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Two-Body Strange-Particle Final States in 7r p Interactions at 4.5 and 6 GeV/c*
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Results on the following 71 p reactions involving a hyperon are studied at 4.5 and 6.0 GeV/c
from a high-statistics bubble-chamber experiment. (1) x p (A, Z )K: Differential cross
sections and hyperon polarizations are presented. Comparison with the line-reversed reac-
tions KN (A, Z )z indicates the failure of the predictions of K*(890) andK*(1420) exchange
degeneracy. Effective trajectories for these two reactions are compared. Shrinkage is ob-
served inKN- A~ and not in x p —AK . (2) x P (A, Z )K*(890): Differential cross sections,
hyperon polarizations, and K *(890) density-matrix elements are determined. A&*(890) de-
cay correlations are found to impose strong constraints on the scattering amplitudes. The
data indicate that both natural- and unnatural-parity exchanges contribute large, but opposite,
A polarizations. This behavior cannot be explained by a simple exchange model utilizing K and
the exchange-degenerate K*(890) andK*(1420) only. Additional trajectories or absorption ef-
fects are required to obtain the observed A-polarization effects. Comparison of AK*(890)
and Z'k*(890) indicates the greater importance of unnatural-parity exchange in the former
reaction. We observe no evidence for deviations from isospin predictions in AK*(890) pro-
duction where K*(890) K+7| and%&m . (3) m p AK*(1420) and AK*(1300): K*(1420) den-
sity-matrix elements satisfying positivity constraints are determined allowing for s-wave in-
terference effects. Evidence of the existence of a narrowK*(1300) -Kxx with a dominant
K+p decay mode is observed in the 4.5- and 6-GeV/c data. (4) Z (1385), A(1405), A(1520) pro-
duction: Differential cross sections for the quasi-two-body reactions m p Y K, where Y is
A(1405), A(1520), or Z (1385), are presented and found to have a very similar flat slope in the
forward direction. Data for forward K+ scattering in the reaction ~ p Z (1385) K+ are pre-
sented and discussed. It is argued that this forward peak cannot be explained by kinematic re-
flection or an s-channel effect and therefore must be due to either two-particle exchange or a
single exotic exchange in the t channel.

I. INTRODUCTION

Differential cross sections and some hyperon
polarizations and spin-density-matrix elements
are presented for the following reactions:

-AK*(890)'

-AA +(1420)'

-A(1405)A. O

-A(1520)SC',

~-p- Z'Zo

- Z K*(890)

Z K"(1420)'

z(1385) K

-Z(1385) K"

(la)

(2a)

(3a.)

(4)

(5)

(lb)

(2b)

(3b)

(6)

(7)

at 4.5 and 6 GeV/c.
The data for this analysis come from an -500000

picture exposure of the Stanford Linear Accelera-
tor Center (SLAC) 82-in. hydrogen bubble chamber
to a 4.5-GeV/c m beam and an -200000 picture
exposure of the Brookhaven National Laboratory

80-in. hydrogen bubble chamber to a 6-GeV/c
beam. This corresponds to 31.4 events/pb

exposure at 4.5 GeV/c and 18 events/pb. at 6 GeV/
c. The exposures were scanned for all topologies
with one or more I/ 's. We will present the rele-
vant data for reactions (1)-(7) separately.

II. SEPARATION OF FINAL STATES

A. AE, Z E, and AE m FinalStates

Tsuo- V ToPo'logy

When both A and K' decays are visible within the
fiducial volume, events kinematically ambiguous
between the four-constraint (4C) reaction m P-A%0
(la) and the 2C reaction v p- Z'K' (lb) were as-
signed to (la), on the basis that a fit to the 4C hy-
pothesis is more likely to be correct. These kine-
matic ambiguities amount to 10% of the AKD sam-
ple. Their interpretation as Z'K' events would
lead to a strongly asymmetric' -decay distribu-
tion, a fact which indicates the correctness of the
above assignment arid that the contamination to the
AK' sample is, at most, a few percent for the two
1/' events. The remaining Z K' sample contained
approximately 15% kinematic ambiguities with the
1C final state AK rr . For the AKom final state the
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consistent with isotropy
I
see Fig. 1(b)] apart from

a loss of -20 events in the first bin due to allocat-
ing all 148 ambiguous events to the A sample.

C. AE m'7t' and AE'm m Final States

For the 4.5-GeV/c data, we separate these two
final states as follows.

Takeo —V ToPology

All 451 events satisfying 4C fits to the AK m'm

hypothesis are accepted in that sample.

2. One - V ToPolo gy

Only events with a visible A are used in order to
eliminate ambiguities with such final states as
nK'X 'm and nK K m'. The missing mass squared
is required to be

Q. 2& MM'& Q.3 GeV' for AK w+g

FIG. 1. Z decay angular distributions. A is the direc-
tion of the A evaluated in the Z rest frame. Z is the
direction of the Z in the over-all center-of-mass system.
{a) For reaction 7I p Z K at 4.5 GeV/c. {b) For reac-
tion 7r p —Z ~+7I at 4.5 GeV/c. Dashed line indicates
isotropic distribution normalized to the number of events.

square of the missing mass recoiling against K,
MM'(K'), should lie above the kinematic threshold
of 1.56 GeV'. The assignment of these ambiguous
events was such that those with MM'(K') ~ 1.56
GeV' were assigned to reaction (1b). The validity
of this assignment is illustrated, for the 4.5-GeV/c
data, by the observed isotropic distribution of the
g'-Ay decay Isee Fig. 1(a)]. The remaining
events are assigned to the AK m final state if the
kinematic-fit probability, P(y ), & 5'%%uo and missing
mass squared, IMM'I, -0.1 GeV'.

One -V ToPology

Events with either A or E decay observed within
the fiducial region are used for the reaction m p
-AK' at 4.5 GeV/c, but only those with visible A

are used at 6 GeV/c. The Z' contamination is es-
timated to be less than 5% by interpreting the two
V' events as if only one Vo is visible. No one- V'
events were used for the ZOK final state.

B. A E'n and Z E'7t Final States

Events ambiguous between the A and Z fits have
been assigned to the A sample. This is justified
by the strong peaking of the Z -A y decay distri-
bution at Z A= 1 for the ambiguous events, in con-
trast to the required isotropy. For the Z' sample,
the effective mass recoiling against the n K' sys-
tem is required &1.4 GeV, to minimize the contam-
ination from AK+7t z events. The resulting sam-
ple, using 4.5-GeV/c data, shows Z'-Ay decays

p.p4& MM2& p.p8 GeV2 for AK+~-go.

There are 1728 events satisfying the AK+n n hy-
potheses and 1063 one- V' events satisfying the
AK'n'n hypotheses. In addition, there are 277
one-V' ambiguous events which satisfy both miss-
ing-mass criteria and fit both hypotheses. These
ambiguous events are assigned to the AK'z n' hy-
pothesis. This allocation is made on the basis of
studying scatter plots of neutral versus positive
momenta for the two-V, unique one-V, and am-
biguous samples separately. Ambiguous events lie
in regions where neutral and positive momenta are
approximately equal. A greater loss has been ob-
served in the scatter plot of the unique AK'm v'
events than in that of the unique one-V' AK'n'n
events, and consequently all ambiguous events
have been assigned to the former hypothesis. We
estimate that less than 33/0 of these ambiguous
events are incorrectly assigned. This corresponds
to less than 5% in the final AK'w+v sample and
less than 7% in the final two-V' and one-V'
AK 'n+ n sample. The ratio between one -V' and
two-V' events in the final AK'n'n sample is con-
sistent with the expected ratio.

Because of limited statistics at 6 GeV/c, we as-
signed half-weight to -20% of the events ambiguous
between these two final states.

D. Corrections and Cross Sections

The lifetimes of seen decays were examined as
a function of minimum distance between the pro-
duction and decay vertices. Stable values of life-
time were obtained at 0.2 cm for A and 0.4 cm for
K, which were taken to be the minimum distances
required for the sample. The decays (one or both)
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TABLE I. Cross sections and slope parameters for two-body strange-particle reactions at 4.5 and 6 GeV/c.

Reaction P „(GeV/c)
No. of
events o (pb)

dt'
—=web'(/t

f

—Jt [)

A (pb/Gev) 5 (GeV ') /tI ( (GeV2) /tz/ (GeV )

7r p AKO

n p AK*(890)0
AK*(890)'

7r p AE*(1420)
AE *(1420)'

45
6b

4.5
6

4.5
6

912
326

627 (K+7r )
172 (K+7r )

193 (K+7r )
44 (K+~-)

54 +2
38 +2

53 +2'
25.5 + 2

16.5 ~ 2.5
6.3+1 5 d

318+ 12
231+14

130+ 11
92+ 14

21+5

7.3+ 0.3
6.7 + 0.3

2.5 + 0.2
3.2 + 0.4

1.9 + 0.4

Q.1
0.1

Q 4
0.8

1.6
1.5

x p A(1405)E

7r p A(1520)KD

7r p ZOK

r-p —ZoK+(890) ('

7r p Z E*(142p)

vr p X{1385)E

4 5

4.5

4.5

4.5

4.5

4 5

53 (E-p)

150

305 (K'~-)

78 (K+7r )

94 (A~')

26 ~3.5'
30 +2

26 ~2c

5.5+1.1 '
17 +2~

43(Z 7r ) 18 +3 32+ 7

60 ~13

186+ 28

52+8

29+ 6

2.6 + 0.4

2.3 + 0.4

7.0+ 1.0
2.1 + 0.2

1.9+0.3

0.2
p 4

2.0

An alternative fit da/dt =[(305+14)e~ ~ 4 +(28+2)e(~ 6~
) p, b/GeV fort' &2.0 GeV at 4.5 GeV/c.

An alternative fit da/dt =[(236+15)e ' ' . ' +(4.4+1.2)e~ ' '
j pb/GeV for t'&2.p GeV at 6 GeV/c.

Corrected for the E vr decay mode.
K7r decay mode only.

~ Corrected for all decay modes.

were required also to lie within the fiducial volume
used. Each accepted event was then weighted by
the reciprocal of the detection probability. This
correction was only significant and therefore ap-
plied to reactions (1a), (1b) and (4). To estimate
the scanning efficiency, a subsample of the ex-
posures was rescanned. The efficiency for topol-
ogies of interest was about 90%. Kinematic and
geometric processing losses amounted to about
11/o for one-V', about 15% for two-V', and about
19% for the two-prong plus V' topology.

The cross sections for the two-body and quasi-
two-body channels discussed in this paper are
summarized in Table I. The quoted errors are
statistical. We estimate that the systematic er-
rors could be as large as 10/0 for the 4.5-GeV/c
data and 15/0 for the 6-GeV/c data. These cross
sections have been corrected for unseen decay
modes. In addition, the parameters for the for-
ward differential cross section listed are obtained
from least-squares fits to the expression

—=we"d(7

dt'

over the indicated ranges of t' = t —t, where t, is
the minimum allowed momentum transfer squared.

III. n p~ AK AND m p~ Z K

The center-of-mass angular distributions for
w P-AK' at 4.5 and 6.0 GeV/c and for w P-Z'K'

at 4.5 GeV/c are shown in Figs. 2 and 8 and listed
in Tables II, III, and IV. These distributions show
both forward and backward peaks' (a K'=+I).
The differential cross sections and polarizations'
PA for reaction (la) are presented in Figs. 4 and
5 and Tables V and VI and the differential cross
section for reaction (1b) is shown in Fig. 6 and

Table VII.
Reaction (la) shows a clear break of slope at t'

= -0.4 GeV' at 4.5 GeV/c. The data for reactions
(1b) at 4.5 GeV/c and (1a) at 6.0 GeV/c also show
a definite change of slope near the same t region.
Results of fits to the differentia' cross sections
are given in Table I. For reaction (la) the A

polarization is positive at small (t' ~, crossing
through zero for t' = -0.45 GeV' and becoming
large and negative for larger values of ~t' ~. It
should be noted that the polarization changes sign
at the position of the break in the differential cross
section, ' a feature which is particularly clear in
the 4.5-GeV/c data, .

A. Remarks on m p~ AK

In the forward peripheral region the n p-AK'
reaction is expected to be dominated by the ex-
change of K*(890) and K*(1420), the only allowed
known exchanges. The Regge-pole model relates
n. p-AK' to the line-reversed reaction g'p-An'
and thus to the charge-symmetric K n-An .3 The
assumption of weak exchange degeneracy of K*(890)
and K*(1420) [o.~~«») (t) = axed&, »&(t) where the o 's
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FIG. 2. Differential cross section for reaction (1a) vs
center-of-mass production angle (8 ~ K ) at 4.5 and 6
GeV/c.

h hP~ ~ K

FIG. 3. Differential cross section for reaction (1b) at
4.5 GeV/c vs center-of-mass production angle (0 ' K ).
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FIG. 4. Differential cross section and A polarization
vs t' for reaction (la) at 4.5 GeV/c. Solid line, indicating
the fit (shown in Table I), is extended by the dashed line
for reference.

