PHYSICAL REVIEW

VOLUME 138,

NUMBER 2B 26 APRIL 1965

Production of =+K+ by =+-p Interactions at 1111, 1206, and 1265 MeV /ct
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The reaction 7t+p — Zt+ K+ has been studied at incident pion momenta of 1111, 1206, and 1265 MeV /¢
in the Lawrence Radiation Laboratory 72-in. liquid-hydrogen bubble chamber. The cross section for this
process was found to be 14410 ub at 1111 MeV/c, 214=£15 ub at 1206 MeV /¢, and 278420 ub at 1265
MeV/c. The measured value of the mean lifetime of the =+ was (0.764-0.03) X 107%° sec. Decay asymmetries
gave values of P of —0.16+0.15, 0.0524-0.14, and 0.3020.14, and values of «°P of 0.50+0.13, 0.374-0.13,
and 0.68+0.12 at 1111, 1206, and 1265 MeV/c, respectively. The angular distribution of the =+ hyperons
and o®P as a function of the =+ production angle are presented at each of the three momenta, along with the
results of partial-wave analyses based on these distributions.

I. INTRODUCTION

HE purpose of this paper is to present data

obtained in a study of the reaction w*p—
Z+4+ K+ at incident laboratory momenta of the =+ of
1111, 1206, and 1265 MeV/c. At each momentum the
total cross section, the production angular distribution,
and the angular distribution of the decay pion from
each of the two decay modes Z+— p+n® and Z+—
n-+7+have been measured. In addition, a determination
of the partial-wave amplitudes has been attempted.

It is hoped that these data, when combined with those
of previous similar experiments,*~” will aid in a study
of the processes responsible for Z+K+ production. They
may also be used with data on =~ and Z° production
to test the charge-independence hypothesis.

II. EXPERIMENTAL DETAILS

The Z+K+ events were produced by a =+ beam in the
72-n. liquid-hydrogen bubble chamber. The experi-
mental beam setup has been described in Ref. 8.
Because of the 32-MeV/¢c momentum loss due to
ionization as the pions passed through the fiducial
volume, each set of data represents an average over
this momentum interval. The mean values of the
momenta at the center of the chamber were 111147,
1206410, and 126549 MeV/c. These values were
obtained from those 2+K+ events which had a K* that
stopped in the chamber.

t Supported in part by the U. S. Atomic Energy Commission.

*This work constituted part of a thesis submitted by N. L.
Carayannopoulos to the Purdue Graduate School in partial ful-
fillment of the requirements for the Ph.D. degree.
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A. Selection of Events

All stereo triads were scanned twice in two views
for ZtK*-type events. All events which occurred within
the fiducial volume, and which were produced by a
beam track that passed between the limiting marks of
a template used with view 1 were accepted for meas-
urement. For this experiment, the fiducial volume was
defined as —68 cm<y<68 cm and —17.5 cm<x<17.5
cm, where v is the dimension parallel to the beam, and
% is perpendicular to the beam and parallel to the top
glass. The template was designed so that tracks passing
within the boundaries would not leave and re-enter the
fiducial volume.

After measurement, the events were analyzed using
the PANG and KICK programs. They were considered
acceptable if the production vertex gave a x* of less
than 25 for a four-constraint fit or 18 for a three-
constraint fit, and the decay vertex gave a x? of less
than 12 for a one-constraint fit. There were two possible
classes for the production fit because p, the measured
momentum of the =, was not used whenever Ap/p was
greater than 0.50, and the constraint class was dropped
to three. Since most of the Z tracks were short, few
vertex fits were of the four-constraint type.

To ensure that the momentum interval over which
the data were taken was no larger than 50 MeV/c,
events produced by pions whose momenta were more
than two standard deviations from the mean were
discarded. To insure that the beam was well collimated,
the remaining events were used to determine the
parameters p through « in the expressions

o= p+qr+rz
and
A=s+tx+uz,

where g=azimuth of the beam track at y=—89 cm,
A=dip of the beam track at y=—89 cm, and z is the
coordinate perpendicular to x and y. The dip and
azimuth of each event were then compared with the
values computed from the above equations. Those
events having values which differed by more than 1 deg
in either ¢ or \ were discarded.
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B. Tests for Scanning Biases

A histogram of the number of events versus time of
flight as measured in the 2 rest system was made for
each of the two decay modes at each of the three
momenta. The histograms indicated that events with
short 2 tracks were missed in the scanning. Surprisingly,
this bias did not seem to depend upon the decay mode.
In order to correct for the scanning loss, a minimum
length was chosen for each momentum, and events
with 2 tracks shorter than this were discarded. The
lengths used were 0.4 cm at 1111 MeV/¢, 0.25 cm at
1206 MeV/c, and 0.25 cm at 1265 MeV/c.

