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But we have as follows from the Lorentz invariance of the transverse
momentum components of pz in the transformation
from the c.m. to A frame:

flA c.m. =—s- A Ir A = Ir A sin8A A12

pz(c.m. )=pz(c.m. )z. (A13) Pz(c.m. ) sinn= Px(A) sinP. (A18)

We also have (see Fig. 3)

A= 9 cosa+sinrr(r cosp+If sing),
so that

Combining Eqs. (A10) through (A16) we obtain

eh. cThe expression in square brackets involves quantities
known or measurable for each event. It is equal to sinP, which is Eq. (56).

Combining Eqs. (A17) and (A18) we obtain Eq. (A8),
i.e., Eq. (49). Also we see from Eq. (A18) that the angle

Ir = z cos8z+It sin8z, (A14) P also depends (through n) only on the angle y, constants
nd of nature, and the beam momentum, and is conse-

(A15) quently measurable for each event. (Note that the
Euclidean relation that seems implied in I'"ig. 3, namely

z (IrXA) =—sin8z»net cos4. (A16) p=y —cr, is not valid due to its non-Lorentz-invariant
nature. )

Lastly, we derive Eq. (56). By definition cos8A

[p ( ) /p (A)] c p stn8 / In8 (A17)
——Ir (c.m. ) A (c.m. ). Then Eqs. (A14) and (A 15) give

= osn cos8E+ sinn sin8z, sing, (A19)
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A study has been made of some of the quasi-two-body Anal states (in which one of the particles is a
hyperon) produced by 3.5-GeV/c Z mesons on protons. The analysis has been performed with 31()OOO

photographs taken in the 81.-cm Saclay hydrogen bubble chamber. The cross sections for most of the reac-
tions are lower than have been observed at lower incident momenta. Many of the reactions are characterized
by a forward peaking of the production angular distribution of the 6nal-state meson, but in a few cases a
signi6cant backward peak has been observed. Decay distributions of unstable particles have been
investigated to obtain more information about the production processes. The FI*+(1385)decay is consistent

6nal state being produced by E'* exchange, but in the case of the production of vector mesons,
it is diQicult to draw any conclusion concerning the spin of the exchanged particle. An enhancement was
observed at 1645 MeV in the Z+7I.+ system. It is dif5cult to interpret this in terms of the decay of the
neutral FI*(1660).

1. INTRODUCTION
' &IESPITE intensive theoretical and experimental

studies, the subject of the production mechanism
of elementary-particle reactions at medium and high
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energies is still far from being completely understood.
It is clear that experimental data are required for a
large number of di6'erent reactions over a wide range of
incident energies, and with high statistical accuracy.
Io this article we describe some of the features of the
interactions of 3.5-GeV/c E mesons with protons.

Some results of this experiment have already been
published in two articles; one' on the discovery of the
E*(1400) and the other' on a determination of the
parity of the I's(1660). In this paper we present results
on two-body channels involving a strange baryon. An
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152 REACTIONS X P-+HYPERON+MESON AT 3. 5 Ge V/c

analysis of those interactions producing E mesons and.
npnstrange baryons will be published separately. '

The data presented in this paper were obtained from
hydrogen-bubble-chamber exposures carried out in the
M2 beam4 at CERN in 1963. A total of 310000 photo-
graphs of 3.5-GeV/c E mesons was obtained from the
81-cm Saclay hydrogen bubble chamber.

2. EXPERIMENTAL PROCEDURE

The film was scanned twice for events with a visible
strange-particle decay, and a comparison between the
two scans was made to calculate the efficiency. In addi-
tion to interactions, ~ decays were recorded. The consti-
tution of the beam was thus determined to be (63&4)%
E's, (24+5)% 7r's, and (13+5)%tt's.

The Rutherford Laboratory bubble-chamber analysis
system' was used for the geometrical reconstruction and
kinematical fitting of events, and for calculating and
plotting quantities of physical interest.

Separation into final states was made on the basis of
the X' probabilities of the multivertex fits to events for
the various possible hypotheses. An event was assigned
to a particular hypothesis A if the 7c probability Px~(A)
for the hypothesis satisfied the criteria:

P xi(A) &0.05,

P„(A)&5P, (&),

values expected according to the absorption modeP for
these density-matrix elements have been calculated for
the case of the production of vector mesons by E ex-
change. The values y~ and C~ ~ were chosen as 0.042 and
0.64, respectively, to be consistent with the E P elastic-
scattering data' at 3.5 GeV/c; ys was taken as eyt and Cs
was set equal to unity. The production angular distribu-
tions for some of the reactions showing a forward
peaking of the outgoing meson have been fitted by the
formula

do/dt= Ee"',

where ~ is the momentum transfer. This has been done
merely to obtain a convenient parametnzation of the
forward peak, and not because we believe there is any
basic significance in the above formula. Values of A are
given in Table IV at the end of this paper. Also shown,
there are the values of

~
t—to ( ~, up to which the fit was

performed; to is the momentum transfer in the extreme
forward direction.

3. TWO-BODY FINAL STATES

As has been observed in other experiments' in the
few-GeV/c region with s. or E beams, a significant con-
tribution to the total cross section is made by quasi-
two-body final states. In this section, results on some of
the more important of these channels are discussed.

where X refers to any other possible hypotheses for the
event. In calculating cross sections, events which were
ambiguous as to two hypotheses were assigned to these
hypotheses in the ratio of the numbers of nonambiguous
fits. A discussion of the purity of the selected samples is
given in Appendix B.

Corrections for unseen decay modes of the A and Eo
were made assuming the AI= ~ rule for these decays. A
further correction factor was calculated to allow for
undetected charged decays of A.'s and Z's. A more de-
tailed description of these weighting factors may be
found in Appendix A, or in Ref. 6.

Cross sections of resonant intermediate states have
been estimated using a maximum-likelihood program,
which fitted Breit-Wigner curves plus phase-space back-
ground to all the resonant channels for a particular
final state and so takes into account reQections of reso-
nant peaks in other mass distributions of the same final
state.

A maximum-likelihood method was also used to
determine the values of density-matrix elements from
the observed decay distributions of resonances. The

'M. Haque et al. (unpublished report). A more detailed ac-
count of the elastic-scattering reaction has been given by J D
Gordon, Phys. Letters 21, 117 (1966).

