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We have used an optical spark-chamber spectrometer to perform a systematic study of the reaction
m p —

~ AK' at beam momenta between 930 and 1130 MeV/c. The cross section, angular distribution,
and A polarization have been measured. We present our complete data from a sample of 11400 events

along with Legendre polynomial coefficients for the angular distributions. No striking cross-section
enhancement at XK threshold is observed, but there is evidence for a small cusp effect. A simple

model which takes account of the XK channel provides a good fit to our data.

The total and differential cross sections and
the angular distribution of the polarization have
been measured for the reaction m P-AI3,"' near
the threshold for v p -ZK (1033 MeV/c). We
present here our complete data; sample A, 3000
events collected at 1025 MeV/c as a calibration
for a study' of A-pe v, and sample B, 8400
events collected at 14 beam momenta between 930
MeV/c and 1130 MeV/c in a, search for a cusp
effect at ZK threshold. '

It has been suggested by Wigner' and others' '
that, on the basis of the unitarity constraint, one
should expect all channels to be influenced by the
onset of a new channel. These threshoM, or cusp,
phenomena are usually small; however, some ex-
amples have been found in reactions with nuclei"
and in m~ scattering at KK threshold. " Several
experiments" "have studied the reaction v P

A+ near Z+ threshold; however, the results
are inconclusive. In the most recent experiments,
Van Dyck et al."found a cross-section enhance-
ment about 10 MeV/c below threshold; while in
another experiment, Jones et al." saw no effect.
We observe a small dip in the n P-AK' cross sec-
tion, o(AK), and a corresponding increase in the
A production asymmetry at ZK threshold. We
have fitted our data with a simple model based on.

the S»(1700) wN resonance. Inclusion of the effect

of the ZK threshold results in good agreement
with the observed structure.

I. PION BEAM

The experiment mas performed at the Argonne
National Laboratory Zero Gradient Synchrotron
(ZGS). Negative pions were produced by 12-GeV
proton interactions in a beryllium target. A two-
stage configuration of magnets (Fig. 1) was used
to select momentum and focus the negative beam
on a 2.54-cm. diameter liquid hydrogen target.
The beam momentum (near 1025 MeV/c) was cali-
brated for several magnet current settings with a
positive beam by measuring the z'-deuteron time-
of-flight difference and the deuteron range. " The
uncertainty in the central momentum from these
measurements, including energy loss straggling
in the hydrogen target, was + 3 MeV/c. Other
beam momenta were obtained by linearly scaling
the field of the second bending magnet and tuning
the first to maximize the beam incident on the
target.

The momentum acceptance was controlled by an
adjustable collimator at the first focus of the beam
transport system (see Fig. 1). The momentum
acceptance for data. sample A was +12 MeV/c,
and for sample B was + 6 MeV/c, including energy
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loss in the hydrogen target. A CQ, gas Cherenkov
counter inside the last quadrupole magnet was
used to veto the 20/o electron component of the
beam. The muon component of the beam was mea-
sured to be 3%%d at 1025 MeV/c. " Typically the in-
stantaneous beam rate for samples A and B was
1.0+0.2 and 0.3+0.5 MHz, respectively.

II. EVENT DETECTION AND TRIGGERING

The apparatus (Fig. 2) consisted of a liquid hy-
drogen target surrounded by a veto counter and
imbedded in an array of optical spark chambers
immersed in the field of a magnet with 100 cm
gap. " Counters on either side of the magnet de-
tected the A —pm decay products. Above ZK
threshold we detected A's from m P -Z'K' (Z'- Ay)
in addition to directly produced A's from z p

AK'. The Z'&' events were separated by kine-
matic analysis.

