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tive strangeness equal to —0.6 and —0.1, respectively.
If these same parameters are applied to Be the computed
phase is less negative by 9'. If, in addition, the momen-
tum is reduced with no change in the relative value of
the real parts, the computed phase shifts another + 11,
giving a total phase shift of +20'. Since at the lower mo-
menta a resonance is approached, it is entirely reason-
able that the remaining discrepancy arises from a. change
in the ratios of real to imaginary amplitudes, to which
the regeneration phase is highly sensitive.
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Inelastic K p reactions have been studied in a 400000-picture exposure of the LRL 25-in.
hydrogen bubble chamber. Cross sections have been obtained for single-pion and two-pion
final states corresponding to the two-prong-V and four-prong topologies. These channels
show a smooth energy dependence, consistent with observations at other momenta. The pro-
duction and decay angular distributions for the quasi-two-body channels agree with the pre-
dictions of simple exchange models and show no evidence of an s-channel resonance. It is
not possible, however, to place any quantitative limit on the production of a Z*. Quark-
model relations for double-resonance production have been tested and are well satisfied by
our data.

I. INTRODUCTION

A number of recent experiments have suggested
a possible Z* resonance in K'P scattering. The
energy dependence of the total K'P cross section'
and of the total elastic cross section' are shown in
Fig. 1. The total elastic cross section falls
smoothly with momentum, but the total cross sec-
tion data show a bump at 1.35 GeV/c and a shoulder
at about 1.9 GeV/c. A fit to the bump suggests a
resonance of 4 mb at a mass of 1910 MeV. The
full width at half-height is 180 MeV and the value
of (J+—,')K is 0.3, where J is the spin and K is the
elasticity. The shoulder corresponds to a o.2-mb
enhancement at 2190 MeV with a width of 120 MeV
and (J +-,')K =0.03.

Analysis of the elastic differential cross section
and polarization data also suggests a possible res-
onance. ' Some of the solutions from both energy-
dependent and energy-independent partial-wave
analyses suggest a resonance in the P„,partial

wave at an incident momentum between 1.3 and 1.9
GeV/c. These analyses show that the resonance,
if it exists, is very inelastic (elasticities vary be-
tween 0.1 and 0.45). They also indicate, however,
that the speed (the rate of change of phase shift
with energy) is not consistent with resonance be-
havior.

All experiments which show some resonance fea-
tures share the common characteristic of a small
elasticity. For this reason it is of interest to study
the inelastic channels in the K'p system. In an
earlier experiment Bland et al. studied single-pi-
on production at incident momenta between 0.84
GeV/c and 1.37 GeV/c. He concluded that the first
bump in the total cross section can be interpreted
as a threshold effect, resulting from the opening
of the inelastic channel KL. There is no indication
of a Z* resonance over the momentum range of that
experiment.

It is the purpose of this experiment to extend to
higher energies the study of the inelastic K'p reac-
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II. DESCRIPTION OF THE EXPERIMENT

A. Beam

The experiment consisted of 400000 pictures
taken in the Lawrence Radiation Laboratory 25-in.
hydrogen bubble chamber. The, exposure was dis-
tributed over seven K' momenta, spaced between
1.37 and 2.17 GeV/c.

The K' beam was produced at a platinum target
in the Bevatron external proton beam and was
transported to the bubble chamber in the Bevatron
beam K9.' The momentum was restricted to about
+1% by slits at the first horizontal focus. Two
stages of mass separation, each consisting of an
electrostatic separator and slits at the vertical fo-
cus, were used to remove most of the pions.

A Freon 12 gas threshold Cerenkov counter was
installed in the quadrupole magnet directly in front
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tions. The lowest momentum 1.37 GeV/c overlaps
the data of Bland. The maximum momentum is
above any of the reported resonance features.

In this experiment we have studied single-pion
and two-pion production. Cross sections have been
determined for final states corresponding to four-
prong and two-prong-V topologies. Quasi-two-body
processes contribute significantly to the pion-pro-
duction reactions and much of the analysis is de-
voted to these states. The production and decay of
these channels are discussed below and are com-
pared with data from other experiments at higher
and lower momenta.

of the bubble chamber. This counted pions at all
momenta except 1.37 and 1.52 GeV/c and gave us a
continuous monitor of beam contamination. The pi-
on flux was about 5% of the beam at 2.17 GeV/c,
but was less than 2% at all momenta below 1.94
GeV/c.

B. Measuring and Fitting

The film was simultaneously scanned and mea-
sured on SMP's (scanning and measuring projec-
tors) at UCLA. We have rescanned about half the
film at each momentum and have compared the re-
sults of the two scans frame by frame to determine
the scanning efficiency. The average inefficiency
was 5% and showed no systematic dependence on
momentum or topology.

