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%e present measurements of the differential and polarization cross sections for the reactions K ~~ ~K zp,
Am+, X m+, and Am+@ made in a hydrogen bubble chamber exposed to a beam of KL with incident
momentum 550+35 MeV/c. The quasielastic data imposes additional constraints on the partial-wave
analyses of the KN and KN systems. Our data show no strong energy-dependent effects in the region of the
reported X(1580), J = 3/2 state. The phase of the forward regeneration amplitude was found to be about
—160' independent of K ~0 momentum.

I. INTRODUCTION

In this paper we present experimental data on
K~ p interactions at 550 +35 MeV/c studied in a
bubble-chamber exposure. The center-of -mass
energy region extends from 1540 to 1610 MeV.
Partial cross sections for the reactions E~P-K~p,
m'A, m'Z', w'w'A, differential cross sections and
hyperon polarizations are presented, the three-
body final state is analyzed for Y'*(1385) content,
the phase of the forward regeneration amplitude
is measured, and the energy dependence of the
two-body reactions is examined. Experimental
details are described including the corrections
applied to the data.

The amplitude for the reaction K~P-K~P may
be written

T=-,' (z,+z,)=', r„
where Z and Y represent strangeness +1 and -1
amplitudes and the subscripts designate the iso-
spin. Therefore, this reaction allows a study of
the interference between the two strangeness am-
plitudes. One analysis' of the S=+1 data finds
both a resonant and nonresonant solution in the
I=O channel near 1V80 MeV. The predictions of
the two solutions combined with various Y ampli-
tudes have been compared to our data' in a pre-
vious publication.

In addition, strong energy-dependent effects in
the S= -1 system have been observed near 1600
MeV c.m. energy. A narrow peak in the I =1 K d
total cross section has been seen' at 1580 MeV,
and one analysis' of the reaction KP-Am indicates
that this peak is due to a J"= —,

' state. %'e have re-
ported' partial cross sections and coefficients of
the Legendre-polynomial expansion of the differ-
ential cross sections and hyperon polarization
cross sections. In this paper we give the results
based on our final sample.

H. EXPERIMENTAL DETAILS

A. Exposure

The pictures were taken in the Argonne 12-foot
hydrogen bubble chamber. Two exposures of
60000 and 250000 pictures were made, yielding a
total of 310000 pictures for the experiment. Fig-
ure 1 shows the layout used to produce the KLO

beam. A heavy metal target was bombarded with
the 12-GeV/c proton beam extracted from the
Zero Gradient Synchrotron (ZGS) and a dipole
bending magnet and horizontal collimator selected
negative particles with momentum slightly above
1 GeV/c. This pion beam was steered 135' around
the neutrino muon shield and focused on a liquid hy-
drogen target to produce. K 's by the associated-
production reaction m P AK'. The hydrogen tar-
get was cylindrical, 180 cm long and 25 cm in
diameter, with its center located 8 m upstream
of the beam window of the chamber, which con-
sisted of a 60-cm-horizontal-by-12-cm-vertical
opening in lead shielding placed in front of the
chamber. Approximately 10' pions per pulse gave
2 K~ traversing the chamber per picture. The
pion momentum was below the threshold for s P
-Z K so that the K spectrum defined by the win-
dow was nearly monoenergetic. Taking into ac-
count the energy loss of the pions in the hydrogen
target, the forward K 's produced had a momen-
tum of 550 MeV/c, while the backward ones had
80 MeV/c. The higher-momentum component of
the Z beam had a momentum spread of 35 MeV/c
resulting from the spread in the momentum of the
pion beam and the geometrical layout of the experi-
ment. Virtually all of the low-momentum Z~'s
decayed before they entered the chamber. Down-
stream of the hydrogen target, a bending magnet
swept aside charged particles. Approximately 70
cm of lead converted y's and a final bending mag-
net swept aside the e' from the converted y's.
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FIG. 1. Layout of the beam-transport system and bubble chamber.

The K' beam was selected at 4 to the pion beam
to further reduce the background of photons pro-
duced from bremsstrahlung of electrons in the
beam. Thus y conversion and Compton scattering
in the chamber were not serious background prob-
lems. There were approximately 50 one-prong
neutron-proton scatters per picture. Although
this made scanning more difficult, these events
provided no background to the two-prong V' topo-
logies of K~ and A decay.

The 12-foot bubble chamber is cylindrical in
shape and encloses a volume of 26.3 m' of which
1.5.5 m' is visible by the four cameras. All four
cameras were operated throughout the run al-
though only three views mere used to process the
data. The chamber magnetic field, produced by a
superconducting magnet, was 18 ko.