A beam telescope (C1 Bl ~ B2 ~ B3 ~ B4) and the

target veto counter (T) selected pion interactions
in the target which resulted in neutral final states
(neutrals). Protons from A decay were detected
in counter P1 and in the 7-element hodoscopes
P2 and Z3. A water Cherenkov counter (C2) was
used in anticoincidence to reject fast particles;
e.g. , positrons from y conversion or w's from K'
decays. The proton momentum, typically 600
MeV/c, was analyzed by the field in the magnet
gap (central value 5.73 kG). The A-decay pion
was detected in the 6-element hodoscope (EH) on
the opposite side of the magnet, and its momen-
tum, typically 100 MeV/c, was analyzed in the
magnet's fringe field. Our three trigger compo-
nents thus were: (neutral production)
=CT Bl B2 B3 B4 ~ T, (proton)=Pl. P2 P3 ~ C2,
and (pion)=EH. These three requirements —neu-

tral production, a slow particle on the proton
side of the magnet, and one particle on the pion
side —combined to provide an effective trigger
for the spark chambers.

BEAM
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III. DATA COLLECTION

The plan and elevation views of the spark cham-
bers were recorded on 35-mm film through in-
dependent optical systems" with a 90' stereo an-
gle. Fiducials were located at 5-cm intervals
alongside each chamber and used to eliminate
large-scale optical distortions. A data box, photo-
graphed simultaneously, contained the frame and
run numbers and lights indicating which hodoscope
counters were involved in the event trigger.

The time of flight for each of the A-decay pro-
ducts was recorded by photographing two 4-gun
cathode-ray tubes. " A pulse pair was displayed
corresponding to signals from each end of the 6

EH and 7 P2 counters. An initial time marker was
taken from beam counter B2 (see Fig. 2). The
time scale was calibrated with a 50-MHz sine
wave once every 100 frames, and zero-time con-
stants were established using e'e pairs (P =1).
The time-of-flight resolution after removing path
length differences was + 1 nsec.

The events in data sample A were collected
along with A-pe T data during several long run-
ning periods. The beam momentum for this data
was 1025 MeV/c. Data sample B was obtained in
two weeks of running, during which background
and beam rates were quite uniform. As a safe-
guard against systematic errors, three passes
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FIG. 1. Beam transport system. The intensity of
protons incident on the beryllium target just upstream
of Q1 was monitored by the "90'"counter telescope.
An adjustable collimator located at the first focus deter-
mined the momentum acceptance.

FIG. 2. Plan view of the apparatus showing a typical
A p7I event. The gas Cherenkov counter Cl was used
to veto electrons in the beam. Counter B4 has a 2.54-cm
hole and was used in anticoincidence. The trigger re-
quirements are: neutral production
=C1 Bl B2'B3 B4'7.', proton=P1'P2 P3 C2,
and pion = EH.
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were made over the momentum interval 930 to
1180 MeV jc. Calibration and background informa-
tion was obtained from data taken with the beam
momentum set below AK' threshold, and at several
momenta with the target empty. Beam-track pic-
tures were used to measure the average length of
beam particles in the target, and cosmic-ray pic-
tures were used to check the alignment of the
spark chambers.

IV. DATA PROCESSING

The film was scanned twice. Scanners were in-
structed to look for vees —events consisting of a

pair of tracks having the correct charge and orig-
inating in a specified region around the target. It
was also required that these tracks could be ex-
trapolated to within half a counter width to the
hodoscope counter which produced the event trig-
ger. This double scan found vees in about 20%%up

of the frames with an efficiency &96%%up. A typical
pair of spark-chamber pictures is shown in Fig.
3.

At this point, the film for sample B went direct-
ly to be spark measured (see below) while that
for sample A was processed in parallel with the

AP data. For data sample A, the 8-gun oscillo-
scope film was measured on image plane digit-
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FIG. 3. Plan and elevation view spark-chamber picutres. Images of several chambers have been displaced to fit
within our 35-mm film format.
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izers. A cut was imposed on the positive-parti-
cle time of flight to reject positrons. Typically
75% of the frames survived this cut with a loss of
less than 4% of the APm events. The spark-cham-
ber film was measured on image plane digitizers
with a least count of 0.007 cm (real space equiva-
lent) .

For data sample B, vees found by the scanners
were digitized by Alice, "a general-purpose fly-
ing spot scanner coupled to a PDI'-10 computer
at the Argonne National Laboratory Applied mathe-
matics Division. The film was measured in two

passes, the second of which was aided by a hand-
drawn sketch of the correct sparks to ensure high
measuring efficiency (&96%). Beam tracks were
measured only for those frames which contained
a single unobscured beam track. About 20% of the
events did not have a beam track measurement,
and the appropriate correction has been applied
in the cross-section calculation.

