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Production of x+ Hyperons by 990-Mev Positive Pions in Liquid Hydrogen*
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The production and subsequent decay of six Z+ hyperons was observed in the central region of a hydrogen
bubble chamber exposed to ~+ mesons of kinetic energy 990+30 Mev at the Cosmotron. The corresponding
total production cross section, corrected for scanning inefficiencies, is 0.16 0.06~' mb. This value, combined
with weighted averages of Z' and Z production cross sections in hydrogen obtained by Brookhaven,
Columbia, and Berkeley groups, is used to compute the three triangular inequalities imposed by charge
independence. The inequality

I o(Z+)g&+$o(& )g&—$2cr(&o)g&=0.12 o, so"o"(mb)1~0

is the only one that might not be satisfied. The near-zero value of the left-hand side indicates the diAiculty
to be encountered in demonstrating a failure of charge independence at this energy.

I. INTRODUCTION

OLLOWING the development of the "strangeness
hypothesis, '" ' it was thought that total isotopic

spin might be conserved along with strangeness in
associated production processes. Recently, however,
Sakurai' and the Michigan bubble chamber group4
have called attention to the fact that the differential
cross sections for Z+ hyperon production in propane
by 1.1.-Bev pions did not satisfy one of the triangular
inequalities imposed by charge independence. ' The
inequality considered was (in obvious notation)

tlo(Z+) l da(Z ) & da(Zo) l

+ —2 &0.
dO dQ dO

The Michigan data, obtained in a propane bubble
chamber, indicated that the neutral Z's were produced
preferentially backwards in the center-of-mass system.
The charged Z's, however, tended toward a vanishing
cross section for the same angles. Since all the total
cross sections were of comparable size, the left side of
the inequality assumed a negative value for the back-
ward direction.

The most serious uncertainty in the Michigan data,
as the authors themselves noted, is that in a propane
chamber without magnetic Geld it may be dificult to
distinguish Z' events produced in hydrogen collisions
from A' events produced in carbon collisions. To a

lesser degree the presence of carbon in the chamber
may also have inQuenced the observed cross sections
for the charged Z's.

Since it was not clear to what extent the propane cross
sections might be expected to diGer from those of simple
or-p collisions, it seemed, desirable to repeat the Michigan
experiments in liquid hydrogen. At present, at least
three groups have collected data on Z' and Z produc-
tion in hydrogen at 960 Mev. ' We therefore selected
an energy as close to this one as we could for an explora-
tory Z+ production experiment in a hydrogen chamber.
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II. APPARATUS AND PROCEDURE

A. Beam Arrangement

The m+ beam for this experiment was obtained from
a one inch wide polyethylene target placed in the 3-Bev
external proton beam of the Cosmotron (Fig. 1). Pions
were collected by a strong-focusing magnet at an angle
of 7' to the incident beam and were doubly momentum
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FIG. 1. Floor plan of beam arrangement used in this experiment.
The same external beam was shared by four bubble chambers.

o L. B.Leipnner and R. K. Adair, Phys. Rev. 109, 1358 (1958).
'Eisler, Piano, Prodell, Samios, Schwartz, Steinberger, Bassi,

Borelli, Puppi, Tanaka, Waloschek, Zobol, Conversi, Franzini,
Manelli, Santangelo, and Silvestrini, Nevis Cyclotron Report

~ No. 70 (unpublished).
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Report UCRL-8054 (unpublished) .
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FIG. 2. Kinematics for observed coplanar reactions at 1.12-
Bev/c incident momentum. Corresponding kinetic energies are
shown.

Note: The caption for D-m. Production should read 530 Mev.

analyzed before being focused at the bubble chamber.
In contrast to previous 7' m+ beams used at the Cos-
motron, '" our arrangement did not use tight collima-
tion and thus allowed several experiments to operate
simultaneously.

The hydrogen bubble chamber was constructed by
Adair and Leipuner and has been discussed in a recent
article. Its inside dimensions were 6 in. along the
beam)&3 in. high&(2 in. deep. No magnetic field was
used.

Photography of the chamber employed dark field
illumination and a stereo angle of approximately 15'.
Measurements were made on the reprojected images by
using drafting machines to determine distances and
angles with respect to fiducial marks on the front
chamber window. The data were processed with a
digital computer, which reconstructed spatial coordi-
nates, distances, and angles, and which also provided
parameters for estimating coplanarity and the eGect of
measuring errors.

p+p~ p+p

p+ p ~ d+tr+,

tr++ p —+ tr++ p,

tr++ p —+ 1++E+.

