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We examine theoretically the dominant features of the experimental data on the reaction y+p —& po+p
which have recently been presented by the Cambridge Electron Accelerator bubble-chamber collaboration.
In accord with the experimentalists' conclusions, we Gnd that (a) the exchange of a single ~ does not seem
to play an important role in the production mechanism, perhaps merely because of a relatively small value
for the p0~0y vertex; (b} a diRraction production mechanism may play a signi6cant role in the production of
p0 at near-forward angles. However, for photon laboratory energies between 1.8 and 6 BeV, about 40% of
the po are produced at center-of-mass angles 8 with cos8&0.85. We address ourselves to the question of
whether the exchange of a neutral vector meson, in particular the c0, can be playing a significant role in
the production mechanism; perhaps a dominant role for p' produced at other than near forward angles.
The p fat y vertex violates charge-conjugation invariance and time-reversal invariance. We Gnd that the
present data on (1) the forward differential cross section as a function of photon energy, (2} the production
angular distribution and total cross section at about 5 BeV, and (3) the behavior of the p0 density matrix
elements as functions of production angle and photon energy, are completely consistent with the results
from the exchange of an co0, with a C-violating transition magnetic moment at the phily vertex of the order
of unity, in units of eh/2mo. It appears that further experiments to e1ucidate the behavior of the density
matrix elements as functions of production angle, in particular at the larger production angles, could detect
a variation that is possibly characteristic of the oP-exchange mechanism. When our results correspond to
some aspect of the data which can also be correlated with diGraction production, we say only that the data
are consistent with C noninvariance. When our results give rise to some striking aspect which is not an
evident feature of diGraction production, we say only that that C noninvariance provides one possible inter-
pretation shouM the data exhibit this aspect. In the Appendix, we note a model in which C noninvariance
in the electromagnetic interaction of neutral vector mesons manifests itself in certain processes through C
noninvariant and isotopic-spin-violating vertices among hadrones, which are of order o..

I. INTRODUCTION

'EXTENSIVE experimental data on the reaction
~ y+p —+ p'+p have recently been presented by

the Cambridge Electron Accelerator (CEA) bubble-
chamber collaboration. ' In this paper, we examine
theoretically the dominant features of these data with
the aim of determining whether the exchange of a
neutral vector meson, the oP, can be playing a significant
role in the production mechanism. In order for this to
be possible, there must exist a charge-conjugation (C)
noninvariant p'oft vertex. Kith the assumption of CPT
invariance and parity (P) conservation, this vertex also
violates time-reversal invariance (T). The hypothesis
has been put forth" that the electromagnetic inter-
action violates CI' and T invariances. The hypothesis
is consistent with existing experiments' and provides
one possible interpretation of (a) the experimental
discovery' ' of Er,' —& 2s., which shows that CI' fails
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in a weak interaction, and (b) the experimental dis-
coveryv ' of an energy asymmetry between the x+ and

emerging from the decay st —+sr++sr +n', which
shows that C fails in an interaction far stronger than
the weak interaction. "Further evidence bearing on the
hypothesis would be supplied by the existence or non-
existence of vertices involving a photon and two neutral
vector mesons, which could lead to the following
decays:

(1a)ws ~ pe+p

4'~ p'+v,

if,
e ~ toe+7

However, with a transition magnetic moment of about
one unit of eh/2rrt, (rrt, is the p' mass=0. 75 BeV), the
rate for process (1a) is only about 10 ' of the co' total
decay rate. The branching ratios for reactions (1b)
and. (1c) are also relatively smalP (=10 ') and difficult

to measure. " Thus we argue the need to study the
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photoproduction of neutral vector mesons for evidence
pertaining to the existence of such C,T-noninvariant
vertices.

