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I. Introduction

Symmetry principles have played an important role since the beginning of
physics. A great deal of our understanding of nature can be formulated through
these symmetry considerations. In 'rhiséliecfure, I would like to review these sym-
metry operations, and to examine their foundation, Such an examination is useful,

-
especially in view of the various asymmetries that have been discovered during the
past two decades.

There are four main groups of symmetries, or broken symmetries, that are
found to be of importance in physics.

1. Permutation symmeiry: Bose-Einstein and Fermi-Dirac statistics

2, Continuous space=time transformations: translation, rotations, accelerations,
etc.

3. Discrete transformations: space inversion P, time reversal T, particle=-
ontiparticle conjugation C, G-parity, etc.

4. Unitary transformations, which include:

U]-symmefries: conservation laws of charge Q, baryon number N, and

lepton numbers L and LH ,

SU2 (isospin) symmetry, and

SU3 symmetry.

Among these, the symmetries connected with the first two groups of transformations
are, aof present, believed to be exact. In the third group only the product CPT is
perhaps exact, but each individual discrete symmetry operation is not. In the fourth

group only the U]-symmefries are thought to be exact.



1. Non-Observables, Symmetry Transformations and Conservation Laws

The root of all symmetry principles in physics lies in the assumption that it is
impossible to observe certain basic quantities; these will be called "non-observables”
in the following. For example, we may consider the interaction energy V between
two particles at positions T] and ?2 . The physical assumption that it is not possible

to measure an absolute position leads to the mathematical conclusion that the interact=

ion energy V should be unchanged under a space translation

PR + A
and - - -
ry = Ty + A

Therefore, the interaction energy V is a function only of the relative distance

-

(Fy=Tp)i e,

v=v€r§). )

From this, we deduce that the total momentum of this system of two particles must be

conserved, since ifs rate of change is equal to
- ( Vit V2) \%

which, on account of (1), is zero,
This simple example illustrates the close connection between three aspects of
a symmeiry principle: the assumption of a non-observable, the implied invariance

under the connected mathematical transformation and the physical consequence of a



conservation law. In on entirely similar way, we assume the absolute time to be a

non=-observable; the physical laws must then be invariant under a time translation

t— t +7

which results in the conservation law of energy. By assuming the absolute spatial
direction to be a non-observable, we derive rotation invariance and obtain the con-
servation law of angular momentum. By assuming that absolute (uniform) velocity
is not an observable, one derives the symmetry requirement of Lorentz invariance,
and with it the conservation laws connected with the six generators of the Lorentz
group. Similarly, the foundation of general relativity rests on the assumption that
it is impossible to distinquish the difference between an acceleration and a suitably
arranged gravitational field.

The table given on the next page summarizes these three fundamental aspects

for some of the symmetry principles used in physics.



Non=observables

Symmetry
Transformations

Conservation Laws
or Selection Rules

difference between
identical particles

absolute spatial position
absolute time
absolute spatial direction
absolute velocity
absolute right

{or absolute left)
absolute sign

of electric charge

relative phase between
states of different
charge Q

relative phose between
states of different
baryon number N

relative phase between
states of different
lepton number L

difference befween
different coherent mixture
of p and n states

permutation
o e
r=r

space translation
time translation = f+7
~

o A
rotation r = r

Lorentz transformation

B.E. or F. D. statistics

momentum
energy
angular momentum

generators of the
Lorentz group

parity

charge conjugation
{or, particle anti-
particle conjugation)

charge

baryon number

lepton number

isospin



I, Asymmetries and Observables

Violations of symmetries arise when what were thought to be non-observables
turn out to be actually observables. For example, a proton state and a neutron state
are obviously different, since these two states carry different electric charges; this
observable difference then breaks the isospin symmetry. As another example, let us
consider the questions of right=left symmetry P, particle-antiparticle conjugation
C, and their product CP .

