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Space Inversion, Time Reversal and
Particle-Antiparticle Conj ugation

As we expand our observation, we extend our concepts. Thus

the simple symmetries that once seemed self-evident are no

longer taken for granted. Out of studies of different kinds

of interactions we are learning that symmetry in nature

is some complex mixture of changing plus into minus,

running time backward and turning things inside out.

by T. D. Lee

THE MORE WE LEARN about symmetry operations
—space inversion, time reversal and particle-anti-
particle conjugation—the less we seem to under-
stand them. At present, although still very little is
known about the true nature of these discrete
symmetries, we have, unfortunately, ahead) reached
the unhappy state of having lost most of our previ-
ous understanding. Let us, therefore, review the
gradual evolution of our past concepts of these
discrete symmetry operations.

P and T in classical physics

In classical mechanics, each particle is described by
its space-time coordinates r and t, and ever) particle
is assumed to be different from every other particle.
The space-inversion (P) and time-reversal (T) in-
variances in classical mechanics simply mean that
the dynamical laws remain unchanged under

P:
T:

r •

r-
- r ,
r, t

-^> t
- t (1)

Suppose we are given a record, say a movie rec-
ord, of the motion of a system of particles. If P
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School of Science. Yeshiva University,
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appear in the proceedings of the con-
ference later this year.

invariance holds, then by examining only the movie
it is not possible to decide with certainty whether
the movie represents the true sequence or whether
it represents the mirror image of the true sequence.
Similarly, the T invariance implies that if any
movie of the motion of a system of particles is run
backwards, then the time-reversed sequence also
represents a possible solution 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 although we
cannot know for sure whether such a movie is being
shown in its lime-reversed order or not, we may try
to guess. If the number of particles is sufficiently
large, our guess will almost ahuays be right. It is
only in this statistical sense that we can differentiate
for a macroscopic system any time-ordered sequence
of events from its time-reversed sequence, and,
thereby, determine the direction of our macroscopic
time.

If the system contains only a very small number
of particles, it is not possible, even in a statistical
sense, to differentiate a time-ordered sequence from
its time-reversed sequence (provided that T invari-
ance holds). As we shall see, this last statement has
to be modified in quantum mechanics.

Nonconservation of parity

The symmetry operations of P and T in quan-
tum mechanics were first studied and analysed by
Eugene Wigner of Princeton.1 Both operations were

PHYSICS TODAY MARCH 1966 23



PARITY NONCONSERVATION. Cobalt-60 decays into
nickel-60 plus an electron and an antineutrino. When the
original nucleus is polarized, the emitted electron is found
to have a left-handed spin, and its preferred direction of
motion is opposite to the polarization direction of the
original cobalt nucleus. The mirror image (without charge
conjugation) is not realized in nature; therefore right-left
symmetry (that is, what we call "space-inversion symmetry")
is violated. —FIG. 1

successfully applied to the atomic system, which in-
volves only the electromagnetic interaction; later,
these symmetry operations were extended to include
other phenomena in which not only the electromag-
netic interaction but also the strong and the weak
interactions participate. It is through these applica-
tions in particle physics that the validity of these
discrete symmetries was questioned,-1' and the ques-
tioning led to the discovery of the nonconservation
of parity.

The first experiment4 on parity nonconservation
(that is, space-inversion asymmetry) was made on
beta decay by Professor C. S. Wu of Columbia, in
collaboration with Ernest Ambler, Raymond W.
Hayward, Dale D. Hoppes and R. P. Hudson of the
National Bureau of Standards (see figure 1). From
the same experiment it was deduced that charge-
conjugation symmetry is also violated. Immediately
afterward the same noninvariance properties were
established for pi and mu decay."1

In quantum mechanics, the space-inversion opera-
tor P is a unitary operator and its eigenvalue is the
parity.

If space-inversion symmetry holds, the parity
must be conserved. Under P, the state of a particle
with momentum k and helicity A (defined to be its
spin component along the direction of k and in

units of h) transforms to a state of the same parti-
cle but with momentum —k and helicity —A. The
operator P satisfies

P|k,A) = »7pJ—k,—A>

Where t]V is a phase factor; P also satisfies similar
equations for the multiparticle states. Here, the
identity of a particle is defined through all of its
interactions which include, in particular, its mass,
charge and spin.