In Sec. II, we briefly summarize and comment upon
the dominant features of two production mechanisms
within the framework of C invariance that have
recently been discussed. ' " " In Sec. III, we perform
the calculations and present the results for the exchange
of an oP. These results are given for the case of no 6nal-
state absorption corrections, and for the unphysical,
but illustrative case in which the S wave, alone, has
been completely removed from the 6nal state. In
Sec. IV, we consider certain qualitative features of
some production mechanisms involving baryon ex-
change in the s and u channels. In Sec. V we discuss our
conclusions that the dominant features of the present
data are consistent with a significant role for the C-
noninvariant production mechanism. We remark upon
an especially curious feature of the experimental data,
from the point of view of the co'-exchange model. We
emphasize how experiments might further probe this
matter, in particular by studying the p" density matrix
elements as functions of production angle at the larger
production angles. In the Appendix we remark upon a
model in which the neutral vector mesons play an
essential role in electromagnetic C noninvariance, and
in which a significant x+—

m asymmetry in g —+a+
+a +x' might be understood without the expectation
that the branching ratio (g ~ a'+e++e )/(g ~ 2y) be
much greater than of order 0.'.

II. ~ EXCHANGE AND DIFFRACTION
PRODUCTION

The experimentalists' have stated that the production
mechanism involving the exchange of a single m'

strongly disagrees with several aspects of the data.
Perhaps most strikingly, the theoretical production
cross section at 0' in the center-of-mass system
(do/dQ)(0') falls at high energies like s ', where s is
the square of the total center-of-mass (c.rn. ) energy.
This fall is evident above 2-BeV photon laboratory
energy and persists when strong Anal-state absorption
corrections are made to the theory; such a fall is not a
feature of the data. Independently of the behavior of
the forward production cross section, the ~+—x rela-
tive momentum in the rest system of the decaying p'
should be correlated with the beam direction, as seen in
the p' rest system, according to sin'8 (8 is the Gottfried-
Jackson angle, in the notation of Ref. 1), for p' produced
at any c.m. production angle e. This result is not grossly
modified' by strong final-state absorption corrections;
the experimental data fail to show this feature, es-
pecially for p' produced at 0 other than almost exactly

' S. M. Berman and S. D. Drell, Phys, Rev. 133, B791 (1964).
"M. Ross and L. Stodolsky, Phys. Rev. 149, 1172 (1966).
"U. Maor and P. C. M. Yock, Phys. Rev. 148, 1542 (1966};

also recent work of the Weizmann Institute group which Professor
B. Feld has kindly informed us of.

(da/dQ) (0') ~ kp, (2)

where k and p are the photon and p' c.m. momenta,
respectively. We shall show in Sec. III that this energy
dependence is also precisely what is to be expected from
the exchange of an coo. (2) The po helicity is expected to
be that of the photon, +1; this is an exact statement
only at O'. ' Accordingly, the m+ —m= relative momen-
tum in the p' rest system should be approximately
correlated with the unit vector k, or the unit vector p,
according to sin'u (where n is the Adair angle, in the
notation of Ref. 1). One can ask what the decay distri-
bution in 0 will look like for events that are assumed to
satisfy the sin'n Adair distribution. A bit of geometry
gives the result

1 2

W(8) ~— dP sin'n
2'' p = 1—cos'8 cos'y —

2 sin'8 sin'y, (3)

where Q is the Treiman-Yang angle' and y=P —8, and
where, with v the p' center-of-mass velocity,

sing =my sin8/k(1 —a cos8).

"J.B. Bronzan and F. E. Low, Phys. Rev. Letters 12, 522
(1964).

O'. For a decay width F(p' —& m'+y) =0.1 MeV the
a'-exchange mechanism gives only a (do/dQ) (90')(1
pb/sr. This decay width may be much smaller than
0.1 MeV. It has been noted' that its smallness is con-
sistent with the hypothetical A-selection rule, "which
in turn can be used to correlate the extreme depression
of the rate for rl —+m.++~ +y relative to that for

g —+ m.++~ +a.o." The former decay may proceed
virtually through g

—+ p'+y, which is depressed
comparably to p' ~ a'+y.