Of course, it is well known that even in daily life, right and left are distinct
from each other. Our hearts, for example, are usually on our left sides. The word
"right” also means correct, while the word "sinister” in its Latin root means left. In
English, one says "right-left", but in Chineseé /& ;/:; (left) always precedes
/6 (right). However, such asymmetry in daily life is aftributed to either the acci~
dental asymmetry of our environment or initial conditions. The same applies also to
the difference between particles and antiparticles. Before the discovery of parity non=
conservation in 1957, it was assumed that the laws of nature are symmetric under a
right=left transformation. The same assumption was made with respect to the particle=-
antiparticle conjugation.

To illusirate these symmetries, or asymmetries, we may imagine fwo advanced
civilizations, completely separate from each other; nevertheless they manage to com-

municate with each other, but only through neutral unpolarized messages (e.g., un=

polarized light). Let us further imagine that through such communications these two
civilizations want to reach a mutual agreement on both the convention of the "sign”

of an electric charge and the definition of a "right=handed screw". This would not



be possible, if nature were symmetrical with respect to C and P.
However, assuming that these two civilizations are as advanced as ours,
such an agreement can, in principle, be achieved:
First, both civilizations may perform the three=body decay mode experiments
o] + = = ta
of KL , and compare the decay ratesof e w v ) gnd e T v g ° In our conven=

tion, we find]’

Rate (K~ 2y 1.00315 + 0.0003 for L=6

g) _
3,) 1.00405 + 0.00135  for L=p .

Rate (K~ 87 n

Thus, by using a counting device, it is now possible to compare the convention of the
sign of electric charge. These slight differences in K;3 decay rates enable one to
give an absolute definition of the sign of electric charge, without the use of a test
charge.

Once the sign of electric charge is established, it is then possible to transmit
the definition of an absolute "right" (or absolute "left") by using 11':2 decay. For
example, the neutrino emitied in a x decay has its spin always anti=parallel fo ifs
momentum, which may be defined to form a "left=handed screw”.

We note that by comparing the spin-momentum direction of the anti~neutrino

- +
in m decay with that of the neutrino in w decay, the “:2 decay is found to vio-

late P symmetry and C symmetry separately, but not their product CP. On the

o

23

total decay rate is unchanged under the space inversion operation. [ The P symmetry

other hand, the K_ ., decay violates both C symmetry and CP symmetry, since the

. . . © . . e . .
is also violated in the K, decay, because the neutrino spin is again found to be anti-

23

parallel to its momentum. ]



IV, Time Reversal

If one assumes CPT invariance, then CP asymmetry implies also T asym=
metry, Without assuming CPT invariance, we can also deduce by using our present

knowledge of K=decay that T invariance is violated, provided2

Amp (K;’-» 31°)

Amp (Kf-» 31°)

In this connection, it may be worthwhile to review the meaning of T invar~
iance. In classical physics, T invariance implies that if the motion of o system of
particles is reversed in time, then the time-reversal sequence is also a possible solu-
tion of the dynamical equations.

For a macroscopic system with a large number of particles, although the time-
reversed sequence is always a possible one if T invariance holds, it is, in general, an
improbable one. Thus, if we view a movie showing the motion of any macroscopic sys=
tem, even if we do not know for sure whether such a movie is being shown in its time=
reversed order or nof, we may try to guess. If the number of particles in the system is
sufficiently large, our guess will be almost always right. It is in this statistical sense
that we can determine the direction of our macroscopic time.

On the other hand, if the system contains only a very small number of particles,
then it is not possible, even in this statistical sense, to differentiate g time=ordered
sequence from its time~-reversed sequence (provided T invariance holds). As we shall

see, this last statement has to be modified in quantum mechanics.



