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The results reported in this paper come from a E p-formation experiment performed in
the Argonne-Michigan 40-in. heavy-liquid bubble chamber. About 500 000 pictures were taken
in a mixture of 80% propane (C~HS) and 2 Freon (CF3Br) with K beam momenta between

730 and 900 MeV/c. Cross sections for the pure isospin states Z 7I, A ++, and Z +n in the
center-of-mass energy ranging from 1580 to 1720 MeV were measured. Cross-section
measurements of the A n, A g, A ~+m, and Z m+n final states were compared with pre-
vious data obtained using hydrogen bubble chambers to check the validity of our techniques.
The cross-section normalization was performed using 7 decays to determine the kaon Aux.

The angular distributions for h 7I and Z 7f are also presented and compared with previous
measurements in hydrogen bubble chambers. A check of the technique used previously in
hydrogen-bubble-chamber experiments to obtain the Z 7r angular distributions suggests some
contamination in the hydrogen data from the multiple 7I final states. Our data are consistent
with the A x n final state being produced almost entirely through Z(1385)m', and the Z m m

data with almost total A(1405) ~ production.
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As indicated, each of these neutral states has a
pure isospin, and the information obtained from
them is complementary to that obtained from the
charged final states which have been extensively

died in the same energy region i-s

There is information available on reactions (a),
(b), and (c) with A'w' and A' n' final states having
been studied in detail. Therefore, we use these
two reactions along with a sample of A'm'm and
Z'n'm events as a test of our techniques. The

We report on a low-energy K P formation ex-
periment performed in a heavy-liquid bubble cham-
ber in order to investigate the final states:

Z'm' final state has been studied in hydrogen bubble
chambers by selecting a particular region of the
missing mass from the A'. Since we detect the

y rays, we provide a new measurement of this
final state. The three-body reactions (d) and (e)
cannot be observed without y-ray detection, so
that only an upper limit on their combined cross
sections is available. Thus, this experiment rep-
resents the first study of these reactions in this
energy range.

The experimental details are given in Sec. II, and
the background determination is discussed in Sec.
III. Section IV presents our results, and Sec. V
contains the summary and conclusions. We pre-
sent cross sections for reactions (a)-(e) and the
A m and Z m center-of-mass angular distributions
for different momentum regions to compare them
with the previous measurements. For Z'7f, we
discuss the possibility of contamination in the hy-
drogen data from the multiple m' final states be-
cause the y rays were not detected. In the A m m

and Z'm'm' final states, we look for evidence of in-
termediate states of Z(1385)w and A(1405)w.
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II. EXPERIMENTAL DETAILS

A. Exposure

The experiment was based on an analysis of
487000 pictures taken in the Argonne-Michigan
40-in. heavy-liquid bubble chamber. ' The magnet-
ic field in the chamber was 46 ko. The chamber
was filled with a mixture of 80%%d propane (C,H, ) and
20~%%d Freon (CF,Br) by volume, and was exposed
to a flux of negative kaons at the 28' beam of the
ZGS." Table I summarizes the properties of this
mixture under the operating conditions of the
chamber. The choice of the 80-20 mixture maxi-
mized the Z n yield when both two and three y-ray
events were used.

The pictures were taken at the four beam momen-
tum settings of approximately 735, 785, 835, and
880 Me V/c at the entrance to the fiducial region.
The optics of the magnetic channel produced a spread
of about +1% in the kaon momentum at the cham-
ber window. However, the momentum of the parti-
cles was spread further by momentum loss in the
liquid which for minimally ionizing particles was
1.5 MeV/c per cm. This resulted in a kaon mo-
mentum variation across the fiducial region of
about 150 MeV/c for each beam momentum setting.

B. Scanning and Measuring

The event topology that was the central investi-
gation of this experiment" had a kaon interacting
giving no charged prongs but with a visible Vee
and with any number of y-ray conversions. A
y-ray conversion was defined to be either an in-
ternal or external electron-positron pair, or a
single electron or positron track arising from
either Compton collisions or asymmetric e'e
pairs. Other topologies that were found in the

scanning included (1) three-prong events with no

visible recoils, (2) two-prong events with a Vee,
no visible recoils and any number of y conversions,
(3}events with one negative prong, uo visible re-
coils and any number of y conversions, and (4) one-
prong events with a Vee, no visible recoil and any
number of y conversions. T decays and K„decays
were obtained from events in categories (1) and

(3}, respectively. Category (2} contained the
A'm'm and Z'n'm events produced off hydrogen.
Events in category (4) were used in a study of the
background.

About 75% of the film was double-scanned and
the results were edited by a third scanner who
was instructed not only to check the discrepancies
resulting from the initial scans, but also to look a
third time for converted y rays. On the remainder
of the film, only a single scan was performed,
and a scan edit constituted a second scan for con-
verted y rays. The scanning efficiencies for de-
tecting a zero-prong-plus-Vee interaction with
any number of y rays were determined to be 96%
and 78)&, respectively, for the samples that were
doubl. e'- and single-scanned.

The events were hand-measured using both image
and film plane digitizers. Individual tracks which
failed geometrical reconstruction were remeasured
once and used with the previously reconstructed
values of the other tracks in the event. Even so,
7% of all the zero-prong events with y rays failed
to reconstruct and an appropriate correction was
made for them in computing cross sections.