The suggestion that our known interactions are
not strictly invariant under space-inversion sym-
metry was, at the beginning, based on the theta-tau
puzzle"

fO+^, 7T+ + 7r°

" I T + -> 7T+ - f 7T+ + 7T-

The two particles 0+ and T+ were found to be of the
same mass and lifetime, suggesting that they are two
decay modes of the same particle, the K+ meson.
However, the parity of the pion had been previously
determined through both its strong interaction and
its electromagnetic interaction to be — 1.

P.t to = Py to = "I (4)

The subscripts st and y indicate that the determina-
tions are through H s t , the strong interaction and
H r , the electromagnetic interaction, respectively.
Based on the Dalitz analysis, the three pions in the
tau decay mode are found to be in a zero-spin state.
The same spin value can also be determined
through the various production processes for 9+ and
T+. The parity that is determined by strong and
electromagnetic interactions must, therefore, be dif-
ferent for the two final states, +1 for the two-pion
state and —1 for the three-pion state; consequently
we must have parity nonconservation if the 6* parti-
cle is identical with r+. There now exist numerous ex-
periments that establish that both H s t and H r are
invariant under the same space-inversion operation
Pst = Py, but Hwlt, the weak interaction, is not.
Thus, it is not possible to construct a space inver-
sion operator P that commutes with the total inter-
action Hamiltonian H.

At present, the best evidence for HBt and Hr

being invariant under Ps t = Py is from experiments
in nuclear physics. These experiments" establish
that for a nuclear level the magnitude of the parity-
nonconserving amplitudes is smaller than that of
the corresponding parity-conserving amplitudes by
a factor of about 10G.

Indistinguishable particles

If the identity of a particle could be taken for
granted it would be possible to define P, the pure
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space inversion, and T , the pure time reversal,
unambiguously. However, the distinguishability be-
tween different particles depends on all of their
interactions, and degeneracies often arise if some of
the interactions are absent. If the P and T sym-
metries are not valid for all interactions, then their
definitions can only be given when some of the
interactions are absent; consequently, such defini-
tions are interaction dependent.

If strong and electromagnetic interactions could
be switched off, it would not be possible to discover
any parity nonconservation from the weak inter-
action alone. In fact under these hypothetical con-
ditions many otherwise different particles would be-
come degenerate and indistinguishable. As a result
of such indistinguishability between particles, one
can find a solution for the space-inversion operator
under which the presently accepted form of the
weak interaction is invariant.

For example, if H s t = H r = 0 , we might infer
Erom reaction 3 that parity is conserved and the
parity of the pion is + 1 . Indeed all known weak
interactions are consistent with the assumption that
HKk is invariant under a different space-inversion
symmetry operation called Pwk.7 Inasmuch as we
regard Hwk as violating conservation of parity where
pari ty=P s t=PY , we could also regard Hwk as parity
conserving where parity is Pwk and attribute the
observed nonconservation of parity to violation of
Pwk invariance by strong and electromagnetic inter-
actions.

Time-reversal ini'ariayice

The question whether our known interactions are
or are not invariant under time reversal was raised3

when the possibility of parity nonconservation was
being studied. After the discovery that parity is not
conserved, several experiments were performed to
test time-reversal invariance in both strong8 and
weak interactions, 9>1° and these experimental re-
sults were all consistent with time-reversal invari-
ance. Recently, however, there has appeared an
indirect evidence from the K2° decay that time-
reversal symmetry is, like space-inversion symmetry,
only approximately valid for the known inter-
actions.

Before discussing this indirect evidence, let us
first review the meaning of time-reversal invariance.
In quantum mechanics, the time-reversal operator
T is an antiunitary operator.

If the theory is invariant under time reversal,
then from a solution ¥(«) of the Schroedinger
equation

ti d*(t)

-T-2r (5)

we can generate a different solution *
same equation. The * T is related to * by

of the

>['T( £)=T>I>( — /) = UT
iPr*(— t) (6)

UT is a unitary operator in Hilbert space and the
asterisk denotes complex conjugation.

An important consequence of time-reversal invari-
ance is the reciprocity relations between the transi-
tion probabilities: the magnitude of the S-matrix
element for any transition a—>& is equal to that of
fcT->aT

| = |<6T|S|flT>| (7)

Here \aT)=T\a) and |6T)=T|6) . Direct tests of
such reciprocity relations have been made for several
strong reactions,8 and these tests give good evidence
that the strong interaction is invariant under a
(certain) time-reversal operation called T, , . The
upper limit on the ratio of the magnitude of the
time-reversal-noninvariant amplitude to that of the
time-reversal-invariant amplitude is about 2% in
the proton-triton-deuterium reactions p + t<=±d + d.