For p' production at near-forward angles one may
consider a diffraction production mechanism. ' ""Let
us remark immediately that we believe that such a
mechanism arises from general considerations inde-
pendent of the speci6c models used in the calcula-
tions, ""and therefore is likely to play some role in
accouiiting for the pronounced forwaid peaking that is
surely the dominant and most unambiguous feature of
p' photoproduction at high energies. However, if the
pure diffraction production differential cross section
falls off' " (from a value at 0' of the order of a few tens
of microbarns per steradian') like e~', where A —10
(BeV/c) ' and t is the four-momentum transfer between
the initial and final protons, then it is not clear that this
mechanism can reasonably be called upon to correlate
the features of p' produced at, say, coso(0.9, for pho-
tons at 5 BeV in the laboratory L/( —0.4(BeV/c)'].
There are two features of this mechanism, aside from
the pronounced forward peak, that are in reasonable
accord with the data. (1) The energy dependence of
the forward production cross section is expected to be
given by'
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Fxe. 1. The c.m. forward differ-
ential cross section for y+p-+
p +p via the co -exchange mechan-
ism, as a function of energy. The
abscissa is in BeP and (BeV)';
the ordinate is in pb/sr. The
parameter b is taken=1, corre-
sponding to a transition magnetic
moment of eA/22/4, .
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We see from Eq. (4) that for k))1 and t/ —+ =1, the
angles P and y may be very different from zero, even
for production angles 0 suSciently close to zero for
applicability of the diffraction mechanism. This results
in a kinematic tendency for W(8) to go from sin'8 —+

isotropy —+ X cos'8+sin'8 with X&2, as 8 increases at
fixed 2/ (or as 2/ increases at fixed 8). We shall show in
Sec. III that the co'-exchange mechanism leads to
rapidly varying p' density matrix elements as a function
of 8, such that W(8) is expected to go from sin'8 —& isot-
ropy~ =cos'0 as 0 ranges over its full interval from
0 to m, only a small fraction of which is contributed to
significantly by diffraction production.

III. C NONINVARIANCE

We hrst give the calculation without modification for
final-state absorption effects. We also approximate all
vertex form factors by constants. The o/spp vertex is
given by

(42r) 24(p2){F» +F2tr /2(pl p2)/i}N(pl)
= (4~)'"~(P2){f»-+f2(P2+Pt)-}N(Pt) ~

with
fi——Fi+2mF2=0. 61,

f,= —F2=0.09/2m,

Fts=G, '/4=0 5, .

F,/F, = (/2„+/2„)/2m = —0.13/2m.

In Eqs. (5), m is the nucleon mass, (pi) and (p2) are
the initial and final proton four-momenta, respectively,
24(Pt) and 24(P2) are initial and final Dirac spinors,
G, ' is estimated from the p-meson width, p„and p,„
are the anomalous magnetic moments of proton and
neutron, respectively; and we have used the electro-
magnetic isoscalar form-factor data, assumed to be
described entirely by the oP, in estimating Fz and F&.'5'

The general C-noninvariant p'oP7 vertex is given by'

(2,p'~ j&,
~
o/')/4) =2(42m)'"{ (2p —k)/, ( 8„5,+2Fsk„k„)

+F28/, „k„+F45/,„k„+k/,(Feb„„+Fsk„k„)}, (6)
'"Estimates from nucleon-nucleon scattering suggest that F1

may be signi6cantly larger than this estimate. This would result
in a corresponding reduction in our estimate for the C-violating
parameter, b.

where p/, and k&, are the po and photon four-momenta,
respectively, and Fj.=0 at k„'=0. The vertex for
p'-+ tr++2r is given by

(42r)'/2GQ/„ (7)

F~——a,
rs ——(m„' mp2)-'sa —b, —
5'4 ——(m '—mps)-'2 a+b, (9)

where a and b are related to the transition magnetic
moment /4, and quadrupole moment q, by /4=be/2m,
and /t

= (b—2m)a) es/2222 as m„-+ m, -+ 222. We are going
to work with the hypothesis that the terms in u can be
neglected. For the terms in Fs and F4, we are assuming
that the oP —p' mass difference is small enough to justify
this neglect. For the term in P2 in Eq. (8), we note"
that the factor p e= —p e~sin8; thus if a were
dominant we might expect some structure around 8= ~m

in the production angular distributions; this is not a
feature of the data. When our results correspond to
some aspect of the data which can also be correlated by
diffraction production, we say only that the data are
consistent with C noninvariance with b dominant.
When our results give rise to some striking aspect which
is not an evident feature of diffraction production, we

say only that C noninvariance with b dominant provides
one possible interpretation, should the data exhibit this
aspect.

where G=G, , and Q/,
——(p+—p )/, with (p+)&, and

(p )/, the tr+ and tr fOur-mOmenta, reSpeCtiVely. The
matrix element computed by using Eqs. (5)—(7) is then

