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We present direct evidence on single-y decays in which the y rays were converted to electron showers

in tantalum plates or leaded-glass windows installed in the BNL 31-in. bubble chamber or in its 2
at. % neon-hydrogen filling. A & 90%-pure sample of 135 g' —lm+m y events is obtained. The
Dalitz-plot projections show the p meson and the sine-squared angular dependence clearly. The
asymmetry between m+ and n' mesons in the decay is found to be 0 + 0.1. In addition, upper limits

to the following decay modes are found: (g' ~ coy) ( 0.05, (co ~ m+n y) & 0.06, ($ ~ m+m y) & 0.06,
and (:-~ (1535) l:- y) ( 0.04, all at the 90%%uo confidence level.

I. INTRODUCTION

Ne report a study of single-photon decays of
q'(958), &(783), $(1019), and * (1535) in which
the z ray is detected by conversion. This study
is based on 1.1 million pictures (approximately
40 events per microbarn) of the hydrogen-filled
31-in. BNL bubble chamber, with an admixture of
4 mole-percent neon. The chamber was fitted
with 2 (or 3) tantalum plates and two leaded-glass
windows of about 1 radiation-length thickness each.
The chamber was exposed to a 2.18-GeV/c K
beam at the Brookhaven AGS in three runs. '

Previous studies of the q'- p y decay mode have
been made using indirect kinematic identification,
which leaves a substantial background due to
neutral-pion production. The purer samples ob-
tained here with y detection give much greater
confidence in all results relating to these radia-
tive decays, especially the (lack of) asymmetry in
q'- py decay.

II. PLATE ARRAY

A large fraction of the solid angle seen by events
produced in the 31-in. BNL bubble chamber was
subtended by an array of tantalum and leaded-
glass plates, shown schematically in Fig. 1. A

small hydrogen volume behind the plates opposite
the event volume allows the electron-positron
tracks from conversion showers to be observed.
The three cameras of the chamber view the event
volume through the front leaded-glass window.
The light from the arc flash is retrodirected by
the Scotchlite on the "racetrack" and on the rear
panel behind the rear leaded glass. The leaded-
glass windows were fabricated from SF1 glass

purchased from Ohara Glass, Japan. The windows
were polished optically flat and coated with anti-
reflective coatings by Tinsley Laboratories,
Berkeley, California, and Optical Coating Labora-
tories, Santa Rosa, California, respectively.
Opposite the expansion part, a side plate of tanta-
lum was installed in the bottom of the chamber.
At the downstream end other tantalum plates were
installed. In the first run (first 0.5 million pic-
tures, rolls 700 through 980) only the larger end-
plate was installed at the position shown "dotted"
in Fig. 1. In the second and third runs (rolls 1
through 550) increased coverage of the downstream
solid angle was provided by moving the larger
endplate about 4 cm upstream and adding a smaller
second plate below the "racetrack" as shown in
Fig. 1. The leaded-glass windows are 2.6 cm
thick and the tantalum plates 0.6 cm thick, i.e.,
about 1 radiation-length thick each. The over-all
detection efficiency of the array for y's is about
35 k. The specifications, fabrication, and in-
stallation (and removal) of the plate array for
each of the three runs was carried out by John
Koehler.

Three of the q'- py events detected (see below)
are shown in Figs. 2, 3, and 4. Figure 2 shows
an event in which the y converts in the liquid to an
electron-positron pair. Figure 3 shows an event
in which the y showers in the rear leaded-glass
window and Fig. 4 shows one in the side tantalum
plate.

HI. SELECTION OF EVENTS

The reactions of interest in this paper are (MM
stands for missing mass)
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FIG. 1. Schematic of plate array in the BNL 31-in. bubble chamber; three views: camera view, side view, and end
view. The main bubble-chamber window, the leaded-glass windows, the tantalum plates, the liquid hydrogen-neon, and
the "Scotchlite" retrodirectors are indicated. The tantalum plate array for run 1 was at the position shown dashed; for
runs 2 and 3 it was moved to the {solid) position shown with the additional piece added near the rear glass plate.
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FIG. 2. View 1 of photograph 8 410 659 {roll 841) and
line drawing showing an event K p —Ag, q' —m+n' y,
y —e+e in the chamber liquid.