(1)

(2)

(3)

In a sample of 1600 events each of these was unam-
biguously identified by the 1.12-Bev/c kinematics shown
in Fig. 2, except for points of obvious overlap. Events
in the vicinity of these points were separated statisti-

B. Data Analysis

Because of a large proton contamination in the x+
beam, four coplanar processes were observed in the
chamber:

cally by drawing upon the available p-p data in this
energy region

The p-p experiments have determined that the non-
coplanar inelastic p-p events are 18% as abundant as
p-p elastic events. Furthermore, an accurate correction
can be made for the systematic scanning loss of small-
angle scatterings, This information allowed the inelastic
events to be assigned in the proper proportion to p-p or
tr+-p collisions. Thus the total number of tr+-p events in
the measured sample was established by direct classifi-
cation of elastic events and a statistical division of the
inelastic events. "

The ratio of protons to pions in the beam obtained
with this procedure was 3.0+0.4. It divers considerably
from the more favorable ones obtained in other experi-
ments with this beam arrangement, '" and must be
attributed mainly to the absence of a tightly colli-
mating beam channel. The correctness of this ratio is
supported by the fact that it can be used to determine
an absolute tr+-p elastic cross section in the forward
direction that agrees well with the dispersion relations.

TABLE I.Data on Z+-It + production and decay. 8z is the center-
of-mass production angle for the Z+. The laboratory angle between
the Z+ and the charged decay product is small enough to be
consistent with either Z+ —+ p+m or Z+ —+ e+m+ in every case
but the fIrst one listed. The last event in the table did not occur
in the central volume of the chamber and was not used for cross-
section calculations.

Event number

Cos 8g Laboratory
c.m. decay Z+ mean life

system angle (seconds)

Moderation
time

(seconds)

9057-3 291
9057-2 83
9047-1.7 329
9057-5 301
9057-2 395
9047-8 156
9127-2 122

—0.01
0.34—0.22
0.82
0.22—0.54—0.09

79.0'
16.1'
18.2
13.1'
13.8
11.4'
15.9'

13.0X10-»
6.9X10 "
5.0X10 "
2.5X10 "
4.3X10-»
4 6X10—»
6.1X10»

41.2X10 "
X 10

48.9X10 "
26.2X10 "
42.1X10 "
39.4X10»

X10

IIL X+—X+ PRODUCTION CROSS SECTION

Approximately 30 000 pictures of acceptable quality
were scanned in both stereo views for all kinds of
interactions. In a central volume of hydrogen, accessible
through the thin "beam window" 2 in. high by 1-,' in.
wide, the scanners located 5500 interactions including
six definite production events in which the Z+ was
observed to decay. An additional Z+ event was found
outside the central region.

Data on the six production events are listed in
Table I. The moderation times and observed decay
times give a Z+ mean life of (0.7 e 4+")X10—' second,
in agreement with the average value of (0.83 s os+"')
/10 "second given by Barkas and Rosenfeld. "It was

' Cool, Cronin, and DeHenedetti, Cosmotron Internal Report
CCD-1, Brookhaven National Laboratory, Sept. 11, 1956 (unpub-
lished); Cool, Piccioni, Clark, Phys. Rev. 103, 1082 (1956).' Vander Velde, Cronin, and Glaser, Proceedings of the Padua-
Venice Conference on Mesons and Recently Discovered Particles,
1957 (to be published), Vol. 1, p. 33.

»%. Hess, Revs. Modern Phys. 30, 368 (1958).
"The procedure indicated will be described in detail in a later

paper on the analysis of the ~+-p elastic scatterings and the partial
cross sections."%.Barkas and A. Rosenfeld, University of California Radi-
ation Laboratory Report UCRL-8030 (unpublished).
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not possible to distinguish the Z+ decay modes with
complete certainty.

The number of Z+ hyperons observed in the central
volume was less than the number actually produced
because of three effects. (1) Events in which the Z+

proceeds in nearly the same direction as the incident
pion may be missed by the scanners. This loss can be
estimated through a study of the d-m production
Lreaction (2)) which is similar kinematically and whose
differential cross section is well known. (2) Z's that
decay too near the production vertex ((0.1 in. ) cannot
be positively identified. (3) Those Z's which travel out
of the chamber before decaying also cannot be positively
identified. . These three losses amount to 4%, 7%, and
14%, respectively. Thus the 6 Z+ E+ pr-oductions
observed imply 8.0 2.8+' expected events. Possible
errors in the corrections are of little consequence com-
pared to the statistical uncertainty.

The number of all other events found had to be in-
creased by 6.7% to correct for scanning losses. From
the resulting total number of expected events, the
number of pr+-p interactions, 1175&129, was obtained
using the proton-to-pion ratio determined above and
the known" p-p and' or+-p total cross sections (31.7 mb
and 23.5 mb, respectively). Normalized to the total
tr+-p cross section, our corrected Z+ production cross
section is 0.16 p p6+ ' mb. The true cross section lies
within the indicated limits with a —, probability.

Oi
&o

0'-/ go

Fro. 3. o (Z+)/o(Z ) ps o (Z )/o (Z ). For the simple case where
the T= ~ and the T=$ production amplitudes are related by
A; =Se'&A;, conservation of isotopic spin in production excludes
points from the shaded region. The relative magnitude, E, and
phase angle, y, associated with cross-section ratios are mapped in
the unshaded area.

