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We present results of an analysis of bvo-prong events for elastic scattering and single-pion
production in K p interactions at 5.5 GeV/c. The resonance parameters for the charged and

neutral K*(890) and K*(1420) are determined and the observed production and decay proper-
ties of the charged and neutral K*(890) are compared with the theoretical predictions of an
absorptive one-particle-exchange model and a Regge model. The K*(1420) differential cross
section and density-matrix elements are presented and the question of whether Inore than one
resonance exists in this mass range is considered. A search for resonance effects at Kx
mass beyond 1500 MeV is made. In particular, the recently reported state at 1800 MeV is
discussed. A B5-model analysis of the reaction K p EY 7l p is also presented.

I. INTRODUCTION

%e have analyzed data obtained from the mea-
surement of two-prong and two-prong-plus- V'
events for the study of elastic scattering and sin-
gle-pion production in K p interactions at 5.5 GeV.
The reactions studied are

KP KP (1.1)

(1.2)

(1.3)

(1.4)

(1.5)

with emphasis on reactions (1.1)-(1.4). Reaction
(1.5) is included only for evaluating the background
problem to reaction (1.4).

The experiment was carried out by exposing the
ANL 30-in. hydrogen bubble chamber to an elec-
trostatically separated beam of K mesons pro-
duced at the ZGS (zero-gradient synchrotron).
The beam contamination of m and p, was esti-
mated to be about 5% when the beam was tuned for
5.5 GeV/c. '

The data presented here consist of two parts.
The first part (sample I) comes from manual mea-
surements of 17 000 two-prong-plus- V' events
and 6000 two-prong events, which yield 755 and
465 acceptable events for reactions (1.3) and (1.4),
respectively. Results from this analysis have al-
ready been published. " The new data, 42000
events, represent a continuation of the previous
work using POLLY II' to complete all two-prong
measurements (sample II).

In this paper, we include a consideration of the
data reduction of the two-prong measurements to
obtain samples of reactions (1.1)-(1.4), and we
deal with the general features of the quasi-two-
body system, in particular, production and decay
of the K*(890) and the K*(1420). We stress here
that data for reactions (1.2)-(1.4) in sample II are
obtained from two-prong events without V' mea-
surements, where particular caution is required
for the event classification.

II. EXPERIMENTAL DETAILS

The experimental details for the first sample of
events have been fully described, ' and here we dis-
cuss scanning, measuring, and event identification
for the second sample of events obtained from
POLLY measurements. %e have used the stan-
dard ANL program chain TVGP-GRIND-SUMX for
the reduction of sample II. Sample II provides the
major part of all data and shows essentially the
same general features as observed for sample I.
The results presented here represent the com-
bined samples.

A. Scanning and Measuring

Sample II is comprised of both two-prong and

two-prong-plus- V events measured as two-prong
events. There is then substantial overlap with the
two-prong-plus- V0 events in sample I, a higher
constraint class, where most events are identified
unambiguously. This sample of overlapping events
provides a powerful check on background effects
in the event classification for sample II.

The scanning criteria excluded from measure-
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FIG. 3. Missing-mass-squared distribution for hypo-
thesis (1.2), K p-X p (MM), for all two-prong events
with —0.2 & MM2 & 0.4 GeV2. For Figs. 3-6, the shaded
area corresponds to the events not satisfying criterion
(a) and the cross-hatched area corresponds to the events
not satisfying criterion (b). The dashed curves in Figs.
3-5 show the background levels assumed and the arrows
indicate the missing-mass range used for the calculation
of the cross section.
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FIG. l. (a) Missing-mass-squared (MM2) distributions
for all two-prong events. The shaded area corresponds '

to the events with 0&MM (p) &0.5 GeV . (b) Missing-
mass-squared [MM (p)3 distributions for all two-prong
events.

ment only those events where the separation be-
tween the beam track and neighboring beam tracks
was smaller than 200 p, on film. This unbiased re-
jection, made to facilitate event measurement on
POLLY, removed about 15% of all two-prong
events. We stress that this rejection did not affect
the ratio of events assigned to the various chan-
nels available in the K p interaction. Guidance on
POLLY was minimal and only involved the location
of the event vertex to 1000 p, on film in the first
view to be measured.

A significant advantage in using automatic mea-
suring devices such as POLLY lies in the reliable
estimates of bubble density obtained as the tracks
are digitized. This ionization information, to-
gether with the g' probability of kinematical fit in
GRIND, has been used in deciding the event clas-
sification.
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FIG. 2. Scatter plot of MM vs MM (p) for a sample
of events. Events inside the rectangular box are attri-
buted to elastic scattering.

FIG. 4. Missing-mass-squared distribution for hypo-
thesis (1.3), K p-pm (MM), for all two-prong events
with 0.0 &MM2& 0.5 GeV .
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FIG. 5. Missing-mass-squared distribution for hypo-
thesis (1.4), K p K r+ {MM), for two-prong events with
0.0 &MM'&1. 6 GeV .

g. Event Identification

We first discuss the selection of the four-con-
straint (4c) K p elastic scattering data and then
consider the problems encountered in allocating
events to the various one-constraint (1c) hypothe-
ses.

E/astic Events

Figure 1(a) shows the distribution in missing
mass squared, MM', when the events are inter-
preted as hypothesis (1.1). The plot contains all
two-prong events in sample II and clearly shows a
prominent peak centered close to zero with a width
of about 0.002 GeV' which contains the elastic
events. Since a large fraction of all two-prong
events (- 20%%up)» is attributable to the elastic hy-
pothesis, the tail of this peak can give serious
background problems to other hypotheses, in par-
ticular to hypothesis (1.2), K p-pK v'. The prin-
cipal background to the elastic events, in turn,
comes from reaction (1.2).

To minimize these problems and the bias in the
sample of elastic events, we refer to Fig. 1(b)
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FIG. 7. Missing-mass-squared distributions for events
with visible V for (1.2). For Figs. 7-10, the shaded
area corresponds to the events not satisfying criterion
(a)

which shows the distribution in the missing mass
squared defined as

MM'(p) = (P~+P~ P~)', -
where PE, P~, and P~ are the four-momenta for
incident K, the target yroton, and the outgoing
positive-charged particle assumed to be a proton,
respectively. The dominant peak observed at the
K-meson mass squared is again associated with
elastic scattering; the peak observed at the K*(890)
mass squared is due to the events from reactions
(1.2) and (1.3). We note that the background to the
elastic scattering events from reactions (1.2) and

(1.3) is essentially removed for MM'(p) & 0.5 GeV'.
The shaded area in Fig. 1(a) corresponds to the
events with MM'(p) & 0 or M M( p)& 0.5 GeV' and

does not show a peak at MM'-0.
The above arguments are summarized in Fig. 2,

a scatter plot of MM' vs MM'(p) for a sample of
events. This clearly demonstrates isolation of the
4c from the 1c events. The events are allocated
to the elastic hypothesis by restricting both
MM'(p) and MM' as shown in Fig. 2:
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FIG. 8. Missing-mass-squared distributions for events
with visible V assuming hypothesis (1.3).
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FIG. 10. Missing-mass-squared distribution for events
with visible V assuming hypothesis (1.5).

0.0 & MM'(p) & 0.5 GeV',

-0.035(MM'( 0.025 GeV'.

The asymmetric cut in MM' takes account of the
stronger tail effect in the negative missing-mass-
squared region.

2. One -Constraint Channels

We show the missing-mass-squared distributions
for hypotheses (1.2)-(1.5) in Figs. 3-6 after re-
moving the elastic scattering events, as defined in
Sec. IIBI, from sample II. There are strong sig-
nals corresponding to missing m, Ko, and n in
Figs. 3, 4, and 5, respectively. However, in Fig.
6, the signals corresponding to A' and Z' produc-
tion are masked by incorrectly identified neutron
events, reaction (1.4). This indicates that A'(Z')
production through (1.5) is relatively weak com-
pared to (1.4) as noted in the previous study of
two-prong-plus- U events at this energy. ' The in-
terest lies only in considering the contamination
of events assigned to (1.4) by events from (1.5).