C. Geometry and Kinematics

The events were reconstructed in space and ge-
ometry errors assigned using the program SHAPE. '
A correction for radiation losses on electron

TABLE I. Properties of the 80% propane t'C&HS)-20%
Freon (CF3Br) mixture.

Density
Radiation length
Average y conversion length
Kaon interaction length at 700 GeV/c
Partial density of hydrogen
Partial density of carbon
Partial density of fluorine
Partial density of bromine
Percent of kaon interactions' with

Free hydrogen
Carbon
Fluorine
Bromine

0.6435 gcm 3

39 cm
55 crn
171 cm
0.0625 g cm ~

0.305 g cm 3

0.115 g cm ~

0.161 g cm 3

24%
46%%up

16%
14%
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FIG. l. p-ray momentum distribution for 10 244
y rays.
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tracks was made using the Behr-Mittner meth-
od. '" SHAPE reconstructed the y-ray momenta
and errors from the measured electrons. The dis-
tributions of the y-ray momenta and percent errors
are shown in Figs. 1 and 2. The mean momentum
was 150 MeV/c and the mean bP/P was 12%%d.

The radiative energy loss constant for electrons
was set using the y -y effective -mass combinations

from the geometry data to give the best m' mass
distribution as shown in Fig. 3. For the final val-
ue of the correction constant, the n' signal was
very prominent and centered on the correct mass.
The full width at half maximum of the observed m'

signal was 28 MeV. The g' was expected to have an
observed width of 140 MeV, so that detection of
an g' signal at 549 MeV would be difficult.

The y-ray angles were determined in two ways:
(1}from the K interaction vertex and the y-ray
conversion point and (2} from the electron direc-
tions. A y-ray pointing test was provided by com-
paring these two determinations of the angles. This
test was used to eliminate nonpointing y rays for

TABLE II. IQnematic fits and conptraint classes attempted in GRmD.

Topology No. of y's Fits attempted No. of constraints

0-prong+ Vee K p Zomo

K p-A'~'~'
z'~'

K p- Z'~'~'

2-prong + Vee K p A07t+m

K p Z07I+7t

1-prong, no Vee K--7t-&'

K -7r no

3-prong

A fit was tried for each permutation of the measured y rays. Also, all combinations were
tried assuming a missing y ray as well. All lower fits were attempted by systematically throw-
ing out y rays. Fits using a missing x were also attempted.

These include kinematic plus mass constraints minus the missing quantities.
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the lower constraint fits. A bremsstrahlung test
was performed on each y ray to determine if it
might have originated from another y ray in the
event. A y ray was called a bremsstrahlung daugh-
ter if it fell within four standard deviations of
pointing in the same direction as a y ray closer to
the interaction vertex. y rays satisfying this test
were removed from the final sample and the mo-
mentum error of the parent y ray was increased
to account for the energy lost in the bremsstrah-
lung. This bremsstrahlung is evident in Fig. 3 as
a peak at zero mass. Making the above brems-
strahlung cut removed the cross-hatched events.

The kinematic constraint program GRIND" at-
tempted various hypotheses for each measured
topology as listed in Table II. In order to study
ambiguities and backgrounds, all possible lower-
constraint fits were tried for each event by sys-
tematically removing each y, one at a time. The
resolution of these ambiguities is discussed later.

D. Corrections for Event Losses

Events were lost or dropped to lower constraint
classes since not all y rays converted in the cham-
ber. In addition, events were lost when a A de-
cayed near the kaon interaction point. A 20/0 cor-
rection was made for this loss using the measured
A lifetime. ' Smaller corrections deduced from
an observed anisotropy in the A' decay distribution
(7%) and A' interactions in the chamber liquid
(1.5 /p) were also applied to the data.

Because of the limited flight path available, 48')(I

of the y rays did not convert in the chamber. The
geometrical correction was made using a conver-
sion length computed as a function of momentum
for each y ray. ""Added to this geometrical loss
mere the y-ray scanning inefficiencies caused by
a number of effects, the most important being (1)

e'-e pairs having small projected momentum in
a plane perpendicular to the magnetic field, and

(2) Compton electrons or e'-e pairs with very
asymmetric energy sharing between the electrons.

The loss of y rays due to small projected mo-
mentum for the e'-e pair was observed by a lack
of azimuthal isotropy of the y rays about the beam
direction. Because of the expected isotropy, the
momentum distribution projected onto the plane
perpendicular to the magnetic field should have
been the same as that projected into the plane
parallel to the magnetic field. A direct compari-
son of these tmo distributions yielded the scanning
efficiency as a function of projected momentum
shown in Fig. 4. Above 100 MeV/c in projected
momentum, the detection efficiency was high, and

it dropped sharply below this value. Overall, the
average correction for this effect amounted to
13% per y ray.

Comparison of observed y rays with a prediction
for energy sharing between electron and positron"
showed a loss of very asymmetric pairs. The
computed efficiency data are shown as a function
of y-ray momentum in Fig. 5. The falloff with in-
creasing momentum was believed to be due to the
single electron track appearing straight rather than
as the more characteristic spiral. This loss of
asymmetric y rays amounted to an average cor-
rection of 4% per y ray.

