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I. INTRODUCTION

Z \ S is well known since the t ime of the 1964 Dubna
Conference, the long-lived component of the K° meson
can decay through the following channels, in which the
final pion s tates have CP-par i ty +1 and —1 respectively:
K L — 7T5 + TT° ll'3: and K^ — TT + ir~ + v°. All the attempts
at explaining the presence of two such decay channels
without CP-violation were disproved experimental ly l 4 1 .
We must therefore agree that CP-invariance is violated
at least in one of the t e r m s of the Hamiltonian H = Hg
+ EL, + Hyj + H' responsible for the K° decay. In addi-
tion, there a re no essential reasons for us to reject
CPT-invariance (see, for example, [ 5 ] +). As noted in '4 3 ,
H' is a new interaction, many t imes weaker than the
usual weak interaction H\y with AS s 1 (for example,
H' allows direct K° ~ K° transi t ions); however, certain
predictions of such a scheme contradict the available
experimental da ta [ 2 ' 3 ] . As is well known, accurate to
several pe rcen t t 6 ] , H^y does not violate T-invariance in
decays with AS = 0; the only experimentally observable
CP-violation may occur in K°-meson decays, where
AS /= 0. The theory of weak interaction with CP-violation
(the theoretical papers on this subject a re listed in the
report by LeeC7]) have no bearing on meson decay and
will not be discussed.

Since the discovery of P-par i ty nonconservation in
weak interactions, wide searches were made to verify
P-invariance in nuclear physics. Experiments have
shown that the P-violating amplitude is smal ler than the
P-even amplitude approximately by 105 t imes (for ex-
ample, s e e t 8 ] ) . Therefore only weak interactions can
be regarded as P-violating, i.e., both strong (Hg) and
electromagnetic (Hy) interactions conserve P-par i ty .
To explain the K^ — 2v decays, two interesting theories
were proposed. In the f irst , Prentki and Veltman t 9 :

proposed that strong interaction Hg can violate C- invar-
iance at the level of the SU3-breaking coupling constants.
Such a C-violation can become most strongly manifest
in p rocesses with large momentum t ransfe rs or in
intermediate s ta tes including strange par t ic les . Follow-
ing the recent experiments with anti-proton-proton
annihilation l o : , we know that the upper limit for the
ratio of the C-noninvariant to the C-invariant amplitudes
in strong interactions is smal ler than 10~2. Bernstein,
Feinberg, and Lee1113 advanced another interesting
hypothesis: C-invariance can be strongly violated as a
resul t of H y , inasmuch as a detailed study has indicated
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tF. Stroccki (Phys. Rev. Lett. 19, 1456 (1967)) recently proposed
an interesting model, in which CPT invariance is violated in the K° -*
2TT decay.

a complete absence of evidence favoring its holding in
electromagnetic hadron interact ions. In their theory,
the electromagnetic hadron current j j j is the sum of the
class ical current J ^ , which conserves C pari ty
(CJ^C"1 = — Jpi), and a new current K^, which causes
C-violation ( C K ^ C 1 = +K^). The coupling constant in
K^ can be of the same order of magnitude as in JJJ, . As
follows from the subsequent exposition, the only place
in which C-violation of Hg and H^ would be readily ob-
served is in 77°-meson decays. We know that at present
there a re no clear indications that C-violating effects
have been observed in these decays.

In the present paper we present a review of some of
the most charac ter i s t ic experiments performed to
verify C-invariance in rf decays, and compare their
main charac te r i s t i cs , their distinguishing manifesta-
tions of C-violation, and their systematic e r r o r s .
Finally, we shall show that it is exceedingly difficult to
gain a deep understanding of the situation with rf decays
at the present level of experimental technique.

II. POSSIBLE VERIFICATIONS OF THE THEORY WITH
C-PARITY NONCONSERVATION

The present state of experiments in this field has
already been discussed in the ar t ic le by Finocchiaro;
an exhaustive theoretical discussion of the question is
contained, for example i n t 4 ] . It is shown in the cited
papers that it is best to seek effects of C-violation in the
decays of pseudoscalar mesons . The TT° — e+e" decay
with one photon in the intermediate state is P-forbidden;
the probability of the IT0 —- 3y decay should be small
compared with the probability of the it0 —• 2y decay,
owing to the additional smal lness connected with the
extra factor e, to the rat io of the phase volumes for
3y and 2y, and to the b a r r i e r factor due to the high
orbital angular momenta. Thus, the most sensitive from
the point of view of verifying the C-violating t e r m s in
Hg and Hy a re apparently the TJ°- and rj '-meson decays.
The most exact of the presently available experimental
resul t s a r e the data on rf decays, since the rj '-meson
production c ross section is smal l .

III. THEORETICAL PREDICTIONS ON THE rf MESON
DECAY WITH C-PARITY NONCONSERVATION

The following C-violating 7/°-meson decays a re p o s s i -
ble:

n+ -)- IT — y,

n° + 3i« -}- y.

(1)

(2)
(3)
(4)

*Only in the case of an intermediate state with one photon.
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FIG. 1. Diagrm of T)° •* e+e"7r°
decay with C-invariance violation
i n H s .

Table I

Isotopic spin
of the system

jrVn0

Violation of C-invariance in the interaction:

y s i n ( 0 0
ge2x sin (82— o

60 —8,)
82 —60

g — coupling constant of the C-violating strong interaction,
equal to ^lO"2 according to experiments on pp annihilation),
x = m^Q/M2, where Q - energy release, M - unknown mass,
and 60> *i and 52 — Trir-scattering phases in states with 1 = 0,
I,and2.

