
P H Y S I C A L R E V l E W V O L U M E 1 3 9 . N U M B E R 6 B 2 0 S E P T E M B E R 1 9 6 5 

Possible C, T Noninvariance in the Electromagnetic Interaction* 

J. BERNSTEIN 

New York University ^ New York, New York 

G. FEINBERG AND T . D . LEE 

Columbia University, New York, New York 
(Received 12 May 1965) 

The experimental foundation of the various discrete symmetry properties for the strong and the electro­
magnetic interactions is reviewed. I t is found that there is strong evidence that both interactions are in­
variant under P and CPT, and good evidence that the strong interaction is invariant under C and T. How­
ever, at present, there is a complete lack of evidence that the electromagnetic interaction of the strongly 
interacting particles is invariant under C and T. Possible experiments that can test such C, T invariance or 
noninvariance are discussed. It is pointed out that if the electromagnetic interaction of the strongly inter­
acting particles has strong violations of C, T invariance, then, through second-order processes, C-violating 
and CP-violating effects can be observed in the usual strong and weak processes, respectively. In particular, 
the decay K^^ -> TT^+TT" may occur with an amplitude '^(a/7r) times that of Ki^ -^ TT^+TT". 

I. INTRODUCTION 

«INCE the discovery 1 that 

ir2«->7r++7r-, 

Both / ^ and Kfj, are assumed to have the same trans­
formation properties under CPT, and both are vector 
currents under P (in the absence of the weak inter-

(1) action). The condition of C, or T invariance is 

in apparent violation of CP invariance, it has become 
clear that the experimental foundation of all discrete 
symmetries should be re-examined for all the inter­
actions. Such a study will be made in this paper for both 
the strong and electromagnetic interactions. We shall 
see that there is strong evidence supporting the premise 
that both interactions conserve P and CPT to a great 
accuracy; furthermore, the strong interaction is in­
variant under T to a fair degree of accuracy (^2%), 
and through CPT and P invariance the same accuracy 
applies also to C conservation in the strong interaction. 
The situation is, however, very dififerent for the electro­
magnetic interactions. As will become clear, at present 
there exists no evidence that the electromagnetic inter­
actions of the strongly interacting particles are invariant 
under C and T. Indeed, all existing experimental results 
are compatible with the possibility of a very large viola­
tion of C and T in the electromagnetic interaction of 
these strongly interacting particles. Throughout this 
paper, the three operators C, P , and T denote, respec­
tively, the usual particle-antiparticle conjugation, space 
inversion, and time reversal. 

For definiteness, let us write the nonleptonic part of 
the electromagnetic current operator ^̂ ^ as 

where 

and 

(2) 

(3) 

(4) 

*This research was supported in part by the U. S. Atomic 
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1 J. H. Christenson, J. W. Cronin, V. L. Fitch, and R. Turlay, 
Phys. Rev. Letters 13, 138 (1964). 

ii:„=o. (5) 

We note that if i^;,?^0 and if some of its matrix elements 
are comparable in magnitude to those of / ^ (i.e., large 
C, T violation), then, through virtual electromagnetic 
processes, all strong reactions may violate C and T to 
order of a where a = (137)~^ 

I t has been suggested recently ,2'̂  in connection with 
reaction (1), that the violation of CP invariance is not 
due to the usual weak interaction, but, rather, is due 
to the possible existence of a new C, T noninvariant 
interaction called Up^ whose coupling constant F is 
much stronger than the Fermi constant G F of the usual 
weak interaction ZT̂ k- I t is estimated that 

or, the dimensionless constant {Fm^) is given by 

Fm^^ 10-2, 

(6) 

(7) 

where m^ is the mass of the proton. The usual weak 
interaction violates C invariance and P invariance, but 
it is assumed to be invariant under CP and T, The new 
interaction B.F'\^ assumed to violate C invariance and T 
invariance, but it conserves strangeness, and is invariant 
under CT and P. The decay K-t -^ 2T can occur through 

2 T. D. Lee and L. Wolfenstein, Phys. Rev. 138, B1490 (1965). 
^L. B. Okun (unpubHshed report). See also J. Prentki and M. 

Veltman, Phys. Letters 15, 88 (1965), in which they consider the 
possibility that the C, T-noninvariant interaction is simply the 
usual 5 i73-violating, but 5 t^2-conserving part of the strong inter­
action. This possibiHty seems to encounter several difl&culties, 
especially in view of the present accuracy {'^2% in relative 
amplitude) of T invariance in many nuclear reactions (see Ref. 
12). In all such reactions, large violations of SUz symmetry may 
occur because of the difference between the Compton wavelengths 
of TT and K. I t is also difficult to see how such a strong violation of 
C, r invariance manages to produce only a very small CP-non-
invariant amplitude in the decay K2^ -^ TT'̂ '-J-TT". 
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//wk alone, but reaction (1) can occur only through the 
second-order CP-noninvariant term HpH^i,) thus, its 
amplitude is much smaller than that of i^i^ - ^ lir. 

If such an Hp exists, then, at least to order {Fm^), an 
''effective" C, r-noninvariant current K^, will appear. 
However, total lack of evidence for C, T invariance for 
the nonleptonic part of the electromagnetic interaction 
suggests another more interesting possibility. The 
electromagnetic interaction may itself show a large 
violation of C and T, and the "new" interaction Hp may 
well be simply a manifestation of the second-order 
electromagnetic effects. This explains why the magni­
tude of {Fm^) is '^a . 

While these are merely some hypothetical possibilities, 
they do reflect our present state of ignorance and should, 
therefore, provide an incentive for a critical study of the 
various experimental implications of possible C, T 
violations in the electromagnetic interactions of strongly 
interacting particles. To set a sensitive limit on the 
magnitude of possible C noninvariances, experiments 
should be done to measure the rates of 

or 
0O-^coO(orpO)+7, 

and to study the possible TT"^ asymmetry in 

a)^(or rf) —> 7r++7r~+T, 

etc. For a direct limit on possible T noninvariance in 
the electromagnetic interactions, a reaction such as 

20->A0-|-e++6-

is important. A systematic phenomenological discussion 
of these and similar reactions will be given in the 
subsequent sections. 

