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Production of X Mesons in Three-Body States in Proton-Proton
Interactions at |7 Bev/c*
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Analysis of 9700 events, containing at least one observed neutral or charged decay, produced by 6-BeV/c
protons in the LRL 72-in. liquid-hydrogen bubble chamber has yielded 1746 examples of the reaction
proton+proton -+ hyperon+E meson+nucleon. Production cross sections for these three-body reactions
are as follows:

o(hE+p) =54 5+3 pb, a(r E+p) =17 2+ pb, o(r+E p) =26&4 pb, a(z+X+yg) =57+7 pb.

Strong &*production is observed in all channels. In particular, one or more T=-, resonant states with mass
near 1700 MeV/c', decaying into AE+, and a T= 2 resonance with mass 1920 MeV/c', decaying into Z+E+,
are produced. In all cases the data are consistent with a production process dominated by a single-pion-
exchange mechanism. No evidence is found for a dibaryon state in either the A.-proton or Z-nucleon system.

I. INTRODUCTION

' 'T has been well established that the strong inter-
~ ~ actions of mesons with nucleons, and of mesons with

mesons, are invariant to a good approximation under

the operations of the group SU(3). As first discussed by
Oakes, ' it is straightforward to extend the application
of this symmetry requirement to the baryon-baryon
interaction and to classify multibaryon states as mem-

bers of irreducible representations of this group. Since
the nucleon is a member of an octet, it follows that the
deuteron, a system of hypercharge two and isotopic
spin zero, belongs to a 10 representation, and the virtual

isotopic triplet state of the deuteron occurs in a 27
representation. The validity of this classification and

thus of the relevance of SU(3) symmetry to the nuclear-

binding interactions would be most directly established

by the discovery of other members of the representations

as bound states or resonant interactions of hyperon and

nucleon or hyperon and hyperon. Investigations of
hyperon-nucleon interactions, both in elastic scattering'
and final-state interactions' of particles produced in
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nucleon-nucleon collisions have not as yet yielded any
conclusive evidence for a resonance in the hyperon-
nucleon system. The only indication of such a resonance
is the reported enhancement in the A.-p mass spectrum
near minimum A-p mass in small-momentum-transfer
p-p collisions. ' To search more intensively for such
baryon-baryon states and to reveal more general details
of nucleon-nucleon reaction mechanisms, an extensive
study of proton interactions in the LRL 72-in. liquid-
hydrogen bubble chamber was undertaken. We report
here results on the observed characteristics of hyperon
production in three-body final states via the channels

PP ~ P E+P (a),
Z'E+p (b),
Z+E'p (c),
Z+E+e (d) .

The states produced in these reactions would appear to
be most suitable for elucidation of final-state hyperon-
nucleon interactions, whose effects might be obscured
in states including pions by the presence of I'*, S*,
and E* resonances. The data reported result from
analysis of approximately 500 000 photographs, taken
in two separate running periods, of interactions of
protons in a beam averaging ten particles per pulse.
The incident momentum was 6.10&0.02 BeV/c during
the first running period and 6.00&0.02 BeV/c during
the second.

II. EXPERIMENTAL PROCEDURE

Protons, produced in a target s in. high, 4 in. wide, and
—,'in. long at 7' to the direction of the external proton
beam of the bevatron, were transported to the bubble
chamber using the arrangement shown schematically
in Fig. i. The optical elements determining the focal
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properties of the beam at the uranium collimator were
the first quadrupole pair, which yielded vertical magni-
fication 0.5 and unit horizontal rnagnification, and the
two bending magnets producing a dispersion of 1 in.
per 1% hP/P. Momentum definition of &0.15% was
provided by the slit, of dimensions ~ in. vertically and

4 in. horizontally, in the 12-in.-thick uranium colli-
mator. To allow multiple operation of external beam
foci, targeting techniques were needed which would
minimize interference with external beam optics, since
the target could not conveniently be located at an
image position. In the first running period, during
which about half the photographs were taken, a poly-
ethylene target was fixed in position in the beam. During
the remainder of the run a copper target was fixed at a
distance of 4 in. from the normal external beam position
and the beam deQected onto it by a magnet4 pulsed on
for approximately 500 p,sec. In this way, independent
intensity control was achieved with the remainder of the
beam available for other experiments. Seam intensity
required was 10"protons/pulse for the first targeting
arrangement and 5&& 10"protons/pulse for the second.
Increased eKciency of operation was achieved with
dynamic intensity control provided by a pulsed parallel-
plate electromagnetic separator operated with a 4-in.

gap and 150 kV between the plates. 5 An appropriate
signal from a preset scalar reading the output of counters
directly before the entrance window of the bubble
chamber triggered a spark gap across the spectrometer
plates which discharged them in 2 psec. The magnetic
field remained and caused the beam to bedeQected.