ERN R p t 63-12 (u
published).

& J gt Ilurren, J.M. Scarr., E. C. Sedman, J. Sparrow, and A J
lvVilson, Rutherford Laboratory Internal Reports (unpublished).

s J G. I,oken, Ph.D. thesis, Oxford (unPubhshed).

E P —+ A.ess

The cross section for the Ax final state was found tp
be (115~40) ttb. Contamination from two-pion pro
duction was estimated from a cpnsideratipn pf the miss
ing mass distribution obtained by deleting the charge
tracks from he+~ events; it was found to be negligible.
This was conlrmed by examining the distribution of the
square of the missing mass recoiling from the g from
events of the topology zero-prong +As (see Fig 1(a)
However, assuming the Z+m. and Z'x final states tp be
produced by the exchange of a &* pf ispspin &

estimate the Z'~' contamination in this channel to be
2.5~0.2 events. The value of the cross section has been
corrected for these Z'm' events.

The production angular distribution for the &~0
events is shown in Fig. 1(b). This channel, in common
with many others, exhibits low-momentum transfer tp
the baryon, expected on the one-meson-exchange pro-
duction model, as well as the sharp collimation pf the
distribution associated with absorption effects.

s J. D. Jackson, Rev. Mod. Phys. 37, 484 (1965), from which
previous references to papers on the absorption model may be
obtained.' See, for example, R. George et al., in Proceedelgs of the Oxford
INterriatiorsal Conferelce oN Eteraeatary Particles, 1WS (Ruther-
ford High Energy Laboratory, Harwell, England, 1966), supple-
rnent, p. 69; Aachen-Berlin-CERÃ-London-Vienna Collaboration,
QQ. , p 71; and M. Deutschmann et al., Phys. Letters 19, 608
(1965).



B I RM I N GHAM —GLASGOW —LON DON —OXFORD —RUTHERFORD 152

IO

ls. Si0
0
X

V4

0.0

p IO-ill

X
ul

Ial

LL0
0z

0,2 0,4
(MISS ING MASS)

0.6
(Qcv )

08

(b)

ww r~

F&*+ peak. The cross-hatched distribution in Fig. 3(c)
contains only those events outside the F&*+ region de-
fined by the range of eRective mass 1.34 to 1.41 GeV. A
Breit-signer —plus —phase-space fit yielded the following
results' for the Yt*. M = (1383&2)MeV; I'= (25+6)
MeV; Yt*+/(Fr*++phase space) = (27+4)%.This cor-
responds to a cross section of 90&15 pb for the I'~*+a.
channel.

I"igure 4 shows the Dalitz plot for the Ax+x final
state. In addition to F~*+~, there is some evidence for
the channels Ap' and Afs. In choosing the sample of
Y~*+ events, no attempt was made to exclude events
in the crossover regions of the p' and fs bands (indicated
by the bands in Fig. 4) with the Y&*+ band. There is no
evidence for any strong interference effects in the Dalitz
plot, and removing events in the overlap regions would
result in considerable biasing of the I"&*+ decay
distribution.

cos e

Fxo. 1. (a) Histogram of the number of events plotted against
the square of the missing mass from the A, from events of the
topology zero-prongs +h.'. (b) Center-of-mass production angular
distribution for the A7f- final state. The figure contains 22 events.
As with all production angular distributions in this article, I)l is
defined as the angle between the incident Z' meson and the 6nal-
state baryon. Thus meson exchange produces a peak at the left-
hand side of the histogram, and baryon exchange would give rise
to a peak on the right.

B. X p —& X+ss and X es+

The cross sections for the reactions E p -+ Z+vr and
Z s+ are (140&10) and (11+3)pb, respectively. The
2+m final state is almost entirely peripherally produced,
as can be seen from the production angular distribution
of Fig. 2. Also shown in this figure are the 12 events
identified as Z m+, which in contrast have the baryon
mainly in the forward hemisphere. This feature of a
forward peaking of the baryon is common to many
reactions at high energies, ' being especially noticeable
in those cases for which meson exchange cannot take
place. On the other hand, below about 2 GeV/c, the
Z ++ production angular distribution, like those of
several other E p final states, s seems to be dominated
more by 5-channel eRects than by the nature of the
particles whose exchange is allowed.

C. X p~ Yt*+ (1385) m

Figures 3(a), 3(b), and 3(c) show the As+, As, and
w+~— effective-mass distributions (weighted against
losses of charged decays) for 231 events assigned to the
As+a. 6nal state. The curves shown in Figs. 3(a) and
3 (b) are phase-space curves renormalized to exclude the

' A compilation of some of the experimental data has been given
by L. Lyons, Nuovo Cimento 43, 888 (1966).
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Fn. 2. Center-of-mass production angular distribution for the

Z%+ final states. The 152 Z+m events have a mean-weighting
factor of 1.63, and the 12 Z ~+ events are weighted by a factor
whose average value is 1.58. The Z 7i-+ angular distribution is
typical of those for final states for which meson exchange cannot
occur.

"The width of ~20 MeV found for the F~(1385) m this experi-
ment after folding out the experimental resolution is less than the
currently accepted (see Ref. 15) value of 44 MeV, based mainly on
lower energy E p experiments, although R. Armenteros et al. ,
Phys. Letters 19, 75 (1965) recently also obtained a narrower value
of (35~3) MeV. The effect of decreasing I P width at higher
energies in production experiments has been remarked on by
R. K. Adair, Rev. Mod. Phys. 37, 473 (1965).
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The production angular distribution of the I'~* is
backward-peaked (see Fig. 5). This, together with the
absence of the negative charge state of the F~*, indi-
cates possible dominance of a single-particle-exchange

0.3 0.5 0.7 0.9 I.I I.3 I.5

Fro. 3.The effective-mass distributions for (a) An.+, (b) Ar, and
(c) r+r combinations from 231 events of the As-+m. Gnal state.
The phase space curves for (a) and (b) are normalized to the
region outside the W+(1385).The cross-hatched distribution in (c)
has had events in the F*+(1385) (def'med by the Ar+ mass being
between 1.34 and 1.41 GeV) removed.