The electromagnetic interaction is usually thought 
to be invariant under C, P , and T separately. There 
exists a so-called "minimal" principle, which states 
that if, in the absence of the electromagnetic field ^^, 
the Lagrangian <£ is known, then the replacement of 
{d/dxy) by (d/dXn—ieA^) changes £ to another 
Lagrangian JS^, which contains all the dependence on 
the electromagnetic field. A consequence of this 
"minimal" principle is that if £> is invariant under T, 
so must £A be, since d/dx,, and (d/dXfj,— ieA^) transform 
in the same way under T. 

I t must be pointed out that the vaHdity of such a 
"minimal" principle for the strongly interacting par­
ticles is, as yet, unclear, and it will not be assumed in 
this paper.^^ Throughout our discussions, we assume 
that the electromagnetic interactions of the leptons are 
invariant^ under C, P , and T separately, but the electro-

*̂ Note added in proof. It turns out that the principle of minimal 
electromagnetic interaction is compatible with the violation of C 
invariance where C is the particle-antiparticle conjugation oper­
ator determined by the strong interaction. For a complete discus­
sion, see T. D. Lee, Phys. Rev. (to be published). 

^The very precise experimental results on {g—2) and Lamb 
shift show that the electromagnetic interactions of both e and /* are 

magnetic interactions of the nonleptons can have strong 
violations of C, T invariance. 

II. PRESENT EXPERIMENTAL LIMITS ON C, 
P, T INVARLALNCES F O R STRONG INTER­

ACTIONS AND ELECTROMAGNETIC 
INTERACTIONS 

Since the discovery^-^ of the nonconservation of 
parity in weak interactions,^ there have been many 
experiments to search for possible P-violating effects 
in nuclear reactions. These experiments* establish that 
the magnitudes of the P-nonconserving ampHtudes are 
smaller than that of the corresponding P-conserving 
amplitude by, at least, a factor ^ 10~^, which is about 
the order of magnitude of the dimensionless weak 
coupling constant Gynip^. Thus, we should regard both 
strong and electromagnetic interactions to be P 
conserving (neglecting the weak-coupling constant). 

Invariance under CPT implies^ mass and lifetime 
equalities between any particle and its antiparticle. In 
view of the possibly large violations of C and CP 
invariances, we may use such equalities as evidence 
for CPT invariance. Among such equalities, the most 
accurate one is that between K^ and K^: 

{K' I H,t+Hy+H^^ IK'} = (K' I H,t+Hy+H^^ \ K'), (8) 

where ^gt and Hy are, respectively, the Hamiltonians 
for the strong and the electromagnetic interactions. 
From the experimental mass differenced^ Am between 
Ki^ and i^2 ,̂ we conclude that Eq. (8) holds to 
^ I Am/niK I '^ 10~^ .̂ In the following, we takeZ^st and Hy 
to be invariant under P and CPT; therefore, to the same 
great accuracy, both interactions are also invariant 
under CT. 

The present experiments^^ on the polarization and 

accurately described by the usual form ie^/^jiyf^rpA^ which is 
invariant under C, P, and T separately. 

6 C. S. Wu, E. Ambler, R. W. Hayward, D. D. Hoppes, and 
R. P. Hudson, Phys. Rev. 105, 1413 (1957). 

^ R. L. Garwin, L. M. Lederman, and M. Weinrich, Phys, Rev. 
105, 1415 (1957); J. I. Friedman and V. L. Telegdi, ibid. 105, 
1681 (1957). 

' T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956). 
^ We list but a few of such relatively recent experiments: 

F. Boehm and E. Kankeleit, University of CaUfornia Report No. 
Calt-63-13 (unpubHshed); Yu G. Abov, P. A. Krupchitsky, and 
Yu, A. OiSitOYsky^Proceedings of the International Congress on 
Nuclear Physics, Paris, 1964 (to be published); L. Grodzins and 
F. Genovese, Phys. Rev. 121, 228 (1961); R. E. Segel et al., Phys. 
Rev. 123, 1382 (1961); 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). 

»T. D. Lee, R. Oehme, and C. N. Yang, Phys. Rev. 106, 340 
(1957). 

" B . Aubert et al., Phys. Letters 10, 215 (1964); U. Camerini 
et at., Phys. Rev. 128, 362 (1962); J. H. Christenson et al., Con­
ference on Fundamental Aspects of Weak Interactions (Brook-
haven National Laboratory, New York, 1963) (unpublished); 
J. H. Christenson, Princeton University, Technical Report 34, 
1964 (unpublished); V. L. Fitch, Nuovo Cimento 22, 1160 (1961); 
R. H. Good et al., Phys. Rev. 124, 1223 (1961). 

" A. Abashian and E. M. Hafner, Phys. Rev. Letters 1, 255 
(1958). 
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angular asymmetry in the p-p scattering give an upper 
limit on the magnitude of the J-noninvariant amplitude 
of not more than a few percent of the T-invariant 
ampHtude. A corresponding upper limit of ^ 2 % has 
also been obtained from the existing experiments on 
reciprocity relations^^ in low-energy nuclear reactions. 
Thus, the strong interaction has been found to be 
invariant under the time-reversal operation to within a 
few percent. By using CT invariance, we can conclude 
that the strong interaction is also invariant under C to 
within a few percent. 

