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at 1.5 and 1.8 BeVjet'
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The polarization of the Z' particles produced in the reaction m +p -+ E'+Z' has been measured at 1.5
and 1.8 BeV/c, using a spark-chamber magnet system. The product as(os') was found to be -0.47+0.33,
+0.51&0.27, and +0.82&0.44, respectively, in X0 c.m. angular intervals centered at cos8*=0.8, —014, and
0.0 at 1.8 BeV/c; and —0.55+0.23, —0.31&0.38, and —0.82&0.46 at the same production angles at
1.5 BeV/c. The Z production angular distributions in the backward hemisphere at both moments are also
given. Both polarization and angular distribution are found to vary rapidly with energy.

I. INTRODUCTION

I
«HK polarization of the Z' particles produced in the

reaction sr-+p~Eo+Z' has been measured
previously at several beam momenta. ' ' Anderson et al. '
measured the polarization at 1.17 BeV/c and Binford
et u/, ' measured it in the momentum range —1.1 to
1.325 BeV/c. The polarization reported by these authors
is consistent with zero within their large statistical
errors. Yoder el a/. ' measured the polarization at 1.51
BeV/c from a sample of 134 Z"s and obtained (oz')
=—0.39&0.67, which is also consistent with zero
within the uncertainty.

In this paper, we report on our measurement of the
Z polarization and production angular distributions at
1.5 and 1.8 BeV/c. The measurement was obtained
from pictures taken by an Argonne group at the CERN
proton synchrotron in a magnetic spark chamber sys-
tem with a j..4& j..5)&8.0-cm CH2 target. "
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The experimental setup used in this experiment has
been discussed in detail elsewhere. 4' A diagram of the
arrangement of spark chambers is shown in Fig. i. The
runs at 1.5 and 1.8 BeV/c were taken initially for the
purpose of studying neutral meson decays into gamma
rays. ' Consequently, more lead was used than in the
runs at lower energies, with a resulting decrease in

momentum accuracy.
Roughly 50000 pictures were taken at each mo-

mentum. Of these, about 2500 (at each momentum)
showed two or more neutral V's. Of this set, pictures
were rejected at the scanning table if there were no
beam tracks that could be uniquely interpreted as
source of production. The scanners were instructed to
classify these V's as E' A,o or p-conversion pair
through track ionization and the opening angle of the I/.

The accepted events were measured on an image-

plane digitizer and then were processed through a
series of data analysis programs, GEOM-GRINo-REsoNA. 4

oEOM performs the space reconstruction of the meas-
ured tracks and through a helix (or straight line) fit

to the tracks, 6nds their momentum vector (or direc-

tion cosines) and the decay vertex. ozoM is coupled via

magnetic tapes to GRIN@. mrND tests the V's for the

hypotheses Ko-+ sr++sr and Ao —v p+sr . If both V's

can be Gt ted with a x' probability greater than 1 jo, then

it further tests the event for the following multivertex

hypotheses:
sr +p~E'+A' (1)

-+ Xo+Zo (2)
—+ Ip+E.o+n (3)
-+ Ze+h. '+sro, (4)

6 G. R. Burleson, T. F. Hoang, P. I.P. Kalmus, L. Q. Niemela
A. Roberts, T. A. Romanowski, and S. D. %'arshaw, Bull. Am.
Phys. Soc. 9, (1N4).
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MAGNETIC FIELD PERPENDICULAR
TO THK PLANK OF PAPKR.

FIG. i. Schematic diagram showing the
spark-chamber arrangement. The whole
assembly was in a"magnetic field of i3.".'ko.
The J and H hodoscopes each included 8
scintillation counters. A typical trigger
requirement, in addition to an incoming
meson and no outgoing charged particles,
was any 3 J counters and any 2 H
counters triggered in coincidence.
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TAaLz I. Number of observed events.

Beam I'
(BeV/c)

i.5
1.8

Total

24i
176

4i7

283
234

487

i54
259

~ ~ ~

20

J.A. Schwarz, University of Canfornia Radiation Laboratory
Report No. UCRL-11360, 1964 (unpublished).

vrhere the target proton is assumed to be at rest. Table
I gives the number of events accepted for each of the
production reactions listed above. The number of
events in reaction (3) is too small to yield any signi6cant
data. The number of events in reaction (1) is small com-
pared to that obtained by Schwartz~ and they furnish
no new information. The results obtained on reaction

(4) are being reported elsewhere and this paper deals
only with reaction (2).