In the subsequent calculations of the total cross
sections, production angular distributions, and pion-
decay distributions, each event which was retained
was weighted by a factor equal to

+exp(minM st/cpstrs)

representing the inverse of the probability for the
observation of a 2 track with length greater than lnin.
Here, M s+ is the mass of the =+ (1189.4 MeV/c2),? ¢ is
the velocity of light, ps+ is the momentum of the Z+ in
the laboratory system, and 7z+ is the mean lifetime of
the =+ (0.81X 107 sec).?

There appeared to be no scanning losses correlated
with the orientations of the production plane and decay
plane in the bubble chamber.

If parity is conserved in the strong interactions there
should be no forward-backward asymmetry in the
distribution of the decay pion in the Z* rest system.
However, such an asymmetry was found at the highest
momentum in the 2+ — p-47° decay mode. This was
attributed to a scanning loss of events in which the
proton was emitted at a small angle to the 2+ in the
laboratory system. Support for this assumption was
obtained from the observed branching ratio

Zt— p+aY/Et — ntat)=0.84.

The observed ratio is very near one at the two lower
momenta, as is predicted by the A7=% rule.

A correction for the small-angle decay loss was made
by keeping only those events with —0.70< cosy<0.97,
where ¢ is the angle between the 7° and 2+ direction in
the 2+ rest system. Each event which was retained was
weighted by the factor

2.0/(0.704-0.97)=1.20

in the calculation of the total cross section and pro-
duction angular distribution.

III. EXPERIMENTAL RESULTS
A. =+ Mean Lifetime

The maximum-likelihood method was used to obtain
73+, the mean lifetime of the Z*. For events with =

*W. H. Barkas and A. H. Rosenfeld, UCRL-8030, 1963
(unpublished).
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tracks longer than a minimum length /y;, and with a
potential time of flight large compared to 7s¢, this
method reduced to the following equation:

N
2 =[5 (tm Matlnin/ pY/N

Here 7; is the observed lifetime for the ith decay, p; is
the momentum of the 2+, and N is the total number of
decays. Results are presented in Table I. The value
obtained from a combination of these data is
(0.764-0.03) X 1071 sec.

TasLE I. =+ lifetimes for the decay modes =+ — 7%+ at
three incident momenta.

Incident momentum Decay mode N 7 (10719 sec)
1111 T —attn 127 0.8140.07

I > al4p 132 0.7940.07

1206 Z—at+n 173 0.760.06

2= a0tp 167 0.734-0.06

1265 ZTort4n 161 0.7240.06
Z—x'+p 135 0.784-0.08

Combined data 0.764-0.03

B. Cross Sections

The total =t path length scanned was obtained from
a count of the number of tracks which passed through
the limiting marks on a template, as described in II.
The fraction of these tracks which satisfied the criteria
on p, A\, and ¢ was obtained from measurement of a
sample of noninteracting beam tracks.

The proton contamination in the beam was obtained
from measurements of two-prong events at 1111 and
1265 MeV/c. The number of entering protons was
calculated from the number of proton-proton elastic
scatterings which had a c.m. angle of the proton greater
than 30°. At smaller angles elastic (p,p) events could
not be separated from elastic (7+,p) events. The elastic
(p,p) cross sections and angular distributions were
extrapolated to 1111 and 1265 MeV/c¢ from the data
in Ref. 10. At both of these momenta a value of
o (P, P)eastio= 2542 mb was used. At these two momenta
the proton contamination was found to be less than
0.05%, and has been neglected in the calculations of
the Z+K+ cross section. The proton contamination was
not measured at 1206 MeV/c.