FIG. 5. Differential cross section and A polarization
vs t' for reaction (la) at 6.0 GeV/c. Solid line, indicating
the fit (shown in Table I), is extended by the dashed line
for reference.
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1000 TABLE III. Differential cross section for vr-P hK
at 6 GeV/c.

100

10

0 0~-p~Z K

(4.5 GeV/c) Range of
cos6~

1.0-0.95
0.95-0.9
0.9-0.8
0.8—0.7
0.7-0.0
0.0- -0.9

-0 9—-1 0

(p,b/sr)
do

88+6
18 + 2.5

2.8 +0,7

2.2+ 0.7
0.08 + 0.05
0.02 + 0.02
0.8+ 0.4

0 0.2
I

0.4

7

I x I

0.6 0;8
-1'(GeV )

1.0 1.2 1.4

FIG. 6. Differential cross section vs t' for reaction
(1b) at 4.5 GeV/c. Solid line, indicating the fit (shown
in Table I), is extended by the dashed line for reference.

are the trajectory functions] predicts

d~ 0 da
(~ p-A—K') = (K n-A—~ )--

dt dt

0 daP —()( p -AK ') = P (K n -- A (( ) .—
Adt Adt

TABLE II. Differential cross section for 71. p AK
at 4.5 GeV/c.

Range of
coso* (p, b/sr)

do

In the case of strong exchange degeneracy
8'+ (890) ( ) E+ {1420)( ) ~IC*(89 )( )0~8 4'(1420) (

where the P's are the real residues] the prediction
is for zero A polarization.

The differential cross section and A polarization
for the reaction n p-AK' at 4.5 QeV/c is com-
pared in Fig. 7 with that of K n -A)( at 3.9 GeV/c,
the best available data at a nearby energy. ' The
difference between the differential cross sections
is significant. The polarizations are similar for
It'I &0.4 GeV' but opposite in sign beyond this re-

gion. These observations are in direct contradic-
tion with the simple predictions from either strong
or weak exchange degeneracy. '

To explore all the available data" in these two
classes of reactions ()( p-AK'; and K n-An, '

K0p-Av', and K p-Av0) we show in Fig. 8 a com-
pilation of the total cross sections for these reac-
tions. Clearly, o(KN-A)() exceeds o(({p AK-') by
a factor of between 5 and 2 in the region of 2 to 5
GeV/c, a factor which is decreasing with increas-
ing momentum. In addition, in Fig. 9 the slope b
of the forward differential cross section is shown
for these reactions. The mean values (b+), 9
= 7.15 + 0.25 GeV ' and (b )z~ A, = 4.0 + 0.85 GeV '
differ appreciably. It is interesting to note, how-
ever, approximate equality of the differential cross
section at t' = 0 for KN-An at 3.9 GeV/c and )( p
-AK' at 4.5 GeV/c in Fig. "I Our data. as well as
other data" indicate equality of the forward differ-
ential cross sections in the momentum range 3-6
GeV/c to the level of -20%, a much closer agree-
ment than shown by the integrated cross sections.

The effective trajectories (2(t) for )( p-AK' and
gN-An have been determined from available
data" using the expression

da s-u 2—(s, t) =f(t)

where s and u are the usual Mandelstam variables.
The results for {1(t)are shown in Fig. 10. The two
reactions show (luite different behavior. n(w P

1.0—0.99
0.99-0.98
0.98-0.97
0.97-0.95
0.95-0.9
0.9-0.8
0.8—0.7
0.7-0.5
0.5-0.0
0.0——0.85

—0.85——0.9
—0.9- -0.95
—0.95——1.0

146 + 12
126 + 11
100 + 11

73+ 6
28 +2

S.3 +1
4.9+0.7
1.8+ 0.3

0.15+ 0.05
0.07 + 0.03
0.6 + 0.4
0.6+ 0.4
1.9 +0.6

Range of
cos6* (p,b/sr)

do

1.0—0.95
0.95-0.9
0.9-0.6
0.6-0.0
0.0- -0.85

-0.85- —1.0

55+ 6
18+3

2.8 + 0.5
0.32+ 0.13
0.04 + 0.04
0.6 + 0,4

TABLE Dt". Differential cross section for x P —Z'X
at 4.5 Qeg/c.
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TABLE V. Differential cross section and depolarization
for m p AK at 4.5 GeV/c.

TABLE VI. Differential cross section and A polari-
zation for x p AK at 6 GeV/c.

-t' (GeV2)

0.0-0.02
0.02-0.04
0.04-0.06
0.06—0.08
0.08-0.10
0.10-0.12
0.12-0.14
0.14—0.16

0.16-0.18
0.18-0.20
0.2P-0.22
0.22-0.24
0,24-0.26
0.26-0.28
0.28-0.30
0.30-0.32
0.32-0.34

Visible
events

95
79
79
78
53
60
4Q

45

30
38
19
19
18
16
11
14
14

, (pb/GeV )

288 + 30
229~26
235 + 26
218 +25
152 +21
170 + 22
114+ 18
134+20

83+15
114+18
49+ 11
57+ 13
50+12
47 ~12
30+9
40+11
37 ~10

-t (GeV')

0.00-0.02
0.02—0.04
0.04-0.06
0.06-0.08
0.08-0.12
Q.12-0.16
0,16-0.20
0.20 —0.24
p.24-p.28

0.28—0.32
0.32—0,36
0.36-0.40
0.40-0.60
0.60-0.80
0.80-1.00
1.00—1.4
1.4-2.0

Visible
events

32
35
29
30
39
23
28
25
16

14
10
4

11
5

10
3

, (pb/GeV2)

188 + 33
205 + 35
171+32
177+ 32
115+18

68+ 14
82 +16
74+15
48+ 12

41+11
29+9
12 + 5.5

6.5+ 1.9
2.9 + 1.3
3.6 + 1.5
2.9+ 1.0
0.6 + 0.4

0.34—0.36
0.36-0.38
0.38-0.40
0.40-0.44
0.44—0.48
0.48—0.52
0.52-0.56
0.56-0.60
0.60-0.64

0.64-0.68
0.68-0.72
0.72—0.76
0.76—0.80
0.8-1.0
1.p —1.2
1.2—1.4
1.4—2.Q

10
10

5
12
12
13
13

9
8

12
12

5
10
21
21
12
17

27+9
27+ 9
14+ 6
17+5
17+5
20~6
20+6
11+4
11+4

18~5
17+ 5
7+3

13+4
6+ 1.3

5.3 ~ 1.2
3.4 + 0.9
1.7 + 0.4

—t' (Gev')

0.0-0.05
0.05—0.10
0.10-0.15
0.15-0.20
0.20-0.30
0.30-0.45
0.45-0.60
0.60-0.80
0.80—1.2
1.2 —2.0

+0.14 + 0.20
—0.04 + 0.21
+0.73+ 0.26
+0.45 + 0.29
+0.56+ 0.31
+0.67+ 0.35
-0.36 ~ 0.45
—1.44 + 0.50
—0.94+ 0.41
—0.88 + 0.62

-AK') is constant for -t ~ 0.4 GeV' indicating no
shrinkage of the forward peak in the momentum
range 2-6 GeV jc. On the other hand, o.(KN-Aw)
is linear with a slope -1.3 which indicates shrink-
age of the forward peak. This accounts for the
greater spread of (5 ) in Fig. 9.

In short, the notion of the simple (K*(890),
K*(1420))exchange-degenerate Regge-pole model
is significantly violated by the data available so

—t' (GeV)

0.0-0.1
0.1-p.2
0.2-0.4
0.4-2.0

—0.25 + 0.22
+0.44 + 0.35
+0.41 + 0.31
-1.35*0.48

TABLE VII. Differential cross section and p polari-
zation for x p —E X at 4.5 GeV/c.

-t' (G V~)

Visible
events

—(pb/GeV')
do
dt

0-0.04
0.04-0.08
0.08—0.12
0.12-0.2
0.2-0.4
0.4-1.0
1.0-1.4
1.4-2.0

32
17
23
25
21
13

9
2

161+29
85+ 21

116+25
63+13
21+5

4.4 ~1.2
4.5 + 1.5
0.7 + 0.5

—t' (GeV2)

0-0.4 0.59+0.41

far, with the possible exception of the very forward
direction. In order to achieve fits to these reac-
tions, Regge-Pomeranchukon cuts and daughter
trajectories must be added to the simple model. '
At this point the model loses much of its attractive-
ness. In spite of these difficulties it should be not-
ed that for the reaction a p-AK' the zero of the
polarization near I,

" = -0.45 GeV' coincides with
the zero of the effective trajectory which itself is
close to the zero of a linear (K*(890),K*(1420))
trajectory. This type of behavior, however, does
not seem to occur for their-An reaction.
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o-{K n —+A~ )-0 +
g& cr (K p~ A. 7r ).cr (K p'~ A~ ) X2

o. {vr p ~ A K )

FIG. 7. Comparison of differential cross sections and
6 polarizations vs t' for the reactions K n A7r at
3.9 GeV/c to those of the reaction 7r p AK at 4.5 GeV/c.
The solid line, indicating the fit shown in Table I, is
extended by the dashed line for reference.

FIG. 9. Comparison of the forward slope (b ) of the
differential cross section for the reaction KN- A7r

(shown by squares) to the forward slope (b+) for the
reaction 7r P AK (shown by circles) as a function of
s -the total center-of-mass energy squared. The shaded
regions show the weighted averages of 5 plus and minus
1 standard deviation. The data are from Refs. 1 and 3.

B. Remarks one p~Z E

We compare the reaction v p-g g' to v'p-g'g+
to determine whether any a»„ isospin- —,

' amplitude
[in addition to the a»„ I = —,'K*(890),K*(1420) ex-
change] might exist in the t-channel exchange when
a Z hyperon is involved in the final state. This
may be done by comparing reaction (1b) with the
reaction m'p- Z'K'. The ratio of cross sections
is

a(2'p- &+K ") I a3/21'+ 41a»21 +4 Re(a3/2a1/2)

v(rr p- Z'K') 2!a„,!'+2!a»,1' —4 Re(a,*„a»,)
'

b

IO—

4 6 8 10

P &
(Gev/'c )

KN ~Avr
I I

t(GeV2)

FIG. 8. Comparison of the total cross sections for the
various KN A7r reactions to the total cross section of
the reaction 7r p AK as a function of the laboratory
momentum of the incident particle, Pzb. The data are
from Refs. .1 and 3.

FIG. 10. Chew-Frautschi plot of the K*(890) and
K*(1420) trajectory. Shaded regions show experimental
determination of the effective trajectories extracted from
data for the reactions x p —AK and KN A7r. See text
for details.
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The D/F ratio for pK*Z' and pK*A can be esti-
mated where K* represents both K*(890) and

K*(1420). The values of D/F a.re -0.24+ 0.06 or
4.2 + 0.4.

The Z' polarization' for (t' j &0.4 GeV' is (+) 0.59
+0.41. This can be compared with the A polariza-
tion in n p-AK for the same f range which is
+0.50+0.05. Thus Z' and A polarization appear to
be the same sign and approximately equal in mag-
nitude.

IV. THE QUASI- TWO-BODY REACTIONS

~ p~AK*(890) AND Z E*(890)

FIG. 11. Comparison of the forward slope (b+) of the
differential cross section for the reaction x p —ZOE

(shown by circles) to the forward slope (b ) for the re-
action K n Z 7r (shown by squares). The shaded re.-
gions show the weighted averages of b plus and minus
1 standard deviation. The data are from Refs. 1 and 3.

—(n p-Z'K'
dt' —,(n p-AK')=0. 59+0.09.

Since the spin-flip amplitude contribution is negli-
gible at t'-0, the ratio can be related' to spin-non-
flip contributions as follows:

8= 2 if only the a», amplitude is present. There-
fore any deviation of the value of p different from
2 indicates the presence of the a», amplitude. The
differential cross section for n'p-K+K' at 4.5

GeV/c for this comparison comes from an inter-
polation of the Michigan-Argonne data which are
measured at momenta between 3 and 7 GeV/c. ' We
obtained a weighted average of the ratio g to be
1.9+0.2 for ~t'~&1 GeV'. This is consistent with
no I = —,

' present in the g-channel exchange for n p-g'K' and n'p-Z'K' at 4.5 GeV/c.
Similar arguments concerning the (K*(890),

K*(1420)) exchange degeneracy can also be applied
here with the n P- Z K and the line-reversed re-
action K'p- Z'n+ or K n -Z'n . Limited date from
this experiment as well as others preclude a de-
tailed examination as done for the n p-AK' and
KN- An in Sec. IIIA. However, a similar disparity
between n p-Z'K' and K ~-Z n' seems to exist,
as can be illustrated in the slope parameter b, for
the Z' final states (Fig. 11)."

