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Assuming that the strong interaction Hy is invariant under the particle-antiparticle conjugation C, it
is shown that all possible C-noninvariant electromagnetic interactions H, can be classified according to the
anticommutator between C and the charge operator Q into two types: (1) {C, Q}=0 and (2) {C, Q}#0.
Discussions of the first type C-noninvariant minimal electromagnetic interaction have already been given in
a previous paper. If {C, Q}#0, then the operator C must be different from what is normally called the
“charge-conjugation operator” C, which, by definition, changes any state of charge Q to that of —Q. Thus,
{Cy, 0} =0and C5#C,. As a consequence, there must exist, at least, a charged particle a* which is an eigen-
state of C; its eigenvalue can always be chosen to be +1. Furthermore, in the framework of a Lorentz-
invariant local-field theory, Hg and H, are invariant under C,PT, but not CPT. The C,PT invariance
requires the existence of another charged particle ¢~ which has the same mass as o™ but the opposite charge.
The @™ is also an eigenstate of C. The existence of such a* particles necessitates not only the C nonconserva-
tion of H,, but also the T noninvariance of Hg. The general algebraic relations between Hg, H., and these
symmetry operators are studied, and the properties of the particles a* are discussed. An explicit spin-}
model of a* based on the principle of minimal electromagnetic interaction is given. A possible unifying view
connecting the present C, T noninvariance with the well-known C, P nonconservation of the weak inter-

action is discussed.

I. GENERAL DISCUSSIONS

N this paper, we assume that the following two propo-
sitions are valid:

(i) The strong interaction is invariant under the
particle-antiparticle conjugation C.

(@ii) The electromagnetic interaction is not invariant
under the same particle-antiparticle conjugation oper-
ator C.

At present, there is good evidence that proposition
(1) is correct. For instance, we may mention the recent
study! of the equality between the energy distributions
of #+ and 7~ in the annihilation of § and p,

Prp— e, W

which places an upper limit on the C-noninvariant
amplitude to be not more than ~19, of the C-invariant
amplitude. A similar upper limit of ~29 is obtained
by studying the energy distributions of K+ and K~ in
the same (p+#) annihilation experiment. Further evi-
dence of C invariance of the strong interaction comes
from the smallness of the observed decay amplitude? of

K — 7t @)

Additional supporting evidence can also be obtained
from the p-p double scattering experiments® and from
the experiments on reciprocity relations in nuclear

* This research was supported in part by the U. S. Atomic En-
ergy Commission.
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reactions.* (See theorems 2 and 6 in the subsequent
sections.)

The transformation properties of the known strongly
interacting particles under C can be determined from
the various observed strong reactions: e.g.,

Clpy=1p), Clm)=|m),
Claty=|7"), C|a%=|n"),

Proposition (ii) is purely a theoretical possibility.®®
As’has been pointed out in Ref. 5, this possibility is
consistent with all existing experiments, and it gives
a natural explanation for the smallness of the observed
amplitude of reaction (2), which is about (a/7) times
that of K — 7t+47.

Using the notations of Ref. 5, the electromagnetic
currents of all strongly interacting particles can be
written as

)

Iu=J #+K e (4)
where
Ci.Cl=—17J, 5)
and
CK,C'=+K,. (6)
Let us define
Or=—i f Judr %
and
QK=—i/K4d3r. 8)

The total charge Q of the system is given by
Q=Qs+0«k. ©)

4L. Rosen and J. E. Brolley, Jr., Phys. Rev. Letters 2, 98
(1959) D. Bodansky et al., ibid. 2, 101 (1959)
57. Bemstem G. Femberg, and T. . Lee, Phys. Rev. 139,
B1650 (1965).
6 Cf. also S. Barshay, Phys. Letters 17, 78 (1965).
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The operator C anticommutes with Q; but commutes
with Qg:

CQs+Q,C=0, (10)

CQx—QxC=0. (11)

All C-noninvariant electromagnetic interactions, in-
dependent of whether they are minimal or not, can
be classified into two types:

(1) The operator Qg is zero for all physically ac-
ceptable states. Thus, we have

CQ+QC=0.

(2) The operator Qx has nonzero eigenvalues, and

therefore
CQ+QC#=0. (12)

The first type of minimal C-noninvariant electro-
magnetic interactions has been discussed in a previous
paper” (hereafter called Paper I). In Paper I, the cur-
rent K, is given by the derivative of the magnetic-
moment matrix of a set of spin-1 particles; thus, the
spatial integral Qx of its fourth component is always
zero.