2 (42r)2/242&/2G(m2/4ko/Et/2)i/2
3E= 24(P2)

(t—m„')

&({(%22e pQ k+fse Q)[f» k+f2(pi+ps) k]

+&4Lf». e+f2(pi+ p2) '3Q k}N(pi) (g)

In Eq. (g), &4, Ft, and F2 are the c.m. energies of p',
initial proton, and Anal proton, respectively, e~ is the
photon polarization four-vector, and m„ is the co'

mass=0. 78 BeV. Gauge invariance allows one to write
the remaining three form factors in terms of two'.
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The general expression for the p decay distribution, The c.m. production differential cross section is then
as a function of the angles 8 and Q, is given in terms of
the density matrix elements p;; by (do/dQ) (k,8) =ppp-+2pII.

W(g&p) = (3/4Ir) (ppp cos'8+ pII sin'8 From the matrix element in Eq. (8) we obtain, with
—pI, I SIII 8 cos2$ —42{RepIp) sll128 co+}. (10) x=cosg~

py, g=0,

pII=IV[mp' —m„'—2kco(1 —vx)] 'f fIP2k'(osI"(E, /co+vx)+2mf f (ka))'(2s'i'/pp —1+vx)'
+fpP(2mP —-', m, '+k(o (1—vx)) (ko))'(2s'"/oI —1+vx)'}, (12a)

ppp=x[m, '—m '—2k (1—vx)) '(kN(1 —vx)/m, )'{'f'[2k (1—vx) —m, '+ 2s(v'(1 —x')/(1 —vx)')]
+2mfIfp(4s)(v'(1 —x')/(1 —vx)')+ fpP[(4mP —m, '+2koI {1—vx))(2s)(v'{1—x')/(1 —vx)')]}, (12b)

—V2 RepI p N[——m, ' m„'—2ko—I (1 vx)—] '(kpp)'(s'~'/mp) v (2sI~'/oI —1+vx)

X(1—x')II'(fIP+4mfIfp+fpP[4mP —m, '+2kM(1 —vx)]}, (12c)

(12d)

with N = (-',n~ k ~') (p/ks).
We neglect terms in fpP (fp 0.1/2m) and enumerate

certain striking features of Eqs. (12a)—(12d). (1) The
clcIQcnts pig Rnd po(} RI'c vcly stlong functions of x. At
x=1, ppppt- '~t~ and hence is essentially zero at high
energies, whereas pii increases rapidly near x=1 and
gives rise to a forward differential cross section which
goes asymptotically as

(drjdQ) (0') =(a~k~'/4m„') (2f,'+8mf f ) (kp). (13)

This is identical with the energy dependence of the
diffraction production mechanism. In Fig. t. we exhibit
the exact forward production cross section as a function
of energy, with 5= 1. (2) For p' produced at 0',

dg W(8,&) =SP sin'8(= pP sin'o, ) .

This sin'8 decay distribution changes rapidly toward
isotropy and then toward cos'0 for x&0.85. This is
illustrated in Figs. 2 and 3. In Fig. 2 we show the
integrated W(g) for all p' produced with —1&x&0.85,
at a photon laboratory energy of 2 BCV. Ke note also
that the ratio r =ppp/pII ~

~

t
~

asymptotically, and.

approaches this limit nonmonotonically from above.
Thus, at a Gxcd t, there is a smaller admixture of cos'8
in the decay distribution at 10 BeV (where the asymp-
totic limit is being approached) than at 5 BeV, but the

r are comparable at 5 BeV and 2 BeV. (3) The element

pI, I vanishes and thus W(Q) =J' IId{cosg)W(g, g)
is isotropic. (4) However, the quantities W(p)
=J IIpI I d(cosg)W(g&$) ale not lsotloplc, sIIlce RepIp
does not vanish except at x=&1, (where, of course, it
must, as P loses its significance as an angle between two
dekned planes). In Fig. 4 we show J'pId(cosg)W(9, &)
for all p produced with —1&@&0.85, at a photon
laboratory energy of 5 BCV.