The measured events were processed through the
TVGP-SQUAW-ARROW system of programs. ' Events
which were not successfully fit were remeasured
and refitted. The failing events have been studied
in detail and appear to be random losses. A cor-
rection has been applied to all measured cross
sections for these failures.

C. Cross - Section Determination

The inelastic reactions discussed in this paper
correspond to the two-prong-V and four-prong to-
pologies. At the same time we have measured the
three-prong 7. decays. These have been used to
normalize all cross sections in this paper.

To check this normalization we have done a ran-
dom track count of each momentum. We have also
made a total cross section scan, counting all topol-
ogies and comparing to the total cross section
known from counter experiments. Both these were
in excellent agreement with the primary normal-
ization.

III. SINGLE-PION AND TWO-PION PRODUCTION

A. pK m+FinalState

IO—
0

E I astic

In this experiment we have studied only one sin-
gle-pion reaction,

K+P PK &

I
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P
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FIG. 1. The energy dependence of the total E+P cross
section (Ref. 1) and the total elastic cross section
{Ref.2).

The total cross sections for this final state are
presented in Table I and in Fig. 2. The data from
previous experiments" are also shown in the fig-
ure. As already pointed out by Bland, 4 the cross
section rises sharply with momentum from 0.8
GeV/c and reaches a peak at about 1.3 GeV/c, very
close to the bump noted earlier in the total cross
section. Above 1.4 GeV/c there is a smooth falloff
with momentum suggested by earlier experiments
and confirmed by our data over this momentum
range.
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2.17
2.07
1.94
1.81
1.67
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1.37
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1.82+ 0.11
1.72+ 0.12
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0.88+ 0.07
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FIG. 3. The energy dependence of two-pion produc-
tion total cross sections. The charge states are in-
dicated as follows: K+Pn+m 0 ~ K p~+m, 5 ~ E no+a+,

The open symbols refer to this experiment, solid
to Ref. 8.

region where the two bands cross in the Dalitz plot.
The results are given in Tables III and IV and are
shown in Fig. 5, with data from other experiments. '

The behavior of the KN& cross section is clearly
dominated by these two reactions, not only in the
threshold region but at higher momenta as well.
At 2.5 GeV/c it appears that the two channels ac-
count for about 80%%uo of the single-pion production.

We have estimated, using the mass conjugation
technique, the K*4 interference contribution to the
K&N cross section. The results are shown in Ta-
ble V. The data do show some consistent evidence
of constructive interference although the accuracy
at each momentum is not good. Our results are in
at least qualitative agreement with the data of
Bland' at 1.2 and 1.37 GeV/c.

I.O
0.4 08 l.2

MKp (GeV )

l.6 2.0

FIG. 4. Dalitz plot for the reaction K+p pK n+ at
1.52 GeV/c.

B. Two-Pion Production

From this experiment we can get new information
on the threshold behavior of the reaction

K'P-K*(890)b, (1236). (7)

We will consider in this discussion only reaction
(4), since this accounts for 50%%up of the K*4 produc-
tion. It is the four-constraint fit for our four-
prong sample and is most free of fitting ambigu-
ities.

Figure 6 shows a plot of P&' effective mass ver-
sus K'& effective mass. The cross sections for
the reaction

K P-K+ 6++ K & P&

have been obtained from the effective mass plots
(see Table VI), using a smooth estimate for the
phase-space background.

In Fig. 7 we show all available data for K*A pro-

TABLE III. Cross sections for K6 production. The cross section for K+P KE is obtained
from the reaction K+P K 6++ usixg Clebsch-Gordan coefQcients.

Momentum (GeV/c) 0(K+p KOE++) (mb) 0'(K+P KE) (mb)

2.17
2.07
1.94
1.81
1.67
1.52
1.37

1.13+ 0.17
1.27+ 0.19
1.53+ 0.23
1.86+ 0.27
1.92+ 0.35
2.22+ 0.39
3.14+ 0.46

1.51+ 0.23
1.70+ 0.25
2.04+ 0.30
2.48+ 0.36
2.56+ 0.47
2.95+ 0.52
4.18+ 0.61
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FIG. 6. Plot of pm+ effective mass as K+x effective
mass at 2.07 GeV/c.

I

I.O l.5
I

2.0
I

2.5

is analogous to our reaction

(9)

(10)

Pl b {GeV/c)

FIG. 7. Cross sections for K*A production. The open
symbols refer to this experiment, solid to Ref. 13. The
solid curve is a smooth estimate of the XVmm cross
section.