0
C0S e

amplitude in the production. Only the exchange of K*'s
is possible since, as in all two-body reactions including
a pion in the 6nal state, pseudoscalar (E) exchange is
forbidden by spin and parity conservation at the meson
vertex.

The decay of the Fe(1385) can be described in terms
of density-matrix elements by the formula"

W (8,$)= (3/4s)(pss sins8+ pt t(rs+ cos'8)
—sV3 Reps, t sin'8 cos2$—sV3 Repst sin28 cosgf.

According to the Stodolsky-Sakurai's model for Y*(1385)
production by the exchange of the E*(890),the density-
matrix elements should have the values given in Table I.
The experimental values are seen to be in satisfactory
agreement with the prediction, implying that the possi-
ble admixture of E2 and I.2 amplitudes with the
dominant M1 one is probably small.

Figure 6 shows the experimental decay distributions
with respect to axes dined in the 6gure caption, to-
gether with the best 6t of the general formula for I *
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FIG, 6. Decay distributions for the F*(1385)r events. The
curves, which are shown only to give an indication of the quality
of the fit, are the projections of the general decay distribution with
the values of the density-matrix elements given in Table I. The
angles are defined as follows. Let ++ denote a unit vector in the
direction of the m+ in the FP rest frame, p denote the correspond-
ing vector for the target proton, and n be the normal to the FP'
production plane. Then the three direction cosines n, P, y are
n=7r+ p, p=s+ n., T=s+ (pXn). The angle 4 (Treiman-Yang
angle) between the normals to the production and decay planes
of the Fp is deffned by tan4 ~p/T. For a given event, only two of
the three angles plotted are independent.

M'(h'tl ) tv'
Fro. 4. Dalitz plot for the he+~ final state. The bands

show the positions of the F*+,ps, and fq

"The angle @ is the Treiman-Yang angle defined in Fig. 6, and
cos0 in the formula is the same as a in the figure."L. Stodolsky and J. J. Samurai, Phys. Rev. Letters 11, 90
(1963);L. Stodolsky, Phys. Rev. 134, 81099 (1964).
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FIG. 7. The Z e'+e'+ effective-mass distribution (unweighted)
for 165 events in the Z m+m-+m. Gnal state. The shaded distribution
contains events with momentum transfer to the Z m+~+ combina-
tion less than 500 (MeV/c)'. Especially when this selection is
made, the Fe(1660) is clearly seen with very little background.
The curve is phase-space normalized to the total number of events.

Decay
mode

(Zve)+
(Z~)+
x~+~o
Ax+

Cross section
(I b)

32+8
(14

11~6
(6

This
expt.

1
&0.4

0.35+0.2
&0.2

Relative rates
Rosenfeld London

et al.~ et al.b

1 1
1 0.3~0.15

~0.66 &03~.16 &0.3

TAELE II. Branching ratios for the FP(1660). The data are
taken from the reaction X +p -+ Fie(1660)+s. at a momentum
transfer of less than 500 (MeV/c)'. The total (Zs v)+ rate was ob-
tained on the assumption that the decay is through Fee(1405)+s+,
so that the partial rates for decay to (Z+e+e. ), (Z vs.+), and
(Z m.+s.+) are equal; the limit given for decay to (Zv)+ is obtained
by using the (Z+7f ) data only and multipling by two. The limits
correspond to 90% confidence levels.

b Reference 13.Reference 15.

The Z+x+ mass distributions in the Z+x+x 6nal states
(Fig. 8) show evidence for the production of three
known isospin-zero hyperon resonances, F*(1405),
F*(1520), and F*(1815);there also appears to be an
enhancement at 1645 MeV. The best Gt to the distribu-
tion was obtained using a combination of Sreit-Wigner
curves and phase-space background with the results
for the masses, widths, and partial rates as shown in
Table III.

D. X P~ Y*(1660)se

Figure 7 shows the Z x+x+ e6ective-mass distribution
from the Z x+m+m 6nal state. There is a sharp peak at
about 1660 MeV which is largely retained on making a
selection of events with momentum transfer to the + of
less than 500 (MeV/c)'. This peak is interpreted as
peripheral production of the F*(1660) resonance. An
analysis of the decay Dalitz plot for this sample of
F*(1660) events, together with a similar number ob-
served by the bubble-chamber groups at Saclay and
Ecole Polytechnique who studied the same reaction at
3.0 GeV/c, suggested a positive parity assignment'4 for
this resonance, and has been published previously. 2

A search for the reaction E p-+ F*(1660)sr at a
momentum transfer of less than 500 (MeV/c)' in
various final states yielded the relative decay rates given
in Table II. The inequalities there are quoted at the
90% conidence level. The (Zsr/Zsrsr) ratio is signifi-

Q EVENTS WITH COS 8 oC -0.560..

tgf $0..

40

cll
I-
& 3o.
hl

h.
0 2O.
gs
ZTAmz I. Experimental values of the density-matrix elements,

and values predicted from the Stodolsky-Sakurai model of M& X~
exchange, for the decay of the F@(1385) in the reaction
E p~ F*(1385)v

IO

decay, with the experimentally determined values of
the density-matrix elements.

The same react, on has been stud;edrs at 2 24 GeV/c cantly lower than that quoted by Rosenfeld et at. ,
"

e experimentally determined matrix elements were but in agreement with the result obtained in an experi-
ment at 2 24 GeV~c b London et al 13

consistent both with the simple single-particle-exchange
values given in Table I, and also with the absorption, —

model calculations with a modest form factor. Our E. It. P~ F*er'

results are consistent with small absorption corrections
at 3.5 GeV/c also.

Experimental value Predicted value

p33
Rep3g
Rep3 1

0.34&0.06
0.00'0.09
0,17+0.09

0.375
0.0
0.217

» G. 1V. London et at. , Phys. Rev. 143, 1034 (1966).
'4 Our assignment agrees with that of Taher-Zadeh et al. , Phys.

Rev. Letters ll, 470 (1963), but differs from that of D. Berley
et al. , in Proceedings of the Twelfth International Conference on
High Ertergy Physics, Dgbla, 1964-(Atomisdat, Moscow, 1956),
p. 565, and also from the results of London et al. (Ref. 13).

