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The reactions n+p —+X+(1385)K+ and rrp+-+X +(138 )5 Ks+(890) are examined. The X+(1385)K+
differential cross section for —t'&0.5 GeV and spin density matrix elements agree with a Regge-pole
model incorporating (nondegenerate) vector and tensor K~ exchange with dominant M1 coupling. The
X+(1385)K~+(890) density matrix elements are.consistent with the quark-addltivity predictions. A Y~+ at a
mass of 1700 MeV is also observed in the Am+ mass distribution, produced opposite both K+ and
K +(890).

INTRODUCTION

In this paper we study Y*+K' and Ys'K~+(890)
quasi-two-body production in the AKw and AK2m

final states produced in m'P interactions at 10.3
GeV/c. For the purposes of this work Ys'+ denotes
both the Z'(1385) and a higher-mass state which
we observe as an enhancement in the Am' mass
distribution from both the AKw and AK2m final
states. This structure has a mass of approxi-
mately 1700 MeV, and we refer to it as Z'(1700).

'pfe examine the production of Z'(1385) and
Z'(1700) opposite both K' and K*'(890) using the
differential cross sections and the Z'(1385),
K*'(890) spin density matrix elements. For
Z'(1385)K' production we compare our data with
the predictions of a specific Regge-pole model.
We examine the quark-additivity predictions for

Z'(1385)K+'(890)

production. We attempt to determine the&'(1700)
spin by examining the decay-angular moments
from both

~ (1700)K

and

Z'(1700)K "'(890)

final states.

THE EXPERIMENT

The results presented here come from a
580000-picture exposure of the SLAC 82-in.
bubble chamber using an rf-separated 7t'+ beam
of momentum 10.3 GeV/c. The incident-beam
flux was approximately 10 tracks/picture, giving
an experimental sensitivity of 31.1+0.2 events/

itb (see Ref. 1 for further experimental details).
The film was scanned for events with at least

one visible strange-particle decay. Each event
was then kinematically reconstructed from the
images on film and fitted to various strange-par-
ticle final-state hypotheses. For every fit the
predicted film bubble density for each track was
required to be consistent with that observed on
the film. When this procedure resulted in more
than one fit for an event, only that fit (or fits)
with the highest number of constraints was (were)
kept. Fits having a )(' probability of less than 2%
were deleted. Events having more than one fit
after this selection procedure were flagged as
ambiguous. In addition, a small number of events
were deleted based on strange-particle decay
lengths and opening angles. Further details may
be found in Ref. 1.

The ambiguous events were assigned that fit
having the lowest y' value. The number of unique
and ambiguous fits together with the cross sec-
tions, for the final states discussed in this paper,
are listed in Table I (from Ref. 1.).

As the table indicates, a large number of the
AK2m events are ambiguous. By choosing the fit
with the lowest X' value the possibility of assigning
some of these fits incorrectly is always present.
However, since in this paper we are interested
only in events lying within relatively narrow mass
bands, this contamination should be minimal. We
have found no significant differences in our re-
sults when only unique events are used.

For the AK'm' channel the visible A decay and
the absence of other neutral particles leads to
a highly constrained kinematic fit with minimal
contamination from other final states. As the
table indicates, the number of ambiguous fits is
very small.
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TABLE I. Cross sections and numbers of events for AK7r, AX2n final states„

Final state

Number
of

events

Number
Qf

unique
events

Channel
cross section

(from Ref. 1)' (p, b)

M'~+

AK '~+ ~+

939

321

481

307

Y +E+ PRODUCTION IN THE AK+ n'+ FINAL STATE

The production of the AE'm' final state at this
energy is dominated by two quite different dy-
namical mechanisms. Figure 1 shows the AK'm'
Dalitz plot which indicates two distinct regions
(see also Fig. 1 of Ref. 2). The region showing
a threshold AK' enhancement has been investi-
gated elsewhere, 'where we concluded that it was
due to proton diffraction dissociation. The other
region corresponds to F*'K' production, and is
the subject of this section.

In Fig. 2 we show the Am' mass distribution
fitted to two Breit-signer functions multiplied
by phase space, plus a phase-space background.
e obtain fitted mass and width values of

M, =1389~6 MeV, 1",=35~9 MeV,

M2=1698+20 MeV, 72=240+60 MeV.