After measurement, the events were processed
through a version of the program chain Trop-QUA
modified for the &2-foot chamber. Kinematic fits
were attempted for the following interaction hy-
potheses:

(2)

(4)

8. Scanning and measuring

The film was scanned and measured following
similar procedures at both institutions. Scanners
were instructed to scan all three views for two-
prongs (Vo's) since the experiment also included
a study of K~ decay. ' When a V was found, the
scanners searched for a recoil lying within a
radius of 5 cm of the vertex on all three views
and the U was also required to point to that re-
coil. The length cut (which corresponds to about
20 cm in space) was chosen to eliminate associa-
tion of random one-prong events with the U' ver-
tex. Since the mean decay length for Ks and A
were 1.8 and 2.8 cm, respectively, this cut pro-
duced a minimal bias on the decay-length distri-
butions. The measurements mere done at the
same time as the scanning on conventional image
plane digitizers with a film magnification of 12
(~ lifesize).

All ofhce above reactions are overconstrained if
the K~ momentum vector is known. Even though
the K~ was unseen, w'e calculated its space angles
by projecting a ray from the interaction vertex in
the bubble chamber back to the center of the hy-
drogen target. The errors were assigned by using
the measured profile of the m beam and the beam
geometry. Reactions (1) and (2) are kinematical-
ly overdetermined even if the beam is completely
unmeasured. Fits mere therefore made with the
beam unconstrained to determine the mean K~
momentum and to measure the fraction of scat-
tered K~'s in the beam. A pure sample of reac-
tion (1) could be identified by kinematics alone.
The purity of the samples of reactions (2)-(4) can
be seen in the distribution of the missing mass
recoiling from the m' shown in Fig. 2. This dis-
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FIG. 2. Missing mass recoiling from the ~' in events
fitting the reactions Kz~p Am', Z ~', and m'moA. The
shaded area represents events giving ambiguous fits.

tribution was calculated from the measured quan-
tities for each event assuming a nominal value of
the beam momentum. The ambiguous events,
shown as shaded in the histogram, were distri-
buted into the three channels by imposing the fol-
lowing missing-mass (MM) cuts:

v' A MM~1155 MeV/c~,

m'Z' 1155&MM&1245 MeV/c'

m's'0A MM&1245 MeV/c'.

The resulting contamination in each channel is
estimated to be less than 3%%uo.

C. Correction for losses

Systematic loss of event topologies with low de-
tection probability or low reconstruction pass
rate may introduce biases. The main sources of
loss are short tracks and wide V opening angles.
Events with short neutral flight paths are likely
to be classified by the scanners as three-prong
events. Short charged tracks also have low de-
tection probability; this is especially true for
short proton recoils. V"s with wide opening an-
gles may look like one-prong events. Small loss-
es also occur due to interaction or decay of one
of the charged tracks close to the vertex.

To determind the cuts needed to eliminate the
biases, we have used the Q distributions' defined
as /

Q(x)= Jt P(x )dx,
x min

where P(x) is the probability distribution of the
variable x normalized to 1 between the physical
limits x, and x~. Q(x) is thus uniformly distri-
buted between 0 and & if x, and x, are the true ob-
servable limits on x. By studying the Q(l) distri-
bution, where l is the neutral length for values of
l . , the minimum observable neutral length, we

find that l . -0.5 cm gives a flat Q distribution
for both Id~ and A decay. The maximum observa-
ble neutral length l,„ is taken to be the smaller of
the distances from the production vertex to the
edge of the fiducial volume along the trajectory of
the neutral particle, or 20 cm. The latter corre-
sponds to the scanner's template. The weight as-
signed to each event to compensate for the cuts is
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FIG. 3. Flight time distributions for (a) K~ and (5)

A decays. The lines correspond to the fitted lifetimes
given in the text. The events are not corrected for the
length cuts.
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" ~min

The lifetimes of the E~ and A were measured after
after these cuts had been applied to the data using
the maximum likelihood method. We found v'rII
=(0.89+0.02)x10 "sec ands~=(2. 52+0.05)x10 "
sec in good agreement with the known values. Fig-
ure 3 shows the flight-time distributions with the
straight lines corresponding to the fitted lifetimes.
The Q(l) distributions are shown in Fig. 4(a)-
4(d).

For a K~ or A of known momentum, the labora-
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tory opening angle of the V and the momenta of
the decay secondaries depend only on the decay
kinematics. We have studied the III(cos8*) dis-
tributions, where 8* is the angle between the posi-
tive secondary and the neutral particle in its own
rest frame for successive cuts on the laboratory
momenta of both positive and negative secondar-
ies and for cuts on the laboratory opening angle.
We find that the following selections are neces-
sary: for Kso decay, P~,-&90 MeV/c and for A de-

—0.5 0
cos -0~+

0.5

FIG. 6. Detection efficiency as a function of cos&,
after the cuts have been made on (a) k&p Ã~&p, (b)

Kl,p A~', and (c) Kl.p Z x' Monte Carlo events.
The curves are the average inverse weights calculated
as discussed in the text.
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PIG. 5. The distribution of weights used in (a) K j~,
(b) &~', and (c) Z ~' channels.

cay, P~&140 MeV/c and P, &90 MeV/c. -For both
decays, events with opening angle &145' were re-
moved. The Q(cos8*) distributions are shown in
Fig. 4(e) -4(h).