I 6 I 8 20
4-

EFF ECT IVE MASS (GEV)

2.4 2.6

F~G. 8. The Z+7I-+ effective-mass distribution for 613 events in
the z+7r+710 6nal states. The mean weighting factor is 1.49. The
phase-space curve is normalized to the region above 2 GeV. The
F*(1405), Fe (1520), and Fe(1815)are evident. The interpretation
of the enhancement in the 1660-MeV region is discussed in the
text. The shaded events are those for which the cosine of the
angle between the incident E and the outgoing 7f' is less than—0.8 (i.e., high-momentum transfer events).

"A. H. Rosenfeld et at., Rev. Mod. Phys. 37, 633 (1965).
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a)
40-

TsnLE IV. Cross sections (for decay by the modes specified in
column 3) for the production of some of the more important of
the two-body final states. In some of these cases a fit of the
formula do/dQ=Ze"' has been performed for momentum transfers
less than it —tsi
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Fe(1815)H
Ag
Ace

A.p
g+P
X+A g

E+

Cross
section

Gb)

115~40
140~10
11&3
90+15
60+10
30~10
9~3

21~5
11~6

&7
&14

40~10
5+2

90+10
20~7
40~15

150~20
20+5
16+5
16~4

Final
state

(a~+)~-
(Z+s.+)s.a

(Z+s'+) s.0
(a~+~-)ss
(Z+~+~+)~-
(as+ss)s
(a~+)~-
(Z+ ass, +)~-
(Z%+)ir'
A(~+~-~')
A(ir+ir-ss)
a(~+~-q')
a(ZZ)
Z+(s. ss)
Z+(p'~ )
~~ —(Z+,0~0,+)

2.4~0.6
12&2

1.0
0.4

3.7&0.8 2.1

2.0+0.4

1.9~0.3
3.3~0.6
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1.0
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3.0&0.5 1.0
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Center-of-mass production angular distributions for
(Zs.)' combinations in the regions of the four peaks are
shown in Fig. 9.Figure 9 (e) includes all Zs combinations
with mass below 2.01 GeV which are not plotted in Figs.
9(a) to (d). It is clear from this distribution t Fig. 9(e))
that backward peaking of the (Zs) combinations is a
characteristic of the background. In contrast, Figs. 9(c)
and 9(d), corresponding to the 1645-MeV enhancement

FIG. 9. Production angular distributions for various 2+m+
combinations in the Z+s.+ss final states. (a) Zn mass in range
1.35 to 1.46) GeV. (b) Zs mass in range (1.49 to 1.53) GeV.
c) Zs mass in range (1.60 to 1.68) GeV. (d) Zs mass in range

(L'f5 to 1.89) GeV. (e) Zs. mass below 2.01 GeV, and not included
m (a) to (d). The region of the F*(1405) is characterized by a
sharp forward peak. The 1660- and 1815-MeV regions, on the
other hand, appear to have signi6cant backward peaks.

and F'*(1815) regions, respectively, show a marked
forward peaking, absent in Fig. 9(e), and which may be
the result of a baryon-exchange contribution to the pro-
duction of these (Zs.)' states. The shaded histogram in
Fig. 8 shows those events with high momentum transfers
to the Z+x+ combination, corresponding to backward
production angles (cosg e(—0.8) for the s-. The peak
to background ratio is seen to be enhanced both in the
1645-MeV region and even more strikingly in the
I'*(1815)region. In. contrast to this, the F*(1405)shows
a backward peaking typical of one-meson-exchange pro-
duction processes. In fact, the forward meson peak for
the reaction E p —+ Y*(1405)s' is sharper than, that for
any other reaction in this experiment (see Table IV).

The level of background under the Ys*(1405) peak is
low (Fig. 10), but the folded Treiman- Yang distribution
for events in the Fse(1405) region contains a large con-
centration of events in the region of /=0. The asym-
metry about 90' indicates the presence of interference

20"

Reaction

y'+(1405)+
Y+(1520)~o
Y*(1660)K ?
F0(1815)s'

Mass
(MeV)

1400~5
1510~2
1645~6
1810~20

Percentage Cross
%idth of final section
(MeV) states (isb)

50~10 11~2 60~10
16~ 5 5~1 30~10
40~10 8~2 40~ 10

110~50 8~2 40~10

ALE III. The masses, widths, and production rates of neutral
Y~'s as determined from maximum likelihood fits to the Z%++m'
final states.

FIG. 10.The folded
Treiman-Yang dis-
tribution for events
in the F~(1405) from
the Qnal state F'*m'.
The lack of sym-
metry about ~ indi-
cates the presence of
interference effects.

I
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region above 2.0 GeV to give an estimate of the back-
ground in the region below 2.0 GeV, where all the reso-
nant effects occur.

Figure 11 shows the Z x' and Z+ 'm-'+ distributions
from the Z '~' x+ and Z+ '~'+m. 6nal states, while in
Fig. 12 are the corresponding Dalitz plots. The curves
A in Fig. 11 are phase-space curves normalized to the
total number of events in the distributions, while the
curves 8 include the reQections of the three neutral I"~

resonances and the 1645 enhancement. A further peak-
ing is expected at high mass values due to the contami-
nation ( 13%) of Z+7r+s's' events in the sample (see
Appendix A.2).

7p-

6.0-

5.0
I.4 l.6 I,S 2.0 2.2 2A 2.6

(g TY) EFFECTIVE MASS (GEV)

Fro. 11.The (&~) and (Zs.)+ effective-mass distributions in the
5-oQ-w+, Z+ m'+w 6nal states. There are 124 events in the
Z's.+s final state (unweighted), 247 events in the Z s+s- final
state (mean weighting factor =1.29), and 366 events in the Z+s ss
final state (mean weighting'@actor=1. 63). The curves A are
phase-space-normalized to the" total number of events in the dis-
tributions, while the curves BII'include the reflections of the three
neutral F* resonances and the 1645-MeV enhancement.

40-

Id
Q

3.0
I

A

2,p

eGects which prevent us from attempting to confirm the
indirect spin-parity assignment" of —', for the Y*(1405).