Leptonic contamination in the beam at 1111 and
1265 MeV/c was calculated from the number of beam
tracks which produced high-energy 6 rays. If p, is the
upper limit of the é-ray spectrum from pions of mo-
mentum p;, and if p, is the upper limit of the é-ray
spectrum from muons of momentum p;, § rays with
momenta greater than p, must be produced by posi-

0T,. W. Smith, A. W. McReynolds, and G. Snow, Phys. Rev.
97, 1186 (1955).
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trons. 6 rays with momenta between p; and p, can be
produced by either positrons or muons. The cross
sections for é-ray production, integrated over the
appropriate momentum intervals, are given in Table
IL.2 Events in which a high-energy 6 ray was produced

TaBLE II. Cross sections used to determine the leptonic con-
tamination. p; is the incident momentum; p; is the upper limit
of the 8-ray spectrum from pions; 2 is the upper limit of the é-ray
spectrum from muons; o is the cross section for production of a
8 ray with momentum greater than #; by a muon; o1 is the cross
section for production of a § ray with momentum between p; and
p2 by a positron; o4 is the cross section for production of a & ray
with momentum greater than p, by a positron.

i 2 b2 o1 12 o2
MeV/c) (MeV/c) (MeV/e) (mb) (mb) (mb)
1111 61.1 102.6 0.373 1.55 1.55
1265 78.7 131.3 0.277 1.13 1.21

by the incident particle were measured and constrained
to obtain the é-ray momenta. The combined muon and
positron contamination was found to be (7.8241.9)9,
at 1111 MeV/c and (7.842.2)%, at 1265 MeV/c. Dr.
Margaret Foster generously supplied us with the value
of the contamination at 1206 MeV/c [(8.4+3.6)%]
which she measured in the same film.

A summary of the information used to determine the
(Z+,K*) cross sections is given in Table III.22-14 The
values of the cross sections obtained were 0.1444-0.010
mb at 1111 MeV/¢, 0.2144-0.015 mb at 1205 MeV/c,
and 0.2784-0.020 mb at 1265 MeV/c.
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C. Angular Distribution

The angular distributions of the Z* in the production
center of mass are shown in Fig. 1. The least-squares
method was used to obtain best fits to polynomials of
the form

do/dQx 1444 cosf+ A4, cos?0+ - - -,

where 6 is the angle of production of the =t in the
interaction center of mass. At 1111 MeV/c, the fit was
not improved when the order of the polynomial was
increased above two. At 1206 and 1265 MeV/c the fit
was not improved when the order was increased above
four. The coefficients are given in Table IV.

D. Decay Asymmetries

If parity is not conserved in the decay process, the
angular distribution of decay pions in the It rest
system must be of the form

do/d(cosb) =1+4aP cosd,

where « is the decay asymmetry parameter, P is the
average polarization of the 2 hyperons, and 6 is the
angle between the momentum vector of the decay pion
and n, the normal to the production plane. The last
mentioned is defined by

n= K1 XK2/|K1] ‘Kz[ Sinelz,

where K represents the momentum of the incident

TasLE IIT. Scanning information and total cross sections for #t+p — S+K+.

(a) Mean momentum 1111 MeV/c 1206 MeV/c 1265 MeV/c
(b) Number of pictures scanned 36 458 34985 24765
(c) Number of incident beam tracks (6.318+0.031) X 108 (4.5904-0.035) X 105 (3.4180.025) X 10°
(d) Lepton contamination
Muons 7.2741.889, 7.95+£3.56% 7.2742.189,
Positrons 0.58--0.187%, 0.474-0.219, 0.48+-0.209,
Total 7.854:1.909, 8.42£3.57%2 7.754-2.209,
(e) Fraction of beam with acceptable
PN @ 0.8520.025 0.952-0.010 0.935+0.012
(f) Mean track length corrected for
strong interactions 129.04£2.5 cm 129.14+£2.5 cm 127.6+£2.6 cm
Total (#*,p) cross sections used 25.80 mbP 30.840.44 mbe 34.3+0.52 mbe
(g) Observed number of events
atn 128 173 161
p 132 167 135
(h) Number of events corrected for
scanning loss
=tn 162.4 198.9 184.0
p 166.5 192.0 186.0
(i) Cross section based on a target
density of 0.0595 g/cm? 0.144+0.010 mb 0.21440.015 mb 0.278--0.020 mb
= See Ref, 12.
b See Ref. 13.
¢ See Ref, 14.