For both samples A. and B spatially reconstructed
spark positions along the two tracks of the vee
were fit simultaneously to determine the particle
momenta. " In this procedure the tracks were re-
quired to have a common vertex. The y' minimi-
zation procedure included the effects of spark and
fiducial measuring errors, multiple Coulomb
scattering, spark staggering, and momentum
loss (assuming the particles to be a proton and
m ).

V. EVENT SELECTION

During the scanning and measuring process
essentially all the nonvee frames were eliminated.
The remaining sample of Ape events, e'e pairs,
and v P scatters were subjected to the criteria
listed in Table I. The three constraint quantities
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for m P -AK' were taken to be the invariant mass
of the vee (assuming m and P), the momentum of
the A transverse to the production plane, and the
missing mass recoiling from the A. Histograms
of these quantities are shown in Fig. 4. The miss-
ing-mass plot in Fig. 4 shows the separation of
AK' and Z'K' events. A cut on the missing mass
at 535 MeV/c results in less than 2% contamina-
tion of the AK' sample by Z'K' events. Compari-
son of our value for the K mass with the present

TABLE I. Criteria used in selection of events.

(1) Decay fiducial volume outside the target veto counter.

(2) Decay products must not intersect the target veto
counter.

400—
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M„
(c)
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(3) Decay-pion range greater than the distance to the
pion hodoscope.

(4) Decay-pion momentum «170 MeV/c.

(5) 7t P effective mass between 1090 and 1140 MeV/c2.

(6) One measured beam track.

200—
AK

555
MeY/c X K

(7) Momentum of the A transverse to the production
plane ~70 MeV/c.

(8) Production vertex in the target fiducial volume.

(9) Missing mass at the production vertex,
(a) between 460 and 535 MeV/c for 7( p AK .
(b) greater than 535 Mev/c for 7I- p X~0.

I I I I I I I I I ( I I

450 500 550 MeV/c

FIG. 4. Constraint quantities: (a) Pion-proton invari-
ant mass; (b) momentum of the A transverse to the pro-
duction plane; and (c) the missing mass recoiling from
the A. A cut at 535 MeV/c2 in the missing mass is
used to separate AK and Z K events.
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world average confirms our beam momentum
calibration to within + 3 MeV/c.

VI. CROSS SECTIONS

o(AK) = A"
Q —(target empty) .

AK
(2)

The number of Ag' events is N«, B* is the effec-
tive pion flux including the corrections discussed
above for the neutrals cross section, l is the
length of hydrogen in the production fiducial vol-
ume, and Q is a correction for scanning and mea-
suring losses (5%) and for events without a mea-
sured beam track (20%). The detection efficiency
OAK was determined by a Monte Carlo simulation
which took account of the effects of the triggering
geometry, target escape efficiency, momentum
loss, multiple Coulomb scattering, and decays
in the flight of the pion. The efficiency for the A

to escape from our target is a sensitive function
of the A lifetime. We have used a lifetime value
of 7 =0.25 nsec. The following empirical formula
can be used to adjust the cross sections presented
here for a revised value of the A lifetime, 7.:

In determining total cross sections, the data
from sample A were not used because of the un-
certainty in the normalization. However, for de-
termination of the angular distributions and polar-
izations samples A and B are treated identically.

From the incident pion flux and the "neutrals"
counting rate, we have calculated the cross sec-
tion for v p -all neutral final states:

N 1
o(neutrals) = — -(target empty) .B*nl~Q„

Here n is the target density (0.42x10" protons/
cm'), lr is the total length of hydrogen (35 cm),
Q~ is the "neutral" detection efficiency and is 1
in this experiment, the number of "neutral"
counts is N, and the number of effective beam
pion counts is B*. Data taken at seven momenta
with the target empty determined the nonhydrogen
rates which we subtracted. In determining B*we
have included the following corrections: random
anticoincidences (10%), w interaction losses in-
cluding 5 rays which hit the target anticounter
(20%), beam divergence 'effects (20%), and muon
contamination (3/o)." The resulting cross sec-
tions are compared with those from other experi-
ments in Fig. 5 (see Refs. 22-28). Our statistical
errors are negligible; however, there is an over-
all uncertainty in the above corrections of about
a 5%. The agreement of our cross sections with
the world's data indicates the reliability of our
calculation of the effective pion flux.