In Figs. 5—7 we give the production angular distribu-
tions at photon laboratory energies of 2, 5, and 10 BCV,
respectively. Kith b—1, the total cross sections are
about 4, 10.4, and 15 pb, respectively. Kith neglect of
fpp and also tr, , but before form-factor corrections and
corrections due to absorption in the Gnal state are made,
the total cross section from the exchange of a vector
meson does mof, grow drastically with energy —the
increase is asymptotically logarithmic and comes from
the ppp telI11 Ill Eq. (11).

Consider the differential cross section in Fig. 6 for
5-BeV photons. About 60% of the cross section is at
—1&x&0.85. The forward cross section is (do/dQ) (0')
—7 pb/sr. The experimental forward. cross section at
this energy is roughly 45 pb/sr. I From this we can
estimate the forward diGraction production amplitude,
which is approximately coherent with the coo-exchange

amplitude. Assuming the e"'t2 dependence for the
dlGraction amplitude, we obtain a cross section of
=11.2 pb froIn 1+g+ 0.85 f

lorn

thc dlBractlon Rnd

tT'

2

FIG. 2. The decay distri-
bution W(g) =J'o' dAW(g, 4)
from Eq. (10), where g is
the angle between the
m+-m. relative momentum
in the p' rest system, and
the photon-beam direction
as seen in the p0 rest system.
The photon laboratory en-
ergy is 2 Beg and only p0

produced with g&0.85 are
included. The abscissa rep-
resents 0 and the distribu-
tion is symmetric about
0= ~~m.

FIG. 3. The same distri-
bution as in Fig. 2, but at
a photon laboratory energy
of 5 BeV.
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FIG. 4. The decay distri-
bution W(p) =Jp'd(cosg)
XW(S,&), where p" is the w(+)
Treiman- Yang angle. The
photon laboratory energy is
5 SeV and only p' with
a&0.85 are included. The
abscissa represents cosp. I.O 0.0

COS Q

-I,O

"N. Sopkovitch, Nuovo Cimento 26, 186 (1962).
'VK. Gottfried and J. D. Jackson, Nuovo Cimento 34, 735

(B64).

Mp-exchange amplitudes. From —1&x&0.85 we obtain
a cross section of about 6.2 pb, from the co'-exchange
amplitude. The total cross section of about 17 pb does
not disagree with the data' and the percentage of the
total cross section from —1&x&0.85 is now 36%,
also not in disagreement with the data.

We turn now to the matter of whether the above
results are grossly modified by absorption effects in
the Anal state. "' Considering the tentative nature of
the hypothesis of C noninvariance, and the uncertainties
in the present knowledge of p'-proton scattering, we
have done a calculation meant to be illustrative of these
effects, rather than a comprehensive inclusion of them.
To this end we have completely removed from the
matrix element of Eq. (8) the amplitudes for the two
Anal S states corresponding to total angular momenta
-', and ~, through use of the projection operators

Pt(s ee+irr ——eXe,
J 3/p —2~ e—ie eXe,

where e is a unit polarization vector for the photon in
the laboratory, ~ is a unit polarization vector for the p'
in its rest system, and e represents the Pauli spin
operators. We have computed the corrections to all of
the density matrix elements in Eqs. (12a)—(12d) and
we note the following features. (1) The strong depend-
ence of pj~ and ppp on production angle persists, but the
decay distributions at 5 BeV change somewhat more
slowly as a function of x, from sin'0 toward distributions
that are largely isotropic. (2) The element p&, t is
nonzero and negative for x/&1. However ~pt, t~ is
two to ten times smaller than either ppp ol ppp for
x(—0.2, leading to the expectation that W(P) remains
essentially isotropic for backward produced p' from this
production mechanism alone. (3) The distribution W(g)
in Fig. 4 is slightly altered by the presence of a term in
cos2&; aside from this the slope steepens by a factor of
about two. (4) The production angular distribution in
Fig. 6 is altered. The forward-peaking eGect is "nar-
rowed" by relative depression of do/dQ between x=0.9
and x=0.6. The total cross section is reduced to about
5.6 p,b.