FIG. 3. View 1 of photograph 0 930431 {roll 93) {num-
ber showing here is for the next frame) and line drawing
showing an event K P- Arf, g'-~+7r y, y-shower in
the rear leaded-glass window.
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are eliminated (vetoed). In the case of reaction
(I), the elimination is done by excluding events
fitting reaction (1) which have a A-y mass M(Ay)
&1.22 GeV. In addition, for reactions (1) and (2)
only those events having a four-momentum trans-
fer to the A, -&~,A

& 0.7 GeV', are used. The
choice between reactions (1}and (2) is generally
made by a cut on MM' at 0.019 GeV'.

The selection of y events began with scanning
and measuring of all events without regard to
showers, as described in earlier papers. "Next,
various reaction classes, such as (1)-(5) above,
were selected to be examined for showers. The
scanning and preliminary rough digitizing for the
first stage was done on image plane digitizing
(IPD) equipment at BNL and at the University of
Michigan. Precision measurements of all events
were obtained from the BNI. Hough-Powell digit-
izer (HPD). The second-stage shower scanning
and measuring (IPD) was done solely at the Uni-
versity of Michigan. The shower positions (two
view measurements) were digitized; the direction
of the photon is the unit space vector from the
event vertex in the chamber to these shower posi-
tions. For about 85% of the sample (0.9 million
pictures) all events fitting reactions (1)-(5) were
processed. On a second pass, including the scan-
ning and measuring of the remaining 15Vo (0.2
million pictures), only events with a mass re-
coiling against the A from 0.9-1.0 GeV were con-
sidered for reactions (1), (2}, and (3}. However,
all events corresponding to reactions (4) and (5)
were processed.

Those events corresponding to the shower mea-
surements were extracted from the HPD data
summaries of the first-stage analysis and merged
with the vertex positions of the showers to form
the shower data summary. Analysis of this merged
data sample and some data from the original HPD
data summary are reported here.

FIG. 4. View 1 of photograph 1 811704 (roll 181) and
line drawing showing an event K p —Aq', g —7('+~ p,
p- shower in the side tantalum plate.

IV. ANALYSIS OF THE SINGLE-y SIGNAL

cos 8k' = (cosy —P)/(I —P cosy), (10)

where 8* is the angle of the photon in the parent's
rest frame (the parent is usually assumed to be a
vo), y is the laboratory space angle between the
direction of the parent and the shower, and P is
the velocity (v/c} of the parent in the laboratory
system.

The distributions of cos0* for all y's are shown
in Fig. 5; about two showers per event were found
on the average. For events having a missing mass
squared (MM') less than one pion mass squared
(about 0.019 GeV') the fits corresponding to reac-
tion (1) were used and are displayed in Fig. 5(a};
for larger MM', the fits corresponding to reaction
(2}were used and are displayed in Fig. 5(b). A

peak of 135 events near cos8*=1 in Fig. 5(a) con-

Only the direction of the y from the shower mea-
surement is used in this analysis. Single-photon
decays produce a y ray close in the direction of
the momentum of the neutral particle while m 's,
which decay to two y's, produce showers at various
angles relative to the m'momentum. In the restframe
of the m', an isotropic decay angular distribution
is expected. Anisotropic detection efficiency and
background from unassociated showers are ex-
pected to contaminate the raw data.

For each shower we calculate
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stitutes evidence for single-y modes of reaction
(1). There is no corresponding peak in Fig. 5(b).
The MM~ cut for Fig. 5(b) excludes the tail of the
MM' distribution of true single-y events. The
width of the peak near cos8~ = 1 in Fig. 5(a) is
appropriate for y directions known to about 0.5-1
degree from the shower measurement, and for
fitted neutral directions in reactions (1) and (2)
known to 1 or 2 degrees. Reaction ('l) has already
been eliminated by the cut M(Ay) &1.22 GeV for
reaction (1).

Gross features of the cos8* distributions are
caused by backgrounds. In Fig. 5(a) and Fig. 5(b)
a relatively flat distribution in cos8* from 0 to
0.9 or 1.0, respectively, corresponds to the iso-
tropic decay of a n where the forward y has been
detected. The rise of the distribution in the back-
ward region toward cos8* = -1 is due to back-
ground y's from other sources. The cos8* values
from a sample of false associations are shown
for all events corresponding to reactions (1) and

(2) in Fig. 5(c). The false associations are ob-
tained by using the direction of a shower in some
event with another event; in practice, the direc-
tion of the y from one accepted event was used
with the next accepted event. A distribution that
falls more sharply towards cos8* =1 without be-
coming as flat as it did in Figs. 5(a) and 5(b) is
observed The .backward peaks in Figs. 5(a} and

5(b} are compatible with y's from false associa-
tions.