Using the double-scan information and isolating
only y rays with projected momenta greater than
100 MeV/c and symmetric energy sharing between
the electrons, a scanning efficiency of (95+5)%
was computed and applied to all the y rays in the
final sample. Therefore, multiplying together the
three major y-ray inefficiencies yielded an average
efficiency of 0.87 &0.96 x0.95 =0.79 with a com-
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FIG. 4. y-ray scanning efficiency as a function of
projected momentum.

FIG. 5. The efficiency for detecting one-prong y
conversions, consisting of both asymmetric pairs and
Comptons, as a function of momentum.
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puted error of +0.09. However, using all the y
rays found in the scanning, an over-all scanning
efficiency of 0.96 +0.02 was computed. It appears
then that the experiment produced a class of y rays
with small projected momentum and asymmetric
energy sharing which were found with zero effi-
ciency by all scanners.

E. Flux Determination

Of the three-prong events, which were scanned
over the entire sample of film, about one-half
were measured and fitted. Background from three-
prong interactions off heavy nuclei was very small
as seen in the missing mass plot of Fig. 6. The
resulting beam momentum distribution is shown
in Fig. t. The distribution peaks near V50 MeV/c
and has a usable range from 540 to 860 MeV/c.
The absolute kaon flux and, therefore, the cross-
section normalization was determined using 7. de-
cays. This method properly handled the problems
arising from attenuation in the beam due to decays
and interactions across the fiducial volume.

A small sample of events, representing the K„
decay mode, was used as a consistency check for
the techniques devised to handle the y-ray losses
and provided an independent flux determination.
For the K„events, in which both y rays convert-
ed, Fig. 8 shows the yy mass plotted against the
m yy mass. A clear signal is seen and after re-
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FIG. 7. Beam-momentum distribution from the
measured v.-decay fits.

moval of the fitted events, a small background re-
mains. A similar check was done for the single-y
K„events. The resulting ratio of K, to ~ decays
was in agreement with the accepted value within
the error.

III. BACKGROUND DETERMINATION

A. Sources of Background

The hydrogen signal is shown in Fig. 9 where we
have plotted the missing mass squared off the A
versus the effective mass of the two y rays. We
expect the hydrogen events of K p -A'm' to give a
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FIG. 6. Missing mass squared off the beam and three
outgoing pions for the 5084 three-prong events. The
cross-hatched events made 4C fits to the 7 decays. The
bin at zero missing mass squared has been displayed at
a reduction by a factor of 10.

FIG. 8. Mass of yy versus mass of n yy for one-
prong events with two y's and with the missing mass cut
of -0.02 ~ MM (m yy) ~ 0.02 GeV2. The cross-hatched
events did not fit the E 2 hypothesis.
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simultaneous signal at 0.2 GeV' in missing mass
squared and 0.135 GeV in effective mass. It is
evident that the background beneath the signal on
this plot is large.

In addition to the lack of complete y-ray conver-
sion, the sample of events found in the scanning
was also contaminated by interactions on bound
nucleons. After removing events with obvious
stubs at the production vertex, the 3:1 bound-nu-
cleon- to free-nucleon-event ratio listed in Table
I was reduced to about 1.5:1. The two major
sources of contamination in the fits were (i) events
originating off heavy nuclei and (ii) hydrogen events
that fed into lower constraint classes because not
all the y rays converted. We called this latter
class of events the "y-deficient" background. As
an example, a four-y A'w'm' event, for which only
two y rays were detected, could give a A'v' (2y)
fit because of measurement errors and so be mis-
identified.

B. The "Pseudoevent" Method

There are many reactions that might occur off
the bound protons or neutrons in the nuclei and
yield hydrogenlike events. The situation is compli-
cated by the possibility of secondary scatters oc-
curring in the nucleus. In order to study this prob-
lem, a sample of one-prong-plus-Vee events was
isolated, because these events could only occur off
heavy nuclei. In the final sample, the ratio of
positive one-prong events to negative one-prong
events was 2: 3, indicating that secondary interac-
tions are important.

The sample of one-prong events was measured
and after geometrical reconstruction, the charged
pions (both positive and negative) were assumed to
be m"s and allowed to decay into two y rays in a
Monte Carlo simulation. The y-ray parameters
were smeared according to the observed errors
in the experiment and randomly tagged as having
been detected or undetected according to the vari-
ous detection efficiencies. These simulated y rays
were added to those already measured in the event.
The number of measured one-prong events was
748, yielding 172, 56, and 17 events with two,
three, and four y rays, respectively. These
events, which we call "pseudoevents, "were pro-
cessed in GRIND just like the real zero-prong
events.

It is assumed that the pseudoevents making fits
represent in some approximation the zero-prong
nuclear events. There is no theoretical justifica-
tion that this is true, and we will argue from pure-
ly empirical grounds. Whenever possible, we use
the pseudoevents to indicate the appropriate y'
probability cutoff to apply to the fits in order to
isolate a clean sample of events. Only the events
restricted by the X' cut are used for angular dis-
tributions, etc. For cross-section purposes, the
errors are increased in order to take into account
our uncertainty about the distribution of nuclear
events and real hydrogen events below the y' cut-
off.