We first state the criteria to select the 1c fit
events for (1.2), (1.3), and (1.4), and then discuss
these in some detail:

(a) y probability for ionization fits) 0.01,

(b) y probability for kinematical fits) 0.05, and

(c) cuts in the missing mass squared;

-0.05& MM'&0. 09 GeV' for (1.2),

0.18&MM'&0.32 GeV' for (1.3),

0.52&MM'&1.08 GeV' for (1.4).

For each event, the predicted and measured ion-
ization densities for visible tracks are used to
compute an over-all ionization probability. ' The
shaded areas in Figs. 3-6 are those events which
do not satisfy criterion (a); in all cases, removal
of these events introduces no bias in the signal
region. To further illustrate the consistency of
the ionization selection, Figs. 7-10 show the miss-
ing-mass-squared distributions for reactions
(1.2)-(1.5) using only those events overlapping
with the two-prong-plus- U' events in sample I
which, therefore, cannot belong to (1.2) or (1.4).
The events with inconsistent ionization (shaded
area in Figs. 7-10) again show smooth distribu-
tions and indicate that ionization criterion (a) does
not cause any bias in the event selection. The
shaded areas in Figs. 3 and 5 include these over-
lapping U' events in addition to those inconsistent
with criterion (a).

TABLE I. Numbers of events selected from K p two-prong measurements (sample II)
and ambiguity between reactions.

Reaction
Reaction
number

Reaction number
1.2 1.3 1.4 1.5

-K-p~p
—~-pzp

X x+n

Vl'
p

1.2
1o3

1.4

1.5

8970

1283 238

1592

91

92

2393

62

729

1853
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The cross-hatched areas in Figs. 3-6 indicate
those events which fail to satisfy criterion (b).
The ic events are finally selected from the un-
shaded area in each figure with the appropriate
missing-mass cut (c) imposed. The asymmetric
missing-mass-squared cut for reaction (1.4) is to
reduce the background from reaction (1.5) and
from events having an additional w' from 6'(1236)
decay. The numbers in the diagonal boxes in Table
I are those selected for each reaction.

C. Ambiguities

The elastic events are removed from the sample
as discussed previously. %e consider here the
ambiguities among lc-fit hypotheses after the
event selection described in Sec. IIB2. Table I
shows the numbers of events with one kinematical
constraint which are ambiguous between any two
hypotheses as entries in the off-diagonal boxes.
Less than 2%%uq of events have acceptable fits to
more than two hypotheses. Those final states in-
volving the proton, (1.2) and (1.3), each have less
than 100 events ambiguous with reactions (1.4) and

(1.5). The major ambiguities occur between the
two proton hypotheses (1.2) and (1.3) and also be-
tween (1.4) and (1.5).

Figure 11(a) shows the outgoing v laboratory
momentum distribution for those two-prong-plus-

V' events giving a satisfactory 4c fit to the final-
state K'pm . For comparison, we show the corre-
sponding distribution for events selected as K'pm

from the two-prong sample II. The cross-hatched
area corresponds to the two-prong events ambigu-
ous between hypotheses (1.2) and (1.3). Inclusion
of the shaded events in Fig. 11(b) approximately
reproduces the shape of the distribution in Fig.
11(a). We estimate that about VO%%uo of the overlap-
ping events actually belong to hypothesis (1.3), so
that our assignment of all these events to hypothe-
sis (1.3) in what follows results in rather small
error.

A major part of the ambiguity for reaction (1.4)
comes from events actually belonging to reaction
(1.5). Figure 9 shows the missing-mass-squared
distribution obtained assuming hypothesis (1.4) for
those events known to have an associated V', but
which were measured as two-prong events. The
distribution rises sharply at a missing-mass-
squared of about 0.9 GeV'. The asymmetric miss-
ing-mass-squared cut made for (1.4) will then re-
duce the contamination from A'm n' events. Apply-
ing the selection criteria for hypothesis (1.4), we

obtained 124 events from the control sample of V'
events. Since the ratio of events with unseen A' to
those with seen A' is about unity in this bubble
chamber, we estimate that about 120 Arm events
are included in the K m'n sample. Thus, almost
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theses (1.2) and (1.3).

0.5 '

I.O I.5 2.0 2.5
MASS (GeV)

FIG. 12. Distributions of (a) the K m+ and (b) the 7t m+

mass for the events ambiguous between hypotheses (1.4)
and (1.5).
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TABLE II. Estimated numbers of events and channel cross sections.

Reaction

Event number
estimated from
missing mass

Cross section
{mb}

Event number
used from

samples I and II

K +p~K p

-K-p~'
—~-pZ'

~K x+n

Total

13183+ 900

1503+180

1450 + 200

2631+ 240

45 890

4.1 + 0.3

0.468 + 0.056

0.452 + 0.060

0.883 + 0.075

14.3 + 0.4

8970

1045

2086

2875

all of the overlap between reactions (1.4) and (1.5)
shown in Table I should be assigned to reaction
(1.4). This is further demonstrated by showing
the. Krr mass distribution assuming (1.4) in Fig.
12(a) and the 7rrr mass distribution assuming (1.5)
in Fig. 12(b) for these ambiguous events. We ob-
serve both strong K*(890) and K*(1420) signals in
Fig. 12(a) at their expected positions, consistent
with most of these events coming from (1.4). In
contrast, the vw mass distribution in Fig. 12(b)
shows a peak at about 0.7 GeV, less than the p'
mass by 0.06 GeV. This observation can, for the
most part, be explained as a kinematical reflection
of the K*(890}.

III. CROSS SECTIONS

The cross sections for reactions (1.1) and (1.4}
are obtained by using the 5.5-GeV/c K p total
cross section of 24.3+0.8 mb measured in counter
experiments' and the ratio of two-prong to total in-
teractions. This ratio was obtained from a partial
scan for all event topologies, with correction for
the loss of elastic events with small angles as dis-
cussed in Sec. IIIA. The corrected value of this
ratio is then

R = 0.595 + 0.018,

which gives a two-prong cross section
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TABLE III. Slopes for K p elastic differential cross section.

It I aange
(GeV')

Function
forI11 q2/ND5'

Slope
B (GeV 2) C (GeV 4)

Forward
cross-section

optical
point (mb/GeV2)

0.12-0.68 eBg

eBt+ct2

12
7

6

-7.26 + 0.13

-7.86+ 0.58 0.94 + 0.88

27.7 + 1.0
30.0 + 2.4

~NDF =—number of degrees of freedom.

o, „=14.3+0.4 mb.

The channel cross sections v, , calculated from
sample II alone, are then given by

N(t)
N (2-prong)

where N(i) is the number of events for reaction
(t) obtained from the corresponding missing-mass-
sguared distribution and N(2-prong) is the correc-
ted total number of two-prong events. The numbers
of events and the cross sections are given in Ta-
ble II and we now discuss the various corrections
involved in arriving at these values.

A. Elastic Events

It is claimed in Sec. II that the elastic events
are clearly separated from all others by imposing
appropriate restrictions on the missing masses,
MM and MM(p). Events with a short stopping pro-
ton have a large scanning bias and are lost from
this elastic-event sample;-a correction is required
to obtain the true number of events. This sample
includes a small number of events which do not
give a kinematically satisfactory fit, but neverthe-
less belong to the elastic category. Figure 13
shows the distribution in the squared four-momen-
tum transfer t, dN/dt, for all events selected as
elastic and separately for those which have a kine-
matical X' probability greater than 10 '. For
~tI &0.12 GeV', the slopes of these two distributions
are the same. We then assume that a complete
sample of elastic events is obtained by applying
the above selection criteria and, in the following,
we use all events which satisfy those criteria.

We first correct for the bias in the azimuthal
angular distribution of the scattering plane about
the beam direction for the events with ItI & 0.12
GeV'. A correction of 3.6% is required to make
this distribution isotropic.

To estimate the number of events in the forward
region (ItI &0.12 GeV'), we fit the momentum-
transfer distribution for ~t~ & 0.12 GeV', corrected
in the above way, using the etluation dÃ/dt
=Ae '+ ' . The corrected number of events with
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FIG. 15. Differential cross section de/dt for elastic
scattering. The curve is the fit with do/dt =A.e ~+ ' in
the ItI range between 0.12 and 0.68 Gev~.