The bump at approximately iV00 Me7 is a
common feature of the Am mass spectrum observed
in production experiments [referred to as Z(1690)
in Ref. 3]. The mass appears to be too high and the
width too broad to be associated solely with the
Z(1670), which is seen primarily in the Zv and

~em decay modes. 4 It may be composed of more
than one state, as appears to be the case for the
Z(1670), although we see no obvious evidence for
this in the mass distribution. Our statistics are
too limited to investigate this question in more
detail, and we will simply refer to this bump as
Z(1700) and treat it as a single resonant state.

Figure 3 shows the Chew-Low plot for AK'g'.
The Z'(1365) and Z'(1700) are seen to be produced
almost entirely with -t &1.0 QeV'.

e find the cross section for

v'p Z'(1700)K'

to be 6+2 p,b. This is shown in Fig. 4, together
with results from two lower-energy experiments.
We see no evidence for Z'(1700) production in the
final states pK'K', (Zv)'K'. We obtain the following
95% confidence-level upper limits:

v'p Z'(1700)K' & l.5 pb,

pz'
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FIG. 1. Dalitz plot for the AK'n' final state.
FPG. 2. An' invariant-mass distribution from the

AK'n ' final state.
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FIG 3. Chew-Low plot for the AK'~' final state.

v'p —Z'(1700)K'&4 p,b,

consistent with a dominant Am decay of Z(1700).
Figure 5 shows da/dt' for the Z'(1700) region

[1.6 &M(Av') & 1.8 GeV].' The distribution gives
a good fit to the functional form A exp(bt') with
b =6.8+2.0 GeV" .

In Fig. 6 we show the distribution of cos8, where
8 is the angle in the Am' rest frame between the
direction of the A and the normal to the 7*'K'
production plane, the transversity frame. We have
folded cosg around 0. The accumulation of events

near cos8 =+ 1 in the &'(1385) region is evident,
in contrast to the isotropic distribution in the
Z'(1700) region. Figure 7(b) shows the (unfolded)
projection of this distribution for 1.6 &M(Av')
&1.8 GeV. The decay-angular distribution gives
a satisfactory fit to isotropy with no improvement
in the confidence level when a cos'8 term is added.
We have also computed the moments up to L = 5
from the decay-angular distribution and the dis-
tribution of the longitudinal polarization of the
A in the transversity frame; all are consistent
with zero. This indicates that a spin-~ assign-
ment is sufficient, although higher spins cannot
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FIG. 4. F*'K' production cross section vs beam mo-
mentum. Open symbols refer to Z'(1385) and closed
symbols to Z'(1700). The solid curve is the result of a
fit to the Z'{1385) data using g~P, ~ ". The dashed
curve is the prediction of a Begge-pole model for Z(1385)
production. Data points at other than 10.3 Gev/c are
obtained from Refs. 6-9.
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FIG. 5. do-/dt' for Z'(1700)K+ (arbitrary units).
The curve is the result of a fit using do/dt' ~e~"
resulting in 5 = 6.8 +2.0 GeV" 2.
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be excluded.
Correcting for unseen decay modes, ' we obtain

a cross section for

n p —Z'(1385)K' (2)

of 9+2 pb. Figure 4 shows the reaction (2) cross
section as a function of beam momentum (P„b).
%e use only experiments which are sensitive to
the entire t' range (i.e., bubble-chamber experi-
ments) and exclude threshold effects by selecting
experiments with P„„&3GeV je. This results in
the inclusion of results on reaction (2) contained
in Refs. 6-9, but not those of Refs. 10-16. Para-
metrizing the cross section as

O' =AP1&

we obtain n=1.3+0.4, slightly lower, but con-
sistent with Aderholz et al. ,' who found n = 1.7
+ 0.4.

In contrast to the Z'(1700) region, Figs. 8 and

V(a) indica, te structure in the decay-angular dis-
tribution of the &'(1385). A fit to (1+4 cos'8)
yields A =2.6+0.8.