Our m p -AK' cross section is calculated from

VII. POLARIZATION AND ANGULAR DISTRIBUTIONS

Parity conservation in the production process
requires that the A's may only be polarized along
the normal to the production plane, n =- A&& &. In
the parity-violating decay A-pm the angular dis-
tribution of the proton with respect to the A spin
ls

f(y) = —.'(1+oP cosy), (3)

where z is the decay asymmetry parameter"; P
is the A polarization, and cosP= nP, wher—e p is
a unit vector along the decay-proton direction. To
cancel symmetric biases, we have estimated ~
by the ratio of moments"

nP =(cosP)/(cos'P) . (4)

In this way the polarization P(cos8) was deter-
mined in each of 10 production cosine bins. (cos8
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FIG. 5. Cross section for 7t; p —neutrals (all neutral
final states). Our statistical errors are negligible;
however, we estimate the uncertainty in the over-all
normalization to be + 5%. The data are from the follow-
ing sources:, Ref. 22; L, Ref. 23; 0, Hef. 24;
V', Ref. 25; ~, Ref. 26, k, Ref. 27; V, Ref. 28; and ~,
this experiment.
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where p is the laboratory beam momentum in
MeV/c. For the branching ratio (A-pm-)/
(A-all states) we have used 0.640+0.005. The
resulting cross sections, together with those
from other experiments, are shown in Fig. 6(a)
(see Refs. 29—34). Our values are given in Table
II. Our quoted errors are statistical only; how-
ever, we estimate that there is a +15% uncertain-
ty in the over-all normalization. The uncorrected.
yield of A's from v P -Z'K' is shown in Fig. 7.
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=—m K in the production center-of-mass system. )
Qur Monte Carlo simulation shows no appreciable
bias on nP (i.e., &0.02}. Comparison of nP cal-
culated from A's produced to the left (spin up) and
from those produced to the right (spin down) also
shows no bias.

Our Monte Carlo simulation gives the detection
efficiency for all values of cos8 and is used to
correct for bias in the observed angular distribu-
tions. The efficiency functions are shown in Fig.
8 for several beam momenta. The corrected dif-
ferential cross section, o(e}, is normalized to
the integrated cross section calculated above and
is given in Table II together with the product
o(e)P(e). Also given is the average polarization
defined as

(P)= o(e)P(e)dn (e)dn,

and the production asymmetry, A~» =2(B —E)/
(B+E), where B and E are the numbers of A' s
going either backward or forward in the produc-
tion center-of-mass system. The cross section,
average A polarization, and the production asym-
metry are shown in Fig. 6.

The angular distributions expanded in Legendre
polynomials are
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These have been independently fitted for A, and
B„with l &3; higher terms are not significantly
different from zero. The coefficients are given
in Table III and are compared with the data of
Doyle" and Binford et al.32 in Figs. 9(a) and 9(b).
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VIII. AMPLITUDE ANALYSIS

We observe no large enhancement in the Ag'
cross section; however, just at Z& threshold,
we do observe a small dip in the cross section
and a simultaneous increase in the backward-for-
ward asymmetry (see Fig. 6). These changes
occur over too small a momentum interval to be
directly associated with known mN resonances
whose widths are typically 100 MeV. These nar-
row features can be associated with the isospin-,
ZK cross section which increases rapidly from
threshold and is approximately equal to the AK'
cross section 35 MeV/c above threshold. The con-
ditions necessary for interference of the I= 2 ZK

FIG. 6. (a) The ~ P AK cross section; (b) the
average A polarization; and (c) the backward-forward
production asymmetry, A&z. Our quoted errors are
statistical; however, there is an additional uncertainty
of 15% in the over-all cross-section normalization.
The data are taken from the following sources: V',

Ref. 30;, Ref. 29; ~, Ref. 32; T, Refs. 12, 33, and
34; x, Ref. 11;6, Ref. 15;&&, Ref. 31;0, Ref. 14;
k, Ref. 13; and ~, from this experiment.

