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Cross-section, angular-distribution, and polarization measurements are presented for 17
energies. Results of a partial-wave analysis based on these data are presented. The pres-
ence of resonant structures in the E15 and D~B waves is confirmed. The masses, widths, and
resonant amplitudes are determined: Ez =1.925+ 0.008 GeV, t =-0.137+0.015, and I' =0.146
+ 0.022 QeV for the E15, 8& =1.985+ 0.005 GeV, t =-0.093+ 0.006, I =0.208+ 0.022 GeV for
the D~3. The D5 and E5 octets, E& decuplet; and G& singlet are studied for SU3 symmetry of
reduced coupling constants; possible conclusions are limited by uncertainty about the detailed
energy dependence of the couplings. The D13 resonance is shown to be compatible with the
D3 nucleon resonance seen around 2.040 GeV.

I. INTRODUCTION

We have studied the reactions X-p -m'Z' in the
center-of-mass energy range 1.V3-2.11 GeV. The
data were obtained in two separate exposures,
using the 25-in. hydrogen bubble chamber at the
Lawrence Berkeley Laboratory, Berkeley. " The
following discussion proceeds from the directly
observed to the model-dependent interpretation.
Section II describes how the data were brought into
usable form. Section III presents the direct ex-
perimental results. Section IV exploits well-es-
tablished properties of the strong interaction to
represent the results in a generally useful form-
the partial waves. Finally, Sec. V attempts to in-
terpret these results in tex'ms of the SU, symmetry
model. Fuxther details, both on the procedures of
data reduction and about individual solutions of the
partial-wave analysis, are presented in Ref. 2.

II. EXPERIMENTAL DETAILS

A. Normahzation

Preliminary results of the first exposure have
been presented, ' but the cross sections disagreed
with those obtained in another expex iment. 4 We
have renormalized these data, as described in
Ref. 1, based on a high-statistics beam count. (We
also reweighted events on an individual basis as
described below. ) The normalization for the sec-
ond exposure was based on the 7-decay mode (K

w w'w ). The results are shown in Table I; the
momentum spread is due both to the momentum
bite of the beam optics and to the ionization energy
loss as the beam txaversed the chamber. The
mean momentum quoted was determined from the
distx'ibution of events passing cuts in beam phase
space and chamber fiducial volume. These distri-
butions are shown in Fig. 1. For the first expo-

sure, fitted beam momenta from Z events mere
used; for the second exposure, the fitted momenta
of the 7 decays mere used.

8. Data Reduction

The film mas scanned separately for events with
kinking tracks (for the second exposure, the 9-
prong topology was sought in the same scan).
About 10%%uo of the first exposure and 50%%u~ of the sec-
ond mere scanned a second time to determine the
scanning efficiency. This varied from 92% to 97%%uo

for a single scan and was 99%%uo for those momenta
scanned completely twice.

The events were measured on the COB%'EB sys-
tem of on-line Franckensteins. ' Geometrical re-
construction, kinematic fitting, and logical selec-
tion of events wex'e performed on the FOG-CLOUDY-
FAIR system of programs. The kinematic fitting
proceeded as follows. Whenever sp/p (measured)
for the connecting track was &0.5, the fitting was
first constrained at the decay vertex to determine
the momentum of the connecting track. Since this
was a zero-constraint fit, it in general gave two
starting values fax the subsequent two-vertex fit.
Also for the Z+ events there were two decay
modes: g+n and g p. The following production
vertex reactions mere attempted:

Events that failed in geometrical reconstruction,
or failed to fit any two-vertex kinematic hypothe-
sis with a reasonable y', or that fit more than one
hypothesis me11 became candidates for remeasure.
Events vQth a mell-measured connecting tx'ack in-
dicative of a long lifetime were assumed to be
meson (w', K ) decays and were eliminated from
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FIG. 1. Distribution of fitted momenta: {a) From ex-
posure described in Hef. 1 {fitted mornenta of Z events).
{b) From exposure described in Hef. 2 {fitted momenta of
7 decays).

TABLE I. Hearn normalizations.

Center-of-mass
energy
{GeV)

Lab momentum
{GeV/c)
P +AP Events/mb

1.732
1.754
1.782
1.798
1.818
1.844
1.865
1.887

1.919
1.937
1.952
1.970
2,001
2..022
2.051
2.084
2.106

0.870+0.025
0.917+0.016
0.975 +0.026
1.010 +0.013
1.053 + 0.013
1.109+0.014
1.153+0.011
1.201 +0.022

1.271 +0.021
1.310+0.017
1.345+0.020
1.384 +0.018
1.454 + 0.023
1.500+0.020
1.567 +0.019
1.644 +0.017
1.694 *0.019

378 ~20
1280+79
1241+72
1549+ 84
831+42
325 +23
435+18

1102+32

1068 ~32
866 +27
515+23
489 +22
935 ~34
617+ 25
537+24
551+25
804+ 32

the remeasure sample (a lifetime cut and reweight-
ing procedure accounted for any good events lost
by this). An ionization scan was carried out for
events fitting more than one hypothesis; events
whose ambiguities could be so resolved were also
eliminated from the remeasure sample. The
events that were remeasured went through FOG-
CLOUDY-FAIR and an ionization scan.

There still remained events that failed at some
stage of the data reduction but that looked reason-
able on the scan table. For the first exposure
there were also some bookkeeping losses. These
losses were taken into account in the determina-

tion of cross sections.
The scan for kinking tracks missed two classes

of Z events: those for which the decay occurred
too close to the production vertex or outside the
chamber and those with imperceptible kinks.
These losses are related to the lifetime and decay
angular distributions and can be corrected without
biasing the study of the production reaction. The
natures of these distributions are known; for a
given set of cuts in the length of track and decay
angles, each event can be weighted by the inverse
of the fraction of the distributions passing these
acceptance criteria. As the cuts are increased, a
point is reached where the increase in weights
just compensates for the events newly rejected;
the weighted number of events ceases to change
(within statistical limits). By this method we found
the appropriate cuts for use in determining the
cross sections.

In accepting events for angular distributions,
where absolute numbers of events were not criti-
cal, the cuts were relaxed where losses were un-
correlated with the production angle. This primar-
ily involved elimination of the cut in the azimuthal
decay angle: For decays toward or away from the
cameras, resulting in a small apparent kink, there
was about 35% loss of events. The affected por-
tions of this distribution were eliminated when de-
termining the cross sections, but these events
were used in the angular distributions. The events
of the type Z+ - pop were used only to obtain polar-
izations; for this measurement each bin of the an-
gular distribution is treated separately —even rela-
tive numbers of events from one bin to another are
not critical. The cuts used in this last case were
minimal, and the events were used unweighted.
Finally, the cuts made in the beam phase space for
events used in angular distributions and polariza-
tions were slightly less stringent than those used
in cross-section determinations.

The distributions of lifetimes were found to be
exponential, as expected, except for losses due to
very short tracks and decays outside the chamber.
We determined the mean lifetimes for events pass-
ing all (angular distribution type) cuts, using a
maximum-likelihood technique. These mean life-
times for the various decay types are (in nsec):
0.153+0.005 for Z g n, 0.091+0.004 for Z+
- g p, and 0.085 + 0.003 for Z+ —m'n.

HI. EXPERIMENTPI. RggUI.Yg

A. Cross Sections

The details and xesults of the cross-section de-
terminations are presented in Table II. We have
plotted these results in Fig. 2, along with the data
available in the literature. 4' The results from our
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TABLE II. Cross sections.