L.(~-)j-:+L2.(~")j-:—L.(~')3:-
=0 83 p tp+ ' mb'*~0. (2)

The only inequality which shows any indication that
isotopic spin might not be conserved is

L (~ )3-:+L-(~-)j-:—L2.(2') 3'=-

=0.12 p rp+ mb'~0, (3)

since the left-hand side has a 13% chance of being
negative. Although this result is inconclusive, it does
indicate the difhculty of obtaining a definitive answer
about violation of charge independence. For example,
to insure that the left-hand side of (3) is significantly
greater than zero, one would prefer an error of &0.06
or less. This requires relative total cross sections with
an accuracy of around 10%. Since there appears to be
little evidence for large anisotropy of production at this
energy, ' the angular distributions may not provide a
substantially more sensitive test than the total cross
sections.

Figure 3 is a plot used by Adair and I.eipuner to
obtain the relative phase and magnitude of the T= ~

and T=2 production amplitudes when the total cross
sections are due predominantly to a single angular
momentum state. In such a case one can write the
T= —,

' amplitude as a complex constant times the T=-',
amplitude and use this fact to calculate values of
o. (Z+)/o. (ZP) and o(Z )/o(ZP) assuming charge inde-
pendence. Allowed values of these ratios are mapped in
the unshaded region of Fig. 3. The point shown uses
the same data as the inequality (3).

IV. DISCUSSION

The angular distribution of only six 2+-E+ production
events is not very meaningful. Since the triangular in-
equalities apply at every angle, however, they must
also apply to the total cross sections, and can be used in
this way with a smaller amount of data. In order to
compute the inequalities we make use of weighted
averages for the Z' and 2—production cross sections in
liquid hydrogen obtained by other groups. ' '

o(Z ) =0.21+0.03 mb (960 Mev),

o (Z') =0.26+0.04 mb (960 Mev),

o(Z+)=0.16 p. pp+"' mb (990 Mev).

None of these are at the same center-of-mass mo-
mentum of the Z. Therefore, before substitution in the
inequalities the Z—and Z+ cross sections have been.
corrected to the center-of-mass momentum of the Z'
cross section by arbitrarily assuming a linear mo-
mentum dependence. Any error introduced in this way
must be quite small compared to experimental un-

certainties.
Two of the inequalities imposed by charge in

pendence are definitely satisfied. These are
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Recoil Momentum Distribution in Electron Pair Production*
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Electron pair production by a very energetic photon in the field of a particle of arbitrary mass (in particular
in the fields of an electron and a nucleus) is studied following the work of Borsellino. The distribution of
recoil momenta q is calculated for q of order of the electron mass and it is shown that the recoil distribution
is independent of the mass of the recoil particle if appropriate variables are used. It is also explicitly shown
that the mass of the recoil particle does not make any difference in the recoil distribution for very small q
(of order q; ).The total cross section must therefore be independent of the mass of the recoil particle in the
high-energy limit, as previously stated by Borsellino. The Wheeler-Lamb result for pair production in the
field of a bound electron is also justified. The results also describe the electromagnetic production of any
fermion pair if certain restrictions are satisfied.

'HE theory of electron pair production by a photon
in the field of an electron has been studied in

most detail by Votruba' and Borsellino, '' by using
Dirac s positron theory in Born approximation. Feyn-
man diagrams of the process are given in Fig. 1 and four
more diagrams, which are obtained by exchanging the
two electrons in the final state, must be added. The
processes corresponding to diagrams (c), (d) and their
exchange diagrams are referred to as y —e interactions. 4

Votruba's calculation is complete in that it involves all
possible processes. His final expression, however, is so

long and complicated that it is dificult to handle;
consequently, in order to carry out a general analytic
integration, approximations which may introduce

errors are required. In particular, Votruba finds that
the distribution of recoil momenta q over the region q

of order unity is dificult to obtain and, therefore, in

evaluating the total cross section, he does not include

the contribution from this region correctly.
Borsellino developed his theory for a particle of arbi-

trary mass 3f in whose Geld the electron pair is pro-
duced. Consequently he neglected the p —e interaction

'l

y

FIG. 1. Feynman dia-
grams for electron pair
production by a photon in
the field of an electron.

and exchange terms in his calculation. The errors'
caused by this procedure are presumably negligible
at high photon energies because the probability of large
momentum transfer, where the eGect of y —e interaction
and exchange is important, is negligibly small.
Borsellino's calculation should therefore be nearly
correct at high incident photon energies, except for the
unimportant case when the recoil momentum is of the
same order as that of the incident photon.

In this paper, the recoil distribution function for
high incident photon energies is obtained from the
previous calculation of Borsellino in a simple and
tractable form. The recoil distribution function for
electron pair production in the field of an electron is

*Supported by the joint program of the OfFice of Naval Re-
search and the U. S. Atomic Energy Commission.
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4 J. Joseph and F. Rohrlich, Revs. Modern Phys. 30, 354 (1958).
'We use the electron mass as a unit, and also set, A=c=1
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' For a detailed discussion of the y —e ig.ter@ctiog and t:xchange
gGects, see reference 4,