Figure 8 shows do'/dt' for 1.35 &M(Av') &1.42
GeV, normalized to the reaction (2) cross sec-
tion. Here the differential cross section shows
a flattening off for -t'=0. 1 QeV' and then a dip
in the extreme forward direction. This is char-
acteristic of a dominant helicity flip amplitude
and is present in this reacti. on at lower energies' '

FIG. 7. Decay-angular distribution of Y*' f rom
Y*'K ' relative to the production normal. (a) Z'(1385)
region. The curve represents a fit to 1+A cos26; (b)
Z'(1700) region with a line representing an isotropic
distribution;-

and in the line-reversed reaction. ""
Using the method of moments we have computed

the independent spin density matrix elements
for the &'(1385) region. The real parts of the
elements are shown in Fig. 9 as a function of t'
in both the Gottfried-Jackson (t-channel) and the
helicity (s-channel) coordinate systems ~e see
that the values are qualitatively similar in both
reference systems, even away from the forward
direction. Using the (weak) decay of the A from
the Z'(1385) (strong) decay, we have also com-
puted the independent imaginary parts of the spin
density matrix elements. " These are listed in
Table II, together with the real parts, for -t'
&1.0 Gep'. The imaginary parts have large er-
rors, and are consistent with zero; however, they
are constrained to be close to zero from the pos-
itivity conditions. " Figure 10 shows the variation
with laboratory momentum of the real parts of the
spin density matrix elements averaged over -t'
in the Gottfried-Jackson coordinate system.

Assuming only K*(890) exchange, the Stodolsky-
Sakurai assumption of M1 coupling at the K*NF*
vertex predicts a (1+3 cos'8) decay-angular dis-
t:ribution of the Z'(1385) relative to the production
normal. '~" This implies"
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FIG. 8. dg/dt' for Z '(1385)K ' (normalized to the total cross section, Ref. 26). The solid curve is the Stodolsky-
Sakurai prediction with form factor, and the dashed curve is a Regge-pole-model prediction.

p„=0.375, Be p, , = 0.216, Be p„=0

TABLE II. Z+ {1385)Spin density matrix elements for
-t ' & 1.0 GeV2 from the Z+ (1385)K+ final state.

Gottfried- Jackson
frame

Helicity
frame

p33
Re p3
IIn pg.
Hep~~
Im ps&
Im-p3 „3
Im pg

0.38 + 0.07
0.18 + 0,07
0,11+ 0.17

-0.01+0,06
0.26 + 0.34

—0.36 + 0.28
0.23 + 0.37

0,30 + 0.07
0.23 + 0.06

-0.03 + 0.18
0.04 + 0.06
0.18+0.33

-0.22+ 0.22
0.38 + 0.40

in both the Qottfried-Jackson and helicity co-
ordinate systems. '"' These values are indicated
in Figs. 9 and 10. They are consistent with our
results for 0&-f'&1.0 GeV' (Fig. 9), and are
a.iso consistent with the lower-energy data (Fig.
10). There is, perhaps, some indication that
the agreement of p„with the Stodolsky-Sakurai
value becomes better with increasing energy.

The Stodolsky-Sakurai prediction for the dif-
ferential cross section'~" gives reasonable agree-
ment with the data at energies Gear threshoM, '~ '~ "
but at higher energies inclusion of an a,rbitrary
form factor (e~') is necessary to obtain a good fit
to the data. Including this form factor gives the
result (normalized to our cross section) shown
by the solid curve in Fig. 8." The agreement is

good for -t'&0.5 Qeg', the dip in the forward
direction being well reproduced. The defect in
this, and in all non-Regge particle-exchange
models, is the inability to reproduce the rapidly
falling cross section as a function of beam mo-
mentum. In the present case the introduction of
absorption fails to remedy this situation. ""

A Begge-pole model using both vector and ten-
sor K~ trajectories and incorporating M1 dom-
inance and SU(3) symmetry has been advocated by
Renninger and Sarma. ""Our calculation using
this model leads to the (absolute) prediction shown
by the dashed curve in Fig. 8. The agreement
with the data is good except for -t' &0.5 QeV'.
The predicted values of the density matrix elements
are the same as the Stodolsky-Sakurai values,
and we have seen that these agree with the data.
In addition we now obtain the theoretical pre-
diction for the energy dependence of the cross
section, shown in Fig. 4 (o~P,~ ", n = 1.79). The
trend of the data is reproduced, and the value of
n is consistent, with errors, both with our re-
sult and with that of Aderholz et el.'

The Stodolsky-Sakurai values for the spin den-
sity matrix elements also follow directly from
the assumption of quark additivity" in the st'.at-
tering process. " They are an example of the
class A relations which follow directly from the
additivity assumption. '4 They are found to give
good agreement with a variety of different reac-
tions at different energies. " However, a large
statistics study of the line reversal of reaction (2)
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has shown some violations near the forward di-
rection. " Qur errors are too large to allow ob-
servation of these violations in our data on reac-
tion (2).