These results suggest that in further experiments one
might attempt to discern the characteristic variations
with x of p~~ and ppp outside of the dominant forward

2pb-
I pb

0
I.O

1 I I I I

0.8 0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6 -0.8 -I.O
cos 8

FIG. 5. The c,m. differential cross section for y+p —+ p'+P via
the cP-exchange mechanism, at 2 BeV photon laboratory energy.
The abscissa is x= cosa. The ordinate is in pb/sr. The parameter b
is taken =1, corresponding to a transition magnetic moment
of eA/2m, .

peak, as exempli&ed by Figs. 2 and 3. In addition, it
might be possible to test the characteristic W(P)
distribution in Fig. 4, again for p produced outside of
the forward peak. " The large difhculty with these
suggestions is that the differential cross sections outside
of the forward peak are relatively small, (1pb/sr.
Studies of these small cross sections are experimentally
dificult, and, on the theoretical side, other small
contributions to the production mechanism may
distort the features of the oP exchange. We examine
briefly in Sec. IV some aspects of baryon exchange.

IV. BARYON EXCHANGE

Experiment indicates' that there is a tendency for the
decay distribution with respect to k to persist as
=sin'e for p' produced at other than 0—O'. This might
suggest a production mechanism that falls off less
rapidly than e~', but which has the feature in common
with diBraction of sin'n decay for 0=0'. It is then
possible for this distribution to persist approximately
at relatively small 0, even at i) (and 0) such as e "~"&&1.
To investigate this point, we exhibit in Table I the
decay distributions W(cosn) to be expected for p'

produced at 0=0' via various baryon exchanges in the
direct (or s) channel, together with the production
angular distribution expected from each particular
exchange. We see that only case (b) [and approxi-
mately, (e)] gives a W(cosn) = sin'n at 0' together with
an isotropic production angular distribution. Even this

'8 5'(p) in Fig. 4 is approximately given by 2+0.9 cosp. The
ratio R, of the number of events with ~~~&@&m to those with
0&&&-',m. is then ~0.55. Professor B.Feld has kindly sent us two

experimental distributions, one the W(p) for pe events at all
production angles which decay with 0&8&~~; and a second the
N (qb) for p' events at all production angles which decay with
—,'m. &8&m. (Note that Fig. 4 contains only events with production
x&0.85). In the first distribution there are 205 events with
—,'x&p&~ and 253 events with 0&qb&-', m. If we simply assume
that this distribution contains an isotropic (in qb) background of
about 60 jf) of the events, from p'-production angles with x)0.85,
the ratio R is ~0.58. However, the second experimental distribu-
tion is perfectly isotropic, with 265 events with ~m. &p&m, and
262 events with 0&/&-,'~. The fact that the total number of
events in the two distributions differ, and that the two are not
simply rejections of one another through p=~x, prevents the
drawing of any conclusions from these data alone.
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IOgb-

d 0
dQ, 5pb

lpb-
|.0

I I I I I I

0.8 0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6 -0.8 -t .0
COS e

FIG. 6. The same distribution as in Fig. 5, but at a photon
laboratory energy of 5 SeV.

reasonable case (nucleon exchange) requires the dy-
narnical circumstance that the p' spin and angular
momentum couple to 1 and not appreciably to 0. There
is the further general objection that one might then
expect the crossed-channel process (nucleon exchange
in the I channel) to give a backward peak to p' produc-
tion. Experiment can check on whether a process such
as (b) is happening, independently of the rnatter of the
expected backward peak, which might be somehow'

suppressed. That is, p' produced. in a small interval 60
about 0=x should show a sin20. decay distribution with
respect to k, and also a sin'e decay distribution with
respect to thc beam direction as seen in the p' rest
system, since this direction remains very close to k for
8=Ã, 8MN at high enelglcs and 8~ =1. This ls dis-
tinctly diferent from the =cos'8 decay d.istribution
expected from cv' exchange.