Table II

r (ri»—s-jiOe+e-)
r (r|° —> YY)

With violation o
int

HS (see [13»

= 0,2 1 "IP"!

C-invariance in the
jraction:

Hv (see [12|)

a2 (m")2~ 3-10-3

In
C-allowed
transition
(see[12|)

<io-8

gj..^ — unknown coupling constant of IJPTT interaction
with C-parity nonconservation (it follows from the experi-
ments with the annihilation [10] that g^p1t < 10"2).

U n f o r t u n a t e l y , c a l c u l a t i o n s t h a t do not depend on the
c h o i c e of t h e c o n c r e t e m o d e l c a n y i e ld on ly r o u g h e s t i -
m a t e s of o r d e r of m a g n i t u d e f o r t he p r o b a b i l i t i e s of
t h e s e d e c a y s .

T h e p r o c e s s e s (3) and (4) a r e s e n s i t i v e on ly to
C - v i o l a t i o n in H ^ . M o r e a c c u r a t e l y , if K^ i s t a k e n in

the f o r m of a s u m of only t he i s o s c a l a r and i s o v e c t o r
t e r m s (as i s u s u a l l y done in t he c a s e of J ^ ) ,

t h e n t he i n d i c a t e d d e c a y s c a n p r o c e e d on ly when Kff1 "

/ o . "-
The p r o c e s s ( l ) c a n o c c u r w i t h C - p a r i t y c o n s e r v a -

t ion v i a two i n t e r m e d i a t e p h o t o n s ; t hen , h o w e v e r , i t s
p r o b a b i l i t y i s m u c h l o w e r , a s shown in .

T h e p r o c e s s ( l) w i th C - v i o l a t i o n i s p o s s i b l e on ly in
the p r e s e n c e of the t e r m K^ . It i s a l s o o b v i o u s t h a t

t h i s d e c a y can b e due to v i o l a t i o n of C - i n v a r i a n c e in Hg,
f o r e x a m p l e , a s t he r e s u l t of the d i a g r a m c o n s i d e r e d by
B a r r e t t e t a l . t l 3 : ( s ee F i g . 1).

T h e p r o c e s s (2) m a y t u r n out to b e s e n s i t i v e to v i o l a -
t ion of C - i n v a r i a n c e in Hg o r H^ . In t h i s d e c a y , a n d - a l s o
in the p r o c e s s 77 ° — ii*ir~y, C - p a r i t y n o n c o n s e r v a t i o n c a n
b e e s t a b l i s h e d by o b s e r v i n g the a s y m m e t r y b e t w e e n the
two c h a r g e d p i o n s , wh ich r e s u l t s f r o m the i n t e r f e r e n c e
b e t w e e n t he C - v i o l a t i n g and C - c o n s e r v i n g d e c a y a m p l i -
t u d e s . Mak ing u s e of the c o n c e p t of c e n t r i f u g a l b a r r i e r ,
P r e n t k i h a s shown t h a t s u c h a n i n t e r f e r e n c e c a n b e a p -
p r e c i a b l e on ly fo r a m p l i t u d e s wi th 1 = 1 a n d 1 = 2 . H o w -

e v e r , a s shown by L e e c l 4 : , if the ir*T! i n t e r a c t i o n in the
f ina l s t a t e i s neg l ig ib ly s m a l l , t h i s a s y m m e t r y i s f o r -
b i d d e n by the C P T - i n v a r i a n c e r e q u i r e m e n t e v e n in the
c a s e of s t r o n g v io l a t i on of C - i n v a r i a n c e . Indeed , t he
a m p l i t u d e s of t he C - v i o l a t i n g d e c a y s (2) and (3) a r e p r o -
p o r t i o n a l to s i n (62 — 61), w h e r e t he p h a s e s 62 and 61
c o r r e s p o n d i n g to the s t a t e s wi th 1 = 2 and 1 = 1 a r e
u t t e r l y unknown a t p r e s e n t .

Only the d e c a y s ( l ) , (2), and (3) h a v e b e e n i n v e s t i g a -
t e d e x p e r i m e n t a l l y r e c e n t l y . T a b l e s I and II con t a in a
s u m m a r y of t he t h e o r e t i c a l p r e d i c t i o n s c o n c e r n i n g the
o r d e r of t he m a g n i t u d e of t he C-odd e f fec t s in t h e s e
p r o c e s s e s .

Finally, any 7T*7r~ asymmetry in the T/° —• iC-fy decay
can be the resul t of only interference between P and D
waves of the 11*11' system, with C-pari t ies respectively
equal to C = —1 and C = + 1 . As follows from es t imates
by Bar re t t and Truong'1 5 3 , this asymmetry has an order
of magnitude 1(T2. We note that in the theor ies indicated
above it is assumed that the electromagnetic current
J^ + K^ does not contain t e r m s with Al > 1. After these
theories were advanced, experiments116-1 confirmed the
validity of the indicated assumption. Thus, it is not
necessary to introduce in K^ a t e rm with Al > 1.

IV. EXPERIMENTAL SEARCHES FOR C-FORBIDDEN
rf DECAYS

As already mentioned, only the decays rj° — 7r°e*e~,
rf -— Tr*n~T!0, and rf —• v*v~y were investigated sys te -
matically. The first p rocess was investigated with a
high degree of accuracy in three exper iments . The first
and last of them used the method of heavy-liquid bubble
chamber; in the second, an entirely different technique
was used—a deuterium chamber with a tantalum plate,
with the apparatus t r iggered with counters . The exper i -
mentally obtained upper limit for the part ia l width of
the f irs t decay, 10"3, is apparently by now well e s tab-
lished.