It~ & 0.12 GeV' is then given by the fitted curve,
extrapolated to the forward direction. These scan-
ning-loss effects are -also seen in the distribution
of the selected events over the fiducial volume.
Figures 14(a) and 14(b) show the fiducial volume
distribution along the beam direction for the elas-
tic events and the one-constraint fitted events, re-
spectively. An apparent loss of elastic events is
observed at the downstream end of the chamber
whereas the inelastic events do not show this ef-
fect. Finally, we estimate the correction for
events excluded by the cuts in missing mass MM
and MM(p) to be about 5% of the uncorrected total.
The elastic cross +ection, including these correc-
tion factors, is 4.1+0.3 mb, in agreement with a
previous measurement at this momentum. ~
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8. One-Constraint Hypothesis

The number of events to be assigned to any 1c
channel must be estimated from the corresponding
missing-mass-squared distribution, taking into
account the appropriate background. In view of
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FIG 18 Dalitz plot for reaction (1 3)

the lack of a reliable formulation of this back-
ground level, we represent it by drawing a smooth
curve on the missing-mass-squared distribution.
The dashed curves in Figs. 3, 4, and 5 are our
estimate of background levels for the correspond-
ing hypotheses. For hypothesis (1.4), since the
tails of the b'(1236) and A'(Z') peaks extend into
the neutron missing-mass region, we expect to
allow for this in drawing the background level.
The number of events above these background lev-
els in the missing-mass interval indicated by the
arrows has been used to estimate the channel
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cross section.
Table II gives the channel populations with the

corresponding cross sections. No scanning-loss
correction has been made for events with a short
stopping proton in reactions (1.2) and (1.3). How-
ever, this correction was estimated to be about
6% of the events assigned to the reaction K p
-K* (890)p.' The error quoted in Table II in-
cludes the estimated uncertainty in the background
level. The cross sections for reactions (1.3) and

(1.4) agree with those given in Ref. 1 within the
errors.

IV. GENERAL FEATURES

A. K p Elastic Scattering

oo
Ql

x) 0

I
Ql

K
(h

oC)
CD

PO

QI O

EVENTS

,I

", 4

I,
7 ~

\ e,

432-

288-

For elastic scattering, an azimuthal-angle cor-
rection has been made to the full

I tl range. How-
ever, as discussed in Sbc. IIIA, there remains a
substantial loss of events for

I tl & 0.12 GeV'. We
have, therefore, used the data for 0.12 &

I
t

I
& 0.68

GeV' in determining the slope of the differential
cross section. The results given in Table III are
obtained using a least, -squares method to fit the
data with the two functional forms

(4.1)

and

dO' dO' Bc+Cd
dt ~=e

(4.2)

Figure 15 shows do/dt with the fitted curve of Eq.
(4.2). The results obtained for the restricted ltl
range are consistent with those from previous
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FIG. 21. Chew-Low plot for reaction (1.3).

measurement at this momentum. ~

The optical point, (do/dt), „is determined by
extrapolating the fitted curve to t =0. Again, using
the ltl region from 0.12 to 0.68 GeV', this gives

~

~ ~

~ ~

~= 30.0 + 2.4 mb/Ge V'.
t=o

The optical point calculated from the K p total
cross section is 29.4 mb/GeV', which is consist-
ent with zero real part in the scattering amplitude.

Figure 16 shows d7J/dt for the larger t region of
0.1-

I tl - 2.8 GeV'. Although our data are limited
in statistics, there is an indication of a change of
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FIG. 20. Chew-Low plot for reaction (1.2). FIG. 22. Chew-Low plot for reaction (1.4).:,
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FIG. 23. Slopes in t' dis-
tributions as a function of
Kn invariant mass: (a) for
reaction (1.2), (b) for (1.3),
and (c) for (1.4).
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slope, or possibly a dip at about 1.0 GeV' which
is consistent with other measurements. "Vfe also
note that no backward peak is observed in our data.
Only two events are obtained with

l tl & 2.8 GeV.'
corresponding to a cross section of less than 1 pb.

8. Single-Pion Production

Figures 17, 18, and 19 show Dalitz plots for re-
actions (1.2), (1.3), and (1.4), respectively. Strong
K*(890) production is observed for each reaction
with weaker production of the K*(1420) in each
case. No other significant effects are observed in
the Km mass projections. The shaded events on
the pm mass projection in Fig. 17 correspond to
those events ambiguous between reactions (1.2)
and (1.3), and which have been assigned to reac-
tion (1.3), as discussed in Sec. IIC. These events
might be expected to produce a bias in the K7).—

scattering angular distribution. However, the re-
moval of these events from reaction (1.2) gives
rise to rather small changes, within the statistical
uncertainty in the angular distribution.

A strong 4(1236) signal is observed in reaction
(1.2), whereas its production in reactions (1.3) and
(1.4) is much weaker. The wN effective-mass dis-
tributions in Figs. 17 and 19 show a broad. enhance-
ment at low mN masses which does not appear in
Fig. 18. This difference can be understood in
terms of strong diffractive nN production in the
case of reactions (1.2) and (1.4), where the pion
emitted by nucleon dissociation interacts with the
incident K diffractively, whereas this does not
occur for reaction (1.3). We also note that no sig-
nificant P* production is observed in any of these
reactions (not shown).

Figures 20-22 show Chew-Low plots for these
reactions. %e observe pronounced event concen-
trations along the lower Chew-Low boundaries for
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FIG, 24. Scatter plots of the Xm decay angles, coso and

Q, in the Jackson frame vs Xx mass for reaction (1.2).

all these reactions indicating the extremely pe-
ripheral nature of K*(890) and K*(1420) production.
Each of the plots indicates some forward nucleon
scattering in association with high Km mass. How-
ever, these events could be, in whole or part, a
result of contamination from other reactions be-
cause of the ionization ambiguity between a fast m'

and a proton.
To show the slope of do/dt as a function of Km

mass, we fit dN/dt'=Ace' to the t' distribution
over the range of t'& 0.5 GeV', where t' is defined
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by t'= ~t -tm, .
~

and tmi~ is the kinematical minimum
value of t for a given Km mass. The results of
these fits are shown in Fig. 23 for the three reac-
tions. The slope, B, for the K*(890) mass region
is about 5 Ge7 ' in each case. . It is interesting to
note that the slopes for the K* (890), known to be
produced through vector exchange, are the same
as that for K*' production where pion exchange is
dominant. We also note that B for reactions (1.2)
and (1.3) is almost constant, whereas B for reac-
tion (1.4) increases as the KII mass increypes and
finally falls off.

Figures 24-26 show scatter plots of cose and p
as a function of K71 mass, where 8 and (t) are the
polar and azimuthal angles of the outgoing K me-
son with respect to the incident K in the Km rest
frame (Jackson frame); in each case all events
are used without restriction on t. These figures
reveal strikingly contrasting features in the angu-
lar correlations of the Kn system produced in the
three reactions. At low KII mass, the K*(890) re-
gion, the (Kw) systems of reactions (1.2) and (1.3)
show very similar sin28 distributions in contrast
to the cos'6 dependence in reaction (1.4). We note
that in all three cases, the Treiman-Yang angular
distributions are markedly anisotropic with a
strong cos2(t) component. At higher KII masses,
most strikingly above 1.4 GeV, the angular dis-
tributions for (1.2) and (1.4) show strong forward
peaks consistent with the dominance of Km diffrac-
tive scattering. In contrast, no forward peak is

observed in (1.3), where KII diffractive scattering
cannot occur.