4 in. vertically, off the slit into the uranium collimator.
In this way the usual variations in beam intensity due
to statistical Quctuations and accelerator instability
were largely eliminated. With a total beam in the
channel of about 30 particles per pulse, the beam at the
chamber was maintained constant to within two tracks
per picture. Contamination from single-pion production
in the target was small since the primary proton beam
and the secondary protons from the target were set to
diBer little in momentum, while the secondary pions
had considerably lower momentum. A measurement
made in a similar beam' using a Cerenkov counter to
distinguish pions from protons indicated a pion con-

C. Dols, University of California Radiation Laboratory
Report No. UCRL-8346 (unpublished).

~ UCRL Engineering Report KKT-1071. This method of beam
control was suggested by J. Murray. The pulsing gear was con-
structed under the supervision of R. Force. We are indebted to
them for the success of the operation.

'We thank W. Wenzel for the use of equipment and aid in
making this measurement.

tamination of less than 0.1%.This was neglected as a
source of background events in the analysis.

All the film has been scanned twice for events of
interest. All events containing one or more charged
or neutral decays were recorded and measured with
conventional digitized measuring machines. Geometrical
reconstruction and kinematical fitting of events with
neutral V's were done with the use of the program
PACKAGE. Of the three views measured only the two
chosen by the program to give maximum accuracy in
determination of the dip angle of each track were used.
Reconstruction and fitting of two prongs with charged
decays was done with TvGP-sQUAw, which uses mea-
surements in three views for reconstruction. The inci-
dent beam momentum was determined from measure-
ments of noninteracting tracks and from well-identified
examples of fits to elastic scattering. Both methods gave
the same result. The observed width of the beam
momentum distribution was consistent with that
expected only from measurement error, approximately
1%. However, we assign +0.5% uncertainty to the
incident particle momentum for fitting purposes, allow-

ing a rather larger spread than deduced from beam
optics for effects such as scattering on slits and windows.

A total of 7200 events of two prongs and one neutral
V, and 2500 of two prongs with the decay of either or
both outgoing charged particles, candidates for events
containing three final-state particles, were measured.
Identity of the outgoing particles was established by the
usual methods of requiring consistency of measured
mornenta with reaction kinematics and visually esti-
mated bubble densities. The X' for the kinematic G.t was
required. to correspond to a probability level greater
than 1%.In this way 1302 events with neutral V's were
identified as examples of three-body channels (a), (b),
and. (c). Of these events, 45 were also consistent with
four-body final states. They were assigned to the three-
body category because the three-body fits are more con-
strained by the kinematical requirements. Similarly, all
the ambiguities between Z'pK+ and Jt pE+ were resolved
in favor of the A since the fit with a A has four con-
straints and that with a Z' only two. The decision in
this case is greatly strengthened by appeal to the
requirement that the angular distribution of any particle
with respect to the incident beam direction be sym-
metrical about 90' in the center-of-mass system. In
Fig. 2 we show the angular distribution of the proton
produced with a hyperon and E+ for the weighted total.
of 533 events with uniquely identified A.'s together with
that including the 504 events with ambiguous identifi-
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FiG. 2. Distributions of the cosine of the angle the anal-state
proton makes with the beam proton in the over-all center-of-
mass system: light line, only unambiguously identiaed examples
of the reaction pp ~ hpX+; heavy line, total sample of hpE+,
including events ambiguous between hypotheses pp ~APE+ and
PP ~ gOP++

cation of the hyperon. Clearly the symmetry is im-
proved if the events are combined. Thus, in all such
cases of ambiguity the hyperon is considered to be a A..
The angular distribution of the protons produced in
unambiguous examples of the Z'pE+ final state is
shown in Fig. 3. The distribution is not nearly as sym-
metric as that for ApE+, reflecting the greater difficulty
in resolving ambiguities with the two-constraint fit.
The asymmetry is, however, in the same direction as
that of the ambiguities which were assigned to ApE+
and thus does not result from inclusion of misidentified
A production events. We conclude that the source of
this asymmetry is ambiguity with four-body hypoth-
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Fn. 3. Distribution of the cosine of the outgoing proton center-
of-mass angle for unambiguously identi6ed examples of the reac-
tion pp —+ Z0PK+.
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FIG. 4. Dalitz plot for reaction pP —+ APE+.

eses which have one constraint, and that the four-
body background plus events lost due to misidentihca-
tion amounts to about 10%of the sample, judging from
the number of ambiguous events and the size of the
production asymmetry.

Since the reaction (d) always yields an unobserved
neutral product, kinematical constraints may be applied
only if the Z+ momentum is known from measurement
of the Z+ track and/or measurement of the decay
product track. In either event, the momentum is
generally poorly determined and kinematical am-
biguities are more serious. Three kinds of ambiguities
were present: Those involved in (i) distinguishing
between Z+ decays and E+ decays, (ii) distinguishing
Z+ek+ from Z+pE' with unobserved E' decay, and
(iii) separating events with an additional, unobserved
neutral. In fact, only an insignidcant number of the
6rst and second kinds appear, 6tting to the decay
kinematics and bubble-density estimates generally
being su%.cient to distinguish among the various hy-
potheses. Further, the ratio of observed numbers of
Z+pE' with E' decay to the number with unobserved
E' decay, after correction for detection ineKciency
and scanning biases, is 0.3&0.j., indicating that the
correct number of identifications of Z+pE' events
has been made. In the analysis of reaction (d) only the
events consistent with Z+ —+e m+ were used. This
procedure is required since, to correct for scanning
ineKciency, we impose a minimum projected decay
angle cutoff of 10'. The decay angle of the proton
from a Z+ with momentum greater than 1.4 BeV/c
is necessarily smaller than 10'. We find that the cor-
rected sample of data for reaction (d) is consistent
with symmetry in the total center-of-mass frame and
estimate from the number of ambiguities that con-
tamination is (5&2)%.