The situation in the other decays is not so c lear . In
order to obtain rapidly an est imate of C-violation in rf
decays, all the available data on the rf — -n*-n'it0 decay in
hydrogen chambers was summarized: as a result , a
positive n*n~ asymmetry was obtained114-1. Already after
the data obtained by entirely different methods have
been unified, three experiments were performed,
directly aimed at finding positive asymmetry , par t icular
attention being paid to the systematic effects. The f irst
such experiment, with a hydrogen chamber t l 8 J , gave
positive asymmetry within the limit of two standard
deviations. The second experiment1 1 9 3 , using exactly the
same technique but half the s ta t i s t ics , revealed no
essential asymmetry . Finally, an experiment with spark
chambers ' 2 0 1 , with very large s ta t i s t ics , likewise r e -
vealed no essential asymmetry . Thus, the situation calls
for a very cautious analysis .

In conclusion we indicate that the experimental data
on the 770 — iCrfy decay agree with each other and give
no essential asymmetry , but the published resul t s on
the measurement of the part ia l width of the decay a re
not so good as in the case of the rf — rCrfif p roces s .

1. The TJ°— j r°eV Decay

As follows from Table II, the existence of this decay
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would be proof of C -parity nonconservation. The main
experimental difficulty lies in verifying that the ob-
served charged particles are electrons; this is pre-
cisely the fact that led to the registration, in the first of
the experiments with the hydrogen chamber121-1, of
several unclear events, which could be interpreted
either as e*e~7r° or as 77*77"̂ °. To eliminate this ambiguity
it is necessary to identify the secondary electrons by
their bremsstrahlung loss. More accurate experiments,
performed later, made use of heavy-liquid bubble cham-
bers or a deuterium chamber with a tantalum plate.

a) Experiment of the Ecole Polytechnique-Berkeley
collaborationc22J. The r}° mesons were obtained from the
reaction 17"p -— 77°n in a 300-liter heavy-liquid bubble
chamber, exposed in a 77 meson beam with momentum
950 MeV/c from the "Saturn" proton synchrotron of
Saclay. The photograph frames contained 750 if —- TI*TTT[°
events with subsequent decay 770 -— 2y, and both photons
were detected. Figure 2a shows the distribution with
respect to the invariant mass of the 2y system for these
events; the 77°-meson maximum is clearly pronounced,
and the experimental resolution is ~ 18%. Figure 3
shows the distribution with respect to the square of the
invariant mass of the 7r+7r"7r° system; the experimental
error in the magnitude of the three-pion mass is ^ 8 % ,
and the nonresonant 77*7r"7r° background in the 7j°-meson
region is estimated at 10%.

In this experiment it i s easy to detect the rf —• 77°e*e'
decays by regis ter ing the character i s t ic deceleration of
the two e lectrons as a resul t of the energy lost to
bremsst rahlung (with efficiency ~95%). On the other
hand, the 77° meson could be identified by the photons
from i ts decay (at a 60% tota l-regis t rat ion efficiency).
The main background for this decay is due to the p r o c -
ess 7r~p — 7T°77°n, in which one of the TT° mesons decays
into ye*e~, and one of the photons produced as a resul t
could not be regis tered. For 80 selected events that
were possible candidates to be included among the
e*e~YY events, in Fig. 2b, no peak is observed in the
distribution with respect to the invariant m a s s of the
2y system; even a comparison with Fig. 2a indicates
that the g r e a t e r par t of these possibi l i t ies a r e back-
ground events. No rf peak was observed in the dis tr ibu-
tion shown in Fig. 4, with respect to the invariant m a s s
of the e*e~7r° system for 40 e*e~yy events having a
2y-sys tem m a s s compatible with the 77°-meson m a s s .
Therefore all the regis tered e*e'yy events can be r e -
garded as a background. This background can be e l im-
inated by introducing a suitable cutoff in the m a s s of the
e+e~ system, inasmuch as the distributions with respect
to the invariant m a s s of the system e+e" for the decays
770 — ye+e~ and 770 — ye+e~ have high maxima at t h r e s -
hold values. A Monte Carlo calculation shows that only
15% of the actual number of decays rf —• e^e'Tr0 in the
exposed f rames should have an invariant e*e'-system
m a s s lower than 100 MeV; however, in the selected
events that could possibly be e*e'yy events, the largest
e*e" m a s s was 90 MeV. Thus, no rf — e+e~7r° events r e -
main at all; after correct ions a r e introduced for the
cut-off (using the matr ix element obtained i n t u ] ) and
for the regis t rat ion efficiency, the following est imate is
obtained for the upper l imit of the decay probability, at
a 90% confidence level:

F On" - * nVe-)/Ttot (r)0) < 9 • 10"4.

40

35

30

25

GeV1
b)

FIG. 2. Distribution with respect to the square of the mass of the
27 system: a) for events 7r+7r~77 (the curve corresponds to a Monte Carlo
calculation for the case TT° -* 77); b) for e+e~77 events.

FIG. 3. Distribution with respect to
the square of the mass of the 7r+7r"7r° sys-
tem for 7r+7r~77 events corresponding to
ir '^TT decays.

SZO 030 № 050 050 GeV2

F I G . 4. Distribution with respect t o the

mass of the system e+e~7r°.