As an illustration of how time-reversal invariance
can be tested in the weak interaction, we may con-
sider the example of A" decay

A" -=• N + (8)

The final NT + - system can be in either the s% or the
pv, spin-orbital state with relative amplitudes As

and Ap, respectively; the total isospin of the final
state is, predominantly, I=y2- If the weak inter-
action satisfies the same TB t invariance, then the
relative phase </>, defined by

is given by

4>=(S.,-8;)) or ( 8 , - 8 , ) + ,

(9)

(10)

where 8S and 8n are, respectively, the 5, and p%

phase shifts of the strongly interacting N+TT system
in the I=Y2 state. The experimental results are
8 s _g p « 3 +7 deg and'1 c/>cxp=15±20 deg which are
consistent with Hwlt being invariant under the same
time-reversal invariance as the strong interaction.
The same conclusion is also reached by a similar,
but more accurate, experiment on beta decay.10

T h e relative phase 8 between the Gamow-Teller
coupling constant gA and the Fermi constant gv has
been measured by M. T. Burgy and his collabora-
tors.10 If the weak interaction satisfies time-reversal
symmetry, 6 = 0 or 180 deg. The experimental value
is 18O±8deg. [In some theoretical models, how-
ever, the weak-interaction strangeness-conserving
current ,/M of the nonleptons is assumed to satisfy
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TIME REVERSAL. In the decay of a
neutral lambda into a proton and a
negative pion, if the initial lambda
is assumed to be completely polarized
along a unit vector sA, then the final
proton, at any given momentum k in
the rest system of the original lambda,
must be completely polarized, say,
along sp. In the reversed reaction when
a proton combines with a pion to form
a neutral lambda, the initial proton
has reversed momentum —k and is
completely polarized along the re-
versed direction —sp; the final lambda
is also completely polarized, but its
polarization direction sA, is, in gen-
eral, different from —sA, even if time-
reversal invariance holds. In these
graphs all spin directions are drawn
in accordance with time-reversal in-
variance. In quantum mechanics even
a microscopic system is described by
an infinite number of time-dependent
variables; thus the time-reversed solu-
tion for any scattering problem is, in
general, an improbable one (assuming
that time reversal is an exact sym-
metry). —FIG. 2

charge symmetry: /M* = - e x p (i-/,,) J^exp (-inly)
where /,, is the y component of the isospin operator.
Under this assumption, independently of time-
reversal invariance, gA/gV must be real.]

We note that in the A" decay, if the initial A0

is completely polarized, say, along the unit vector sA

in its rest system, then at any given momentum k
the final nucleon must also be completely polarized
along a direction sN which is uniquely determined
by sA, k and the amplitudes As and Ap. Let us now
consider the reversed reaction.

N 7 7 ^ A' (11)

in which the initial nucleon is polarized along
—sN and its momentum is —k. 11 the system obeyed
classical mechanics, time-reversal invariance would
imply that the final A0 in the reversed reaction must
be completely polarized along the reversed direction
—sA. For the quantum-mechanical system, although
the final A0 in the reversed reaction does remain
completely polarized, its direction is, in general,
different from —sA even if time-reversal invariance
holds. This elementary property is demonstrated
in figure 2.

To produce the final A0 with its polarization
along —sA, in case time-reversal invariance holds,
we must not use just the N + - state with the re-
versed spin and momentum, but we should start

with an initially coherent mixture of the appropri-
ate Si,<, and pi,, incoming wave of N + -. Mathemati-
cally, such an initial state can be easily obtained
by applying the antiunitary operator T onto th
final state M>(/= + oo) in the decay A"-^N + TT. Physi-
cally, however, it seems virtually impossible ever to
construct the desired coherent time reversed state
T^V(t = + co) for a direct testing of the symmetry
(or violation-of-symmetry) of the time-reversal oper-
ation. Here lies an important difference between
the time-reversal operation in classical mechanics
and that in quantum mechanics. In both cases time-
reversal invariance means that the time-reversed
solutions are always dynamically possible solutions.
In classical mechanics such a time-reversed solution
becomes an improbable one only for a macrosopic
system. In quantum mechanics even a microscopic
system is described by an infinite number of varia-
bles (that is, by a continuous function of space-
time); thus the time-reversed solution for any scat-
tering problem is, in general, an improbable one.