In these ways, ambiguities in identification were
settled and events were assigned to particular cate-
gories. Table I gives the total number of observed
events for each of the four reactions.
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TABLE I, Event totals and cross sections for pp three-body
reaction containing a IC meson at 6 BeV/c.

lO

Channel

zpE+
z'pE+
z+pEo

z+ -+ ~+(n)
z+ ~ p(&o)

z+p(Eo)a
z+ ~ ~+(n)

p( ')
z+E+(n}

z+ ~ ~+(~)
z+ ~ p(~o)

Observed
number

916
254

84
33

255
72

Corrected
number

1037
285

113b
56b

126

395

Cross section

54 ~+&

17 ~+4

26+4

29+5

57+7

N

CP

7
cs
Cl

a. 6
+
N

~0

&Only half of the film was analyzed for the two-prong-with-decay
topology.

~ This number does not contain a correction for small-angle Z+ decays.
2.5

I

3.5
l

4.5
t I

5.5 6.5
M (X+K') (BeV/ci)

7.5

III. PRODUCTION CROSS SECTIONS

Some fraction of events produced in the chamber
escape detection in both scans. Corrections to the ob-
served body of data, in addition to that due to ordinary
scanning ineKciency, must then be made for inefBcient
detection of decays at small angles, decays at small
and large distances from the production origin, as well
as for undetected decays into neutral particles. Kx-
arnination of the observed distributions of decays in
time and angle permit estimates to be made of the
detection eKciency. In addition, the requirement of
a symmetric production angular distribution aids in
determining detection biases. To correct for these in-
eKciencies, each event was weighted by the inverse of
the probability for detection within a specified kine-
mati. c region. This region is determined by requiring
events to be within a fiducial volume, to have decays
with projected opening angles greater than 10' and
less than 75', and lengths greater than minima deter-
mined by particle identification: 1.5 cm for h.'s and
K"s, and 1.0 cm for Z+'s. The magnitude of these
corrections may be inferred from the corrected numbers

FIG. 6. Dalitz plot for reaction pp -+ Z+pEo.

of events listed in Table I. The incident flux needed to
compute the cross sections quoted in Table I was
determined from a count of beam tracks in frames
selected at regular intervals throughout the film, The
scanning-measuring eKciencies were deduced from a
comparison of processed events from the two scans
and were found to be 80&3% for scan I, 81+3% for
scan II. Errors quoted include statistical error in the
number of events, an estimate of &3% error in iiux
determination, and estimated error &5% resulting
from misidentifications and uncertainties in the mag-
nitudes of the various corrections.

IV. ANALYSIS OF FINAL-STATE INTERACTIONS

The four states studied, ApK+, Z'pE+, Z+pE',
and Z+mK+, have similar properties in many respects.
We will discuss them simultaneously as much as pos-
sible. Figures 4-7 are scatter plots of the squares of the
effective masses of hyperon-nucleon versus hyperon-
kaon systems. In each case a nonuniform density
within the kinematic boundary of the Dalitz plot is

IO I~ ~ IO

Ot

Eh

~ 7
Cl

o 6—
X

as
Ca

8
as
Cl

7
C

+
N

al
X

2.5
I

5.5
I

4.5 5.5
1

6.5 70U
4

2.5
I

3.5
I

4.5
I

5.5
I

6.5 7.5

M' (Z'K ) (BeY/c')'

Pro. 5. Dalitz plot for reaction pp ~ z'pE+.
M (X K ) (BeY/c )

FIG. 7. Dalitz plot for reaction pp —& g+gK+.



1470 CH I NOWSKY et ul.

I I 0

I 00

90—
80—

C
Ol

70

o 6Q

50
E
z 40

30

20

IO

0
l.6

I I

I' 8 2.0 2.2 2.4 2,6
M (hK ) BeV/c~

others. Rather, only in a region de6ned by limits on
FE+ effective mass is there such a concentration. The
existence of only AK+ and Z+E+ 6nal-state interac-
tion is demonstrated more condusively in the effective-
mass distributions of Figs. 8—11, shown together with
the corresponding phase-space distributions. Correc-
tions to the data have been made here for observational
biases, so that each observed event is weighted as
discussed above. The bin heights in each histogram are
the sums of the weights for individual events falling
into the relevant bins. Statistical errors are given by
the application of Poisson statistics to a weighted
collection of events; thus, if
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T=2, so that the analysis of resonance production is
simplified. The Z'pE+ and Z+pE' reactions appear
qualitatively to have properties similar to those dis-
cussed below and the samples of these are severely
limited statistically and probably more contaminated.
Analysis of the latter reactions does not add to the
conclusions about final-state interactions nor to the
further elucidation of the production dynamics.