Reaction (9) has been studied over approximately
the same momentum range as this experiment. "
The differential cross section shows clearly the
effect of the dominant E»(1950) partial wave at
momenta about 1.5 GeV/c. A Legendre polynomial
fit made to the angular distribution shows that the
coefficient A, becomes large and negative in this
range. The odd coefficients A, and A, change sign
at about 1.5 GeV jc indicating a rapid phase change
in the dominant amplitude.

The E»(1950) resonance is known from elastic
phase-shift analysis. It has a rather small elastic-
ity (0.4) and a branching fraction into &6 of about
50%%d . Inadditio n, th ehig hspi nenhance s th eeffect
both because of the factor (J+-,') and because the
contribution to the Legendre expansion is in the

highest-order terms.
It is much more difficult to see the effect of res-

onances in lower partial waves. Since any partial
wave with angular momentum L contributes to Le-
gendre coefficients of order 2L and less, a good
knowledge of the highest partial waves is required
to separate the effect of any lower wave. This in-
formation has come in most analyses from the
phase-shift analyses of the elastic scattering data. "

The KP system in this momentum range is very
similar kinematically to the &P case and allows the
same partial waves. The best candidate for a Z*,
however, is the P» partial wave. The fact that this
is such a low partial wave makes it extremely dif-
ficult to answer the question of the existence of the

TABLE VI. Cross sections for the reaction K+p K* b, + K+m pm+ and for K+p K*4
calculated using isospin conservation.

Momentum (GeV/c) 0(Kp K*08 + K 7r pm+) (mb) o'(K p K*A) (mb)

2.17
2.07
1.94
1.81
1.67
1.52
1.37

0.77+ 0.12
0.61+ 0.09
0.59+ 0.09
0.49+ 0.08
0.29+ 0.04
0.06+ 0.04
0

1.53+ 0.23
1.21+ 0.18
1.18+ 0.18
0.97+ 0.15
0.57+ 0.08
0.12+ 0.08
0
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FIG. 8. K+P partial cross sections. The energy
dependence of the total elastic, single-pion and two-
pion cross sections are shown by smooth curves. The
sum of these is compared with measurements of the
total cross sections from Ref. 1.

B. E 6 Differential Cross Section

The qualitative features of the production angular
distribution are shown in Fig. 9, where 0, is the
angle of the 4 measured with respect to the inci-

Z* from the inelastic channels alone. Good knowl-
edge of the inelastic differential cross sections
can, however, provide additional constraints for
the partial-wave analyses of elastic differential
cross sections and polarization, and should help to
reduce the number of ambiguous solutions.

In the next sections, we will consider each of the
quasi-two-body channels. We use normalized Le-
gendre expansion coefficients to describe the dif-
ferential cross section at each momentum. Com-
bined with the data of Bland, 4 these provide a com-.
plete and model-independent description of the in-
elastic channels from threshold to 2.2 GeV/c. All
suggested resonance phenomena are within this
range.

The remainder of the discussion will be in terms
of the exchange-model description. Using the spin
density matrix elements we can compare our data
with data, at higher momenta and can study in a
qualitative way the mechanisms in each of the
quasi-two-body channels.

FIG. 9. Production angular distributions for the re-
actions K+p K 4++ at four momenta: (a) 2.17 GeV/c,
(b) 1.94 GeV/c, (c) 1.67 GeV/c, (d) 1.37 GeV/c. 0, is
the angle of the 4++ measured with respect to the
inc oming proton.

dent proton in the production center-of-mass sys-
tem. As expected, the reaction is strongly peaked
in the forward direction. This peaking becomes
more pronounced as the energy increases.

A quantitative measure of these effects is shown
by the energy dependence of the normalized Legen-
dre coefficients

W(cosg, )=1++A,P, ( co8,s).
l

These are shown in Table VII for the momenta of
this experiment. The behavior of the first four co-
efficients from threshold to 2.17 GeV/c is shown in
Fig. 10.

The region up to 1.58 GeV/c has been studied by
Bland4 and the ~ production and decay were found
to be in good agreement with the p-exchange model
of Stodolsky and Sakurai. " In particular, the pro-
duction angular distribution near threshold shows
an approximate sin'8, dependence (corresponding
to A, = -1). At higher momenta the reaction be-
comes more peripheral as other partial waves be-
corne important.

The data from this experiment are in good agree-
ment with that of Bland over the range of overlap
and show a smooth variation with incident momen-
turn.