150'Z00'M">50'610300 MeV

b ) E x p e r i m e n t o n t h e L o n d o n - O x f o r d c o l l a b o r a -

. I n t h i s e x p e r i m e n t t h e e x p e r i m e n t a l t e c h n i q u e

w a s q u i t e s i m i l a r t o t h a t of t h e p r e c e d i n g e x p e r i m e n t ,

a n d t h e e q u i p m e n t c o n s i s t e d of t h e h e a v y - l i q u i d c h a m b e r

of t h e U n i v e r s i t y C o l l e g e ( L o n d o n ) a n d t h e R u t h e r f o r d

L a b o r a t o r y , e x p o s e d i n a 9 3 0 M e V / c 7 7 * - m e s o n b e a m

f r o m t h e " N i m r o d " p r o t o n s y n c h r o t r o n . T h e n u m b e r of

s e l e c t e d f r a m e s w a s d o u b l e t h a t of t h e p r e c e d i n g e x p e r i -

m e n t . O n e e'e'yy e v e n t w a s r e g i s t e r e d w i t h a n i n v a r i a n t

e + e ~ m a s s e q u a l t o 2 4 0 ± 6 0 M e V , a n d w i t h a 2 y - s y s t e m

m a s s c o m p a t i b l e w i t h t h e 7 r ° - m e s o n m a s s ; h o w e v e r , t h e

i n v a r i a n t m a s s of t h e e n t i r e e*e'yy s y s t e m w a s

410- ioo M e V . T h e p o s i t i v e e r r o r i n t h e m a s s h a s b e e n

g r e a t l y r e d u c e d b y t h e r e q u i r e m e n t of e n e r g y c o n s e r v a -

t i o n i n t h e 7 j ° - m e s o n p r o d u c t i o n r e a c t i o n . C o n s e q u e n t l y ,

o n e c o u l d b e a s s u r e d t h a t t h i s e v e n t i s a p o s s i b l e e r r o r

a m o n g t h e s o u g h t d e c a y s ; t h e u p p e r p r o b a b i l i t y l i m i t

o b t a i n e d i n t h i s c a s e a t a 9 0 % c o n f i d e n c e l e v e l i s



596 C. BAGLIN

MB BOO MeV

FIG. 5. Distribution with respect to the mass of the system e+e" for
events e+e>°. The curve corresponds to a Monte Carlo calculation for
the 170 -» e+e~7r° decay and takes into account the measurement errors
(the theoretical spectrum is borrowed from [n]).

c) Experiment of the Princeton-Pennsylvania collab-
oration[24J. The r)° mesons were obtained from the
77*d — pp?70 reaction by 820 MeV/c 77* mesons in the
deuterium-filled bubble chamber with fast cycling, of
the Princeton and Pennsylvania Universities. The ex-
perimental setup is shown in Fig. 6. The coincidence
counters Ci and C2 separated the 7T*-meson beam, and a
tantalum plate two radiation units thick served to iden-
tify the secondary particles by their electromagnetic
interactions. Behind the chamber was installed an ab-
sorber to retain the protons produced during the
?70-meson production process, as well as the electrons
and photons produced during their decays. The trigger-
ing of the chamber and the actuation of the pulsed push-
ing magnet was by a coincidence signal from the coun-
ters Cx and C2 in the absence of a signal from the coun-
ters A.

During the scanning of the photographs, the e+e"pp
events were detected by showers in the plate or by the
ionization. After checking for coincidence with the ini-
tial 7)°-meson production reaction, the number of possi-
ble cases of the sought decay was decreased to 12, of
which certain events could be interpreted as 770—• e*e"y
or 77° — e*e~7r°. The remaining five cases were identified
as the decay r}° — e*e~y, by detecting the emitted photon
or by non-coincidence with a check for the presence of
a TT° meson. The experimentally obtained distribution
with respect to the invariant mass of the e*e~ system
turned out to be compatible with the theoretical distribu-
tion for the 77° — e*e"y decay (Fig. 7). The total number
of the produced 77° mesons was found by normalization
with respect to the process w+ + d —* p + p + 770 with
subsequent decay 770 -~ ye*e~.

Taking into account the efficiency of registration and
triggering, and comparing by the maximum-likelihood
method the distribution with respect to the e+e" system
mass with the 770 —* ye*e~ hypothesis, we obtain with 90%
confidence level the upper limit

f Of -» n°eV)/Ttot Of) < 13-10"4-

d) Conclusions. The results of the described three
experiments (in the last of which the procedure employed
was quite unlike that in the first two) agreed with a
value of less than 10"3 for the relative probability of the
rf — 77°e*e" decay.

If C-invariance is indeed violated in Ho, then it must

Abs A
FIG. 6. Experimental setup. M — pulsed pushing magnet, K -

chamber, Ta — tantalum plate, Abs — absorber.

MeV

FIG. 7. Distribution with respect to the mass of the e+e" system.
The curves correspond to the theoretical calculations; the shaded events
are identified as cases of the rj° -* e+e"7 decay.

be recognized that this result is not surprising, since
the expected probability of the indicated ?70-meson decay
is small (see Table II).

If the C-violation is connected with Hy, then, as fol-
lows from Table II, this probability should be ~ 2.7
x 10"3, whereas the discussed experiments yield a r e -
sult < 3 x 10"* at a 90% confidence level. We can there-
fore conclude that if Hy strongly violates C-invariance,
then this violation is due apparently to the isoscalar
term in K^, since the performed experiments exclude
the possibility of a strong effect from the isovector term

KA , and, as indicated aboveC16], there is no need to
take into account any current with Al > 1. Thus, it is
necessary to verify the presence of an isoscalar term
in K^ by studying the asymmetry in the 770 — 77*77"y de-
cay.