V. CONCLUSION

In Sec. IV we noted a curious feature of the experi-
mental data, namely, that the p' decay distribution
with respect to k tends to continue to have an important
sin'0. component for po produced at other than —0'.
We quote the experimental. ists' on this point: "our data
favor a theory in which the distribution would tend, to
remain sin'o, , even for production angles well off zero
degrees. " Now it is mell known that e is Noh the

"natural" angle for studying the decay distribution for
the ce'-exchange mechanism (in the t channel). Never-
theless, let us assume that this mechanism operates
and. produces a decay distribution W(9,&) in the
"natural" angles e and P, which changes from
sin'0 ~ =cos'0 from @=1 to x&0.5 (we neglect Repro,
since our argument is meant to be qualitative). For
events at a given x, we can ask what W(n) qualitatively
looks like. We Gnat

W(9) =sin'8 ~ W(n) =1—cossn cossy —rs sin'n sin'y
= sin'u for y= O,m

=cos'n+-', sin'n for y= —,'s,
(15a)

W(0) =cos'8 -+ W(n) =cos'n cos'y+ ', si-n'n sinsy

=cosmn fol y=0,x
=

& Sin 0'. fOr

The angle y is defined before Eq. (4); it is 0' at x =+1
and reaches a maximum value &m at x= 1—(1—e')'".
For 5-BeV photons, this maximum value is 74' at a
p'-production angle, t)—59'. From Eq. (15b), we ob-
serve that p' produced at these large angles, with
density matrix elements such that W(0,$)=cos'0, will
have W(n) =sin'n.

We are well aware that in a matter as critical as the
charge-conjugation invariance of the electromagnetic
interaction one will not be able to draw a inal conclusion
from the analysis of a process as rich in potential
structure (and incomputable, in detail) as y+ p ~p'+ p.
Experiments that are de6nitive tests of the symmetry
principles have been performed' '" and others" are
under way in ord.er to test electromagnetism, speci&-
cally. Nevertheless, should the symmetry principles C
and T fail in electromagnetism, the possible extreme
depression of the C-invariant m'-exchange mechanism
in p' photoproduction opens the way to an attempt to
probe the C-noninvariant vertex between a photon and
two neutral vector mesons, which may give rise to the

TABLE I. This table gives the decay distributions W(coso.') for
p produced at @=1 (and also at x= —1), and the c.m. production
angular distribution (do./dA. ) (x) to be expected from the exchange
of various baryons of spin-parity J~ in the s channel. The electro-'
magnetic multipole involved in each transition is also listed, as
is l, the 6nal-state orbital angular momentum of the p -proton
system, and j, the angular momentum to which l and the p0 spin
couple. The angle a is the Adair angle between the x+—m relative
momentum in the po rest system and the photon-beam direction
in the laboratory.

Exchanged Multi-
J~ baryon pole

(a) ~+ E or X*(1425) m(1)
(b) 3f(1) 1
(c) ss+ Xe(1238) 3d (1) 1

(d) M(1)(e};— E~(1520) Z(1) 0

j 8'(cosa.)

0 cos~a
sln2a

1 sin'a
2 9—cos'a
1 5—3cos'a

(d(r jdn) (g)

1

7+3@~
47—21/

1

lyb ~

0 I

l.O 0.8 0.6 0.4 0.2 0.0 -0.2 -04 -0.6 -0.8 -l.O
cos e

Fze. 7. The same distribution as in Fig. 5, but at a photon
laboratory energy of 10 Beg.

's S. Barshay, Phys. Rev. Letters 17, 49 (1966).



characteristic experimental fea, tures summarized in the
last paragraph of Sec. III.
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aPIEmorX

Thc clcctI'OIQRgDctlc lDtcl Rctlon of neutx'Rl vcctol
mesons may play an essential role in C-noninvariant
vertices. For example, Lce" has shown that one may
fail to have C, T invariance in a system of elementary
neutral vector mesons with minimal electromagnetic
couplings. This is, of course, Qot possible in a system
of elementary spin-~ and spin-0 pa,rticles. A less specihc
reason is that the three physical neutral vector mesons,
p', oP, p' allow the effects of possible C-noninvariant
dectromagnetic interactions betvreen members of
diferent SU(3) supermultiplets to be manifested in
certain experimentally quite accessible processes (such
as y+p~ p'+p), even in the limit of exact SU(3)
symmetry. "This circumstance is rather more dificult
to achieve experimentally in the system of spin-~
baryons" or spin-0 mesons. "

It is m'ell known that the C-Qoninvariant pox y vertex
must vanish if the C-noninvariant electromagnetic
interaction transforms like a unitary singlet or octet
member, in the limit of SU(3) symlnetry. For example,
let us assume that the neutral vector mesons play an
essential role in C noninvariance and that this electro-
Inagnctlc 1IltcI'RctloIl transforms llkc F3. SOInc meehan"
isms for inducing q