1.732
1.754
1.782
1.798
1.818
1.844
1.865
1.887

1.919
1.937
1.952
1.970
2.001
2,022
2.051
2.084
2.106

Number
unweighted

169
547
431
678
400
174
274
517

325
226
101
95

208
118
97
94

121

XP x+2
Mean

weight

2.14
2.10
2+13
2.15
2.19
2.18
1,62
1.64

1.64
1.66
1.67
1.72
1.70
1.70
1.74
1.73
1.74

1.17+0.14
1.07 + 0.12
1.01+0.11
1,15+0.12
1.29+0.14
1.44 + 0.19
1.08 + 0.09
0.88+ 0.05

0.54+ 0.04
0.46+ 0.04
0.36+0.04
0.35 + 0.04
0.40+ 0.03
0.36 + 0.04
0.34 + 0.04
0.33+0.04
0.29 + 0.03

Number
unweighted

101
374
268
457
220

74
119
324

310
246
137
139
237
147
128
137
168

E-P vr-Z+

Mean
weight

2.40
2,40
2.38
2.35
2.43
2.51
2.21
2.10

2.16
2.00
2.09
2.05
2.08
2.14
2.22
2.21
2.09

1.66+ 0.23
1.76 + 0.20
1.48 ~ 0.17
190+ 0.19
1.67+ 0.19
1.50+ 024
1.36+ 0.14
1.42 + 0.10

1,42+ 0.10
1.28+ 0.10
1.29+0.13
1.29 + 0.13
1,20 + 0.10
1.18 + 0.11
1.20+ 0.12
1.30 +0.13
1.04+ 0.10

~ Does not include the factor due to decay branching fraction: 1/0.472.

We have found the distribution of events in the
production cosine, cosa=5„k„, where k is the
direction of the particle's momentum in the over-
all center-of-mass system. In Tables III and IV
we present both the weighted and the unweighted
numbers of events in 20 equal bins of cos8. Be-
cause of limited statistics we bebeve that this
form of presentation best preserves the informa-
tion content of the experiment. When we used the
data for analysis, we grouped bins by an algorithm
that tended to preserve structure while increasing
the statistical reliability of assigned errors. '
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experiment are in good agreement with the results
of other experiments except in the case of the m'Z

final state in the resonance region around 1.85
GeV. We understand that new data will soon be
available in this region. s

8. Angular Distributions
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C, Polarixations

Since the Z decay is parity-violating, the angular
distribution Of the decay particles in the Z rest
frame takes the form

f(6t, cosy) dcosy A[i +eP(e}cosy] dcosx,

where X is the polar angle between the hyperon spin
and the baryon decay directions, A and o, are con-
stants. The polarization, P, may depend on the
production angle g. We have observed such a decay
assymetry for the type Z'- w'p, for which n = -1.0;
for the decays Z'- g'n, the values of o. are ap-
proximately zero and our observations were con-
sistent with this. We have used cosy = k~. A, where

k~ is the direction of the decay proton in the Z rest
frame. The production normal

cAa

kg'x k

0.5
0,0

c e& &cl & ck

I I i I i I i I

1.700 le800 1.900 2.000 2.100
(GeV)

0.5 .

00 I ~ I i I ~ I i I

1.700 I.800 1.900 2.000 2.100
(Gev)

FIG. 2. Cross sections from all available data for the reactions studied. (a) E p-x+2 . (b)X p g Z+.
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TABLE III. E p m+Z data binned in production cosine.

Center 1.732 GeV 1.754 GeV
Number weighted/Number unweighted

1.782 GeV 1.798 GeV 1.818 GeV 1.844 GeV 1.865 GeV 1.887 GeV 1.919 GeV

-0.95
-0.85
-0.75
-0.65
-0.55

-0.45
-0.35
-0.25
-0.15
-0.05

19.7/ 15
33.9/ 26
36.2/ 28
32.1/ 25
10.2/ 8

23.9/ 19
12.6/ 10
6.2/ 5
1.2/
2.4/

95.1/ 71
100.6/ 76
123.0/ 94
106.3/ 82

ve. v/ e2

62.4/ 49
37.8/ 30
35.0/ 28
26.0/ 21
22.1/ 18

44.7/ 33
1.OS.S/ VV

118.4/ 89
ss.s/ 65
ee.s/ sl

sv.s/ 29
38.3/ 30
30.3/ 24
13.8/ 11
26.0/ 21

63.1/ 46
152.3/112
165.5/123
111.6/ 84
105.3/ 80

70.2/ 54
42.4/ 33
16.6/ 13
29.0/ 23
24.9/ 20

45.e/ ss
93// 68
se.s/ ss
72.9/ 54
50.5/ 38

27..6/ 21
19.5/ 15

v.vl s
14.0/ 11
17.5/ 14

18.4/ 13
33.6/ 24
2g.l/ 21
31.4/ 23
18.9/ 14

17.3/ 13
s.s/ 4
S.e/
6.4/ s
5.1/ 4

32.7/ 28
32.V/ 2S
41.7/ 36
32.2/ 28
18.5/ 16

le.s/ lv
6.8/ 6
2.3/ 2

4.6/ 4
e 1/ s

60.0/ 51
48.9/ 42
32.6/ 28
38.4/ 33
26.6/ 23

20.7/ 18
10.3/ 9
v.e/ v

s.s/ s
14.9/ 13

-sv.e/ s2
2e.v/ 2s
14.1/ 12
17.6/ 15
15.2/ 13

21.8/ 19
ss/ s
v.g/ v

e.o/ s
14.8/ 13

+0.05
+0.15
+0.25
+0.35
+0.45

+0.55
+0.65
+0.75
+0.85
+0.95

s.s/ v

6.1/ 5
14.5/ 12
8.4/ 7

15.V/ 1S

15.9/ 13
12.S/ 10
12.9/ 10
31.2/ 23
24.8/ 16

26.8/ 22
Sl.s/ 26
34.9/ 29
46.8/ 39
s4.s/ 2e

25.5/ 21
22.S/ lS
35.7/ 28
4s.e/ ss
70.2/ 46

31.9/ 26
23.2/ le
21.8/ 18
24.1/ 20
21.6/ 18

13.3/ 11
11.1/ 9
11.4/ 9
33.5/ 25
es.4/ 46

38.3/ 31
51.4/ 42
64.3/ 53
SV.S/ Sl
SV.3/ Sl

22.9/ 19
13.5/, .11
22.7/ 18
82.1/ 62

131.7/ 89

21.1/ 17
17.2/ 14
35.3/ 29
26.6/ 22
31.2/ 26

26.4/ 22
ll.o/ e
18.8/ 15
39.3/ 30

110.5/ 75

7.5/ 6
13.6/ 11
24.5/ 20
20.6/ 17
15.6/ 13

13.2/ ll
lo.e/ 9
9.9/ 8

28.6/ 22
47.5/ 33

lo.s/ 9
12.6/ 11
25.4/ 22
30.3/ 26
19.9/ 17

19.0/ 16
18.1/ 15
11.2/ 9
36.3/ 28
63.3/ 44

21.s/ le
SV.S/ 3S
57.8/ 50
4e.v/ 4o
55.1/ 47

44.9/ ss
49.3/ 41
37.0/ 30
75.6/ 59

139.4/ 96

17.3/ 15
27.6/ 24
2v.e/ 24
33.5/ 29
31.4/ 2V

30.6/ 26
13.2/ 11
24.4/ 20
sl.e/ 2s

101.9/ 72

Total 328.8/255 1060.4/822 824.5/631 1282.2/975 vv6.4/sss 361.1/274 446.5/370 832.5/683 510.3/420