We have noted the nonuniformity in the Dalitz plot
and the corresponding enhancements at low hyperon-
kaon mass and high hyperon-nucleon mass. While it is
not possible, in general, to demonstrate rigorously
which of the two-body combinations are in resonance,
we can nevertheless argue persuasively that the details
of the nonuniformity are consistent with the production
of only F-E resonances. A simple check of this hy-
pothesis consists of alternately assuming production
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respectively. The weights for reaction (d) are dis-
tributed over a broad range with average value 2.6;
consequently, error bars are displayed on the histo-
grams of Figs. 11 and 20. In fact, none of the con-
clusions are substantially altered when unweighted
distributions are considered. This is the case because
only about 10% of the expected number of events
with neutral V's, and 30% of the numbers with charged
decays, are actually missing from the sample. In addi-
tion the detection ineSciencies are not strongly depend-
ent on the momentum and angular distributions.

All the F-N and F-E mass distributions show con-
siderable deviations from the statistical distribution,
but most of the further discussion will be limited to
the Ape+ and Z+nK+ states for a number of reasons.
In the erst state the hyperon-kaon system occurs only
with isotopic spin T= ~ and in the latter only with
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FIG. 11.Mass distributions in the channel Z+nE+; (a) M(Z+g+),
(b) 3E(Z+P). The curves are phase-space distributions,
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FIG. 12. The A-P mass distribution for the channel APE+ shown
as a function of momentum transfer to the proton. The curves are
phase-space distributions.

of the F-E and I'-S systems with the observed mass
distributions, followed by isotropic decay in their
center-of-mass frames, and calculating the expected
reQections in the F-E and F-K systems, respectively.
The results of such calculations are shown in Fig. 8 for
the ApE+ reaction. It is clear that the Ap peak can be
understood as a reQection of a AE+ enhancement,
while the converse does not hold.

The above assumption. of an isotropic disintegration
of the two-body system cannot be completely justified.
The breakup angular distributions of either two-body
system can be readily obtained from the Dalitz plots,
Figs. 4-7. The ordinate and abscissa may be interpreted,
respectively, as the square of the F-nucleon mass and
the cosine of the angle between the hyperon and the
E line of Qight in the I'-e center-of-mass system. The
latter angle need not be isotropically distributed, as a
consequence of the production mechanism, or final-

state interactions. A new hyperon-nucleon resonance
with a pathologically anisotropic decay distribution
could be invoked to explain the over-all distribution in
the Dalitz plot and the I'-K enhancement as a reflec-
tion. It is quite unnecessary to invoke such a new
resonance with complicated properties, but we rather
attribute the distribution purely to already well-

established F-E resonant interactions, speci6cally
Eg/2 (1688) and X3/9 (1920).

This conclusion is greatly reinforced by the observa-
tion that the I -E production is predominantly periph-
eral and consistent with a single-pion-exchange model
as discussed below. It should be noted that if those
events produced with low momentum transfer to the
initial proton are eliminated from the A-p mass dis-

tribution, a spectrum results that is in excellent agree-

2.30

M(Z 20

IO

Cos 8

FIG. 13. Decay angular distribution of the X+X+ system pro-
duced in the channel Z+E+e. The angle 8 is between the Z+ and
momentum transfer directions in the X+X+ rest system. The
curves are predictions of pion exchange with a form factor.

7 K. Sierman, A.: P. Colleraine, and U. Nauenberg, Phys. Rev.
147, 922 (1966).

ment with phase space, as seen in Fig. 12. Thus, even
in the region where peripheralism does not dominate,
there is no suggestion of a dibaryon resonance. In cal-
culating momentum transfer, there are, of course, two
values for each event since the initial-state protons
are indistinguishable. We use the smaller momentum
transfer to de6ne the identities of the initial-state
protons when comparing with dynamical models and
require our theoretical calculations to be consistent
with this procedure. Such a choice is suggested by the
strong peaks at low momentum transfer which char-
acterize peripheral production. This procedure is well
justi6ed by the further demonstration below that the
mechanism is indeed peripheral.

The Ap and AE+ mass spectra may be understood
to result from a quasi-two-body process, pp —+ X&/2*P,

proceeding via a peripheral mechanism, with subse-
quent decay of the S~ into AK+. The conclusion that
there is no evidence for a AP resonant state is in agree-
ment with that of Bierman e/ a/. ' The K+P mass dis-
tribution for this reaction (Fig. 8(c)j shows structure
not observed in E+P elastic scattering with enhance-
ments at 1.8 and 2.1 Bev/c'. These features cannot
be directly explained as reflections of the Xg/2~(1688)
production. However, their absence in E+p elastic
scattering suggests that the peaks observed here are
not resonances, but rather kinematical correlations
associated with other aspects of the production pro-
cess, or statistical Quctuations.