2

F(m) = p8(m) (a+ r, f,.B(((,.(m)), (4.3)

where the parameters a and f„respectively, rep-
resent the fractions of background and the ith res-
onance. BW, (m) is the Brett-Wigner form for the
ith resonance with mass m, , width I', , and spin l, ,
written as"

SW. m)=-=m 1']

q (m'-m ')'+m. '1 (4.4)

with 1",= 1,(q/qI)2)I", where q and q,. are the KII
center-of-mass momenta of the decay products for
KII mass m and m, (resonant mass), respectively.
We have tried both Lorentz-invariant phase space
and a fifth-order polynomial form for the back-
ground shape, PS(m)." Since our data are limited
in statistics, we are not able to obtai. n a reasona--
ble width for the K*(1420). The resonant mass

C. Resonance Parameters for the K*(890)
and K*(1420)

We have analyzed the Km mass spectra, plotted
in 20-MeV bins, over the complete Kn mass range
to find the production cross section, mass, and
width of both the K*(890) and the K*(1420) in reac-
tions (1.2)-(1.4). Using a least-squares method,
we have fitted these spectra to a functional form
of the Km mass, nz:
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Q, in the Jackson frame vs Kx mass for reaction (1.3).
FIG. 26. Scatter plots of the Kx decay angles, coso and
fjtj, in the Jackson frame vs K~ mass for reaction (1.4).
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TABLE IV. Resonance parameters for the K*(890) and the K*(1420). The values in
parentheses correspond to the results obtained from the use of the phase-space form of PS(m).

K*(890) decay

Cross section (pb)

Mass (MeV)

Width (MeV)

Fraction (%)

K*(1420) decay

Cross section (pb)

Mass (MeV)

Fraction (%)

140 + 16
(109.5+ 19)
888.5+ 2.9
(888.3 + 2.9)

59 +12
(50 + 8)
27.7 6 2.3
(23.4+ 2.3)

K-vr'

48 + 6
(42 + 6)

1426 + 11
(1425 + 13)

10.3 + 2.1
(9.0 + 2.0)

Ko

224 + 31
(193 + 26)
891.3 + 1.3
(891.5 + 1.3)

54
(52 + 3)
48.6+ 1.8
(42.6 + 1.9)

52 + 6
(45 + 6)

1425 + 7
(1422 + 7)

11.5+ 1.4
(10.0 + 1.3)

237 +22
(235 +21)
898.8 + 1.5

(900.1 + 1.4)
47 + 6
(49 + 4)
26.8 + 1.3

(26.7+ 1.3)

108 + 11
(132 413)

1424 + 6
(1418 + 5)

12.2 + 1.2
(15.0 + 1.3)

and the fraction of K*(1420) were determined, in
each case, using a fixed width of 100 MeV.

Table IV gives the results of these fits. The val-
ues in parentheses correspond to the results ob-
tained from the use of the phase-space form of
PS(m). The quoted errors in masses, widths, and
fractions are only statistical. As seen in this ta-
ble, the fitted values depend on the form of PS(m)
used. However, the differences in these values
are generally within the errors. Further discus-
sion of the K*(890) mass determination will be
given in Sec. V. Since the fit with the polynomial
form of PS(m) gives a slightly better y' than that
with the phase-space form, we use the results ob-
tained from the former fit. The curves in Figs.
27-29 are obtained from this fit.

The production cross sections of the K*(890) and

60-

the K*(1420) are obtained from the channel cross
sections in Table II combined with the resonant
fractions obtained in the above fit. For the
K* (890) cross sections, a correction has been
made for the loss of short stopping protons in
scanning. ' The quoted errors include the fraction-
al uncertainties in the channel cross sections,
which are much higher than the statistical errors
in each case. The ratio of the K* (890) production
cross section in reaction (1.2) to that in (1.3) is
0.62 + 0.11, using the fit results obtained assuming
the polynomial background form, This result is
consistent with the value of 0.5 expected from iso-
spin conservation in the K* (890) decay.

V. PROPERTIES OF THE E*(890)

A. E* (890)-E* (890) Mass Difference

The charged and neutral K*(890) states may be
expected to have slightly different masses as a re-
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FIG. 27. K x mass spectrum plotted in 20-MeV bins.
For Figs. 27-29, the solid and dashed curves are the re-
sults of the fits representing the resonant Kn mass spec-
tra and the fifth-order polynominal background, respec-
tively.
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FIG. 28. IY m mass spectrum plotted in 20-MeV bins.
'Curves as in Fig. 27.



2174 R. ENGR LMANN et al.
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FIG. 29. K m+ mass spectrum plotted in 20-MeV bins.
Curves as in Fig. 27.

~l ™K+0(890)~Kr K+ (890)~K r

= 7.5 + 2.0 MeV,

2 K+0(890)~K r K+ (890)~K r

=10.3 + 3.3 MeV.

These are in agreement within the statistical er-
rors and are consistent with other reported val-

12,13

There are several systematic effects which
could be important in this method of determining
the neutral-charged mass difference. We use the
mass interval 0.'7 &M(Ks) & 1.1 GeV and choose a
linear form '4 for PS(m) in Eq. (4.3) to estimate
the magnitude of these effects. Table V summa-

suit, first, of different electromagnetic effects in
the two cases and, second, because of different
interference effects between the K*(890) and the
background amplitudes for the two cases. Since
the interference with background such as an I = —,

'
p-wave component can also cause a mass differ-
ence of a few MeV in the charged K* (890) mass
measured from its two different decay modes, we
show the neutral-charged mass difference of the
K*(890) separately for these two cases, as given
in Table IV:

rizes the effects on the K*(890) mass of varying
the mass binning, the Breit-Wigner form used,
and the four-momentum-transfer range considered.
There are differences of the order of 1 standard
deviation from those values given in Table IV.
Table V shows that both of the charged K* (890)
mass measurements increase by as much as 2

MeV, whereas the neutral K*o(890) mass remains
almost the same compared to values in Table lV.

It is possible to introduce a systematic mass
shift through the difference in the kinematical fit-
ting between the proton hypotheses [(1.2) and (1.3)]
and the neutron hypothesis (1.4). A sample of
m pK' events with seen V' and Km mass less than
1.0 GeV were measured as two-prong-plus- V
events and fitted in two ways: (1) with one con-
straint, without making use of the V0 track, and

(2) with one constraint, making use of the mea-
sured V' tracks but not the proton track. The
first case corresponds to hypothesis (1.3) and the
second corresponds to a si.mulated fit to hypothe-
sis (1.4) where only visible boson tracks are used
in the fit as in (1.4). The difference between the
Km invariant-mass peaks obtained in the above two

ways was 0.8~ 0.6 MeV, with the first method pro-
ducing the higher mass. The total systematic er-
ror in 4M, and &M, from the effects considered
here could be as large as 3 MeV with the major
part due to ignorance of the background shape.

Recently, Berger and Fox" have calculated the
K* mass shift due to interference with &-produc-
tion background using a B, model and found the
K* (890) mass to shift down by about 2 MeV from
the mass value without interference, while no
shift is obtained in the K*'(890) mass. We calcu-
late the shifts in K*(890) mass resulting from in-
terference with an I = —', p-wave background repre-
sented by the appropriate Km phase shifts, as pre-
dicted by Lovelace, "to be 2.5, -0.5, and 1.0 MeV,
respectively. Thus, the experimentally observed
mass differences, &M, and hM» easily encom-
pass the shifts due to the interference effects. We
also note that a calculation by Rubinstein" within
the framework of SU(6) shows

TABLE V. K*(890) mass shifts.

Breit-Wigner Bin size Starting Bin it i Range Mass for Mass for Mass for
form (GeV) (GeV) (GeV ) K* (890) K x (MeV) K* (890) K m (MeV) Z (890) K m+ (MeV)

p-wave
s-wave
p-wave
p-wave
p-wave
p-wave

0.020
0.020
0.020
0.025
0.020
0.020

0.600
0.600
0.610
0.600
0.600
0.600

All
All
All
All

it &o.i
it &O.1

Average

890.9+ 3.6
888.8 + 3.3
891.5 + 3.3
889.9 + 3.6
887.4+ 5.6
894.4+ 4,4

890.5 + 3.3

893.2 + 1.6
891.6 + 1.5
894,1+ 1.6
893.1+ 1.6
892.1+ 3.2
893.4 + 1.8
892.9+1.6

898.5 + 1.6
898.6 + 1.6
898.3 + 1.6
897.8 + 1.6
898.3 +1.9
898.7 + 1.9
898.4 + 1.6
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TABLE VI. Differential cross sections for reaction K p K p.