In Fig. 10, the two-y pseudoevent scatter plot is
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shown, which corresponds to Fig. 9 for the real
events. The projection from Fig. 9 is replotted in
Fig. 11 where a Monte Carlo calculation has been
used to predict the hydrogen signal in this plot, as-
suming phase-space distributions for A'm'm' and
Z 7I'w . We have subtracted all two-y combinations
predicted to contribute to this plot from the hydro-
gen final states Z'm'w', A'm'm', Z'm', and A m', and
the cross-hatched events remain after the Monte
Carlo hydrogen subtraction. Thus, we are able to
estimate the nuclear background level in the real
zero-prong events. The points plotted in Fig. 11
were taken from the projection of the pseudo-
events in Fig. 10, normalized to yield equal areas
beneath both histograms. In general, agreement
is very good and consistent with the pseudoevents
distributing in the same manner as the background.
The normalization factor for the two-y pseudo-
events was 16.3 ~2.1. This factor was applied to
both the A'w' and Z'w' (2y) pseudoevent fits to yield
a quantitative estimate for the background predict-
ed in each final state. In the same manner, back-
ground predictions were made for the other final
states. In each case, agreement was observed
between the pseudoevents and the background level
after substracting the Monte Carlo results for
the hydrogen events. "

C. p-DefiKcient Events

The highest-constraint fits provided an accurate
means by which to study the problem of ambiguous
fits and multi-y-ray events feeding the lower final
states. For example, we took an event having its
full compliment of y rays that made a fit to A'm'm'

or Z'm'm' and asked how often it also fit Z'm' or
A'7I' when the y rays were systematically removed.
Knowing the number of such fits, the resulting
background due to this effect was obtained for each
final state. It was hypothesized that the pseudo-
events contained multi-y-ray events produced off
heavy nuclei which might appear as hydrogen
events. Using the higher-constraint fits, we were
able to resolve all the lower-constraint ambiguities
and make subtractions in the data whenever neces-
sary. The study of this type of background revealed
that fits with a missing m' were not usable.

D. Selection of Hydrogen Fits

A peak at y' probabilities below about P h') =0.05
is generally observed for each sample of fitted
events and is believed to be due to a combination
of genuine signal events with non-Qaussian track
errors, and background events, arising from nu-
clear interactions or events with undetected y rays.
A general procedure was applied to each final state
in order to isolate a pure sample of events for an-
gular distribution studies and also to produce the
best cross-section measurements. A test of the
method is the comparison of the A'm cross section
as measured in this experiment with previous
measurements in hydrogen, as discussed in Sec.
IV.

The y' probability distributions for each final
state, after subtracting the pseudoevent and y-de-
ficient event background, revealed that a minimum
value of ph') =10 ' included the entire sample of
signal events. General cuts were made on this
sample to eliminate fits that used nonpointing and
bremsstrahlung y rays. The resulting sample of
fitted events for each final state is listed in the
first column of Table III.
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TABLE III. Number of fits.
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20
24

3

FIG. 11. Missing mass squared off A . The 2y hydro-
gen events predicted from a Monte Carlo program have
been subtracted, leaving the cross-hatched region. The
data points are the pseudoevents.

'Fits used in the angular distributions, etc.
b Events scanned only on 179& of the total sample.
'Only Qts having a Z using a measured p ray are

given.
d Events scanned only on 34 of the total sample.
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TABLE IV. Summary of the background analysis.

Final state
X2 probability

cutoff
Nuclear y-deficient

background' fits background'
Correction for events

below y2 cutoff

w'~+~-
zV.~-
A n'

Zom'o (2y)
Z'7I' (3y)
A'71'~' (3y)
A'n'~' (4y)
Z'~o~' {4y)
Z'~'~' (5y)

10 ~

10 ~

10 2

10
10 4

10 5

10 2

10 6

10-6

( 1+ 0.5)%

( 0+ 12) It

( 0+ 14)%
(11+ 1)%
( 0+12)%
(47+ 11)%
( 0+ 85)%
( 0+ 100)9o

( 0+ 100)%

{ 7+ 2)%
None

(18+ 6)%

( 6+ 3)%
{ 3+2)%
( 8+ 3)%
( 8+ 8)%

None
None

~ ~ ~

(13+ 13)9p
(31+ 31)%
{15+15)%

None
(14+ 14)%

~ ~ ~

'This is the background remaining after the y probability cut has been imposed as deter-
mined from the pseudoevent sample.

%'e assume that the best estimate of the background is 0.0 with a statistical error assigned
corresponding to 1 event.

In order to isolate a subsample of events of high
purity for angular distributions, we imposed a y'
probability cut which depended upon the predicted
background for each final state. The number of
events surviving the X' cut are shown in the second
column of Table III. The values of these probability
cuts and the estimates of the background events
still remaining, are given in Table IV.

To determine the various cross sections, a cor-
rection was made to include real events which were
below the )(' probability cutoff. We first subtracted
the relatively well-determined y-deficient back-
ground from the fitted events below the cutoff.
Then, since the nuclear background was less well
determined, we assigned the remaining events
equally to genuine signal events off hydrogen and
to nuclear background events. Large errors mere
assigned to account for the uncertainty in the pro-
cedure as shown in the last column of Table IV.
As seen in Table IV, this procedure on occasion
resulted in relatively large corrections and as-
sociated large errors.