The Y*(1520) is also seen in the hs+s decay mode
in the Am+x m 6nal state. The branching ratio is found
to be

Y*(1520)~ h.w+s.
=0.3&0.1,

Y*(1520)-+ 2+m+

in agreement with the value given in Ref. 15. The level
of background under the Ye*(1520) peak is large and
no attempt has been made to examine its decay
distributions.

I.p
2.0

7.0

6.0-

5.0-

3.0 4.0

M (Z &"&GEV

5.0 6.0 7.0

F. The 1645-MeV Enhancement

The curve drawn in Fig. 8 is phase-space —normalized
in the region of Zm mass above 2.0 GeV, and is seen to
give an adequate it in this region. Apart from the
7*x' channels, the only strong resonant channel in the
ZW+x Anal states is Z+p, and it is found to produce no
appreciable distortions of the background in the ZW+
mass distribution. "Therefore, in the following discus-
sion we use the phase-space curve normalized in the

Ol

IJJ
Q

4.0-

W

3.0-

2.0-

I .0- 3.0 4.0 5.0 6.0 7.0

rs J. Kim, Phys. Rev. Letters 14, 29 (1965).
'~ In fact if the p events are removed and the phase space curve

is renormalized, the statistical signiacance of the 1645-MeV en-
hancement is, if anything, increased.

M2(Z+«)GEV2

FIG. 12. Dalitz plots (a) for the Z ~+2I.O 6nal state, and
(b) for the Z+s H final state.
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FIG. 13. The effective-mass distribution of m+m ~0 from 1013
A71.+m m events, whose mean weighting factor is 1.15. The curve
shown is phase-space normalized to the region outside the cu peak.
The final state hp is only weakly produced.

"If we do not assume a single-particle exchange model, this
condition can be replaced by a triangular inequality

( (P*' ))'"+( (P~ "))'"&2( W'~ '))'".
This slightly weakens the argument that the observed excess of
events in the 1645-MeV region is incompatible with that expected
from the two-body decay of the I'(1660)."P.Eberhard et GI.I Phys. Rev. Letters 14, 466 (1965).

We now discuss the significance of the enhancement
at 1645 MeV and its possible relationship to the
Fr*(1660).

(i). There are 96 events in the 1600—1680-MeU mass
region, compared with a background expectation, esti-
mated as described above, of 43 events; the excess corre-
sponds to an eight-standard-deviation eRect.

(ii). The Ft*(1660) has been observed in this experi-
ment by its Zmm decay mode, and thus we expect to
obtain some Ft*'(1660), which could decay into Z+Tr+.

We can estimate the expected number of such events
from the observed number of Z x+x+ decays if we
assume: (a). The ratio of F*+ to F*' is 4, as expected
from the exchange of an isospin-~~strange boson. "
(b). The ZTrsr decays of the F*(1660) are dominated by
the F*(1405)tr channel. 's (c). The ratio of (F*(1660)~
Zorsr)/(F*(1660) F ZTF) is about unity. "Then the con-
tribution made by the decay of the F*'(1660) to ZW+ is
estimated as 14 events. This is insufBcient to account
for our enhancement; an excess of 5 standard
deviations remains.

(iii). Alternatively, we can use assumption (a) above
tO make a direCt COmpariSOn Of the (ZTF)+ and (ZTF)s rateS
in the 1660-MeV region. As can be seen from Fig. 11,
we have little evidence for an enhancement in the (ZTF)+

eRective mass at 1660 MeV, and the upper limit that
we can put on the expected (Zor)o contribution from
the decay of the Ft*(1660) is lower than the estimate
given in (ii).

(iv). Another contrasting feature is the production
angular distribution: Whereas the F*+(1660) seen in
the ZTFTr mode is produced peripherally Lalmost all
events having a momentum transfer of less than 0.5
(GeV/c)s7, the enhancement at 1645 MeV is associated
with forward. production of (Zsr)' states. LSee Figs. 7
and 9(c).j

Thus, there are difhculties in attempting to account
for the enhancement in terms of the F*(1660)of isospin
one. If we were to interpret this enhancement in terms
of a hyperon resonant state, its isospin would pre-
sumably be zero, since it is observed only in the neutral
state. Its mass and width are given in Table II. This
mass is lower than the value of 1670 MeV given by
Berley2P for the isospin-zero resonant state through
which the reaction E p ~Art proceeds near threshold.

ppp= 0.28&0.15; pp p= 0.15+0.1;
Repyp =0.08+0.08.

On the simple single-particle-exchange model, the value
of ppp would imply that vector exchange is more
important than pseudoscalar exchange for this reaction.
An absorption-model calculation for pure E exchange,

20--

FIG. 14. The center-of-mass pro-
duction angular distribution for 55
ttco events (defined by the Tr+TT m.s

effective mass being between 760
and 800 MeV). As well as the usual
forward meson peak, there is also
a significant backward one which
is absent from the corresponding
plot for the hp final state (see
Fig. 16).
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"D.Berley et al. , Phys. Rev. Letters 14, 641 (1965), who state
that they have no evidence for any Zx decay modes of this
resonance."R. Ross, in Proceedsmgs of the Twelfth Irtterrtotsortol Comferegce
on High-Energy Physics, Dgbnu, 1964 (Atomizdat, Moscow, 1965),
p. 642; R. Sekulin (private corntnunication).

G. X P~A.ES) A.EI, A. XS

Figure 13 shows the m+m m' eRective-mass distribu-
tion in the Ax+m m' final state. The co is produced with
quite low background and with a cross section of
90&10 pb. Figure 14 shows the production angular
distribution for events in the to region L0.76 GeV
&M (Tr+Tr Tr )&0.8 GeV7. In addition to the pronounced
forward peaking expected on a peripheral-production
model, there is a definite backward peak which is
possibly associated with a baryon-exchange mechanism.
A similar backward peaking has been observed in the
same channel at 2.7, 3.0, and 6 GeV/c s' sr

Choosing events in which the co is produced in the
forward direction )AS&700 (MeV/c)'j, the following
values are obtained for the decay density matrix
elements:
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Fre. 15.The ZE eGective-mass distribution for
120 events identified as hE+E or AE1'Ep.