We may use the p-decay as an example to illustrate this important difference ‘
between the quantum mechanical and the classical time-reversal invariance for a

microscopic system. Consider the decay of, say, u - e (L) +Ge(R) +vp(L) (Fig. 1)

e (L)

Figure 1

where SIJ is the initial spin of p~, R and L refer, respectively, to a right=hand
and left-hand polarization. Now let us examine the time-reversed sequence, and for
simplicity we consider only the configurations in which the momenta of \-)e and v

are parallel (Fig. 2)

e+ 7, ty, —p e"(L)

/

/ o
7 (R) / Note: 5. # -3,

vk )
Figure 2



In e (L) +5e(R) +VP(L) ~ i, since all initial momenta are assumed to be
along the same line, the total angular momentum along this line must be conserved.
Thus, the final y~ spin 75);‘ is the same as the initial ¢ , and g}: - gp .
Similar conclusions can be readily derived for the general case when the momenta of
the neutrino and the antineutrino are not parallel.

In a corresponding classical physics problem, we should expect the final u~

spin 31: in the reversed sequence to be the opposite of the initial u  spin gp in

the original sequences. In quantum mechanics, a frue time-reversal implies using
TV = UT Y1)

as the wave function, which implies that for the = decay we must simultaneously
reverse the \7e , v, € momentum and spin in all possible directions and construct

the required coherent wave; only then, the final y~ spin would be = —gp .

The above considerations can be applied to any reaction
atb+ o = g +b'+o o 2)

In quantum mechanics, even for a microscopic system, assuming T invariance once

holds, the time reversed solution T ¥ (t) is always an improbable one (except for the

free particles); it requires the time=reversed solution to contain, as the initial state, a
spherical incoming coherent wave which is extremely difficult to construct. This
should not be surprising when one recalls that the degrees of freedom necessary for

a quantum mechanical description of a microscopic system are almost always much

larger than those of any classical macroscopic system. For all practical purposes,



a test of time=reversal invariance is, in quantum mechanics, simply a test of

“reciprocity"; time-reversal invariance implies that the reciprocity relation holds.

The mairix element of the S-matrix for reaction (2) is, then, related to that of

a+b+... - a+b+...

where all particles, a, b, -+« and o', b', - - ¢ have definite momenta and
helicities: kqa ; kb oy We have, if time-reversal invariance holds, the
a

reciprocity relation

| <a'(ky, o), bk, op), - |s|q(kd,aa), b(kb'°b)"">%

= |<q('kar "o'a)l b(-kbl -ob)l Tt ‘ S ! q'(-ka', "oal)l b.('kb'l -0;)). e > I

The violation of T invariance means that these reciprocity relations are not valid.

-10-



V. Complementarity of Symmetry Violations

Consider the case of parity non=conservation. In the literature, the discussion
often proceeds by first defining a space inversion operator P and then producing a

Hamiltonian H which does not commute with P, i.e.,
[H,P1 # 0 .

It is important to note that this process is not self=consistent. To see this, let us recall
that the space inversion operator P is a unitary operator in the Hilbert space and, by

definition, it should represent the coordinate transformation-space inversion,

The time translation operator is

=iHT — -
e cr = +r, b - t+y ,

— e

For the geometrical transformation, it is obvious that the space inversion r = = r
must commute with the time translation t = t+17 , independently of whether parity
is conserved or not, On the other hand, [ H, P 1 # 0 implies that the alleged space
inversion operator P fails to satisfy the multiplication law of the coordinate transfor=-
mations that it is supposed to represent; thus, the fact that the space inversion symmetry
is being violated shows that the unitary operator P is not defined.

It is, however, possible to give a definition of P by making an approximation
on H. We may replace the total Hamiltonian by, say, Hi (e.g., Hi may denote

either the strong, or the electromagnetic, or the weak interaction Hamiltonian), such

-11-



that within this approximation, a parity operator P = Pi can be defined and it com=

mutes with Hi ,

[HI’P‘] = 0 .

It is clear that such an approximate definition Pi depends on the particular interaction
H, that is being chosen.3

To illustrate this interaction-dependent nature of Pi , let us consider the well
known O-r puzzle:

1r+ ™ (8 -mode)

+
7w (r-mode) .