IV. RESULTS

A. Search for the A{1327)

A baryon resonance with a mass near 1327 MeV
decaying into A'y has been reported in heavy-liquid
bubble chamber work performed at Dubna. ' We
have used only our sample of A' events with three
observed y rays in order to place an upper limit
on the cross section for resonant production in
the 1327-MeV region. Using the three y events,
we compare the cross section for A(132 I)w' produc-
tion to Z m' production in the same momentum re-
gion. In Fig. 12(a), we have plotted the A'y effec-
tive masses with three A'y combinations plotted
for every event. We eliminated many of the nu-
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FIG. 12. Mass of A y for 3y events. Figure 12(a) is
for -0.02 ~ MM2 (A yyy) ~ 0.02 GeV . Figure 12(b) shows
the effect of an additional cut selecting events with the
mass of the two remaining y's of 0.10» M(y, y&)

~ 0.16
GeV. The cross-hatched events represent background
included in the n region. The curve is explained in the
text.

clear events by restricting ourselves to events
with -0.02 & MM'(A'yyy) & 0.02 Gev . In order to
reduce the combinatorial background, only events
for which the mass of the two remaining gammas
was near a w' were chosen, i.e., 0.10&M(yy)
~ 0.16 GeV, and these have been plotted in Fig.
12(b). An estimate of the combinatorial background
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beneath the m' region was subtracted out by taking
an average of the events in the upper and lower ad-
joining regions. The resulting background sub-
traction is shown in Fig. 12(b) as the cross-hatched
events.

The events remaining in the A'y mass distribu-
tion after making the above cuts are due to Z'm',
A'7('((', Z's'v', and any signal from A(1327)(('.
Using a Monte Carlo prediction for the A'm'm and
Z'm'm' final states, we have generated the curve
in Fig. 12(b) which was normalized to the data out-
side of the Z' signal beyond 1.24 GeV. Since there
were only six events above this curve in the 1320-
MeV region, we ignored the effects of weighting
the y-ray events, and have compared these events
with the 52 events above the curve in the Z' region
to obtain an upper limit on the cross section of
o (A(1327)v') & 0.12 o(Z'w'). Using the average
cross sections for Z'm' production which are dis-
cussed later in this section, we computed an upper
limit for the average cross section of o(A(1327)((')
& 340 p.b over the K momentum region from 0.56
to 0.86 GeV/c. This result is in agreement with
the more stringent limits given by hydrogen and
deuterium experiments which have failed to see
the A(1327),"~ and also with a recent heavy-liquid
chamber experiment.

~. A g Final State

There were 16 fits to the reaction K P - A q
(TI'-yy) and zero background events were predict-
ed. Even though there are few events, we have
used them to compute a cross section for the h'q'
final state which could be compared with previous
measurements. ' No cuts were applied to the 16
events, and after weighting, they give cross sec-
tions of 0.37+ 0.13 mb for 0.72&P((&0.76 GeV/c

and 0.16+0.10 mb for 0.76&P„&0.82 GeV/c in

agreement with other measurements.

C. A g+g and Z m+m Final States

Much previous data exist for the charged-pion
final states in our momentum region as the A' and
Z' reactions are easily separable in hydrogen. "'
For the A'm' p events, we have divided the fits
into four momentum bins, weighted for A losses
and for a double-scanning efficiency determined
from the scan data to be 0.90+0.07. The events
corrected for the background yield cross sections
for the average momentum in each bin which are
(T(0.63 GeV/c) =2.20 +0.49 mb, o(0.69 GeV/c) = 2.66
+ 0.47 mb, (T(0.75 GeV/c) =3.08+ 0.50 mb, and

(T(0.81 GeV/c) =2.98+0.73 mb. These values are
plotted in Fig. 13, where we show a comparison
between our data points and other experiments.
The agreement is good.

As seen in Table IV, the best estimate of the
background in the Z w'v (ly) final state was zero,
therefore, no background subtraction was made.
The cross sections were computed for two bins of
0.10 GeV/c width from 0.66 to 0.86 GeV/c, yield-
ing values of (T(0.71 GeV/c) =0.75 +0.12 mb and
o(0.81 GeV/c) =0.77+0.19 mb. These results are
also plotted in Fig. 13 along with data points from
the hydrogen experiments.

D. A 7I' Final State

The A'7I' events provided the best final state to
check our event weighting and determination of
the background. In this momentum region, A07I

events can be separated rather cleanly in hydrogen
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FIG. 13. Measured cross sections for A 7I.+7I and
Z 07I+7I as a function of K beam momentum.

FIG. 14. A ~ cross sections as a function of center-
of-mass energy.
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0.8-
(b)
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experiments by looking at the missing mass off the
ho. In order to compute cross sections, a correc-
tion factor for the events with lost y due to low
projected momentum was determined by application
of the empirically determined efficiency function,
discussed in Section IID. Our measured cross
sections are shown in Fig. 14 and compared to
previous hydrogen results. Although our measured
cross section for the central energy bin is some-
what lower than the average, our results are sta-
tistically compatible with previous experiments.