0- I.O O.S O.O

COS 9
O.S 1,0

Fxo. 17. The production angular distribution for 2+p events.
Events with m m' mass in the range 670-870 MeV have been
included in the histogram.

however, gives a value of poo of 0.28, and hence it is not
possible to make any 6rm statement about the nature
of the exchanged particle.

It may also be seen from Fig. 13 that the g is pro-
duced, but with the small cross section of 5 p,b for
decay into the m.+x m' mode. Events of the topology
4+2 prongs were examined for evidence of missing
g", that is, for the reaction,

(neutral decay modes) .
The gx+m spectrum then showed evidence of X' pro-
duction, 18 events being seen above a phase-space pre-
diction of 3 events. This corresponds to a cross section
of 20&7 pb for the reaction

E p —+AXO,

followed by the gx+x decay mode of the X'.

H. X P~A.P

The EE effective mass distribution from the Gnal
states AE+E and AE. PE2 is shown in Fig. 15.The P is
strongly produced with very low background, and a
width comparable to the experimental resolution. The
cross section for the AP channel is 40+15 pb. The pro-
duction angular distribution for events (Fig. 16) in the
p peak shows the marked forward peaking also seen in
co production, but the backward peak present in ~ pro-
duction is entirely absent for the p; indeed, there are no
events in the backward hemisphere. In terms of a
baryon-exchange model, this implies that g»„ is much
larger than g»~, as expected if the co is identified with
the particle that contributes most strongly to the
isoscalar-nucleon form factor.

The density-matrix elements for the decay of the P
are:

poo=0 37&0.16; pg g=0.0&0.1;
Repro= 0.06+0.06.

The value of poo predicted by the absorption. model for
pure E exchange is 0.4, and hence, as in the A~ reaction,
it is not possible to draw any conclusion concerning the
spin of the exchanged particle.

20"

h. Io"

0cos e

Fxo. 16.The center-of-mass
production angular distribu-
tion for 48 Ap events, defined
by the EE mass being be-
tween 1.01 and 1.03 GeV.
The distribution contains
23 E+E- and 25 E&oE20
combinations.

L ZP —+X+y

As may be seen from the Dalitz plots of the ZW+e'
anal states, the production of Z+p is very much
stronger than that of Z p+; the cross section for
the former is found to be 150~20 pb. Furthermore,
the production angular distribution (Fig. 17) of Z+p is
sharply peaked, which is not the case for Z p+. This is,
of course, not surprising if the reaction is dominated by
E and/or E*exchange.

'

On selecting events with the mass of the x ~' com-
bination between 670 and 870 MeV, and having mo-
mentum transfer to the Z+ below 600 (MeVjc)', the
values determined for the elements of the density matrix
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describing the p decay were":

poo= 0 17+0.08; pt-r= 0.17+0.08;
Rep1 p= 0.01&0.04.

Without absorption effects a value of zero for ppp would
correspond to E*exchange but again the data could be
consistent with a large proportion of E exchange. The
prediction of A-parity" is that E exchange should be
more important than E* exchange.

FIG. 19.The effective-
mass distribution for
the m+x m. combination
from the Z+m+x m final
state. The A~ can be
seen in the histogram
but there is little sign of
the A1,.

30"

I- 20'

Log

0 IO''

0
X

0.9
I

l.3
~ a

I,S l.7

es u ot EFFECTIVE MASS (6FV)

J. X P —& X+As

The 6nal states Z+m+m+x show strong evidence for
po production. Dalitz plots of the Z+sr+po events (defined
as having a or+s. mass between 675 and 825 MeU) are
shown in Fig. 18. The F*(1520) is clearly seen in both
the Dalitz plots. In Fig. 18(a), a band corresponding to
the production of A~ is evident, but the A~+ band in
Fig. 18(b) shows an increased density only in the region
where the F'*(1520) band crosses it. The production of
X+A~, but not of Z A~+, is again consistent with a
meson-exchange process.

If the A & is produced, it is certainly much weaker than
the As (Fig. 19). This would not be surprising if the
A~ were a kinematic enhancement associated with the
Deck process. '4

K. X p~ R X+ and R Xe

The cross sections for the channels, E+ and ™~E*+
are 16&5 pb and 16.5+4 pb, respectively. The pro-
duction angular distributions for the ™in, these final
states are shown in Figs. 20 and 21.As observed at lower
beam momenta, "'~" the ™~is produced preferentially
at high-momentum transfers, as expected if baryon
exchange contributes to the production. The back-
ground under the E*+ peak is coo,siderable, and so no
decay-correlation analysis has been performed.

There is only weak evidence for the production of the
final states *E. The upper limit we can set on the
cross section for ™*QEis 10 p,b.

4. CONCLUSIONS

ol 40.
Igj
C9

0.4 0.8

Y'(lS20)~
2p Y'(l40S)~

l.2
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I

1.6

I
~

I

2.0 2.4

The most striking feature of the data is that the two-
body final states very often show a high degree of
peripheralism. With a few exceptions, those reactions
for which meson exchange is allowed are characterized
by a sharp forward peak of the outgoing meson. The
present level of statistical accuracy prevents our making
any detailed comments on the differences in the shapes of
these peaks for the various final states (see Table IU).
They do, however, appear to be somewhat more shallow
than either the E p elastic scattering cross section or

2 ~ha- GFy2
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FIG. 20. The produc-
tion angular distribution
of 17 events of the E+
flnal state. The forward
peaking of the cascade is
similar to that observed
at other momenta in this
reaction.
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M2 i& )GEV2

FIG. 18. Dalitz plots for the final states (a) 2+pox and (b)
Z Pen+. The A s shows uP as a band in (a), but the A s+ aPPears in
(b) only in the cross-over region with the Fe(1520).

"Similar values for the density matrix elements of the decay of
the p have been observed by E.D. Alyea, Jr., et al. , Phys. Letters
15, 82 (1965),who studied the reaction E n -+ Z p' at 2.24 GeV/c.

~' J. B. Bronzan and F. E. Low, Phys. Rev. Letters 12, 522
(1964)."R.T. Deck, Phys. Rev. Letters 13, 169 (1964).

0
C0S e

"L. W. Alvarez, in Proceedings of the 1N2 Annnal International
Conference on High-Energy Nuclear Physics ut CERN', edited by
J. Prentki (CERN, Geneva, 1962), p. 433.

