hadrons and are subdivided into
two classes. Those with integral spin are called mesons while those—';ith
hal?-cdd-integral spin are called baryons, the proton and neutron being
examples of baryons. The pion, the particle predicted by Jideki Yukawa
48 a carTier of the miclear force ,is a meson.

Jadrors: are unstable and have a mean life of about 10-7 to
10~10 Sec, (except the proton with a mean life af atout 1031‘ yrs) and
decay spontanecusly into other lighter particles. If the forces .respomible
for hadron decay were the same strong mclear forcs thea a Simple calculation
shows that their mean lives shonld be of the order of about 10-23 sec, To
explain this discrepancy, 2 new muclear forca inside the hadrons resvonsible
for their disintegration into lighter particle was proposed. This is the
veak miclear force whnich, like its :.:_ar'tner,' the strong muclear force, is short
range: twe particles must approach to within 10710 c@ in order to fael it., TI%
is axtremely weak with a strength of only about ‘IO‘13 tinat of its partner.
In contr=st to the strong and electromagnetic interactions which ars invariant

under reflection, the weak miclear force is oot reflection-invariant, but 8howa

a preference for "left-handedness' Also, associated with the weak mic lear

R S
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force is another family of spin one-half particles, called lsptons,

which do rot feel the strong force but appear through the weak interactioms

as decay products. The strong nuclear, the electromagnetic, the weak muclear
and the gravitational forces are the four basic forces in nature which account
for the observed actions of matter.

Svery subatomic particle, hadron or lepton, has associated with it
certain intrinsic propertiss which are used to identify it uniquely. These
are called its quantum mumbers. ZIxamples are its electric charge, baryon
or lepton mumber, hypercharge, strangeness, atc. All particles alsc
pPossess another property called statistics which can be applied to classify
them into twe broad types. There are those which.prefer to exist together
in the same quantum stats. Such particles are said to obey the Bose-Finstein
statistica and are called bosons. Thare are others which obey Pauli's
exclusion principle according ts which no twoe such partiélea can be in the

Same quantum state. These particles obey the Fermi-Dirac statistics and are

- called fermioms. All particles with integral spins (such as the pion and

the photon) are b0SODS and all those with half-odd-integral spins (such as
the proton and neutron) are fermioms. No other type of statistics has ao
far been discoverad.

By combining special relativity and quantum mechanics, the two
great discoveries of this Century, Dirac proved the existence of anti-matter:
to every particle there is an antiparticls whose quantum numbers are the
additive inverses of the former. The electron's antiparticls is called the
positron, but generally all others are identified vy the prefix anti-, so that
of the groton, for instance, is the anti-proton, a negatively charged particle.
Some, like the photon and the neutral pion, are their own anti-particles. I7 a
particle collides with an antiparticle, the two annihilate each other and are
transformed into photons.

Order in the submuclear world.

By 1960 8o many hundreds of pafticles had been discovered that
matter on the smallest scals arpeared to be an arbitrary jumble of elementary
particles. No simple and orderly relatiomship among the particles could be

perceived and sericus doubts were expreesed as to whether these could be
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considered as the basic building blocks of matter. Such a plathora of
fundamental objects of nature was felt to be intellsctually unappealing.
Could one find a structure in these submuclear particles to bring order
and beauty into this apparent chacs. The answer was provided by Gell-Mann
and He'eman im 1961, using the mathematical discipline of the theory of
groups which has now beccme the important tool.of modern theoretical
physics especially that branch invented by Sophus Lie in the nineteenth
century and now mown as Lie groups.

Heisenberg had earlier observed that because the proton and
the nentron have the same spin and nearly the same vass, and also
interact strongly with about the same strength, although electromagnetically
they behave diffsrently they could, for strong interaction purpcseé, ba
considered as the two states of a single object called the muclaon. To
distinguish between these states thé micleon is, in analogy to ordinpary
spin, assigned an I-spin of ¥ (in units of R ) so that its third
components of I-spin are + %, with the + % assigned to the proto;¥énd
the - 7 to the neutron. This is the first known example of a multiplet,
that is, a collection of particles with a mumber of common properties,
which behave in an idemtical way with respect to some interactions of
pature. When thié concept is extended to all hadrons it is readily seen
that they ferm I-spin multiplets copsisting of one, two, three or four
members called the singlet, doublet, triplet and quartet, respectively.
These are represemtations of the SU(2) group of Sophus Lis, the term
standing for the special unitary group of two-by-two matrices of determipant
ope. The I-spin concept requires that all hadrons should belong to
multiplets corresponding tolrepresentations of the SU(2) group.