For all practical purposes the only direct and
tangible test of time-reversal invariance seems, to
be the reciprocity relations between various differ-
ential cross sections; that is, equation 7 restricted to
those states |a> and |b> that represent asymptotically
the appropriate initial and final states in which
every particle has a definite, but arbitrary, set of
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A new magnitude of power
in cwgas lasers

Perkin-Elmer presents a molecular gas
laser generating 10 watts cw power at a
wave-length of 10.6/x.This new continu-
ous flow gas laser operates at unusually
high efficiency. Available on 90 days'

delivery, the new Model 6200 Laser is
priced at $8,950,f.o.b.Norwalk,Conn.
Write for details to Electronic Products
Division, Perkin-Elmer Corp., 736 Main
Avenue, Norwalk, Conn.

PERKIN-ELMER
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CPT SYMMETRY. The figure shows
the motion of a positively charged
particle A in an electric field and its
"CPT" image. \1 and v2 are, respec-
tively, the initial (at time tj) and the
final (at time t2) velocities of A. CPT
invariance requires for the existence
of any particle an antiparticle of the
same mass, opposite charge, opposite
baryon number and opposite lepton
number. It is important to note that
the antiparticle state of A is different
from the usual charge-conjugation
state of A because charge conjugation
is not an exact symmetry. —FIG. 3

spin and momentum. In this connection it is rele-
vant to mention that all the presently known tests
of time-reversal symmetry, such as equation 10, can
be derived directly by using the reciprocity relations
between the appropriate differential cross sections.11

The violation of time-reversal invariance means,
simply, that such reciprocity relations are not valid.

CPT inx'ariance and particle-antiparticle relations

To understand the recent indirect evidence of time-
reversal noninvariance, it is necessary to review the
CPT theorem1- and the experimental evidence for
its validity.

In the framework of a local field theory, it can be
shown that if a theory is invariant under the con-
tinuous group of Lorentz transformations without
any discrete element (such as space inversion and
time reversal), the theory is automatically invariant
under a discrete symmetry operation, called "CPT."
If CPT invariance holds for the total Hamiltonian
H, the matrix element of H between any two states
|A) and |B) is related to that between their CPT-
conjugate states |A) and |B)

where

<B|H|A> = <B|H|A>*

A> = CPT|A>
B) = CPT|B>

(12)

(13)

From CPT invariance it follows that if A is a
stable particle, then its CPT conjugate A is also a
stable particle with exactly the same mass. This
can be easily proved by setting A = B in equation 12.

The CPT operator is an antiunitary operator;
furthermore it relates the state A with a momentum
k and a helicity A to that of A with the same
momentum k but the opposite helicity — A.. It can
be easily shown that the electromagnetic fields E
and H are invariant under CPT. Thus by compar-
ing the energy spectrum in an external electro-
magnetic field, one can prove that A and A have
opposite charges but otherwise the same electromag-
netic form factors (see figure 3). Within the same
framework of local field theory it can also be proved
that the baryon numbers, or the lepton numbers, of
the states A and A must be equal in magnitude but
opposite in sign. (We assume implicitly that charge,
baryon number and lepton number are all strictly
conserved.) In the following the state A is called
the "antiparticle state" of A.

Among the mass equalities between particles and
antiparticles, the most accurate one is that between
Kfl and K°

<Kn|H|Kn)=<K"|H]K") (14)

From the experimental mass difference" Am, be-
tween K" and K", it is found that equation 14 holds

ldto the accuracy |Am/mK

q
Thus, we should

regard H s t , H y and the strangeness conserving non-
leptonic part of HwlI to be invariant under CPT.

For the other parts of Hwk , evidences for CPT
invariance come from the lifetime equalities be-
tween the states A and A which decay through the
weak interaction. Such lifetime equalities hold, at
least, to the lowest order in Hw k and can be easily
proved by substituting Hw k for H in equation 12.
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The present upper limits on such lifetime differ-
ences AT are given for muons," pions15 and K
mesons10 by

AT {0.001 for ^
0.08 for ^
0.15 for K*

(15)

Among these, the limit for the strangeness-non-
conserving part of the weak interaction is rather
inaccurate.

In the following we shall assume that CPT invari-
ance holds; therefore for each particle state A there
exists an antiparticle state A that has the same
physical mass, the opposite charge, the opposite
baryon number (or the opposite lepton number)
and, if A is unstable, the same lifetime.