"H. Ticho, in Proceedings of the 1N2 Annnai International
Conference on High-Energy Sgcleur Physics ut CERN', edited by
J. Prentki (CERN, Geneva, 1962), p. 436."J.Badier et al , in Proceedings . of the Oxford International
Conference on Elementary Particles, 1965 (Rutherford High Energy
Laboratory, Harwell, England, 1966), supplement, p. 70.
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FIG. 21. The produc-
tion angular distribution
of 33 events of the™E*
final state, the IC* being
defined by the mass
range . 840—950 MeV.
As in the Z m+ and

X+ final states vrhich
are also forbidden for
meson exchange, a for-
vrard peaking of the final
state baryon is evident.
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APPENDIX A: WEIGHTING FACTORS

the majority of the angular distributions in s+p final
states.

'

On the other hand, in those reactions for which there
exists no suitable meson to be exchanged, the cross
sections are much smaller, and the production is
characterized by a backward peak in the outgoing
meson's production angular distribution; the final
states ™~E+, E*,and Z m+ are examples of this effect.
Similar backward meson peaks are evident in some
reactions for which there is also a forward meson peak;
the Ace and Y*(1815)~'final states provide examples of
this. This effect may possibly be interpreted in terms of
a baryon-transfer process.

The decay distribution of Y*(1385) in the Y*m. final
state was seen to be in good agreement with the pre-
dictions of the Stodolsky-Sakurai model for 3fi E*
exchange. Those reactions (Z+p, A~, and AP) for which
a mixture of E and E*exchange is allowed are charac-
terized by fairly small values of ppp for the vector-meson
decay. It is dificult, however, to regard this as strong
evidence for the dominance of vector exchange, since
the situation is complicated by the fact that the
absorption model applied to the case of pure E exchange
also predicts small values of ppp.

Although it appeared from the ZW+ mass distribu-
tion that our sample of Y*(1405) did not suffer from a
large background of nonresonant events, the decay
distribution indicated that the background was im-

portant, and precluded any attempt a.t a direct spin-
parity determination.

Finally, an enhancement was observed at 1645 MeV
in the Z+m+ systems, which was difficult to explain in.

terms of the decay of the neutral F*(1660).
A summary of the cross sections, decay modes, and

production angular distributions of some of the two-
body reactions observed in this experiment is provided
in Table IV. Our data, and that of Ref. 3 show the usual
decrease in cross section for producing baryons of
decreasing strangeness in two-body reactions. The cross
sections in the more favorable cases are about 500, 100,
and 10pb for baryons of strangeness 0, —1, and —2,
respectively.

Events containing A's or Z's were weighted to allow
for the fact that some of the hyperons would be lost be-
cause they decayed too near to the production vertex
to be clearly identified, or because they decayed outside
the visible volume of the bubble chamber, or, in the
case of Z's, because the decay angle was too small. The
corrections for A.'s and for Z's were made by slightly
different methods, and are considered separately below.

1. Events Containing A.'s

For each event involving a A., the potential path I
available within the scanning region for a A. of the
observed direction and coming from the observed pro-
duction vertex was calculated. A correction was then
applied to allow for the fact that A.'s could decay after
distance I., and hence be lost or rejected. Furthermore,
events with a A path length 5 less than 0.5 cm were re-
jected; this effect was more important for slow A.'s.

To compensate for these missing A' s, each observed
event was weighted by a factor 8', where

1/lY —e b/x e I—/i-
where X is the mean-decay length. The average values
of this weighting factor for all A's was 1.16.

2. Events Containing X+

A slightly different approach was used for Z's. The
weighting factor for each event was calculated only as a
function of the momentum of the Z, being already aver-
aged over all the other relevant variables. This method
was used in this case to avoid the danger of the weighting
factors for particular events becoming excessively large.
(The average correction to be applied to Z even, ts was
considerably larger than that for events with A' s; see
below. ) The weighting factor was corrected for three
different sources of loss.

i. Short Decays

A plot of the number of Z's observed as a function
of decay distance x, weighted by the usual factor
exp(x//X(p)), was consistent with all events with x
greater than 0.4 cm being seen, while essentially no.
events had x smaller than 0.2 cm. It was thus assumed
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event the decay angle 8 and the azimuthal angle P,
defined as being the angle between the horizontal which
is perpendicular to the sigma direction and the normal
to the decay plane, i.e.,

(zx") (zxs)
cosQ=

1~x+I lixsl
'

and
cose= Z'x')

where Z, fr, and. 9 are unit vectors along the Z, charged
decay particle, and vertical directions, respectively, in
the laboratory. Then the distribution in @ should be
isotropic.

A plot of the number of events as a function of g for
given intervals of 8 indicated that events with small
values of 8 were being lost in the unfavorable (small) @
region, whereas for 0 greater than 30', the loss was
negligible. In this way an eKciency for observing small

$ events was estimated empirically for several values
of 0, and was found to be consisted, t with the assump-
tions that events were observed only if the decay angle
as seen by at least one of the cameras was greater than
4' Lsee Fig. 22(b)j. The efficiency of detecting small-
angle decays was then calculated as a function of Z
momentum assuming that 4' was the minimum observa-
ble decay angle. This efliciency ED is plotted in Fig.
22(c) for the proton and for the charged. pion-d. ecay
modes.

A check on this calculation was obtained by observing
that the experimental ratio

Z =
l
Z+ ~ plr'j/LZ+ ~ B7r+)

agreed well with the ratio of the detection efBciencies of
the proton and charged pion-decay modes LFig. 22(d)$.
The over-all eSciency for detecting the decay of
charged Z's is then simply the product X,XLX~, and is
shown in Fig. 22(e). Each event was then weighted by
the relevant weighting factor W(p), where

1/W= E,it/gglln.

APPEN'DIX B:PURITY OF SAMPLES

1. Events Involving X+

On the subsample of film, a careful investigation was
made of the various sources of contamination in the
events E p ~Z++pion(s). There are three main types
of contamination.

(i). Kinematic ambiguities between reactions of the
type E p-+ one strange particle + nonstrange par-
ticle(s). The following hypotheses were used for 2-prong
Z events. E ~ZW+

zW+~o,
Z p,
E pH,
E—e~+.