The second type of C-noninvariant electromagnetic
interactions will be studied in this paper. We note that
if Eq. (12) holds, then the particle-antiparticle conju-
gation operator C must be different from what is nor-
mally called the “charge-conjugation operator” C,
which, by definition, changes any state of charge Q to
that of —Q: that is C, satisfies

C,0+0C,=0, (13)

but the operator C does not; consequently,
C#C,. (14)

From Eq. (12), it follows that the operator
Qx#0, (15)

which means Qx must have at least one eigenstate, say
|at), with a nonzero eigenvalue. We may write

Qx|at)=e|at), (16)

where e£0. The charge Qx is related to the total charge
b

eby Qx=3[0+C0C]. )

The strong-interaction Hamiltonian Hg; satisfies the
commutation relations

[H,0]=0 (18)
[H,C]=0. (19)

Equation (18) follows from the total charge conserva-
tion and Eq. (19) is simply the proposition (i). By using
Eq. (17), we find that Hy also satisfies

[HSt)QK]= 0.
7T, D. Lee, Phys. Rev. 140, B967 (1965).

and

(20)
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According to Egs. (11), (19), and (20), the three
operators Hy, C, and Qg mutually commute. Thus, the
state |a*) can be set to be also the eigenstate of Hg
and C:

Hg|at)y=E,|at) (21)

Cla*)=n.|a*), (22)

where, by a gauge transformation of the form C—
C exp(iQkb), the phase factor 7. can always be chosen
to be unity, (23)

The state |at) is a charged state,® but it is also an
eigenstate of C; its existence necessitates the C non-
conservation. We note that in the absence of the electro-
magnetic interaction H, (i.e., e=0), Eq. (22) does not
appear strange, and C is conserved. In the presence of
H., C conservation must be violated.

Another consequence is connected with the fact that
the “CPT” operator derived in the usual “CPT”
theorem® must be one which changes all particles of
charge +Q to that of —Q. Therefore, it cannot be the
CPT operator' used in this paper; rather it should be
identified as the C,PT operator. The general algebraic
relations between Hy, H., and these symmetry operators
will be investigated in this paper.

To make our subsequent analysis definite, we shall
assume, in the following sections, two additional
propositions:

and

ne=1.

(iii) All interactions can be described by a local-field
theory which is invariant under the continuous inhomo-
geneous Lorentz transformations, and the usual relation
between spin and statistics is valid.

(iv) The principle of minimal electromagnetic in-
teraction holds; furthermore, the total electromagnetic
current J, can be expressed in terms of the “bare’” field
operators of various spin-} and spin-0 particles only,"
and the charges of these particles are all of the same
unit e.

Propositions (ii) and (iv) require the electromagnetic
interaction to be of the second type; i.e., {C,Q}7O0.

8 The total charge of the state |a*) is (a*|Q|a*). By using
Eqgs. (10) and (22), we find (a¢*|Qs|a*)=0. Thus, {(a*|Q|a®)
=(a*|Qk|a*)=e0.

9 W. Pauli, Niels Bohr and the Development of Physics (Pergamon
Press, London, 1955), and J. Schwinger, Phys. Rev. 91, 720, 723
(1953); 94, 1366 (1953). See also G. Liiders, Kgl. Danske Viden-
skab. Selskab, Mat Fys. Medd. 28, No. 5 (1954).

10 Throughout the paper, P and T refer, respectively, to the
space-inversion and the time-reversal operators. Both operators
do not change the charge of the particle. (See, however, Sec. V.)
The operators C and P are both unitary operators, but T is not.
For a definition of the T operator, see E. P. Wigner, Gott. Nachr.
Math. Naturw. K1. 546 (1932). In our discussions, we will often
say that a certain Hamiltonian, say H,(f), is invariant under 7.
Such a statement refers specifically to the Schrodinger representa-
tion in which H, is independent of .

11 Consequently, given the set of these spin-3 and spin-0 field
operators, the structure of the current g, is uniquely determined
by the principle of minimal electromagnetic interaction. (See,
especially, footnote 2 of Paper I.) The same problem can also be
readily analyzed without this assumption by using the method
developed in Paper I. =



C-NONINVARIANT ELECTROMAGNETIC INTERACTIONS

Thus, the state |a+) must exist. From proposition (iii),
it follows that there must exist another state |¢~) which
has the same mass but opposite charge. The states |a*)
and |a~) are not related by C.