Consequently we conclude that we have observed
no dibaryon resonances in either the T= ~ or the T=-',



PRODUCTION OF K MESONS IN pP INTERACTIONS

TABLE II. Pion-nucleon resonances between 1600
and 2000 MeV/cp. ' 7.5

I & I ' l '
l

Resonant
state

+7/2
Sl/2
Ds/2
~5/2

' Values are quoted from Ref. 8.

M'
(MeV)

1920
1700
1670
1688

FinelasticI'elastic

100
216
56
72

100
24

38

(MeV) (MeV)
6.5

Ol

5.5
Cl

+ 4.5

N
X

state in the mass range from 2.05 to 3.14 BeV/c'. It
is conceivable that a dibaryon resonance in this range
would be dificult to detect above the background of
peripherally produced events in this reaction. Never-

theless, the absence of distinct localized enhancements
in the hyperon-nucleon mass spectrum leads to the
above conclusion. Further, we estimate that the cross
section for the production of the enhancement reported

by Melissinos et al.' is less than 0.2 pb in the present
experiment.

V. NUCLEON ISOBAR PRODUCTION

Analyses of pion-nucleon elastic scattering have
revealed evidence for the existence of three T= —', reso-

nances near 1690 MeV and one T=—', resonance near
1920-MeV total c.m. energy. ' The properties of these
resonances inferred from the phase-shift analyses are
listed in Table II. We interpret the observed resonance
production as production of these +-nucleon resonances
and their subsequent decay into hyperon and kaon.

2.5
0 2 6

(BeY/c )*

FxG. 15. Scatter plot of AE+ mass versus momentum
transfer for reaction pp ~AX+p.

Analysis of the angular and polarization distributions
observed' in pr+p ~Z+E+ show that this reaction pro-
ceeds in part through an Fz/2 resonance at 1925 MeV
with width I'=175 MeV, consistent with the param-
eters of the resonance observed in x-nucleon elastic
scattering. The partial width of the Fz/2 into Z+E+
was found to be about 1 MeV. Our peak in the X+K+
mass spectrum in the channel Z+eE+ is naturally
interpreted as due to the production of this resonance
and its subsequent decay into X+K+. To estimate the
rate of resonance production the distribution in 6',
momentum transfer to the neutron, and M, 2+IV+

effective mass, were fitted to the expression

2.55

1 g
d20'=

(++LE)p M

1's+z+(M) M'
X 1+c

(MpP M2)2+Mpprp q

dMPdLV, (1)

~67
0 I

Cos 8

20
IO

' A. H. Rosenteld et al. , Rev. Mod. Phys. 39, 1 (1967).

FIG. 14. Decay angular distribution of the h.K+ system. The
angle 8 is between the A, and momentum-transfer directions in the
AE+ rest system. The curves are predictions of pion exchange with
a form factor.

which is a sum of resonance and background con-
tributions. The form factor 1/(++6')' is required to
parameterize the strong peripheralism shown in the
data. Here q is the momentum of the Z+ in the Z+E+
rest frame, Mo the resonance energy quoted in Table
II, F the total width, and c a number which character-
izes the production cross section. The energy-dependent
partial width into the channel X++K+ was taken to be

(q/qp) "+'(Mp/M)
I"z+z+= I'z+z+

(q2+ +2) l/ (q 2+X2) l

The "partial width" P~+~+ is a measure of the coupling
of the resonance to the decay channel in question, and
the rest of the expression is the product of phase space,
a barrier penetration factor, and form factor normalized
to unity at the central mass Mo of the resonance. Both
these latter factors depend strongly on the orbital

9%. G. HoUaday, Phys. Rev. 1398, U48 (1965).
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FIG. 16. Scatter plot of Z+E+ mass versus momentum
transfer for reaction pp —+ Z+eE+.

angular momentum / of the decay products. The X in
the form factor is essentially the inverse of an effective
range of interaction. '

The total width can be taken to be the sum of the
energy-dependent partial widths for all decay modes.
In principle, it is possible to determine both c and
Pz+z+ by 6tting. However, since the Z+E+ partial
width is very small compared to the total width, the
shape of the distribution is insensitive to the partial
width and only the product cPq+~+ is determined. We
take the total width to be that obtained from pi-
nucleon scattering data and cF'~+~+ then determines
the percentage of resonance production in this reaction.
We find (38+5)% of the events result from resonance
production and (62+5)% from background. The pa-
rameter n is found to be 0.35+0.05 (BeV/c)'.