2175

]t~ Range
(GeV2)

Corrected
number of events/0. 04 GeV

For K 7r+ decay
(p, b/GeV2)

Cross section
corrected for other

decay modes (p, b/GeV )

0.003-0.04
0.04 -0.08
0.08 -0.12
0.12 -0.16
0.16 -0.20
0.20 -0.28
0.28 -0.36
0.36 -0.52
0.52 -0.68
0.68 -1.00

Total

95 + 10.0
78 + 88
59 + 77
45 + 67
42 + 65
31.6+ 4.0
21.5 + 3.5
13.5 + 1.8
7.5 + 1.6
4.0+ 0.7

585 events

958 + 102
790 + 89
598 + 78
456+ 68

66
320 + 40
228 + 35
137+ 18
76+ 16
41+' 7

237+ 22 pb

1437 + 153
1185+134
897+117
684 + 102
638 + 99
480 + 60
342 + 53
205 + 27
114+ 24
61+ 11

355+ 33 pb

my*') -~(rc*-)=M(a') -~(ff'-)

=3.95+0.13 MeV,

a smaller mass difference than the results given
here by about 2 standard deviations.

B. Production and Decay of the E* (890)

The neutral K*'(890) produced in the reaction
fC-P -FC*'(890)n

(5.1)

is studied using the sample of events from reaction
(1.4) with Zw mass in the range 0.84 &M (ffm) & 0.94
GeV, which includes approximately 14% back-
ground. The differential cross section for Z*(890)
production, do/dt, tabulated in Table VI, is ob-
tained by normalizing the 585 events in this mass
interval to the production cross section in Table
IV.

Figure 30 shows do/dt corrected for unseen de-
cay modes of the K*'(890). The solid and dashed
curves are, respectively, the predictions of a one-
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FIG. 30. Differential cross section for K p K* (890)n.
The corrections for unobserved decay modes are includ-
ed.
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FIG. 31. Density-matrix elements for the K decay
in the Jackson frame.
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TABLE VG. Density-matrix elements for the K* (890) evaluated in the Jackson frame.

It I Range
(GeV')

Events
do'/dt

(pb/GeV2) pso ps'
Jackson frame

poo Repgp

0.008-0.05

0.05 -Q.10

0.10 -0.20

0.20 -0.30

0.30 -0.50

0.50 -0.75

0.75 -1.00

1.00 -1.50

119
(1536 + 140)

77
(934 + 106)

116
(704 + 65)

72
(437 + 51)

83
(252 + 28)

45
(109 + 16)

24
(58 + 12)

26
(31.6+ 6.3)

0.128+0.062 -0.062+0.026 0.733+0.070 0.138+0.035 -0.159+0.042 0.063+0.047

0;154+ 0.062 -0.035+ 0.033 0.689+ 0.095 0.156+ 0.047 -0.153+0.048 0.091+ 0.055

0.130+0.050 -0.068+ 0.028 0.522+ 0.069 0.239+ 0.035 -0.086+0.042 0.118+0.055

0.093+ 0.064 -0.028 + 0.034 0.501+ 0.095 0.249 + 0.047 -0.041 + 0.045 0.212 +0.069

0.076+ 0.055 0.055+ 0.035 0.337+0.088 0.332+ 0.044 -0.080+0.047 0.159+0.067

-0.025 + 0.069 -0.018+ 0.046 0.190+ 0.102 0.405 + 0.051 0.000 + 0.052 0.275 + 0.076

-0.059 + 0.095 0.081+0.060 0.211+0.117 0.395+ 0.059 0.092+ 0.093 0.345 + 0.147

0.122+0.095 0.025+ 0.063 0.308+ 0.125 0.346+ 0.063 -0.067+0.090 0.184+0.118

particle-exchange model incorporating absorptive
effects (OPEA)" "and a pure Regge model due to
Dass and. Froggatt. " In OPEA, we consider only.
pion exchange with the absorption parameters"
y, = 0.0284, C; = 0.6456, y&

= 3 y;, and C& = 1.0.
the Regge model, m and A, exchanges are included
and the evasive solution (the dashed curve) is pre-
sented in Fig. 30.

The OPEA prediction of the production cross
section is 371 p,b, to be compared with 355+33 p,b
obtained from this experiment. However, the
do/dt predicted by both models gives a rather
steeper distribution than indicated by the data.

The IC*(890) decay characteristics' are illustrated
by plotting the density-matrix elements for the K*
decay, measured in the Jackson frame, as a func-
tion of t in Fig. 31. The matrix elements are cal-
culated from the spherical-harmonic moments of
the decay angular distribution expressed in terms
of an s- and P -wave parametrization. In this para-
metrization, the density-matrix elements and the

(YP) moments are related as follows:

Re(p, o) =Wv(Yto),

Re(p„) =Ww(Re(Y', )),

poo -pi| =~»(Ya)

Re (p„)= (5a/3)'"(Re ( Yt)),

p, , = —(10'/3)'"(Re (1,)),
with the normalization conditions

ppp+ 2p»+ pss 1

where p„represents the s-wave contribution to
the angular distribution. The ppp and p» elements
appropriate to a pure p-wave parametrization are
calculated from the value of p„-p» and the nor-
malization condition obtained by setting the diago-
nal element p„=0, since no information on pss is
available from the (YP) moments. However, some
amount of s-wave component exists in the K*(890)
mass region, as seen in the distribution of p„,
which represents the s-p wave interference. The
elements poo, Re(p„), and p, , are compared to

TABLE VIII. Density-matrix elements for the K*0(890) evaluated in the helicity frame.

ItI Range
(GeV ) Events pso ps'

Helicity frame
poo Bep&0

0.003-0.05
0.05 -0.10
0.10 -0.20
0.20 -0.30
0.30 -0.50
0.50 -0.75
0.75 -1.00
1.00 -1.50

119
77

116
72
83
45
24
26

0.147 + 0.055
0.138+ 0.064
0.150+ 0.044
0.063 + 0.050

-0.004 + 0.051
0.032+ 0.064

-0.015+ 0.091
—0.081+0.083

0.017+Q.026
-0.061+ O.G35
-0.040 + 0.032
-0.052 +0.044
-0.052+ 0.038

0.014+ 0.049
0.041+ 0.063

-0.069+ 0.071

0.788+ 0.073
0.606+ 0.081
0.327 + 0.071
0.116+0.076
0.212+ 0.074
0.108+0.089
0.140+ 0.140
0.102+0.126

0.108+ 0.037
0.197+0.011
0.336+0.036
0,442+ 0.088
0.394 + 0.037
0.446 +0.044
0.430 + 0.090
0.449+ 0.063

-G.73 + 0.039
-0.225 + 0.066
-0.163+ 0.037
-0.123+ 0.048
-0.082 + 0.046
-0.00 + 0.049

0.106+ 0.090
0.019+ 0.088

0.088 + 0.048
0.049 +0.066
0.020 + 0.060
0.020 + 0.081
0.096 + 0.081
0.233 + 0.091
0.309 + 0.135
0.081+0.126
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FIG. 32. Four-momentum-transfer-squared distri-
bution (a) for reactions (5.3) and (b) for (5.2).

the model predictions. The solid and dashed
curves are, respectively, the predictions of the
OPEA and the Regge model for p», Re(p«), and

p, , and again give reasonable agreement with the
data. The experimental density-matrix elements,
evaluated in both the Jackson and the helicity
frames, "are given in Tables VII and VIII, respec-
tively.

ln conclusion, we remark that OPEA with pure
pion exchange is in reasonable agreement with the
data for the neutral K*'(890). The Regge model
with inclusion of m and A, exchange also gives a
reasonable description of the data. However, both
predictions show deviations from the data in the
detailed features. Further study of the charge-
exchange mechanism of K*' production" suggests
that a detailed comparison with the reaction K'm

FIG. 33. Differential cross section for reaction E p-E * (890)P for all decay modes.

C. Production and Decay of the K* (890)

The charged K* (890) is produced in the reac-
tions

K P-K* (890)P

z-~' (5 2)

K p-K* (890)p

(5.3)

which are first analyzed separately because of a
different scanning bias in the small-t region for
the two cases. Figures 32(a) and 32(b) show the

-K*a(890)p over a wide range of beam momenta is
needed to understand the exchange mechanism of
K*0(890) production.