In the multivertex 6ts, the beam momentum was
assigned to the incident x track, but its direction
cosines were those which were measured in each event.
An event was required to pass one of the above mass
assignments with a y probability greater than 1% in
order to be accepted as a "good" event. A "good" event
was further rejected if it failed to meet any of the follow-

ing conditions:

(1)The decay points must lie inside the 6ducial volume
de6ned by a semicylinder whose Rat side surface was
de6ned by the anticoincidence (A.C.) counter (see
Fig. 1), whose height was tw1ce that of tlM targets Rnd

whose radius was j.4.3 cm.
(2) The production point computed from the 6tted

E' and A.' movements must lie inside thy target.
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(3) An event must not satisfy more than one multi-
vertex hypothesis with a x~ probability ratio less than 3.

As a check of the GRIND Z' routine, events classi6ed
as z"s by GRIND from data only on E' and A. decays
were rescanned for the Z' decay p conversion pair. In
about 10% of the Z"s, a y conversion pair whose direc-
tion was in fair agreement with that predicted by
GRIND was found. The observed pair-conversion ef5-
ciency is in agreement with an estimate made from a
Monte Carlo computation. A photograph of a E'Z'
production event in which the y-conversion pair is ob-
served is shown in Fig. 2. Table II lists the number of
Z"s accepted at various Z' production angles in the
s. P c.m. system.

III. EXPERIMENTAL ERRORS AND BIASES

Figure 3 shows the square of E' invariant mass com-

puted from the measured pion momenta for a sample of
the 1.8 BeV/c data. A similar resolution was also ob-
tained at 1.5 BeV/c. Much of the error is attributable
to scattering from the lead plates in the system (see
Fig. 1.).

The various systematic biases inherent in our detec-
tion system have been described in detail elsewhere4'
and we present here only brieQy some pertinent data on
the performance of the spark-chamber —magnet system
in the arrangement used.

The requirement that both E' and A.' be observed in

the 6duciaI volume of our system introduces certain
kinematic cutoffs in the Z' production angular distribu-
tion (see Table II). The type of bias most important in

polarization measurements is a false up-down asym-
metry in the detection system with respect to any
arbitrary production plane and to verify the absence of
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Fzo. 4. The maximum likeHhood function for the up-down asym-
metry of ~ from the decay of IP's produced in the reaction
x +p-+E'+Z' with respect to the production plane. In the
absence of any intrinsic detection asymmetry, this should peak at
zero.

any signi6cant intrinsic asymmetry in our systexn, the
up-down asymmetry of the x- from E' decay with

respect to the E' production plane was measured, and
no significant asynunetry was detected (see Fig. 4).

The fraction of Z 's made from protons in the carbon
content of our CH~ target was estimated to be about
25%. This figure is based on our comparative study of
E Z pairs produced in CH~ and in carbon at 1.j.7
BeV/c. The background Ze's are mostly made from

TABLE II. Number of accepted Z"s at various
c.m. production angles.

N
O

I-z
IJI

IJI

0IJ. 20 ~

IJI
rQ
X
z

0 I

.IQ
I I I I I I I I I t I I I I

.20 2 P .30 .40
M Ko (BeV )

Cogggo

—0.9—0.7—0.5
0.3—0.1
O.i
0.3
0.5
0.7
Total

75
26
48

25
12

2.5
2.5
2.0
2.2
2.2
2.3
2.8

234

1.8 BeV/c
Observed Weight'

1.5 BeV/c
Observed

86
45
35
29
20
13

12
5

253

Weight»

2.4
2.46
2.42
2.2
2.6
2.8
2.96
40

15.6

Fn. 3. Distribution of 2P invariant mass squared computed
from measured ~ momenta. The distribution indicates that our
E' mass resolution is about 6 j& and that there is no signiGcant
systematic error in our momentum determination.

a The freight is taken to be the inverse of the Xoh.o pair-detection ef-
ficiency computed from our fiducial-volume requirement. The Ao mean
lifetime was taken to be 2.5 )(10 1o sec and the Zp mean lifetime 0.9 X10 '4

sec,
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Fro. S. Angular distribution of Ao

from Zo decay in the Zo rest frame.
The slight anisotropy is apparently
due to the E'A' contamination.
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Fro. 6. Center of momentum pro-
duction angular distribution of Zo

at 1.5 SeV/c. The smooth curve
through our data points is a least-
square 6t to a series of the form

g Ass COS"8'.