Actually it is possible to reduce somewhat the theor-
etical value of the 770 — 77°e*e~ decay probability, by
assuming, as was done by Feinberg[25], that the
C-invariance violating current K^ is a member of an
SU3 octet. Then the 77° — 7T°e+e" decay is allowed at the
level of the SU3-symmetry breaking interaction; the
predicted partial width of the decay will then be one
tenth as large as indicated in Table II, and will be com-
parable with the available experimental upper limit.

2. The rf — irVir0 Decay

We have already mentioned that as soon as the ques-
tion of the possibility of registering C-violation in this
decay was raised, an attempt was madeU7] to unify the
data of many hydrogen-chamber experiments. Thus, a
positive value was obtained for the 77*77" asymmetry
R = (N* - N_)(N+ + N_) for 1300 ?}0 — 77*TTV decay events.
This was followed by an experiment by the Columbia
University and State University of New York (Stony
Brook) collaboration1183, aimed precisely at finding this
possible asymmetry. After a thorough analysis of
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Experiment

1

2

3a

3b
4a
4b
5
6
7a
7b
8a

7c
8b

9

N

P
origin

Group

Columbia

Wisconsin-Purdue
ditto
Yale

Radiation Laboratory
ditto
» »

» »

» 9

Process

jP-».-,+»-4-__

^+p-̂ P-1« +
+ (if - • n+it-.i0)

1 Jl~p > pit" ~j-

K-p -* A -- (I)0 -^

Momentum
GeV/c

0

2,5

1.225
1.275
1.225
1.395
2,08
1.76
1.05
1,17
3.7

Total:
1.17
3.7

Total:
1.2 — 1,8

V

149

47

134
140
78
74
43
55
41

113
33

758
60
9

69
309

pb

0,52

0.36

0.02
0.02
0.03
0.03
0.37
0.35
0.02
0.02
0.27

0.02
0.50

0.31

Pn

-

0.08

0.16
0.13
0.14
0.09
0,16
0.16
0.10
0.21
0.03

0.20
0.11

0

i
.

„ — approximate number of T)° mesons in excess of background, pj, = Nb/(N
Nj,) — fraction of background events in the 170-meson mass region.

n — fraction of events, in the 170-meson mass region, having a pion of unknown

1441 rf -— 77T7r n° decay events, a positive value was ob-
tained for R, differing from zero within 2.5 standard
deviations.

Somewhat later, exactly the same procedure was
used by the Saclay-Rutherford Laboratory collabora-
tion l191, in which no significant 77*77" asymmetry was ob-
served for 705 770 — TT*7T~7T° decay events.

Finally, the CERN—Zurich—Saclay collaborationl20:,
using a spark-chamber method, observed no asymmetry
at very high statistics —10,605 770 — 77+7T~7T° decays.

We shall now attempt to compare these different ex-
periments to see what conclusion can be drawn from the
agreement or disagreement between their results.

a) Result of the Columbia—Berkeley—Purdue-
Wisconsin—Yale collaborationt17]. The difficulty of
interpreting the result R = 0.058 ± 0.034, obtained by
this group, lies in the fact that this result is a conglom-
erate of data obtained in a large number of completely
different experiments. This can be illustrated by means
of the following two remarks. First, the background of
nonresonant events with 7r+77~7TO in the 7j°-meson region
varied from experiment to experiment in the range
0.02-0.52 (Table III). Second, in some of these experi-
ments, 7T mesons were produced together with the 77°
meson, and this has led to events that cannot be uniquely
interpreted, in which two TT* (or n~) mesons can, after
combining with the remaining pair of particles TT~77°

(or 7T+u°), yield the correct mass of the 17° meson (Table
III). In Table III are gathered some characteristics of
the individual experiments used by the collaboration.

b) Experiment of the Columbia—Stony Brook collab-
oration [ l a ] . In this group, the 770 mesons were obtained
in the 77*d — pp77° reaction in the 30" bubble chamber of
the Columbia University and of the Brookhaven National
Laboratory, placed in the 820 MeV/c 77*-meson beam of

p 4- p + n+

P + Pfn*
p + p + n+

4-jr
4-it+

4-jt-
4-3T-

+ n°,
+ V.
+ n.

(a)
(b)
(c)
(d)

the Brookhaven alternating-gradient synchrotron.
Searches were made here of interactions with four
charged-particle prongs, two of which should be iden-
tified by ionization as protons, and the remaining as a
possible 7r+7r meson pair. Such events correspond to one
of the following reactions:

4-d-

The chosen events corresponded, in accordance with the
selection criteria, to the processes (a) and (b). The dis-
tribution with respect to the square of the missing mass
and the distribution with respect to the effective mass of
the it*-n~n° system are shown for these cases in Figs. 8
and 9. The events were regarded to be identical with the
770 — ir*v~ii0 decay if they corresponded, in accordance
with the selection criteria, to the reaction (e) and did
not correspond to the reaction (f) (see below), or else if
they agreed with both reactions and had, in addition, a
square of the missing mass larger than 0.007 (GeV)2:

(e)
(f)

The 1515 events selected in this manner contained
also a certain background due to the nonresonant n*ii~n0

production. After cutting off part of the events with
respect to the effective mass, a total 1441 events with a
7% background was finally separated. A Monte Carlo
calculation has shown that the cases of true if —- TT*TT'V0

decays lost as a result of selection with respect to the
total kinematics and other criteria cannot be the cause
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of the appearance of any asymmetry in the jr±-meson
energ ies . A thorough verification of the possible sources
of the asymmetry , other than C-violation, has led to an
effect at a level of only 0 .1%. As was emphasized inC26:l,
this was preceded even ea r l i e r by an important control
experiment using the decay in" — n*ir~ir°, to verify both
the operation of the chamber and the data-reduction
program. The asymmetry in the background events, at
m a s s e s both lower than 520 MeV and higher than
580 MeV, was A = +0.08 ± 0.06. Taking into account the
correct ion for this background effect, the asymmetry
for the 1441 77° — Tr*it~ii0 decays turned out to be

R= +0.072 + 0.028.