The distribution of combined weights is shown

in Fig; 5. These analytic weights were checked
by generating Monte Carlo events in each channel
and applying the same cuts as were applied to the
real data. Figure 6 shows the comparison between
the distributions of the cut Monte Carlo events as-
a function of center-of-mass scattering angle with
the curves of the detection probability calculated
from the analytic weights. Figure 6(a)-6(c) cor-
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respond to the three final states EP~p, Am', and
Z m', respectively. The agreement between the
Monte Carlo and the calculated detection probabil-
ity is good in all cases.

To study the effect of the cuts on the hyperon
polarization measurement, five sets of Monte
Carlo events were generated in each of the m'A

and m'~0 channels. In each set a different value
of polarization was generated w'hich was taken to
be constant across the scattering angular distri-
bution. The Monte Carlo events were then
analyzed using the same procedure that was used
for the data. The A polarization is given by

Pz (3/az=N) f case,.w, ,
g =1

(5)

where N is the number of events, nh is the asym-
metry parameter, m; is the weight of the ith event,
and 8; is the angle in the'A rest frame between the
decay proton and the normal to the production
plane

The average ~ polarization is

(9/n~iv) g -f:os((; easy,.w, ,
f, "-1

(7)

where P is the angle between the A and the normal
to the production plane in the ~' rest frame andy
is the angle between the proton and the A direction
in the A rest frame. We observed that the selec-
tions systematically shifted the calculated polar-
ization from the input values. The shift was inde-
pendent of the center-of-mass scattering angle.
The calculated polarization after cuts P, was fitted
to a polynomial expansion of the input polarization
P„

III. RESULTS

A. Cross sections

/. Novmalization method

In order to determine the EC~ flux, we have used
events assigned to the decay mode K~-m'm mo and
used the branching ratio I'(K~-v'm mo)/I'(K~- All)

found in this experiment. ' The cross section for
channel i is then given by

A linear term gave a good fit and we found P, (A)
= (1.145+0.007) P„(A) and P,(Z') = (1.051+0.017)P„(&')

channel i and the number of m'm m' decays within a
common fiducial volume, M~ and P~ are the mass
and mean momentum of the K~, & is the E~ mean
lifetime, andn~=(8. 67+0.07)x10 ' (mbcm) ' is the
number of protons per unit volume. The c's are
the efficiencies discussed below, f is the branch-
ing fraction of Z~ into the m'm' m mode, and g; is
the visible decay fraction of the neutral decaying
particle, gA =0.642+0.005 and g~o =0.68%0.003.

2. Efficiencies

Since we have normalized the strong-interaction
events that have a 1-prong plus Vo topology (N], V)
to Ko~- v'v m' decays (Vo topology), we have calcu-
lated scanning and measuring efficiencies sepa-
rately for the two classes of objects. The scan-
ning efficiencies were determined from a double scan
of $5% of the film. We found for the N1V's effici-
encies of 78%%uo for a single scan and 95%%uo for the
double scans, while for V"s we found efficiencies
of 87% and 98%%uo, respectively.

We have also calculated the reconstruction and
fitting losses separately for the two topologies.
From theN1V events, we rejected those which
only gave fits to a scattered K~. We also rejected
events which after two measurements only gave
one-constraint (1C) or SC decay fits, but no pro-
duction fits to reactions (1)-(4). These were de-
caying neutrals from three-body final states such
as K~ Pv', &0m'vo for the SC case or three-body K~
decays or decays in which the wrong recoil had
been associated with the V' for the I.C case. Fin-
ally, events which gave no fits to K~ or A decay
were rejected. In the V' topologies, events which
gave no three-body decay fits after two measux'e-
ments were rejected as resulting from scattered
K~'s. The throughput efficiencies were 96/0 for
V 's and 87%%uo for N1V's.

We have also made corrections for forward scat-
tering losses. In the center-of-mass interval 0.9
&cos8*&1.0 the detection efficiency after cuts was
so low that we deleted this bin from the data and
corrected the cross sections by extrapolating to
cos8*=1.0 using the fitted Legendre-polynomial
coefficients.

In the reaction K~P-Ko+, forward scattering
corresponds to having a short proton recoil. At
an incident K~ momentum of 550 MeV/c, the de-
tection efficiency for the recoil proton may be low
even outside of the forward bin, which we have de-
leted. We have recovered these events by fitting
all V candidates to the reaction

Mr &3w f
&i =

N3~ P~C7np &g g;' (9)
K', P-K', (P)

where N, andN„are the number of interactions in where the recoil (p) was unmeasured. About 65%%ug
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TABLE I. Summary of cross sections.