At g' -0, the ratio of

Much attention has been paid to two-body and
quasi-two-body reactions. Various competing
models have been applied to the description of dif-
ferential cross sections and decay distributions in
the peripheral region. ' Although some apparent
success has been obtained, competing models fre-
quently predict radically different behavior of the
helicity amplitudes. " The complete elucidation of
these amplitudes can only be accomplished using a
polarized target. However, in reactions such as
n p-AK*(890)' and Z'K*(890)' where the final bar-
yon polarization is easily measured, study of the
combined decay distributions of A and K*(890)' can
lead, under favorable circumstances, to strong
constraints on the behavior of the helicity ampli-
tudes.

A. General Features of m p~ AE'm

and@ p~Z E'n

The general features of these reactions are
shown in the Dalitz plots and effective-mass plots
of Figs. 12-17, and the Chew-Low plots of Figs.
18-20. The dominant feature is the strong forward
peripheral and marked backward K*(890)' produc-
tion appearing in all cases; K*(1420)' is also clear-
ly present in the AK '

n final state. The center -of-
mass angular distributions of AK*(890)' and
Z'K*(890)' at 4.5 GeV/c are shown in Fig. 21 and

Table VIII. In the AK 'n channel the N "(1700)
-AK ' enhancement is observed at both energies. "
The shaded area in the AK ' mass spectra is for
the events remaining after removal of the K*(890)'
events (0.79-0.99 GeV) and illustrates the absence
of overlap between this N*(1700) and the K*(890)'.

There are 1259 and 372 events from the final
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FIG. 12. Dalitz plot for the AK+7t' final state at 4.5
GeVjc.

state AK'v at 4.5 and 6 GeV/c, respectively, and
567 events from the final state ZCK+m at 4.5 GeV/c
for our analysis in this section.

We now turn to discussion of the quasi-two-body
reactions

0

Z.'
IJj

IJJ

50—

50—
(c

PZppzz
)

~ p-AK*(890)',

w p-Z'K*(890)',
(2a)

(2b)
1.4 1.8 2.2

MASS (GeV)

I

2.6

which dominate the z p -AK '7I and n p -Z K+m

reactions.

B. 7t'P~AE*(890) at 4.5 GeV/C

Differential cross sections and polarizations for
this reaction are shown in Fig. 22 and presented in
Table IX. Relevant cross sections and slope pa-
rameters are presented in Table I. Because of the
small background (-8%) in the K*(890)' mass re-
gion, the differential cross section obtained from
taking all events in the mass range (0.79-0.99 GeV)
is indistinguishable from that obtained from fitting
the mass spectra to a Breit-Wigner resonance
shape plus a linear background'for different regions
of t'. The differential cross section is less steep
(b = 2.5+ 0.2 GeV ') than the n p-AK' reaction.
One obvious feature of the differential cross sec-
tion is a flattening effect in the forward region

FIG. 13. Mass projections for the AK+71 final state
at 4.5 GeV/c. Shaded regions indicate events outside
K*(890) region t0.79 (M(K+7r ) & 0.99 GeV3.

W(0, y, 8', q') =—[W~g(G, cp) + Wq(8', cp') —4&]
1

+3 'c
16@' (8)

(0 & It'I &0.1 GeV'). The A polarization is consis-
tent with zero up to It'1-0.4 GeV' and then becomes
large and negative. We will examine the signifi-
cance of these observations after presentation of
the density-matrix elements of the K*(890)'.

The AK*(890)' double density-matrix elements
are determined for the K*(890)' mass interval by
the method of moments. The angular distribution
for this case is"
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where the single decay distributions are

FIG. 14. Dalitz plot for the AK+m final state at 6.0
GeV/c.

20—
O
tQ

0
MI-
4J 20—

0
l.4 I.8

I I

2.2 2.6 3.0 3.4
II' *(8,y) =4—„[~3+(cos'8--')(p..—p„)

—~2 Rep» sin 2 8 cosy
MASS (G.eV)

and

—p~ ~ sin 8 cos2y] (9) FIG. 15. Mass projections for the AK+~ final state
at 4.5 GeV/c. Shaded regions indicate events outside
K *(890) region [0.79 & M(K+ m ) & 0.99 GeV].

g A(g', y') = —(1+2o Almp, sing' siny')
4-n

(10)

where we use +~=+0.645 and subscripts + refer to the A helicity. " The correlation terms are given by

C = sing' siny'[2(Imp", —Imp", )(cos'8 —~)]

—sing' siny'[(Imp+ ' -Imp', ') sin'gcos2y -v 2(imp~+' —Imp", ) sin28cosy]

—sing' cosy'[(Imp', '+Imp', ') sin'8 sin'y + v 2(Imp', o +Imp", ) sin28siny]

—cosg'[2 Imp'„' sin'gsin2y +v 2 (Imp", , -Imp" ) sin28siny] .

This distribution, with 11 measurable quantities
plus dv/dt, applies equally to the s- and t-channel
frames. The direction of the normal to the produc-
tion plane, Y', is defined as Pr xK*(890), or equiv-
alently, p&&A. For the t-channel frame the z di-
rection is defined as the r [p] direction in the
K*(890)' [A] rest frame for description of the
K*(890)' [A] decay. For the s-channel frame the
s direction is opposite to the A [K*(890)']direction

in the K*(890)' [A] rest frame. The w has been
used to define the A-decay direction. Thus we can
determine 11 combinations of density-matrix ele-
ments which are shown in Figs. 23-25 and listed
in Tables IX-XII. No attempt has been made to
constrain the values of the density-matrix ele-
ments within their allowed ranges. However, the
positivity conditions on the density matrix are sat-
isfied to the level expected from the statistics.
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FIG. 16. Dalitz plot for the Z K+m final state at 4.5
GeV/c.

We now consider the interpretation of this data.
Following the method of Byers and Yang, "we de-
fine linear combinations of the helicity amplitudes

E(~ where X, X', and g are helicity indices for
proton, A, and K*(8SO)' respectively. For either
s- or t-channel frame,

I I

(c) M(X K )25

25

~V
llilllillllziiii~. ,

E+, +iF+ E+~+ +i E~~
1.4 1.8 2.2

MASS (GeV)

2,6 3.0

and further

B, +C, B, —C,

E&~~, are related to the double and single density-
matrix elements and differential cross sections as
follows:

~PA — EP EP *

FIG. 17. (a), (c), and (d) are mass projections for the
ZOK+7l final state at 4.5 GeV/c. Shaded regions indicate
events outside K*(890) region t0.79& M(K+~ ) &0.99
GeV]. (b) The missing mass recoiling from the A.

We can express six measurable quantities [from
Eqs. (S), (10), and (11)] in terms of A, ', S,', and

D, ' as follows:

2+D
dt

and

p, —gpPP —(g y'0 y'0 +)
vX

00 ll dt +
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FIG. 18. Chew-Low plot for reaction 7t p —AK+7t at
4.5 GeV/c.
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FIG. 20. Chew-Low plot for reaction 7I' p &OK+& at
4.5 GeV/c.

do' d&-P —= 2 ImpAdt ' dt

2+$2 $ 2+D 2 D

(14) From these six equations, one can experimentally
determine the six unknowns (A, ', S,', and D, ').
First, it is instructive to express these six un-

2(Imp", -Imp", ) —=A '-A, '

(S e S e+D e D e) 50—

-p~AK (890) p ~Z K (890)
(4.5 GeV/c)

(Imp' ' —Imp' ~) —= —'(S e —S e+D e De). -
dt

IO—

IO

7r p~AK 7r

(6.0 GeV/c)
I

l

I

CU
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C3

I 4-
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0
0.6 I .0 I.4 I.8 2.2
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FIG. 19. Chew-Low plot for reaction 7t' p AK+7I' at
6.0 GeV/c.
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FIG. 21. Differential cross sections vs center-of-mass
production angle [i .k*{890)] for reactions (2a) and (2b)
at 4.5 Gev/c.
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TABLE VID. Differential cross sections for 7t p AK*(890) and 7t p —Z K*(890) at 4.5 GeV/c.

Range of
coso*

do/dQ[7t p AK*(890) ]
(pb/sr)

do./dQ[m p ~Z K (890) ]
(pb/sr)

1.Q-0.9
0.9—0.8
0.8—0.7
0.7—0.6
0.6-0.5
0.5—0.4
0.4-0.2
0.2- -0,2

—0.2 —-0.6
-0.6- -0.8
-0.8- -0.9
-0.9—-1.0

42 +4
20+ 2
10 +1.5

3.8+ 0.9
1.7 + 0.7

0.38 + 0.32
0.24 + 0.24
0.12 + Q.15
0.13+ 0.14
0.24 + 0.24
1.4 + 0.6
1.7 + 0.7

15.0+1.7
9.5+ 1.1
7.0 + 1.0
3.1+ 0.7

0.7 + 0.3

0.24 + 0.18
0.33 + 0.14
0.21 + 0.13
0.23 + 0.24
1.0+ 0.6
1.4 + 0.5

knowns as

2 00 2 11+ 1 -1
A, =p' dt, S, =(p, +p, )dt

2 —(pll pl -1) do

where the lower index of p", " indicates the A spin
with respect to the production plane normal (not
the helicity index as for pt', (). Note that S,' and

(A, '+D, ') are invariant under rotation about the
production plane normal. To the extent that ab-
sorptive effects are not dominant, the quantity A. , '
has only unnatural-parity-exchange contributions,
and S,' and D, ' correspond approximately to nat-
ural- and unnatural-parity exchanges, respective-
ly 15

Figure 26 shows the experimentally determined

vr P~AK (890)
( 4.5 GeV/c)

T I 1 t T T

100 =p

10=

I I I J
0 0,2 0.4 0.6 0.8 1,0 1,2 1,4 1.6 1.8 2.0

-t'(('ev )

FIG. 22. Differential cross section and A polarization
for reaction (2a) at 4.5 GeV/c. Solid line, indicating the
fit shown in Table I, is extended by the dashed line for
reference.

values of A, ', D, ', and S,' for the t-channel
frame. In this frame only A. +' and S ' are domi-
nant throughout a wide range of It'I. This is not the
case for the s-channel frame where A+' and D, '
and S ' are all important (not shown). " Conse-
quently in the following, we consider only the t-
channel frame, since the dominance of only two
quantities, A, ' and S ', for It'

I
&0.8 GeV' leads to

a simpler interpretation of the data in this frame.
This behavior in the t-channel frame indicates that
the contributions from the p. =0 and ILI, =+1 ampli-
tudes give near maximal, but opposite, contribu-
tions to the A polarization. Thus the net A polar-
ization is found to be small for It'I &0.4 GeV'
where the two contributions cancel. For It'

I
&0.4

GeV' the faster decrease of A, , ' with It'I leads to
a large negative A polarization as seen in Fig. 22.
To illustrate this effect, we divide the data with
respect to the Gottfried- Jackson angle g in the
K*(890)' rest frame to enhance the A, ' (unnatural
contributions) and the S ' (natural contributions)
by selecting IcoseI&0.8 and Icos&1&0.4, respec-
tively, and plot the corresponding A-decay distri-
butions as shown in Figs. 27(a) and 27(c). It is
evident, in these two regions that the strong A

polarizations are opposite in sign, whereas in the
transition region (0.4 & Icos 81&0.8) the A polariza-
tion is zero as shown in Fig. 27(b). The over-all
A polarization (0 &

I cosgI &1) as shown in Fig.
27(d) is small and consistent with zero.

To be more specific, we make the following three
conclusions in the t channel for the region It' 1&0.8
GeV' where A+' and S ' are dominant:

2. A.,'»P '. This requires E'„=-iE', from
Eq. (12) (approximate equality in magnitude with a.

relative phase of -90') which implies a near max-
imal positive A-polarization contribution of the p,

=0 amplitudes. This is the effect illustrated in
Fig. 27(a).

2. S '»S, ' and S '»D, '. This requires
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TABLE IX. Differential cross section, A polarization, and density-matrix elements for ~ p AE*(890)
at 4.5 GeV/c.