It has been pointed out by Bland that the simple
p-exchange model fails to explain the magnitude or
energy dependence of the differential cross section.
The data require very large coupling constants, and
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0.06+ 0.15

-0.36+ 0.16
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-0.57+ 0.14
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1.7,7+ 0.08
1.44+ 0.15
0.76+ 0.19
0.05+ 0.21
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1.97+ 0.12
1.03+ 0.18

-0.14+ 0.21
-0.74+ 0.23

0.97+ 0.06
-0.22+ 0.10
-0.37+ 0.12
-0.30+ 0.13
-0.09+ 0.15

-0.10+ 0.19
-0.24 + 0.20
-0.44 + 0.22
-0.55+ 0.23

0.47~ 0.25

-1.35+ 0.19
-1.00+ 0.21
-0.35+ 0.24
-0.11+0.25

0.01+ 0.27

-0.52 + 0.25
-0.65+ 0.29
-0.66+ 0.29
-0.48+ 0.30
-0.29+ 0.32

-0.23+ 0.15
0.04+ 0.16

-0.13+0.17
0.04+ 0.19
0.15+ 0.19

-0.39+ 0.19
-0.27+ 0.19
-0.29+ 0.20
-0.03+ 0.21

0.53+ 0.24

-0.17+ 0.17
-0.16+ 0.18
-0.11+0.19
-0.19+0.20

0.02+ 0.21

As
A(
A8
As
A~o

-0.76+ 0.25
-0.56+ 0.27
-0.40+ 0.29
-0.05+ 0.30
-0.02+ 0.33

the reaction becomes more peripheral faster than
predicted from the simple p-exchange hypothesis.
The data at higher momenta" show a sharp for-
ward peak, explained by absorption of low partial
waves, or by a Regge model.

The differential cross sections shown in Fig. 11
show a smooth variation with energy. The data
have an approximate e" dependence with a in-
creasing at higher incident momentum. This be-
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FIG. 10. Legendre expansion coefficients for the

production angular distributions in the reaction K+p

K 6++. The data from this experiment are shown

by x; that of Bland (Ref. 4) by ~ .

FIG. 11. The differential cross section for the re-
action K+P K 6++. The curves are.hand drawn. The
6++ mass selection is 1.14-1.29 GeV.

TABLE VII. Coefficients of the normalized Legendre expansion for the K p KOA + production angular distribution.
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FIG. 12. 4 decay angular distributions for the re-
actions K+p K 6, +~K p~+ at five momenta: (a) 2.17
GeV/c, (b) 2.07 GeV/c, (c) 1.94 GeV/c, (d) 1.81 GeV/c,

(e) 1.37 GeV/c. The angles 0 and (It) are measured in
the Gottfried-Jackson frame.

FIG. 13. 6++ density matrix elements measured in
the Gottfried-Jackson frame. The dashed lines corre-
spond to the M1 prediction of Stodolsky-Sakurai dis-
cussed in the text. The 4++ mass selection was
1.14-1.29 GeV. No cuts were applied on momentum
transfer.

havior is confirmed by measurements at higher
momenta. The statistics of this experiment are
not sufficient to permit a useful comparison with
possible exchange models. In Sec. V C, however,
we do consider the relation of the exchange mech-
anism to the decay angular distribution.

C. 6-Decay Angular Distribution

W(cos8, Q) = —p» sin'8+ p»(3 + cos'8)

Rep, , sin 8cos2$

2—~ Rep» sin2 8 co sf

We describe the decay of the A in the Gottfried-
Jackson coordinate frame. The characteristics,
shown in Fig. 12, appear to be independent of mo-
mentum.

To analyze the momentum dependence in detail,
we parametrize the distribution by the spin--, den-
sity matrix elements. The angular distribution
then is given by

where

1
~33 2 ~11 '

The values of the density matrix elements have
been evaluated from the moments of the angular
distribution. The results are shown in Table VIII
and are compared, in Fig. 13, with data at other
momenta. '

TABLE VIII. Density matrix elements for the decay of the 6++ in the reaction K+p K 4++
-X$~+. Decay angles are evaluated in the Jackson coordinate frame. The b.+' mass selec-
tion used is 1.14-1.29 GeV. No cuts are made on momentum transfer.