Channel
Raw

events
CLit

events
Weighted

events Events/mb
Correction for

cos 0 *&0.9
Cross section

(mb)

@~op -z,'p
Run 1
Run 2
Total

Ki'p —A

Run 1
Run 2
Total

a~op -z'g'
Run 1
Run 2
Total

Erp Ax xo

Run 1
Run 2
Total

607
3613
4220

371
2481
2852

364
1931
2295

64
465
529

431
2733
3164

254
1823
2077

276
1485
1761

42
354
496

713.
4327
5040

438
2997
3435

386
2405
2791

69
568
637

229
1473

213
1362

213
1362

213
1362

1.032

1.132

1.060

3.06 + 0.34

2.47 + 0.27

1.88 + 0.21

0.40 + 0.05

of the events fitting this reaction were ambiguous
with three-body K~ decay. However, we edited a
subsample of the events and found no recoils as-
sociated with any of the ambiguous events. These
ambiguous events were therefore assumed to be
Z~ decays. A predicted recoil was calculated for
the unique events and if the editor found a recoil,
the predicted length was compared to the actual
length. The distribution of predicted and actual
lengths agreed well, although for a few events for
which the predicted length was long (&10 cm), the
editor found no long recoil. These were probably
K~ p K~p events from a scattered K~. The total
correction for loss of events with short proton re-
coils was 5.5'%%uo of the KP events.

B. Differential cross sections of the two-body final states

A preliminary analysis of the two-body reactions
(1)-(S) averaged over the K~ momentum spectrum
ha. s been reported. ' We present here the results

0.6

0.4-
M

3. Results

0.3"

. The event numbers, corrections and cross sec-
tions measured are summarized in Table I. The
errors on the cross sections include the statisti-
cal error (2.2%%uo), normalization error (4.6%), and
the uncertainty on the correction for coso*&0,9
(0.5%). We have also included an additional 10'%%uo

to allow for systematic effects in the normaliza-
tion. Contributions to the systematic uncertainty
include the contamination in two-body channels
from three-body reactions K~ p-Z~ pm', E~nm',
Z m'm, contamination in the Am' sample from
~ r' and vice versa, and the presence of decays
of scattered K~'s in the K~ m'm m events.

0.2-

0. 1-

0.0
0. 5

I I
—1 —0.5 0 1

cos 8KO

FIG. 7. Differential cross section for KzP KsP The
curve is the result of the second-order fit given in Table
II.
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(l2)

from the final data sample. The differential and
polarization cross sections can be expressed as a
sum of polynomials

max—=x' Q A, P, (z) (II)
)=0

P ~=+ BP'
where P, and P, ' are the Legendre and first as-
sociated Legend're polynomials and z is the cen-
ter-of-mass scattering angle. Equations (ll) and

(12) were fitted to the data using the maximum-
likelihood method in order to extract the coeffi-
cientsA, /Ao and B,/Ao. The data are shown in
Figs. V-9. For K~P K~P, the polarization of the
recoil proton was not measured. The curves
drawn on the figures represent the best fit to the
data. The data as well as the results of the fits
of order I —4 are listed in Tables II—IV. The KzP
and ~ 7I' data were adequately fit by second-order
expansions, while the Am' data required a fourth-
order fit.
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FIG. 9. (a) Differential cross section and (b) polarization cross section for Kz P ~ m+. The curves are the result
of the second-order fit given in Table IV.
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TABLE II. (a) Differential cross section for the reaction KzP KzP. (b) Hesults of Legend-
re-polynomial fits.

cos 0Eg
(a)

do mb

—0.95
—0.85
-0.75
-0.65
—0.55
—0.45
—0.35
—0.25
—0.15
-0.05

0.05
0.15
0.25
0.35
0.45
0.55
0.65
0.75
0.85

0.55+ 0.05
0.52 + 0.04
0.38 + 0.03
0.38 + 0.03
0.31+ 0.02
0.29 + 0.02
0.29 + 0.02
0.25 + 0.02
0.23 + 0.02
0.20 + 0.02
0.16 + 0.02
0.14 + 0.02
0.17 + 0.02
0.15+ 0.02
0.14 + 0.02
0.15 + 0.02
0.16 + 0.02
0.16 + 0.02
0.16+0.02

1st
order

(b)
2nd

order
3rd

order
4th

order

A)/Ap

A2/Ap

A, /Ap

A4/Ap

—0.67 + 0.03

0%

—0.71+0.04

0.51+ 0.05

65%

—0.73 + 0.04

0.51+0.05

—0.06 a 0.06

61%

—0.72 + 0.04

0.51+ 0.05

—0.06 a 0.06

0.02 a 0.07

53%

C. Energy dependence of two-body cross sections

We have also calculated the partial cross sec-
tions and theA, /A, and B,/A, coefficients as a func-
tion of beam energy. ln order to measure the en-
ergy dependence of the cross sections, the K~
spectrum was determined from a Monte Carlo cal-
culation based on the known m beam energy and
the beam geometry. This calculated spectrum
was compared to the OC spectrum measured from
E~-m'm m

0 decay and found to have the same mean
value and width. The ratio of the fitted momentum
spectra of each strong interaction channel to the
calculated spectrum was then used to obtain the
cross sections as a function of beam energy. The
overall normalization was obtained as discussed
in Sec. A 3. Our cross-section measurements,
which are shown in Fig. 10(a)—10(c), are in agree-
ment with those of other experiments.

