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We solve the quadratic equation for n for different
values of the ratio E(Z7r/her). The two solutions are
plotted as a function of R(Zs/As) in Fig. 9(a). The
solutions a,re (i) 0&n&0.18 and (ii) —0.31&n&0.
LNote that the experimental value of R(Zs-/As-) =0.1
&0.1.j For each of the allowed values of o. we calcula. te
the predicted value of o (EN) and compare it with the
experimental result 3&o (X1V)&7.6. This is shown

graphically in Fig. 9(b). Only the solution where n is
negative is allowed and n must be within the limits
—0.31&a&—0.1. This result is consistent with pre-
diction based on the analysis of Kernan and Smart"

' Anne Kernan and W. M. Smart, Lawrence Radiation Labo-
ratory Repor t No. UCRL-17009 (unpublished); Phys. Rev.
Letters 1?, 832 (1966).

of the relative phases of resonant amplitudes in the
reaction E e —+ A~ from 1650 to 1900 MeV.
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Polarization and Angular Distributions of x' from
~-p ~ K'x' near 1.3 BeV/c*
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Production of Z'+E' by 7r 's incident on liquid hydrogen has been studied in the 7r momentum region
from 1200 to 1400 MeV/c. By means of spark chambers, the 5 production angular distribution and polari-
zation have been measured at four incident 7r momenta. Significant polarization, aAI'q ———0.71»»,
exists in the backward hemisphere of Z production in the 7t. momentum region from 1300 to 1350 MeV/c.

I. INTRODUCTION

E detected associated production of 2"s by w-

mesons incident on liquid hydrogen, recording
the spark. -chamber events photographically. Charged
secondaries arising from the production and decay
sequences

~++~

~ +p —+Ks+Zs

As+7

p+n. ,

conversion in Pb

were detected in semicylindrical spark chambers.

Topologically the events appear as two vees plus a
p-ray conversion pair. The primary goal of the experi-

*This work was done under the auspices of the U. S. Atomic
Energy Commission.

f Present address: Aerospace Corporation, San Bernardino,
California.

f Present address: University of Washington, Seattle, Washing-
ton.

$ Present address: Pan American World Airways, Patrick Air
Force Base, Florida.

ment was to look for a region of large Z' polarization,
because with polarized Z"s the ZA relative parity can
be measured by a method' —' independent of those used
heretofore. ' ' The polarization of the decay lambdas
from Zs ~ h.'+Dalitz pair, is correlated with the
orientation of the plane of the Dalitz pair in a way that
depends on the Z' relative parity. Measurement of the
Z' parity using this technique does not depend in any
essential way upon other results, as do other methods
that have been used. ~'

II. EXPERIMENTAL APPARATUS

The incident m= beam, with momentum in the range
1200 to 1400 Mev/c, was produced from a»nternal
target at the Bevatron. A conventional beam-transport

1 J. Sucher and G. A. Snow, Nuovo Cimento 18, 195 (1960).
~ N. Byers and H. Burkhardt, Phys. Rev. 121, 281 (1961).
g B.N. Valuev and B.V. Geshenbein, Zh. Kksperim. i Teor. Fiz.

39, 1046 (1960) LEnglish transL: Soviet Phys. —JETP 12, 'l28
(1961)j.

4 R. H. Dalitz and B.W. Downs, Phys. Rev. 111,967 (1958).
5 J. Leitner, L. Gray, K. Harth, S. Lichtman, and J. Westgard,

Phys. Rev. Letters 7, 264 (1961).
6 H. Courant et al. , Phys. Rev. Letters 10, 409 (1963); C. Alff,

N. Gelfand V. Nauenberg M. Nussbaum J. Schultz and
J. Steinberger, Phys. Rev. 137, B1105 (1965).
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sections of hyperbolas. Most tracks, however, appeared
nearly straight, and were reconstructed by using the
tangents at both ends of each track image.

There was sufficient information to do an over-all iC
fit. However, to minimize programming problems a
simplified procedure, adequate to eliminate background,
was adopted. Each measured event was cheeked for
consistency and for rough kinematical Qt. The approxi-
mately 710 events surviving these preliminary checks
were subjected to a X' test. The chosen X.' function was
based on a simple fitting procedure which iteratively
adjusted the angles of the four tracks from the A.' and
E'decays. Because the momentum and position of the
incident pion were accurately measured and because the
kinematical 6t is insensitive to the 7-ray parameters,
these tracks were not adjusted in the fitting procedure.
The X' function used was

Fro. 2. Schematic diagram of counters and spark chambers, with
a photograph of an event superimposed.

tions was observed. ) Symmetry between the two
possible images of some sparks in the stereo view

provided a good test for systematic errors. None were
observed. Large-scale optical distortions (e.g., those
distortions caused by the field lenses) were corrected
using the accurately located 6ducials recorded on each
frame.