The center-of-mass angular distributions after
background subtraction are plotted in Fig. 15 for
the m' with respect to the beam direction. The angular
distributions are shown in the same three momen-
tum bins for which cross sections were computed.
The events plotted are those with X' probability
above 0.01. The errors given reflect the uncer-
tainties due to statistics and the assigned event
weights. For bins in which there were no events,
a statistical error of a 1 was assigned and weighted
by the average weight per event in that momentum
region,

In order to compare our distributions with the
hydrogen results, we have taken the data, from the
CHS collaboration" normalized to our observed
flux distribution as determined from the 7. decays,
and we have summed the results over the corre-
sponding momentum bins to obtain the angular dis-
tributions that would correspond to ours. We have
then renormalized the CHS data to give the same
total cross section as our data. The resulting
CHS points are depicted in Fig. 15 as rectangles
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0 I

0.55 0.60

I I I f I

O CHS

P BERTANZA et al.

THIS EXPERIMENT—
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FIG. 16. Z 7I cross sections as a f'unction of beam
momentum for the 2y and 3y events.

with height equal to the error calculated from
their article. Our angular distributions shown are
in good agreement with the CHS data.

E. Z 7I Final State

In hydrogen experiments, the Z'm cross section
has been estimated by looking at the missing mass
from the A'. In this experiment, we have isolated
a sample of Z g events with two and three ob-
served y rays. For the 2y events, due to the am-
biguity with the A'8 final state, only Z z fits that
used a measured y ray in forming the Z were used.
After the X probability cuts, 3y and 2y samples
were obtained with backgrounds of 3% and 17$,
respectively.

The 2y events were divided into three bins of
0.10 GeV/c. After subtracting the background
events, these gave cross sections of o(0.61 GeV/c)
=5.03+2.06 mb, o(0.71 GeV/c) =2.65+1.17 mb,
and o(0.81 GeV/c) =2.99+ 1.16 mb. In a similar
fashion, the 3y events were divided into the same
momentum bins and after weighting each event and
making a background subtraction, the resulting
cross sections are o(0.61 GeV/c) =2.71+0.87 mb,
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FIG. 15. The A 7i center-of-mass angular distribu-
tions: (a) 0.62 ~ Pz- ~ 0.70 GeU/c, (b) 0.70 ~ P~ ~ 0, 78
GeV/c, and (c) 0.78 ~ Pz- «0.86 GeV/c. The CHS distri-
butions are shown as rectangles normalized to the area
under the histogram. The height of each rectangle
represents the CHS errors.
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FIG. 17. The Z 7I cross sections in 20-MeV bins as
a function of center-of-mass energy for the 2y and 3y
events.
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(o) (b) (c)

p (0.71 GeV/c) =2.41+0.56 mb, and o(0.81 GeV/c)
=2.37+0.70 mb.

The 2y and 3y cross sections are statistically
compatible and give weighted averages of
g(0.61 GeV/c) =3.39+0.87 mb, o(0.71 GeV/c)
=2.49+0.54 mb, and o(0.81 GeV/c) =2.60+0.62 mb.
These are shown in Fig. 16. We have also com-
puted cross sections in 40-MeV/c bins. This cor-
responds to center- of-mass ene rgy bins of about
20 MeV, which was the computed mass resolution
in the experiment. In Fig. 17, we have plotted
these cross sections as a function of the center-
of-mass energy. No significant structure is re-
vealed at this level of statistics.

In the Z'g angular distributions of Fig. 18, we
have imposed only the X' probability cut. The dis-
tributions are the weighted average of the 2y and

3y events and have the background subtracted. The
angular distributions are tabulated in Table V.
The CHS data were normalized using our observed
flux distribution and total cross section and are
shown as rectangles with heights representing the
errors. CHS angular distributions for the entire
momentum range from 0.76 to 0.86 GeV/c are not
available. On these same plots, we have also
shown the predicted distributions for Z'g' using
the amplitudes derived by Kim in his multichannel
phase-shift analysis, "which included the CHS
data. There are some differences between our dis-
tributions and the CHS data. The significance of
these differences depends on the relative normali-
zation between the two sets of data. With the nor-
malization shown, a discrepancy appears in the
forward direction and in the backward direction,
where our results suggest a somewhat sharper
distribution.

TABLE V. Z m center-of-mass angular distributions.
The differential cross sections and errors are given in
mb/0. 4.