The question of C, T invariance in the electromag­
netic interaction for the strongly interacting particles 
is, however, a completely open one. We note that the 
electromagnetic interaction of a single physical nucleon 
is characterized by the matrix element {N'\gy,{x)\N), 
which, by invariance under the continuous Lorentz 
transformations and space reflection, must be of the 
form 

{N'\gii{x)\N) 

= ieUN'hly^i+iiN/+N,)F2+ (N;-N,)F^]UN 

XexpC-i(AV-iVx)^x] , (9) 

where Nf^ and N^^ are, respectively, the 4-momenta of 
the initial and the final single physical nucleon states 
\N) and \N^), UN and UN' are the solutions of the free 
Dirac equations with N,, and N^' as their respective 
4-momenta. The 71, 72, 73, 74 are the usual Dirac 
matrices and Fi, F2, F^ are functions of the square of 
the 4-momentum transfer 

5̂ = {N;-N,y (10) 

only. [We use for a 4-vector N^,= (N,iiVo), where No is 
r e a l j From Hermiticity, we find Fi, Fi, and f 3 to be 
all real. If T invariance holds, then Fi and JF2 are real, 
but F3 is pure imaginary; thus, 

F^y^O (11) 

implies T noninvariance. However, because of the 
conservation of current, the T-noninvariant term F3 
actually vanishes on the nucleon mass shells.^^ The 
electromagnetic form factors of the nucleon can be 
measured by studying the scattering of 

/±+iY->/±+iV, (12) 

where 1= e or fx, in which the nucleons are on their mass 
shells. Thus, neglecting higher order electromagnetic 
effects, no information concerning the possible C, T 
noninvariance in the operator ^^ can be obtained from 
reaction (12). 

The electromagnetic property of a nucleus is deter­
mined by the corresponding properties of its con­
stituents. I t is a good approximation (i) to regard the 

^ L. Rosen and J. E. Brolley, Jr., Phys. Rev. Letters 2, 98 
(1959); D. Bodansky et al., Phys. Rev. Letters 2, 101 (1959). 

^^We would like to thank Professor R. Serber and Professor 
G. C. Wick for pointing this out, and for enlightening discussions. 

nucleus as a collection of physical nucleons interacting 
through their strong nuclear forces, and (ii) to neglect 
other terms which can occur in the nucleon-photon 
vertex when the nucleons are off the mass shell. Within 
these approximations, and neglecting higher order 
radiative processes, there are still no T-noninvariant 
terms which contribute to any nuclear 7 transition. The 
accuracy of these two approximations may be crudely 
estimated to be '^0{(^jm-^) for (i), at least for T-
violating effects, and ^OiVjm^i) for (ii), where V is 
the nuclear potential energy and wjv, w^ are, respec­
tively, the masses of the nucleon and the pion. Thus, 
to the accuracy of ' ^ a few percent, no information 
concerning C, T invariance of E-^ can be obtained by 
studying the nuclear photoprocesses; rather, such 
processes can only be used to establish more firmly the 
C, T invariance of the strong interaction. 

If Ey strongly violates C, T invariance, then, through 
higher order effects, the reciprocity relation for any 
strong reaction may be violated with a fractional 
difference of the order of 10~2-10-3. All nuclear matrix 
elements in either 7 or /3 transitions may also contain a 
small admixture of r-noninvariant amplitude which 
is -^ (10~2-10-3) times the T-invariant ampHtude. Such 
a T-noninvariant amplitude can be observed by meas­
uring the relative phase^^ between Gy and GA in ^ decay, 
or by studying, e.g., the E2, M\ interference term 
through the detection of a [k^- (k^XkT,0](k7*k70 term 
in an appropriate iS-7-7 transition.^^ 

Reciprocity relations such as 7 + ^ ^ i 5 + C can be 
used to test possible T noninvariance in E^^ where 
A, B^ and C are any strongly interacting particle states. 
However, because of Hermiticity, a detailed spin-
momentum analysis is necessary to test the reciprocity 
relation. As possible examples for such reciprocity tests, 
we may list 7 + w ^ ^ + x ~ or 7 + ^ ^ w + 7 r + . 

Other direct tests of the C, T invariance properties of 
E^ can be obtained by studying the relevant decays of 
mesons and hyperons. These will be analyzed in detail 
in the subsequent sections. 

III. DECAYS OF THE PSEUDOSCALAR 
MESONS 

Since Fgt does conserve C, its eigenstates such as TF̂  
and r\^ are also eigenstates of C. In view of the possibility 
that Ey may not be invariant under C, we cannot use 
the 7 decay modes to determine the C values of these 
mesons. For definiteness, we assume that virtual 

1* M. T. Burgy ei d., Phys. Rev. Letters 1,324 (1958). It should 
be emphasized that, independent of T invariance, (GA/GV) must 
be real if the nonleptonic current (F^+^^) in the weak interaction 
satisfies the charge symmetry condition; i.e., LV^-\-A^2*= 
-[exp(^V/y)] [F ;x+^J[exp( -^V/y) ] , where ly is the y com­
ponent of the isospin operator, * denotes the Hermitian conjuga­
tion if /A?̂ 4 and (—1) times the Hermitian conjugation if /u==4. 

" For a detailed discussion, see E. M. Henley and B. A. 
Jacobsohn, Phys. Rev. 113, 225 (1959); B. A. Tacobsohn and E. 
M. Henley, ibid. 113, 234 (1959). 
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transitions such as 
N-\-N± 

R is taken to be ^mr~^. The present experimental 
(13) limit^^ is only 

can occur through Est; thus, 

C.o= + l . (14) 

A further confirmation of Eq. (14) is given by Eq. (46) 
below. (The validity of many of our subsequent con­
clusions on tests of C, T invariance depends, however, 
only on the relative C values of different mesons states.) 

I t is convenient to decompose the C = T l currents /^ 
and Kfj, into various components which have different 
transformation properties under the isotopic spin 
rotations: 

J,==J,'+J/ (15) 
and 

K,==K,^+K/+-", (16) 

where the superscripts s and v indicate that these 
currents transform as isoscalar ( / = 0 ) or isovector 
( / = 1), respectively.^^^ If 

Kar^O, (17) 

then Hy is not invariant under either C or T. A con-
elusive test of C, T noninvariance in Hy would be the 
discovery of any process whose existence implies 
Eq. (17). 

1. «° Decay 

To first order in ^̂ x, the decay w^ —> e"^+e~ is forbidden 
because of current conservation. To second order in ^^, 
the decays 

7r0->27, (18) 

(19) 

(20) 

contain only matrix elements of J^-Jp and Kft-Kp. 
Therefore, these reactions do not give direct tests of 
possible C, T noninvariance. 