The results of the fits to the A, /Ao and B,/A, co-
efficients and the individual cross sections can be

found in Ref. 5. The differential and polarization
cross sections for the three reactions are shown
in graphical form in Figs. 11-13.

D. Three-body final state An+m

In the reaction K~P Am'mo, I',*(1385)production
is possible through a pure isospin-1 channel. The
amplitudes for production of Y,*'m~ and Y,*'m' are
equal in magnitude and opposite in sign. Because
of background problems and the small event num-
bers, we have made only a rough measurement of
the Y,*m content of this final state. Using the maxi-
mum-likelihood method, we have fit the expres-
sion

2 2
2dM 2 x++2ITA ol ++slTAw' I

A ff+ Atfo

to the Dalitz-plot density, where n, +n, +e,=1.
We. have not included interference terms since
the region of overlap of Y,* and Y,* production
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TABLE ?If. (a) Differential and polarization cross sections for the reactionK&pp Ax+.
Q) Results of Legendre-polynomial fits. '

cose ~+

4)
d(T m@ da mb

-0.95
-0.85
-0.75
-0.65
-0.55
-0.45
-0.35
—0.25
-0.15
-0.05

0.05
0.15
0.25
0.35
0.45
0.55
0.65
0.75
0.85

0.09+0.01
0.11+0.01
0.10+ 0.01
0.13+ 0,01
0.13+ 0.01
0.13+ 0.02
0.10 + 0.01
0.11+ 0.01
0.11+0.01
0.12+0.01
0.15+ 0.02
0.17+ 0.02
0.20 + 0.02
0.22 +0.02
0.25 + 0.02
0.27 + 0.02
0.33 +0.03
0.36 + 0.03
0.42 + 0.04

-0.01+0,03-
—0.05 +0.03

0.02 +0.03
-0.01+ 0.04

0.01+0.03
-0.04 + 0.04

0.02 +0.03
0.08 +0.03
0.04+ 0.03
0.01+ 0,03
0.05+0.04
0.06 + 0.04
0.05+ 0.05
0.04 + 0,05
0.04 +0.05
0.11+ 0.06
0.04 + 0.06
0.09 + 0.07

-0.06+0.08

1st
order

(b)
2nd

order
3rd

order
4th

order

A.g/Ap

A, /Ap

A3/Ao

A4/A. o

Bg/Ao

82/&p

as/Wp

B4/Ap

0.65 + 0.03

0.18+ 0.08

0.82 + 0.04

0.50 + 0.05

0.25+ 0.14

0.14 + 0.05

0.88 + 0.04

0.59+ 0.06

0.22 + 0.06

0.23 + 0.07

0.11+ 0.06

-0.05 ~ 0.05

0.85+ 0.04

0.54+ 0.07

0.13+ 0.08

—0.14 +0.08

0.23 + 0.07

0.11+0.06

-0.05+ 0.05

0.00 +0.04

&(x ) 0% 87% 95%

lies mostly outside of the Dalitz-plot boundary at
our beam momentum. Charge symmetry requires
n, and n, to be equal. The resonant amplitude
was parametrized as

c~r,
~=(~ ~)

'
p/2

l'= l'0&i(&» (&4)

with E~ and I'0 fixed at I,382 GeV and 0.036 GeV,
respectively, ~~ the partial width for decay of the
resonance into Am, J3,(q} the centrifugal-barrier
factor, and C a normalization constant chosen so

that )Tt'=l at resonance.
The fit gave a2= +3=0.306+0.041., where n, was

constrained to equal n, . Figure 14 shows the
Am'm Dalitz plot and the solid curves show the
phase-space distributions modified by resonant
amplitudes. The curves fit the projections with a
combined y'/DOF of 97.9/54. Thus, we estimate
the cross section o(K~P Y',*w} using the Am'wo

cross section listed in Table I to be 0.28+0.10 mb.
The error only includes contributions from the
error on o(Id~p-Am'm') and the fitted error on n.,
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TABLE IV. (a) Differential and polarization cross section for the reactionKlpp —Z z'.
(b) Results of Legendre-polynomial fits.