Center 1.937 GeV 1.952 GeV
Number weighted/Number unweighted

1.970 GeV 2.001 GeV 2.022 GeV 2.051 GeV 2.084 GeV 2.106 GeV

-0.95
-0.85
-0.75
-0.65
-0.55

53.3/ 45
19.3/ 16
12.9/ 11
g2/ S
s.v/ s

14.6/ 12
vo/ 6
s.s/ s
4.6/ 4
4,s/ 4

23.8/ 2O

14.S/ 12
4.7/ 4
s.s/ s
3.6/ s

58.0/ 47
24.3/ 19
15.6/ 13
11.3/ 9
6.9/ 6

29.7/ 24
26&/ 21
10.7/ 9
11.1/ 9
s.s/ s

2V.S/ 22
18.3/ 14
10.8/ 9

9O/ V

2.4/

SO.1/ 24
9.7/ 8

12.4/ 1O

3.7/ 3
o / o

35.8/ 28
19.1/ 15
8.8/ 7
4.0/ 3o/o

-0.45
-0.35
-0.25
-0.15
-0.05

5.v/ s
11.4/ 10
eo/ s
9.1/ 8
4.e/ 4

s.4/
s.4/
4.s/
3.4/
3.4/

4.6/
4.e/o/o
1.2/ 1
1.1/

9.4/ S
10.4/ 9

S 1/ V

4.5/
2.3/ 2

ss/ s
8.4/ 7
eo/ s

11.6/ 10
2.3/ 2

s.s/ s
1.2/
1.1/
2.3/ 2
1.2/

4.v/
1.2/
1.2/
o /
1.2/

s.e/
e.l/
4.e/
2.4/
2.3/

+0.05
+0.15
+0.25
+0.35
+0.45

12.5/ 11
ls.v/ 12
9,2/ 8

18.4/ 16
17.4/ 15

2.3/
e.s/
4.6/
4.6/
v.o/

2.3/ 2
1.1/ 1
o / o

10.4/ 9
2.4/

2.3/ 2
2.S/
4.6/ 4
5.7/ 5
S 1/ V

o / oo/o
2.3/ 2
ss/ s
9.4/ S

o / o
1.1/ 1
1.1/
1.2/

11.1/ 9

1.1/
2.3/
o /
2.3/
2.3/

1
2
0

2

o /
3.4/
o /
1.1/
1.1/

0
3
0
1
1

+0.55
+0.65
+0.95
+0.85
+0.95

16.4/ 14
10.7/ 9
9.7/ 8

35.5/ 28
89.0/ 63

s.e/ s
s.e/ s

11.0/ 9
18.9/ 15
45.1/ 32

1.2/
ss/ s
6.1/ 5

15.1/ 12
es.e/ 4s

s.s/ s
ss/ v

8.5/ 7
37.5/ 30
es.s/ eo

ss/ s
2.3/ 2
4.s/ 4

13.8/ 11
es.s/ 45

2.3/ 2
4.7/ 4
s.e/ s

17.5/ 14
e4.e/ 46

4.6/ 4
1.2/
3.6/ s

21.2/ 17
S2.2/ SS

s.s/ s
e.4i
4.7/ 4

22.3/ 18
ev.s/ 49

Total 372.6/304 162.2/131 166.9/132 330.4/261 219.0/173 184.5/143 154.9/122 195.4/152



TABLE IV. X p x Z+ data binned in production cosine.