The decay 
7r0->37 (21) 

can occur only if C invariance is violated. Assuming 
that K^T^O, its rate can be estimated. We find 

and 
Tr^-^2e++2e-, 

{kRY'^SXiO-^ (22) 
Rate (TT̂  —> 37) (phase space) 37 

'^e^ 
Rate(7r^—> 27) (phase space) 27 

where (eV47r) = a, k is the average momentum of the 
7 ray, the ratio of phase space is --(47r2)-^ (w,i?)2, and 

15a js^ote added in proof. From a phenomenological point of view, 
one should also decompose Kf,= (iTJ1+(ir^)8+• • •, where {K^)i 
and {K,i)% transform, respectively, like a unitary singlet and a 
member of the imitary octet under the SUz group of transforma­
tions. If i :^= {K^)i+ {K^)fi only, then, in the limit of perfect SUz 
symmetry, ryO -+> Tfi-\-e^-^e~ and there is no T-noninvariant effect 
in 20 -> AO-f-e++e-. If K^-= {K^)i only [and, consequently, Ky, is 
an isoscalar], then there are many additional forbidden processes 
such as <t>^ 4> w -̂f-T, <t>^ -H p°+T, wO 4> P ^ + T and the absence of 
TT"̂ , TV asymmetries in (J^ —> ir"''--j-x~-f 7r° (or 7). 

rRate(7rO-»37)-j 

LRate(7rO-^27)J 
expt 

< 3 . 8 X 1 0 - ^ (23) 

Thus, pion decays seem to be particularly insensitive 
to any possible violation of C, T in Hy. 

(24) 

(25) 

(26) 

(27) 

From the decays 

and 

we may conclude 

and 

2. ri^ Decays 

pO—> 7r++7r"", 

p0+>1?«+7^^ 

C p = - 1 , 

Cf=—C4^^i. 

Thus, it follows that 
C,= C.o. (28) 

The same conclusion would follow if we assume virtual 
transitions such as N+N^yf to be allowed. 

The rf can only decay through Hy. The decay 

7f-^Tr^+e+-\-e- (29) 

through a single-photon intermediate state violates C 
invariance, and it can occur only if the isovector part 
i^^'7^0. The general matrix element of ^^ for this 
transition is given by 

X[4w^.}- i /2 exp[i(r;x-7rx)xx], (30) 

where 7?̂  and TT̂  are, respectively, the 4-momenta of the 
initial rf and the final TT̂  states, w, is the mass of rf, cô  
is the energy of the pion, and / i and f^ are form factors 
depending only on the square of the 4-momentum 
transfer, 

g^=(^x-7rx)^ (31) 

Conservation of current requires that 

/ i ( w / - w . 2 ) = ^V2, (32) 

where m^ is the mass of TT̂ . T O obtain an estimate of the 
decay rate, we assume^^ 

h=-h{r')t. (33) 

16 D. Cline and R. M. Dowd, Phys. Rev. Letters 14, 530 (1965). 
1̂  Such a form factor, after eliminating the photon propagator, 

gives an "effective" C, T-noninvariant point interaction: 

<^')l^[<^.(5/a:^j0.-0,(a/a:»;;.)0j(^-^e''"747M\^.), 
where <̂ r, 0ij, and ^« are the operators for 71̂ , 7?°, and e~. In this 
paper, we assume that there does not exist any additional direct 
strangeness conserving interaction between 6+, e~ and the strongly 
interacting particles. For a discussion on the limits of such point 
interactions, see G. Feinberg and M. Goldhaber, Proc. Natl. Acad. 
Sci. 45, 1301 (1959). 
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where (r^) is the average of (radius)^ of the "mixed" 
charge distribution between 77° and TT̂ . The decay rate 
is given by [neglecting the mass of e^] 

Rate(77^-> 7r0+e++e-)= {\n%TT)-Wl{r'')mr,^Jm, 
X [ ( l - r ) ( l - 8 6 + 6 2 ) - 1 2 6 M n 6 ] , (34) 

where 
€={mjm^f. (35) 

The corresponding spectrum of e^ is, apart from a 
normaHzation constant, given by 

[4M--2m,(^++^-)+(w^,'-#z/-)]^M^-, (36) 
where k± is the energy of e^. The rate of yf —^ 27 may 
be estimated by using 56^3 symmetry: 

Rate(7?o-^ 27)- ' |(wyw^)3XRate(7rO-^ 27). (37) 

Combining Eqs. (34) and (37), we find the ratio 

CRate(7?o-^ 7rO+e++e~)/Rate(7?o-^ 27)] 
-0.04[{r^)m,2]% (38) 

which is '^ 1 if (r^) is set arbitrarily to be the same as the 
mean-square radius of the proton. 

If reaction (29) is observed, then it clearly indicates 
the C noninvariance in rf decay, and it shows that such 
violation also does not conserve the isospin / . 

Another possibility is to study the spectrum of 7r+ 
and 7r~ in the decays 

and 
7?o-^7r++7r-+7. (40) 

Let dN(E+jEJ) be the number of events in which the 
energies of 7r+ and TT"" are between £ ^ and E'^+dE'^, In 
either of these two reactions, the observation of 

dNiE+=Ei,E^=E2)9^dN(E+=E2,E^=Ei) (41) 

for any energies Ei and £2 is an unequivocal proof of 
C noninvariance. 

A possible TT̂  asymmetry in reaction (39) has been 
discussed elsewhere^-^^ under the assimiption that a C, J" 
noninvariant Hp exists whose coupling constant is given 
by Eq. (7). If Hy strongly violates C and T, then Hp 
represents simply the second-order electromagnetic 
effect. We note that if Kfj, contains only an isoscalar 
part Z / , then Hp satisfies the | Al | < 2 rule; otherwise, 
HF may contain a \AI\=2 and C = — 1 term. 