amplitude and the AK' $-wave amplitude are met
as follows: (a) the I= z ZK system is an S wave
near threshold"; (b) the AK system is pure iso-
spin —,, and is about 50%%u~ S wave near ZK thresh-
old" ~~; and (c) the AZ relative parity is even. 4O

Several previous analyses"-" of m p -AR' have
found the dominant amplitudes to be resonant S]]
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TABLE Il. Summary of cross sections, angular distributions, and polarizations for data sample A (1025 MeV/c) and

sample 8 (other momenta). No cross section was determined for sample A; here o (0) is normal to sample B. The
quoted error is statistical; in addition, there is a 15% uncertainty in the cross-section normalization.
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-36.9 19.7

41.9 40.7
42.9 26.3
50 4 22.7
61.6 21.1
44.3 20.6
15.4 18.5
48.5 18,0
2S.3 18.0
13.1 17.P
38.2 22.1

26.6
69.4
45.6
31.2
47.6
9.0

—12.3
24.5
28.8
5.5

31.9
25,p

2p. l
18.2
17.2
14.2
15.7
15.2
18.2
12.8

13.2
80.9
53.1
63.1
20.7
49.6
75.7
12.7
2p.6

-21.8

38.8
30.8
22.7
2Q.5
17,3
19.4
22.1
15.1
18.3
17.5

30.1 33.7 66.3 33.9
57.7 24.6 53.7 22, 8
41 5 17 7 763 201
39.1 14.5 57.7 15.4
56.2 17.1 44.7 15,9
10.3 13.9 78.0 18.0
26.0 15.0 37.0 15.9
28.1 16.6 16.4 14.3
2.0 13.9 0.7 12,2

26.1 18.2 -19.2 16.4

45.1
82.4
62,4
55, 7
47,3
31.8
37.3
21.2
25.1
3.3

15.6
10.6
7.8
6.7

6.7

6, 1
6.1
6.1
6.7
5.0

Events

o (AK) (pb) 212 +23

323

652 +31

479

634 + 28 686+ 31 665+ 26

684

675 ~26

2994

0.99 ~ 0.30 0.55 ~ 0.15 0.75 ~ 0.13

0.45 + 0 20 0.51 + 0.10 0.72 + 0.08

0.56 + P.12

0.76 +0,08

0.68+0,12 0.59+0.10 0.78 +0.10

0.77+0,08 0.73+0.07 0, 71 +0.07

0,74+ 0.05

0.84 + 0.04

cos
eV/c) 1027+ 6

g Ag
1031+6

g Dg
1039~ 6

g Ag
1048+ 6

o Dg
1054+ 6

g Dg
1065 + 6

o Dg
1130+6

o Dg

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

106.9
107.0
86.8
89.3
99.6
75.3
68.7
55.0
53.3
57.1
57.5
51.2
39.0

26.7
17.3
13.0
11.9
11.9
10.0
9 4
8.4
8.3
8.7
8.9
8.5
7.6

114.9 32.1 114.7
135.0 23.3 109.5
88.4 15.7 100.7
83.8 13.9 74.2
92.4 13.9 72.5
82.3 12.8 71.7
50.7 9.9 74.5
62.1 10.9 46.7
40.0 8.8 39.7
58.4 10.8 38.4
36.0 8.5 41.2
64.0 11.6 36.3
36.5 8.9 35.5

32.2 96.6
20.2 115.2
16.5 63.5
12.8 69.5
12.2 56.8
11.9 85.8
12.0 46.8
9.4 48.3
8.7 50.2
8.7 45.1
9.1 28.6
8.6 27.7
8.7 33.1

26.4
17.9
10.9
10.6
9.2

11.3
8.2
8.3
8.5
8.1
6.5
6.4
7.1

105.1
118.4
111.8
59.8
92.0
42.5
3 7.2
53.4
35.0
62.3
57.4
66.7
45.6

34.4 12S.2 33.9
23.6 125.7 18.3
19.8 78.1 11.9
13.3 102.5 12.9
16.2 82.8 11.2
10.8 60.6 9.5
10.0 61.1 9.5
12.1 42.0 7.8
98 477 84