The Cst symmetry

As I remarked earlier, the strong interaction is
found experimentally to be invariant under a space
inversion Ps t (to an accuracy of about 10-°), a time
reversal T5t (to an accuracy of a few percent) and
the CPT operation (to an accuracy of about 10").
We can define an operator Cst

The strong interaction is expected to satisfy the Cst

invariance to the same accuracy as the TBt invari-
ance. Under Cst we must have at least approxi-
mately, p-^p and n—»n, but with their momenta
and helicities unchanged; consequently we also have
-+—>TT', 7r°^7r°, etc., since the transformation proper-
ties of these mesons are determined by those of
baryons and antibaryons.

The Cst symmetry has also been directly tested17

by studying the equality between the energy distri-
butions of 7T+ and 7T" in the annihilation of protons
by antiprotons

+ + (17)

The result puts an upper limit on the Cst-
noninvariant amplitude; it cannot be more than
about 1% of the Cst-invariant amplitude. A similar
upper limit of about 2% is obtained by studying
the energy distributions of K+ and K~ in the same
(proton-antiproton) annihilation experiment.

However, the weak interaction is known to vio-
late Cst invariance. This can be inferred by using
the properties that Hwk. has large violations of Ps t,
but it is (at least to a good approximation) invariant
under Cs tPBtTs t = CPT and T s t . The same con-
clusion can also be directly reached by considering
K° decays. Let K° be the neutral K meson with the
short lifetime and K2 that with the long lifetime.
If Cst symmetry were conserved in their weak de-

cays, K° and Kg would be eigenstates of Cst, and
their Cst eigenvalues must be of opposite signs. But
in the decays K° -> 2TT and K<>. -> 3TT the final 2TT and
3- are both in the Cst = +1 states. Thus Cst in-
variance must be violated, and the C8t symmetry is
not exact. If |p> is the physical proton state, the
state CPT|p> is the physical antiproton state, but
the state Cst|p) is only approximately the anti-
proton state.

Tiuo-pion decay of neutral K mesons

It was discovered last year by Christenson, Cronin,
Fitch and Turlay18 that the long-lived component
K" of the neutral K meson has a two-pion decay
mode

K2->^+,r (18)

Since both CBt and Pst (in the center-of-mass system)
interchange -+ and TT', the final (two-pion) system
in this decay must be of CstPst = + l. On the other
hand, the same long-lived component K!j also decays
into three pions

Kt! - > TT+ + IT' + IT" (19)

All pions produced are observed to be predomi-
nantly in the s state. Thus, the final three-pion
state is (or at least predominantly is) of CslPsl = —1.

Now, KS is, by definition, a particle with a defi-
nite lifetime. That it can decay into different states
with opposite CstPst values shows conclusively that
CstPBt is not conserved in the KS decays. The
CBtPst violation is, therefore, established independ-
ently of the detailed theory of the K1,1, K9, system.

The observed CstP, t noninvariance implies that

[H, CstPat] ^= 0 (20)

where H represents the total interaction. In this
decay, both the initial and the final states are
ei?enstates of H,, + Hv and the transition is due to
Hwk. This means that the CgtPst violation could be
due to the strong interaction111 or to the electro-
magnetic interaction20 or to the weak interaction,21

or a combination of these interactions, or the pres-
ence of some new interactions, such as the super-
weak interaction,22 which, however, I will not dis-
cuss further here. From this single experiment, it is
not possible to decide which interaction is respon-
sible for this violation.

If we assume the validity of CPT invariance in
the K.'.' decay, then it follows from equations 16 and
20 that T s t invariance is also violated; that is

TstHT-J =̂ H (21)

The amount of the observed Cs tPs t violation in
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the KS decay is a small one, characterized by a
parameter

Rate (Kg ->TT++77-)

Ra te (K?->7T + +T7-)
(22)

K;1 is the short-lived component of the neutral K
meson. The smallness of this parameter is, per-
haps, one of the most puzzling features of this new
discovery. To explain f, we may invoke a small
Csl-noninvariant term in Hs,, or, if e is a typical
example of a CstPst-noninvariant amplitude, a
small CstPst-noninvariant term in Hwk. There is no
difficulty in doing either of these; one is only puz-
zled by the smallness of such violation and by the
multitudes of different ways to construct such a
violation.

An alternative, and perhaps more attractive, pos-
sibility is to assume that H s t and Hwk are invariant
under Cs tPs t, but Hy has a large violation of
Cst invariance. In this case all strong and weak
processes can have a small Cst- and CstPst-non-
invariant amplitude through virtual emission and
absorption of photons. In particular K" can decay
into two pions with a fractional amplitude e^a/w,
(where a is the fine-structure constant) and this
gives a natural explanation of the smallness of the
observed CstPst-noninvariant amplitude.