Any TT̂  asymmetry in reaction (40) must be due to 
the existence of the / = 0 (or 2) part of i^^j in addition, 
there must be strong pion interactions. To analyze such 
as3anmetries, we may make a partial-wave analysis of 
the (2ir) system for reaction (40) and the decay 

27r0-f7 (42) 

which violates C conservation. As an illustration, only 
the lowest possible angular-momentum states will be 

kept. The (27r) can be either in an / = 1 ^ state produced 
by J^^j or in an 7 = 0 J state produced by i^ / . The 
amplitudes for these two states can be represented, 
respectively, by \5a(p«H) and iV56(p'H)(p«k), where 
p is the relative momentum of the two pions, k is the 
momentum of the photon, and H is its magnetic field. 
The energy distribution of reaction (40) is, then, given 
by the invariant phase space times 

XU(^\'+m'(P'^y+i(ab--b*a)(v'k)2, (43) 

where p ranges over the entire momentum space and k 
is a unit vector along k; the corresponding density for 
reaction (42) is given by 

\bKf-(v'kyiLv'Ki'k' (44) 

where p ranges only over half of the momentum space. 
From CPT invariance, we find that the relative phase 
between a and b is given by (8p—dd) or (TT+S^—5^), 
where 8p is the strong-interaction phase shift of the 
2-pion system in the 1=1 p state and dd is the same in 
the 1 = 0 d state. Thus, the asymmetry, if it exists, can 
also be used to obtain information concerning the pion 
interactions. 

3. Weak Decays 

We consider first the K^-K2^ system. To make our 
analysis definite, we will assume here that H^\, is 
invariant under both T and CP^ and H^ has a large C, T 
noninvariant part (i.e., K^^T^O). T O zeroth order in g^, 
there is no CP-violating effect. Thus, 

C P = - M , iorKi^ 
and 

(45) 

If we use Eq. (45) and note that the three pions in 
the decay K^ —> 37r are produced predominantly in s 
states, it follows, then, that 

( C P ) . « = - 1 . (46) 

Thus, C^o= + l which confirms Eq. (14). 
To first order in g^,, since î wk does not conserve C, 

the decay 
K,^--^Tr^+e++e-~ (47) 

can occur via either /^ or K^,, where i= 1 or 2. For either 
decay, there is only one form factor, due to current 
conservation; therefore, it does not yield any direct 
information concerning possible T or CP noninvariance. 
On the other hand, the decay 

iriO->7r+-f7r-+7 (48) 

' T. D. Lee, Phys. Rev. 139, B1415 (1965). 

can be used to test possible CP noninvariance. Let 
£-M/»(p,k) and £-M^*(p,k) be, respectively, the transi­
tion amplitudes due to (J^A^)H^], and (Kf,A^)H^]^, 
where ^^ is the electromagnetic field operator, p is the 
relative momentum between 7r+ and TT", k is the 
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momentum of 7, and e is its polarization vector. By 
applying CP^ we find 

M / ( p , + k ) = ± M / ' ( P , - k ) (49) 
and 

MK'-(P,+k) = =FMx ' (P , -k ) , (50) 

where the upper signs are for i=\, and the lower signs 
for f=2 . The probability distribution, after summing 
over the two polarization directions of 7, is proportional 
to 

L [(M«0*-M^^-(M«^-fe)*(M^^'-fe)], (51) 

where the sum extends over a (and /?) = / and K^ and k 
is a unit vector along k. By using Eqs. (49) and (50), 
we find that in expression (51) the interference term 
between M/ and MK* is an odd function in k, and, 
therefore, it is also an odd function in p ; the other terms 
are even in p. Thus, the assumption that K^T^O can 
result in a TT̂  asymmetry, similar to that given by 
Eq. (41): 

dNiE+=Ei,E^=E2)^dN(E+=E2,E^=Ei), 

Conversely, the observation of such an asymmetry gives 
also a direct proof of CP noninvariance in the Ki^ 
decays. 

To second order in g^^ decays such as K2^ ~^ 27r and 
Ki^—^ 3x^ can occur. The smallness of the observed rate 
of reaction (1) is attributed to the smallness of the fine-
structure constant. To the same order, explicit CP- and 
T-noninvariant effects can also be observed in Kiz and 
Ku decays. 

For the weak decays of charged mesons, to second 
order in ^̂ x, there exist explicit T-noninvariant ob-
servables, such as O"M*(PMXPT) in the Kn"^ decay, etc. 
The T-noninvariant amplitudes are, however, smaller 
than the corresponding T-invariant amplitudes by a 
factor ^0(a), In the radiative decay TT^ (or K^)-^ jj,"^ 
+neu t r i no+7 , we may consider only the inner-
bremsstrahlung process. Since both the lepton current 
and the weak interaction are assumed to be invariant 
under T, no r-noninvariant term such as ^n'(PnXPy) 
can be observed. 

From CPT invariance, we have (neglecting higher 
order terms in H^i,, but valid to all orders in Hy) 

Zn CRate(i :+-^ W7r)+Rate(i^+-^ W7r+7)] 

= E n CRate(ir"-> W7r)+Rate(ir-->«7r+7)] , (52) 

+Rate(ii:+ -> n7r+l++vi+y)2 

= E n [R3ite(K---^mr+l~+Pi) 

+R2itt(K--^n7r+l~+h+y)l, (53) 

Rate (Z+-> /++j^O+Rate ( i r+-> /++J ' i+7) 

= Rate(K~-^l-+vi)+R^teiK-~^l~+i>i+y), (54) 

where l^eorn, and 7 stands for any numbers of photons 
and (/+,/") pairs. For decays that are allowed by ^wk, 
from CP invariance, each individual partial decay rate 
of K~^ is equal to that of K~, provided virtual effects 
of Hy are neglected. Thus, e.g., neglecting 0(a), we 
obtain 

Rate (K+ -> ir++ Iw^) = Rate (R- -> 7r-+ 2^0), (55) 

Rate {K+ -> 27r++7r0) = Rate (K~ - ^ 27r-+7r0), (56) 

etc. The decay i^^—^TT^^^+TT^ is forbidden by Zfwk, if 
^wk rigorously satisfies the | Al | = J selection rule. In 
this case, the 7̂ 2̂ "̂  decay can only occur through 
Hy,]^HyHy whlch violates CP invariance. However, by 
using Eqs. (52)-(56) and the experimental limits on 
radiative decays, we find that the equality 

Rate {K+ - ^ X^+TT^) = Rate (R- -^ TT'+W^) (57) 

should hold to an accuracy ^0(lQr'^). Thus, any lack 
of difference between the î 27r"̂  and R2T~ branching 
ratios does not reflect the T invariance or T non­
invariance of Hy. 