Range of —t' do/dt
(Gev') (p.b/GeV') Poo

t channel

Pg -g Repro Poo

s channel
Re p&o

0—0.05
0.05-0.1
0.1-0.2
0.2-0.3
0.3-0.45
0.45-0.6
0.6-0.8
0.8-1.0
1.0—1.2

77.0+ 11
87.0 + 12
86.7+ 8.5
78.4 + 8.1
48.2+ 5.2
35.7 ~ 4.5
23.0 + 3.0
13.0+ 2.5
10.0 + 2

0.09+0.28
-0.16+0.26
-0.04+ 0.29
-0.50 + 0.35
—0.68 + 0.38

0.42 + 0.07
026 + 0.08
0.26 + 0.08
0.15 + 0.08
0.15 ~ 0.09

0.25+ 0.06
0.29 + 0.07
0.26+ 0.06
0.29+ 0.08
0.25 + 0.09

-0.04+ 0.04
0.03 + 0.04

-0.02 + 0.05
0.08 + 0.05
0.06 + 0.06

0.26 + 0.07
0.08 + 0.07
0.16+ 0.07
0.10+0.07
0.16+ 0.09

0,17 + 0.06 0.14 + 0.04
0.20 + 0.07 0.04+ 0.04
0.20+ 0.08 0.03 + 0.05
0.26+ 0.08 —0.07+ 0.05
0.25+ 0.09 -0.06+0.06

-1.06+ 0.34 0.24+ 0.09 0.07+ 0.09 0.07 ~ 0.07 0.35+ 0.11 0.12+0.08 —0.06 ~ 0.06

-0.11+ 0.28 0.40 + 0.08 0.18+ 0.06 -0.02 + 0.05 0.37 + 0.08 0.16+ 0.06 0.06 + 0.05

1.2-1.6
1.6-2.0

3.3 + 1.0 —0.6+ 0.6
0.7 ~ 0.7 ~ ~ ~

0.0+ 0.15 0.0 + 0.2 —0.05+ 0.10 0,45+ 0.20 0.20 + 0.10 0.20 + 0.10

s —FRAME

7f' P ~ A K (890j'
(4.5 GeVlc)

t —FRAME

(B =C )»B, or C, from Eq. (12) and gives rise
to the conditions

1 -1
+k +k

SL 4Eer

The first relation expresses the near maximal neg-
ative contribution to the A polarization of the p.

=+1 amplitudes. This effect is illustrated in Fig.
27(c). The second condition may indicate the dom-
inance of natural-parity exchange for these ampli-
tudes. This is reflected in the approximate equal-
ity of p» and py y

in the t channel as indicated in
Fig. 23.

3. Restriction on other measurable quantities.
A, ', D, ', and S,' have been determined from six
of the measured variables as indicated in Eq. (14).
The dominance of A+ and 8 restricts the possible
values of the six remaining density-matrix ele-
ments in Eq. (9) and (11). These requirements are
satisfied experimentally for ~t I

&0.8, giving a
check on the consistency of the data.

These requirements from A. + and S dominance
are as follows:

(a) Rep„= Re(A*D +A ,*D,), .
1

10 (16)

0.3—
(17)Im(p", —p", ) = Re(A *D A,"D,);-10 10

+ +

O
0

0) both (16) and (17) should be small but opposite in
sign as shown in Figs. 23 and 24.

I

0,4 0.8 I.2 0
—t' (Gev )

I I

0.4 0.8 I .2 (b) Imp'„' = —', Im(D S,* SD,*), -
Im(p', '+p', ') = Re(S D,* —D S,*);

(18)

(19)
FIG. 23. Single density-matrix elements vs t' for events

in the K*(890) region [0.79 &M(K+x ) &0.99 GeVl from
reaction (2a) at 4.5 GeV/c.

both (18) and (19) should be small as shown in
Pigs. 25 and 24.
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FIG. 25. Double density-matrix elements of the
K*(890) decay and A polarization correlation vs t' for the
reaction 7I. p —AK*(890) at 4.5 GeV/c, part two of two.
See text for details.
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(c) Im(p", , —p" )=—lm(S A,*-A S,*),ZO Zo

2
(20)

Im(p", +p",)= Re(A S,* —S A,*).
2

(21)

In this case either one or both must be large de-
pending on the relative phase of A, and S (see

FIG. 24. Double density-matrix elements of the K*(890)
decay and A polarization correlation vs t' for the reac-
tion m p AK*(890) at 4.5 GeV/c, part one of two. See
text for details.

Figs. 25 and 24). From Egs. (20) and (21) the
phase of S with respect to A, is found to be in the
range 0'- —120' for ~t'

I
&0.8 GeV'.

The conclusions 1 and 2 indicate strong A polar-
ization produced by both natural- and unnatural-
parity exchanges, positive in sign for the unnatu-
ral-parity exchange and negative for natural-parity
exchange. Consequently the simplest model with
only K and exchange-degenerate K*(890) and
X*(1420) exchanges cannot explain the A-polariza-
tion data. Additional trajectories must be intro-
duced for both unnatural- and natural-parity ex-
changes (or exchange degeneracy broken). Alter-
natively, absorptive effects could be introduced.

With a greater amount of data all the relative
phases within the two sets of amplitudes (A,S D, )
and (A S,D ) could be determined using Eqs. (16)—
(21). The relative phase between these two sets
can only be determined using a longitudinally po-
larized target. However, the greater the domi-
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TABLE X. t-channel double density-matrix elements for m p —AK*(890) at 4.5 GeV/c.

Q,ange of -t'
(GeV ) p+ —p+

pp ii
P++ P--10 io

t channel

1 -1
P++

1 -1 1 -1 1 -1
p+ + p + p+ —p

ip ip
p+ +p iP ipPp- P -+

0.0-0.1
0.1-02
0.2-0.3
0.3-0.45
0.45-0.6
0.6-0.8
0.8-1.2

-0.34 + 0.17
-0,25 + 0.16
-0.38 + 0.14'

-0.38+ 0.16
-0.44 + 0.16
-0.43+ 0,17

0.00+ 0.20

-0.31+0.14
-0.55+ 0.13

Q.Q7 + p.12
-0.35+0.13
-0.26+ 0.18
-0,26+ 0.17

p.23+ 0.17

0.01+ 0.10
-0,23+ 0.08

0.17+0.09
0,04 + 0.10
0.13+ 0,11
p, 18 + Q.12

-0.37 + 0.12

0.22 + 0.16
p.13+ 0,16
0.24 + 0.20
0.15+0.22
0.12 + 0.24
0.49 + 0.24
0.45 ~ 0.25

0.33 + 0.19
0.23 + 0.18
0.08 + 0.16
0.07+ 0.19
0.44+ 0.23
0.59+0.24
0.23+ 0.25

Q.13+ 0.12
-0.20 + 0.14
—0.27 + 0.18
-0.33+0.14

0.12 + 0.18
-0.18+0.20
—0.33~ 0.17

0.21+0.12
-0.14 ~ 0;11
—0.05 + 0.10
—0.04 + 0.12
-0.02 + 0.14

0.07 ~ 0.18
—0.12+0.17

' The data shown are the imaginary part of the combinations listed.

nance of the amplitudes A, and S, the less the
information that can be obtained from the polar-
ized-target experiment.

C. m p~ AE*(890) at 6 GeV/c

The differential cross section is shown in Fig.
28 together with the A polarization. A forward
flattening of the differential cross section is again
observed; we will comment on this point in Sec.
IV D.

Single density-matrix elements (see Fig. 29) and
double density-matrix elements are presented in
Tables XIII and XIV. The limited amount of data
at 6 GeV/c only allows the determination of double
density-matrix elements for two intervals of t'.
The experimentally determined values of A, ', D, ',
and S,' are displayed in Fig. 26 and show a similar
behavior to the 4.5-GeV/c data, , namely, the dom-
inance of A. ,' and S '.

D. Remarks on E*(890) Production from

m p~AE*(890) at 4.5 and 6 GeV/c

The principal difference between the data at the
two momenta is the steeper slope of the differen-
tial cross section at 6 GeV/c where b = 3.2 +0.4
GeV ' compared to a value of 5 = 2.5+0.2 GeV '
at 4.5 GeV/c. The forward flattening of the differ-
ential cross sections is observed at both momenta
and can be associated with the dip observed in

(p»+p, ,)dc/dt as shown in Figs. 30 and 31. This
is most naturally explained by the kinematic re-
quirement of a forward dip for the natural-parity
contributions from the K*(890)' and K*(1420)'.
Furthermore, one also notes for the t-channel
frame

d(Y d 0'

Poo dt (Pl 1 Pl -1) dt

da do.
(P»+Pa -i) d

~~(pii Px -i) dt ~t

(», +p, ,)d—-—
2pood for ~t'~~0. 1 GeV'do da.

at both momenta. This can be taken as an indica-
tion of the relative importance of the natural-par-
ity exchanges compared to the unnatural-parity ex-
changes for ~t' ~&0.1 GeV'.

E. m p~Z K*(890) at 4.5 GeV/c

The differential cross section and K*(890)' single
density-matrix elements are shown in Figs. 32 and
33 and in Table XV. The determination of polariza-
tion as a function of t is not possible due to lim-
ited statistics. The mean value for the range ~t'~

& 2.0 GeV' is given and appears positive (Pao = 0.45
+0.3). We note that the (p»+p, ,)do/dt gives the
largest contribution to the cross section as shown
in Fig. 34 and Table XVI.

TABLE XI. s-channel double density-matrix elements for 7t. p AK*(890) at 4.5 GeV/c.

Barge of —t'

(QeV2) 00 11P+- P+- io 10
P++ P—

s channel

1 -1
P++

1 -1 1 -1P+- +P-+ 1 -1 10 10P+- P-+ P+ — + P-+ p10 pi 0

0.0—0.1
0.1—0.2
0.2-0.3
0.3—0.45
0.45—0.6
0.6—0.8
0.8—1.2

-0.38+ 0.17
0.01+0.15
0.09 + 0.13
0.14+0.13

—0.12 + 0.16
-0.20+ 0.19
—0.20 + 0.20

—0.07 + 0.13
-0.28+ 0.13

0.05 + 0.14
0.00 + 0.16
0.07 + 0.16
0.30+ 0.17
0.55+ 0.18

0.13+0.09
0.18+ 0.08
0.24 + 0.12
0.26 + 0.09

—0.09 + 0.13
0.09 + 0.15
0.18+ 0.12

—0.05 *0.19
—0.16 + 0.18

0.03 + 0.18
—0.47+ 0.19
-0.37+ 0.25
-0.41 + 0.22

0.02 + 0.24

0.30 + 0.19
0.39+0.19
0.39+ 0.17
0.42 + 0.20
0.66 ~ 0.22
0.75 + 0.22
0.10+Q.27

0.32 + 0.13
0.52+ 0.12

-0.22 + 0.12
0.06+ 0.14

-0.16 + 0.16
-0.32 + 0.17
0.39 + 0.18

0.08 + 0.11
—0.07 + 0.11
—0,17, + 0.10
—0,11+ 0.13
—0.05 *0.14
-0.06 + 0.19

0.11~ 0.15

The data shown are the imaginary part of the combinations listed.
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TABLE XII. Density-matrix elements times differential cross section' for 7I p AX*(890) at 4.5 GeV/c.

t channelB,ange of s and t channels s channel
d(T d0 do' do' dG dO'

dt dt dt dt dt dt

0.0-0,1
0.1-0.2
0.2—0.3
0.3—0.45
0.45-0.6
0.6—0.8
0.8—1.2
1.2—1.6

0.13~ 0.06
0.04 + 0.05
0.07 + 0.07
0.12 + 0.06
0.13+ 0.08
0.17+0.09
0.32 + 0.10
0.5 + 0.2

10.1 + 5.3
3.0+4.7
5.8+ 5.4
5.6+ 3.1
4.8+ 2.8
4.0 + 2.1
3.6+ 1.2
1,6 + p.8

32.2 + 7,4
36.6+ 7.4
20.7 + 6.4
12.4 + 4.2
5.4+ 2,8
3.5 +2.0
2.7 + 1.1
0.0+ 0.4

0.48+ 0.08
0.54 ~ 0.08
0.66+ O.p8
0.63+ 0.09
0.72 + O.p9
0.67 + 0.11
0.45+ 0.11
0.5 + 0.2

38.6+ 7.8
47.0 + 8.2
51.9+8.4
30.2 ~ 5.4
25.5*4.6
15.5+ 3.3
5.1+1.4
1.7 + 0.8

42.3 + 8,0
39.7+ 7.6
26.5+ 7.0
18.0 + 4.7
10.2 + 3.5
7.5+ 2,7

6.4+ 1.5
1.6 +0,8

0.16+0.07
0.20+ O.p7
0.26 ~ 0.07
0.22 + 0.08
0.19+0.08
0.17+O.p9
0.20+ 0.09
0.05 + 0.15

12.5~ 5.6
17.1~6.4
20.0 + 5.9
10.5+ 3.9
6.7 + 2.8
3.8+ 2.0
2.3 + 1.1
0.2 + 0.5

29.8+ 7.1
22.6 + 6.7
6.5+ 5.1
7.5 + 3.3
3.5 + 2.6
3.6 ~ 2.1
4.0+ 1.3
1.4 + 0.7

Cross sections are given in p,b//GeV .