Determination of the rate of resonance production
in the Apl'+ channel is rather more complicated. As
mentioned above, there are three harp resonances near
1700 MeV. None of the branching ratios for decay into
AX+ is firmly known, nor have the relative production
rates of these resonances been measured from non-
strange particle production in p-p collisions. Some in-

formation about the parameters of these resonances
has been obtained, however, from analysis of the
differential cross section and h. polarization in AK'
production in s p collisions. " Reasonable agreement
results with a J= ~ resonance with parity either posi-
tive or negative, total width 100 MeV and partial
width into A.E ~1—10 MeV. No analysis 6nds any evi-
dence for the S-wave resonance in the AE' system.
Appeal to the requirements of SUS symmetry to deter-
mine branching ratios of the ~+ and -', E*'s is useless,
since both resonances are thought to be members of
octets and their partial widths are sensitive functions of
their D/F ratios. For example, a D/F ratio of 3 forbids

"We take X=350 MeV, the fitted result obtained by S. L.
Glashow and A. H. Rosenfeld, Phys. Rev. Letters 10, 192 {1963)."J.E. Rush and W. G. Holladay, Phys. Rev. 148, 1444 {1966).

decay into AK. The study of baryon resonances"
suggests that this ratio is often widely different in
different E*octets.

The data from this experiment are insufhcient to
determine the contributions of the various resonances.
Since the associated production data suggest a large
J=25 amplitude we 6t the AX+ mass spectrum to a
single F5~~2 resonance at 1688 MeV together with a
background contribution. As in the Z+nK+ case, we 6t
to an expression corresponding to (1) and 6nd (54&6)%
of the events result from resonance production and
(46&6)% from background. The Gtted value for n is
0.53+0.03 (BeV/c)'. Use of a D5~2 resonance gives an
equivalently good 6t with comparable fraction of reso-
nance production.

In principle, the angular distribution of the resonance
decay products can provide the necessary information
to determine the spin and parity of the parent state.
In Fig. 13 we show the angular distribution, with
respect to the momentum-transfer direction, of the
hyperon in the Z+E+ center-of-mass system and in
Fig. 14 that for the AE+. Predictions of a x-exchange
model for production shown here with the experimental
distributions will be discussed below. In both reactions
the data in the resonance region are consistent with a
resonance decay symmetric about 90' superimposed on
a small amount of asymmetric background. The spin-
density matrix of the resonance is not simply deter-
mined in proton-proton interactions, even for forward
production. The possible angular distributions for high-
spin resonances are rather complex and with the
limited statistical accuracy of the data it is not pos-
sible to identify the contributing states.

~(z+)

(a) p 8
= K

+

P
A

—p(n)

p(n )
(b) p 8~ K+

K+(K')

= x(x')

Fre. 17. The three single-par-
ticle-exchange diagrams applicable
to the reactions pp —+hpX+ and
pp —+ Z+E+n. {a) pion exchange,
{b)kaon exchange, and {c)baryon
exchange.

(c)
p(n)~= ~'(x'&

h(Z )

~R. D. Tripp, D. W. G. Leith, A. Minten, R. Armenteros,
M. Ferro-Luzzi, R. Levi-Setti, H. Filthuth, V. Hepp, E. Kluge,
H. Schneider, P. Barloutaud, P. Granet, J. Meyer, and J. P.
Porte, Nucl. Phys. B3, 10 {1967).

VI. ONE-MESOÃ-EXCHANGE MECHANISMS

As noted above the production angular distributions
show the characteristic feature of peripheralism, a
strong correlation between the 6nal- and initial-state
baryon directions. We display in Figs. 15 and 16 scatter
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plots of hyperon-kaon mass versus momentum transfer
to the final-state nucleon, showing the high concentra-
tion of events at small momentum transfers. To deter-
mine the compatibility of the data with predictions of
simple models for peripheral production, in particular
one-particle-exchange processes, detailed comparisons
have been made for the reactions pp~Z+E+m and

pp +A-E+p.
It is clear that of the three lowest-order diagrams

shown in Fig. 17, only the meson-exchange processes
[17(a) and 1"I(b)] yield the observed characteristics.
Calculations were made for the pion- and kaon-
exchange models, using a Monte Carlo method to
generate events distributed according to""

d"'~ 1 G' 1 LV+ (m, m—')' do (M)Hll, (3)
dM'dh'dQ 4n 4n. (2PE)' (6'+p')' dQ

where

k= (1/M)PM' —-'M2(m '+y')+. '(fn '—p')'-]'I'.

p and E are the center-of-mass momentum and energy
of the incident proton; G'/4m = meson baryon-baryon
coupling constant describing vertex A in Fig. 19; we
use"
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G'„„o/4n. =15, G'@gal+/4n. = 15, G'~x+zo/4n. =0.64.

ED=four-momentum transfer squared to the recoil
baryon m'; a nucleon for m exchange, A. or Z for
E exchange;

p, =mass of exchanged meson, m~=mass of proton;
BE=invariant mass of the particles emerging at vertex

8, e.g., AE+ or Z+E+ for m exchange;
do (M)/dQ is the differential cross section for the two-

body production at vertex 8,"~p~ FE or E
nucleon elastic or charge-exchange scattering;

~ G. F. Chew and F. A. Low, Phys. Rev. 113, 1640 (1959);
E. Ferrari, ibid. 120, 988 (1960};F. Salzman and G. Salzman,
ibid. 121, 1541 (1961);T. Yao, ibid. 125, 1048 (1962).