TABLE IX. Differential cross section for reaction K p K* (890@ (all decay modes).

ft/ Range
(GeV2} No. of events/0. 04 GeV2 Cross section (pb/GeV )

0.003-0.04
0.04 -0.08
0.08 -0.12
0.12 -0.16
0.16 -0.20
0.20 -0.24
0.24 -0.28
0.28 -0.36
0.36 -0.52
0.52 -0.68
0.68 -1.00

Total

83 + 12.0
109 + 10.4
103 + 10.1
110 + 10.5
93 + 96
75 + 8.7
56 + 7.4
44 + 4.7
22.3 + 2.4
10.0 + 1,5
4.6 R 0.8

940 events

805 + 110
1038+100

950 + 95
1073+ 102

890 + 87
718+ 83
535 + 72
418+ 45
225+ 24
105+ 17
45+ 7

364+ 35 pb
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FIG. 34. Density-matrix elements for the K* (890)
evaluated in the Jackson frame.

lation, m and ~ exchanges are included with the
coupling-constant parameters given in Ref. 23.
In the Regge model, m and P" exchanges are con-
sidered; no & exchange is included because of
strong violation of SU(3) symmetry. '0 Both pre-
dictions in Fig. 33 (solid and dashed curves) are
normalized to 1.0 mb/GeV' at t = -0.1 GeV' to
compare the shape with the data. The normaliza-
tion factors are 1.5 for the OPEA model and 1.2
for the Regge model. As reported' '~ previously,
the OPEA model does not describe the shape of
do/dt very well, but provides reasonable agree-
ment with the experimental density-matrix ele-
ments, Fig. 34. In contrast, the Regge model de-
scribes both adequately. We also note that the
Regge model with v and ~ exchange" (not shown)
gives reasonable descriptions of both the shape of
do/dt and the decay correlations.

D. Comparison of E* (890) and E* (890)

momentum-transfer-squared distribution for (5.2)
and (5.3), respectively. The mass bands used to
select the K* (890) events in (5.2) and (5.3) are
the same as for the K*'(890), and the background
is estimated to be about 10%. The two distribu-
tions agree very well in shape for

~
t~ ~ 0.1 GeV'.

For ~t~ s0.1 GeV', the turnover in the differential
cross section is more pronounced for reaction
(5.2), where the events come only from the two-
prong sample, than for (5.3), where some 30% of
the events have a visible K' decay. This differ-
ence is attributed to a scanning loss associated
with the short, stopping proton track. Since the
only significant difference between the data is for
small

~ t~, we combined these data in studying the
K* (890) production and decay properties. A cor-
rection for the scanning loss in the small-~ t~ re-
gion was made for the two-prong events by a com-
parison of their dc/d twith that fo'r the visible V'
events for (5.3). The distribution in four-momen-
tum transfer for K* (890) production appears in

Table IX and again in Fig. 33.
Figure 34 shows the density-matrix elements

for the K* (890) evaluated in the Jackson frame.
The density-matrix elements evaluated in both
the Jackson and the helicity frames are also given
in Tables X and XI, respectively. The p„and p„
representing the s- and p-wave interference are
not given for the combined data for the K* (890)
because the s-wave background is expected to be
different between reactions (5.2) and (5.3). We
compare the combined data to the predictions of
the same two models as previously used for the
K*'(890). The solid and dashed curves in Fig. 33
represent the predictions of OPEA" '3 and the
Regge model, ' respectively. In the OPEA calcu-

As already pointed out, the slope of dv/dt is
very similar at ~t~ values greater than 0.2 GeV'
for both charged and neutral K*(890). However,
these distributions differ significantly in the
small-momentum-transfer region. In the case of
K* (890), one sees the characteristic turnover as-
sociated with a vector-meson-exchange process.
A much sharper distribution is obtained in the for-
ward direction for K*'(890) production.

To the extent that A, , and B exchanges are neg-
ligible, ppp gives the contribution of one-pion ex-
change, with the K*(890) produced in the helicity-
zero state. As shown in Tables VIII and XI, the
value of ppp increases sharply in the forward di-
rection for both neutral and charged K*(890) and
becomes the dominant effect in the former case.

In the absence of absorptive effects, the density-
matrix elements with nonzero helicity, such as p»,
indicate the contribution of vector-meson-exchange
processes to K*(890) production. Furthermore,
the following combinations" of density-matrix ele-
ments evaluated in the helicity frame,

2o =p~x+p).-x

and

2o' =pox —px-i~

represent the fractions of natural parity [P = (-1)~]
and unnatural parity [P = -(-1)~] exchange in the
production mechanism, respectively. Figures 35
and 36 show o' and o as a function of t for the
K*'(890) and the K* (890), respectively. Again,
the s-wave background effects are ignored in cal-
culating o' and o .

For the K*'(890) where only isovector exchange
is allowed, both o' and o in Fig. 35 rise sharply
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TABLE X. Density-matrix elements for the K* (890) evaluated in the Jackson frame.

ft f Range
(GeV~)

Events~
der/dt ~oo

Jackson frame
Repio

0.003-0.05

0.05 -0.10

0.10 -0.20

0.20 -0.30

0.30 -0.50

0.50 -0.75

0.75 -1.00

1.00 -1.50

'In units

78
(873+ 99)

133
(1030+ 90)

253
(S80 + 62)

159
(616+49)

143
(277+23)

54
(83+ 11)

29
(44.9+ 8.3)

36
(27.9+ 4.6)

of pb/GeV2.

0.327 + P.P81 0.337 + 0.040 -0.127+ 0.049 0.161+ 0.070

0.180+0.058 0.410+0.029 -0.076+ 0.029 0.289+ 0.050

0.107+ 0.090 0.446 + 0.045 0.074 + 0.070 0.305 + 0.106

0.117+ 0.040 0.442 + 0.020 -0.082 + 0.022 0.350 + 0.037

0.059+ 0.048 0.470 + 0.024 -0.014+ 0.028 0.365 + 0.046

0.094+0.053 0.453+0.027 -0.013+0.031 0.345+0.053

0.035+ 0.083 0.483+ 0.041 -0.027+ 0.041 0.467+ 0.080

p p55+ 0.1 pp 0,528+ 0.050 -0.134+0.066 0.106+0.129

from t=0 and stay, respectively, at about 0.6 and
0.2 in the large-t region. The nonzero value of a
suggests that unnatural-parity vector exchange,
such as B, is important. However, it should be
noted that pion exchange can also give a nonzero
value of o if absorptive effects (Regge cuts) are
taken into account. For the K* (890), where both
isoscalar and vector exchanges are allowed, Fig.
36 shows 0' rising sharply from t =0 and remaining
at about 0.8 in the large-t region. In contrast to 0
for the K*'(890), a for the K* (890) is essentially
zero out to large ftf values. This suggests that
the unnatural-parity exchanges are less important
for K* (890) than for K*'(890) production. We note
that the I =1 exchange amplitude for K* (890) pro-
duction is smaller by a factor of 2 than that for
K*'(890).

Kd K upas (6.1}

A. Production of the E*(1420)

The charged and neutral K*(1420) are produced
in the reactions

K-p -K+-(1420)p

suggests that there is, in addition, an s-wave Kw

enhancement at 1.36 GeV. This state, if it exists,
gives rise to an additional background problem and
complicates the analysis of the K*(1420) production
and decay properties. Further discussion of this
state will be deferred until Sec. VII. In the present
section, we assume that all events in the mass
band defined below belong to a single resonance,
the K*(1420).