F. Comparison of m p~ Z E*(890)

and m p~AE*(890)

If we identify (p»+p, ,)do/dt as the natural-par-
ity exchange and (I —p» —p, ,)do/dt as the unnat-
ural-parity exchange, the natural-parity exchange
is seen to be more important than the unnatural-
parity exchange beyond the small t' values. This
is particularly pronounced in the s p-Z'K*(890)'
reaction. Comparison of Figs. 23 and 33 shows
that the t-channel density-matrix element ppp takes
smaller values for v p-Z'K*(890)' than for r P
-AK*(890)'. This feature, interpreted as the
greater dominance of natural-parity exchanges in
np-Z' K(8 '9)0' compared to s p-AK*(890)', is

7r p-+AK (890j

indeed expected on the basis of the known small-
ness of the ratio gsz„-/gs~~, "assuming K exchange
to be the main unnatural-parity-exchange contribu-
tion.

The natural-parity-exchange contribution to the
A polarization in s p-AK*(890)o has been shown
to be negative and is illustrated in I ig. 46(a) below.
The opposite sign is observed for Z' polarization
in r p-Z'K*(890), a reaction dominated by natu. -
ral-parity exchanges.

G. Isospin Conservation in m p~ AE*(890)

Assuming isospin conservation, the K*(890)' de-
cay branching ratio is

= 5.82

40—

2
~ A 20—

2o A

4.5 GeV/c
I

6 GeV/c

40—

20—

0.8 —1.0
(o)

IOO—

icosei
0.4 —0.8

(b)
0.0—0.4 0.0—I.O

(c) (d)

't&I) c

I 80—

I
OJ 220—

~ D
2

I

I 20— IJJ 60—

20M

40

2
~ $+ 20—

2o S

20

0

—
I I

—
I

0 0.2
I I

0.4 0.6 0.8 I.O

I 2—t (GeV )

0 0.4

FIG. 26. Relevant combinations of the helicity ampli-
tudes in the t frame for reaction (2a). See text for de-
tails.

FIG. 27. A decay distribution, 7tA Y, for various re-
gions of coso. 0& is the direction of the 7I. in the A decay
calculated in the A rest frame. Y' is the direction of the
production normal. cos0 is the Gottfried-Jackson angle
of the K*(890) from the reaction 7I p AK*(890) at
4.5 GeV/c. Shaded region is for It'I & 0.45 GeV~ while
unshaded region is for It'I & 0.8 GeV2.
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vr p~AK (890)Q

(6 GeV/c ) s- FRAME

P~AK (890)
(6 GeV/c)

t-FRAME

0.8— 0.8—

IO= 0.6--

O
O4. 04

o.6 "
0.4—

I.O = 0,2—

-Il-Hl—
I I

0.2 0.6 1.0 2.0

0.2—

I I

0.2 0,6 1.0 2.0

0

0 0.2 0.4 06 08
I I I I

I.O I, 2 I.4 I.6 I,8 2.0
—t'(GeV )

2

FIG. 28. Differential cross section and A polarization
for reaction (2a) at 6 GeV/c. Solid line, indicating the
fit shown in Table I, is extended by the dashed line for
reference.

I

a. Q.

I I

Q4—

—II—

I I

0.2 0.6

O.2 —

y-+-

0.4—

o.2II

1.0 2.0

0.2—
I

I I I

0.2 0.6 1.0 2.0

when a visible K' is required. Lynch etal. "
claimed to observe a 3-standard-deviation deficit
in the number of K*(890)0-K'g ', K*(890)+-K'n'
compared to the number expected from the ob-
served K*(890)'-K'w and K*(890)'-K'w' in the
reactions w p-AK*(890)' and w'n-AK*(890)' at
7 GeV/c. They suggested the possibility of isospin
nonconservation in the production process for these
reactions.

-O.2 ~
0,2

-O.2 ~
0.6 1.0 2.0 0.2 0.6 I.o 2.0

-t'(GeV )

FIG. 29. Density-matrix elements vs t' for reaction
(2a) at 6.0 GeV/c.

We have examined this ratio in the reaction ~ p
-AK*(890)' at both 4.5 and 6.0 GeV/c. The criti-
cal question is the separation of the n p-AK'Tt
events from the g'K'n' final state. The effect of

TABLE XIII. Differential cross section, density-matrix elements and density-matrix elements times differ-
ential cross sections for n P AK*(890) at 6.0 GeV/c.

Range of —t'
(Gey )

do/d t
(pb/Gey ) ~oo

t channel
Rep &o ~oo

s channel

Rep«

0.0—0.1
0 ~ 1-0.2
0.2—0.3
0.3—0.4
0.4-0.6
0 ~ 6—1.0
1.0-1.5
1.5—2.0

45 +8
61 +10
42 +8

16 + 3.4
3.0+ 1.5
2.4 + 0.9
1.8 + 0.9

0.61 ~ 0.13
0.33 + 0.12

0.17+ 0.06 —0.08 + 0.08
0.47 + 0.08 0.02 + 0.05

0.23+ 0.14
0.15 + 0.25

0.33 ~ 0.12 0.07+ p.p9
0.05+ 0.21 —0.08+ p.11

0.0 + 0.15 0.15+0.15 -p.p3+p.11

0,23 + 0.11 0.45 + 0.08 —0.06+ 0.05

0.57 + 0'.14 0.15+ 0.07
0.07 + 0.08 0.34+ 0.10

0.07 + 0.08 0.36 + 0.10

0.09 + 0.07
0.16+0.05

0.10 + 0.05

0.04+ 0.12
0.30+0.25

0.35 + 0.2

0.24+ 0.13 -0.05+ p.09
0.10+ 0.20 0.10+0.10

0.35+ 0.15 0.19 ~ 0.10

Range of It'I
(Ge&2)

do. /d t'
(pb/Gey )

t channel
d0 do

s channel
4(T 4(T

oodt
do' do

(P - )d—, ( — -Pi- )dt

0.0-0.1
0.1—0.2
0.2-0.3
0.3—0.4
0.4—0.6
0.6—1.0
1.0-1.5
1.5—2.0

45+ 8
61+ 10
42+ 8
27+6
16+3.4

3.0+ 1.5
2.4+ 0.9
1.8 + 0.9

27+7
20+ 8

8+4

3.5+2
0.5 + 0.8

0+ 0.3

1 +3
0 +4

0 +2

1 +2
1.1+0.8

28+ 8
4y5

263

1+2
0.9+ 0.9

3+5
8+6

4+2
0 ~ 7+ 0.9

16+5
49+ 10

28+ 6

11+3.5
1.4+ 0.9

1.4+ p.5

29~ 7
12+7

4.5+ 2.5
1.6 + 0.9

Cross sections are given in pb/GeV .
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FIG. 30. Single density-Inatrix elements multiplied by
the differential cross section vs t' for reaction (2a) at
4.5 GeV/c.
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Z'K'n contamination of AK'r is simulated by ex-
amining the missing mass recoiling against the A
in the analogous Z'K+n reaction. The Z'K'r
sample shows a strong K*(890)' signal. However,
the missing mass (K'v y) recoiling against the A,
from the Z'K+w final state [Fig. 17(b)] shows only
a broad distribution at masses well above the
K*(890)'. We therefore conclude that any ZDK'w'

contamination in the AK'n'' sample does not affect
the AK*(890)' intensity. The Dalitz plot for the fi-
nal sample of AK'w' events at 4.5 GeV/c is shown
in Fig. 35. A clear K*(890)' and Z(1385)' signal is
seen.

The resulting mass spectra for K'n and K'n'
are displayed in Fig. 36. Results of the fits are
shown in Table XVII. The values of g for the
K*(890)' are 5.8 +0.8 at 4.5 GeV/c and 5.4+ 1.2 at
6 GeV/c; both are in good agreement with the ex-
pected value of 5.82. We therefore conclude that
we do not observe any peculiarities in the K~(890)'
decay.

I 2-t (Gev )

100

p~Z K (890)
(4.5 GeV/c)

10—

FIG. 31. Density-matrix elements times the differential
cross section vs t' for reaction (2a) at 6.0 GeV/c.

V. m p~AK*(1420)

A. K*(1420) ~Km

0.5 1.0

2—t (GeV )

1.5 2.0

From Figs. 12-15, the K*(1420)'-K's' produc-
tion is evident both at 4.5 and 6 GeV/c. The mass
and width parameters are

FIG. 32. Differential cross section for reaction (2b)
at 4.5 GeV/c. Solid line indicates the fit shown in Table
I.
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FIG, 33. Density-matrix elements vs t' for reaction
(2b) at 4.5 GeV/c.
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1425 + 10 130+ 30
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The values of mass and width at the two momenta
are in agreement with accepted values. Because
of the limited statistics at 6 GeV/c only the

FIG. 34. Density-matrix element combinations times
the differential cross section for reaction (2b) at 4.5
GeV/c.

K*(1420)'-Km cross section is given in Table I.
For the 4.5-GeV/c data, the c.m. angular distri-
bution for the K*(1420)" is shown in Fig. 37 and
Table XVIII. The forward differential cross sec-
tion and A polarization are presented in Fig. 38
and Table XIX. The results of a fit to the differen-

TABLE XV. Differential cross section, Z polarization, and single density-matrix elements for 7r p Z Z (890)
at 4.5 QeV/c.

Range of -t'
(QeV~)

dc/d t
(pb/Qe V~) Pgp poo

t channel

Repro poo

s channel

Repro

0.0-0.25
0.25-0.5
0.5-1.0
1.0 —2.0

31 + 3.5
23 +3
12.5+ 1.5
2.5+ 0.5

0.45 + 0.3

0.17 + 0.07
0,09 + 0.07
0.01 + 0.08
0.02 + 0.10

0.24 ~ 0.07
0.38+ 0.07
0.34+ 0.07
0.49+ 0.11

—0.07 + 0.04
-0.03+ 0.04
-0.04+ 0.04
0.05+ 0.05

0.26 + 0.08
0.11+0.07
0.13+ 0.07
0.05+ 0.11

0.29 + 0.07 —0.04 + 0.04
0.39 + 0.07 0.02 + 0.04
0,41 + 0.08 0.05 + 0.04
0.51+0.10 —0.07+ 0.06

Range of —t'
(QeV')

do/d t
(pb/QeV )

Range of —t'

(QeV2)
do/dt

(pb/QeV )

0.0—0.1
0.1—0.2
0.2—0.3
0.3—0.5

32+5
31+5
31+5

21.5 ~3

0.5—0.75
0.75—1.0
1.0-1.5
1.5—2.0

16+3
9.5+2
3.7+ 1
1.2 + 0.6
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TABLE XVI. Density-matrix elements times differential cross section~ for x p Zan*(890)0 at 4.5 GeV/c.

t channel
Range of da do.
-t (GeV2) ii i-i ii i i dt Oodt

s and t channel s channel
da' d 0' do da

Pii+ Pi -i ~~ii+I 1 -i&d t & -~ii -~i -i)dt Pii-Pi -i &~ii-~i -i)dt ~00dt

0.0—0.25
0.25-0.5
0.5-1.0
1.0-2.0

0.18+0.08
0.08 + 0.07
0.15+ 0.07
0.00+ 0.11

6 +2.5 5 ~2.5
2 +15 2 +15
I.9+ 1.0 0.1+ 1,0
0.0 + 0.3 0.1+ 0.3

0.65+ 0.09 20 + 3.5
0.83+ 0.08 19 + 3
0.84 + 0.09 10.5+ 1.7
0.98+0.12 2.5 + 0.5

11 + 3.0
4 +2
2.0 + 1.1
0.1+0.3

0.08+ 0.07 3 + 2.0
0.06 + 0.07 1.5+2.0
0.03 + 0.07 0.4 + 1.0

-0.04+ 0.10 -0.1+0.2

8 +2.5
2.5+ 2.0
1.6 +0.9
0.2 + 0.3

' Cross sections in pb/ GeV~.

7.0

Yr p ~A K 77
0 0

(4.5 GeV/c)

6.0—

5.0

tial cross section are given in Table I. The differ-
ential cross section for the K*(1420)', like the
K*(890)', is much less steep (5 = 2 GeV ') in com-
parison with K' production (5 =8 GeV '). The A

polarization of the AK*(1420)' reaction has been
determined using a background subtraction ob-
tained by comparing the mass dependence of N,
the number of events, with N(cos8) where cos8 is
defined in Ref. 2.