The solid curve is the best 6t to the
data given in Ref. 6 based on 117
events in the momentum interval
1.45-1.I6 SeV/c. The broken curve
is the best Gt to the data given in
Ref. 3 based on 134 events at 1.51
BeV/e. Our data seem to show
a small hump in the backward
hemisphere.
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carbon protons, in which the average Fermi mo-
mentum is love. %e have found that the A,'s produced
from protons in carbon at 1.1/ BeV/c' have a polariza-
tion and angular distribution very similar to those made
from free protons. In the absence of data vrith a carbon
target, ere may assume, by analogy, similar behavior
for Ze's produced at 1.5 and 1.8 Beni. Hence no
attempt has been made to subtract these from our
Z' sample.

Because of the limited resolution, a number of the
events accepted as Z"s are probably X'A."s.The extent
of this background may be estimated from the num-
ber (about 15'Pz of the total Z"s accepted) of A'-Z'

ambiguous events in which the latter hypothesis has a
higher con6dence level, The ambiguity is a consequence
of the kinematics of these turbo production reactions, '
and also of the Fermi momentum of the protons in the
carbon nucleus (roughly 10'Po of these ambiguous events
show&ed y conversion pairs and thus many of these are
true E'Z' events). The Z' polarization was examined
arith the ambiguous events excluded from the sample;
no appreciable change in the polarization was observed.
In most events in vrhich A.'s simulate Z"s, they are
emitted forward vrith respect to the Z' line of Qight
(see Fig. 5) and hence have little analyzing power [see
Eq. (5)j for the Z' polarization.
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6
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curve has been arbitrarily normal-
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IV. RESULTS AND DISCUSSIONS

A. Angular Distributions

The angular distributions for the two beam momenta
are given in Figs. 6 and 7. The points given in the

figures have been corrected for the fiducial volume bias
(see Table II), due mainly to the A.C. counter surround-
ing the target. The correction factor varies slowly, and
is due to effects that can be calculated with reliability. ~

The smooth curves through our data represent the
least-squares Gts to a power series in cosgz'. In the
Qgures are also shown the existing experimental data
on the angular distributions at (or near) our beam
momenta. ''' In Fig. 6, the solid curve represents
Schwartz's data' based on 117events in the momentum
interval 1.45—1.76 BeV/c and the broken curve repre-
sents data given by Yoder et ul. ' based on 134 events
at 1.51 BeV/c. The figure gives these two curves in
ttb/sn (that is, their numerical values are the same as
given by their authors). Since we do not observe the
whole range of the production angle and since the total
cross section for the Z' production is not well known at
these momenta, the absolute differential cross section
is unknown. Our data have been normalized so that the
erst coincides with the first point of Yoder et a/. In
view of the large statistical uncertainties in these three
experiments, and of the large momentum interval of
Schwartz's data, the general shape of these three curves
can be said to be in agreement. In Fig. 7, the broken
curve represents Schwarz's data based on 119 events

8 For example, the EIO and A meari lifetimes computed from
the Bartlett's S function for a sample of 737 X'Ao pairs are
(1.05 0.06~")X10 " sec, and (2.80 014~")X10 ' sec, respec-
tively. The Bartlett's S function corrects for the fiducial volume
biases.

in the momentum interval 1.8—2.0 BeV/c; it has been
normalized to our data. The general shape of the two
distributions are very similar.

From the distributions presented in Figs. 5 and 6
and also from data given by Anderson et al. ' at 1.17
BeV/c and Schwartz~ at 2.2 BeVjc, one may conclude
that the shape of the Z' production differential cross
section varies very rapidly with beam momentum. At
1.17 BeV/c, ' the cross section is very nearly symmetric
in the forward and backward hemisphere; near 1.5
BeV/c, a sizable hump appears in the backward hemi-

sphere, which increases in magnitude and moves slowly
forward with beam momentum. The pronounced back-
ward peak appears to remain the same in intensity, but
the forward peak decreases fairly rapidly with beam
momentum.