IV. DECAYS OF THE VECTOR MESONS 

The vector mesons all decay through Hst- If Hy is 
not invariant under C and T, then, through second-
order processes, C, T-noninvariant effects, such as T^ 
asymmetry in ŵ  - ^ 7r++7r-+7r0, (jP -> 2Ri% p^ -> rj^+w^, 
etc., can occur. The C, T-noninvariant amplitudes are 
smaller than the corresponding C, T-invariant ampli­
tudes by a factor ^0(a), In the following, we will 
discuss in detail two types of C, T-noninvariant 
processes that can occur to the first order in g^. 

1. i 4 0 ( l - ) - > 5 0 ( l - ) + Y 

In this class, there are 

and 

^p'+y. 

(58) 

(59) 

(60) 

We observe that by using Eq. (45) and the decay 
(l>'-^Ri^+R2\ it follows that 

C ^ = - l . (61) 

From the fact that the 7r+, w~ in the decay cô  —> 7r+ 
+7r~+7r° are produced in an antisymmetric state, or 
cô  +> STT̂ , we may conclude 

C . = - C , o = - l . (62) 

The Cp is, according to Eq. (26), also — 1 . Decays such 
as oP —> TT^+y or cô  —> w^+e-^+e- conserve C. However, 
reactions (58)-(60) all violate C invariance. Thus, only 
the current iT^ can contribute to these decays. Further­
more, reaction (58) can occur only if i^/p^O and re-
actions (59) and (60) can occur only if R^''9^0, 
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By using invariance under space reflection and the 
continuous Lorentz transformations, the general matrix 
element of ^y between any two physical (1—) states 
1^) and \B) is given by 

+Fzhvqix-\-F At.qp-{-q\{FhKv+Ftqt,qv)'](pv, (63) 

where p\, p\ are, respectively, the 4-momenta of the 
states 1^) and | ^ ) , and q\=p\—p\' The polarizations 
of the initial and final states are given by cpi/ and v?„, 
respectively, which satisfy the normalization conditions 

<PJ'={2C^A)-'- and (^/'= (2cojs)-S (64) 

where COA and 03B are the energies of A and B. From 
current conservation, we have 

(mA'-mB')Fi+q'F,= 0 (65) 
and 

(mA'-mB')F2+q'F,+F,+F,= 0, (66) 

where niA and MB are, respectively, the masses of A 
and B, For the radiative decay 

B+y, (67) 

the longitudinal part qxiF^^^+F^q^qp) cannot con­
tribute. Assuming that all form factors are regular at 
q^=0 and dropping the longitudinal part, we find, 
at g2=0, ( 5 | ^ x M ) becomes 

ie (p/la {p'+p)\qi^qp+ b {8xyq^— 8xt,qy) 

— \a{mA^—mB^) {hvqt>.-\-hi.qv)']<P^, (68) 

where a and h are related to these form factors by 

a=F2(0) (69) 
and 

h=\[F^{Q)-F,{Q)-}. (70) 

If Hy does strongly violate C, T invariance, observa­
tions of reaction (58) and (59), though difficult, may 
become feasible. The detections of these decay modes 
are unambiguous proofs of C noninvariance. 

[If fnB = fnA = m, then as q\ —> 0, expression (68) corre­
sponds to a system of two spin-1 neutral particles with 
a ' 'mixed" magnetic moment= (eV2w)Xspin and a 
' 'mixed" quadrupole moment= (e/m^)(2am^—b). If A 
and B are the same particle, then (^ | ̂ x M ) = 0 by CPT 
invariance and Hermiticity.] The rate for reaction (67) 
is given by 

Ra te (^ -^ B+y)=: (2i)-^amA-'m-B-^(mJ+mB') 

XimA'-MB'yg', (71) 
where 

g'=l(mA'-mB'y\a\'+\b\^ 

-U^A'+mB^rHn^A'-ms^yia^b+ab*). (72) 

If ^ ^ violates C, T invariance strongly and if i ^ / exists, 
then the parameter ĝ  for <p^ —> oP-^y may be « 1 , and 
the corresponding branching ratio becomes « 1 . 9 % . 
Similarly, if K,,^ exists and if the corresponding g^ is 
taken to be « 1 , then the branching ratio for reaction 
(59) is «2 .4%. The reaction (60) has an extremely 
small branching ratio, so that it is unlikely to be of any 
practical use. 

2. i l o ( l - ~ ) - > « + + x - + r 

There are three such decays: 

0'*—^7r++7r""+7, 

and 
' 7r++7r + 7 . 

(73) 

(74) 

(75) 

If Hy is not invariant under C, then there would be an 
asymmetry in the 7r+ and TT" distribution in these decays 
[see Eq. (41)], 

Such an asymmetry can occur in reactions (73) and (74) 
if Kfj,^ exists, and in reaction (75) if X / exists. 

The analysis of these asymmetries is similar to that 
in the case of rp decay. We make a partial-wave analysis 
of the (27r) system for these reactions together with 

^0-^2x0+7, (76) 

where A^ stands for either one of the three mesons: 
0°, oP, and p^. Reaction (76) does not violate C 
invariance. 