PE- (GeV/c) 0.56-0.66 0.66-0.76 0.76-0.86

(2y)
-1.0 to -0.6
-0.6 to -0.2
—0.2 to 0.2

0.2 to 0.6
0.6 to 1.0

(3y)
-1.0 to -0.6
-0.6 to -0.2
-0.2 to 0.2

0.2 to 0.6
0.6 to 1.0

(2y+ 3y)'
-1.0 to -0.6
-0.6 to -0.2
-0.2 to 0.2

0.2 to 0.6
0.6 to 1.0

1.91+ 0.61
0.91+ 0.63
1.95+ 1.37
0.00+ 0.18
0.26+ 0.20

1.70+ 0.48
0.18+ 0.13
0.10+ 0.10
0.68+ 0.37
0.05+ 0.10

1.80+ 0.39
0.30+ 0.14
0.21+ 0.12
0.23+ 0.16
0.14+ 0.10

1.60+ 0.41
0.22+ 0.11
0.20+ 0.15
0.64+ 0.22
0.00+ 1.03

1.25+ 0.42
0.23+ 0.10
0.15+ 0.11
0.58+ 0.24
0.20+ 0.09

1.40+ 0.28
0.24+ 0.08
0.18+ 0.10
0.62+ 0.16
0.18+ 0.12

1.18+ 0.58
0.47+ 0.20
0.41+ 0.32
0.52+ 0.21
0.41+ 0.28

0.00+ 0.09
0.23+ 0.14
0 ~ 30+ 0.25
1.17+ 0.55
0.67+ 0.30

0.16+ 0 ~ 11
0.32+ 0.10
0.34+ 0.20
0.70+ 0.22
0.54+ 0.20

Weighted average of 2y and 3y events.

F. A n m and Z m m Final States

In hydrogen experiments, the same analysis
which yielded the Z m cross sections also yielded
a cross section for the combined A'g'g and Z'p'm

final states. The four-body production was con-
sidered to be small at these energies as evidenced
by the h'm'm m' cross sections' so that all the
events can be considered A g'g' and Z'p'p'.

After making the y' probability cut for the
A'v'v' (3y) events, we divided the remaining events
into three 0.08-GeV/c momentum bins from 0.62
to 0.86 GeV/c. After weighting each event sepa-
rately for y-ray and A losses, the background
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FIG. 18. The Z 9 (3y) and Z m (2y) corrected
angular distributions weighted together: (a) 0.62 ~ Pz-
~ 0.70 GeV/c, (b) 0.70» Pz-~ 0.78 GeV/c, and (c) 0.78
~Pz-~ 0.86 GeV/c. Rectangles are the CHS data as ex-
plained in the text. The curves are from Kim's analysis.

FIG. 19. The three-body final-state cross sections as
a function of K beam momentum. The A x m (4y)
events have been weighted together and plotted as
circles. Also shown are the Z x m (4y) cross sections
which are plotted as triangles.
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events were subtracted. The cross sections,
based on the subtracted events and averaged with

the few 4y events, are o(0.66 GeV/c) = 1.23 +0.33
mb, o(0.74 GeV/c) = 0.63 + 0.16 mb, and o(0.82

GeV/c) =1.02+0.44 mb. These cross sections are
plotted separately in Fig. 19 where the hydrogen
data for the combined A'p'g' and Z'm'm' cross
sections are also shown for comparison. In Fig.
20(a), we have weighted together the hovovo (3y)
and A mono (4y) cross sections after subtracting
background and plotted them as a function of
center-of-mass energy in 20-MeV bins. No signi-
ficant enhancement is observed near the 1660-MeV
region.

The Z v v (4y} events were divided into two bins
of 0.10-GeV/c width from 0.66 to 0.86 GeV/c.
There were 7 and 8 events, respectively, which
yielded cross sections of o(0.71 GeV/c) =0.45
+0.16 mb and o(0.81 GeV/c} =2.12+ 1.32 mb. These
values are also plotted in Fig. 19. The cross sec-
tion computed for the three observed Zowovo (5y)
events over a 0.20 GeV/c bin from 0.66 to 0.86
GeV/c was o(0. 16 GeV/c} =1.62+ 1.22 mb. Be-
cause of the small 5y sample, we have restricted
our studies of this final state to the 4-y-ray sam-
ple. The Z'w'w (4y) cross sections in 20-MeV bins
are shown in Fig. 20(b). In all momentum regions,
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FIG. 21. The A m mass distributions for the 3y and

4y A m m events weighted together with two entries per
event. The phase-space curve is fitted to the data out-
side the Z (1385) region, shown by the dashed lines.

we find that combining our cross sections for
A m'7I and Z m m yields answers consistent both
with the Bertanza data and the CHS data.

The A'p' mass distribution is shown for the 3y
and 4y A z'm' events in Fig. 21. The plot contains
two points per event and the dashed vertical lines
show the predicted region containing one full width
of the Z(1385} including our resolution. The solid
curve is phase-space normalized to the data out-
side the Z(1385) region. Complications arise in
the study of Z(1385}production in this final state
due to Bose-Einstein statistics and interference of
overlapping bands in the Dalitz plots. Therefore,
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FIG. 20. Plot (a) shows the A m~7i cross sections as
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events have been weighted together. Plot (b) shows the
Z Hm (4y) cross section as a function of center-of-mass
energy.
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FIG. 22. The A"m mass combination closest to the
Z (1385). A Breit-Wigner curve smeared by the mass
resolution in this region is shown on the data.
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we have adopted the simple approach of plotting
in Fig. 22, the A'm' mass combination nearest to
the Z(1385). A Breit-Wigner curve smeared by
the mass resolution has been placed on the data,
and it shows a good agreement. Thus, there is
evidence for strong Z(1385) production in this final
state, consistent with 100% production at the sta-
tistical level of this experiment.