Tmxx V. Ambiguities for Z final states. The second column
refers to events which were consistent kinematically and from the
point of view of ionization with only one of the 7 hypotheses listed
in (i) of Appendix A.2. Events which also gave a fit to Z ms+ or
to E nm+x ~+ are listed in column 4; almost all of these are Z
events, and so should be added to the number listed in column 2.
Other ambiguities are listed in column 3.The estimated contami-
nation from events with more than one missing neutral, appears
under column 5, while the total number of events with two or
more strange particles which could fit the different hypotheses is
given in the last column.

Final
state

Z+~-
& m+

Z+m m'

z-~+~0
z+~+~-~-
Z-~-~+~+

Unique

55

134
90

69

Amb 1 Amb 2

0 0

0 0
3 19
1 0
0 0

15%%uo

11%

&~2 st.
parts

&24
~0

&10

For 4-prong Z's, the list was as above, but with a m+x

pair added to each final state.
After the ionization of the tracks had been examined,

for consistency with the 6tted hypotheses, 87%%ug of the
events gave a unique Gt, the main ambiguity remaining
being between the 6nal states E ex+ and Z x+x, the
number of these events is listed in Table V in the
column "Amb 2." An examination of the lifetime dis-
tribution of the negative decaying tracks showed that
at most 3 or 4 of these 20 events could be kaons, and
they were consistent with being all Z, so the number
of unambiguous fits should be increased accordingly.
The remaining ambiguities are included in the column
"Amb 1."

(ii). Events with two missing s"s can sometimes
fit the corresponding hypotheses with one missing x'.
The importance of this eGect was estimated by using
events from the final states Z+m+x+m as fake Z+x+x~x'
events. "These were then fitted in the same way as the
2-prong Z events. Then if we assume that the cross
sections

and
o (Z+s.—s's') =o (Z+x—s+s.—),
~(Z-~+~'~') =~(Z-~+~+~-),

the estimated contamination of the Z+x+m' final states"
are as shown in the "2m'" column of Table V.

(iii). Finally, there is the contamination arising from
the final states containing two or more strange par-

29 For 4-prong Z events the contamination from two missing
m. 's is not important, since the ratio of 6-prong to 4-prong Z's
found in this experiment is small (~3%).

'OThe most serious bias that can be introduced by 2+m moor

events fitting the hypothesis Z+s. s' is that the (incorrect) fitted
Z+~ mass may not be very different from the true 5+~0& mass.
Thus a three-body decay mode of the y's(M60) could cause a
spurious peak in the Z+~ mass spectrum at around 1660 MeV. In
fact this possibility is remote, since the F'*(1660)—+ Z~m decay is
believed to take place via the channel F+(1405)x, and hence the
reaction

E p~ Fs+(1660)~--
cannot populate the Z+~ m. ~ final state.
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ticles,"produced either by pions or kaons in the beam,
where only the Z+ of is observed to decay. These
then have the same topology as the "2++pious" final
states. The total number of these events was estimated
from the number of 6ts obtained for these rarer final
states in the topologies where more than one decay was
observed; a suitable correction was applied to allow for
the relevant decay modes of the various strange par-
ticles. These numbers are shown in the last column of
Table V. Of course, it is to be expected that only a small
fraction of these will actually 6t the hypotheses of
interest, especially when there are no missing neutral
particles at the production vertex.

It may also be mentioned that, except for the final
state Z x+ in which there are too few events to make a
meaningful comparison, the observed X2 distributions
for the unique events of the dBerent hypotheses are
consistent with the expected distributions for the
relevant number of constraints.

2. Events Inv01ving A.' and X'

A total of 457 events with two charged pions and a
visible A decay had kinematic fits to the E p ~ A. n+n

and E p —&Z'vr+m hypotheses; about 40% of the
events had fits with greater than 5 j~ probability to
both of the hypotheses. A small percentage of the events
also fitted the E p~ Am+~ m hypotheses. It was not
possible from a study of the X.' alone to decide on selec-
tion criteria which would provide fairly pure samples of
events in either of the channels.

~~The relevant final states for the 2-prong Z's are E+,
-E+~~, —E0~+, Z+E-E0 Z E+E produced in E p reactions;

and Z E0m+, Z+E'm, E+E0 produced in m p reactions. For
4-prong Z's, the only important final states are ™E+mm-+,

E+7f m+m' and E'm+m. +~ . Unfortunately, the cross section
for the reaction E p -+ 0, E+E' is not large enough for it to be
considered as a serious source of contamination.

To get a better idea of the nature of these events, the
measured track variables were used to calculate the
square of the over-all missing mass and the missing
momentum, as well as the errors on these quantities.
Events were selected as candidates for the A'x+m and
Z'm+x hypotheses if the missing mass squared was
within 0.01 (GeV/c~)' of zero, the missing momentum
within 200 MeV/c of zero, and if the error on the missing
mass squared was less than 0.01 (GeV/c')'. Any Z'
events giving rise to photons with momenta greater than
200 MeV/c were not resolvable from the low-momentum
m' background (caused by the A~+m x' events) because
of the large missing-mass errors. However, the shape of
the missing-momentum distribution indicated that the
number of such Z' events was less than 10%.

For each of the events in the sample, the mass of the
system recoiling against the x+m pair was computed. A
plot of this quantity for the 231 events with missing
momentum less than 40 MeV/c exhibited a symmetric
peak centered at 1.115 GeV/c'. The corresponding plot
for the 143 events with missing momentum greater
than 70 MeV/c showed a slightly asymmetric peak
centered at about 1.2 GeV/c'. The 51 events with
missing momenta between 40 and 70 MeV/c were found
to be extremely ambiguous between Z'x+m and A.'m+x,
i.e., most of the events had fitted both hypotheses with
fairly high probabilities. These events have been ex-
cluded from the effective-mass distributions presented
in this paper. This method of selection produces no
signi6cant bias in the A'x+x channel, but does tend to
remove preferentially the Z'm+x events involving Z"s
which are highly energetic in the laboratory frame of
reference.

A detailed investigation of the pion contamination in
the beam led to the conclusion that no significant bias
could be introduced by pion-induced strange-particle
events.