Center 1.754 GeV
Number weighted /Number unweighted

1.782 GeV 1.798 GeV 1.818 GeV 1.844 GeV 1.887 GeV 1.919 GeV

-0.95
-0.85
-0.75
-0.65
-0.65

12.1/ lO
12.1/ lo
15.V/ 1S
e.o/ s
es/ v

42.3/ 35
ae.s/ 22
39.6/ 33
as.s/ 21
16.7/ 13

ss.l/ 29
av.s/ as
av.s/ as
26.5/ 22
1S.S/ 11

43.7/ 36
44.8/ sv
47.2/ 39
37.4/ 31
le.s/ 16

ae.a/ 24
29.1/ 24
31.5/ 26
1S.V/ 1S
14.5/ 12

4.0/
18.3/ 15
4.9/ 4
8.5/ 7
2.4/

11.6/ lo
le.s/ lv
e.s/ s
sa/ v

4v/ 4

45.3/ 39
4s.e/ 42
18.7/ 16
2s.v/ 22
2.3/ 2

41.2/ 35
39.4/ 84
30.8/ 26
22.2/ 19
10.5/ 9

-0.45
-0.35
-0.25
-0.15
-0.05

4.e/
3.7/
2.S/
a.s/

10.0/

2S.O/ 19
13.4/ 11
61/ s

17.2/ 14
19.8/ 16

3.6/ 3
e.o/ s
v.s/ e
2.4/
4.6/

e.o/ s
va/ 6
s.e/ s
4.9/ 4

1V.2/ 14

e.o/ s
o / o
1.2/o/o
v.s/ e

o / o
o / o
1.2/ 1
o / o
as/ v

2.4/
2.4/
2 4/
e.o/
3.6/

s.s/
24/
4.8/
1.2/
7.2/

2.3/ 2
4 7/
0 / 0
e.s/ v

1S.S/ 1S

+0.05
+0.15
+0.25
+0.35
+0.45

5.1/
12.8/ ].0
14.3/ 11
14.5/ ll
22.9/ 17

17.5/ 14
29.1/ as
34.v/ av
54.9/ 42
ve.e/ eo

14.9/ 12
22.6/ 18
35.5/ 28
64,2/ 42
46.2/ ss

28.4/ as
42.4/ s4
s4.4/ 4s
ee.s/ sa
96.7/ 74

sv/ 3
19.9/ 16
20.1/ 16
sv.o/ 29
20.V/ 16

o/o
ls.e/ 11
s.o/ 4
s.e/ v

e.s/ s

v.s/ 6
v.4/ e
e.v/ v

1S.S/ 11
lsA/ la

15.V/ 18
14.6/ 12
28.4/ as
SO.O/ 24
30.5/ 24

ls.a/ 11
as.1/ le
20.9/ 1V

18.6/ 15
17.6/ 14

+0.55
+0.65
+0.75
+0.85
+0.95

23.6/ lV
1V.S/ 12
25.9/ lv
21.8/ ls
v.e/

80.5/ 59
es.s/ vo
62.8/ 42
vo.o/ 4s
4v.e/ 24

va. e/ 54
es.e/ 49
60.0/ 34
44.s/ ae
28.2/ 11

ee.v/ sa
98.2/ 71
sa.e/ sv
ss.a/ ea
Ss.aj 27

s4.6/ ae
24.v/ le
36.2/ 25
4s.e/ as
56.6/ 29

7.9/ 6
20.4/ 15
22.8/ 16
24.9/ 16
42.8/ 22

9.2/ v

14.8/ 11
32.5/ 23
28.9/ le
ss.s/ so

24.7/ 19
4o.o/ so
64.2/ 46
se.v/ sv

160.6/ 86

19.3/ 16
21.2/ 16
52.V/ 38
61.5/ 41

204.8/111

24s.e/lso sos.v/ses S8V.4/439 922.2/686 432.0/317 aol.4/142 266.8/192 627.3/446

Center 1,.962 GeV
Number weighted/Number unweighted

1.970 GeV 2.001 GeV 2.022 GeV 2.051 GeV 2,084 GeV 2.106 GeV

-0.95
-0.85
-0.76
-0.65
-0.55

4e.S/ 4o
33.6/ 29
ae.o/ as
18.6/ 16
82/ v

21.0/ 16
10.4/ S
12.7/ ll
4v/ 4
2.3/ 2

1V.S/ 15
9.2/ 8

19.8/ lv
81/ 7
35/ 3

11.6/ 1O

le.e/ lv
16.1/ 14
18.5/ 16

v.o/ e

8.2/ v

8.2/ v

s.o/ v

11.6/ lO
se/ s

12.6/ 11
s.v/ s
4.e/
v.o/ 6
4.6/ 4

7.4/
2.3/
4.6/
s.s/
s.e/

vv/ e
s.o/ v

ll..e/ lo
s.e/ s
4.e/

-0.46
-0.35
-0.25
-0.15
-0.06

7.0/ 6
4v/ 4
2.4/ 2
8.8/ 7

20.2/ 17

s.s/
2.4/
8.2/
V.l/
e.o/

s.s/ s
2.4/
s.s/ v

s.e/ s
2.4/

s.e/ s
v.o/ 6
9.5/ 8

le.4/ 14
16.5/ 14

8.2/ 7
v.o/ 6
8.2/ 7
vo/ e
s.s/ v

2.8/ 2
68/ s
4.9/
s.e/ s

1O.V/ e

4.e/
s.e/
s.s/
s.s/
2.3/

9.S/
s.e/
2.8/
s.s/
s.s/

+0.05
+0.15
+0.25
+0.35
+0.45

15.6/ 13
as.o/ 19
23.2/ 19
le.s/ ls
ls.o/ 12

13.1/ 11
10.8/ 9
12.4/ 10
ls.e/ 11
ea/ s

14.4/ 12
16.8/ 14
1S.V/ 1S
la.s/ lo
e.v/ v

ae.l/ 22
32.3/ 2V

22.9/ le
1S.S/ 1S
la.s/ lo

14.2/ 12
10.7/ 9
21.6/ 18
ev/ 8
61/ s

11.8/ 10
s.e/

18.1/ 1S
13.S/ 11
v.4/ e

4.8/
1V.V/ 15
la.o/ lo
1S.4/ 11
12.2/ lo

11.V/ lO
ae.a/ aa
1V.S/ 1S
16.8/ 14
s.e/ s

+0.55
+0.65
+0.76
+0.85
+0.95

12.8/ lo
vs/ 6

sv.o/ av
63.8/ 43

10V.2/ 60

1.3/ 1
5.3/ 4

16.4/ 12
31.3/ al
so.e/ 4s

2.6/
s.e/ s

10.9/ 8
as.s/ ao
74.2/ 43

1.3/ l
1.3/ 1

14.9/ ll
ea.4/ 4s

141.s/ 81

e.s/ s
1.3/

12 2/ e
4o4/ as

102,4/ 58

a.s/
a.e/

18.7/ & 14
38.9/ av

lol.s/ se

e.e/ e
a.e/
9.3/ 7

35.2/ 25
lov. a/ es

ee/ 8
e.e/ v

v.e/ e
42.4/ 3O

125.0/ vs

Total 502.2/377 269.2/196 269.2/201 458.8/338 305.8/222 280,2/201 270.8/194 336.9/247
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TABLE V. Z p m Z+ data binned in production cosine.

Center 1.732 GeV 1.754 GeV
Sum of polar cosine/Number unweighted

1.782 GeV 1.798 GeV 1.818 GeV 1.844 GeV 1.865 GeV 1.887 GeV 1.919 GeV

-0.95
—0.85
-0.75
-0.65
-0.55

-0.45
-0.35
-0.25
-0.15
—0.05

1.5/ 6
-1.5/ 11

OO/ 9
-1.1/ 5

1.2/ 4

o.s/
-O.9/
1.0/

-O.l/
-O.s/

-3.3/ 15
-2.2/ 17
-o.a/ le
-2.5/ 19
-4.6/ 16

0.9/ 4
-1.6/ 5
-25/ 3

0.2/ 6
-1.1/ 5

-1.8/ 8
-4.8/ 14
-4.2/ 15
-4.2/ 10
-3.5/ 10

2 4/
-o.s/

o.v/
1.9/
1.4/

-S.O/ 11
-7.9/ 29
-5.5/ 18
-3.2/ 18
-2.4/ 6

-o.e/ 5
-1.O/

o.4/
oa/ s
2.3/

-1.8/ 9
-s.a/ ls
-1.9/ 8
-1.9/ 6
-1.5/ 2

1.3/ 2
-o.s/

o / o

o / o
-1.O/ 1

0.6/ 7
2.4/ 8
1.7/ 5
1.2/
1 e/ s

-o.s/
o / oo/o

-o.v/
-o.s/ 4

-1.2/
-o.a/
-o.5/
-o.4/

0.4/

-0.9/
-o.s/

o /
-a.o/
-o.5/

9
10

8
3
2

0.0/ 24
-1.4/ 26

3.7/ 21
-3.6/ 9

1.5/ 8

-2.2/
-O.9/
-o.s/
-0.1/

o.e/

1.4/ 31
-0.:5/ 13

o.s/ 16
0.4/ 7

-12/ 5

o.5/
-0.4/ 1
-os/ s
-o.s/
-3.6/ 10

+0.05
+0.15
+0.25
+0.35
+0.45

oe/ 4
1 v/ 4
1.8/ 5
3.4/ 11
3,2/ 15

1.9/ 6
6.4/ 16
5.s/ 22

11.1/ 32
9.7/ 45

7.6/ 13
3.2/ e
8.6/ 29
V.S/ 29
4.5/ sv

5.1/ 11
1.4/ '18

5.1/ 24
3.8/ 3V

3.6/ 41

1.4/ 3
-2.2/ 5

O.l/ Ia
5.6/ 15
1.6/ 21

-0.1/
-a.o/
-1.1/

o.a/
-O.a/

-l.o/
-1.1/
-1.S/
-1.2/
-o.s/

2

5
5

10

-2.6/ 5
-2.0/ 12
-2.4/ 16
-4.6/ 20
-2.8/ 28

-2.5/ 17
.-3.4/ 9
-3.4/ 18
-4.0/ 17
-S.O/ 1V

+0.55
+0.65
+0.75
+0.85
+0.95

2.6/ 19
5.0/ 17
5.s/ le
5.1/ 11
2.3/ V

22.0/ 56
s.5/ 4s

15.6/ 59
9.9/ SV

4.5/ 18

7.8/ 36
19.5/ 42
10.9/ 37
6.7/ 26
1.1/ 12

14.4/ 59
10.4/ 55
26.5/ 64
12.0/ 40
6.9/ so

0.9/ 32
8 V/ 25

12.9/ 31
10.4/ 30
S.a/ 2O

-o.a/
4.0/ 10
0.9/ 8
a.o/ 11
l.o/ ls

1.8/ 8
6.3/ 1S
e.4/ 16

11.O/ SO

e.s/ se

-0.7/ 17
v.v/ 50

10.2/ 34
15.1/ 60
7.0/ 70

-4.2/ S
4.0/ 15
6.8/ 23
3.6/ 37

14.2/ Vl

Total 0 /163 0 /445 0 /34'5 0 /481 0 /236 0 /107 0 /172 0 /387 0 /324

Center 1.937 GeV 1.952 GeV
Sum of polar cosine/Number unweighted

1.970 GeV 2,001 GeV 2.022 GeV 2.051 GeV 2.084 GeV 2.106 GeV

-0.95
-0.85
-0.75
-0.65
-0.55

-2.1/ 29
2.6/ 21

-0.2/ 18
-4.1/ ll
-1S/ 5

-2.3/ ll
0.7/ 12

-1.9/ 4
-o.e/ 4
-2.2/ 3

-1.1/
0.1/
2 4/

-o.e/
-o.e/

-4O/ 9
-1.3/ 10
-1.4/ 8
-o s/ s
-0.7/ 8

o /
-1.5/
-2.O/
-1.4/
-o.v/

o.5/ s
1.3/ 3
ov/ s
0.7/ 5

-3.1/ 1O

-o.5/
1.O/
o /
o.s/

-o.4/

-1.4/
o.e/

-o.s/
o.s/

-o.v/

-0.45
-0.35
-0.25
-0.15
-0.05

-a.o/
-o.4/

o /
-O.a/

o.s/

1
0

10
8

o/oo/o
1.5/
0.4/ 2
0.6/ 3

0.5/ 1o/o
o.v/
0.5/ 3

-21/ 5

1.5/ 1O

2.2/ 7
3.2/ 8
O.9/ 1O

3.O/ 1S

-1.9/ 7
1S/ S
0..5/ 2
1.S/

-0.5./ 10

-op/
o.5/
o.s/

-o/ s
0.4/ 3

O.l/
o /
O.9/
1.1/

-1.3/

O.l/
-o.s/

1.2/
a.o/
o.a/

+0.05
+0.15
+0.25
+0.35
+0.45

-0.1/
-9.V/
-1.8/
-4.s/
-5.5/

11
14
10
11
13

-1.1/
-3.1/
—O.a/
-1.9/
-o.v/

1.3/ 5
-oe/ 9
-1.5/ 8
-3.6/ 11
-2,5/ 5

0.'6/ 13
-0.4/ 1.'0

-O.v/ 18
-1.6/ 15
-1.2/ 7

-O.V/ 11
-3.4/ 8
-6.4/ 14

1.4/ 11
O9/ S

-o.5/
1.6/

-o.s/
—S.9/
-O.s/

10

7
8
1

-o.e/
-1.5/
-1.3/
-o.v/
-2.1/

-1.S/
-2.7/
-o.s/

0.1/
-a.s/

6
11

8
7'