In 1961 Murray Géiij&ann and Tuval Ne'eman independently
proposed an extension of the abrve idea by organizing all hadrons into
multiplets corresponding to representations of the SU(3) group, the
gpecial unitary group of three-by-three matrices of determinant one.

0f all the several representations of the SU(3) group, however, only
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those with one, eight or ten members callad the singlet, the cctet
and the gecuplet 3re favoured. That is a curious result which will
lead us to an understanding of the structure of hadroms. As in the
SU(2) representations members within each multiplet share 3 camman
spin angular momentum but are now distinguished from one another by
two quantum mmbers, Iz and hypercharge Y. If for each multiplet we
plot the particles' Iz against their Y, the hadrons are found to form
orderly arrays. Each of the spin-zero and spin-one m=sons are organised

into singlet and octet representations, with the singlet represented as

. & point at the origia and the octet as a hexagon with a particle at

each vertex and two particles at the camtre. The spin-aalf baryon
octets are idemtically represented while the spin three-half baryons-
appear as a triangle with a particle at each vertex, two particles,
equally speced along the lines joining the vertices and one particle
at the centre. In 1964, the cérrectnesa of the theory wes confirmed

when the {0 particle it predicted was discovered. Our picture of the

hadrons has been transformed from chaos to a comsidsrable degree of order

by simple group-theoretical ideas.

COMPCSITION OF HADRONS AND THE COLCUR FORCE

Why is it that of the many possible representations of SU(3)
only the three representations appear in nature ? Gell-Mann and Zweig
independently proposed an explanation. Nature's choice of the singlet,
octet and decuplet representations could be understocd if we corsider
hadrons not as the ultimate constituen®#Bof mattar, but as composite cbjecis
which are constructad from three basic particles called gquaris, by Gell-
Mann. The quarks are members of the fundamental representation of SU(3),
have spin angular momentum of one-half btut, unlike the hadrons, they carry
fractioral charges, hypercharges and baryon mumbers. Gell-Mann designated
the three quaris u , d and 8 and the corresponding antiguarks as
2 i d and 5, with u and d forming an I-epin doublet of hyperchdrge

Y =3 and 5 an I-epin sinelet of hypercharge ¥ = - %2 with a mass

different from the other two quarks.
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From this multiplet the three representations coasisting of one,
eight and ten members are obtained if mesons ars comstructaed cut of a
quark and an antiquark and baryons constructad cut of three quarks bound
together. The quark-aentiquark combination gives rise to the singlet and
octet representations while the three quark combination yields the singlet,
octet and decuplet representatioms. No other combination can exist as a
hadron and the quantum mumbers of all the hadrons observed at that time
were all correctly accountad for.

Now sim;e quarks are fermions they should obey the exclusion
principle we referred to earlier, according to which no two such particles
can be in the same quantum state. Quarks in a meson satisfy this principle
because a quark and its antiquark cannot have identical quantum mmbers.
For baryons, bowever, the story is different because we can identify some
baryons such as N***(uuu), N*"(ddd) and 0 (ses) iz which at least two -
of the three quarks can have identical quantum mumbers. Panli's princi;le
is too entrenched in quantum mechanics to be so lightly abandoned. To ensurs
that the three quarks inside a baryon chey the principls therefore, a new
quantum mumber with three posaible values must %e assigned to each quark.

This qnaﬁxum mumber is called colourj each triplet of quaris can appear in

any cne of the thrse colours - red, green and blue. Antiguaris will then
possess the colours anti-red, anti-grsen and anti-blus. Baryons are now made
dﬁ of three qugrim all of which have differenmt colour quantum mumbers, and,

a8 a result, the particles in a multiplet are colourless. Similarly, mesons
com8ist of a quark of one colour and the antiguari of the cnrresponding
anti—<colour and the resulting particle is -also neutral with respect to the
colour quantum mmber. All hadrons are therefore colour singlets and particles
with colour do not exist in a free state.

High-energy inelaétic electron-proton scattering experiments
conducted at the Standford Linear Accelerator Centre (SLAC) in the lats
1960s provided persuasive evidence of the existence of small point-like

particles within the proton which behave exactly in the way expectad of quarks.
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Thus another important advance towards our understanding of the structure
of matter has been made: Hadrons are not the ultimate building bhlocks
of matter but are compeosites of more fundamental particles called quarks.
Zach quark exists in three states, distinguished by a property called
¢elour and all hadrons are colourless.