~4 J. D. Jackson and H. Pilkuhn, Nuovo Cimento 33, 906
(1964);J. D. Jackson and J. T. Donahue, Phys. Rev. 139, B428
(1965).

1' J. K. Kim, Phys. Rev. Letters 19, 1079 (1967).
"The meson-exchange calculations use data from the following

references for associated production and X+p elastic scattering.
E+p elastic scattering: S. Goldhaber, W. Chinowsky, G. Gold-

haber, Y. Lee, T. O'Halloran, T. F. Stubbs, G. M. Pjerrow, D. H.
Stork, and H. K. Ticho, Phys. Rev. Letters 9, 135 (1962);T. F.
Stubbs, H. Bradner, W. Chinowsky, G. Goldhaber, S. Goldhaber,
W. Slater, D. M. Stork, and H. K. Ticho, ibid. 7, 188 (1961);
C. Kohl (private communication); A. Bettini, M. Cresti, S.
Limentani, L. Peruzzo, R. Santangelo, D. Locke, D. J. Crennel,
W. T. Davies, and P. B. Jones, Phys. Letters 16, 83 (1965);
W. Chinowsky, G. Goldhaber, S. Goldhaber, T. O'Halloran, and
B. Schwarzchild, Phys. Rev. 139B, 1411 (1965); J. Debaisieux,
F. Grard, J. Heughebaert, L. Pape, R. Windmolders, R. George,
Y. Goldschmidt-Clermont, V. P. Henri, D. W. G. Leith, G. R.
Lynch, F. Muller, I.-M. Perreau, G. Otter, and P. Sallstrom,
Nuovo Cimento 43A, 142 (1966); W. De Baere, J. Debaisieux,
P. Dufour, F. Grard, J. Heughebaert, L. Pape, P. Peeters, F.
Verbeure, R. Windmolders, R. George, Y. Goldschmidt-Clermont,
V. P. Henri, B.Jongejans, D. W. G. Leith, A. Moisseev, F. Muller,
J. M. Perreau, and V. Yarba, ibid. 45A, 885 (1966).

~ p ~ X+X+:The data up to 1760 MeV/c are summarized by
Holladay (Ref. 11);D. Berley and N. Gelfand, Phys. Rev. 139,
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Fro. 18. (a) Distribution of momentum transfer to the 6nal-
state proton for reaction pp —+ ApE+. The dashed and solid
curves are pion-exchange predictions with and without a form
factor. (b) Distribution in momentum transfer to the h.. The
dashed and solid curves are X-exchange predictions with and
without a form factor. The theoretical curves are normalized to
the experimental histograms.

B1097 (1965); D. R. O. Morrison, CERN/TCL Physics 66-20
(unpublished).

~ p~hX+: L. Bertanza, P. L. Connolly, B. B. Culwick,
F. R. Eisler, T. Morris, R. Palmer, A. Prodell, and N. P. Samios,
Phys. Rev. Letters 8, 332 (1962); J. Keren, Phys. Rev. 133,
B457 (1964);J.A. Anderson, Ph.D. thesis University of California
Radiation Laboratory Report No. UCRL-10838 (unpublished);
F. Eisler, R. Piano, A. Prodell, N. Samios, M. Schwartz, J.
Steinberger, P. Bassi, V. Borelli, G. Puppi, G. Tanaka, P.
Woloscjek, V. Zobolli, M. Conversi, P. Franzini, I. Mannelli,
R. Santangelo, and V. Silvestrini, Phys. Rev. 108, 1353 (1957);
O. I. Dahl, L. M. Hardy, R. I. Hess, J. Kirz, D. H. Miller, and
J. A. Schwartz, ibid. 163, 1430 (1967).

k is a kinematic factor which can be identified as the
3-momentum of the exchanged meson in the FE
or EE center-of-mass frame consistent with actual
two-body scattering at energy 3f.

The Monte Carlo technique provides great flexibility
in the comparison of the theory with experiment. Any
procedure applied to the actual data can be used on
the events generated by the Monte Carlo program.
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I I I I ence given by the propagator and vertex term in the
simple single-particle-exchange process. Since the mo-
mentum-transfer distribution implies kinematic re-
strictions on the values other variables may assume,
we include in further calculations a form factor F(4')
multiplying the above expression (3). The functional
form, chosen so that the modified expression reproduces
the dependence of the data on lV is
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FIG. 19. A/C+ mass distributions for the reaction pp —+ ApE+.
The solid curve is the pion-exchange prediction and the dashed
curve that for X exchange. Both are normalized to the experi-
mental histogram.

For the pion-exchange case the fitted values for A, in
reactions (a) and (d) are, respectively, 5.0 and 1.8
(Be V/c')'.