cos 8~
da mb

(a)
da' mb

-0.95
-0.85

0.75
-0.65
-0.55
-0.45
-0.35
-0.25
-0.15
—0.05

0.05
0.15
0.25
0.35
0.45
0.55
0.65
0.75
0.85

0.23 + 0.02
0.16+0.02
0.16 +0.02
0.17+ 0.07
0.15+ 0.02
0.16 + 0.02
0.16 + 0.02
0.15+ 0.02
0.15+0.02
0.12 + 0,01
0.14 + 0.02
0.14+0.02
0.15+0.02
0.12 + 0.02
O.13+ 0.02
0.17+0.02
0.13+ 0.02
0.18 + 0.02
0.15+0.02

0.08+ 0.08
-0,02 + 0.08

0.08 + 0.06
-0.01+0.06

0.07 + 0.06
0.02 + 0.06

-0.01+0.06
-0.04+ 0.06

0.07 + 0.06
0.00+ 0.05
0.15+ 0.06
0.02 + 0.06

-0.01+0.05
0.04 + 0.05
0.00+ 0.06

-0.05 + 0.07
0.08+ 0.07
0.04 + 0.08

-0.14 + 0.08

1st
order

2Ild
order

3rd
order

4th
order

Ag/Ap

A2/Ap

A3/Ap

A4/Ap

a, /Ap

82/A p

B3/Ap

B4/A p

&(x ')

-0.10+0.04

0.26 + 0.18

13%

-0.07 + 0.04

0.23 +0.06

0.26 +0.17

-0.08 +0.13

-0.09+ 0.05

0.21+ 0.06

-0.06 + 0.08

0.25 + 0.16

-0.08 + 0.13

-0.08+ 0.11

35%

-0.07 +0.05

0.23 +0.07

-0.05 +0.08

0.06 +0.09

0..26 + 0.17

-O.1O + 0.13

—0.10+0.11

-0.16 + 0.10

23%

and n, and does not include systematic effects of
contamination by background events. The contri-
bution to background of &0m'm events from reso-
nance production is expected to be smaQ since
the branching fraction for decay of Y,* into Zm is
only 0.&2. However, the nonresonant ~ m'mo cross
section may be as large as the nonresonant Am'm

cross section.

E. Phase of the fonvard regeneration amplitude

The phase of the forward regeneration amplitude
was measured using our data and the total-cross-

section measurements of K'n (Ref. 14) and Kn
(Ref. l5),

The phase angle is defined as

where T~ and T, are the real and imaginary parts
of the scattering amplitude. The imaginary part
of the amplitude for K+0-K0~P is related to the
total-cross-section difference

r, (t=O)= ~ [o,(Kn)-~, (Kn)).



18 STUDY OF THE REACTIONS Xz p + Ks p' Am
&

Z

10-

LUERS
MEISNER
HAW KINS
SLAC
TAHD
BEGPR
THIS EXPERIMENT

10-

(b)LUERS
MEISNER
HAWKINS
SLAC
TAHD
BEGPR
THIS EXPERIMENT

b,4 b 4

L

T

1 I I I I I I0.2 0. 3 0 4 0. 5 0.6 0.7 0.8 0.9 1

K L MOMENTUM (GeV/c)

I I I I I I0.2 0.3 0.4 0. 5 0.6 0.7 0.8 0.9 1

KOL MOMENTUM (GeV/c)

(c)LUERS
MEISNER
HAWKINS
SLAC
TAHD
BEGPR
THIS EXPERIMENT

T

& "H~g

1 W
T

T

I I 1 I I I I0.2 0.3 0.4 0. 5 0.6 0.7 0. 8 0.9 1

K l MOMENTUM (GeV/c)

FIG. 10. Cross-section measurements below 1 GeV/c for (a) Kzp Kg, (b) Ezp —7l'A, and E'c) KL p —n+~ .

Then we define

= —,T '(t=0)do'

dt ~pg p

or

tang= +

do'

dt t 0-1
do'

t op

(20)

(A.,/Ao) P, (1.0)
t=o +0

(18)

since P, (1.0)=1.0. Then, from (15), (1V), and
(18),

do do
2 +1dt, , dt „, tan'Q (19)

where p and q are the center-of-mass momenta
of the K~ and K', respectively. The differential
cross sections at t =0 can be expressed as a sum
of Legendre polynomials

Dispersion relations and Regge theory require
Tz(t =0)/TI(t =0) to be positive, while TI(t =0) is
found experimentally to be negative from the total-
cross-section difference d'or. Thus, P must lie
in the third quadrant, and we choose the negative
square root.

For this measurement, we have divided out data
into five energy bins and used the Legendre ex-
pansion determined from a maximum-likelihood
fit over the interval -1.0&cos8*&0.9 to give the
cross sections at cos8*=1. The results of the fits
are given in Table V. Also given in the table are
the quantities used to calculate the phase angle.
The quantity y is defined as
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FIG. 11. Differential cross section for Xzp-Kzp as a function of C.M. energy for the different average K~ Lab mo-
menta shown.