It will be shown that, in the absence of the weak
interaction, the state |at), or |@~), cannot decay into
any final states consisting of only known particles. Thus,
among all such states the ones with the lowest mass ,
behave like metastable particles; they can only decay
through the weak interaction. Because a* and ¢~ are
strongly interacting particles, their mass m, is not
expected to be small.’? The existence of such particles
a* implies not only the C noninvariance of the electro-
magnetic interaction, but also the 7" noninvariance of
the strong interaction. Nevertheless, it can be established
that, in the limit e=0, reciprocity relations among all
known particles remain valid, although the mathemati-
cal requirement of 7" invariance is violated. The role of
the particles et and ¢~ for the C, T noninvariance is
somewhat similar to that of the neutrinos for the C, P
noninvariance.

The details of the general consequences of these propo-
sitions and their applications to particles a* are given
in Secs. IT and III. The properties of the leptons and
the weak interactions are discussed in Sec. IV.

A possible unifying view which connects the present
C, T noninvariance and the well-known C, P noncon-
servation in weak interactions is discussed in Sec. V.
In the Appendix, an explicit spin-} model of such par-
ticles ¢t and e~ is given. Some further experimental
consequences are discussed.

II. SYMMETRY AND ASYMMETRY PROPERTIES
OF H,, AND H,

In this section we will analyze the consequences of
propositions (i)-(iv). For clarity, all conclusions will
be stated in the form of mathematical theorems.

The total Hamiltonian is assumed to be given by

H= Hfree+H7+Hst+Hwk 3 (24)

where Hiee is the free-particle Hamiltonian but with
the masses given by the observed physical masses, and
H., Hy, Hy are, respectively, the electromagnetic, the
strong-, and the weak-interaction Hamiltonians.

There are, by now, numerous experiments'* which

2 If ¢* does not decay through weak interactions, then a lower
limit m,>5 BeV can be set by using the recent experimental
results of D. E. Dorfan, J. Eades, L. M. Lederman, W. Lee, and
C. C. Ting, Phys. Rev. Letters 14, 999 (1965). If a* does decay
through the weak interaction, then the present lower limit of 7.
becomes ~1 BeV, or ~1.5 BeV, depending on whether a* is a
boson, or a fermion.

13 We list but a few of the relatively recent such experiments:
F. Boehm and E. Kankeleit, Calt-63-13 report (unpublished);
Yu. G. Abov, P. A. Krupchitsky, and Yu. A. Oratovsky, Compt.
Rend. Congr. Intern. Phy. Nucl., Paris, 1964; L. Grodzins
and F. Genovese, Phys. Rev. 121, 228 (1961); R. E. Segel et al.,
ibid. 123, 1382 (19613,; D. E. Alburger et al., Phil. Mag. 6, 171
(1961) ; R. Haas, L. B. Leipuner, and R. K. Adair, Phys. Rev. 116,
1221 (1959) ; F. Boehm and_ U. Hauser, Nucl. Phys. 14, 615 (1959);
D. A. Bromley et al., Phys. Rev. 114, 758 (1959).
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establish that both Hy and H,, are invariant under the
space-inversion operation P; i.e.,

[Hs,P]=0 (25)

and
[H,,P]=0. (26)
Theorem 1. There exists an operator C, which satisfies
Crdu(@)Cy=— gu(x) (27

and
C'y (Hfree+H7)C7~1 = (Hfree"l‘H'y) . (28)

Proof. From proposition (iv), it follows that
(H treet+H ) is, by itself, separately invariant’ under P,
T, and C,, where C, satisfies Eq. (27). Theorem 1 is,
then, proved.

Comparison between Egs. (4), (6), and (27) shows
that the operator C, is different from the particle-
antiparticle conjugation operator C; i.e.,

C,#=C.

The operator C, satisfies Eq. (13); therefore, C, is the
charge-conjugation operator. It is this mismatch be-
tween these two conjugation operators C and C,, that
gives rise to all the noninvariance properties of the
combined Hamiltonian (H treetHse+H,).