' B. Rossi, High-Energy Particles (Prentice-Hall, Inc., Englewood Cliffs, New Jersey, 1952).

12 Margaret Foster (private communication).
8 G. W. Tautfest and R. B. Willmann (to be published).

1T. J. Devlin, B. J. Moyer, and V. Perez-Mendez, Phys. Rev. 125, 690 (1962).
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TaBLE IV. Coefficients obtained from least-squares fits to the production angular distributions.

Degrees
Incident of
momentum A, A, As A, x? freedom
1111 MeV/c 1.2340.13 0.81 +0.25 2.56 7
1206 MeV/c 1.9340.24 0.45 +0.75 —1.924-0.41 —0.234-0.88 6.42 5
1265 MeV/¢ 1.784:0.21 0.04540.70 —2.1440.32 —0.51+0.78 6.93 5

pion, K, represents the momentum of the =+, and 6;,
is the angle between them.

The product o P was determined for each of the two
decay modes from a histogram of the number of events
(each weighted because of the loss of short = tracks)
versus cosf. An additional correction was applied to
the Z+— 7%4-p decay mode at 1265 MeV/c because
of the loss of events with small decay angles. This was
done in the following way: A coordinate system was
defined in the =+ rest system with the z axis along n,
the y axis along the =* direction, and the « axis per-
pendicular to the two. Each event is to be represented
by a unit vector along the decay-pion direction. The
projection along the z axis is cosf and the projection
along the y axis is cosy. The tips of the vectors fall on

of Events

50

Number

40

30

20

1111 MeV/c

o] L

-0 -8 -6 -4 -2 0O 2 4 6 .8 10
Cos B+ (C.M)

Fi16. 1. The angular distributions of Z hyperons in the center-of-
mass system at incident-pion momenta of 1265, 1206, and 1111
MeV/c. The curves are the results of least-squares fits to poly-
nomials of the form 1+4A4; cosf+A, cos?d+-++. The coefficients
are given in Table IV.

a sphere of unit radius. Because of scanning loss only
events with —0.70<cosy<0.97 were retained. This
is shown geometrically in Fig. 2. Those events which
would fall in the shaded area were lost. If parity is
conserved in the production process, the density of
points on the sphere should show circular symmetry
about the z axis. Hence, the correction to the histogram
was made by dividing the number of events in a given
range of cosf by the fraction of the area of the annular
surface which was unshaded.

The angular distributions of the decay pions in the
Z+ rest system for the decay mode 2+— wt+n are
shown in Fig. 3, and for 2t — 7% in Fig. 4.

E. Partial-Wave Analysis

The expressions for the differential cross section
do/dQ and the sigma polarization P as functions of the
partial-wave amplitudes have been given by Nauenberg
and Pais,’® and have been written out explicitly for s,
p, and d waves by Crawford ef al.” As stated in the latter

do/d=[g(0) P+[%(6) I},
P(do/d2)=2 Imh*(0)g(6),
where g(0) is the non-spin-flip amplitude, %(8) is the

z

Nz

F16. 2. The coordinate system used to correct for scanning loss
of = hyperons produced by 1265-MeV/c pions and decaying by
the (7%) mode. The z axis is along the normal to the production
plane and the y axis is along the =+ direction in the =* rest system.
Each possible event is represented by a unit vector from the origin
along the decay-pion direction. Those events for which the tips
of the vectors would fall in the shaded area were missed in
scanning.