Momentum (GeV/c) Re~ s-t Reps'

1.37
1.52
1.67
1.81
1.94
2.07
2.17

0.379+ 0.027
0.365+ 0.028
0.278+ 0.032
0.329+ 0.032
0.232+ 0.037
0.319+ 0.035
0.314+ 0.036

0.230+ 0.031
0.127+ 0.030
0.122+ 0.031
0.245+ 0.032
0.208+ 0.033
0.279+ 0.034
0.179+ 0.037

0.059+ 0.025
0.074+ 0.026
0.015+ 0.033
0.016+ 0.027
0.069+ 0.031

-0.033+ 0.031
0.004~ 0.034
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TABLE IX. Legendre coefficients for the reaction K+P -K~P.
Momentum (GeV/c) 1.37 1.52 1.67 1.81 1.94 2.07 2.17

Ag

A2
A3
A4
A5

Ae
Av

A8
Ae
Agp

0.89 + 0.09
0.16+0.12
0.04 + 0.15

—0.30 + 0.16
-0.14 +0.18

0.23 + 0.20
0.05+0.21

—0.08 +0.23
-0.10+ 0.24
—0.22+ 0.26

1.16+ 0.07
0.48 ~ 0.11
Q.12+ 0.13

-0.24+ 0.15
-0.36 + 0.16

-0.30 + 0.18
0.10~ 0.19
0.23 + 0.21
0.01+ 0.22

—0.09 ~ 0.23

1.10+ 0.08
0.50 ~ 0.12
0.17+0.15

-0.07+ 0.17
0.04+ 0.19

0.15~ 0.20
0.22+ 0.22
0.19+0.22

—0.18+0.24
0 +0,26

1.42 + 0.08
0.89 + 0.14
0.35 + 0.17
0.01+0.18

-0.16 + 0.10

-Q.17+ 0.22
—0.21 + 0.24
-0.34 + 0.26
-0.34 + 0.27
-0.61+0.28

1.64 + 0.08
1.27 + 0.14
0.66+ 0.17
0.08 + 0.20

—0.15+ 0.22

-0.32 + 0.25
-0.18 6 0.27

0.00 + 0.28
0.03 + 0.30
0.15+0.32

1.49+ 0.10
1.01+0.15
0.49+ 0.19

-0.14+0.24
-0.46 + 0.26

-0.17~ 0.28
0.22 + 0.30
0.39 + 0.32
0.81+ 0.34
0.65+ 0.34

1.82 + Q.08
1.63+ 0.15
0.85 + 0.20
0.24 + 0.24

-0.26+ 0.26

—0.26+ 0.28
0.12 6 0.31

-0.02 + 0.33
0.03 + 0.35

—0.15~ 0.38

As mentioned previously, the p-photon analogy
of Stodolsky and Sakurai' provides a simple de-
scription of the Np4 coupling. They suggest that
the p-exchange reactions

w'p- m'~",

K P K4++

have the same features as 6 photoproduction, which
is known to be dominated by an M1 transition. The
p-photon analogy then predicts a decay angular dis-
tribution

W(cosS, p) = (2+ 3 sin'S —3 sin'6 cosset) .

D. E*p Differential Cross Section

The production angular distributions for the re-
action

(12)

show the same qualitative features as previously
described for the K'4" production. The coeffi-
cients of the Legendre expansion are given in Ta-
ble IX. In Fig. 14 we summarize the energy de-

Ai

In terms of the density matrix elements the Sto-
dolsky-Sakurai predictions are

p33= 8
—-0.375,

Rep, , = —,
' v 8 =0.218,

Rep» = 0.0.

A2

I I

1,2
I I

l.6

X

I I I

"2.0
I

2.4

These values are shown in Fig. 13 and appear to
be in good agreement with experiment over a wide
range of incident momentum.

This result seems to be more general than sim-
ple p exchange. In contrast to the case of &'4"
production, which allows only p exchange, the
K'4" state can also be formed by exchange of the
A, . An analysis" of the complementary reaction A4

T
X

X T& X
X

I

T
X

x

which allows only A, exchange, also appears to be
consistent with the predictions of M1 dominance.

The data at higher momenta" do show a deviation
from the simpleM1 predictions for ~t~s 0.1 (GeV/
c)'. Although we have found no consistent variation
with momentum transfer, because of the kinematic
cutoff in t, we cannot determine values for

~
t

~
&0.1.

TMX Zl

Pl b
GeV c)

FIG. 14. Legendre expansion coefficients for the
reaction K+p K*+p. Data are shown from this ex-
periment x and from Ref. 4 ~.
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FIG. 16. Decay angular distributions for the reaction
K+p K*+p Ke7t+p at five momenta: (a) 2.17 GeV/c,
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FIG. 15. Differential cross sections for the reaction
E+p K*+p. The curves are hand drawn. The K*
mass selection is 0.84—0.94 GeV.

energy, in agreement with observations at higher
momentum. "

The details of this reaction are more complicated
than the K'&" production since both natural- and
unnatural-parity exchanges are allowed by angular
momentum-parity conservation. The analysis of
data at higher momentum" has shown the dominant
contribution to be from w and e exchange. The sta-
tistics of this experiment are not sufficiently good
to permit a detailed study of exchange-model pre-
dictions. In Sec. VE, however, we will study the
relative contributions of the exchanges over the
momenta of this experiment.

pendence of the production angular distribution
from threshold to 2.17 GeV/c. The data confirm
the smooth behavior and the increasingly peripher-
al nature of the reaction.