13.2 39.3 7.6
12.7 47.8 8.4
13.8 28.3 6.4
11.5 43.3 8.1

72.1
78.8
79.9
60.7
54.0
31.3
39,2
26.6
43.7
27.5
25.5
38.7
26.0

20.5
13.5
12.4
10.7
10.6
8.6

10.5
9.1

12.1
9.4
8.7

10.3
8.0
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TABLE II. (Continued)

cos
eV/c) 1027+ 6

o Ag
1031+ 6

o Ag
1039+6

o. Ag
1048+ 6
o. Dg

1054+ 6
g Ag

1065+ 6
o Ag

1130~6
o. Ag

-0.35
—0.45
—0.55
—0.65
—0.75
—0.85
—0.95

33.5 7.2
36 ~ 1 7 ~ 8

29.0 7.3
37.6 9.0
30.4 9.0
35.7 11.2
12.9 7 ~ 7

40 ~ 8 9 ~ 7 28.5
60.8 12.4 32 ~ 9
37 ~ 7 10.2 26.0
21 ~ 7 8.3 9.0
37 ~ 5 12 ~ 1 7 ~ 2
4.8 4.8 9.2

25.2 13.3 11.9

8.0
8.9
8.3
5.2
5.1
6.5
8.7

29.9 7.0 1 7.9 7.3
21.9 6.1 31.9 10.2
14.9 5.3 21.1 8.7
29.9 8.2 36.3 12.3
12.8 5.8 9.7 6.9
9.7 5 ~ 7 18.2 10.7

20.9 10.1 15.6 11.4

36.0 7.5 35 ~ 6
32.1 7.3 15 ~ 3
19.4 6.0 18.1
14.2 5.4 12.3
12.1 5.5 11.2
12.1 6.2 16.0

7.6 5.6 10.0

9.1
5.9
6.5
5.6
5.7
7.4
6.0

cos0 gP QgP gP QgP gp ggP gP ggP gP AgP aP DgP gP QgP

0.90
0.70
0.50
0.30
0.10

—0.10
—0.30
—0.50
—0.70
-0.90

16 ~ 8 30 ~ 8 139 440
39.4 20.3 97.3 29.9
84,2 19~ 8 98.9 2 7.0
32.8 15.7 60.0 21.1
53.0 15~ 1 42 ~ 8 19.4
15~ 5 15~ 1 582 20 ~ 5
25.4 13.4 17.6 17.6
31.7 13.9 38.1 22.3
32.5 16.3 7.1 19 4
25.4 18.0 32,7 19 4

2.1 41.2
83 ~ 7 28.9
44.3 23.0
46.2 21.1
36,9 17.2
55.2 19.1
36.0 17.2
32.5 17.6
10.5 10.8
—1.7 14.2

87.1 35.8 103.8 50.8
55.8 20.4 55.0 32.2
63.0 19.5 83.3 29.1
48.3 16.3 2 8.9 21.3
68.7 17.7 35.1 22.3
31.8 13.2 65.2 26.5
48.7 15.4 9.3 18.2
19.5 11.8 36.0 20.2
14.4 13.6 11.9 19.2
0.6 14.5 -8 4 20.8

41.6 35.3 28.5
76.4 23.0 24.9
80 ~ 6 20.9 19.5
53.9 17.4 23.8
30 ~ 9 15.3 21.3
56.9 16.3 19.1
56.6 16.9 17.7
27.5 13.8 11.6
5.8 10.2 10.5

—1.0 10 ~ 7 13.0
Events

g (AE) (pb)

709

737 + 28

0.61 + 0.10

0.75+ 0 ~ 07

475

734+ 34

0.80 + 0.12

0.76 + 0.08

620+ 31

0.71+0.13

1.03 + 0.09

526

568 ~ 25

0.97+ 0.12

0.98 + 0.08

318

651+37

0.81 + 0.15

0.77+ 0.10

618

640+ 26

0.84+ 0.11

1.01+0.07

314

462 + 26

1.12 + 0.15

0.84+ 0.10

CD

CD

D

0.2—

and P» waves with smaller J = —,
' (either P» or

D») amplitudes. The J =-,' amplitudes appear to
be very small. We assume that the S»(1700) reso-
nance decays to both AE and IZK, I=+~) states
and treat the threshold effect in a manner similar
to Flatte et al."and Votava and Thompson. ' The
AK' S-wave amplitude (with no background terms)
ls