+0.55
+0.65
+0.75
+0.85
+0.95

-2.1/ 12
a.v/ 9
5.9/ 1S

11.2/ 48
6.9/ 91

O.l/
i 1.8/ 4
3.2/ 6
1.1/ 2V

8.2/ 4'5

o/o
o.v/
1.3/ 4
o.9/ e
v.v/ 25

o.s/
0.9/ 3

-0.1/ 16
-V.9/ SS
-2.8/ 82

o/o
o.e/

-OS/ 9
-2.2/ 31
-2.1/ 43

o.v/
-1.5/ 4
-0.2/ 10
-3.1/ 25
-9.2/ 58

o.5/ e
0.5/ 1

-0.7/ 6
-2.2/ 15
-o.s/ 4e

l.e/
12/ 6
2.3/ ll

-6.2/ 21
-5.o/ 45

Total O /339 0 /146 0 /103 0 /289 0 /180 0 /174 0 /128 0 /150
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is not changed under the transformation from the
over-all center-of-mass frame to the decay center-
of-mass frame. %'e present' in Table V the sum of
cosX and the number of events in each of 20 bins of
cosg. For use in analysis we have grouped bins
and determined the polarization and its uncertain-

Clearly this counters the effects of the above-men-
tioned col x'ection, lncx'eRslng fit X s becRuse of
too-small exrors. Qur original intent was to fit
the Legendre coefficients only to obtain starting
values for fitting in the cross sections, angular
distributions, and polarizations directly. W'e dis-
cuss this further below.

where the sum is over the N events in the grouped
bins. The quantity Q is either (oP) or 1.0, which-
evex is smaller.

D. Legeadre Coef6cients

W'e have expanded each production angular dis-
tribution, properly normalized to the cross sec-
tion, in the Legendre series

—= k'QA„P„(cos 8),
da'

n
(1a)

where 2vh is the c.m. wavelength of the E . For
the w Z' final state we also expanded the product
of this dlstx ibution with the polarizations, ln the
first associated Legendre series.

For this expansion da/dQ was taken from the Z'- g+n events and P from the Z+ - g p events; also,
because of limited statistics for the latter decay,
information from adjacent groups of bins was not
kept strictly independent. ' The coefficients of
these expansions are tabulated in Table VI and
plotted in Fig. 3, along with the data from other
experiments. ""Expansion to higher than seventh
order in no case significantly improved the fit or
significantly changed any of the lower-order coef-
ficients.

The partial-wave analysis of the data may be
based either on cross sections, angular distribu-
tions, and polarizations or on the Legendre coef-
ficients. We would expect the slight correlation of
data, in the expansion of Pdo/dQ, to render less
meaningful the statistical indicators from the anal-
ysis of the coefficients. Also, although the distri-
butions were normalized to the cross section, the
greater uncertainty of the latter (fewer events due
to tighter cuts, uncertainty in normalization, etc.)
was not originally incorporated into the error
stx'ucture of the coefficients. Incorporating this
significantly increases the errors for some of the
4,'s (note that Table VI presents the correct val-
ues; Fig. 2 shows the values used in our fitting).

f(E, cos8) =
(„& „,g[(L,+1)T~+IT~]P~(cos8),

g(E, cos8) =
( )~12 Q[TI, —Tg]P~(cos8),

where k and k, are magnitudes of the c.m. momen-
ta for the K and m, respectively. The partial
waves T~ for our reactions are related to the iso-
spin eigenwaves by

7'(A p- v Z+) =(~)"2T~~(I=0)+~2T~~(I= l.).
The states affected by T~ have spin J =I + 2 and.
parity P = -(-I)~. The observables are expressed
in terms of f and g as foDows:

—= —'(Ifl'+lgl'),do
dQ

do 2k
P—= ' Re(f*g)n.

dQ

(2a)

(2b)

We may compare Eq. (2) with Eq. (1). Since the
explicit dependence on 0, is canceled and X is in-
versely proportional to k, the A„and B„coeffi-
cients have a constant bilinear dependence on the
T~. This dependence has been tabulated, for ex-
ample, in Ref. 11.

Certain general properties are assumed to hold
for the transition operator. The consex vation of
probability requires ( T~[ - 0.5 for inelastic transi-
tions. The W'igner condition for causality restricts
the variation of the phase, 5, Of a partial waveP

IV. PARTIAL-WAVE ANALYSIS

A. Theory

The theory of partial-wave analysis for reactions
of the form spin 0+ spin 2 spin 0+ spin —,has been
described in detail elsewhere. "" We wish here
to establish our conventions. The transition oper-
ator must take the form

T= f(E, cos8)+g(E, cos8)f n,
where o is the Pauli spin matrix; cos8 and n are
defined as in Secs. IIIB and III C. The functions f
and g, the spin-nonf lip and spin-flip amplitudes,
respectively, may depend on the c.m. energy E and
the production angle. Because of rotational invari-
ance the angular dependence takes the form
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TABLE VI. Legendre coefficients.