According to proposition (ii),

CH,C-'5H,. (29)
Since H, is invariant under 7" and P, we find
(CTP)H,(CTP)Y'#£H,. (30)
Instead, the usual “CTP” theorem® becomes
(C,TP)H,(C,TP)'=H,. (31)
Theorem 2. The strong-interaction Hamiltonian
satisfies
CoHuCy ' Hy, (32)
THoT % Hy, (33)
but
(CyT)Hy(C,T) = H,. (34)
Proof. From proposition (i), we have
CHSQC—1=Hst- (35)

If C,HuC, = Hy, then we could have defined C=C,,
and would violate proposition (i) ; therefore, Eq. (32)
is established. From proposition (iii), and Egs. (30)
and (31), it follows that

(C4TP)Hu(C,TP)"=Hy. (36)

Equations (33) and (34) are direct consequences of
Egs. (25), (32), and (36).
Theorem 3. Both Hy and H, commute with Qs and

Ok;ie.,
[(Het,Qs]=[He,Qx]=0
[H'Y’QJ]: [H‘Y’QK]:' 0.

37
and
(38)
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TasLe I. Symmetry and asymmetry properties of different
interactions. [Hw? includes only the e*-independent part of the
weak interaction.]

CPT
C,PT

XXX XX XL | &
XXX XL | &
QLKL XX XXX | &

Furthermore,

[Qs,0x]=0. (39)

Proof. Equation (37) is identical with Eqgs. (18) and
(20) proved in the previous section. To establish Eq.
(38), we observe that from proposition (iv) and Egs.
(5) and (6)

[VwQs]=[JuQx]=0 (40)
[KwQs1=[K.Qx]=0. (41)

Consequently, Qy commutes with Qk, and H,, commutes
with both Qs and Qx.

The symmetry and asymmetry properties of Hy and
H., are given in Table I. The corresponding properties
of H . will be discussed in Sec. IV.

and

III. APPLICATIONS

Since Hy, Qr, and Qx mutually commute, we may
diagnolize these three matrices simultaneously. The
eigenstates of Hy, can, therefore, be classified according
to their values of Qs and Qx.

Theorem 4. All presently known strongly interacting
particles have Qx=0.

Proof. From the observed C invariance of reaction
(1), it follows that C| p)= |p), C| =)= |=x—). Thus, both
the nucleon and the pion must have Qx=0. By using
theorem 3, we conclude that all known strongly inter-
acting nonstrange particle states, such as p*, N*, ¢°,
etc., must have Qx=0.

The A° has a total charge

QA)=0Qs(A)+Qx(A)=0.

Under C, the state |A% changes into C|A% which
remains an eigenstate of Hg. The state C|A%) has the
same mass m,, but it has a charge=—Q;(A)+Qx(A)].
The only known particles that have mass my are A°
and A°, Thus

—Qs(A)+Qx(4)=0,

and consequently Qx=0 for A°. All the presently known
strongly interacting particles can be connected to some

LEE

A-nucleon-pion system through Hg;. Theorem 4 is, then,
proved by using theorem 3.

Let |at) be an eigenstate of Hg which has Q;=0
and Qg=e. The state |a*) satisfies Eqs. (16), (21),
and (22). Since Hy is invariant under (C,T), the state
|@™), defined by

lam)=(CyT)|at), (42)

must be an eigenstate of Hg, and it has the same
eigenvalue as |at). From the definition of C.,, we can
conclude that the state |a~) has Q;=0 and Qx=—e.
The state |a~) is also an eigenstate of C.

In the following, the particle at (or a~) refers to the
state that has the lowest mass among all states with
0s=0 and Qg=+¢ (or —e).

Theorem 5. In the absence of the weak interaction,
the particles a* and o~ are stable.

Proof. Theorem 5 is a direct consequence of theorems
3 and 4.

The particles ¢t and o~ can be produced in pairs
through Hy; e.g.,

pHp— ptptartat- . (43)

It is important to note that since Hy is not invariant
under either C, or T, neither C,|a*) nor T'|a%) are
eigenstates of Hg. Similarly, under either C, or 7', a
physical proton p does not transform into either $ or p.

Theorem 6. In the absence of the electromagnetic
interaction, the usual reciprocity relation holds for any
strong reaction which consists of only the presently
known particles.

Proof. From Egs. (34) and (35), we find

C(CoTYHu(CoT)"C=Hy. (44)

Under C, any known strongly interacting particle, say p,
becomes its antiparticle p. Under (C,7T), P is trans-
formed back into p but with its spin and momentum
directions inverted. Thus,

CHCD) | pk,s))=n|p(—k, —9)),

where k and s denote, respectively, the momentum and
the spin of the state and 7 is a phase factor. Similar
relations hold for all strongly interacting particles with
Qx=0. Theorem 6 can be easily proved by using Eq.
(44).

