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FUNDAMENTAL THEORY OF MATTERj A SURVEY OF RESULTS AMD METHODS

INTRODUCTION

Our sys temat ic knowledge of s t ab l e and semi-s tab le forms *)

( p a r t i c l e s and resonances , l i f e t i m e s "?/ 1O~ ^ s e e s ) in whioh mat te r

seems to exist, extends at present to forms oreated in laboratory

oollision experiments vith proton beams of energies less than 30 BeV.

A like situation holds in respect of the fundamental forces which

govern the behaviour of these forms of matter; our systematic

empirical knowledge extends no further than these same relatively low

energies. I wish to give a rapid survey of what we believe are some

of the "truths" and "insights" about fundamental laws of physics which,

though abstracted from this low-energy data, may, hopefully, survive

in a future theory.

The oourse that theory of matter would take in future centuries

- i t s particle aspect and the hierarchy of forces between particles -

was forecast in a remarkable prediction made by Isaao Newton:

"Now the smallest partioles of matter may cohere by the strongest

attractions, and compose bigger particles of weaker virtue; and many of

these may cohere and compose bigger particles whose virtue is s t i l l

weaker, and so on for divers successions, until the progression end

in the biggest partioles on which the operations in chemistry and

the colours of natural bodies depend, and which by cohering compose

bodies of a sensible magnitude.

"There are, therefore, agents in nature able to make the partioles

of bodies stick together by very strong attractions. And i t is the

business of experimental philosophy to find them out."

In Newton's day, the only virtue which particles of matter were

known to possess was gravitational. Subsequently, we have learnt

that there are at least three other virtues. These are: l ) strong;

2) electromagnetic! 3) weak; and^posaibly, 4) super-weak.

..6.6x 10-22KeV sees _ _. ,Q-24*) Lifetime r * 6,6x10 Key sees ^ T h u a 1 Q

width P width in KeV

lifetime corresponds to resonances of width ^100 KeV.
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There are two important points to be made about these fundamental

forces:

1. They have vastly different strengths; typically the ratios are,*/

strong : E .T.f • s weak i super-weak ; gravitat ional

1 : 10~2 : 10~5 : 10~8 : 1O"34

2, Even more important; there is a sharp selectivity about the other

forces in oontrast to the universality of gravitation. Thus,

(a) strong forces divide matter sharply into hadrons (strongly inter-

acting matter) aad leptone (with no strong forces);

(b) E.E. forces divide natter into electrically charged and

uncharged j

(c) weak forces divide matter into "left-spinning" and "right-

spinning". They act selectively between "left-spinning" matter

in a sense I shall define more precisely later.

As in the familiar case of electrodynamics, i t turns out that

this- selectivity is best expressed by assigning to different

varieties of matter a number of fully or approximately conserved

charges (strong charges, EJT. charge, weak charges). The assign-

ment of charges serves two roles:

1. Kinematic; since the charges defined are (fully or partially)

conserved, they serve to classify single particle states.

*) These are ratios (of squares) of the well-known dimensionless

coupling constants, normalized (where necessary) with proton mass.

There has been the conjecture (due, I believe, to Dirac) that the

strengths of these forces and presumably also their relative ratios

may have varied with the age of the universe (G. Gamow, Phys. Hev.

Letters _19_, 759 (1967)). Evidence to show that this is not likely

for some of the constants,has been adduced recently (P.J. Dyson,

Phys. Rev. Letters, 1£» 1291 (1967); A. Peres, ibid. _!£, 1293 (1967);

J.N, Bahoall and K. Schmidt, ibid. ]£, 1294 (1967); and SJf. Chitre

andT. Pal, ibid. 20, 278 (1968)).
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2o Dynamiot as for the case of the Coulomb fbroe the long-range part

of physical forces is determined "by the magnitudes of the correspond-

ing charges.

Since the concept of strong, weak and 3 ,K. charges is so crucial

to particle physios, nearly half of my talk will "be devoted to it.

Indeed, if I were asked to list the major recent "truths"

in particle physios, the list would be somewhat like this:

1. A clearer comprehension of the charge concept, both for

classifying particles and for the dynamioal role it plays. In

particular, the discovery that there is a unifying principle running

through strong, weak and EJ-I. foroes, in that these forces share the

same basic charges and their corresponding currents (scaled differently,

of course,in strength).