The cos8~ distributions for the events of reac-
tions (1) and (2) with one shower or the "best"
shower if more than one, i.e., that shower giving
the largest cos8*, have features similar to those
shown in Fig. 5. They are less peaked at cos8*
= -1, however, and the corresponding background
distribution for false associations falls faster in
the forward direction. %'e estimate that about
80%%uo of the events in the isotropic region for
cos8*&0 represent n' decays with one seen y
and that the balance is due to background.

Kinematic fits which include the y-shower mea-
surements for all events near cos8* =1 do not re-
solve reactions (1) and (2). Instead we use cuts
on cos8* to isolate examples of reaction (1).

V. ISOLATION OF THE DECAY q
'~

p y

Figure 6 shows the cos8* distributions (for
cos8~&0.2) for the "best" shower for the events
of reaction (1), excluding events having M(Ay)
&1.22 GeV. Figure 6(a) shows the distribution
in cos8~ for all events, whereas Fig. 6(b) is the
corresponding one for those events containing a p
meson, that is, with the n'n mass satisfying
0.62&M(v'v )&0.88 GeV. The shaded region is
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FIG. 5. Distributions in cos8& (see text) for all events
excluding Z, i.e. , M(Ay) & 1.22 GeV fitting (a) E P

An'+r y (MM2(0. 019 GeV) (b) & p AVt g 710 (MM
&0.0019 GeV2), and (c) falsely associated p's for re-
actions of (a) and (b) (see text).

the cos8* distribution for the "best" false-asso-
ciation choice. The slanted dashed lines repre-
sent the isotropic decay distribution of w "s and
of the false associations. For cos8*&0.8, we find
135 events and 118 events above those dashed lines
in Fig. 6(a) and Fig. 6(b), respectively.

Next we make cuts on cos8* and p1.ot the mass
distribution M(v v y) of the events in Fig. V. The
events with cos8*&0.88 are shown as the outer
solid lines and the events with a more restrictive
cut, cos8~&0.94, are shown shaded. Figure 7(a)
corresponds to all events of reaction (1), MM2

&0.019 GeV' with no M(v'v ) cut [as in Fig. 6(a)];
Fig. V(b) corresponds to the p cut events of Fig.
6(b}. Figure 7(c) shows the corresponding plot for
events of reaction (2), MM~&0. 019 GeV'. We see
a clean q' signal with little background in Figs.
7(a} and 7(b); there is no q' signal in Fig. 7(c).
Thus, the data of Figs. 7(a) and 7(b) between the
limits labeled "cut," M(v'n y) =0.958 +0.025 GeV,
represent a nearly pure sample (& 90% pure) of
g'- n'n y in which all the decay products have
been detected.
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FIG. 6. Distributions of cos&* for the "only" or the
72"best" p for An+7r y events [MN &0.019 GeV and

M(Ay) & 1.22 GeV]. (a) All events (open) and "false asso-
ciations" (shaded); (b) for p cut, 0.62 & M{m+x ) &0.88
GeV (open) and "false associations" (shaded). The peaks
in the distributions near cos9*=1 are evidence for realy.
A7j+7( y events. The dot-dash lines represent the cos8*
distribution of the background from 7I 2p and "false
associations. "

We show the Dalitz-plot projections M(v'v )
and cos8„+z(see Ref. 1 for the normal analyses)
for the events of Figs. 7(a} and 'l(b) within the
indicated "cut" in Fig. 8(a) and Fig. 8(b), respec-
tively. Figures 8(c) and 8(d) show the corre-
sponding distributions for sidebands on either side
of the "cut" region. The solid curves in Figs.
8(a) and 8(b} represent the expectations from the
~~ =0 matrix element including the p-meson
final-state interaction. We see that this matrix
element describes the data. Most previous analy-
ses of the q'- w'n y decay had to be made after
subtraction of a large n'm m background. '