Similarly, one can prove that for any collision process
consisting of only the known strongly interacting par-
ticles all other consequences of C~'(C,T) invariance are
also identical to that of T invariance. Thus, the experi-
mental results cited in Refs. 3 and 4 can still be used as
supporting evidence of C invariance for H, even though
Hg is not invariant under 7.

The reciprocity relation does not hold for reactions
that involve a*. For example, the strong reaction

a+p— attntat

(45)

(46)

“4n

is related to

e+t —a+P
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through C,T, and is related to
a+tntrt—a+p (48)

through C-1(C,T). Neither one is the usual reciprocity
relation.

An explicit spin-} model of the particle ¢ is given in
the Appendix.

IV. LEPTONS AND THE WEAK INTERACTION

The leptons have no strong interaction. Thus, the
particle-antiparticle conjugation operator of the leptons
is determined by the electromagnetic interaction; i.e.,

(C) lepton = (C'y) lepton - (49)

The C of the entire system is the product of (C)iepton
times the operator C of the strongly interacting particles.
All above theorems 1-6 remain valid, if J, (conse-
quently, also H,) includes the known leptonic electro-
magnetic currents.
The weak-interaction Hamiltonian H; can be de-
composed into
Hp= Hwk0+}lwka ) (50)

where H.” consists only of the field operators of the
known particles, and H 4x* depends also on the particle
a*.

If H, violates C invariance, then reaction (2) can be
attributed to the radiative correction effect, and there
is no particular reason to assume, in addition, that
H®has a (CP)-noninvariant amplitude which happens
to be 0(e) times that of the (CP)-conserving amplitude.
We will, therefore, assume

[Hwd,CP]=0. (51)

In the framework of a local-field theory, H? is a func-
tion depending only on the “bare”-field operators of
the known particles. Therefore, we expect that

[Hw2,C,P]=0. (52)
From (C,PT) invariance
(CoPT)Hw () (C,PT) ' =Hw(—1),  (33)
it follows that
THo!OT'=Hu'(—1), (54)
CHCDHWOIC,T)IC=Hw (—1), (55)
wnd CPTH ()T 'PIC'=Hu0(—1). (56)

The H,\® is, of course, not invariant under either C,
C,, or P.

These properties of H® are summarized in Table 1.
The remaining a*-dependent part Hy.® is totally un-
known. The main question is whether a* can decay
through H.® It seems reasonable that there should be
weak decay processes such as

a* — l¥+}-peutrino+-- - -,
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where I=e or p, and other possible decay modes. An
analysis of the various possibilities will be given
elsewhere.

V. A UNIFYING VIEW OF DISCRETE
SYMMETRY VIOLATIONS

From the above discussions, it is clear that the
operators associated with the various discrete symmetry
operations can be different for different interactions. For
example, we may define

Ca=C, (57)
Ta=C(C\T), (58)
Pstz-P'y:P, (59)
and
T,=T. (60)
Thus,
PCotT o= -P'yC'yT-y . (61)

The Hg is invariant under Py, Cs, and Ty, while
(HreetH ) is invariant under P,, C,, and T,. The fact
that Css%C, and T#T, gives rise to the “C” “T”
noninvariance of the combined Hamiltonian (Hiree
+H 7+Hst)-

In the absence of H ., we cannot differentiate a charged
particle from a neutral particle. Thus, there is no
difficulty in accepting the ¢t and &~ as eigenstates of
Cst. The difference between ¢+ and the known particles
can be attributed to, say, the baryon number N. We
may assign

N=0 (62)

for a*, and require that
CalN+NCy=0. (63)

Under Cg, a baryon with N =1 must transform into an
antibaryon with N=—1. The known ¥ =0 mesons can
be regarded as composites of baryons and antibaryons;
their transformation properties under Cy; are determined
by those of the baryons.
The C,, satisfies
C,0+QC,=0. (13)

Consequently, neither ¢+ nor ¢~ can be an eigenstate of
C., which results in the mismatch between Cg and C,.

The same view can also be extended to the weak
interaction. We note that in the absence of H, and the
leptonic mass terms in Hiree, it is %0t possible to differ-
entiate u~, €7, »,, and v, through either their mass
differences or their charge differences.

We will now require that Hgi be invariant under
Cywk, Pywi, and Ty, where

Twe=Tg (64)
and

Pwkcwkka= Pstcstht . (65)

[From Egs. (54) and (35), it follows that if we con-
sider only the a*-independent part Hy° then an
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equally good choice can be given by Twi=T7, and
Pwkakka= P,VC-YT;,,].