The distribution of these events on the Dalitz plane i s
shown in Fig. 10a.

On the bas i s of the presented asymmetry , which is
reliable with accuracy up to 2.5 standard deviations and
has the same sign as the resul t of the preceding summa-
tion of the individual experiments , the authors concluded
that C-violation takes place in 770 decays.

c) Experiment of the Saclay—Rutherford col labora-
tion ll9]. In this experiment they used prec ise ly the same
procedure as in the preceding experiment; these ex -
per iments differ only in the s ta t i s t ics . A total of 765
ffVV0 events was selected (see Fig. 10b). The back-
ground was est imated at 8% due to the nonresonant
pions and 2.5% due to the r?°—• n'tTy decay. The a sym-
metry of the background events was A = + 0 . 1 0 ± 0 . 1 0 .
Taking into account this value, the asymmetry for the
selected cases of the 77° — Tt*it~Tt° decay was equal to

fl= -0.061 + 0.040.

Bearing in mind the resultant discrepancy between these
two exper iments , we can make the following three r e -
marks :

1) The determination of the asymmetry of the back-
ground events A was quite poor in all these exper iments .

2) Events with decay into TI^TI'IS0 were separated by
a x2 cut-off in the effective m a s s squared from approxi-
mately 20 t imes more it*d —• ppjr+7r" events. Naturally,
it was very difficult to determine the possible effect
from the " t a i l " of the distribution of the indicated
events .

3) Within the l imits of two standard deviations, s t a -
t is t ical fluctuations a re not very unlikely.

d) Experiment of the CERN—Zurich— Saclay col lab-
oration [ 2 0 ] . In this experiment, a spark chamber in a
magnetic field was used. The rj° mesons were obtained
in the n'p — 77°n reaction with a 713 MeV/c 7f-meson
beam from the CERN proton synchrotron. The exper i -
mental setup is shown in Fig. 11. For the chamber to
operate , the following requirements had to be satisfied:
a) regis t ra t ion of the beam-par t ic le interaction in the
hydrogen target , b) passage of at least one charged p a r -
t icle through the counter F , c) detection of one par t ic le
by one of the neutron counters in a given t ime interval
of 15 nsec duration. All these conditions correspond to
the following_cqincidence signal from the counters:
S1S2A1RFA2A3BN i .

At a chosen tr~-meson energy, the rj°-meson produc-
tion c ro s s section is quite large (~2 mb), and the rr"p
-~ 7r+7f 7r°n (without T7°-meson production) proceeds near
threshold. The neutron detectors were located at the

m

1
I
1-
U
E3z

/ Icutoff H L

-0! GeV

FIG. 8. Distribution with respect to the square of the missing mass
of the X° system for the process 7r+d -*• ppir+ir~X°.

J ]

550 BOO 150 MeV

FIG. 9. Distribution with respect to the effective mass of the ir+ir>°
system in the process i+d -*• ppjr+7r\

FIG. 10. Distribution of r\° ->7r+7r"ir0 events on the Dalitz plane,
a) Columbia - Stony Brook (R = +0.072 ± 0.028); b) Saclay - Ruther-
ford (R = 0.06 ± 0.40).

SZRF

FIG. 11. Experimental setup of the CERN - Zurich - Saclay
collaboration.
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maximum lab-system angle permit ted by the kinematics;
then a very small angle interval (~2°) in this system
spans approximately 50% of the total distribution in the
c .m.s . Measurement of the neutron times-of-flight made
it possible to select the neutrons having momentum
values allowed by the kinematics (370 — 500 MeV/c),
corresponding to a resolution « 8 MeV in the effective -
m a s s spectrum. During the scanning of the photographs,
the only cases selected were those in which one neutron
detector operated and there were two oppositely bent
t r a c k s passing through at least seven gaps of the spark
chamber and having no kinks along this path. The ex-
perimental ly obtained distribution with respect to the
square of the miss ing m a s s relative to the 7r*;r~-system
m a s s is shown in Fig. 12; the maximum at the neutron
m a s s value is due to the n'p —• n^ir'n reaction. The
corresponding events could be separated with the aid
of a m a s s cut-off procedure . The peak at large values
of the m a s s e s corresponds to the react ions

n~p • n+n"y,
j r p - ^ n * n - n o n w i t h o u t r\ - m e s o n p r o d u c t i o n .