III. DATA REDUCTION AND ANALYSIS

From 1,2 million photographs, 304 unambiguous
Z'Eo events vrere obtained. The A' and K' decay vertices
were not usually in the visible region of the chambers,
so it was most practical to measure every event with
four charged secondaries and an apparent conversion

pair, unless the four tracks formed a star or a kinemat-
ically impossible configuration. Hence an event vras

measured if it had four tracks kinematically consistent
vrith production of a neutral pair at a point in the
hydrogen target, plus gamma conversion electrons
emerging from a point in the lead. The only events
excepted vrere stars; the scanner rejected these if exten-
sions of all four secondary tracks and the beam pion
track. passed through a S-in.-diam circle. This procedure
prevented loss of events from judgment errors in
scanning.

The scAMp digitized measuring projectors with mag-
netic-tape storage vrere used for the him measurements,

It should be noted that in this cylindrical geometry
the straight particle tracks do not in general appear
straight in the stereo view, where the sparks are seen
af ter tangential reQections. The track images are

where C,o and 8,0 are, respectively, the measured
azimuth and dip angles of the ith track, (1~& i&~4), 4,
and 8, are the adjusted angles, and the angular un-
certainties p; and 0-; were estimated as functions of
plate-to-track angles in dip and azimuth from measured
values of spark scatter and width; other errors were
assumed to be negligible by comparison. For example,
0-; varies from 2.2' in dip angle at zero dip angle to 4.8'
at a 45' dip angle; and p; is 2.2' in azimuth for a radial
track. and 3.3' for a track at 45' to a radius. These
examples apply to tracks seen only in the inner four-gap
chamber; errors were smaller for tracks seen in both
chambers.

The distribution in X' obtained for all events was as
expected except that it included an excess of events
with relatively large values for X'. Efforts to associate
X' dependence with particular track geometry or other
variables were unsuccessful, with one exception. It was
found that large X' was often correlated vrith events in
which the scattering angle in the lead predicted for at
least one secondary was larger than the assumed
measuring error. When events with a predicted scatter-
ing angle (based on a f'it or near fit) larger than the
measurement error were remeasured using the inner
(unscattered) portion of the track only, the X' distribu-
tion improved somewhat.

Approximately I/7 of the measured events were
acceptable for the Z' polarization analysis. Of the
events that failed to pass as Z~Eo, approximately half
were judged to have gross qualitative defects that made
questionable their original selection by scanners. The
rest were attributed mainly to stars vrith single second-
ary scatterings and to events with multiple-beam tracks.

To avoid various scanning and triggering biases for
the differential cross-section analysis, a geometrical
cutoff was imposed. About 53 of the sample for the
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polarization measurement survived the cutoff and were
used for the differential cross-section analysis. The
detection efficiency of the system, which was partic-
ularly low for forward Z production, was evaluated
with a Monte Carlo computer program as a function
of hyperon center-of-mass (c.m.) production angle and
pion-beam momentum; the results were used to correct
the observed angular distributions to obtain the angular
distributions presented here.

In the method used, a Z'E' event for a particular Z
production angle was generated, based on random
number selection of the Z' production point in the
target, Z'E' production plane orientation, and A' and
E path lengths, decay azimuths, and polar angles.
With all the tracks thus determined in space, the
geometry of the chambers and counters determined
whether the event would have been detected. The
Monte-Carlo-generated events that satisfied the detec-
tion geometry were analyzed by the fitting program to
determine X2 values for every possible assignment of
track labels. Ambiguities are possible in the 2' and A.'
decay angles, as well as in particle identification,
particularly because there is no indication of the charge
or momentum of individual particles. Unambiguous
cases only (i.e., unambiguous within our resolution)
were included in the final samples of both Monte Carlo
and real events. The only oversimplifications made in
this analysis are (a) errors in track measurement were
neglected in the Monte Carlo events before analysis
by the fittrng program, and (b) in the analysis of the
angular distributions the Z"s were assumed to be
unpolarized. This latter assumption could not alter
significantly the angular distributions because of the
symmetry of the experimental apparatus and the
insensitivity of our detection efficiency to the
polarization.