—+ m elective C-noninvariant ver-
tlccs alc shown in Figs. 8 Rnd 9 whclc thc photon ls
in general, virtual in Fig. 8, for a nonvanishing vertex.
In these figures the top vertex is C noninvariant and all
other vertices a,re assumed to be C invariant. Further,
in these figures, the symbols P', ce', pe represent the
unitary singlet, and octet eighth and third components„

(a)

qt/ /

I'"Io. 8, Feynman graphs for a possible mechanism for inducing
an eRective q0m0y vertex. The C-noninvariant vertex is that in-
volving the photon and tern neutral vector mesons. In the figures,
@0 represents a unitary singlet, and, eP and p0 represent the eighth
and third components of a unitary octet, respectively.

"T.D. Lee, Phys. Rev. 140, 3967 (1965)."S.8 h y, Phy . R . 141, 31385 (1966)."G. Feillherg, Phys. Rev. 140, 81402 (1965).

Fxo. 9. Feynman
graphs for a possible
mechanism for in-
ducing an effective
pe p0 vertex. The
same remarks hold
as for Fig. 8.

respectively, and the physical g' is assumed to be pure
unitary octet (a sufficient approximation for the
qualitative arguments that follow). Now in the limit of
exact SU(3) symmetry and mass degeneracy between
g' and Ie', the matrix elements for the two Feynman

graphs in Fig. 8 cancel when suIQII1ed. The matrix
clement from the graphs in Fig. 9 also vanishes. In
fact„SU(3) sylnmctry ls broken, bllt lt ls llot cleal
whether this breaking leads to morc prominent CQects

in the mechanism of Fig. 8 or that of Fig. 9, even though
the Q1atrix element for the latter involves an additional
factor of gn=10 '. If the residual, SU(3)-breaking
amplitude from the sum of the matrix elements for
Fig. 8 were more than one order of magnitude smaller
than n "' times the SU(3)-breaking amplitude. for
Fig. 9, then the rate for It ~ m'+e++e from either the
111ccllallls111 111 Flg. 8 wltll r ~ 8 +e 01 frolll tllat ill

Fig. 9 with pe -+ y ~ e++e, might not be expected to
be much Inorc than 10 '—10 4 of the rate for g —+2y.
On the other hand, the mechanism in Fig. 9 with
pe —+Ir++Ir would con.trol the C= —1 amplitud. es in.

the decay It-+~++Ir +Ir'. Since the effective It'Ir'pe

vcl'tex ls O(ce)q 'tllcsc amplitudes 1I1 llltcl'fcl'cllcc wltll

the C=+1 amplitudes Lalso O(n)$ can lead. to a
significant Ir+ —Ir asynunetry (still relatively small

because of barrier effects in the C= —1 states" ").
Thc Rbovc Il1odel hRs R fulthcr consccjuencc %'olth

noting. If there vt'ere no additional and larger C-
noninvariant mechanisms operating in the processes3

(A) It ~ Ir++Ir +y and (8) It —+ 2Ir'+y than that in
Fig. 9 with p —+ Ir+y, one would expect little Ir+ —~
asylnIIIetry in process (A) (perhaps =10 ' that in

It -+ s++Ir +m'). Further, the rate for the completely
C-noninvariant process (8) would, be very small, with
account taken of possible barrier effects, perhaps =10 5

of the rate for process (A).
The above model is merely illustrative of R class of

models in which C noninvaria, nce is electromagnetic in
origin and manifests itseH in certaiN processes through
C noninvariant and isotopic spin violating vertices
among strongly interacting particles, which are O(cx).
Such vertices are indistinguishable from those that
might Rrlsc fI'OIQ a C-D0111QVRrlRQt, asd lsotoplc-splQ"
violating part of strong intera, ctions. "'4"However, in
the latter case the vertices would seemingly only
accidentally bc of order K Leven lf riley arc SU(3)-
depressed by, say, 10 'j.

'3 T. D. Lee, Phys. Rev. 139, 81415 (1965).
24 M. Nauenberg, Phys. Letters 17, 329 (1965).
"N. Cabibbo, Phys. Rev. Letters 14, 965 (1965).