(5)
(6)

(7)

Figure 13 shows the distribution with respect to the
square of the m a s s e s of the neutral par t ic les in the
p r o c e s s n p — 7r*7Tn + neutral par t ic le s . Measurements
made with a jr~-meson momentum reduced by 4% have
made it possible to est imate that the background due to
the reaction (7) amounts to 0.5 ± 0.2%; the asymmetry
obtained in this case turned out to be A = 0.20. Those
events which could be taken as 77° decays were
verified in accordance with the corresponding selection
c r i t e r i a , with two conditions superimposed. Each event
was taken into account in the subsequent analysis with a
definite weight, inversely proportional to the probability
that the two pions do not interact in the hydrogen target
(such a weighting procedure changed the asymmetry by
only 0.2%). The distribution of the events weighted in
this manner over the sextants of the Dalitz plot i s
shown in Fig. 14; the asymmetry corresponding to this
distribution of all the 10,665 events of rf — v*ir~ir° decays
is 0.003 ± 0.010. To eliminate the effect connected with
the asymmetry of the entire setup, the direction of the
magnetic field was rever sed every 12 hours of o p e r a -
tion; thus, the ent ire experiment was symmetr ica l with
respect to the vert ical plane. The influence of such r e -
v e r s a l s of the magnetic-field direction on the incident
beam, as shown by a Monte Carlo calculation, does not
introduce an asymmetry in the energy distribution of
the ?70-decay products . Nor was any appreciable asym-
metry observed following long-hand reduction of those
events which were described by the HPD automatic
measur ing device or by the THRESH three-dimensional
t rack reconstruction program, but the corresponding
stat ist ical e r r o r s were taken into account in the final
resul t . If the measured values a r e chosen for all the
cases in lieu of the employed best values of the kine-
matic p a r a m e t e r s , then the asymmetry turns out to be
0.007.

After introducing all the correc t ions , the following
values a r e obtained for the total asymmetry:

R = 0,003 ±0,011.
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FIG. 12. Distribution with respect to the square of the missing mass
relative to the ir+n~ system for 21,606 events of the 7r"p -» n+ir'nX°
process.
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FIG. 13. Distribution with respect to the square of the mass of the
X° system for 13,098 events of the 7r"p ->• Tt*iC nX° process.

F I G . 14. Distribution of the

rj° -* 7r+7r"7r° decay events on the

Dalitz plane.

S n° a r eT h e r e s u l t s of a l l t h e e x p e r i m e n t s o n rf —

s u m m a r i z e d i n T a b l e I V , w h i c h i s b o r r o w e d f r o m F i t c h ' s

p a p e r t 2 8 ] .

e ) C o n c l u s i o n s . A s n o t e d b y F i t c h 1 2 6 ] , t h e p o s s i b l e

a s y m m e t r y c a n c h a n g e o n g o i n g f r o m o n e r e g i o n o n t h e

D a l i t z p l o t t o a n o t h e r . T h e r e f o r e d i f f e r e n t w e i g h t i n g

p r o c e d u r e s o r d i f f e r e n t f i l l i n g of t h e D a l i t z p l a n e c a n

l e a d t o s o m e w h a t d i f f e r e n t r e s u l t s f o r t h e s a m e e x p e r i -

m e n t . T h u s , i n t h e c a s e of t h e s p a r k - c h a m b e r e x p e r i -

m e n t s , t h e r e g i s t r a t i o n e f f i c i e n c y c a n v a r y s i g n i f i c a n t l y

o v e r t h e D a l i t z p l a n e . T h e r e f o r e , if t h e a s y m m e t r y a c -

t u a l l y e x i s t s a n d if i t i s p a r t i c u l a r l y l a r g e i n a c e r t a i n

p a r t of t h e D a l i t z p l a n e , i t i s n e c e s s a r y t o e x e r c i s e c a u -

t i o n i n t h e c o m p a r i s o n of d a t a of d i f f e r e n t e x p e r i m e n t s .
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Table IV

Experiment

Compilation
Columbia-Stony Brook
Duke

Rutherford - Saclay
CERN- Zurich- Saclay

Total
number

1300
1351
565
705

10665

1

119
100
42
54

1511

2

199
239
76

126
1850

By sextants

3

361
385
176
151

2027

4

298
340
162
174

2050

5

205
196
78

139
1821

6

101
91
31
61

1489

+

679
724
294
331

5388

-

604
627
271
374

5360

Asym-
metry,
%

5.8+3.4
7.2+2.8
4.1±4.1
-6+4

0.3+1.0

At the present t ime we can mere ly state that there
is no patent evidence favoring C-violation in the rf
— 7r+77~7r° decay. As shown by Table I, this decay is most
sensitive to C-parity nonconservation in a state with
1 = 2 . However, even if C-invariance is violated only as
a resul t of B.y, a very small effect can be expected, in
view of the presence of a centrifugal b a r r i e r and the
interaction in the final s tate . Consequently, the real
asymmetry in the rf — TTTTTT0 decay, even if it does ex -
ist , should be of the same order of magnitude of the
presen t experimental e r r o r s .

3. The 770— Decay

So far, only two experimental results having a spec-
ial bearing on C-parity nonconservation were obtained
for this decay.

a) Experiment of the CERN—Zurich—Saclay collab-
oration1^73 . The scheme of this experiment is the same
as in that described abovet20]. A total of 1620 rf — n*ir~y
decays were registered, and the asymmetry turned out
to be R = 0.015 ± 0.025.

This result calls for two remarks. First, a Monte
Carlo calculation shows that the registration efficiency,
just as in the rf — J7+TT~IT0 decay, is a decreasing function
of the invariant mass of the V*TS' system. Therefore the
most appreciable effect is in the region of soft photons
in the rest system of the rf meson (see the dashed line
on Fig. 15). Second, as already noted, to separate from
the background of the 7r"p — jr+iTn reaction, it is neces-
sary to cut off the distribution with respect to the miss-
ing mass relative to the i\*n~ system, and this leads also
to discarding of rf — it*ir~y decay events with soft pho-
tons (see the solid curve on Fig. 15). Therefore, if any
•n*it~ asymmetry exis ts , corresponding to the soft-photon
region, it would be difficult to observe in this exper i -
ment.

b) Experiment of the Rutherford—Saclay col labora-
tion t 2 8 ] . The experiment cited above119] has made it
possible to separate , out of all the rf -meson production
cases , 160 ?70 — 11*11'y events. The distribution with
respect to the square of the effective m a s s of the
•n*v~y system, obtained for these events, is shown in
Fig. 16. According to the es t imates , the number of
background events under the rf maximum was 22 ± 10.
After correct ing for the asymmetry of this background,
the following resul t was obtained:

# = — 0.02 + 0.08.

c) Conclusions. The two preceding resu l t s agree
with the absence of C-parity nonconservation in 77°

FIG. 15. Dependence of the
registration efficiency (in relative
units) on the photon energy Ey.