S~=(r„r )' 2/[2(Z„-Z) —ir, ],
CD

LLJ

U

I—

UJ

930 MeV/c

I

cos8 -I ~l

1065 MeV/c

1025 MeV/c

I

cos8

0

CL

O. I—

hK

0 IIl I

900 I 000 I I 00 I 200

Beam Momentum (MeV/c j

I

cos8 -I +I
I

cos8

FIG. 7. Uncorrected yield of A's from 7t p-Z'K .
FIG. 8. The detection efficiency of our apparatus as

a function of cos9 for several beam momenta.
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TABLE III. Legendre polynomial coefficients as determined by a least-squares fit with l ~ 3. The 1025-Me V/c en-
tries are from data sample A; all others are from sample B. In these fits we used 20 points in 0 (0) and 10 points in
0. (0)I' (0) so there are 16 degrees of freedom for A& and 7 for the B&.

Momentum
(MeV/c)

930
980
997

1007
1012
1017
1022
1025
1027
1031
1039
1048
1054
1065
1130

Ag/Ap

0.34 ~ 0.26
0.68 ~ 0.13
0.71+0.11
0.80 + 0.10
0.88 + 0.10
0.81. + 0.09
0.85+ 0.09
0.92 + 0.05
0.81+ 0.08
0.99 ~ 0.10
1.15+ 0.11
0.98 + 0.10
0.98 + 0.14
1.12 + 0.10
1.00 + 0.12

A2/Ap

0.54 + 0.29
0.01 + 0.16
0.10 + 0.14
0.08 + 0.12
0.17+ 0.13
0.34 ~ 0.11
0.17+ 0.11
0.27+ 0.06
0.19+ 0.11
0.26+ 0.13
0.30 + 0.14
0.27 ~ 0.13
0.33 ~ 0.17
0.38 ~ 0.12
0.41+0.16

A3/Ap

0.18+ 0.34
0.15 + 0.17
0.00 + 0.16
0,04 ~ 0.13
0.19 + 0.13
0.26+ 0.12
0.29 + 0.11
0.32 + 0.06
0.07+ 0.11
0.40+ 0.15
0.11+ 0.15
0.02 ~ 0.14
0.30 + 0.18
0.23 ~ 0.12
0.23 + 0.16

y ~/DF

0.48
0.82
0.86
0.96
0.76
1.45
1.11
2.16
0.61
1.58
0.64
1.24
1.92
0.97
0.79

B(/Ap

1.10 + 0.36
0.74 + 0.16
0.92*0.15
0.65+ 0.13
0.90 + 0.15
0.72+ 0.12
1.03 —0.13
0.91~ 0.05
0.73+ 0.15
0.95+ 0.13
0.91 + 0.15
1.22+ 0.14
0.99 + 0.19
1.07 + 0.12
1.35+ 0.19

B)/A p

0.46 + 0.32
0.40 + 0.13
0.17+0.12
0.30+ 0.11
0.27 + 0.12
0.23+ 0.10
0.39+ 0.10
0.31+ 0.04
0.15+0.12
0.35+ 0.11
0.23 + 0.12
0.39 + 0.12
0.39 + 0.16
0.35 + 0.10
0.73 + 0.14

B3/A p

0.46 + 0.26
—0.11+0.11

0.10+0.11
0.18 +0.09

-0.09 ~ 0.10
0.09 + 0.09

-0.11 +0.09
0.09 + 0.03
0.13 + 0.11
0.16 + 0.09

—0.03 ~0.09
0.03 &0.10
0,12+0.14

-0.01 + 0.08
0.20 +0.12

1.77
0.72

0.68
1.03
1.85
0.86
0.97
1.22
0.47
0.81
0.61
0.90
1.14
1.10
1.28

where the total width 1"~ represents a sum over
all decay channels: wp, AK', ZK, and so on. The
ZK partial width is given by

b( q( above threshold
I ~=

ib(q[e I'-'I below threshold,

where q is the momentum in this channel. The
factor e ~~'I has been introduced to provide rea-
sonable damping below threshold. ' The propor-
tionality constant b is fixed by the known