8. Density-Matrix Elements of K*(1420)~K'm

at 4.5 GeV/c

The significant moments, N(D', ), of the usual
D function as defined in Rose,"for the mass re-
gion 1.1-1.7 GeV, are shown in Fig. 39. Breit-

Wigner peaks are seen in N(D,', ) and N(D,', ) in ad-
dition to the mass spectrum. A simultaneous mass
fit to these moments and mass spectrum gives M
= 1417+ 9 and I = 113+ 13 MeV. An incoherent back-
ground subtraction for the moments leads to non-
physical values of the density matrix with p»- -0.27. This effect is well known in both K*(1420)'
and f(1270)' resonance production. The simplest
explanation is the p,ssumption of interference be-
tween s and d waves of the K'tr system. The fact
that the (D', ) moments retain the Breit-Wigner
shape requires the s and d waves to have the same
phase at the resonance mass. If we choose not to
assume any rapid variation of s-wave phase in the
K*(1420) region, this implies the s-wave phase is
largely imaginary. We have used the method of
Chung" to take into account the effects of s-d in-
terference and also include p-wave background.
Positivity constraints on the K*(1420)' density ma-
trix, together with limits on the maximum allowed
amount of s wave, require a maximum construc-
tive s-d wave interference for 1t'1&0.5 GeV' and
destructive s-d wave interference for 2.0 & It'1&0.5
GeV'. An s-wave resonant behavior has not been
invoked since it does not appear to be required;
however it cannot be ruled out either. It is inter-

I I I I I I I I

(9

4.0

CU

X

3.0

2.0

I.O
0.0 I.O 2.0 3.0 4.0

240—

200—

160—

120—
X
O 80—

LJJ 40—
LIJ

~ y,
40—

20—

M(K 7r )

4.5 GeV/c

I

I I I

M(K ~)
4.5 GeV/c

M(K m' )

6 GeV/c

I I

M(K'~')
6 GeV/c

IVI (K 77. )(GeV )

FIG. 35. Dalitz plot for the final state AE 71. at 4.5
GeV/c.

0,4 0,8 1.2 1.6 2.0 0.8 1.2 1.6 2.0
MASS (GeV)

FIG. 36. (K7t') mass projections from the reactions
x p-AE+~ and x p AK ~ at4. 5 and66eV/c.
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TABLE XVII. Mass fits to K*(890) —K+n and K*(890) Ksvr (Ks g+~ ).

B reit-Wigner
form

Mass
(MeV)

Width
(Me V)

Number of
events

g (experimental) ~

K+z
Kos~ o (Ko, —~+~-)

R (expected)

K+x
4.5 GeV/c

Ko~o(Kos ~ ~ )
4.5 GeV/c

K+ ~-
6 GeV/c

Kso~o (Kos-~+~-)
6 GeV/c

Z=0
Z=1

Z. =0
Z=1

Z=0
Z=1

Z=0
Z=1

896+2
896+ 2

899+ 5
900~ 5

891+4
891+4

899+ 7
899~ 7

48+ 3
49+ 4

60+ 15
66+ 16

42~5
45+ 5

44+ 17
46~ 18

526+ 25
535+ 25

89+11
95+12~

167 +15
176 + 15

32+ 7

5.8 + 0.8

5.4 + 1.2

5.82

5.82

' Corrected for processing and escape losses.

esting to note that the s-wave phase relative to the
d wave changes sign as a function of t'. The final
results of the fit are given in Table XX for two t'
intervals. The value for poo for ~t'! &0.5 GeV'
seems to be larger for the K*(1420)' than for the
K*(890)'. The N(D,', ) at the K*(1420)' may be due

to p-d interference assuming that the p-wave phase
shift was slowly varying since the shape is that of
the real part of the K*(1420)' Brett-Wigner shape.

C. K*(1420)~Kwm and K*(1300)~Ken.

To investigate the other decay modes of the
K*(1420), we examine the final states of AK'& II'
and AK'II'+m . There is strong Z(1385)+ and

Z(1385)' production in these final states; therefore
events in the Z(1385) mass region have been re-
moved. Figure 40 shows the K'rr n' and K'm'rr

mass spectrum from the 4.5-GeV/c data for p A

&0.5. There are clear Kna enhancements centered
about 1.42 GeV as well as a (K'II' II') enhancement
at 1.3 GeV. We will discuss the K*(1300)' later.
For a comparison with the K'n decay mode of the
K*(1420)', we show the K'II mass spectrum with

a similar cut of p A&0.5. An apparent difference
is evident between the width of the K'r mode and

the Kn a mode. The narrower width of the Ka rr

mode (45',", MeV for K'w Ir
' mode a.nd 90'~»' MeV

for the K'II'v mode) in comparison with the K'm

mode (130+ 30 MeV) is not attributable to the re-
moval of the Z(1385) events. This obvious differ-
ence warrants further experimental study. For the
purpose of the discussion here, we assume the Ken
enhancement is an alternative decay mode of the
K*(1420)', however, we cannot obtain a meaningful
branching ratio

[K*(1420)'-KII]/ [K*(1420)' Kn r]—

because of apparent differences in the width be-
tween Ken and Kn modes and the uncertainties in
the background assumptions in the Kmn final state.

sr p~AK (l420)
0

(4.5 GeV/c)

IO.O—

TABLE XVIII. Differential cross section for n p
AK*(1420) [K*(1420) -K7( only] at 4.5 GeV/c.

Range of
cose*

do—(pb/sr)

0.95—1.0
0.9—0.95
0.8-0.9
0.7-0.8
0.5—0.7
0.5- -0.8

-0.8- -1.0

13+2.4
4.6+ 1.9
2.7+ 1.2
2.4 + 0.9
2.6+ 0.5

0.19+0.11
1.29+ 0.44

O. I

—I.O 0.5 0.0 0.5
A h~
vr ~ K (l42Q)

I.O

FIG. 37. Differential cross section vs center-of-mass
production angle for reaction (3a) at 4.5 GeV/c.
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50

p ~ AK (1420)

(4.5 GeV/c)

30 I-

p~ AK+ ~

(4.5 GeV/c)

20

10—
N 10
LLI

t-o
V

(b)

(c)

Vz 5—

0 0.4 0.8 1.2

-t'(GeV )

1.6 2.0

FIG. 38. Differential cross section and A polarization
vs t' for reaction (3a) at 4.5 GeV/c.

The 6-GeV/c data" are presented in Fig. 41.
Two enhancements are again seen in the K» mass
spectrum at 1300 and 1420 MeV for the combined
final states (K'a'a and K'a v'). Also the K'II
spectrum is shown where only the 1420-MeV peak
is evident. Within the statistics, the widths for
K'n and Kmm are consistent with each other.

To examine the quasi-two-body decay mode of
the Knn' enhancement at 1420 and 1300 MeT, we
show in Figs. 42-44 scatter plots of the rv and K)T

mass spectrum versus the Ken mass spectrum.
The p, K*(890) bands are indicated by the horizon-
tal. lines. For the 4.5-GeV/c data, there is an ac-
cumulation of events where the p band intersects
the K*(1300)o and where the K*(890)' and K*(890)o
bands intersect the K*(1420)o in the K'm n

o final
state (Fig. 42). For the Kow'II final state, Fig.
43, the presence of the p' at the K*(1300)' is not

TABLE XIX. Differential cross sections for n p
AK*(1420) [K*(1420) -Km only] at 4.5 GeV/c.

: 'a+i-t
L

1.4 1.7

apparent. This may be explained assuming the
K*(1300)'has isospin —,', in which case

K*(1300)'-K 'p
K+(1300)'-K'p'

There is also an accumulation of K*(890)' events
at the K*(1420)o as shown in Fig. 43. Similar fea-
tures are also observed in the 6-GeV/c data (Fig.
44) where the combined KIIm data are presented.

TABLE XX. Density-matrix elements' for n
—p—AE*(1420) [E~(1420) —K+vr ] at 4.5 GeV/c.

M (K+ sr ) (GeV)

FIG. 39. Mass spectra and significant moments for the
AIC+m final state at 4.5 GeV/c for 1t'1(0.5 GeV/c. Re-
sults of fit described in text are shown by solid curves.
The s-wave background is shown in (a) by the dot-dashed
line; the p-wave background is shown by the dashed line.

E *(1420)o d 0
—t' (GeV2) E+m events d t

-tl
(GeV') ~oo

0—0.2
0.2 —0.6
0.6—1.0
1.0-2.0

46+ 12
37+ 10
24+ 7
15+ 7

20+ 5
8+2

5.1+1.5
1.3+ 0.6

0.7+ 0.5
0.2+ 0.6

0.0+ 0.5

0—0.5
0.5-2.0

0.63+ 0.09
0.07+0.23

0.19+0.05
0.41+0.11

0.00+ 0.11
0.06 + 0.20

Density-matrix elements not listed are consistent
with zero.



1244 CRENNE L L, GORDON, LAI, AND S CARR

30—

AK m

, AKvrm

(4.5 GeV/c)
I I I I

I425% I 0
M{K ~)

I I

I 0 —.

f'A K'~f'

(6 GeV/c)

I I I

I 430+ I 2

M(K'~ )

20—
L
---

L(U
nr ~n

0

40—

O
& 3O-
O
OJ

(f)~ 2O-

LIJ

IO—

I I I I

I I I + Ip
M(K ~ ~)

Z(I385)
EVENTS

REMOVED

O
CU

(A
I—
z'

20—
LLJ

IO—

l 300

M(K~~)
X (l385)
EVENTS

REMOVED

0
I .0. l. 2

I

l.4
I

l.6
I

1.8
I

2.0
I

2.2

n I

I I

M(K ~'~ )

X(I385)
EVENTS

REMOVED

MASS (GeV)

FIG. 41. (Kx) and (K~vr) mass spectra at 6.0 GeV/c.
Z (1385) is defined by 1.34 &M(A7I) &1.43 GeV/c.

20—

IO—

o .
0.8

The dominance ot' the p band in the K*(1300)o re-
gion is evident, and the strong K*(890)'v contri-
bution to the K*(1420)0 region in comparison with
that from the K*(890)'w' is expected since the
IK*(890)'x ]/IK*(890)'vo]=3 for an isospin- —,

'
assignment for the K*(1420)o from the combined
seen Kzn final states.

To study the decay modes of the K*(1300)0and
the K*(1420)' further in the 4.5-GeV/c data, we
present the two-body mass-squared projections in

I I I

I.2 I.6
IVIASS (GeV)

FIG. 40. (Kx) and (K7I7I) mass spectra for center-of-
A A

mass production angle coso*=p . A ~ 0.5 at 4.5 GeV/c.
Curve on M(K+7I ) represents fit described in text; dashed
line shows linear background. For the AK+m x final
state, Z (1385) is defined by 1.35&M(A7I ) &1.42 GeV. For
the AK 7I.+7t final state, Z (1385)+ is defined by 1.33
& M(Ax+) &1.42 GeV.

Fig. 45 for the K'n n' final state. There is a
strong p signal in the (vw) mass projections at
the K*(1300)' mass region IFig. 45(b)], and
K*(890)' and K*(890)' signals in the Km mass pro-
jections at the K*(1420)0 mass region [Fig. 45(c)].
To estimate the excess amount of p and K* signal
in the K*(1300)0and K*(1420)o mass regions, a fit
to the Dalitz plots was made corresponding to the
four Kmm mass regions shown in Fig. 45. Assum-
ing Figs. 45(a) and 45(d) represent the control re-
gion, an excess of 51+15 p events was found in
the K*(1300)' region and an excess of 36+ 10
K*(890)' and 31+ 15 K*(890)' events in the
K*(1420)o region. The I= —,

' assignment for the
K~(1420)o requires equal K*(890)' and K*(890)
signals in this final state as observed.

To summarize the Ken final state, we have ob-
served a Kwn enhancement at 1420 and mainly de-
caying into the K*(890)v mode, whereas the
K*(1300)', observed in both 4.5 and 6 GeV/c, sug-
gests a strong pE mode. Since this reaction is
nondiffractive, the observation of the well-defined
narrow (-60 MeV) K*(1300)o state without a large
diffractive background event suggests that there
is more than one state existing in the so-called
"Q" region.
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VI. REMARKS ON HYPERCHARGE

EXCHANGE PROCESSES

In this section, we would like to remark on the
general as well as markedly different features
among the relevant hypercharge exchange reac-
tions discussed in this study.

A. Comparison of m p~ AK, AK*(890),
and AK*(1420)

The production of Ko, K*(890)0, and K*(1420)o
exhibit forward peaks as well as backward peaks.

M(K 7r 7r )(GeV)

FIG. 42. Scatter plots of z 7t and Ex mass vs K+7L. x
mass from the reaction m p —AK+m 7t. at 4.5 GeV/c
[Z (1385) removed and cos8*~ 0.5]. The lines indicate
the limits for p and E *(890) mass regions (see text for
details).

FIG. 43. Scatter plots of ~+~ and K sr+ mass vs K 7l.+n

mass from the reaction ~ P- AK 7t+~ at 4.5 GeV/c
[Z (1385)+ removed and cose* ~ 0.5]. The lines indicate
the limits for p and K*(890) mass regions (see text for
details) .