A. From K p m'+Z angular distributions

+c.m. (GeV) 10+ Ao 1O+' A, 10+3 A 2
10+ A3 10+3 A4 10+ A 10+3 A 1o+' A,

1.732
1.754
1.782
1.798
1.818
1.844
1.865
1.887

1.919
1.937
1.961
2.001
2.022
2.051
2.084
2.106

53+ 6
52+ 6
54+ 6
6~ 7
78+ 8
94+12
75+ 6
61+ 4

42+ 3
38+ 3
31+ 3
38+ 3
35+ 4
35+ 4
37+ 4
34+ 4

—15+ 7
-34+ 5
-41+ 6
—33+ 5
—25+ 7

3+12
8+ 8

36+ 5

26+ 4
19+ 5
24+ 5
14+ 6
7+ 6

16+ 8
20+ 9
15+ 7

54+10
42+ 6
46+ 7
61+ 8
94+ 12
95+18
86+12
67+ 7

44+ 6
65+ 8
70+ 7
98+10
76 +-10
97+13

113+15
98+12

10 +10
11+ 6
33+ 7
41+ 7
45+11
41 +18
17+13
3+ 8

10+ 7
16+ 8
35+ 8
36 +10
33 +11
40 +15
42 +15
39+12

—32 +12
-13+ 7
—18+ 7
-12+ 7

5+11
4+ 20

22+ 14
37+ 9

48+ 8
71+ 9
64+ 9
84 +11
74+12
77+ 14
99+16
94+13

49 +15
37+ 8
78 +12

101%13
135+19
130 +28
101+17

59 +10

48+ 9
28 +10
31+ 9
25+11
50+14
56 +16
43 +17
31+13

-12+16
3+ 8

-22+ 9
-17+ 9
-1+13
32+24
37+17
42 +10

42+ 9
49+10
39+ 8
50 +10
54 +14
56 +27
62 +19
46+ 12

-3 +17
-14+ 8

12+ 9
-14+10

28+15
-28+29
-8+18
—8+10

-3+10
12+ 10
12+ 9
12 +12
48+17
30+25
20 +16
34+ 18

B. From K p x Z+ angular distributions

@c.m. (GeV) 10+ Ao 1O+3 A, 10+3 A2 10+~ A3 10+3 A4 10+ A) 10+3 Ae 10+3 AT

1.732
1.754
1.782
1.798
1.818
1.844
1.865
1.887

1.919
1.937
1.961
2.001
2.022
2.051
2.084
2.106

75+10
87+10
80+ 9

102 +11
101+ 12
97+15
94+10

103+ 7

112+ 8
105+ 8
112+ 8
114+ 9
117+ 11
126+13
146+15
121+ 11

41 +11
65+ 9
51+ 9
75 +11
61+13

107 +24
94+16

112+12

112+13
64 +13

108 +14
120 +15
139+20
175+24
225 +28
173+20

32 +13
46+ 9
42+ 9
63+11

128 +20
151+33
146+23
200+ 1S

230 +21
174+19
188 +20
162+22
193+28
248 +34
260 +38
220 +29

-64 +19
-68 +13
-91+15
-87 +14
—24 +19

42+32
58+24
57 +18

123 +21
57 +20

127+22
184 +24
222 +34
234 +38
293+47
224 +34

-48 + 24
-59 +14
—73+15
—70 +15
-4 +21
61+38
70+28
96 +20

166+23
138+22
228+25
231 +27
228 +35
280 +43
336+48
275 +36

10 +32
-6 +14

8+15
20 +16
77+26
54+56
85+33
82 +23

158 ~26
88+26

159+27
203 +29
192 +45
185+46
310+63
239+41

-23+34
16 +15
18+15

-24+16
17+23

-97+79
3 +31

21+19

29 +23
-22 +25

53+24
13 +26
67 +37

105+41
211+53
114+34

-8+34
14+15
—0+19

-25+19
-28 +33

58 +10
44 +41
—7 +27

33 +22
-44+24
-21+25
—2~26
-2+54

—26 +38
99+ 78

-15+42

C. From K p z Z+ (Polarization) & (angular distribution)

Z, (GeV) 10+3 Bo 10+ Bg 10+ B2 10+ B3 10+ B4 10+3 B5 10+3 B6 10+3 Bg

1.732
1.754
1.782
1.798
1.818
1.844
1.865
1.887

1.919
1.937
1.961
2.001
2.022
2.051
2.084
2.106

0+ 0
0+ 0
0+ 0
0+ 0
0+ 0
0+ 0
0+ 0
0+ 0

0+ 0
0+ 0
0+ 0
0+ 0
0+ 0
0+ 0
0+ 0
0+ 0

-50+11
-50+ 9
-48+ 9
-46+ 9
—18+10
-23 +13
-13+ 9
—14+ 7

5+ 8
23+ 8
8+ 9
6+ 9

31+11
25+12
23+ 15
20 +11

—42+ 9
-58+ 9
-66 +10
-69 +10
-82+13
-7+13

-47+ 10
—30+ 8

-16+ 9
-21+ 8
-26~ 8

9+ 8
-0 +11
35+12
30 +15
21 +11

-18+ 7
-13+ 5

2+ 5
—12+ 6
—12+ 8
-45 +15
-47 +10
-42 + 8

-33+ 9
-34+ 8
-22+ 9

30+ 8
21+12
27 +13
3 +15

23 +11

—2+ 5

-1+ 5
-19+ 6
—47+ 9
-9+12

-32+ 8
-29+ 7

-25+ 8
-30+ 8
-34+ 8
—0+ 7

4+12
21+12
1~15

11+11

-4+ 5
7+
8+ 4

—,8+ 7
-0 +11
-4+ 7

-10+ 7

—15+ 7
—17+ 6
—15+ 7

15+ 7
21+11
15 +10
11+14
32 +11

-3+ 5
-1+ 3

6+ 4
1+ 4

-9+ 7
6+11

-0+ 6
1+ 6

-3+ 5
10+ 5
3+ 6

13+ 6
24+ 9
25+ 9
16+12
28+ 9

-4+ 5
-2+ 3

2+ 3

-4+ 6
7+11
4+ 6
7+ 5

-3+ 5
5~ 5

—1+ 5
11+ 5
0+ 7

21+ 9
7 +10

15+ 8
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where the range & may be the inverse mass of a
fieM quantum. We emphasize that we have not im-
posed such conditions during the fitting process.

B. Procedure

The partial-wave analysis was done on a CDC
6600; the fitting program used a modified version
of the code vAMGT, which minimized a function
using a variable metric in the parameter space. "
The function minimized was the y~:

li'=+[(c, -x,)/ax, ]'.

The sum is over all data points; x; and hx; are the
experimental value and its error; and c, is the
corresponding value calculated from the partial
waves. The program could fit either the Legendre
coefficients or the cross sections, angular distri-
butions, and polarizations.

In our energy-dependent fits we have used a va-
riety of parametrizations for the partial waves.

I" (q, +q,k+q, k') exp[i(q, +q,k+q, k')],
V: q, (k -q, )'exp[i(q, +q,k+q, k')],

q,q,d, (E)e"4
(q. -&) —iq.d, (&)

'

The first two are background parametrizations and
depend on the energy through the c.m. momentum
of the K . The last is the Breit-Wigner resonant
parametrization. In the fitting process the energy
dependence of the coupling is not varied: The func-
tions d, are treated as constants for each energy.
The resonant energy E„is q, and we have fixed q',
at either 0 or v. The (signed) amplitude at reso-
nance is

d&(qm)

)
8

and the full width evaluated at resonance is
I' = 2q,d, (q, ) .

In our fits we have assumed the partial-width ener-
gy dependence suggested by Glashow and Rosen-
feld, "

with X=0.35 GeV/c; k, is the c.m. momentum for
the channel, with /, its orbital angular momentum

.quantum number. For determining the ful. l-width
dependence, d, (E), rough approximations for de-
cays into a variety of channels were used. Blatt
and Weisskopf have derived the energy dependence
of the partial width for the nonrelativistie case,

which differs from the above for l& j. '5 The values
of I; and I" were not sensitive to our particular
choice of energy dependence. 2

Frequently both a resonant and a nonresonant
parametrization were included in a partial wave, in
which case they were simply added. Since the res-
onant parametrization contains an arbitrary phase,
this need not violate unitarity (conservation of
probability). " We have not needed to use this ar-
bitrary phase, however.

In picking starting values for a fit, we have at-
tempted to use information already available.
First some of the partial waves have well-estab-
lished resonances within our energy range. '
These resonances are often seen in more than one
reaction, which confirms their interpretation. We
have consistently included the well-established

in +05 Dy5 Fp5 Fy7 Crp7 Other reso-
nances were introduced as seemed appropriate.
Second, because of the observed structure in the
Legendre coefficients, it was clear that the higher-
order waves emerge only at higher energies. For
this we have used the V parametrization, starting
its q~ slightly below our energy range. All other
pa a t sw ta tdat

The different fits are distinguished not so much
by starting values as by starting structure. The
structure of the better fits is given in Table VII;
for each wave the letters indicate the type of pa-
rametrization, the numbers indicate how many pa-
rameters were free to vary. For P(4) the quadrat-
ic coefficients were fixed to zero. The phases for
all resonances were fixed to either 0 or g. Note
that the fits E1 and 6 i contain fixed xesonances
(0 free parameters) m Do~ and D~s. These were the
well-established resonances below our energy
range. '6 In the 8 series the D» resonance was in-
cluded and varied, but the results were not very
meaningful.