16 M. Nauenberg and A. Pais, Phys. Rev. 123, 1058 (1961).
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Fi1G. 3. Angular distributions of the pions from the decay mode
(7*n) in the Z* rest system. The angle between the normal to the
production plane and the pion direction is represented by e¢.*.
The solid lines are the results of least-squares fits to 1+a*P
XCcosgat.

spin-flip amplitude, and @ is the angle of production
of the =+ in the center of mass. In terms of the s-, p-,
and d-wave amplitudes,

2(6)=Sy2+ (2P3/2+ Pyj2) cosb+32(3Dsje+2Dy)0)

X (3 cos?0—1),
h(0)= (Pa,z—Pyz) sin0+3(D5/2——D3/2) sinf cosf y
where the subscript refers to the total angular mo-
mentum of the state. The probability that a =t is
produced at an angle 6 and decays to a pion which

makes an angle ¢ with the normal to the production
plane in the = rest system is

f=A¢+ A1 cosb+ Az cos?+ A 3 cos*6+ A 4 costo
+a cose sind (4 s+ A cosf+ A7 cos?f+ Ag cos®d) ,

where « is the decay asymmetry parameter of the =+
(o? for pn° and ot for nrt). Here,

Ao=a*+d?/4—ad cosXg+2,

A1=2ab cosXy—bd cos(Xa—X,)+6ce cos(X,—X,) ,
Ao=b2— 4962 —3d?/2+3ad cosX,,

A3=3bd cos(Xg—X,)—6¢e cos(X,—X,),
A4=9d?/4—9¢2,

As=—2ac sinX,+cd sin(X,—X,) ,

Z+K+ BY *+—p INTERACTIONS
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Ag= —2cb sin(X,—X;)— 6ea sinX,+3ed sin(X.—Xg) ,
A7=—3cd sin(X,—X3) — 6ed sin(X,—X,) ,
Ag=—9ed sin(X,—X,) ,
and
Sye=a,
2P3s+ Pyjs="b exp(iX,)
P3js— Pyjp=c exp(iX,),
3Dsj9+2D3je=d exp(iXq) ,
Dyj5— D3jo=rc exp(iX,).

The values of @ through e were determined by the
maximum likelihood method from the likelihood
function

L=£1;|:f(i)k(i)/_/_l —lfkd(coso)d(cosgo):l,

where N is the number of events, and % is given by
k=exp[—IlminM s+/cpzrz+].

The quantity % is the probability that a =+ produced
at an angle 6 would be observed in the sample of events
used. The decay asymmetry parameters o’ and ot have
been taken equal to +1 and zero, respectively.

At 1111 MeV/c, a second-order polynomial was

T
lj

20

10 a’P:= 68%.12
1265 MeV/c

L
b4
[=4
(3]
>
w
-
]
3
5 o
2 1 l aPs.374.13
5 1206 MeV/c
= 1

20

o H
H l a°P: 50¢ .3
1 1 MeV/e
1 1 1 1 1 1 1 L 1
-0 -8 -6 A -2 [ 2 4 6 a3 1.0
Cos @0

F16. 4. Angular distributions of the pions from the decay mode
(7°p) in the =+ rest system. The angle between the normal to the
production plane and the pion direction is represented by ¢,
The solid lines are maximum-likelihood fits to 14-a%P cosep,0.
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TaBLE V. Maximum-likelihood solutions to the partial-wave amplitudes assuming o®=1 and a*=0. Angles are expressed in radians.
The error matrix for the 1111-MeV/c data is given at the bottom.

Incident
momentum 1111 MeV/e 1206 MeV/c 1265 MeV/c
b/a 1.38+40.40 2.254-0.35 2.5540.50
X 0.76+0.12 0.90+0.15 1.604-0.30
c/a 0.8340.35 2.054-0.30 3.6540.55
Xe 3.8540.25 4.0040.30 4.504-0.20
d/a 0.7540.40 1.504-0.70
Xa 4.804-0.50 3.954-0.45
e/a 0.5040.15 1.45+40.27
X 4.304-0.55 5.10+0.20
a 0.074+0.013 (mb/sr)2 0.054-+0.010 (mb/sr)12 0.038+0.008 (mb/sr)/2
Error matrix
b/a 0.1601 0.1248 —0.02075 —0.03915
c/a 0.1239 —0.02434 —0.03669
Xp 0.01510 0.00947
Xe 0.06482

sufficient to fit the angular distribution, so it was
assumed that only s and p waves were present. There-
fore, the likelihood function was simplified by setting
d and e equal to zero. As in two previous experiments®:’?
setting o® equal to 41 gave a better fit to the data than
setting o® equal to 0.8. At 1206 and at 1265 MeV/c,
fourth-order polynomials were required to fit the
angular distributions, and it was assumed that s, p, and
d waves were present.