In the forward scattering, the K distribution is
steeper (b -8 GeV ') than either the K*(890)o or
the K*(1420)' (b-2 GeV '). There is no sign of
forward dip in the K' production whereas a "flat-
tening" effect is observed in the K*(890)' produc-
tion. Further, there is striking agreement be-
tween (do/dt)(z p-AKO) —where only natural-par-
ity contribution is allowed —and (p»+ p, ,)(do/dt)
x (w p -AK*(890)') in shape as well as in magnitude
for it '

i
~ 0.2 GeV/c at 4.5 and 6 GeV/c as shown

in Fig. 46. The difference in the natural-parity
contribution to these two processes mainly comes
from the region where lt

'
l
s 0.2 GeV'. We also

present the A polarization due to the natural-parity
contributions (derived from S,'; see Sec. IV) from
these two processes as shown in Fig. 46(a). The
marked disagreement in the it'i&0. 45 GeV' and
agreement in the ~t '1& 0.45 GeV' are evident for
the 4.5-GeV/c data [Fig. 46(a)].

In the backward region (p A --1.0) any exchange
must correspond to the quantum numbers of the Z
hyperon. Backward peaks are observed for K,
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K*(890), and K*(1420)o production as shown in
Figs. 2, 21, and 37. At 4.5 GeV/c the backward
integrated cross sections (-1.0& p A& -0.8), with
correction for all decay modes, are

FIG. 44. Scatter plots of 7(n and Km mass vs (Ex7()
mass from the reactions 7t p AK+n. ~ and 7t. p—AE m+n at 6 GeV/c [Z (1385) removed]. The lines
indicate the limits for p and K*(890) mass regions (see
text for details).

FIG. 45. x x, K+~, and K+x mass squared pro-
jections for various (Kent) masses from the reaction
~ p —AK+~ ~' at 4.5 GeV/c [Z (1385) removed and
cos0*~ 0.5]. (Km) mass limits are (a) 1.12—1.24,
(b) 1.24-1.36, (c) 1.36-1.48, and (d) 1.48—1.60, all in
GeV. Central values of the p and K*(890) are indicated
by arrows. Solid curves represent fit to the Dalitz plot.
Dashed curves represent background in each mass spec-
trum from phase space and reflections of other resonances.

(p„+p, ,)—(II p- Z'K*(890)')= —(w p- ZoK')

f» It'~ ~0.2 GeV' [Fig. 46(c)],

a behavior similar to the corresponding A reac-
tions.

o(KO) =1.0+0.25 p, b,

o'(K*(890))=2.0+0.6 pb,

o'(K*(1420))=3.2 + 1.1 p,b (Ref. 22) .

In contrast to the forward cross sections, the back-
ward K*(890)o and K*(1420)o cross sections are as
large or larger than the backward K cross section.

B. Comparison of m p~ Z E and Z E*(890)

These Z final states resemble the A final states
discussed in Sec. VI A. In both cases K produc-
tion shows forward peaking while K*(890)o produc-
tion shows flattening in the forward direction.
Furthermore,

C. Comparison of E+w Asymmetry in

m p~AE'n and Z E'm

The K'v asymmetry (Dsoo) as a function of K'II
mass is displayed in Fig. 47 for the reaction n p
-AK'II at 4.5 and 6.0 GeV/c and for w p- ZOK "v
at 4.5 GeV/c for It'I& 0.5 GeV'. The angle defined
in the Km rest frame is &b, K'. The asymmetry
goes through zero at both the K*(890)' and K*(1420)0
regions for II P-AK'w at 4.5 GeV/c. The sim-
plest explanation of this behavior is that there is
s-p wave interference in the K*(890)' region with
the s-wave phase shift rather constant and p-d
wave interference in the K*(1420)o region with the
p-wave phase shift rather constant. The 6-GeV/c
data show similar behavior.
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FIG. 47. K+vv (Dt)II) moment for reaction vr p —AEC+vr

at 4.5 and 6 GeV/c and reaction x p Z K+m at 4.5
Ge V/c, all for

~

t'
~

& 0.5 Ge V ~.

Ol I I I I I I I I I

0 0.2 0.4 0.6 0.8 I.O I.2 I.4 I.6 I.8 2.0
-t (GeV )

FIG. 46. (a) Comparison of differential cross section
and A polarization reaction (1a) with the natural-parity-
e«hange contribution to the differential cross section and
A polarization for reaction (2a) at 4.5 GeV/c. (b) Similar
comparison for 6 GeV/c. (c) Similar comparison for
Z final states at 4.5 GeV/c. Natural-parity A polariza-
tion for reaction (2a) is (S+ -8 )/(S+ +S ) [see Eqs.
(14) and (15) in text].

D. Comparison of n p~ AK, A(1405)KO,

and A(1520)KO

Strong A(1405) and A(1520) production is ob-
served in the v( p- Z ')I'K' data at 4.5 GeV/c (Fig.
48). In calculating the differential cross section
for vr p-A(1405)K' (Fig. 49 and Table XXI) we
excluded the biased Z'- pm decays. Lifetime cor-
rections were applied to the remaining Z's and to
the K"s. Strong A(1520) production is also seen

in vt p-pK K (Fig. 50). The corrected differen-
tial cross section for the A(1520) from the K Kop

final state is shown in Fig. 51 and Table XXII. The
slope parameters arN total cross sections for
A(1405) and A(1520) production are shown in Table
I. Again the A(1405) and A(1520) are produced with
much less steepness (b= 2 GeV ') in comparison
with that (b= 8 GeV ') of A production. This is
particularly interesting because the same exchange
IK*(890) and K*(1420)j is required in all three
reactions. In the context of exchange degeneracy,
a measurement of the forward scattering cross
section at 9 E'= 1 represents a determination of
the spin-nonf lip ratio of gag ofcj gh(y405)g wj

g~(»»)~+~', where A, A(1405), and A(1520) belong
to different SU, multiplets. Experimentally, we
obtain

318+12 p, b/GeV' for AKe,

32+7 Ivb /GeV' for A(1405)Ke,

60+ 13 pb /GeV' for A(1520)Ke

at 9- @0=1.
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50

+ + O
77 P~Z

(4.5 GeV/c)

IS20 i

1405 -t' (GeV~)
A(1405) Z 7t' do—(p,b/Ge V2)

events dt '''
TABLE XXI. Differential cross section for 71 P

A(1405)E [A(1405) —all] at 4.5 GeV/c.
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FIG. 48. Z m mass spectrum from the reactions
m p Z m K~ at 4.5 GeV/c.

2.4

0-0.1
0.1-0.2
0.2-0,4
0.4-1.0
1.0-1.5

12
9

11
9
3

29+8
26+9
14~4

4.3 ~1.4
1.7+0.9

VII. "FORBIDDEN" PERIPHERAL SCATTERING

FROM THE REACTION m p ~ Z(1385) K'

E. Comparison of n. p~Z K and Z(1385) K

—(s p-Z(1385)K')=29~6 pb/GeV'.
dv
dt

Assuming K*(890)o and K*(1420)0 exchange degen-
eracy in the forward direction, the above values
give

Zzz*F o z(F385}z*p

IOO

~-p~A(i405) K

(4.5 GeV/'c)
I I

The Z(1385)0 production is observed in the
A'K'}}o final state at 4.5 GeV/c as shown in I'ig.
52. The corrected differential cross section, Fig.
53 and Table XXIII, is less steep (b-—2 GeV ')
than the Z'Ko slope (5= 7 GeV '). The forward
differential scattering cross sections (}} 'Ko= 1)
are

—(w p —ZOKO) =186+28 L}.b/GeV',
do'

Since there has been no strong experimental
evidence for an I= ~ En resonance from production
experiments, the observation of the "forbidden"
peripheral scattering" of K' from m p
-Z(1385) K' has renewed the interest and specula-
tion concerning its possible existence. " However,
this "forbidden" scattering has been given other
interpretations such as kinematic reflections in the
AK'm final state, s-channel resonances, and two-
particle (for example, K', n' or p', K*') exchange
in the t channel. " In this section we present the
evidence of this "forbidden" forward reaction: m p-Z(1385) K' at 4.5 GeV/c. " We cannot explain
these results by a simple kinematic reflection in
our data. The shape of the differential cross sec-
tion at this energy, when compared with those at
lower energies, suggests that an s-channel reso-
nance is not a likely interpretation for this effect.
%e also present the upper limit of the cross sec-
tion for this "forbidden" forward scattering at 6
GeV/c. These data lead to an energy dependence
of the cross section for this peak of s ""'/lns
for incident n momenta from -2 to 6 GeV/c
(s=5 to 10 GeV').

The Dalitz plots and mass- squared projections
for the AK" m and Z'K'}} final state at 4.5 GeV/c

IO—
50— 1520

7f p~pK K

(4.5 GeV/c)
I

O
20—

V)I-
LLJ

10—

I.O
0 0.5 1.0

—e (Gev)
2.0

0
1.5 1.5 1,7

M (K p)(GeV)

1.9

FIG. 49. Differential cross section for reaction (4)
at 4.5 GeV/c. Curve represents fit shown in Table I.

FIG. 50. K p mass spectrum from the reaction
7r p pK Kz at 4.5 GeV/c.
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TABLE XXII. Differential cross section for m p
A(1520)E [ A(1520) all] at 4.5 GeV/c.

40

p~hK m'0 0

(4.5 GeV/c)

I I

A(1520) K P
—t' (GeV~) visible events (pb/GeV )

IG

0—0.2
0.2-0.4
0.4—0.8
0.8—1.4
1.4-2.0

17
17
10

5
2

40+ 10
40+ 10
12+4
4+2

1.6+ 1.1

IOO

p~ h(l520) K

(4.5 GeVIc)

are shown in Figs. 54 and 55. The K*(890)' and
K*(1420)' bands, as noted before, are the dominant
feature of these reactions. Therefore to search for
Z(1385) production, events in the K" bands (0.84
to 0.96 QeV and 1.34 to 1.48 QeV as shown in the
Dalitz plots) must be removed from the subsequent
analysis. A marked enhancement in the An mass
spectrum is evident after removal of K*'s [solid
region in Fig. 54(a)].'7 This enhancement does not
depend on the exact choice of the limits of these
%*bands and thus it is not associated with the
E*'s. We identify this enhancement with the.
Z(1385) since the fitted mass of 1392+8 MeV and

width of 32+,", MeV are in good agreement with the
established values for-this resonance. There is no
similar structure in the Z'n mass spectrum [Fig.
55(a)], a point which will be discussed later.

To investigate how the Z(1385) is produced at
4.5 GeV/c, the An mass-squared distributions are
shown in Fig. 54(b) for different selections of
n K'. The forward (n K' -+1) and backward

R
LLI

ElEEEllsz~~ YlPElErEdiri/lEEEiriiZlE

l6 20 24
M(h~ ) (GeV)

FIG. 52. A n mass spectrum from the reaction x p
AK m at 4.5 GeV/c. Shaded region remains after

subtracting events in the K*(890) region: 0.79 & 3f(K+n )
&0.99 GeV.

0
l.2

(n K'- -1) scatterings dominate the angular dis-
tribution. The cross section in the "forbidden" for-
ward hemisphere (0 & n K' & 1) corresponds to
0.9+0.25 pb and can be described by e ' with b

=2+1 GeV ' for
~
t~&0.5 GeV'. The upper limit for

the similar cross section at 6 GeV/c is 0.3 gb at
the 99% confidence level. Because the forward
scattering of the K" in the reaction n P -Z(1385) K'
cannot be explained by the exchange of any single
known particle in the t channel, we must, there-
fore, consider other possible explanations of this
peripheral K' production as follows:

2. Kinematic effect. Unlike broad resonances
such as 6(1238), the An peak is narrow (-35 MeV)
and well defined (1392+8 MeV), and in general is
difficult to generate by a kinematic reflection of
Kp scattering without invoking other final-state in-

m p ~X(I585) K

(4.5 Gevxc)

CU

J3
lo—

CV)I
CD

l0—

l.o
0 0.5 l .0

2—t (GeV )

l.5 2.0 I

0.0 0.5 I.O

—t'(GeV )

2.0

FIG. 51. Differential cross section for reaction (5)
at 4.5 GeV/c. Curve represents fit shown in Table I.