Background was studied with the Monte Carlo
program for various types of events that could simulate
2'X'. Events generated in this way were tested for
Z E fit. In this manner the probability that A.'E'z'
could simulate Z'E' was found to be 20%. Hence
A'E'~' background was judged not to be troublesome
because (a) the A"s are not likely to be polarized in a
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FIG. 4. Differential cross section for m +p~Z'+E'. The solid
curves represent cosine power-series fits from Table I.

way that would distort the apparent Z' polarization, and
(b) the AoÃ'Tr' cross section is low ( 0.01 mb at these
energies). We estimate that there was less than 1%
A E'~' contamination.

Production of A."IC' plus an accidental p ray could
simulate Z'E'. Such background would be particularly
troublesome because the A' polarization could distort
the apparent Z' polarization. The measurement of
single-beam tracks at high intensity showed less than
1% of these events with tracks resembling y-ray
conversions. The Monte Carlo analysis shows that the
probability that AoIP7 simulated Z'K' is 15%; hence
contamination from such events should be &0.15%.

COntaminatiOn by PTr Tr+Tr Tr' and PTr Tr+Tr y Were
estimated to be insignificant because of the small
production cross sections involved.

The selected events were tested for anomalies that
would indicate biases or scanning inconsistencies. The
spatial distribution of all measured particle tracks was
inspected for irregularities and was compared with a
Monte Carlo calculation of the expected distribution.
The intersections of all measured tracks with the
counter array were calculated; analysis showed that
there were no biases from counter inefficiencies. The A
angular distribution in the Z' c.m. system was found to
be isotropic as expected. The observed pion angular
distribution in the E' c.m. system for the experimental
sample agreed well with that predicted from the
corresponding Monte Carlo sample. The distribution of
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TABLE L CoeKcients of cosine power-series fits for x +p ~ Z +If .

Mornen-
tum

(MeV/c)
refer-
ence

1129 1170
Binford' Andersonb

1235
Binforda

1277
Binforda

1275
This expt.

1325
This expt.

1326
Binford"

1365 1605
This expt. Schwartz'

Ap

Ag
A3
A4
A5

No. of 738
events

Normal- 262 +15
ization

(p,b)

257 50168322 315

225~ 225~228a 209 &25248 264 &25 229 +20

13.2+1.4 12.8+1.5 14.2~2.2 13.3+1.8 17.7+5.7 13.4+3.0 12.6+2,2 15.5+3.6
0.72&2.0 3.8&2.2 17.7a6.1 24.1&5.8 8.1&15.9 23.3&9.7 19.0&7.3 19.9&11.8

22.8 &4.1 20.8~4.3 20.4~6.6 14.8~4.8 1.4&23.9 13.4&11.6 12.1&5.9 7.0~ 11.8—32.2~9.5 —42.2~9.5 —24.2~37.1 —33.5&19.2 —34.8~12.0 —36.8~22.8

4.4+1.2
0.7a6.3

12 &11
49 ~29
6 ~15—77 ~29
117

121

' Reference 10.
b Reference 11.
& Reference 12.
d Not a measured cross section.

Ps= —(Ps k)k (3)

where P~ is the Z' polarization and k is the direction of
the decay y ray in the Z' c.m. system. The A.'-decay
angular distribution is given by

the beam-interaction points in the target was also as
expected. Aside from a failure of the scanners to detect
large scatterings in the lead, as noted above, the only
scanning bias found was against events with a decay in
the spark chambers. This bias was found and corrected
by eliminating the events that decay in the chambers
from both Monte Carlo and real events.

The polarization analysis used a maximum-likelihood
function based on A' decay as an analyzer. In particular,
the A polarization is

IV. RESULTS

A. Total Cross Section

The distribution in pion-beam momentum of all
events is shown in Fig. 3. The average production cross
section for these events is 220&20 pb, in excellent
agreement with Binford's values of 264&25, 229+20,
and 209&25 pb at p =1235, 1277, and 1326 MeV/c,
respectively. "For our data it was impossible to measure
the energy dependence of the production cross section,
because the momentum distribution of our incident
beam was not well known.