In addition, we see that there is no asymmetry in
the cos 8„+

&
distribution in Fig. 8(b). In fact, the

distribution is quite consistent with the sin'8 curve
shown. The asymmetry &=(N, N)/(N, +N ), -
where N, =number of events with cos6),+ &&0 and

=number of events with cos8~+& &0, is o.' =0
+0.1. This is to be compared with the background-

0 Il

0.86
a-nHim„&r~ k 7ii
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M (a m y) (GIV)

l. 06

FIG. 7. The M(~+71 g distributions of the events of
Fig. 6 with cos8& &0.88 (outer solid line) and a more
restrictive cut cos9& & 0.94 {shaded). (a) corresponds
to Fig. 6(a), all M(~7(' ) masses; (b) corresponds to
Fig. 6(b), the p cut 0.62&M(~+m ) &0.88 GeV; (c) corre-
sponds to An+x x (MM &0.019 GeV ). The clean g
peaks in (a) and (b) account for all of the A~+~ y event
peaks near cos8& =1 in Figs. 6(a) and 6(b).

subtracted value & =+0.07 +0.08 found by Ritten-
berg and Kalbfleisch. ' The pure sample here gives
greater confidence that there is no asymmetry
present to the 10% level. We note that this result
is as significant a result against C-invariance
violation as that obtained from q(549)- v'w y
decays. According to Barrett and Truong, 4 a
C -violating electromagnetic amplitude yielding an

=0.1 asymmetry in q'- p'y decay will result in
a much smaller asymmetry in q(549}- w'w z de-
cay, namely, &„=0.004. This is to be compared
with the result Qq(549}) =0.005 +0.006 from
36155 events of Thaler et al. ,' and with the result
a(q(549)) =0.012 +0.006 from the 34 680 events
of Jane e& al.
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VI. SEARCH FOR THE DECAY q ~ my

A "0C" calculation can be made for a process
such as

(o)

20— 20

when the direction of the direct y is observed. We
iterate a series of calculations on each y of each
event. Some subset of the events and y showers
yields self-consistent solutions and these solutions
are studied. The iterative series of calculations
is as follows: (i) Assume a mass for M(v'm v")
in reaction (11), where M(v'v )&M(v'v v')
&M(v'w MM), where MM is the missing mass in
reaction (3}. Then (ii) calculate a cos& as in Eg.
(10), except that the recoil mass off the A,
M(7j'w MM), is used in place of the w'-mass
hypothesis of Eg. (10). Using cos8* for the
M(v'w v') mass assumed, (iii) a Lorentz trans-
formation to the laboratory system is made, and

(iv} the four-vector of the missing v' is computed.
A self-consistent solution exists if the square of
this four-vector is closely equal to the m' mass
squared. If this does not hold, the value of
M(v" v v') is increased and the iterative procedure
continues. If there are no self-consistent solutions,
that y shower and/or event is rejected, and the
search continues until the complete sample of
events has been examined.

In order to search for q'- (dy, this iterative pro-
cedure has been applied to a subset of the events
fitting reactions (2) and (3) which would contain
events of reaction (11). Since the iterative pro-
cedure has no constraints (i.e. , is "OC") we re-
strict the sample to enhance possible q' and ~
signals and reduce backgrounds. A more restric-
tive -t~ ~ cut is taken, -t&0.35 QeV', which
accepts 0.8 of the q' mesons produced with

t&0.7 GeV2 (c-f. Fig. 38 of Ref. 1). AnM(v'v )

cut is taken which takes advantage of the decay
matrix element of the v and eliminates feedthrough
of other decay modes of the q'; we chose 0.41
&M(w'w ) & 0.61 GeV. The lower cut eliminates
q'- w'7t g events and the upper cut eliminates
most q'- p'y events and retains a fraction 0.67 of
all a mesons. This "cut" on the M(v'v ) of &u

mesons is shown in Fig. 9, where the M (v' v )
mass distribution of all events fitting reactions
(1) or (2) is displayed for events having M(w'v v')
= 783 + 30 MeV. The effect of these two cuts on
the search for q'- ~y is taken into account later.