~ ZK, I= 2)

+q""'(C„+C,q+ ~ ~ ) . (10)

Here we have followed the example of Orito and
Sasaki" except that we have included an over-all
phase P for each resonance. "

cross section (550 gb at 1080 MeV/c). 4'

Higher partial-wave amplitudes are parameter-
ized as Breit-Wigner resonances with a slowly
varying background:

(a) (b)

0
Aq/

1—

0

0
Ag(

0

0
'&A

0

0
I I

900 IOOO I I 00 I 200

Beam Momentum (MeV/c )

I I l

900 I 000 I I 00 I 200
Beam Momentum ( MeV/c )

FIG. 9. (a) Legendre polynomial coefficients for 0(0). (b) Legendre coefficients for 0(0)P(B). Open circles are from
Ref. 33, the open squares from Ref. 32, and the closed circles are the values from this experiment.
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We have found X' minima corresponding to two
initial assumptions for the relevant amplitudes:
(I) S», P», and P», and (II) S», P», and D» In.

addition, each of these solutions also contains
small J= —,

' background amplitudes. Only the data
from this experiment were used in the X' minimi-
zation. " There were 30 values of o'(8) and o(e)P'(B)
at each of 15 beam momenta for a total of 449
data points. (The normalization for data sample
A was taken from sample B.) Typically 11 pa-
rameters were varied to find a priori reasonable
solutions; that is, we required Spy and P» to be
the dominant amplitudes.

The two solutions (corresponding to I and II
above) have )(' values of 460 and 463 with confi-
dence levels of 23% and 20%, respectively. The
values of the parameters for solutions I are given
in Table lv (see Refs. 39 and 44) and are quite
similar to those of Refs. 38 and 39. The cross
section, production asymmetry, and polarization
calculated from the partial-wave amplitudes for
solutions I and II are shown by the solid curves in
Figs. 10 and 11. Both solutions show a dip in
a(AK) and a corresponding increase in AAr at ZK
threshold. However, while solution I follows the
increasing trend of the A polarization with the
beam momentum, solution II does not.

Solutions excluding the cusp are found by setting
7~=0 reminimizing X'. The resulting X' values

are 522 and 516, with confidence levels of 0.34% and
0.63%for solutions I and II, respectively. These solu-
tions are shown by the dashed curves in Figs. 10
and 11. As anticipated, these solutions do not re-
produce the structure seen in the data at ZK
threshold.

This model, which uses reasonably well esta-
blished resonance parameters and includes the
ZK channel, qualitatively reproduces the observed
structure in v(AK) and A~» with a substantial im-
provement in X'. We note that, except for the
small effect of the $ parameter, inclusion of the
ZK channel introduces no additional freedom into
the model as I'zx is fixed by the iZK, I= 2) cross
section.

Recently reported preliminary results from an
experiment studying the reactions m P -AE and
v p-Z'K' (Z K') (Ref. 45) with statistical accur-
acy comparable to ours show a similar dip in the
cross section and a somewhat smaller increase
in the asymmetry.
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Our
fit

Refs.
39,44
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fit

Refs.
39,44

&|3 a~3
Our Refs. Our Refs.
fit 39,44 fit 39,44

D~5 +is
Our Refs. Our Refs.
fit 39,44 fit 39 ~ 44

E, (Mev)

r„„(MeV)

r~p (MeV)

r~~ (MeV)

r,~ (MeV)

1675 1670

170 120

30

15

40

1670 1720

174 160

8.2

1850 1850 0

327 =300 0

85

20

1520

120

1683 1685 1688

150 155 140
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(0.2 0 ~ 02 (0.1

0.18 0.33 0.21 0.13 0 26 =0 17 0 0 39
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FIG. 10. Solution I compared to data from this experi-
ment. The solid line represents solution I including the
cusp at ZK threshold, and the dashed line represents
the result of minimizing y with I'&z =0 (no cusp).

FIG. 11. Solution II compared to data from this experi-
ment. The solid line represents solution II including
the cusp at ZE threshold, and the dashed line represents
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