To conclude the discussion of the A'g'g' events,
we have shown in Fig. 23 the g'g mass-squared
distribution versus the center-of-mass angular
distributions for the vovo system for the 4y events.
%e can, in principle, observe background that
might exist in a Z'z' final state from the hydrogen
experiments if the p'g' direction were misassigned
to the meson in the Z'p' angular distribution. The
CHS experiment has plotted the missing mass
squared off the A' and selected events in an inter-
val from 0.04 GeV' to 0.20 GeV' in order to iso-
late their Z 7t signal. This interval in our experi-
ment consists of a m'm' system which goes predom-
inantly forward in the center-of-mass frame.
Thus such events may have preferentially contrib-
uted to the CHS Z'w' angular distributions in the
foward direction shown in Fig. 18. The 3y A'vovo

events (not shown) reveal the same effect after
making a background subtraction.

The Zovo mass distribution for the 4y Zov vo

events is shown in Fig. 24. A solid curve shows
the phase-space distribution, and the histograms
contain two combinations per event. In Fig. 25,
the Z v mass combination closest to the A(1405)
is plotted. Each event plotted in Figs. 24 and 25
has an associated weighting factor which accounts
for a number of other events which were undetected.
The uncertainty in this weighting factor is propa-
gated through, so that an error in a bin represents
both the statistical fluctuation in population of
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FIG. 24. Z + mass for the Z Hm (4y) events. The
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events and plot (b) shows the weighted events.
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events in that bin and errors in the weights. The
latter are also partly statistical in nature in that
the weight assigned to an event depends on the
particular kinematic configuration of the y's and
the A' for that event. For some kinematic con-
figurations, the weights and the error on the
weights are both large.
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A Breit-Wigner curve for the A(1405) smeared
by our resolution is also shown in Fig. 25. There
is evidence for A{1405) production, consistent
with 100% A(1405) at the statistical level of this
experiment.

V. SUMMARY AND CONCLUSIONS

The heavy-liquid-bubble-chamber technique that
was employed in this experiment allows for a
study of final states which contain y rays. The
agreement of our results with previous hydrogen
data for the A'p m, Z'm'p, A'p', and A g final
states confirms the reliability of our y-ray tech-
niques and normalization procedures. The total
cross section obtained for the final states Z'7),
A'z'm', and Z'p'7)' are found to be compatible with

existing measurements from previous hydrogen
experiments. None of these cross sections show
evidence for any significant energy structure at
the statistical level of this experiment. The cross
sections presented for the Z m ~' and h p'm' final
states represent the first measurements of these
reactions.

The appearance of a small discrepancy with

previous hydrogen data in the angular distributions
for Z'zi' might be qualitatively explained from pos-
sible contamination due to the m p final states.

Due to the relatively large statistical errors, the
Z'z data presented here do not in themselves
warrant a phase-shift analysis, but rather con-
tribue new information, which should be incor-
porated into the more general multi-channel phase-
shift programs.

The A'm'm' and Z'm'7)' final states appear to be
dominated by two-body production. The pure I =0
state A'vovo results from strong Z(1385)vo produc-
tion and is consistent with 100% Z(1385)vr . The
pure I =1 state Z'm'7)' shows evidence of strong
A(1405)v' production, and again the data are com-
patible with 100% A(1405)v'. Since isospin con-
servation prohibits the decay of Z(1385) into Z'v',
this latter final state is free of any A(1405) am-
biguity with Z(1385).
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This report concerns itself with the study of four- or five-body final states produced by the

interaction of 4.48-GeV/c K mesons on neutrons. The data result from a 372 000-picture

exposure in the Argonne National Laboratory 30-in. deuterium-filled bubble chamber. The

reactions studied include (1)K n Aw+m m, (2) K n —Z~7I+m 7r, (3)K n —Am'x ~ m, (4)

K n —Am+n n MM, (5) K n- A~ K'K, and (6) K n —An KLKs, where all the A particles

decayed visibly. Evidence is presented for the existence of the Z(1640) whose mass and width

are 1642 +12 MeV/c and 55 +24 MeV/c, respectively, The branching ratios are found to be

consistent with an octet assignment. The A2 data are presented and are compatible with

=2++ In addition, the productions of p, u, and Q are discussed in conjunction with si.—

multaneous Z (1385) production and the results are compared with quark-model predictions.

I. INTRODUCTION

The primary purpose of this experiment was
to study the interaction of A mesons with neu-
trons. To this end, 372000 exposures were made
at the deuterium-filled MUBA 30-in. bubble cham-
ber at Argonne National Laboratory using a 4.48-
GeV/c IC beam. Almost ail the data analyzed
here consist of four- and five-particle final states
containing a visible A decay. Four- and five-par-
ticle final states containing a visible E decay'
and two- and three-particle final states containing
a visible neutral decay" have been studied else-
where.

Analysis of the data is divided into three sec-
tions. The existence and branching ratios of hy-
peron resonances in the 1.6-GeV/c' mass region

is investigated under the topic of baryon reso-
nances. Included under meson resonances is a
study of the controversial A, region of the three-
pion mass spectrum. The angular distributions
and cross sections of the quasi-two-body reactions
resulting in baryon-vector-meson resonance pro-
duction are compared with predictions of the
quark model in the last section.

II. EXPERIMENTAL DETAILS

The film was scanned for events of the types
three- or four-prong plus vee and one- or two-
prong plus two vees. In the case of even-prong
events it was demanded that one of the positive
particies {the spectator) had a range of less than
15 cm. All events of these topologies were mea-