B. X' Polarization at 1.5 and 1.8 BeV/c

The Z polarization was estimated using the maxi-
mum-likelihood function'

I.=II;t 1—nt, (a)z'(et Pg)(Pq P )], (5)

where P =unit vector along the n. momentum in the
A' rest frame, Pa= unit vector along the cV momentum
in the sr p c.m. frame, and st is the unit vector normal to
the Z' production plane, i.e., Ptr')&Pze

(
Ptre)&PzeI. In

Eq. ,'(5) ctt, is the usual h.' decay asymmetry parameter
and the appropriate momenta were translated through
the "direct" Lorentz transformation'" from the labora-

9 See, for example, R. Gatto, Phys. Rev. 109, 610 (1957);H. P.
Stapp, ibid. 103, 425 (1956).

+.Koch, in Proceedittgs of the 1964Zoster School of Physicists
(CERN, Geneva, 1964), Vol. 2, p. 78.
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tory system to the s. p c.m. system, from there to the
Z' rest frame, and finally to the h.' rest frame.

I'igure 8 shows our measurements of the Z polariza-
tion at ir beam momenta of 1.5 and 1.8 BeV/c. The Z'
polarization at 1.17 BeV/c given in Ref. 1 is also shown
for comparison.

The polarization at 1.8 BeV/c seems to have the same
general shape as the polarization at 1.17 BeV/c. ' How-
ever, the polarization at 1.5 BeV/c remains positive"
in the backward hemisphere and seems to have a
strikingly different distribution from that of the polari-
zation at 1.17 and 1.8 BeV/c.

The mean ns(o.xo) for all Z"s detected is —0.41+0.18
at 1.5 BeV/c and +0.13&0.19 at 1.8 BeV/c. Other ex-
periments give 0.08+0.16 at 1.17 BeV/c, '" and
0.24+0.42 BeV/c. ' The value at 1.51 BeV/c was ob-
tained in an angular interval very similar to that of
our data. The discrepancy is 1.5 times the combined
standard deviation, and in view of the possibility of
large systematic errors quoted, ' it should not be taken
seriously.

C. Possible Influence of N* (1924)
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The striking change of polarization between 1.5 and
1.8 BeV/c and the corresponding notable variation in
the angular distribution are both indicative of rapidly
varying phase shifts in this interval. One plausible
reason for such behavior would be the existence of a
resonance in the interaction between the anal products,
the E' and Z', " such as the A"* resonance at 1924
MeV. The quantum numbers of this resonance are
I=—,', J=-,'+.""In the x -proton system the threshold
for producing this resonance is at 1.55 BeV/c. The
resonance has been observed to decay into E+Z; in
fact, it is the only E* resonance presently known to do
so."All the observed features of the data are consistent
with such a possibility; but the data needed for quanti-
tative conhrmation of this hypothesis are not now at
hand.

"ns is negative; see, for example, J.W. Cronin and O. E. Over-
seth, Phys. Rev. 129, 1795 (1963).

"Our preliminary measurement of ns(os~) at 1.17 BeV/c based
on 69 events gives 0.02+0.47.

'i W. G. Holladay, Phys. Rev. 139, B1348 (1965).
'4A. H. Rosenfeld, A. Barbara-Galtieri, W. H. Barkas, P. L.

Bastien, J.Kirz, and M. Roos, University of California Radiation
Laboratory Report No. UCRL-8030, Part 1, 1965 (unpublished)."P. J. Duke, D. P. Jones, M. A. R. Kemp, P. G. Murphy,
J.D. Prentice, J.J.Thresher, A. H. Atkinson, C. R. Cox, and K. S.
Hand, Phys. Rev. Letters 15, 468 (1965).

FIG. 8. Angular dependence of ns(ns') at 1.5 and 1.8 BeV/c.
The data given in Ref. 1 at 1.17 BeV/c are also shorn for compari-
son. The smooth lines were drawn through points to guide eyes
only.
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