This last possibility naturally raises many ques-
tions; among these the most urgent one is whether
the hypothesis of H r being noninvariant under Cst

is already in, contradiction with some other known
experiments. In an extensive study20 that I have
made in collaboration with Jeremy Bernstein and
Gerald Feinberg, we find that there exists at present
no experimental evidence that Hy of the non-
leptons is, or is not, invariant under Cst, nor is
there any evidence that Hy satisfies, or does not
satisfy, the same time-reversal invariance Tsf as the
strong interaction. If the electromagnetic inter-

A possible mismatch pattern for Ct, Pj and T,
where i stands for wk, y or st

cv

1

P s t

p
1 ml

— Cy Py Ty _

T i t

CWk PWk T w k = CPT

action is noninvariant under Cst, since Hy is experi-
mentally found to be invariant under both PsL and
CPT, it follows that Hy must also violate TBt

invariance.
The possibility that Hy may violate Cst and Ts t

invariances is, of course, only a theoretical possi-
bility. Nevertheless, the present absence of evidence
that Hy is, or is not, invariant under Cst and T s t

should provide sufficient incentive for further ex-
perimental efforts in this direction. Various tests
have been proposed, and some of these are already
in progress.

What is charge conjugation?

The electromagnetic interaction of the leptons is
well known to be invariant under charge conjuga-
tion Cr. Furthermore we know that the minimal
electromagnetic interaction of any system of spin-
zero and spin-one-half particles is always invariant
under charge conjugation; it is also invariant under
a time reversal T y and a space inversion Py. The
electromagnetic interaction of the leptons is well
described by such a minimum interaction. It seems,
therefore, aesthetically appealing to assume that
there exists a charge conjugation operation Cy un-
der which all electromagnetic currents change sign
and that all electromagnetic interactions, including
that of the nonleptons, are invariant under this
charge conjugation symmetry Cy. From the experi-
mental evidences of Ps t and CPT invariances, we
know that Hy must also be invariant under Py and
T y where

The question whether the electromagnetic inter
action does, or does not, satisfy the Cst symmetry
can be simply viewed as whether the charge-
conjugation operator Cy is, or is not, the same as the
operator CBt. (The Cst may, for example, be re-
garded as the baryon-number conjugation, and can,
in principle, be different from the charge conjuga-
tion.) If the electromagnetic interaction does vio-
late the Cgt symmetry, then Cst=^Cr and, therefore

As I have already remarked, the presently known
form of weak interaction Hwk is invariant under its
own space inversion Pwk; it can also be shown that
Hwh is invariant under a time reversal Twk and a
Cwk conjugation.7 Indeed, all our experimental
results are consistent with the assumption that each
of these interactions H4 is invariant under its own
Q , Pj and T { where i=st, y and wk, and

(23)
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The well known parity nonconservation is clue

to the mismatches

\yjj / * A -y - ^ s t vjp ( X=V'II-I-7^VJY

It remains an open question whether the recent dis-
covery of the Cs tPs t nonconservation in K'.'.^-++--
can also be attributed to a similar mismatch—one
between Cst and Cy. A possible pattern of such
mismatches is given in the table on page 30.

Our concept of "C" started with the charge con-
jugation C r determined by the electromagnetic in-
teraction of the electron.-1 Later, the operator Cy

was extended to other interactions and was called
"particle-antiparticle conjugation." After the dis-
covery of parity nonconservation, it was already
known that charge-conjugation invariance cannot
be extended to the weak interaction and that the
concept of particle and antiparticle rests, instead, on
CPT invariance. Nevertheless, the hypothesis that

charge-conjugation invariance Cy is applicable to
the strong interaction was assumed without ques-
tion, and that the electromagnetic interaction and
the strong interaction satisfy the same time-reversal
invariance was taken for granted.

The progress of science has always been the result
of a close interplay between our concepts of the
universe and our observations of nature. The for-
mer can only evolve out of the latter, and yet the
latter are also conditioned to a remarkable degree
by the former. As we expand our fields of observa-
tion, naturally, we also extend our basic concepts.
At limes, these two factors, the concept and the
observation, may become so interlocked that even
some of the fundamental principles used in an
entire domain of familiar phenomena may, to our
chagrin, turn out to have no actual experimental
basis. The history of these discrete symmetries has
been a particularly rich one, full of such surprises.
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