FIG. 53. Differential cross section for reaction (6)
at 4.5 GeV/c. Curve represents fit shown in Table I.
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TABLE XXIII. Differential cross section for 7I. p—Z(1385) K [Z(1385) all] at 4.5 GeV/c.
EVENTS/0. 05 GeV

20 40 90
I r/ I // I

//' //

-g' (GeV )

0—0.2
0.2-0.4
0.4—0.6
0.6—1.0
1.0—2.0

Z (1385) Acr

visible events

26+ 7
16+4
11+4
17+ 5
8~3

d
—(p,b/GeU )
do

24~7
15+4
10 +4

7.6+ 2.6
1.5 + 0.4

3.5-
Al

2.5-

X K'vr

(560 EVENTS)

teractions. For example, the calculations of
Berger ' predict a width for the Ap peak due to
kinematic reflection of the order of 200 MeV. In
this respect, we have examined the K'7) angular
distributions as a function of K'z mass for both
AK'p and Z'K+7) final states. These distribu-
tions, found in terms of K'Ii moments, (D'„), for
events outside the K*(890)o and K*(1420)o regions,
are similar for the AK+7t and Z'K'z final states
[Figs. 47(a) and 47(c)]. Therefore, a relevant test
can be made in the reaction p p-Z K+7): If there
were kinematic reflections producing the Az peak
in the reaction z p-AK'g, the same mechanism
would produce a Z'g peak in the reaction p p-Z'K'7t . With no final-state interaction, the
magnitude should be proportional to the number of
events in the Z'K'z final state and the mass per-

(1585)
2

I / / I I

2.0 3.0 4.0 5.0 6.0

CV

LA-20 O
O

IJJ

IJJ
0

7.0

(b)
IO-
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II n finn0 U( PU
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FIG. 55. (a) Dalitz plot and mass projections for the
Z K+7I final state at 4.5 GeV/c. Solid histogram is for
events outside the K *(890) and K*(1420) bands. (b)
Mass-squared projections for Z 7I for different selections
of 7t K+ as shown.

EVENTS/0. 05 GeV

25 50 75 200

(a)

I

2.5

p/. ;:

/:, .::..-

I
I

I

L

0.5-I/
H

A K+~
( I226 E VENTS)

haps displaced from the Z (1385). However, the
absence of a ZoII peak (where eight events are ex-
pected above background and none is seen) in the
ZoK'Ii final state, as shown in Fig. 54(c), sug-
gests that the Ag peak is not due to this kinematic
effect, and is indeed the Z(1385) . From the es-
tablished branching ratio Z(1385) -(Z'p )/(AII ),
we expect that less than two Z'p events can be
due to Z(1385) . This is certainly consistent with

h A+
(n K+)

(I 385)2,
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Il, all
Ilti gag i za 5 iksssall ~

I I II MX I XX I I I
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FIG. 54. (a) Dalitz plot and mass projections for the
AK+m final state at 4.5 GeV/c. Solid histogram is for
events outside the K *(890) and K *(1420) bands. (b)
Mass-squared projections for A7I for different selections
of 0 K+ as shown.
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FIG. 56. (a)-(d) da [x p-Z(1385) K+]/dG for incident

pion momenta of 2—4.5 GeV/c. (e)-(i) do [7I p
-Z(1385)0K 1/dQ for incident pion momenta of 2-6 GeV/c.
Data for 2-4 GeV/c come from Ref. 23.
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FIG. 57. Integrated cross sections Oz vs s. Solid lines
are the fit to the data as shown. See text for details.

our observation.
We have also examined the distribution of the

angle between the target proton and the A in the
Z(1385) rest frame (not shown) and found it to be
symmetric. This distribution is again not consis-
tent with a kinematic reflection.

We conclude that a simple kinematic reflection
due to K+ p scattering is not consistent with our
observation without invoking an additional final-
state interaction between m and A, as suggested
by Berger." This additional assumption, of
course, is somewhat indistinguishable from two-
particle exchange in the t channel, a possibility
which we discuss later.

Z. s channe-l resonance(s). A single s-channel
isobar could produce both the forward and back-
wark peaking in the reaction m p-Z(1385) K' and
Z(1385)'K'. In the reaction z p-Z(1385)'K' at
4.5 GeV/c, the K' production angular distribution, "
Fig. 56(h), shows a strong forward (w K'-+1)
signal but with no backward peak (z K'- -1).
This is not in good agreement with the Z(1385) K'
angular distribution2"o [Fig. 56(d)]. Therefore a
single s-channel resonance interpretation is not a
likely one. However, many isobars are reported
in this mass region and the different behavior of
angular distributions between Z(1385) K+ and
Z(1385)'K' may be explained by complicated inter-
ference effects among the isobars. We see no s
dependence in the angular distributions of p p-Z(1385) K' and Z(1385)'K' in Fig. 56 above 2

GeV/c, indicating the t-channel and u-channel ex-
changes to be the simplest description from the
duality' point of view. To support this conjecture,

the energy behavior of cross sections in the "for-
bidden" forward hemisphere and the "allowed"
backward hemisphere from n P- Z(1385) K', and
in the "allowed" forward hemisphere from m p-Z(1385)OK', for incident pion momenta -2 to 6

GeV/c, are shown in Figs. 57(a), 57(b), and 57(c),
respectively. The data are fitted well with the
form s"/lns, "where n, = -3.7+0.4 for the forward
"forbidden, " n, = -5.2 a 0.5 for the backward "al-
lowed, " and n, = -1.9+0.3 for the forward "allowed"
reactions. " The last two values are in agreement
with the "hyperon"-exchange and "meson"-ex-
change behavior deduced from other processes. "
We therefore suggest that the forward K' produc-
tion, above 2 GeV/c m incident momentum, can
be best described by a t-channel and not an s-chan-
nel effect.

It is interesting to note that the s dependence for
the differential cross section at the forward direc-
tion for m P-Z K' is steep (-s ") and has been
attributed to an s-channel &(1950) effect. '4 In this
connection, the s-dependence of the forward cross
section for w P-Z(1385) K' is, however, less
steep (-s ').

3. Tsvo-Particle ox single exotic exchange in t
channel. Experimentally these two possibilities
are difficult to distinguish from each other. From
the simple Regge-pole model, the cross section
for the forward hemisphere can be expressed as
s2 o '/lns, where o, is the value of a Regge trajec-
tory at t =0 in the Chew-Frautschi plot." From
Fig. 57(a) we obtain the experimental value o,,
= -0.9+0.2. If this "forbidden" forward peak is in-
deed due to a single I = —,

' "exotic" meson exchange,
then this may imply an exotic meson having a mass
of -1.0 (1.4) GeV for 2~ =0' (1 ) assuming the slope
of the trajectory to be 1.

For two-particle or "cut" contribution in the t
channel, "n, takes a form of (o.,'+ o,,') -1, where

Qp and z', are the values of two possible traj ector-
ies at t =0. For the examples (m', K') and

(p', K+'), o.,(w', K') = -1.25 and o.,(p', K+')
= -0.4. The large error in the experimental ~,
precludes any positive identification of which one
if either of these examples of two-particle ex-
changes may be responsible for the K+ forward
scattering. " However, for (m', K') exchange, one
would expect the slope b of the differential cross
section to be steep in disagreement with what we
observe (5 = 2 + 1), whereas for (p ', K*') ex-
change, ' the slope would be about 4, which is not
incompatible with our result. More data, particu-
larly at higher energies, should be able to answer
these questions.

To summarize, we have observed the "forbidden"
forward scattering of K+ from the reaction 7t p-Z(1385) K'. This forward peak cannot be ex-
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plained by kinematic reflections of the K'z final
state. The Z(1385) K' angular distribution at 4.5
GeV/c as well as those from lower energies sug-
gest that this peak is not due to s-channel effects.
We therefore have to face the possibility of either
two-particle or a single "exotic" exchange in the t
channel to describe the production of the "forbid-
den" peripheral peak. In any case, more data are
needed for this reaction, m p-Z(1385) K' and, in
particular, the line-reversed reaction K p-Z(1385) m+ in order to compare their energy de-
pendences and angular distributions. "

VIII. CONCLUDING REMARKS

To summarize the study presented in this paper,
we note the following important points.

(i) w p-AK . Both the differential cross section
and the A polarization exhibit a characteristic
change at -t = 0.4 GeV', namely a dip in the dif-
ferential cross section and a zero in the A polari-
zation from a large positive value to a large nega-
tive value. These features do not show up in the
Kn-Am reaction where the exchange in the t-chan-
nel, K*(890) and K*(1420), is identical. Thus the
simple and attractive concept of exchange degener-
acy between these two K~'s does not seem to work
in the forward direction in the energy range avail-
able thus far. Further measurements of differen-
tial cross sections and A polarization of these two
reactions at higher energy are needed to test the
concept of the exchange degeneracy. These reac-
tions are particularly suitable because no I =-,' ex-
change is present in the t channel.

(ii) m P -AK*(890) . The analysis presented for
m p -AK*(890)' shows a striking correlation be-
tween the A and K*(890)' decays. The data can be
interpreted as indicating natural- and unnatural-
parity-exchange contributions both producing
strong A polarization, negative (positive) for natu-
ral- (unnatural-) parity exchange. This behavior
cannot be explained by a simple model with ex-
changes of K and the exchange-degenerate pair
K*(890) and K*(1420). Absorption or additional
trajectories are required. We have only been able
to obtain a rough value of the phase between the
two most important amplitudes A. , and S .

(iii) w p -AK*(1420) . We observe s-wave and
d-wave contributions in the K*(1420)o-Km mass
region. A study of s-d wave interference suggests
the s wave and resonating d wave have the same
phase at the resonance mass for t'&0.5 GeV2. This
has also been observed in a different reaction,
K p- nK*(1420)'." However, even though an s-
wave resonant behavior is not required with the

present data, we cannot rule out that possibility.
(iv) w p-AK*(1300)0. A narrow, -60 MeV, well-

defined peakis observed in the 1300-MeV region in
both 4.5- and 6-GeV/c data. Since this K*(1300)'
is produced via nondiffractive process at both mo-
menta, it cannot be produced by any known kine-
matic process, such as the Deck effect. Further-
more, the K*(1300)' seems to decay strongly into
the pK mode in our data. Therefore it is reason-
able to assume that there exists more than one
state in the Q region. The nondiffractive process,
such as the one studied here, is most suitable for
studying the resonance properties of this state.
Since the A is not produced very peripherally
(dv/dt - e ") in this reaction, a counter -spectrom-
eter approach to accumulate large statistics for
this state is feasible.

(v) w p -Z(1385) K'. We have observed the K'
forward scattering from the reaction m p
-Z(1385) K' at 4.5 GeV/c. The narrow, 32",', -
MeV, well-defined Z(1385) - Aw cannot be ex-
plained by any known kinematic reflection process
or simple s-channel effect. We, therefore, have
to face the fact that there exists an I = —', "exotic"
amplitude in the t channel. Experimentally it is
difficult to distinguish whether it corresponds to a
two-particle or a single exotic exchange in the t
channel. More data are needed in this reaction as
well as the line-reversed reaction K P -Z(1385) m'

in order to compare their angular distributions
and energy dependences.
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From a sample of 10~ K+ decays in flight the following branching ratios were obtained:

K~2
——(63.24 +0.44)%, K 2

——(21.18+0.28)%, T(K+ vr+7r+7r ) = (5.56 +0.20)%, T'(K+ 7r+7r 7r )
= (1.84+ 0.06)%, K 3

——(3.33+0.16)%, and K 3
——(4.86 +0.10)%. The phase-space distributions

for three-body semileptonie modes were studied in detail from a second sample of 10 de-
cays. For 4017 K+ 7r e+v events, A+

——0.029 +0.011. Limits on scalar and tensor form
factors of [fs/f+~ & 0.13 and [fr/f +~

& 0.75 (90% confidence) were obtained. For If+ mop. +v

a parametrized fit to 3900 events assuming A. +—- A, = +0.030 gave $ = -0.09 + 0.28.

I. EXPERIMENTAL ARRANGEMENT

The subject of K' decays has been thoroughly
reviewed in the literature. ' ' The experiment dis-
cussed here was designed to study the decay of
1.84-GeV/c K "s in flight, with emphasis placed
on good detection efficiency for y rays from m' de-
cay and a minimum of kinematic bias. Optical
spark chambers were used to observe the decay
products. The technique of using in-flight decay
to measure properties in the K' rest frame offers
certain technical advantages which are worth
special mention. The velocity of the decaying sys-
tem in the laboratory compacts the decay products
into a forward cone, and increases their kinetic
energy. All of the dominant decay modes of the
K' except (g'v) and (v's's' ) contain at least one
m' in the final state. A high-average n' energy re-
sults in a sample of predominantly well-collimated
and high-energy y rays, which can be detected with
better efficiency than the 100-MeV y rays resulting
from K' decay at rest. The muons from the decay
(p, 'm'v) have an average energy around 500 MeV,
and therefore a range of about two collision lengths,
which can be advantageous in 7t'-p, ' separation.

Furthermore, the K' decay can occur in a very-
low-density medium —essentially a gas at atmo-
spheric pressure —leading to a good vertex deter-
mination and low multiple scattering of the charged
secondaries.

The experimental setup is shown in Fig. 1. The
1.84-GeV/c K' mesons were obtained in a partially
separated beam at the Argonne Zero Gradient
Synchrotron (ZGS). The K' flux was intentionally
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FIG. 1. Plan view of the apparatus. The enriched K+
beam at 1.84 GeV/c was defined by seintillators S&, S2
and the liquid cell differential Cherenkov counter C.

B& and B2 were beam spark chambers. The decay volume
was defined by the hole veto counter A

&
and the beam

veto counter A2. The dimensions and properties of the
spark chambers are given in the text.