Y~+E~+ (890) PRODUCTION IN THE AK2g FINAL STATES

Figure 11(a) shows the (Kv)' mass distribution
from the combined AK'v'w' and AK'w'v' (2 com-
binations/event) final states. In Fig. 11(b) we see
that the background is considerably reduced when
we choose the recoil mass to be in the Z'(1385)

region. Similarly, Fig. 12(a) shows the Am' mass
distribution from the AK2n final states. The
Z'(1385) is apparent, and there is a large accu-
mulation of events in the low-mass region. Fig-
ure 12(b) shows the effect of selecting the recoil
mass to be in the K*'(890) region. The background
under the Z'(1385) is reduced and a bump in the
Z'(1700) region has appeared. Fitting this mass
distribution to two Breit-Wigner functions multi-
plied by phase space plus a phase-space back-
ground, we obtain mass and width values of
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AK '7r '7r 0 final states. (a) No selection. (b) Selecting
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GeV.

FIG. 10. Z'(1385) spin density matrix elements from
Z'(1385) K ' in the Gottfried- Jackson frame as a func-
tion of beam momentum. The Stodolsky-Sakurai (quark-
additivity) predictions are indicated by dashed Lines.
Our value is indicated by a square, the other vaLues are
obtained from Befs. 6-9, 13, 14.

M, =1387+5 MeV, F,=37+9 Me&,

M, =1707+20 MeV, I', =130+",,' MeV.

We conclude that the Z'(1700) is also present in
the AK2r final states.

Figure 13 shows the Chew-i. ow plot for
Am'K*'(890). It is similar to that for the AK
final state with dominantly peripheral production
of Z'(1385), Z'(1700).

Figure 14 shows the differential cross section
for Z'(1700) K*'(890) production (0.85 &M(Kw)'
&0.95 GeV, 1-8&M(Am') &1.8 GeV). From a fit
to the form A exp(bt'), we obtain b = 3.2 + l.3
GeV '. The background in this case is large (we
estimate about 50%).

We found statistically significant nonzero decay-
angular moments which require J» —', for the
Z'(1700) in the Z'(1700)K~(890) channel. " How-
ever, the contribution of the large background
(approximately 50%) to the moments in these AK2m
final states, makes interpretation of these mo-
ments harder than it is in the AK'm'+ final state,
where a similar moments analysis requires only
J'~ —,

' for the Z'(1700) enhancement.
In Table IH we list the K~'(890) density matrix

elements. These moments allow the natural (5')
and unnatural (5 ) spin-parity exchange contri-
butions to &'(1700)K*'(890) production" to be ex-
tracted:

~11+I 1 1&

~00+~11 I 1 1'

Once again, the large backgr'ound makes the re-
sults difficult to interpret, although natural spin-
parity exchange seems to dominate.
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5.0

%e have also searched in the AKSn and AK4m
final states for evidence of Z'(1700) production.
Figure 15 shows the Am+ mass distribution from
AK3m and AK4n'. There is no evidence for any
bump in the Z'(1 t00) region and selecting events
with -t(P- 1'+') &1.0 GeV' makes no difference.

We calculated the &'(1385)K*'(890) cross section
from the AK2m final states using a slice tech-
nique. 38 The (Kv)' mass distribution was sliced
into bands and the amount of Z'(1385) determined
for each slice. This gave a determination of
Z'(1385) production as a function of (Kv)' mass.
Therefore, the amount of background and genuine
quasi-two-body production could be obtained. The
same procedure was followed using An' mass
slices and consistent results were obtained. We
then assumed that the quasi-two-body events
were distributed between the AK'm'n' and AK'm'm'

final states according to the Clebsch-Qordan
coupling for K*'(890) decay. " This gave a cross
section of 3+1 pb for

v'p -Z'(1385) K*'(890) .
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Figure 16.shows this cross section as a function
of laboratory momentum. Fitting the cross sec-
tion to the form

TABLE IQ K *+(890) density matrix elements in the
Gottfried- Jackson frame from the Z+ (1700)K *+(890)
final state (-t' &0.5 GeV ).

I

I.O
I

3.0 5.0 70 9.0 I I.O I 3.0 I5.0 I 70

-t (Gev )

FIG. 13. Chew-Low plot for the events in Fig. 12(b).