2. Recognition of the essential correctness of basic laws of

relativistic quantum mechanics (RON: ) up to the energies available at

present. Quantum mechanics was invented for systems of typical
Q

dimensions ~10*" cm, typical energies measured in eV, Non-relativistic
quantum mechanics continued to work in the nuclear domain with typical

—12
lengths ^10 cm and I'eV energies - a vast extrapolation from the

situation i t was invented for,*) Relat ivist ic quantum theory - and the

strongly operative word i s r e l a t i v i s t i c - seems to hold down to 10 cm

and BeV energies, With quantum theory,we appear to have bui l t our-
no

selves a house with no doors and/windows and with walls so high that

(in Jos t ' s phrase) i t i s hard to know if i t i s a house or a prison we

have inherited. I t will be clear as I go on how tight and res t r ic t ive

the structure of r e l a t i v i s t i c quantum mechanics i s ; for example, i t

does not appear to permit an easy mixing of space-time degrees of

freedom with the "internal" degrees of freedom represented by the

charges.

3 . Renormalized quantum electrodynamics (Dirac-I'axwell theory of
to

electrons and muons) which accords/the highest experimental
accuracy achieved at present. Since Professor P, Low will review

nineteen-
*) There never was a conference held in the (thirties, where some of the

founders of quantum theory did not express doubts about this extra-

polation. The fundamental length at which quantum mechanics was
has

expected to break down/continually diminished in size as time has

gone on.
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i t in the next hour, I shall not discuss this most beautiful of theories

which makes every one of us purr with elation.

4. Developments in weak interaction theory, initiated by the discovery

of their extraordinary space-time reflection properties, which were first

correlated through the recognition of the crucial role of the two-

coinponent (left-handed) nature of the neutrino, and through i ts later

generalization, to the concept of chirality (handedneas) for all matter.

Prof. T.D. Lee will be covering this soon after this lecture and I shall

not discuss this beautifully connected development.

The plan of my lecture will be as follows. First we go over the

Roaenfeld table (Appendix A) of stable and semi-stable particles and.

resonances, introducing at the same time the various classifying charges;

next describe the theoretical apparatus used, setting down also the

canons of relativistic quantum mechanics (RQT)i finally, turn back to the

charges in their dynamical role and oonsider other dynamical symmetries

not associated - to our present knowledge - with charges, lie end with

speculations whether these symmetries foreshadow discovery of newer forms

of matter interacting with super—at rong forces.
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PAST I

CLASSIFICATION OP PARTICLES ATJD CHARGES

A. POINCARE DESCRIPTION

Throughout we make the assumption t h a t laws of physics are

t r a n s l a t i o n - and space-time r o t a t i o n symmetric. This assumed

Poinoare symmetry of Bpace-time implies in turn conservat ion of

energy^momentum (Pi,) and angular momentum ( j j , v ) *), respec t ive ly?* '

*) Conservation law of angular momentum is verified empirically,

for example,in 0 —*0 internal conversion in electro—transitions
22

in Ge ; Sunyar (G. Feinberg and If. Goldhaber, Proc. Nat. Academy,

£>, 1301 (1959)) found a ratio ^/e~ < l/lOOO . Since y-rate for

a 1 —> 0 transition would "be ^10" faster than e~ rate for

0 —• 0 transition, one concludes that the amplitude for the

admixture of spin 1 state with spin zero state is less than 1 part

in 10-4 .

**) The argument connecting symmetries and conservation laws, though

well known, is worth repeating. A symmetry in quantum theory is

represented by a unitary transformation U relating a given state of

the system to the one obtained by the symmetry operation,

Infinitesimally, let

U - 1 + id X (J hermitian)

A symmetry ia exact if U commutes with the full Hamiltonian of the

system; it is a partial symmetry if it commutes with only a part

(hopefully the dominant part) of the Hamiltonian. Thus for an exact

symmetry,

[u , H] - o -[xe , H] ,
dX

i.e., " 0
dt

so that X is a time-independent operator; i ts eigenvalues do not
Q "

change with time and serve to classify one particle states.

If the symmetry is only part ial , i . e . , if the Hamiltonian con-

sists of two pieces, \ n V + eH
n o n_ i n v . » dXQ/dt / 0 ; i . e . , Xe

i s time^Lependent, i t s time r a t e of change being propor t ional to the

symmetry breaking parameter g .
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I t is our aim in the sequel to specify a set of quantum operators
whose eigenvalues serve to classify single-particle s ta tes . A
complete characterization of those involving the Poincare operators
VJJ and J^v (jJ. => 0,1,2,3), was given "by Wigner as follows:

Consider the rest frame of the partiole P. = 0 , i ^ 1,2,3.
Single-particle states are labelled aocording to:

( i ) Rest mass (eigenvalues of the operator ?0)«

( i i ) Spin, The three spin operators v J. corresponding tto space
rotations close on the algebra of SU(2);

Thus from standard group theory, quantum mechanical states (in the
rest frame) can be labelled with the spin eigenvalues J and J,
of the two (Casimir) invariants of SU(2) - i . e . , of the operators