As an illustration of the form of asymmetry that 
might be observed in these decays, we keep only the 
lowest possible angular-momentum states. The (27r) 
system can be either in a. 1=0 s state via J^j or in 
a / = 1 ^ state via iT^. The amplitudes for these two 
states can be represented by v3as* E and rs/lbs' (pXH), 
respectively, where s is the polarization vector of *̂̂ , p 
is the relative momentum of the two pions, and E and H 
are, respectively, the electric and magnetic field of the 7. 
The complex constants a and b are two phenomeno-
logical parameters; they are comparable in magnitude, 
if the C, T violation is a large one. The pion spectrum, 
after simiming and averaging over the polarizations 
of A^ and 7, is given by the invariant phase space times 

kma\'+i\b\'LP'+(P'h'l-i(<^*b-ab*)(p4)} (77) 

for reaction A^—> 7r++7r~+7, and the same phase space 
times 

^2|a|2 (78) 

for reaction (76), where ^ is a unit vector along the 
momentum direction of 7. In the evaluation of the 
phase space p ranges over the entire momentum space 
in (77), but only over half of the momentum, space in 
(78). From CPT invariance, the relative phase between 
a and b is given by (5«—5 )̂ or (8s—8p+Tr), where 8s and 
8p are, respectively, the appropriate average phase shifts 
of the (27r) system in the 7 = 0 ^ state and the / = 1 p 
state. 
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Before leaving the meson systems, we remark that 
the identical analysis can be applied to the annihilation 
of the nucleon and antinucleon system at rest; e.g., 

p-\-f —̂  7r++7r~+7. (79) 

The initial ^5o state has the identical symmetry prop­
erties as a mixture of rf and TT̂ , and the ^5i state has 
the same properties as a mixture of oP (or <iP) and p^. 

V. 2 : o _ ^ A o + e + + e -

For a baryon system, tests of possible T noninvari-
ance in Hy become more accessible than that of C non-
invariance. A suitable case iŝ ^ 

20_>A0+e++e- . (80) 

Let <7s, (TA, P, k+, and k_ denote, respectively, the Pauli 
spin matrix of 2 , spin matrix of A, momentum of A ,̂ mo­
mentum of 6+, and momentum of e~. Since the lepton 
currents conserve C, P , and J", the distribution, as well 
as any T-noninvariant term, must be symmetric with 
respect to the exchange between 1L|_ and k_ in the one-
photon approximation. We define the normal vector of 
the decay plane to be parallel to 

N=;?X(^++L), (81) 

where p, fe+, and fe_ are unit vectors along p, k^, and k_. 
Neglecting the possibility of any spin measurements 
for e^, the only T-noninvariant, but P-invariant, 
observables are 

«rs-N and <rA-N, (82) 

which are even functions with respect to the exchange 
between e+ and e"". If either one of these averages 
(oTs'N) and (O-A-N) is not zero, then it clearly proves T 
noninvariance, and consequently, also C noninvariance 
in this decay. 

Sometimes, in order not to lose any information 
contained in the limited statistics available, it may be 
helpful to use the detailed form of the spin-momentum 
distribution for an experimental analysis, rather than 
a simple over-all average. The theoretical results of 
these distribution functions for reaction (80) are given 
below. 

The matrix element of <0p is given by 

( A i 5 , l 2 ) = { A i / / + i r / | i ; ) 

= i^C/A+74[7M^+i(A,+2,)F' 

+i{k,~^,)F'']U^, (83) 

where A ,̂ 2^ are, respectively, the 4-momenta of the 
states I A) and |2 ) , U-z and U^ are spinor solutions of the 
free-particle Dirac equations with the same 4-momenta 
as the physical S^ and A .̂ If T invariance holds, then 

1̂  The rate for this decay has been analyzed by G. Feinberg, 
Phys. Rev. 109, 1019 (1958); G. Feldman and T. Fulton. Nucl. 
Phys. 8, 106 (1958). 

F, F', and F" are all real functions of (f, where 

g2=(A,~-S,)^ (84) 

In the following, we will, however, assume these func­
tions to be complex so as to violate T invariance. 

From current conservation, these functions satisfy 
the following relation 

F= ( W 2 + W A ) F ' + {mi^-ms)-^q^F'', (85) 

where m^ and mz are the masses of Â  and S^, respec­
tively. Thus, there are, in general, only two independent 
complex form factors. Let Fo and Fo' be the values of 
F and F' at ^2=0. We have 

Fo= (mx+ntA^Fo (86) 

which may be regarded as the "mixed" gyromagnetic 
ratio between 2^ and A .̂ The value of FQ is related to 
t h e d e c a y 2 0 - > A 0 + 7 : 

Rate (so -> A^-fT) = h\Fo\ ^ s " ^ ( w s - mxY 
X ( W 2 + W A ) . (87) 

The initial 2^ may be produced in any reaction, or 
any combination of reactions. The spin state of 2^ in 
its rest system is completely characterized by a (2X2) 
density matrix: 

Z)s=Ml+cFr-S2), (88) 

where ss is a real vector whose direction and magnitude 
determine the average spin direction and polarization 
of the initial 2^. 

By using Eqs. (83) and (88), it is straightforward to 
evaluate the resulting (2X2) density matrix DA for 
the A°. I t is convenient to introduce G which is a linear 
function of F and F ' : 

where 

and 

G= ( W A + W S ) F — 2 W 2 ( W A + F ) F ' , 

E= (^2.^^^2)1/2 

(89) 

(90) 

p=\p\. (91) 

In terms of the form factors G and F , the density 
matrix for the A^ is given by (neglecting the masses 
of e^, but without any nonrelativistic approximation) 

DA=GG*(l+k^4j)+2FF*fL^-(P'K)(P'L)-} 
-f i (GF*-G*F)^N. (8S+CFA)+Z^A' , (92) 

where N is defined in Eq. (81). We note that the 
coefficients of N-Ss and N-CTA are the same, and can be 

nonzero only if G and F are not relatively real, which 
violates the condition of T invariance. 

The term DA contains all the spin-spin correlations; 
it is, therefore, zero if we average over either the initial 
spin direction ss or the final spin direction of A°. The 
detailed form of DA is somewhat complicated, and is 
given by 

Z>A' = crA-SA', (93) 
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+h{iGF*+FG*){p'S^)+2FFX-pKs^'kJ)+{v'kJ){v'S^)-]} 
+kMGF*+FG*){p'S^)+2FFX-'f(^2'h)+(V'K)(p'S^)2}. (94) 

Combining Eqs. (92) and (94), we may write 

where 

and 
^^=i{GF*-FG*)pN+SA' 

r=4trz>A, 

which is related to the decay rate by 

Rate(Eo-^AO+e++e-) 

'h = a2 / [Aii^E{mK+E)2-Kq')-'T 

Xd^Kd^kJb{k^+k-+E~m^). (98) 

In the above, all momenta are measured in the rest 
system of the S°, Let us first choose the z axis to be 
parallel to p, and then make a Lorentz transformation 
in the {z,t) subspace to a particular rest system of A .̂ 
In this system, the spin direction of A° is parallel to SA 
and its magnitude is | T^^SA | . 