C. Results

The results of the partial-wave analysis for the
three fits with highest probability are plotted in
Fig. 4 and tabulated in Tables VHI-X. The Le-
gendre coefficients predicted from these partial
waves are plotted in Fig. 3, superimposed on all
data presently available for the two reactions in
the energy range covered by the analysis. Since
the parameters obtained in the fits specify the en-
ergy dependence, both Fig. 4 and Tables VII-X
present the partial waves at equally spaced ener-
gies. The statistical indicators are given in Table
VII for the better fits to our Legendre coefficients.
For these we have calculated the y3 for two addi-
tional sets of data: both for the original data-
cross sections, angular distributions, and polar-
izations- and for all the Legendre coefficients
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TABLE VQ, Summary of partial-wave fits to Legendre coefficients. ~

Sg

Po~

Dos
&~3
Dos
D~s
&osj' (s

j iz
os

R {3)
P (6)
R(s)

iI
I ~

1I

v{5)

I

R (3)

I

R (s) +R (s)

v(5)
R(s)

I

It

R (3) +P (6) R(3) +P (6)
1~ P (6) P {6)

R(3}+P(6) R (3) +V(5) R (3) +V(5)
R(3)

R (s) +V(5)

l

R (s) +R (s)

v(5)
R(s)

I $

R (3)
R (3) +V(5)

I

V(5)

I

R (3)

1'

R(3)
P(6)

1 t

R(s)
R(s) +v(5)

R (s) +R (s)

v(5)
R(S)

1 I

R (3) +P (4)
P (4)

R (s) +v(5}
R (0) +v(5) R (0) +v(5)

R (0) +R(s}
R (3) +V(5) R (3) +V(5}

V(5)

I

R(3)

v(5)

NV

y 2/DF
Prob.
&x'&'

&
x'&'

90
296/278

21'
0.94
1.57

91
300/277

17'
0.97
1.58

90
288/278

33%%uQ

0.93
1.56

84
303/284

21%
0.95
1.54

88
SO6/28O

14
0.98
1.54

81
320/287

8'
0.98
1.56

91
312/277

7'
1.01
1.81

83
S17/285

9'
1.11
1.62

NV is the number of variables; DF is the number of degrees of freedom. ( X2)» is the mean -X2 contribution from
cross sections, angular distributions, and polarizations. (r ) is the mean X contribution from all Legendre coeffi-
cients in Fig. 3.

shown in Fig. 3. The average contributions are
given in Table VII.

As pointed out in Sec. HID above, the statistical
significance of the fits to the Legendre coefficients
is somewhat questionable. However, continuing
several of these fits by using the original data
showed that the results from a fit to the coeffi-
cients were not misleading. ' The partial waves
mere quite similar and the pxobabilities of fit mere
not drastically different (4% and 14% for the con-
tinuations of fits A, 1 and C1, respectively). We al-
so continued tmo fits mith all the coefficients shomn
in Fig. 3. Although the average y' contribution re-
mained relatively large (1.3 at best), the resulting
partial waves were in good agreement with the fits
to our own data. 2 Because of the large amounts of
time required for the fits to the larger data sam-
ples, me have concentrated our efforts on fitting
our Legendre coefficients.

We point out that the coefficients predicted by
different fits are very similar where data are
available; this may be seen in Fig. 3 for the three
fits with highest probability. One can see that in-
creased statistics, giving smaller errors, would
not distinguish these solutions at most energies.
Only in the B„for the Z final state where polari-
zation data are unavailable do the solutions show
marked differences. This means that a unique
solution cannot be obtained without supporting data

Cross sections Angular distx ibutions

1.60
2.10
1.61

1.09
0.88
1.06

These data are not sufficient to distinguish among
these. three fits.

We also comment on the general properties of
the partial waves. There is certainly no violation
of unitarity: None of the waves approach the uni-
tary limit. To look for violations of causality in
Fig. 4, consider the Wigner bmit to be one radian
per pion mass clockwise. Since the symbols in
Fig. 4 are spaced by 25 Mev, a clockwise move-
ment of more than about 10 deg between symbols
constitutes a local violation, Most waves actually
move counterclockwise, especially for J ~ ~. In
several lorn-order waves, notably in D„, these are

from other reactions. There is some information
available in the literature for the reactions K n
-n&Z' in the lower half of our energy range. " We
have calculated the X' from these data within the
range of our fits. The average contributions from
the cross sections (22 data points} and from the
angular distributions (151 data points} for our three
solutions with highest probability were

Average contribution to ym.
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FIG. 4. Argand diagrams for selected partial-wave fits to E P x Z ~ reactions. The labels for the fits correspond
to those in Table VII; {a) fit A1, (b) fit B2, (c) fit Cl. The symbols are plotted at energies starting from 1.725 QeV and
separated by 0.025 GeV. Note that dotted curves are isospin-0 waves and solid curves are isospin-1 waves.

TABLE XI. Resonance parameters.

Wave E (Gev) I' (GeV)

D~s
Dos
&os

&oz

&is
Dgs

+os
&is

1.765 +0.009
1.832 +0.005
1.823 +0.003
2,034 +0.014
2.092 +0.012
1.925 +0.008
1.985 +0.005
2.141+0.006
2.057 .

1.772

0.074 +0.017
-0.138 + 0.018
-0.268 +0.027
-0.086+0.014
0.096 +0.037

-0.137+0.015
-0.093 +0.006
0.156+0.013
0.104

-0.108

0.120 +0.038
0.088 + 0.010
0.104 +0.016
0.118+0.012
0.144 k 0.026
0.146+0.022
0.208 +0.022
0.504 +0.010
0.906
0.080

clockwise movements. However, since these oc-
cur close to the origin or near the end of our ener-
gy range, we do not consider them serious viola-
tions:- Other energy variations not available to the
parametrization are within errors of the waves
shown. The violations in the fits shown in Fig. 4
are typical of those in all the fits listed in Table
+II 2

Finally we have listed in Table XI the means of
the quantities describing the resonances: E„, t,
and I'. The errors indicate the spread of values
for different fits and are not statistically signifi-
cant. In particular, two of the resonances had
reasonable parameters only in a single fit and so
have no error. (For details see Ref. 2.) The first
five resonances listed in the table are those that
were previously well established. The values we
have obtained for their resonant parameters are
not notably different from values previously deter-

mined. " The last three resonances listed are near
the extremes of our energy range and are not
strongly supported by our data alone. The two res-
onant structures near the upper end of our range,
in F» and Fo5, have been previously reported. '
The resonance listed for Pyy at the lower end of
our energy range, probably cannot be associated
with the P» resonance reported in the AzI final
state." In contrast with these last three resonan-
ces, the resonant structures seen in the F» and

D$3 waves are we 11 within our energy range and are
strongly supported by our data. Both have been
seen previously, the first references being Refs.
20 and 10, respectively. Other partial-wave anal-
yses have been less able to see the structure in
these two waves because the energy ranges studied
ended or began in the region where the waves res-
onate, whereas our data are well concentrated in
these regions. Although we obtain good solutions
with background parametrizations in these waves,
the "background" waves look very similar to the
resonances: The wave moves counterclockwise
through the imaginary axis at about the same ener-
gy. A resonance is more specifically character-
ized by the energy dependence of the phase: ac-
celeration to resonance, then deceleration. How-
ever, the detailed nature of this variation is not
well understood (see below) and, further, this var-
iation may be affected by background (n.b. , the
presence of a distant resonance in the same wave).
We feel that a fit with the more structural param-
etrization of a resonance is preferable to one with

a general parametrization, even if the latter is
slightly better statistically. The resonant struc-
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tures in E» and B» are in this sense @sell support-
ed by oux' RQRlyels.

The first six resonances in Table XI have Rll
been previously assigned to multiplets of paxticlee
based on the symmetry of the SU, group. We have
tried to obtain SU3-invariant coupling constants
based on the results obtained from our fits and re-
sults from reactions involving the related reso-
QRnces. The theoretical details on Which tI1ls Rt-
tempt ls MRde hRve been describedy Rnd 81IQi-
lax attempts have been carried out by several
groups. ~~ ~' All of the information are have used
in our attempt is listed in Table XII. This includes
the values from Table XI plus recent results on
ihe decay of the h(E) into Z'Z'. " All other val-
ues are taken from the compilation in Ref. 16.
Where these authox's have not given means and ex'-
rors, we have estimated them from the epx ead of
values fouDd iD dlffex'ent 8xperiments.

If SU3 were a pex"feet symmetry, fix'et Rll the
particles in a Multiplet wouM have the same Maes,
Rnd second, the couplings fox' VRx'ious decRy Modes
vmuM be xelated by certain SU, projection coef-
ficients. " We might assume that, although the
masses vary within a multiplet, the breaking of
SUB for the coupling constants might arise only
thl'ough the different kinematics. In this case the

TABLE XII. Data used for fits to SU3 coupiing con-
stants. Reactions are indicated by N&. 1, Nx Nm", 2.
~~PE; 3. NX~Zm", 4. NX Ax," 5. Nx~ZK.