Note that y must be positive in order to obtain
physical solutions for Q. In other words, the

(2l)

(22)

minimum value of (dcjdf)), 0 is the optical point
where T~=O. The corresponding upper bound on
the phase angle is -90'. The lowest-energy bin
in our data gave an unphysical solution, and we
found only a lower bound on @ given by

t n-1( +g~)-1/2
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FIG. 14. Dalitz plot for the reaction XLp A7r'~ and the mass-squared projections. The curves are the phase-apace
predictions modified by resonant amplitudes.

The phase angle is plotted in Fig. 15 along with
the results of the Bologna-Edinburgh-Glasgow-
Pisa-Rutherford (BEGPR} (Ref. &3} experiment.
The results of the two experiments are in agree-
ment.

IV. DISCUSSION

We have compared our preliminary data to pre-
dictions of various partial-wave analyses. ' We
will not repeat the detailed comparison here but
only make some general remarks. Since the reac-
tion K+ Kozp involves three amplitudes, many

combinations are possible. However, in the
1540-1610 MeV mass region, the KV, I =1 analy-
ses give very similar results, while the KN, I =0
analyses give essentially two different solutions.
One of these solutions has a resonant P,~, partial
wave around 1780 MeV. The AN system has many
resonances. The KV data have been parametrized
in various ways and while the analyses agree on
the masses and widths of the most prominent-
states, they disagree on the existence and proper-
ties of less strongly produced ones.

We have compared the predictions of four of the
recent analyses of the KV system" "combined

TABLE V. Phase of the forward regeneration amplitude.

&Igp& {MeV/c)
L

480

514

537

586

0 (mb)

4.1+0.3

3.9 +0.3
2.9 + 0.3

2.5+ 0.3

3.2 + 0.3

-0.089 + 0.38

0.68 + 0.28

0.73

p.78 +0.24

p.81 +0.20

da mb
d t '

g
—

p (GeV/c)

-1.10+4.7

6.1 +2.6
5.3 +1.7
4.5 +1.4
5.7 +1.5

do mb
dt oIr (GeV/c)

0.96 + 0.26

0.47 + 0.03

0.64 + 0.07

0.77 + 0.08

0.71+0.06

2+4
1640 + 6 i8

2.&
16Po + 5.0

3.51550 + cy2

~ 2.5]590 + 3 ~ 8
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FIG. 15. Phase of the forward regeneration amplitude
for low Kl. momenta.0

with three AN amplitudes. These are solutions of
BGRTA (Ref. 20) (nonresonant), of BGRT D (reso-
nant), and of Martin. " The latter is similar to
BGRT D but does not demand a Z*(1780). The pre-
dicted coefficients A, /A, for these different com-
binations of solutions are presented in Table VI.
We note: (a) the BGRT D and MartinI =0 amplit-
tudes are very similar and fit the data better than
the BORT A solution. The latter has a positive
S,~, wave which interferes destructively with both
the KV, 1 = 1 S,~, wave which is large and negative,
and the AN S,i, wave which has a positive real
part. This interference gives cross sections
which are too low. (h) In the forward direction,
our data are flat or only very slightly peaked.
Two of the predictions of AN analyses~8, i9 produce
forward peaks by the presence of a positive A3.

This comes from P,~, interfering with the positive
tails of the D, ~,(1756) and D, &,(1670) resonances.
These two solutions require a P~, resonance
around 1640-1670 MeV. Since our data are flat,
it suggests either a higher mass or narrower
width for this state. (c) None of the predictions
fit the data very well since they do not reproduce
the large negative A, coefficient seen in the data.

The Aw' and Z'm' states are produced via a pure
I = 1 amplitude in the AN system. While data from
EP-Aw is also pure I =I., K p-Z m' involves both
I=O andI=1 so theI =& part must be unfolded us-
ing K P ~ m data. With one exception, "all of the
KV partial-wave analyses have used only K P data
as input. The A, /A, for the Am', channel are given
in Table VII for the various analyses. Since only
one isospin channel is involved, there is fair
agreement among the predictions in l (2 coeffi-
cients and in the cross sections. However, the
RLIC solution reproduces some features of the
data which the others do not. TheA, coefficient
is more negative, in better agreement with the
data producing the slight backward dip seen in the
differential cross section. The B, coefficient,
responsible for producing the negative backward
dip in the polarization, is more positive resulting
from P,i, -P3~, interference. The shape coefficients
for the ~'w' channel are given in Table VIII. The

Ay and A. , are too large in the Martin-UCL pre dic-
tion. TheA, results mostly from S,~,-P~, inter-
ference, while A, results from S~, interfering
with both D waves. In RLIC, B, is positive in
contrast to the other predictions and to our data.
This coefficient results from Q, D, ~, interfere-nce.

We concluded in a previous publication' that we

TABLE VI. Model predictions of the differential cross section forÃ~p Kqp. For
definitions of amplitudes, see Refs. 16-21.