J? - J(J+l) and

where **)
0,

*) J , J-, J, are the same as J ., J^,, J-,2
 of

**) If the precise value of J., is not specified, the spin label

J denotes collectively a (2J+l) dimensional spin multiplet of

particles. In subsequent work,spin J will be speoified by in-

dicating the multiplicity: thus multiplicities 1, 3f 5» ••• will in

indioate spins 0, -̂, 1, .... , respectively.
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( i i l ) Particle-antiparticle duality

One of the gifts of local relativiatic quantum theory and Poincare

symmetry ie the assertion that all particles possess antipartioles *)

(with the same mass, same lifetime and opposite charge). If experiment

shows that this symmetry does not hold, either the Lorentz-invariance or

the looality of the theory must be abandoned.**)

Summarizing, the Poinoare classification of physical states proceeds

Kith the following ingredientsi ***) (Table 2)

*) The reason for this is Bubtlej real Poinoare invariance in a local

theory (defined more precisely in Part IIB) implies - i t so happens -

full complex Poincare invariance (U • 1 + i°̂ *y> J a« > ^ complex).

Now a part of the complex Poincare group oonnected to real Poincare

is spaoe-time reflection x_—* -x (parity or P—operation) and t—»-t

(time refleotion, T). This, together with C (conjugation of particles

with antiparticles), defines the CTP symmetry which converts incoming

particle states to the corresponding outgoing antiparticle states.

CTP symmetry is thus an in-built part of a Poincare-Lorentz-symmetric

looal relativistio quantum mechanics.

**) Present limits on mass and lifetime equalities of TT+ and IT" , for

example, set (not too stringent) limits on the experimental validity of

~ - - 1 - .064 ± .069

***)The impatient reader will get a reasonable notion of the concepts

in the subject by reading only the tables.



TABLE 1

Invariance or symmetry
represented by

U »

X. observables

If symmetry is

[U,H]

then
d

dt
I f

d
dt

unitary

1 + ic^J

ft

exact,

- 0 - [)

y e ( t ) .

xt(t)\

symmetry ia "broken.

transformation

** TT 1
i a m XX 1

0 .

0

TABLE 2

Poinoare

l ) Rest mass

2) Spin

Spin algebra

J

Multiplets

of *

dimensionality

3) Particle S5

description

SU.( 2 ) =>

" i € i i k Jk

- o, h i,

- 0 , - t - * , ^ , . . . .

If £, 3,

antipartiole duality.
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B. CLASSIFICATION CHARGES

The spin operators J. (and thei r group-theoretic properties)

provide prototypes for other classif icat ion charges. We now go over

these.

1. Electric charge

Empirically the electric charge Q ,

(a) is conserved Q • 0 \ -r (electron) > 2 x 10 yrs.j

(b) possesses (like J , ) the eigenvalues 0, +1, +2, . . . in

units of electron's charge. (in algebraic language

Q is the generator of an internal symmetry group U(l).)

All known charges exist in units of electron's charge;

(c) the most remarkable manifestation of this is the charge

equality of electron and proton verified to batter than

1 part in 1020 .

2. Strong (hadronio) charges

Unlike the electric case with but one type of charge known,*/'

there exist a variety of strong charges which manifest themselves

for strongly interacting particles, the so-called hadrons. These

are baryon charge (B) , hypercharge (Y), isotopic charges (ij) and

unitary charges (?).

(a) Baryon charge B

Like electric charge, baryon charge B carried by protons,

neutrons, etc, (see Table 4 for more baryons),

( i ) is absolutely conserved **)

rfree proton> ^ y P S "

23
T, , . > 4 3c 10 yrs. ,

bound protons

*) There could, for example, exist par t ic les with magnetic charges

(monopoles) but at present there i s no evidence for these.

**) These are estimates of Reines, Cowan and Goldhaber (see G. Feiberg

and K* Goldhaber, i b id . ) who looked for possible proton decays in large

hydrogeneous sc in t i l l a t ion counters C ÎIn .
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( i i ) possesses (like J . ) eigenvalues

°» i 1 * ±2» ••*
in units of proton's baryonic charge.

A remarkable ("but not understood) empirical relation

seems to exist connecting spinj and baryon charge B ;

empirically (J- £B) takes integer but not half-

integer values.*)

(b) Hypercharge Y

The discovery of hyperoharge Y for strongly interacting particles

is the outstanding post-war discovery of experimental hadron physics.

Like Q and B , Y is associated with the algebra of group

structure U(l) (eigenvalues Y - 0, 4-1, +2, . . . ) . Unlike Q and

B , particles of large Y value have not so far been reported; the

largest firmly-established value of Y is -2 for XT. Whereas Q

and B are (tb all intents and purposes) absolutely conserved, with

Y we enter the domain of partially-conserved charges Y k 0 .