B. Angular Distribution

Our angular distributions, along with those of other
experimenters, " " are shown in Fig. 4. The smooth

I(8) =-,'(1+nqPq cosg),
20-b a

IO

b cb cbc
T f Tj jj

where 0 is the angle in the A.' c.m. system between the
direction of A.' polarization and the momentum of
the decay pion; the experimental value'' of nz is
—0.62&0.05.

The likelihood function used was

A

where i denotes the ith event, k; is the p-ray momentum
from Eq. (3), g, is the direction of Pq, k is the momen-
tum of the decay pion, and the outer subscripts refer
to the appropriate rest system for computing each
kinematic factor. Errors associated with values of
n&P& found in this way were taken to be the half-widths
of the likelihood functions at e "' of the maximum
heights.

'E. F. Beall, Bruce Cork, D. Keefe, P. G. Murphy, and W. A.
Wenzel, Phys. Rev. Letters 7, 285 (1961).' J.W. Cronin and O. E.Overseth, Phys. Rev. 129, 1795 (1963).
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"Thomas O. Binford, Ph.D. thesis, University of Wisconsin,
1965 (unpublished)."Jared A. Anderson, Ph.D. thesis, Lawrence Radiation
Laboratory Report No. UCRL-10838, 1963 (unpublished).

'2 Joseph A. Schwartz, Ph.D. thesis, Lawrence Radiation
Laboratory Report No. UCRL-11360, 1964 (unpublished).
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FIG. 6. Z polarization in the
form aqI'q versus Z' c.m. pro-
duction angle for the m=beam
momentum intervals shown.

curves represent cosine power-series Qts. Although
satisfactory fits with lower order were obtained in some
cases, the third-order 6ts are shown because these were
always satisfactory and never worse than the lower
order Qts, and because it is thereby possible to compare
our data with Binford's at 1225 MeV/c and above,
where third order was required. For purposes of
comparison, our angular distributions have been
normalized to 228 pb at 1275 MeV/c and to 225 pb at
1325 and 1365 MeV/c. "Table I lists the cosine-series
coefEcients as functions of beam momentum (see Fig. 5).

C. Polarization

I.O.

H

- l.O .
2Qp

- 2.0
I 200 l 300

P (MeV/c)
I%00

FIG. 7. agI'g for the forward Z production hemisphere minus
cxgEy for the backward hemisphere as a function of pion beam
momentum.

'3We gratefully acknowledge receipt of these prepublication
values from T. Q. Binford.

Figure 6 shows the Z' polarization as a function of the
c.m. production angle of the Z' with the events divided
into four momentum bins and two production-angle
bins. We note that the Z polarization averaged over
all events is very small. Statistically signi6cant polariza-

2.0

tion is seen, however, in the backward hemisphere of
Z' production at 1325 MeV/c; the value obtained is
n&I'z= —0.71 0.»+ ".The errors are statistical only.

D. Discussion

The existence in the distribution at 1225 MeV/c of
large cos'0 terms that are not present at 1170 MeV/c
has been attributed by Binford' to interference of s&~2

and f7~2 amplitudes. The f7~2 amplitude is assumed to be
large because of the 1920-MeV Sr~2* (T=-,') resonance,
which is centered at 1480 MeV/c in m. momentum and
has a half-width of 200 Mev/c. With a partial-wave
analysis using s, p, and d waves only, Carayannopoulous
et al. And a similar change in the odd-cosine series
coeKcients between 1111 and 1206 MeV/c in ~++p ~
Z++E+ (pure T= 2)."This seems to support Binford's
interpretation. The angular distributions found io the
present experiment also support Binford's interpreta-
tion, because the odd-cosine-series coefFicients continue
to dominate up to 1376 MeV/c. We note, however, that
the Z' polarization seems to change rapidly in the
1200—1400 MeV/c region. Figure 7 shows the forward-
backward asymmetry (the difference between Pz
averaged over the forward hemisphere and P~ averaged
over the backward hemisphere). Although the data are
not statistically compelling, this function appears to
vary greatly with energy. Because the polarization is
not likely to vary rapidly with energy if the angular
distribution is dominated by a single interference term
involving a broad resonance, the data suggest that the
interaction may be more complicated than simple
s~~~ f7~2 interference. -

'4 N. L. Carayannopoulous, G. W. Tautfest, and R. B.Willman,
Phys. Rev. 138, 3433 (1965).