At 1265 MeV/c, the likelihood function had to be
changed to account for the loss of small-angle decays
in the #% decay mode. The following likelihood
functions were used in the different ranges of cose:

[cosp| <[1—(0.97)2]2,

. —0.7 0.97
f(i)k“)l:cos“l( >—cos“( )]/r
Ny sin O sin ©Di

L=H )

i=1 1
1.67 |  fkd(cosh)

-1

[1—(0.97)*]2< | cosp| <1—(0.7)2,

—0.7
porefor(Z0)]/
Nj sing;

b
i=1 1

1.67 |  fkd(cosb)

-1
[1—(0.7)7]2< | cose| ,

L___ﬁ [f<i>k<i>/1.67 1 fkd(coso)] )

i=1 -1

where N; is the number of events observed in the range
of cose. The complete likelihood function for 1265
MeV/c was obtained from the product of these three

functions and the likelihood function for the (xtu)
decay mode.

The results of the partial-wave analysis are presented
in Table V, along with the complete error matrix for the
1111-MeV/c data. These results should not be inter-

1265 Mev/c

1206 Mev/c

a°P(8)

11l Mev/e

-1 -8 -6 -4 -2 4 6 .8 3

0 2
cos az. (e.m.)

Fi6. 5. The decay asymmetry of the decay pions from the (7°p)
decay mode with respect to the normal to the production plane.
The solid curves represent P (f) computed from the coefficients in
Table VI, under the assumption that a®=1.
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TasLE VI. Table of 4, computed from the partial-wave amplitudes given in Table V. All values are in units of mb/sr.

Incident momentum 1111 MeV/c 1206 MeV/c 1265 MeV/c
Ay 0.00925--0.00099 0.01474-0.0055 0.0241-+0.0093
4, 0.01090+0.00135 0.0278-0.0108 0.04294-0.0181
As 0.006714-0.00230 0.00614-0.0086 0.00794-0.0146
As —0.02734-0.0126 —0.05204-0.0222
A, —0.00234-0.0054 —0.0200+4-0.0144
As 0.005944-0.00177 0.0054+-0.0050 0.01534-0.0072
As —0.00070=+0.00315 0.0053-0.0103 0.0139+0.0126
Aq 0.0147+0.0140 —0.00164-0.0167
Ag 0.0050--0.0071 0.02724-0.0193

preted as giving the individual partial-wave amplitudes
unambiguously, however. Two types of ambiguities
exist which give the same angular distribution and
polarization. The first alternate solution may be ob-
tained from the solutions presented by replacing X; by
—Xp, X, by 7—X,, X3 by —Xg, and X, by 7—X,. A
second and a third alternate solution can be obtained
from these two solutions by letting the amplitudes
given for sys, pys, P32, dss, and dg represent the
amplitudes for pie*, sy2¥, dse®, pse¥, and fioF,
respectively.1®

It was hoped that some of these solutions could be
eliminated by comparing them to those at neighboring
energies. However, at the two higher momenta, the
errors were too large. At 1111 MeV/c, it appears that
the set of amplitudes shown in Table V is a better
choice than the two Minami solutions. First, this set
agrees well with the values extrapolated from the
threshold experiment, assuming the energy dependence
used in that experiment. Second, the angular distri-
bution can be fitted quite well with a second-order
polynomial, which can be obtained with only sy, pye,
and ps2 nonzero, or with sy, pys, and dse nonzero.

18 S, Minami, Progr. Theoret. Phys. (Kyoto) 11, 213 (1954).

It seems unlikely that the ds, amplitude is nonzero if
the ps/2 amplitude is zero.

The A, were computed from the partial-wave ampli-
tudes and are given in Table VI. The angular distri-
butions based on the 4, agree very well with the ob-
served distributions. As another comparison, the
polarization P(6), computed from the 4, is shown in
Fig. 5 along with the data from the decay mode =+ —
p+n°. The average value of P computed from the
coefficients is 0.41 at 1111 MeV/c, 0.44 at 1206 MeV/c,
and 0.55 at 1265 MeV/c.
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