It is known from the strong wN interaction that the pion is a pseudo=-scalar; the same

conclusion is also reached by studying the electromagnetic decay of w°,

- 2y ~ 2¢ +2e” .
Thus, we have
o _ o, _
Psf(rr) = P}I(ﬂ) = =]

and consequently the parity difference between 8 and v :

Pi(T) = Pi(G)' Pi(n) = -Pi(O)

where the subscript i denotfes either "st" or "y" , indicating that the parity is
determined by either the strong or the electromagnetic interaction.
On the other hand, we can just as well try to use the weak 8 and v decays

to determine the parity, Pwk . One has then, by definition,

-12-



Pwk(g) - Pwk tr)

and, therefore,

o P,
Pwk(n') = +1 .

Clearly, [ H Pwk] A0 and [ HY , Pwk] # 0. The violation of parity can

st”’

then be viewed s either the weak interaction violating the parity determined by the
strong (and the electromagnetic) interaction, or alternatively, as the strong (and the
electromagnetic) interaction violating the parity determined by the wedk interaction.

In practice, since Hsl' and HY are much stronger than Hwk , it is more con=

venient to define P by H and HY , and to regard its violation as due to Hwk .

st

This then leads to the conventional concept of small symmetry violations. Identical

considerations can be extended to other symmetry violations suchas C, CP and T.

-13-



VI. Aesthetical Considerations

These recent discoveries of asymmetries raise many interesting problems;
some of these are not tofally connected with physics, but rather with our aesthetical
considerations. Why do natural laws have a connection with symmetries, yet often
with a slight amount of asymmetry rather than with perfect symmetry? This situation
may appear to some people as aesthefically disturbing. Why should nature be slightly
asymmetrical ?

Before discussing these illusive philosophical implications, let us recall that
the word "symmetry” has two different meanings even in our daily language. According

to the (1949) Webster's Dictionary, these two definitions are:

sym'me- try (sm'& tr7), n. [F. or L.; F. symméirie
(now sxméfrie), fr. L., fr. Gr. symmetrig, fr. syn-
+ metron, a measure. ] 1. Now Rare. Due or bal-
anced proportions; beauty of form arising from such
harmony. 2. Correspondence in size, shope, and
relative position, of parits that are on opposite sides
of a dividing line or median plane.

It is of interest fo note the italic Now Rare for the first definition. Can it be antici-
pating the broken symmetry principles that physicists have now discovered about nature ?
Indeed, as we shall see, perhaps beauty should be associated with a slight asymmetry,
rather than with total symmetry,

The concept of beauty is, of course, quite subjective. Which is a more beauti-
ful object, one with total symmetry, or one with a slight asymmetry? The answer is
clearly open to debate. However, we may take a look at some of the well known exam=

ples in art. For example, both the Greek statues in Figs. 3 and 4 emphasize bilateral

-14-



symmetry. The painting of Poplars by Monet in Fig. 5 suggests a discrete space=-
translational symmetry. While the beauty of symmetry is clearly demonstrated in each
case, this beauty is greatly enhanced by the presence of slight asymmetries,

As we have discussed, the validity of all symmetry principles rests on the theo~
retical hypotheses of non-observables. Some of these hypotheses may indeed be correct
in a fundamental sense, some may simply be due to the limitations in our present abilities
to measure things. As we improve our experimental techniques, our domain of observa-
tions naturally becomes enlarged. It should not be surprising that we may even succeed
in observing some of those supposed non-observables, and therein lies the root of symme-
try breaking.

In this sense, we should be prepared for the eventual possibility that we might
be able, in some distant future, to measure the absolute space~time position, the abso-
lute direction and the absolute velocity, the relative phase between two states of differ=
ent lepton numbers, or even of different baryon numbers, or of different charges. Even
if these were possible, it should be expected that such discoveries could lead only to
what appears to be small symmetry breakings, aof least in all presently known phenomena,
because, otherwise, these supposed non-observables would have been observed long ago.

Just as in most of our artistic creations, the harmony and beauty of symmetry is
always enhanced by the presence of a small degree of asymmetry. From an aesthetic
point of view, I think it is rather satisfying to find nature also has a similar preference

in small symmetry violations.
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