The Cwi must be independent of the space-time trans-
formation, and, in analogy to Egs. (63) and (13),

kaL+Lka= 0 )

where L is one of the lepton numbers.1*

For clarity, we will consider only the leptonic part of
the weak interaction. (All following considerations
can, of course, be applied to the nonleptonic part of
H . as well.) Let

(66)

Hwe= 1V gu(* D %), (67)
where g, is the u-decay coupling constant,
=1 2 vitvan+ys)¥u, (68)
o
=i ZZ Yoty (I4-vei, (69)
o

and I, I* depend only on the strongly interacting

particles. In Eqgs. (68) and (69), we find it convenient to

represent the neutrino fields by 4-component operators.
We define

ka\[/e (x) ka_1 = ‘//V,. (x) ’ (70)
kall/u (x) CWk—l = ‘b Ve (x) ) (7 1)

and
Cu?=1. (72)

The leptonic current 7)(x) transforms into j,*(x) under
C wk ) ie. y
kaj)\ (x)cvwk_1 = j)\* (x) .

The operator Cy anticommutes with L, provided we
assign

(73)

L=1 for e, v, ut, 7,
and
(74)

=—1 for et v u, vu.

In order that Hyy be invariant under Cyy, we must
have

kaI)\ (x)cwkﬁl = I)\* (x) . (75)

The simplest way to study the action of Cyy operating
on nonleptons is to use the quark model!s or any one of
the triplet models.!® Let ($1,¥2,¢s) be the field operators
of the triplet (@;19,@2%@3%), where the superscripts
denote their charges. The corresponding currents Iy
and I\* are given by

L=y eya (Gv+G avs) (cosby s+-sindys)

I=1i(costyo+tsinbys) yava (Gv+Gavs)ds,

1¢ Without Eq. (66), the invariance requirement of Hwi can be
trivially satisfied by choosing Cwi=1, Pyx=Ps;Cs, and Ty =T'g.

15 M. Gell-Mann, Phys. Letters 8, 214 (1964) ; G. Zweig, CERN
(unpublished report).

16 See, e.g., T. D. Lee, Nuovo Cimento 35, 933 (1965) for a sum-
mary of the different triplet models.

(76)
and

(an
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where Gy and G4 are real parameters and 6 is the
Cabibbo angle.l” Equation (75) can be satisfied if

Coih1Cox = cosbia-sinys. (78)

The remaining component (sinfy»,— cosfys) is an eigen-
vector of Cyx. Thus, we find

kaH wkcwk—1 =H wk y (79)
PorH wi P = H g ) (80)

and
kaHwk(t)ka_lewk(_t) ) (81)

where Pyx=PCstCwi L

Each interaction H; (i=strong, or v, or weak) is
invariant!® under its own P;, C;, and T';. The observed
violation of these discrete symmetries is due to

P,= Py Py, (82)
T,#To=Twx, (83)
PyCstTs=P,CyT y=PuilCorTws, (84)

and consequently,
Cot7% C 5% Crnc% Co- (85)

If the identity of a particle could be taken for granted,
then it would be possible to define 7', the pure time re-
versal, and P, the pure space inversion, unambiguously.
However, the distinguishability between different par-
ticles depends on their interactions, and degeneracies
occur if certain interactions are absent. It is, therefore,
not possible to give a unique definition of P and T
without any reference to some specific interactions.

At large distances, because of its long-range character,
the electromagnetic force predominates. Thus, in all
collision processes, the asymptotic conditions are deter-
mined by the physical masses and the electromagnetic
properties of the incoming and outgoing particles.
It is, therefore, convenient to identify I'=7, and
P=P,, since (HyeetH,) is invariant under both 7',
and P,. On the other hand, the internal structures of
these particles are determined mainly by Hs, which
makes it convenient to associate the particle-antiparticle
conjugation operator C with Cs. It is because of these
particular identifications, that Hy becomes noninvariant
under T, H, becomes noninvariant under C, and Hyx
becomes noninvariant under C and P.