The SU(3) of Gell-Mann and Ne'eman is concerned with
perSorming transformation on the three objects, u, 4 and s, so that
a u-quark, for instance, can be tramsformed into a d-quark or a d-quark
into an s-quark. Now that each quark =xists in thrse colour states, a
new SU(3) group enters the picture. Withia this group, blue quarks are
transformed into green quarks or green into red. The isotopic spin and
atrangsness quantum mumbers pcssesSed by the' quarks are refarred to-
collectively as flavour quantum mumbers. Because the two groups are not

identical, the origipal SU(3) is now known a8 flavour suU(3), og_SU?(3),

- and the new one as colour SU(3) (or SUC(B)). Unlike SUF(B), which is an

approximate symmetry group, the SUCCE) group is exact. Blue, green and
red d-quar#s, for instance,have identical masses.

Considerations of symmstry have always been important in physics
out with the advent of quantum mechanics, they have acquirasd special
significance. In recent years, one particular type of symmetry ¥nown as
gauge invariance has assumed a pariicularly unique role in particle physics.
The basic forces of nature are due to the exchange of apin one particles
and these forces, it has been discovered,are best understocd through the
use of gauge symmetries. Because of this, the carriers of the forces are
called gauge particles.

AS we have sSeen above, hadroms comsist of coloured quarks
bound together. It is natural to enquire about the force that binds
them together. Through the gauge theory of colour SU(3) one finds that quarks
are bound together by a strong muclear (or colour) force which is tramsmitted
by eight massless gauge particles which are supposed to glue the quarks

together and so are called gluons. A quark emitting or absorbing a glucn
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has its colour changed, the flavour remaining unchanged. Thus, like
the quarks, gluons are coloured and therefore .do not exist in a free
stats but are permanently confined inside the hadron. The distribution
5% hadrons observed at the PETRA electron-positron. collider strongly

suggests the existemce of these gauge particles.

Remarkabls progress has been made towards our understandirng of
the weak muclear force. At present, only six leptons are kuown which
feel the weak force as they approach each other. These are the electron
(27), the muon ( p,-) R the tau ( < ) and the neutrinos associated
with each : ’{;e ; v'u. and v_ . The first three are massive and
carry - 1 unit of électric charge while their neutrinos are mass less
and are electrically neutral. All the indicgfions are that leptoms have
no intermal structure and so are truly elementary. There are, however,
important differences between quarks and leptons, the two kinds of vasic
particles we have identified so far. Firstly, whereas quarks are subject
to the strong muclear force leptons are not. Also quarks form ag;regates
of particles, the hadrons,but there are no composite structures consisting
of leptoms. Finally quarks do not exist in a free state whereas isolatsd
leptons are in abundance. These differences arise from the fact that
quarks have colour while leptomns are "colourlesa!

Leptohs participaﬁe in both the electromagnetic and wéak forces and it o -
to find the carriers of the weak quclear force, .that Abdus Salam and Staven
Jeinberg proposed to unify these two interactions nctwi’thstanding the fact
that the former force conserves strangeness and iz reflection-invariant,
while the other respects neither and also that the two forces have different
strengths. To take care of these differences, the ‘sharged leptons are
split into right - and left-handed states, their neutrinos being already
1eft-handed and the differences in the strength of these forces is assumed .fs «
be due to the‘fact toat the darriesm of the weak farce aze wassive. :

Tn this way an SU(2)x U(1) gauge theory of weak and eie\ctromagnetic
ipteractions was constructed with the left-handed electron paired with the
Jaft-handed neutrino to form an sU(2) doublet and the right-handed

PPN 4
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slectron placed all by itself in an 8U(2) singlst. A similar patter:

can also be comstructaed for the mion and its neutrino. We saw earliar

that application of the gauge pdrinciple to 3U(3) leads to massless gzauge

varticles and this is also true when SU(2) x 0(1) is gauged. And yat
Nere we are requiriing three of the four particles asscciatad with the
gTOup to be massive. A way was frund wnich kept the photon mass zero
and gave the others their desirad masses., The mechanism used , xzown
a5 ''spontanecuns symmetry oreaiding', is unisrturately oo tschnical for
23 to explain hers. §uz‘fice it to say that Salam and Weinberg were
then abls to show that tﬁa elgctromagnetic and weak mclaar forces arc
in fact different facets aof a aore basic shori-range force now inown
the alectro-weak force, whose affects can be felt over distamces of lovr
than 10""3 om. Of the four gauge particles one is the photon, the
cartiar of the slectromagnetic interactions and the other threesthas
carriers of the weak force, are the measive W= and 2° particles,
These massive particles provide a link between quari®m and leptons
changing the quaris' flavour tut not their colour during a Scatierizg
process and decaying into leptoms. Discovery of these particles ih 1%0
provided strong evidence that SU(2) x 0(1) gauge theory providss am
axcsllent description of the elsctromagnetic and weak intaractiers.
Zadrons can alsc be incorporated in the thaory by splitting
the quari® into laft-handed doublaets (comsisting of left-handed u—quars
and 2 combination of laft-nanded d-and s—quaris) and twe right-handed
singlets i apalogy to the above patiern, except that sSince ihe quarks