The differential cross sections shown in Fig. 15
suggest an approximately exponential dependence
on momentum transfer. The slope increases with

E. K~+ Decay Angular Distribution

The general features of the K* decay (Fig. 16)
are also very similar to the 4 decay. We again
measure the angles in the Gottfried-Jackson
frames, defined now by the incoming K', and we
parametrize the angular distribution in terms of
the spin-1 density matrix elements.

TABLE X. Density matrix elements for theE* decay in the reaction K+p E*+p K 7t'+p.
The K* mass selection used is 0.84—0.94 GeV. No cuts are made on momentum transfer.

Momentum (GeV/c) poo Re p&0

1.37
1.52
1.67
1.81
1.94
2.07
2.17

0.163+ 0.039
0.201 + 0.040
0.141+0.042
0.231 + 0.043
0.286 + 0.048
0.203+0.047
0.264 + 0.054

0.169*0.044
0.228 + 0.038
0.230+ 0.040
0.176+ 0.041
0.278 + 0.041
0.215+0.042
0.244 + 0.047

—0.115~ 0.026
0.045+ 0.021

-0.085 + 0.022
-0.051 + 0.027
-0.079 + 0.028
-0.089 + 0.027
-0.075 + 0.027
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P

&(cos8, Q) = —(p«cos'8+ p» sin 8

—p, , sin'8 cos2$

—v 2 Rep„sin28cosg),

with

p„=-, (1 —poo) .

The results are given in Table X for the momen-
ta of this experiment. In Fig. 17 we show the val-
ues of these density matrix elements from thresh-
old to 5 Gev/c. There seems to be little depen-
dence on momentum over this range.

The two exchange mechanisms n and ~ men-
tioned previously contribute to the density matrix
elements p«and p», respectively. The relative
exchange contributions appear to be independent of

I

1.2
I & I I I I

I.6 2.0
Pi b (GeV/c)

I

2,4

FIG. 18. Legendre expansion coefficients for the
reaction E+P X* 4++ measured at the six momenta
of this experiment.

F. E*6 Differential Cross Section

The qualitative features of the angular distribu-
tion are very similar to those of the other chan-

momentum, in contrast to simple absorption mod-
el or Regge predictions. We would expect to see
changes particularly at small momentum transfer.
However, because of the kinematic cutoff in t our
data sample is not sufficient to determine the den-
sity matrix elements for small t values.

TABLE XI. Legendre coefficients for the reactionI|. +P E*Q++.

Monmntum (GeV/c) 1.52 1.67 1.81 1.94 2.07 2.17

Ag
A2

As
A4
A5
A6
AY

A8
A9
Ago

0.68 + 0.53
0.93 + 0.66

—0.04 + 0.87
0.08+ 0.95

-1.18+ 1.06
0,66 + 1.03
0.72+ 0.89

-0.14 +.0.97
-1.31+1.24

0.80 + 1.40

0.68+ 0.15
0.60 + 0.20
0.30+ 0.24
0.54 + 0.28
0.29+ 0.31

-0.09 + 0.34
0.27 + 0.36
0.48 + 0.40

-0.05 + Q.43
0.04+ 0.44

1.12 + 0.08
0.77 + 0.12
0.55 + 0.15
0.23+ 0.18
Q.27 + 0.20
0.39+0.22
0.40+ 0.23
0.54+ 0.24
0.40 + 0.26
0.56+ 0.27

1.24 + 0.07
0.98 + 0.11
0.62 + 0.14
0.49 + 0.16
0.35 ~ 0.18
0.34+ 0.20
0.20 + 0.22
0.27 + 0.23
0.05+ 0.24

-0.08 + 0.24

1.51+Q.Q7

1.42+ 0.11
1.00 + 0.15
0.49+ 0.17
0.32 + 0.19
0.25 + 0.21
0.24+ 0.22
0.24 + 0.23
0.39+ 0,25
0.23+ 0.26

1.67+ 0.06
1.79 + 0.10
1.23+ 0.13
0.82 + 0.16
0.69 + 0.18
0.40 + 0.20
0.28 + 0.22
0.40+ 0.23
0.19+0.24
0.21+0.24
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FIG. 19. Differential cross section for the reaction
K+p K* 6++. The curves are hand drawn. The 4++

and K~ mass cuts are 1.14-1.29 and 0.84—0.94, re-
spectively.

nels. This is indicated in the coefficients of the
Legendre expansion shown in Table XI, and in Fig.
18. The data again show a very smooth variation,
becoming more peripheral at higher momenta.