VI. The E*(1420)
Z-~0+K'~-,

K p -K*'(1420)
(6.2)

It has generally been accepted that a single J~
= 2' Km state exists with Km mass centered at 1.42
GeV. Recent work" on the reaction

(6.8)

Again, in studying the K* (1420), data from both

TABLE XI. Density-matrix elements for the E (8SO) evaluated in the helicity frame.

ftf Range
(GeV')

No. of
events Poo

Helicity frame
Rep«

0.003-0.05
0.05 -0.10
0.10 -0.20
0.20 -0.30
0.30 -0.50
0.50 -0.75
0.75 -1.00
1.00 -1.50

78
],33
253
159
143

54
29
36

0.451 + 0.088
0.252 + 0.059
0.196+ 0.043
0.110+ 0.'048
0.107+ 0.052

-0.001 + 0.080
0.284 + 0.135
0,223 +0.121

0.275 + 0.044
0.374 + 0.030
0.402 + 0.021
0.445 + 0.024
0.447 + 0.026
0.500 + 0.040
0.358 + 0.067
0.388 + 0.060

0.010+ 0.043
-0.030 + 0.032
-0.048 + 0.021
-0.001+ 0.028
-0.008 + 0.031
-0.035 + 0.040
-0.200 + 0.057

0.034 + 0.057

0.223 + 0.070
0.325 + 0.053
0.390+ 0.035
0.391+0.047
0.351+ 0.053
0.449 + 0.082
0.276 + 0.113
0.363+ 0.100 .
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FIG. 35. 0+ and 0 evaluated in the helicity frame for
the K* (890).

charge states K n' and K'm were combined.
The K*(1420) mass interval is taken as 1.30
&M(K*(1420))&1.50 GeV for all reactions. Figures
37(a) and 38(a) show the momentum-transfer-
sguared distributions for reactions (6.2) and (6.3),
respectively. As seen in Figs. 27-29, substantial
backgrounds exist underneath the K*(1420) signals

I.O—

0.8—

FIG. 37. (a) Differential cross section for reaction
(6.2) and (b) dN/dt for the events in the control region.

for all reactions. %e also show the momentum-
transfer distribution for the background events de-
fined by mass cuts:

1.20&M(Kv) &1.30 GeV,

1.50&M(Kv) & 1.60 GeV

in Figs. 3 I(b) and 38(b). We note that both events
in the signal region and in the control region show
similar behavior of the t-distributions. The slope
of do/dt is steeper for the neutral K*(1420) than
that for the charged K*(1420). In both cases, we
parametrize de/dt with an exponential form in t,
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FIG. 36. ~+ and 0 evaluated in the helicitJJ frame for
the X* (890).

FIG. 38. (a) Differential cross section for reaction
(6.3) and (b) dN/dt for the events in the control region.
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do/dt=hes' for 0.031&t&0.5 GeV'. We find that

B=4.1+1.2 GeV ' for reaction (6.2),

B=7.3+1.2 GeV ' for reaction (6.3)

for the signal region and

B=5.7+1.4 GeV ' for reaction (6.2),

B=6.2+1.4 GeV ' for reaction (6.3)

for the control region. These results seem to in-
dicate a significant difference in the production
mechanism of the charged and the neutral K*(1420).

B. Decay of the E*(1420)

As discussed in Sec. VIA, substantial background
exists in the K*(1420) mass region for all reac-
tions, and the decay angular distribution of the
K*(1420) can be strongly influenced by the back-
ground. The control regions of the K*(1420) may
be expected to provide some information regarding
the background amplitude, but because of the sta-
tistical limitations of our data and the rapid change
in the decay angular distribution as a function of
Km mass, as seen in Sec. VII, it is not possible to
obtain the background amplitude reliably. Thus,
we will show the density-matrix elements assum-
ing only the D-wave amplitude and ignoring the
background wave.

0.6—

Figures 39 and 40 show the density-matrix ele-
ments for reactions (6.2) and (6.3), respectively,
as a function of t. The density-matrix elements
are obtained from the (YP& moments of the decay
angular distribution using the relations

p, , = v(4~/70)" '(Y', &,

Repm, = ~~(4m/35)'"(Y4S&,

p, , = -(4m/10)'"[2(Y2~&+ V3 (Y',)],
Rep„= (4m/20)'"[v3 (Y~g —2(Y,')],
Rep, , =-,' (4m/10)'"[&2(Y',

&
+ 2W3 (Y ~~&],

Rep» = (4w/10)'"[v3 (Y',) -2v2 (Y,')],
p„=-:~4[-:~&&Y.'&-2&Y:&] -'. ,

po 0
= —, v 4m [W5 (Y 2 ) + 3(Y 04)] + —,',

with the normalization condition

poo+ 2px~ + 2p22 —1

The errors in Figs. 39 and 40 are statistical only
and contain no contribution for background uncer-
tainties. One notes that, for ItI smaller than 0.4
GeV', the values of p» are unphysical by about 2
standard deviations, presumably due to interfer-
ence between the resonant and background waves.
In general, the elements p, , show rather similar
dependences on t for both K*(1420). The interpre-
tation of poo and p» at small t is complicated by the
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previously noted unphysical value of p», however,
one sees that p~ falls off more rapidly as a func-
tion of f for the charged K*(1420). An OPE calcu-
lation" for the 2'-meson production in the reaction
0 +N-N+2'predicts ppp 1 and all others=0 for
pseudoscalar-meson exchange and p» =0.5, p, ,-0.5 (t- 0) and all others = 0 for vector-meson ex-
change. Thus, the observed large value of ppp for
both reactions indicates a substantial w -exchange
contribution for K*o(1420) and K* (1420) produc-
tion. The nonzero values of p» and p, , suggest
that some vector-meson-exchange contribution is
required for both charged- and neutral-K*(1420)
production.

VII. THE Kn SYSTEM

Careful study of the Km invariant-mass distribu-
tions in Figs. 27 and 28 reveals no significant ef-
fects additional to those already discussed for
(Km) . However, in the case of (Kv)o, Fig. 29, one
notes the small dip in the mass distribution fol-
lowing the sharp fall from the K*'(1420) peak and
the shoulder appearing on the low side of this
peak. " Recent results for reaction (6.1) have sug-
gested the existence of two furLer Km states at
1.36 GeV (Ref. 2V) and 1.8 GeV." The latter effect
could account for the appearance of the above-
mentioned dip in the K w' mass distribution.
There have been further suggestions of Km states at
masses 1.10 GeV (Ref. 31) and 1.26 GeV (Ref. 32)
which do not appear in the present data.

Additional information on the K7t system is ob-
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FIG. 42. (Y&) moments as a function of Kx mass
for reaction (1.3).

tained from the spherical harmonic moments, (YP),
of the-Kn angular distribution. In Figs. 41-43, we
show the m = 0 moments for l & 8, evaluated in the
Jackson frame, for reactions (1.2) to (1.4), re-
spectively. The survey is restricted to ~t~& 1.0
GeV', and it covers the Km mass range 0.7-2.1
GeV. The (Y', ) for reactions (1.2) and (1.3) are
displayed separately since any interference effects
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FIG. 43. (Y, ) moments as a function of Xm mass
for reaction (1.4).
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between the 'I = 2 and I= ~ Km states would differ for
the K'n and K n' states. For l & 5, the (Y', ) for
all three reactions show essentially zero values
for Km mass below 1.9 GeV. Above 1.9 GeV, all
(Yc) with l & 5 for (1.2) and (I",) for (1.4) be-
come significant, whereas for (1.3), all (Y', ) with
E ~ 5 remain essentially zero. This could be re-
lated to the pre senc e of the diffractive Km scatter-
ing, which ean occur in reactions (1.2) and (1.4),
but not in reaction (1.3). This interpretation is
consistent with the small values of (Y,') and (Y,')
in this mass range for reaction (1.3) compared to
the much larger values for (1.2) and (1.4). .From
these figures, we note that the (Y', ) moments show
no significant effects associated with the proposed
enhancements at 1.36 GeV and 1.8 GeV.

Now, we discuss in more detail the s -wave Km

effect at 1.36 GeV which has been suggested by a
study "of the angular correlations of the K'n sys-
tem in reaction (6.1). This state was isolated from
the K*(1420) by imposing the restriction ~cos8~& 0.7
on the Jackson angle of the Ew system . Since both
reactions (6.1) and (1.4) produce the neutral Kw

system in association with nucleon charge ex-
change, they are expected to exhibit rather simi-
lar characteristics. In Figs. 44(a) and (b), we

show, re spec tively, the K m
' mass distributions

from reaction (1.4) for events with ~cos8~ & 0.7 and
with ~cos8~& 0.7. In Fig. 44(b), we observe a peak
at about 1.36 GeV, supporting the previous sugges-
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FIG. 45. Decay angular distributions for reaction
(1.4) for the K 7I mas s intervals given in the figure.

tion of a Km enhancement at this mass. However,
we note that interference between a smooth s -wave
and the resonant d-wave amplitude [K*(1420)]can
produce a mass shift of 50 MeV for the K*(1420)
if such a cut is made ." For comparison, we have
made the same analysis for the non-charge -ex-
change reactions (1.2) and (1.3). No significant
effect is observed.