Amplitudes

Martin-RLIC
Martin- LW
Martin- CHS
Martin- UC L

0 (mb)

4.14
3.88
2.77
3.56

A.,/Ap

-0.304
—0.399
-0.377

0.046

A.2/Ap

0.548
0.058
0.538
0.403

A3/Ap

-0.061
—0.045
-0.407

0.065

A4/Ap

-0.004
—0.002
—0.041
-0.246

BGRT D-RLIC
BGRT D-LW
BGRT D-CHS
BGRT D—UCL

4.18
3.85
2.65
3.51

—0.347
-0.406
-0.455
-0.086

0.432
0.017
0.592
0.356

0.006
-0.015
-0.319

0.229

—0.020
-0.003

0.006
-0.248

BGRTA-RLIC
BGRTA—LW
BGRT A-CHS
BGRTA-UC L

2.70
1.94
1.42
2.19

—0.307
—0.307
—0.339
-0.588

0.325
0.173
0.570
0.417

0.265
-0.060
-0.145

0.888

0.156
0.043
0.407

-0.083

This
experiment 3.05 + 0.34 -0.72 + 0.04 0.51a 0.05 —0.06 + 0.06 0.02 + 0.07
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TABLE VII. Model predictions of (a) the differential cross section and (b) the polarization
cross section for Xzp Am+. For definitions of amplitudes see Refs, 4 and 17 19.

Amplitudes 0 (mb) Ag/Ap A2/Ap As/Ap A4/Ap

RLIC
LW
Litchfield
UCL

2.96
2.67
3.09
2.93

1.046
0.995
1.026
1.023

0.824
0.835
0.856
1.216

0.410
0.104
0.434
0.641

-0.087
—0.001

0.038
,0.216

This
experiment 2.47 + 0.27 0.85 +0.04 0.54 + 0.07 0.13+ 0,08 -0.14 + 0.08

Amplitudes

RI IC
LW
Litchfield
UCL

Bg/Ap

0.253
0.183
0.105
0.520

(b)

B,/A,

0.097
0.050

-0.122
0.232

B3/Ap

—0.048
-0.001
-0.193

0.079

B4/A,

—0.001
-0.000
—0.038

0.005

This
experiment 0.23 + 0.07 0.11a 0.06 -0.05+ 0.05 0,00 +0.04

do not see evidence for a narrow D, i, state at
1580 Mev, Data were presented which showed no
structure in the cross sections or coefficients

A, /A and B,/Ao in any of the channels Eg, Aw',

or Zow'. Recent results from the BEGPR (Ref.
13) collaboration experiment also confirmed this
conclusion. In particular, the A, andA4 coeffi-

cients in the ~m' channel, where the resonance
effects are supposed to be the strongest, do not
go from negative to positive values at the reso-
nant energy. The data presented here show that
although there is a dip in the forward direction. at
one energy, there is no striking change from a
forward dip to a forweak peak as the data go

TABLE VIII. Model predictions of (a) the differential cross section and (b) the polarization
cross section for EJ g g'. For definitions of amplitudes, see Ref. 16-l9.

(a)
Amplitude 0 (mb) Ag/Ao A.2/Ap A3/Ap A4/Ap

RLIC
LW
CHS
UCL

1.84
1.61
1.73
1.40

0.047
-0.055
-0.425
—0.484

0.457
0.312
0.479
0.568

0.019
-0.119

0,134
-0.019

0.007
0.006
0.025
0.002

This
experiment 1.88 + 0.21 —0.07 + 0.05 0.23+0.07 -0.05+ 0.08 0.06+0.09

Amplitude o

(b)

B,/A p B3/Ap B4/Ap

RLIC
LW
CHS
UCL

0.529
0.366
0.316

-0.223

0.060
0.156

—0.198
-0.123

0.032
—0.197

0.028
-0.107

0.009
0,003
0.006
0.018

This
experiment 0.26 +0.17 -O. IO +0.13 -0.10+0.11 -0.16+0.16
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through 1580 MeV. The K~P and ~ m' differential
cross sections also show no strong energy-depen-
dent effects.

V. CONCLUSIONS

final state, the cross section o(K+-&(&385)w)
was found to be (0.28+0.10 mb). Finally, the
phase of the forward regeneration amplitude was
measured and found to be constant at about -160
in this energy range.

We have measured the differential cross sec-
tions and polarization cross sections for the reac-
tions K~P KsP, Aw', and ~ m' in a hydrogen bub-
ble-chamber experiment in the center-of-mass
energy range 1540-1610 MeV. A comparison of
our results with the predictions of various partial
wave analyses of the KV and KV systems shows
that the BGRT-D and Martin solutions in the KV,
I=O system are in better agreement with the data
than the BGRT-A solution. The energy dependence
of the same reaction cross sections shows no evi-
dence for a D, ~, state at 1580 MeV. In the Am'w'
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