are ;nasaiva; the rignt-nanded rartner must also Ye used., To carccal out

80 far unobserved and therefore unwantad "'Strangeness-changing neutrad

: =i, 2 " :
currents!, 32 new Juark with electric charge of -3- and carrving a4 nsw

flavour ¢, called charm, was proposfed. The existence o7 charmed quaris

was confirmed -in 1972 by the discovery of the J/ ¢ , a spin one neutral

particle shown to comsist of a charmed quark ¢ and charmed antiguark ¢

The J/¥ has hidden charm.) Several particles carrying non-zero charm

have since been detactad .,
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-.-Also-for certain- techmical reasons (cancellation of anomalies

Lalrs,

quarks are bdelisved to come i

| o1

and the other - <. And %0 each quark

(SR YT B

and its corrssgpo

charge is zero. The members of the 4

v, d, e and v. They play the largest rols in naturally occurring

Shenomera, The second family is 2lso known and it consis:is of ¢ y S, K

and VY, . The tau and it3 neutrino mus

of quarks and leptons. To complete this family, another set of quarss,

- 2 1
the tep (or truth) and bottom (or veauty) quarks with = and - 3 charges

respectively was therefore pronosad.

wad found to have the bb quark composition but top-7flavoured hadrons are

yet to bve fully established. The seco
in particle accelerators and have an e

responsidble only for extremely subtle

ding zeutrino to form a family whose total alactric

irst family are identified to &e

\

)
. 3 s 2
one with an electric charge 3

tair must %e associated a lepton

T therefore be part of a third family

-

A Reavy meson Y discovered in 1977

od and third families are borm chisfly

phemeral existance. They are

effects in ordinary matter.”

Combining the SUC(S) gauge theory of the Strong interactions

with the SU(2) x U(1) gauge theory of

to the "standard' model of alsmentary

-

the alectroweak intaractions lsads

varticlss and their interactions,

2 theory of the strong, weak and slectromagnetic interactioms which

Successfully describes an anormous mum

ber of quantitative and qualitative

features of slementary particle physSics and has no ‘zown inconsistencies.

Thus. according to the standard model the basic building blocks

of matter on which naturs's forces act

(u,d,e,va), (c

The guaris carry ftwo types of internal

S, 4

quantum mmbers which represents all of the

comserved by the strong intaractions.

are the three quark-lepton familias

-

, vu) and (% , o T, V.),

quantum numbers, the flavour
intermal quantum mumbers

fach flavour of suarks comes in

-

three colour states and the resulting hadrons are neutral with respect to

colour. Quarks do not exist as isolated States whereas the

a free state.

of three of the fundamental forces of nature,

gluons which carry the Strong force but

There are also the twelve gauge particles which are the

leptons exist in

transmittars

these are the eight massless

which are confined inside the nadrons
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because they are coloured; the three massive W= and 2° particles, the
carriers of the weak force, and the pnoton which tramsmits the electromagnet c
force. Are these the ultimate indivisible constituents of matter, the "atoms'
of Democritus ? In Spite of its attractive features, few physicists believe
that the standard model is the ultimate theory of elementary particle
interactions because it is too complicated and arbitrary. From the fact that
SUC(B) x 8U(2) x U(1), a direct product of three factors, with differsnt
coupling constants we deduce that the three forces are basically unrelated
and independent of each other. There alé; does not appear to be any fundamenta.l
explapation for the repetition of the quark-lepton families or for the gquark
and lepton charges to be related by a simple factor of three or for the
unsymmetrical left-right handedness assigmment in the weak interactions but
oot in the strong interactions. Finally gravity is not incorporated in the

Standard model. -

It was in an attempt to understand some of these arbitrary
features in the model that grand unified theories in which the strong,
weak and electromagnstic forces are embedded in a larger zauge theory with a
single coupling constant wers developed. Most of such theories certainly have
Several appealing features, most explain one or more of the arbitrariness
that exist in the standard model and moSt predict proton decay and the exdistence

of neutrines with a small but non-zero mass and of course, new interactions the

new gauge particles predicted should mediata. But they alsc have thaip Shortcomin;av 

The mumber of fermion families is 5till not predicted by the theories, and
perhacs, most important of all, gravity has not yet been unified with the

other interactions and varticles of different 8Pins are not related to each other.
Are there then more complete theories that include the results of the standard
model and also address all the above questions ? The Supersymmetry and
Supergravity theordies appear to give ome the hope that the ultimate theory does

exist but this is another Story all together.