A K -meson with Y =* +1 decays in 1O~ sees into a pair of

ir-mesons with Y •=» 0 , i . e . , a unit of hypercharge disappears (into

the vacuum) in 10r sees. Since the characteristic times involved

in strong interactions are of the order of 10"" - 10~ 4 sees

(AE «* several hundred KeVs), i t is dear that this relatively slow

hypercharge violation (tr ~ 10"* sees) is irrelevant (to one part

*) This empirical relation has led to a certain confusion of termin-

ology. To clarify: All strongly interacting particles are called

hadrons. Among these are half-integer (Fermi) as well as integer-

spin (Bose ) particles. Empirically all baryona interact strongly and

are therefore ha&rons- From the relation J - -̂B • integer, clearly

zero baryon charge B » 0 implies integer (including zero) spin.

Such particles are called mesons. A deuteron (J - 1, B • 2) is a

hadron, a boson, a baryon, but not a meson. When a particle is

called baryon without qualification,the normal implication is baryon

charge B =• 1 and (from J - i s - integer) half-integer spin.
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in a tr i l l ion) in strong interaction physics.**)

(c) Isotopic charges

The concept of the three isotopic charges I . (which generate,

like the spin-operators J. , the algebra SU(2)) has been familiar

since the 1930*s:

0

( i ) Like spin, multiplets of isotopic charge are labelled with

two numberst

I l l - 0, i, 1, | , . . .

~" 2,
with dimensionalities 1, 2, 3, At *••

(ii) Like hypercharge, isotopic charge is not conserved

i* °
if forces other than the strong forces are taken into

account. As is well known from nuclear physics, the

isotopic symmetry is broken by electromagnetism. Thus,

*) The lack of hypercharge conservation proceeds from that part of

the Hamiltonian which corresponds to weak forces;

This is qualitatively clear since the ratio of hyperoharge-violating

decay times (K°—* 2-IT) to the hyperoharge-conserving decays

sweak '̂̂ strong ~ 1 0 ~

**) This is perhaps an appropriate place to make the essentially semantic

distinction between semi-stable partioles and resonances. Vfhen a

hadron decays through B.M. or weak forces (like K°^2ir) ; we have

called i t a (semi-stable) particle, the word resonance being reserved

for hadrons decaying through strong forces themselves (like p —>2TT).
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A quantitative measure of I £ I non-conservation is the

mass difference among members of the same I-multiplet;

typically for I - 1 ,

Mass (KeV) I ,

T. 1189 1

H° 1192 0

E " 1197 -1

so that Am .< 1 part in 102 ( ^ ~ ~ ^ - ) .

"strong

(iii) For hadron physios there exists the empirical relation*-* which

expresses electric charge Q as a linear sum of hyper- and one

of the isotopic charges
Q - I, + % Y .

This is the f i rs t example of charges shared "bet-ween two

different types of interactions, strong and E .M.

(d) Unitary charges

A remarkable synthesis of isotopio oharges and hypercharge was

achieved when i t was recognized,between 1959 and 1961, that these

four charges were part of a larger set of eight, the so-called unitary

charges P. ( i - 1, 2, 3, , . , , 8 ) -which close on the algebra of the

3U(3) group

provided one identifies F-, F_, F- with I.,, I-* 1^ and T with

2/\f~~b FQ . The charge-snaring relation for hadrons, mentioned above,

now reads

^ F8 •

The multiplets of unitary charge correspond to the representations of

the SU(3) algebra; these typioally possess dimensionalities 1, 3, 3,

8, 10, 27, 35i ...
*^" ^m%^ ^ s » _ . .

numerical
*) In all such(sharing relations,and throughout this lecture, the

charges are specified after scaling in their "natural'1 units.
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3 in oft the algebras of the hyper charge (tJL(l)) end iaotopio oharg*
(SCT (2)) are contained in the alge"bra of SU(3), . each 3U(3) multiplet
contains in a specified manner a number of lL.(l) and 3U(2) multi-
p le ts . Listed below are some of the known 8's and 10's of

SU(3) - the existence of the la t ter ^ being splendidly confirmed "by the
discovery of the Si". The fundamental t r iplet represent-
ations 3 and 3 of 3U(3) from which, according to standard
group theory, al l other representations can "be made**) by repeated
multiplications,have been named quark and antiquark representations.
Their isotopic, hypercharge and charge content (based on the empirical

formula Q - I , + ) would be as follows:

I 3

Quark 3, - |

_ l

0

Antiquark 3 - ~n

1
2

0

TABLE 3

y Q

1
I
1
3

2
" 3

1
""3

1
" 3

2
3

- I3 + &

2
3

_ I

1
" 3

2
" 3

1
3

1
3

*) A puzzle on par with the puzzle of non-existence of particles

with I Y 1 > 2 is the non-appearance in particle spectrum of higher

SU(3) raultiplets 27, 35, . . .

**) e.g. , 3 x 3 - 8 + 1
^ ^ * - ^ - y S l « - ' • * - '

3 x 3 x 3 - 1 + 8 + 8 + 10 .
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