17 N, Cabibbo, Phys. Rev. Letters 10, 531 (1963).

18 We note that if the physical masses of particles are not de-
generate, then P,, C,, and T, can be uniquely determined by
(Hireo+H.), apart from a gauge phase factor. Both He and Hwi
are invariant under some other groups of unitary transformations,
denoted by Gs and G, respectively, which are not connected
with the space-time transformations. For the Hg, we have the
isospin transformations; for the Hwk, we have a UX U group of
transformations. [See T. D. Lee, Nuovo Cimento 35, 945 (1965).]
From any special solution of C;i, Pi, T; ({=strong or weak) we
can easily obtain the general solution by transforming C; — SC;,
P;— S'P; and T; — S”T; where S, S’, and §"’ are members of the
group Gi, provided Egs. (63), (66), and (82)—(84) are satisfied.
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APPENDIX

In this Appendix, we give an explicit model of the
particles at and ¢~ by assuming that they are spin-}
fermions and that their strong interactions are invariant
under the usual SU; group of transformations. Conse-
quently, the particles a* and ¢~ must belong to certain
irreducible representations of the SUs group. The
simplest case is that the a* and o~ are both unitary
singlets. It is also possible that there might be neutral
a’s, so that (a:t,a2",a5") and (a1-,34°,d5°) could form two
unitary triplets, etc.

We consider first the case in which the a* are unitary
singlets. As an illustration of some possible forms of
strong interactions between the ¢* and the known
spin- baryon octet By’ (where j, k=1, 2, 3) we may
give the phenomenological Lagrangian density:

Lini (%) =tgimy—[ B ivayuysBi*]

Ne W,
—-——'ym\ba]—l—gsz‘3

X, 0%,

dBj* dBT,7

—“6—74’)’;431'7‘] El//fa‘)’ww%] ) (Al)
Xy

X [11/Ta'y475

X I:Bfkj74‘)’n

ax,

where the dimensionless coupling constants g; and g»
are real and large, my is the mass of the nucleon, all
repeated indices are to be summed over, y, » vary from
1 to 4, and 7, k vary from 1 to 3. The ¢, and B,/ are,
respectively, the field operators of ¢+ and the spin-3
baryon octets, and yf,, Bf;* their respective Hermitian
conjugate operators. The v, v, - - -, s are five mutually
anticommuting (4X4) Hermitian matrices, and o,
= (20) Y (yusy»—7vsvs). For definiteness, let us choose
Y1, Y2, v3 to be real and v4, 5 to be pure imaginary. In
addition to Li.:(x) there are also other strong interac-
actions between the known particles and that between
the a’s.

The electric currents are, in the absence of the strong
interaction, given by?!?

K = ie‘//fa'}"i')’lﬂl’a

Ju=ie W pyeydo— ¥ eyt ),

19 Tt should be noted that because of the derivative couplings
in the strong interaction, Eq. (A1), there are the induced electro-
magnetic currents whose amplitudes are proportional to eg; and egs.
In this and other similar cases, the total interaction Hamiltonian
H is not a linear sum (Hg+H 4+ Hwk). Our general supposition,
expressed in Sec. V, remains valid provided

Hy=limH, at
H,=limH,

(A2)
and
(A3)

e=ng=0;

at  gt=gwk =0,
and
Huwe=limH,

where g and gwi represent, respectively, all strong- and weak-

at e=gy=0,
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where ¥,=Bs!, ¥z-= B3, etc., and --- represents the
currents due to other known spin-} and spin-0 particles.

Similar expressions can be easily written down if the
@’s are unitary triplets? (or octets, etc.) instead of being
unitary singlets. We note that the C=-1 current K,
is a unitary singlet if ¢t and ¢~ are unitary singlets;
in footnote 20, it is shown that K, remains a unitary
singlet, even if the ¢+ and o~ are not themselves unitary
singlets.

Under C, C,, and T, the field operators transform like

CBki(r;t)C—l = Bfik (l’,t) ) (A4)
CyBii (e )Cy =B (1), (AS)
TBy ()T =v1v2ysBii(r, —1), (A6)
Ca(t,)C=a(r)t), (A7)
Cwa (r,)Cy 1= Ya(r)h), (A8)

and
T\ba (I‘,t) 1= 71’7273’%1 (1', - t) ) (A9)

where, for simplicity, all phase factors are chosen to be
unity.

It can be readily verified that Li is a Hermitian
operator and it satisfies

CLint (t,0)C 1=+ Lins (1,1) , (A10)
CyLint(t,8)Cy 1= — Lins(1,0) , (A11)

and
TLint(t,)T1=— Lins(x, —1). (A12)

Thus, the resulting Hy is invariant under (C,T), C,
and (C,PT), but it is not invariant under either C,,
T, or CPT.

interaction constants. Each interaction H; (¢=strong, v, and
we&xk), thus defined, remains invariant under its own C;, T;
and P;.