This reaction has been studied in detail at higher
momenta and found in reasonable agreement with

models based on m exchange, although none of the
models successfully accounts for all features of the
data. " The differential cross sections shown in

Fig. 19 provide new information on the threshold
region for this reaction and are in qualitative
agreement with expectations from data at higher
momenta. We have not made a quantitative com-
parison with theories but mill in the next section
discuss the m-exchange interpretation in connection
with the K* and 6 decay angular distributions.

-I 0 I 0 180 360 -I 0 I 0
cos 8 ~y+ $ cos 8

(d)

180 360

FIG. 20. Decay angular distributions for the reaction
K+p ~K* 6++~K+71 x+p at four momenta: (a) 2.17
GeV/c, (b) 2.07 GeV/c, (c) 1.94 GeV/c, (d) 1.81 GeV/c.
The angles are measured in the Gottfried-Jackson
frame.

G. IC * and 6 Decay Angular Distributions

The decay cosine and the Treiman-Yang angle
are shown in Fig. 20. In contrast to the reactions
just studied, there is a very flat distribution in the
Treiman-Yang angle P, consistent with the domi-
nance of m exchange. This is in agreement with the
data at higher momenta. "

We have determined the density matrix elements
for both the K* and b. (Table XII}and compared the
results with data at higher momenta in Fig. 21.
The data appear to be rather independent of mo-
mentum.

TABLE XII. Density matrix elements for the decay of theE ~ and & in the reaction K+p K*K++ K+r x+p. The
&++ and K~ mass selections are 1.14—1.29 GeV and 0.84-0.94 GeV, respectively. No cuts are made on momentum
trans fer.

5momentum

(GeV/~)

1.67
1.81
1.94
2.07
2.17

0.129 + 0.043
0.127 + 0.029
0.158+ 0.027
0.139+ 0.028
0.099 + 0.025

Rep3 &

—0.025 + 0.042
—0.034 + 0.026

0.014+ 0.124
0.037+ 0.025

—0.018+ 0.021

Re p3(

0.047+ 0.049
—0.012 + 0.029
—0.127 + 0.026
—0.031+0.027
-0.064 + 0.025

poo

0.599+0.067
0.659 +0.040
0.616+0.037
0.604+ 0.037
0.619+ 0.032

0.013+0.044
-0.147 + 0.028

0.010+ 0.026
0.018+ 0.027

—0.030 + 0.024

Re p&0

—0.030 + 0.037
-0.080 + 0.025
-0.086 +0.022
—0.066 +0.022
—0.048 +0.020
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FIG. 21. 4++ and K* density matrix elements mea-
sured in the Gottfried-Jackson frame. The 6++and K*
mass selections are 1.14-1.29 GeV and 0.84—0.94 GeV,
respectively. No cuts are made on momentum transfer.

The predictions of simple pion exchange are

K*: p =1, p, , =0, Rep„=0.

p33 0, Rep, , = 0, Rep3$ 0.
The density matrix elements, averaged over mo-

mentum transfer, do show consistent deviations
from these predictions. Although data at higher
momenta show that the predictions are better sat-
isfied for small momentum transfer [its&0.1

(GeV/c)'], our data do not contribute further to
this subject.

H. Quark-Model Predictions

Bia}&as and Zalewski" have derived a set of rela-
tions between single-particle decay angular distri-
butions and joint decay angular distributions for the
reaction K'P -K*A.

The observable predictions given for decay dis-
tributions are presented as predictions for ten-

where Y,"(K*or 4) = spherical harmonic evaluated
at K* or 6 decay angle and ( ) means an average
over the decay angular distribution.

To describe the quark scattering process there
are four independent spin-nonQip and four spin-Qip
amplitudes. The particle-particle scattering am-
plitude is the coherent sum of the constituent
quark-quark scattering amplitudes.