Z03 Ey, MeV

FIG. 16. Distribution with re-
spect to the square of the mass
of the ir+ir~y system.

S 20xig3Z

Iff

tu ffj

— n*n~y decays due to electromagnetic interact ions. As
indicated above, this decay is sensitive only to the i s o -
scalar par t of K^, if this par t exis ts .

Thus, we have no indication of the presence of
C-noninvariant electromagnetic interaction in 770 decays.
However, as noted i n t l 5 : , any violation of C-invariance
in Hy should produce an asymmetry on the o rder of
10"2 in the 1,' — i r V y decay. Therefore the exper imen-
tal e r r o r s a re patently too large to be able to draw any
definite conclusion concerning this decay.

V. DEDUCTIONS FROM THE RESULTS OF ALL THE
EXPERIMENTS

Summarizing, we a r r ive at the following general de -
ductions.

1. There a re no patent indications of C-invariance
violation in 77°-meson decays.
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2. The contemporary upper limit of the par t ia l width
of the rf—* e*e"ff° decay denotes that the possible e l e c -
tromagnetic interaction that violates C-invariance
strongly, if it exists at all, should be due principally to
the t e rm K ^ ~ " (we have seen that occurrence with

Al > 1 can be neglected); no account is taken here of the
possible reduction of the indicated par t ia l width, for ex -
ample as a resul t of SU3-symmetry requi rements .

3. In the case of the 770 — JTVTT0 decay, there exists
one experiment with very large s ta t i s t ics , in which no
asymmetry was observed at al l . At the same t ime, the
two presently available exact resu l t s of experiments
with hydrogen chambers a re contradictory; one of them,
based on large s ta t is t ics , leads to a positive value of
the 11*11' asymmetry , corresponding to its maximum
value predicted for this decay. It is thus clear that addi-
tional experimental information concerning this p rocess
is necessary .

4. At the present t ime, all the data a re compatible
with the presence of C-invariance, but i t s violation in
rf decays is still possible: 1) at the level of semist rong
interaction with a coupling constant smal le r than 10~2;
2) as a resul t of electromagnetic interaction with the
pseudoscalar t e rm K ^ I ~ 0 ; 3) owing to the existence of
a certain nonelectromagnetic interaction at the level of
nonconservation of the isotopic spin.

VI. EXPERIMENTAL PROSPECTS

The presently available experimental data on 77° de -
cays can undoubtedly be improved, at leas t by increasing
the s ta t i s t ics . To be assured of the absence of the
Kr^I" * t e r m , it is necessary , in the case of the rf
— e*e~ir° decay, to ra i se the upper limit for i ts probabi l -
ity to the level of the probability of the C-allowed decay.
The presently existing upper limit, obtained in ordinary
bubble-chamber exper iments , cannot be improved by
one order of magnitude without performing appreciable
work. Real success can be achieved, for example, by the
spark-chamber method, but in this method it is n e c e s -
sary to measure the charac te r i s t i cs of the e lect rons ,
something not performed in all cases so far.

The same r e m a r k s can be made with respec t to
measurements of the asymmetry in 77 ° — n*n'ir° and
77° — n*iTy decays. To study these, a new experiments
has now been set up*, using spark chambers and very
large s ta t i s t ics , ca r r ied out by collaboration between
Columbia University and the Brookhaven Laboratory. It
should be borne in mind that the increase in the s t a t i s -
t ics in spark-chamber experiments should be accom-
panied also by equality of the regis trat ion efficiencies of
events with different kinematics . This requirement is
par t icular ly important for the if — ir*n~y decay; in this
case , events with soft photons, when verified by the
miss ing -mass cr i ter ion, a r e lost relatively frequently
both in hydrogen and in spark-chamber exper iments .
Therefore the use of spark chambers under 4ir-geometry
conditions and with photon detection should lead to an
appreciable p rog res s .

Finally, direct sea rches for the C-violating decay

if —' n*ir~y a r e much more difficult than ea r l i e r exper i -
ments , since the background due to the if —• T T W decay
is very large (thus, e.g., ser ious difficulties a rose [ 1 6 ]

in the separation of the cases of the 770 —• T T W and
770 — v°yy decays).

Thus, without further appreciable work, experiments
on if decays can apparently not increase significantly
our knowledge on C-invariance of hadron interact ions.
However, as already indicated, we can seek for paral le l
violation of C-invariance in 77'-meson decays under
bet ter conditions. For example, the 77' —* ?70e+e~ decay is
not subject to strong limitations with respec t to
SU3-symmetry. In turn, observation of the possible
asymmetry in the decay 77' — u*n'y, as shown in115-1,
may turn out to be much less limited as a result of the
interaction in the final state than in the case of the
770— Tt*n'y decay. Finally, present work being done on
the development of large heavy-liquid chambers gives
grounds for assuming that it will be possible to under -
take searches of 77*77" asymmetry in the annihilation of
antiprotons (pp —• n*n"y) with a regis t ra t ion efficiency
95%.

* We are grateful to Dr. Heymann for information
experiment.
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