I wish to thank Professor L. Van Hove for raising the question
of derivative couplings.

2 To show this, let us consider first the functional relation be-
tween Qg and I,, where I, is the z component of the isospin
operator I. Since the eigenvalues of both Qx and I, are additive
quantum numbers, there can only be linear relations between
these two operators; i.e., Qg=AI,+4, where \ is a constant and
A must be another additive quantum operator. By applying this
relation to all known particles, for which Qx=0, we find A=0.
Thus, Qx is independent of I.. By extending this argument to
include other components of I, it can be established that [Qx,I]=0.
Similarly, it can be shown that Qx is an SUs unitary singlet. By
proposition (iv), it follows, then, that K, is also a singlet under
either the SUj; or the isospin transformations.

It may be instructive to give an explicit example of nonsinglet
a particles. Let us assume the existence of a unitary triplet of
spin 0, or 3, particles (a1,a2%,¢3%) where all the a’s are of Qg =4,
the a1 and a; are of I=%, N=S=0, and a3 is of 7=0, N =0 but
S=—1. The total charge Q is given by

Q=I.+3NN+38)+0xk.

This triplet has, therefore, total charges (4, 0, 0). It becomes one
with total charges (0, 4+, +) under Cy and a different set with
total charges (—,0,0) under Ty. The Cy and Ty invariances,
then, generate from the triplet (¢:1%,a2,e4°) a total of four different
set of triplets. Nevertheless, the current K,, given by the minimal
electromagnetic interaction of all these triplets, remains a unitary
singlet.
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The currents J, and K, transform in the same way
under either C, or 7', but differently under C:

CoTu(r,)Cyi=—T,(r,0), (A13)
C,K,(t)Cyt=—K, (1), (A14)
TT.(e )T =—Tu(x, —1), (A15)
TK, ()T '=—K,(r, —1), (A16)
CTu(r)Cr=—T,(r0), (A17)

but
CK,(t,))Cl=+K,(r}). (A18)

Thus, the H,, is invariant!® under C., 7', and C,PT, but
it is not invariant under either C or CPT.

Remarks

1. From Egs. (A4) and (AS), we see that C and C,
both change a “bare” p to a “bare” p. By using Lins
and in the absence of H,, it can be verified explicitly
that, because of the virtual creations and absorptions
of the pair (e*,a™), a “physical” p is changed into a
“physical” p only under C but not under C,. Similarly,
a “physical” p remains a “physical”  under C-'(C,T)
but not under 7.

2. As remarked earlier, the K, associated with the
a* particles must be a unitary singlet. However, even if
a* exists, there may still be other “first type” Cg-
symmetry violating interactions H,, and for which
K, may not be a unitary singlet. From a phenomeno-
logical point of view, one should decompose the current
K, into members of different representations of the
SU; group:

K=&+ Est--, (A19)

where (K,); is a unitary singlet and (K,)s is a member
of a unitary octet, etc. The experimental consequences
of K,=(K,)s have already been examined in Paper I.

If the current K,= (K,);, then under the isospin
transformations, K, must transform like an isoscalar,
and therefore it satisfies the |Al| =0 rule.

LEE

We first list the consequences of K, satisfies the
| AT| =0 rule:

¢+ "+, (A20)
o+ p'+y, (A21)
and there is #o #*, ¥~ asymmetry in either
o(or ¢*) = wt++m 470, (A22)
. o’ (or ¢°) — w7+ (A23)
There remain, however, 7+, 7~ asymmetries in
P — T+, (A24)
= 7t 4y, (A25)
and
7 — rta4a0. (A26)

The 37 final state in reaction (A26) contains only the
I=1,C=+41 and the /=0, C=—1 states.
Futhermore, in the single-photon-exchange approxi-
mation, we find
7° > wOette (A27)
and there are no observable “7” noninvariant effects
[i.e., C7(C,T)-noninvariant effects] in
30— A0ttt (A28)
Another consequence of K,=(K,); is that, in the
limit of perfect SU; symmetry and by using (C,PT)
invariance,
& Wy, (A29)
It should be noted that identical results concerning
reactions (A27) and (A28) can be derived in the limit
of perfect SU; symmetry if K,=(K,)s. However, by
studying reactions (A20)-(A26) and (A29) it is possible
to differentiate whether K ,= (K,); or K ,= (K, )1+ (K .)s.

2 For a detailed phenomenological analysis of these reactions,
see Ref. 5.