Having made these cuts we show in Fig. 10 the
distribution of M(v'v w') from the iterative solution
for reaction (11) for all events having M(v'v MM)
in the g' band, 958+ 25 MeV, and satisfying the
two cuts discussed above. We see no excess at
783 MeV and set an upper limit of 10 events at
90%%uq confidence level (C.L. ).
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FIG. 8. The M(~+~ ) and cos9„+&Dalitz-plot projec-
tions of the r/' data for "cut, " M(7I+7I y) =958+ 25 MeV
shown in Figs. 7(a) and 7(b). (a) M(7I+n ) for data of
Fig. 7(a) with J =0 curve for the matrix element in-
cluding p-meson final-state interaction. (b) cos0~+&
for data of Fig. 7(b), with p cut; curve is sin20 expected
for J =0 . (c) M(~+a ) for events of Fig. 7(a) in bands
adjacent to "cut" band on either side. (d) cos0„+ for
events in Fig. 7(b) in bands adjacent to "cut" band on
either side.

Correcting for the effects of the cuts and normal-
izing to the kinematically similar 135 q'- py
events discussed above we obtain

& 10/(0. 67 x0.8)
135

200—

0
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0
~~ l00
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0
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I
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M(m 7f ) {GeV)

0.68

FIG. 9. The M(7I'7I ) distribution for ~(783) events from
the reaction K p —A~ ~ ~ with M(7(+7r ~ ) =783+ 30 MeV.
The "cut" is used to enhance the ~ signal in jest'

—~y
search and exclude q' —rpr+m and p' —pp decays.
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Using our result for the q'- p'y branching ratio of
0.30+0.03 (see Table III of Hef. 1), we obtain

I

R, =, &0.05 (90% C.L.)q'- all

from a direct search. This is to be compared to
Rittenberg's value" for R,(q' —wwgory)) &0.08
(67/q C.L.) using indirect "kinematic" cuts. The
ratio R, &0.15 (9' C.L. ) is to be compared with

an SU, prediction of R, - 0.1 given by Dalitz and
Sutherland' for a 4 = 0 q' meson mixing with
the q(549).

VII. SEARCH FOR u(783) AND (t)(1019)~ n''m y

The peak in cosa near 1 in Fig. 5(a} was seen to
be accounted for by q'- p'y. In Fig. 11(a) and

Fig. 11(b) are shown the cos&* distributions for
the best shower for recoil masses N(w'w y(orw'))
in reactions (1) or (2) about the cu, 0.763 GeV
&M(w'w y(or w')}& 0.803 GeV, and @, 1.009
&M(w'w y(or wo))& 1.029 GeV, respectively. The
reaction (1}events with MM'&0. 019 GeV' are
shown shaded and the reaction (2) events with MM'

&0.019 GeV' as the open area. No excess of
events near cos8 = 1 is observed. The shaded dis-
tributions give an upper limit of ~ 8 events and
~ 6 events for the (d and Q regions, respectively.
The 100 events in Fig. 11(a) represent v- w'w w',

where 1y from the decay m'-2y is detected; this
y has similar kinematic properties to y's from any
possible ~-7t'm y decays. %e, therefore, use
these events for the denominator in computing
R = (&u- w'w y)j(cu-all). We must correct the
u —all denominator for u —w'y (factor of 1.1),
background under the &a, background in Fig. 11(a},
and the cose&0.5 cut (factor of 2). The e- w'w w'

signal for all events of reaction (2) with or without
a y shower detected is shown in Fig. 12(a), where

0.6 0.8
cos e

I.O

FIG. 11. The cosa& distributions for Aw'w (y/w ) events
in the ~ and P regions. {a) v region M(w+w y{or w ))
=783+ 20 MeV. (b) P region M(w+w y{or wo)) =101g
+ 20 MeV. The open regions are for 7(; the shaded re-
gions are for p events. No enhancements are observed
near cos8*=1; upper limits for the decays (d, p —7r+7} p
are obtained (see text).

about 1330 events are observed above the indicated
dashed background level. The background level in
the 783+20 MeV region is about 20%. The ba.ck-
ground of unassociated y showers in Fig. 11(a.) was
discussed in general above and found to about 2.
Thus we find

(g) ~ 7T 7T yR=
cu - all

= (& 8)/(0. 8 x0.8 x 1.1 x2 x100)

& 0.06 (90% C.L.).