Finally we discuss in more detail the recently
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TABLE XII. Parametrization of the Hegge-pole
trajectories used in the 8

&
calculation.

n (X)=np+5+n'X

S Ko

KK

Trajectory

co —A2

np

0.48
0.13

0.9
0.9

B5 (I):

Trajectory

n(X) = (np+n X)+I (X —Xp)

np Xp PP

-0.37
-0.68

1
0.95

0.14
0.14

1.0
2.1

n(X) = 8(X~ -X)(np+n' -X)
+ 0(X X~)[(n p+n++X) +RE (X Xp)]

Trajectory n
p

n' n+ a Xp

0.35 0.9 0.82 . 0.07 0.29 0.406
B (2):

proposed J =3 Kn state around 1.8 GeV." We re-
fer to the scatter plot of cose for the Jackson
frame against the Km invariant mass, Fig. 26,
where a clear concentration of events appears
with cos0-0.3 and mass -1.8 GeV. In Fig. 45,
we select from this plot the Km angular distribu-
tion for reaction (1.4) for several intervals in the
Km mass between 1.2 GeV and 2.25 GeV. The dis-
tributions for Km mass between 1.5 GeV and 2.25
GeV are very similar to those already reported
for reaction (6.1). Note also that the angular dis-
tributions vary quite rapidly as a function of mass.
It has also been suggested" that the proposed
state decays into Ken in addition to Km. For com-
pleteness, we show in Fig. 46 the Kmm invariant
mass from the reaction

K-P -K'~-~'n

taken from Ref. 1. The shaded area corresponds
to events with ~t'~&0. &5 GeV2. This distribution
does not show a statistically meaningful enhance-
ment at about 1.8 GeV, unlike the previous obser-
vation. " Although the results presented here sug-
gest that the effects observed around 1.8 GeV for
reaction (6.1) also appear for reaction (1.4), the
statistical level of the data precludes definite con-
firmation of the effect.

VIII. THE K m p FINAL STATE; 8 SCHEMES

Models based on an extension of the dual-Regge
model'4 to five external particles have been pro-
posed" and compared" with previous data. These
schemes, known generically as E„construct what

purports to be the physical scattering amplitude
for that class of reactions which are dominated by

Ko
KK

K P

86 (&): S~p 4
r

= K

K p K'
FIG. 47. The five-point diagrams with associated

Regge trajectories and kinematic variables used in the
calculation of B5.

X-Axe„, (p„-, ~» l'~, l'„)

x[a,(1)+a,(2)+ a, (3)],

where

vector-meson exchange and which have no Pomer-
anchon contribution; the reaction K p-K'm p falls
into this class. With this amplitude it is possible
to predict all possible spectra and give their en-
ergy dependence. The good qualitative success of
the B, schemes for many distributions then leads
us to compare some of the more detailed behavior
of these predicted spectra to our data.

The particular amplitude we have chosen to work
with is that used by Chan Hong-Mo et al.~v This
model has an amplitude given by"
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s(1) = B,(1 —n~g, 1 — „, 1 — ~, 1 —n-, —,
' — "),

Bs(2)=B(1—txrw, 1 —Dg~ 2 —lxr*' 1 —(v" p —Q'),

Bg(8)=B~(a —&p, k — p, 1 —&g, a —&r+, k —&"),

FK e 8&& pE p& pE0pn 8

is a kinematical factor approximating the effects
of the spin of the external baryons. B,(X, , X„X„
X4, X,) is the Bardakci-Ruegg 35 five-point function
defined by

r 1 l ~l "l
B,(X, , X )2XS, X', X,)= '

~
du, du, du4du, 5(u, +u, —1)5(u, +u' —1)u,x' 'u, 2 '(1-u2u~) &

"0 "0 +0~0
X4-1g X5-l

5

u 400-
CV
O
O~ 200-
V)I-
4J

LLI
0
0.5

(a)

I.O l.5 2.0
M(K' w ) (GeV}

.2.5

60- (b)

and e „8&z is the totally antisymmetric tensor in
four variables (e«» =+1).. The different n's are
the Regge-pole trajectories and their parametriza-
tion is given in Table XII. The kinematic variables

for each trajectory are illustrated in Fig. 47. The
final spectra were obtained using a Monte Carlo
technique "to generate approximately 170 000
events. By normalizing the predictions of the
model to our total number of events, we are able
to fix the single adjustable parameter, A.

Figures 48(a), 48(b), and 48(c) show the effec-
tive mass distributions of the (K'v ), (K'p), and

(v p) systems, respectively. The amounts of
K*(890) and K*(1420) predicted are both somewhat
higher than the data. 4' Little structure is seen in
the (K'p) mass distribution and the theoretical
curve is in substantial agreement with the data
here. 4' The n p mass distribution, however, is
not adequately described by B,. The predicted but
unobserved low-mass peak occurring at 1.35 QeV

N 40
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LLI
20-

Ul

80-

60

(a)

60—

40-

l.5
I I

2.0 2.5
M(K'p) (Geg}

(c)

5.5
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0
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0
COS 8

20-
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0

(b)
IOO

TY
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n 40-
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O
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20-
QJ0
:hl

I60-

~ l20-I-
R
LLI

80-

80-

60-

40--
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I
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M(7r p ) (GeV)

I

5.0

FIG. 48. (a) Z 7r mass spectrum, (b) F7p mass
spectrum, (c) n p mass spectrum. The curves are the
spectra as predicted by Bs and normalized to the total
number of events in the channel X p-Z'7r p.

0-I 0
00 I 7r 277

COS 8 TY

FIG. 49. The decay angular distributions for the events
with Xx mass (a) in the interval 0.825-0.975 GeV and (b)
less than 1.0 GeV. The curves are the B

&
predictions.
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2.0

N

lP+ 200
0
M~ ioo-
LJJ0
LLI

(b)

Q~uu
-4.0 -3.0 -2.0 -I.O

u(K -7r ) (GeV }

C4
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FIG. 50. Four-momentum-transfer-squared distributions for (a) K to K (t~~), (b) K to x (uz„),
(c) incident p to outgoing p(t&&), (d) incident p to x (I&„);all with B5 curves.

is associated with the daughter of the first recur-
rence of the nucleon and not with the 6(1236}.

We utilize the Gottfried-Jackson frame for the
K'm system and show the angular distributions of
the F' in Fig. 49 (Ref. 42) for the K'w mass inter-
val 0.825-0.975 GeV and also for mass& 1.0 GeV.
The change in the polar angle distribution from ap-
proximately sin'8 to dominantly cos'8 is correctly
given by this model. For the region above 1.0 GeV,
the predicted forward-backward asymmetry is op-
posite to that given by the data, and the predicted
zeros in the Treiman- Yang angular distribution
are not observed. These zeros are a consequence
of the simple kinematical factor used in front of
the amplitude. It appears necessary to be able to
treat external particles with spin in a better way.
In addition, there is the possibility that inclusion
of some pion exchange and/or allowance for ab-
sorption effects is necessary to fully describe
these distributions.

Figures 50(a), 50(b), 50(c), and 50(d) show the
four-momentum-transfer-squared distributions
for K to K (t«), K to m (u~„), incoming p to
outgoing p (t»), and incoming p to m (u~„), respec-
tively. Although the data seem to be fairly well
described for the trz and ur„distributions (the t~r

distribution is slightly more forward-peaked while

the u~ distribution is slightly sharper and more
backward-peaked than predicted by B,), the theory
has much more trouble in describing the proton
four-momentum distributions. The t» spectrum
is more. forward-peaked and considerably sharper
than suggested by the model~ while the strong
"dip-bump" structure ~ in the u~„distribution is
not observed in the relatively flat experimental
distribution.

Although many qualitative features are generally
correct, certain distributions associated with the
nucleon [I(w p), u~„ t»] point out difficulties
with the present B, calculations. Most of these
problems may be traced to the difficulty in treat-
ing baryon spin correctly in the model.
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