~oo

Re p&o
Q+

6"

0.24 a 0.14
0.33 + 0.12
0.0 +0.08
0.71a 0.16

. 0.29+0.16



GODDARD, KEY, LUSTE, PRENTICE, 'YO{)N, GORDON, AND LAI

l25-

{a) hI|,'3»'

O

75-

0
50-

Sl
E

25-

cu 40-
50-CQ

~ aoN
8

IO-
Ld

zjiuwP//F

250-
(b) AK4~

200
O
CV

8
l50

V

100-

0.0
I

O. I

I

0.2

-I (GeV )

I

0.5
I

0.4 0.5

50-

l.3 l.4 I.5 l.6 l.7 l.8

Mass (Am+) (GeV)

l.9 2.0

FIG. 17. Z'(1385) K* (890) differential cross sec-
tion. Curves are fits to the forms: A exp(bt'),
At' exp{bt').

(T Pg „
FIG. 15. A~' mass distributions from AK3~ and

AK47t. final states. Shaded events show the effect of
selecting -t(p A7I') &1 GeV2.

I I I. I I I I I

we obtain

~ =2.4+ 0.4.
Figure 17 shows the Z'(1385)ff "(890) differ-

ential cross section. There is some indication
of a dip in the forward direction. The functions

20-

l0-

b
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2
I I I I I I I I

4 5 lO

P„b(GeV/C)

20

both give acceptable fits, yielding b =10.5+1.0,
4.2+0.8 GeV '. Data at 3.7 GeV/c on this reac-
tion' have also shown evidence for a turnover in
the forward direction.

Table IV lists the Z'(1385) and K+'(890) den-
sity matrix elements. They are similar to values
obtained at lower energies~ 9 and the Z'(1385)
elements are roughly the same as in reaction (2)
with the possible exception of .Bep3, Again there
appears to be both natural and unnatural spin-
parity exchange. Qle estimate the background
in this case to be about 25%.

The quark-additivity (class 8) predictions for
the density matrix elements ares4

4
Pll 3 PS3 &

FIG. 16. Z'(1385) K *'(890) production cross section
as a function of laboratory momentum. The curve shows
the result of a fit to P&~ ", yielding n =2.4+ 0.4. Plo = P31 ~
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TABLE IV. Density matrix elements in the Gottfried-
Jackson frame for the Z+ (1385) E ~ (890) final state
(-t' &0.5 GeV2).

TABLE V. Test of quark-additivity predict'ions for
Z+ (1385)X* (890) production.

Z'(1385) Prediction

Pss
Re ps
Re ps)

Z *'(890)

0,32 a 0,07
0.05 ~ 0.07
0.08 + 0.07 Ps -i

Pgo= ~6 Ps&

0.43 + 0.04

0.33+ 0.12

0.00 + 0.08

0.43 + 0.09

0.12+0.16

0.13+ 0.11
P g()

Re pro
Q+

0.14+0.08
0.20 + 0.09
0.0 + 0.06
0.63 + 0.10
0.37 +0.10

As Table V indicates, these relations are satisfied
within the rather large experimental errors. These
class B equalities are obtained from. the additivity
postulate plus an additional assumption on the
spin dependence of quark-quark scattering. " The
class B predictions are generally found to give
good agreement with a variety of different reac-
tions. " (.'lass (." relations require further as-
sumptions on the spin dependence of the quark-
quark scattering amplitudes. These are, in gen-
eral, found to disagree with experiment. In the
present case the predictions are

(averaged over f') agree with the class B and C
quark-additivity predictions.

We have also observed an enhancement
(M=1698+20 MeV, I'=240+60 MeV) in the Av'
mass distribution from the AK'm' final state.
This state also appears in the Am+ mass distri-
bution from the ~K'&'w', AK'm'vr' final states
(M=1.707+20 1VIey, I'=130"6000 MeV) when we
select events having a, recoling K*'(890). The
&'(1700) decay-angular moments in the AK'v'
final state are consistent with spin &. The mo-
ments in the &'(1700)K*'(890) channel require
J ~

&, but here the background is very large
(-50%%up) retluiring some caution in the interpretation
of these moments.

R.ep„=0, Rep„=o,
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and both of these do agree with our data.

.CONCLUSIONS

We have examined

&'(1385)K'

&'(1385)K+'(890)

production in v'p interactions at 10.3 Gey/c. ~e
have shown that Z+(1385)K' production gives re
suits which are consistent with a Begge-pole
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spin density matrix elements in our data and gives
a good representation of the production cross
section as a function of beam momentum. The
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production shows evidence for a turnover in the
forward direction. The density matrix elements
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