0.420 +0.030
0.436+0.018
0.074+ 0.017

-0.250 ~0.025
0.090+0.010

-0.138+0.018

0.620+0.060
0.100+0.030

-0.137+0.015
-0.090+0.020
0.639~0.006

-0.268 +0.027

0.450+0.060
-0.090+0.020
0.200+0.080

-0.086 +0.014
0.200 +0.020

0.290 +0.040
0.096+0.037

reduced coupling constants should be related by the
SUS px'ojectlon coefficients. For R genex'Rl x'8Rction

t r =+ (l",I;)"'= c,c,g'[ V(Z„)V(Z„)]'",
where gm ie the SU, -invax iant coupling constant and
c„c,are the projection coefficients. The kinema-
tics factox" me have used in fitting is

which is the Glashow and Rosenfeld (GR) depen-
dence mentioned above, using the nucleon Mass
~~ Rs R scR18 fRctox'. Since %8 Rx'8 studylQg the
scattering of an octet (E, n„. . .) with an octet
(N, Z, . . . ), this formulation is not satisfactory for
couplinge %'ith x'eeonRQt octets: T%o coupllDgs with
octets axe possible. In this case

t f"=(~4gf+c'4 g.)(cg'Sf+cgg'Xiii'R) ~js)]"'

%here gy Rnd gg Rx'8 the Rntleymmetrlc Rnd the
symmetric couplings, x'eepeetively. " We have
tried to obtain values of g& Rnd g, for the 9, Rnd

E, octets, and the values of g~ for the E, decuplet
and 6, singlet. . %8 have fit directly to the values
of t I', which agrees vrith the procedure used in

- Ref. 23. This px'ocedux e eliminates the depen-
dencey regulred fox" flttlng the Ig~ OD sometim8s
poorly known elastic Rmplitudee. It has the added
advantage of introducing explicitly the relative
signs of eouplings.

%8 have plotted in Fig. 5 the values of g&, g~,
and g' obtained fx'om the vax'ious values in Table
XII, using the GR energy dependence with 1=0.35.
For the resonant octets the results in genex'Rl are
parabolas in the (g~, g„) plane. We have assumed
g~ & 0, which fixes the curves for inelastic x'eac-
tlons. The x'eeults fx'OM 61Rstlc x'6Rctlons Rx'8

straight bnes, and we have chosen the intercept
(sign of square root) that gives the best intersec-
tion with othex' curves. The best values of the
coupling constants, using this energy dependence,
are given in Table XIII. However, Fig. 5 shovrs
that the assumption that the symmetry breaking
arises only through the kinematics is not vrell sup-
ported.

The energy dependence of the partial widths, hwv-
ever, is not mell established; ere have also fit the
values of Table XD using the GR energy dependence
with different values of X, and using the Blatt Rnd
Weisskopf energy dependence (BW). We found, as
did the authors of Ref. 23, that the best fits are
obtained for the energy dependence (ND) with no k'
dependence in the denominator,
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D5
F5

NK-X-X~
NK- X-A~

F7

NK X Am
(b)

A-NK

NK-A-Z~
67

FIG. 5. BUS coupling constants calculated from the amplitudes for individual reactions assuming the GB energy de-
pendence with X=0.35. The coupling constants are dimensionless; the scale factor was the nucleon mass. Elastic re-
actions are indicated only by the final-state channel. (a) D5 octet. (b) I'

~ octet. (c) I'
7 decuplet. (d) 67 singlet.

The variations in q for the various multiplets are
shown in Fig. 6. %'e emphasize that the statistical
significance is minimal since the errors in Table
XII merely reflect the spread of values from dif-
ferent fits.

This last energy dependence is quite different
from that used in our original partial-wave analy-
sis; the growth of the partial and full widths is not
moderated as in the GR and BVf dependences. This
procedure of letting the interaction radius go to
sero (BIluivalently letting X' dominate the denomi-
llRtol') WRS flX'St suggested fol' fitting the decay
rates of the —,

"decuplet, based mainly on the dis-
tinction between widths observed in production
processes Rnd in pRrtlRl-wRve RnRly8es. These
authors suggest that perhaps there is background
under the resonance, ignored in the partial-wave
analysis. To test this we performed two fits dif-
fering only in the energy dependence of the reso-
nant coupbngs: In the first we used, our standard
dependence, the GR type with X=0.35; in the sec-
ond we used X= 10, which approximated the ND

dependence. The results were not conclusive. The

fits Rcllleved prohahxllties of 43% Rlld 17%, 1'Bspec-
tively; however, several waves in the former were
in gross violation of the signer condition. Vive have
ohserved this sR1118 p118110111811011—high-prohahxllty
solutions which violate causality —while fitting the
data in limited energy ranges (see, for example,
Ref. 1)~ Rlld we 11Rve RssoclRted 1't wltll ovex'-pR-
rametrization. In the present case the D» wave
was parametrized ft (0) +ft(3) +P(6) in the notation
of Table VH. Before carrying these tests further,
therefore, we plan to extend the partial-wave anal-

+ D5
x F5
~F7
o 67

TABLE XIII. SU3 coupling constants from fits to data
in Table VIII, assuming Glashow and Rosenfeld energy
dependence with X=0.35 and the nucleon mass as scale
factol .

I

0.4
ND

0.88
0.87

-0.14
0.52

0.49
0.51

FIG. 6. Values of y2 for fits to SU3 coupling constants
for each multiplet. Three types of energy dependence
were tried. : the Blatt and Weisskopf form (B%) with an
interaction radius of 1 F; the Glashow and Rosenfeld form
(GR) with different values of the form-factor parameter
X and the "no denominator" form (ND) k '+ /E



PARTIAL-WAVE ANALYSIS OF K P m Z

O.

FIG. 7. SU3 coupling constants for possible D3 octet
including our a&3 resonance and the N(2040). The GR
energy dependence with X= 0.35 is assumed.

y818 to a b1oadex' energy x'ange. But since the en-
ergy dependence which best fits the data may not
be the one which best agrees with SU, symmetry,
it may be necessary to introduce symmetry break-
ing into the reduced eouplings.

Finally we may make a tentative statement about
the SU3 classification of the new resonance in D».
(Speculation about the last three resonances in
Table Xl would be premature. ) The resonant na-
tuxe of the D» wave around 1.94 to 1.98 GeV has
been seen in the Zm final state (this experiment and
Ref. 10) and in the Am final state (only in Ref. 10).
In both final states the resonant amplitude g has the
same relative sign. Qn the basis of this evidence,
the resonance could not be associated with an SUB

decuplet because the projection coefficients fox the
two final states have opposite sign. It may be as-
sociated~ 1n an octet& with the +3 nucleon x'es
nance seen around 2.04 GeV. In Fig. 7 we have
plotted the values of g&, g„obtained for these reso-
nances by using the GR dependence with X=0.35
(analogous to Fig. 5). The information for N(2040)
was taken from Ref. 16: I"=274+24 MeV, t„,
=0.17+0.06. For the Z resonance our values are
in good agreement with Ref. 10; we have used the
following: I'=208+22 MeV, tz, =0.10+0.02, and

IA, =0.13+0.05. %e assigned a, fairly large ex'xor
to the last since it depends on only one observation.
The results for gf, g~ are certainly no less com-
patible than those from the D, and I", oetets. The
mean y contributions, though of limited signifi-
cance, are indicative: 2.2 for the D„2.9 for the
E„and 2.8 for the B,.

VI. SUMMARY

%'e have performed a partial-wave analysis of
the reactions E p g'Z'. %e have here presented
the data on which this analysis was based as well
as the results of the analysis. The primary result
is the confirmation of resonant structures in the
E» and D» waves; these resonances are well with-
in our energy range and are strongly supported by
our data. We have looked at the D, and I', octets,
E, decuplet, and 6, singlet for possible SU, sym-
metry -in the reduced coupling constants. %'e found
that the energy dependence giving best agreement
wxth SU, symmetry may not be the one wh1ch best
fits the data, but were unable to test this conclu-
sively. %e found that the new D» resonance is
compatible with the D, nucleon resonance seen
around 2.040 GeV.
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