Using I' = 10.0 + 0.4 MeV, ' we find

I'{~ w'w y)&0. 6 MeV {90% C.L.).
This direct-search result is to be compared with
R & 0.05 (67% C.L.) from the indirect search of
Flatt6 et al."

The corresponding result for the P(1019}is ob-
tained from the ratio of Q and (d events in our ex-
periment. Figure 12(b) shows the mass distribution
for (Ij} -R'K from the reaction
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The number of Q-K'K events is estimated to be
470. This gives, correcting for the branching ratio
of P -K'K, ' the P/&u ratio

R(P/e) = 133'0 = 0.75 s 0.06.470/0. 47

FIG. 13. The M(= w ) spectrum of all the events fitting
K p-" K+7I. We estimate 60+10 ™~~(1535)-"7I.

events are present in the total sample.

Thus, we find

rwyR= Q-aD
( 6

140
- 0.06 (90%%uc C.L.).

Using I &
= 4.2+ 0.2 MeV, ' we find

I"(Q- w'w y)&0.2 MeV (90%%uo C.L.).
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This is to be compared with the result of Cosme
et al "of 0.7%%uo (0. .03 MeV} (90% C.L.) from the
storage-ring study of e'e —(b- w'ww' (or y). '

VIII. SEARCH FOR THE DECAY "*(1535)~" y
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(b) 8"-(I 5&5)

We have previously discussed the data on
:" * (1531) in our dtaa 2We sh. ow the much smaller
signal for " * (1535) in reaction (5) for all data
in Fig. 13. %e estimate that there are 60+ 10 ex-
amples of = v (1535)«= w', which represents one
third of the ™~» signal. The other~two thirds
corresponds to decay to ='m, generally inacces-
sible to the low momentum transfer to the A scan-
ning technique' employed in this experiment.

We show in Fig. 14(a) the distribution of cose*
via Eq. (10) for those events of reactions (4) and

(5) having M(:- w' or y} = 1535 +80 MeV. The
shaded events represent those of reaction (4) with
MM' & 0.019 and in the =* mass band 1535+ 10
MeV; no peak is observed near cos8 = 1. We attri-
bute 0 events with an upper limit of 2.3 (90% C.L.)

X

~ IO-
CA

X
LLI0
LLJ

0 I

1.495
( 8-~o) (GeV)

I

I.575

FIG. 14. (a) The cos6)&~ distribution (open) for all K p—= K'wo events with a y shower observed, for M(= w )
=1535+ 80 MeV, and for K p —" K+y (shaded) for
M(" wb) =M("* (1535)) =1535+10 Mev. (b) The M(" w~)

distribution for the events of (a). A minimum of 11
events, shown shaded, is estimated for the denominator
of the " y/" x branching ratio.
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to the decay (1535)-:. y. In Fig. 14(b) we

show the M (= v') mass distribution of the events
of Fig. 14(a). We see a signal of »11:-* (1535)
events, shown shaded. Cor recting for the cos 6
&0.5 cut (factor of 2) and the unobserved decay
mode "ov (factor of 3) we find

:-+ (1535)-= y
=* (1535)-all

0(& 2.3(90%%up C.L.)) ~ )2x3 x(» 11)

Using I'a~- = 10.6+2.6 MeV (Ref. 8) (note that'
I~*~= 9.1+0.5 MeV, we find

I'(:-* —:"y)&0.4 MeV (90%%uq C.L.).
This decay mode is expected to be nonexistent if
the photon is a U-spin singlet as normally envis-
aged, since a decouplet has no SU, -invariant
coupling to an octet plut singlet. This upper limit
of 4%%uo (0.4 MeV) can be compared to the observed
rate of 0.7/c (0.8 MeV) for A'(1238)-py. 8

IX. CONCLUSIONS

We find a relatively pure sample of 135 examples
of q'- n'~ y decay with the photon detected. The
Dalitz-plot projections show clearly the p meson
and the sin26), ~ distributions expected for J = 0
(or 2 ). The angular distribution shows no asym-
metry; C-invariance violation is parameterized by
the asymmetryu = 0+0.1. We have searched for

the SU, -allowed decay mode q'- ~y but obtain only
an upper limit, &0.05 (90%%up C.L.). We have also
searched for the decay modes (d- m'm y, (I) - n+m y,
and = (1535)-= y with null results, yielding
upper limits for the partial widths of less than a
fraction of an MeV.
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