The tensors can be written in terms of these am-
plitudes, and if the quantization axis is taken as the
production normal we get the following relations:

(I) T (K*,6)= )) 2 T (K+& 6)&

(11) T"(K* ~) = ,'T"(K*,~),-

(ill) T-(K*,~) = T"(K* n)
1

Since II and III are in general complex, there are
six equations. We have combined all data at four
momenta. : 1.81, 1.94, 2.07, and 2.17 GeV/c. The
results are shown in Table XIII and indicate rather
good agreement. Figure 22 shows a summary of
the test of these relations up to 5 GeV/c. " The
values of the tensors are rather independent of
momentum, and in all cases the equalities appear
to be well satisfied. "

TABLE XIII. Test of quark-model predictions for the reaction K+P K*Q++ K+x x+

evaluated in the transverse helicity frame.

Equation Left side Right side Difference

I
Re II
Im II
Re III
Im III

IV

0.104 + 0.013
—0.012 + 0.023
-0.040 + 0.022

0.003+0.021
—0.062 + 0.021

0.177+ 0.029

0.105 + 0.027
0.006 + 0.006

—0.034+ 0.005
0.020 + 0.010

—0.057 + 0.010
0.100+0.018

-0.001+ 0.030
-0.018+ 0,023
—0.006 + 0.023
-0.017 + 0.023
-0.005 + 0.024

0.077+ 0.034
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FIG. 22. Test of quark-model relations at four mo-
menta: (a) 1.8-2.2 GeV/c, this experiment; (b) 2.5-3.2
GeV/c, Ref. 15; (c) 5.0 GeV/c, Ref. 15. The figure
shows the difference 8, left side 0, and right side x .

smooth falloff with increasing momentum, as had
been previously suggested by Bland. ' This final
state shows strong production of the quasi-two-
body states KA and K*Xas at lower momenta.
There is some evidence of interference between
the K* and 4 channels in at least qualitative agree-
ment with the findings of Bland.

The pK'&'& cross section rises rapidly above
1.7 GeV/c, the threshold for K*A, production.
About half the events at each momentum corre-
spond to the quasi-two-body channel. This rapid
rise in the two-pion production cross section ap-
pears to contribute to the second bump noted ear-
lier in the total cross section.

We have studied the production angular distribu-
tion and decay properties of the quasi-two-body
channels. All the observed features are in agree-
ment with data at higher and lower momenta, indi-
cating the dominance of peripheral mechanisms.

It is impossible from the inelastic reactions
alone to place limits on the contribution of direct-
channel mechanisms although the smooth momen-
tum dependence seen in all channels suggests such
effects are small. Our data on the inelastic reac-
tions do provide additional information on the K'P
interaction and should be useful in resolving some
of the ambiguities in phase-shift analyses of elastic
scattering and polarization data. "

K'P-KOP~' (1)

(4)

The cross section for the K'P&' reaction shows a

We have studied single-pion production and two-
pion production in K'P reactions. We have consid-
ered in detail the two reactions
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The production of S =1 bosons in the mass interval 1200-1600 MeV was investigated in
4-GeV/c wp —A+X reactions using the missing-mass technique. The momentum and direc-
tion of the A was determined from the observation of its decay proton and pion in wire spark
chambers and the measurement of the proton energy in a range telescope. The K*(1420) is
studied along with a 4-standard-deviation peak at a mass of 1368 MeV.

I. INTRODUCTION

We have applied the missing-mass technique to
search for strangeness-1 bosons in 3.98-GeV/c
w +p- ~ + missing-mass reactions. The mass
interval 1200-1600 MeV was explored with a mass
resolution of 9, 10, and 12 MeV FWHM (full width
a.t half maximum) at missing masses of 1200, 1400,
and 1600 MeV, respectively.

This is a desirable channel for the study of K~

production since the diffractive scattering effects
which obscure the interpretation of peaks in K—
nucleon reactions in the Q region are suppressed. '
It also offers the advantage of a better missing-
mass resolution since the principal limitation in
proton missing-mass experiments is the Coulomb
scattering the proton undergoes in escaping the
hydrogen target. The A presents no such problem
since it leaves the target as a neutral particle, and
is required to decay outside the hydrogen target.

II. APPARATUS

A. Beam

The incident s beam (schematically shown in
Fig. 1) is of the standard triple-focused type with
a momentum spread of 8%%uo, and is obtained from
the external protons of the Bevatron striking a
3-in. Cu target. To define the momentum of a
given incident pion to +4%, a 24-counter hodoscope
is placed at the first focus of the beam. The
counters are each 4-in. wide and are placed across
the horizontal spread of the beam, where the dis-
persion is -1.2%%uo per inch. The effects of chro-
matic aberration and finite size of the external
copper target require the measurement of the po-
sition and angle of the beam at the second focus to
achieve the desired momentum resolution. The
beam was designed to give —3% FW momentum res-
olution, but Coulomb scattering brings this up to