In this decay, the range of | g"| is ^ {m^—ms)^\ thus, 
we may expand G and F as power series in (f. By using 

(^— 2Em^— (WS^+WA^) 

and Eqs. (86) and (89), we find G(g'-=0) = 0. For small 
ĝ , G and F are given by 

and 

G={dGldq^),t+OWY\' 

Substituting these expressions into Eq. (92), we find 
that if Ss= 0, the approximate amount of A'' polarization 
along N is given by 

I (dG\\ M-(^+—^-) sin^ 
2sin<^Fo-M— X 

I \df)^\ k+^+kJ-k+k^il-cosS) 
(102) 

where k^=\k^\, 6 is the angle between k+ and k_, 

cosi9= {2k+k-)~^ 
XC(ws2-mA')-2;ws(^++;^_)+2M-], (103) 

<̂  is the relative phase between the two parameters 
{dG/dq^)Q and Fo, and <̂  is 0 or TT if T invariance holds. 
The dimension of | (dG/dq^)Q/Fo\ is the same as m^~^, 
Assuming that Hy strongly violates T invariance, and 
using only simple dimensional considerations, we may 

expect an over-all average of (N«CFA) to be about 

l n [ ( w s — W A ) V ^ m m ^ ] 

(104) 
(95) 

(96) 

where q^ir? is the minimum value of q^ among the events 
(97) and we have taken (dG/dq^)o'^iiFo{r^}(m2+niA). 

Clearly, it is more favorable to take events with 
relatively large q^, but this must be balanced against the 
small number of such events. 

VI. COMPARISON BETWEEN BRANCHING 
RATIOS OF PARTICLES AND ANTIPARTICLES 

We consider first the weak decays, and assume that 
^wk conserves CP, but Hy can have strong violations 
of C and T, Thus, the partial weak-decay rates of any 
particle are the same as that of its antiparticle, provided 
Hy is neglected. For example, the equality 

Rate(S+ -^ n+7r+) = Rate (2- -> n+w-) (105) 

holds to 0(a), Violation of the equality, Eq. (105), 
depends not only on Hy being noninvariant under C 
and T, but also on the strong interactions in the final 

(99) states. A more sensitive test is to compare the partial 
radiative decay rates. If Hy violates C, T invariance 
strongly, then the radiative decay rate of a particle 
may be quite different from that of its antiparticle, 

f 100) provided the radiation is not just the inner-bremsstrah-
lung of the lepton currents. The observation of, say, 

(101) Rate(2+-^ ;^+7r++7)5^Rate(2--^n+7r-+7) (106) 

is a conclusive proof of CP violation. 
These considerations can be applied to any weak 

decays, and the particular case of X-meson decays has 
already been studied in Sec. III.3. 

Next, we make a few brief remarks concerning strong 
reactions. The strong interaction Hst conserves C, P, T 
separately. Since Hy may be strongly noninvariant 
under C, T, the differential cross section of 

A+B-^y+C+D+-" (107) 

can be very different from that of its C-conjugate 
process 

A+B-^y+C+D+'", (108) 

where A, B,C, D-^- are any strongly interacting 
particle states and A, B, • • • are the corresponding anti­
particle states. The most convenient case is probably 
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the annihilation oi phy p\ i.e., 

A — p and B^p. (109) 

Another possible test is to compare the branching 
ratios, or detailed distributions, of the radiative decays 
of any resonance with that of its C-conjugate state. 
If Hy violates C, T invariance, then the distribution 
and branching ratio of, say, 

N""^-^ p+Tr-+y (110) 

may be different from that of 

( I l l ) 

From CPT invariance, such a difference can occur only 
if the strong final-state interaction is not neglected. 
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Antiproton Annihilation in Hydrogen at Rest. I. Reaction p+p -^ K+K-^-'K 
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In a study of 735 000 antiproton annihilations at rest in the hydrogen bubble chamber, 182 examples of 
the reaction KiKrn^ and 851 examples of the reaction KiK^ir^ were recorded. The distributions in the 
internal variables of these reactions are presented. A substantial fraction of the latter reaction proceeds 
through an intermediate K* state; p-{-p —> K+K*. The theory of the interference effects in this reaction is 
presented and compared with the experimental result. I t is concluded that the KK* annihilation proceeds 
dominantly from the ^5, / = 1 state of the NN system. The fraction of pp annihilations into KK^ is given as 
/A'x*=(2.1db0.3)XlO-^ 

I. INTRODUCTION 

IN the domain of strong-interaction physics, anti-
nucleon-nucleon annihilation has several features 

which may lead one to hope that the study of these 
reactions may provide useful information. In particular, 
the nucleon number is zero, the capture at rest is known 
to proceed dominantly (^99%) from an S state; hence 
the parity is negative and the charge-conjugation 
eigenvalue is linked to the angular momentum 
[CC5) = - 1 , CC5) = + 1]. Nevertheless, there is not a 
large amount of published experimental information on 
the details of the various capture channels, nor has 
there been a great deal of theoretical interest. 

This paper is the first of several contemplated articles 
in which we intend to present the results of a study 
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pursued by the Columbia-Rutgers groups on p annihi­
lations in a liquid-hydrogen chamber, using an exposure 
at the Brookhaven National Laboratory AGS machine. 

We present the results on the KKT annihilations. The 
following reactions are possible: 

P+i 
P+i 
P+i 

>->iir»+JI«+7r», 

i-^K'>+K~+ir+, 

^-^K++Ko+ir-. 

(1) 

(2) 

(3) 

Reaction (1) can be further separated on the basis of 
the decay of the kaon: 

KlO + Kl' + TT^ (la) 

( la ') 

(lb) 

Reaction (la') is not observed because of the long K% 
Hfetime, but is presumably identical with reaction (la). 
Reaction (lb) is, in general, inaccessible to hydrogen-
bubble-chamber study because there are two missing 