The most striking feature in either channel con-
sidered is the hyperon™kaon mass spectrum which
must of course be reproduced by a relevant model.
Predictions of both E exchange and x exchange are
shown in Figs. 19 and 20. In both cases the x-exchange

Thus we include the eGect of selecting the smaller
value of momentum transfer to define the event and
any other relevant kinematic selections applied to the
experimental distributions. In Fig. 18 we show the
predictions of each model for the distribution in 6',
the momentum transfer to the recoil baryon. It is
clear that in each case the experimental peak at small
values is considerably narrower than that predicted.
This feature of stronger damping at large momentum
transfer has been demonstrated often in many periph-
eral processes. " Most other features of the data are
reasonably consistent with a single-meson-exchange
mechanism and the momentum-transfer discrepancy
may be attributed to corrections to the model. In
particular, absorption effects" due to competing in-
elastic channels, vertex form factors, " and oG-mass-
shell corrections are known to modify the 6' depend-
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Fxc. 21. h. polarization for the reaction pp ~ ApE+ as a function
of hE'+ mass. Polarizations for small-momentum-transfer events
and pion-exchange predictions are shorn.
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FIG. 20. Z+E+ mass distribution for the reaction pp -+ Z+nZ+.
The solid curve is the pion-exchange prediction and the dashed
curve that for E exchange. Both are normalized to the experi-
mental histogram.

model satisfactorily reproduces the peaks in the AE+
and Z+E+ spectra while agreement with the E-exchange
model is poor. The total cross sections calculated from
the unmodified x-exchange mechanism are 96 and 414pb
for the ApE+ and Z+E'+n channels, respectively,
while the unmodified X-exchange model gives 3.2 mb
and 40 p,b. Addition of the form factor reduces the x-
exchange predictions to 60 and 130 p,b, and the E-ex-
change predictions to approximately 320 and 5 pb.
There is considerable uncertainty in the E-exchange
predictions due to the inadequacy of a one-parameter
form factor of the above form in this case. Both the
modified and unmodified m-exchange predictions are in
better agreement with the experimental data than the
corresponding E-exchange predictions. As a further test
of the model, we examine the A polarization obtained
from the angular distribution of the decay products of
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FiG. 22. Treiman-Yang distribution for the reaction pp —+ ApE+
as a function of momentum transfer. The small curves are pre-
dicted by pion exchange and are normalized to the experimental
histograms.

the A. in its rest frame. The polarization is measured
along the normal to the plane containing the directions
of the A and relevant initial proton in the AE+ center-
of-mass system. We show in Fig. 21 experimental
values for the A. polarization averaged over intervals
in AE+ mass, together with the predictions of pion
exchange. Considerable polarization is noted, particu-
larly at low momentum transfer and low A.E+ mass,
in agreement with the results obtained for the associated
production reaction ~ p -+ AIR. The E-exchange model

predicts zero polarization since only a p-wave A.-produc-
tion amplitude is present. Thus we 6nd the data con-
sistent with that expected for a dominant pion-exchange
mechanism with no evidence for a contribution from E
exchange.

We now study the predictions of the x-exchange
model in more detail. Figures 13 and 14 show the
angular distribution of the Z+ and A. in the FX+
center-of-mass system, with the momentum transfer
as polar axis, together with the x-exchange predictions.
Agreement is very satisfactory. In Figs. 22 and 23 we
show the Treiman-Yang angle distributions and notice
improved agreement with isotropy for events with
small momentum transfer. Such substantially better
agreement is to be expected in this region where the
dominance of the pion-exchange contribution over other
mechanisms is enhanced. Some deviation from isotropy
may be expected to result from misidentification of the
initial-state proton by selecting the lower momentum
transfer. About 7% of the events with iV &0.5(BeV/c)'
are in fact produced with large 6', according to the
distribution calculated with single-pion exchange, and
their inclusion results from misidentification. The
"calculated" distributions include this nonisotropy
since they come from a Monte Carlo calculation as
discussed.

We conclude that the single-pion-exchange mechan-
ism with a form factor is in reasonable agreement with
the data, particularly so at small momentum transfers.
A more detailed analysis, involving absorbtive correc-
tions, is necessary to determine if the discrepancies
such as the sharp momentum-transfer peak and aniso-
tropy in the Treiman-Yang angle distributions can be
accommodated within a modified peripheral model.
Unfortunately the complete lack of information about
absorption in the final state makes such a calculation
unfeasible.

O.t 2'

'20

VII. CONCLUSIONS

Three-body strange-particle states produced in pro-
ton-proton interactions proceed dominantly through
the pion-exchange mechanism. There is considerable
nucleon isobar production and these isobars, the
N3/2*(1920) and N&~2*(1688), have properties consistent
with those inferred from pion-nucleon scattering.

No evidence was found for the existence of a resonant
hyperon-nucleon state with mass within the limits

2.05&M~~& 3.14 BeV/c',

2.15&Mz+„&3.14 BeV/c'.

IO

FIG. 23, Treiman-Yang angle distribution for the reaction
pp —+ Z+E+rc as a function of momentum transfer.
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Measurements of the Polarization of Protons from
Deuteron Photodisintegration*
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The polarization of the proton produced by the photodisintegration of the deuteron has been measured
at several angles for photon energies between 170 and 450 MeV. The polarization is found to be around
-0.20 (Basel convention) for 90' c.m. and photon energies between 200 and 300 MeV. This is in reasonable
agreement with a calculation by D. George based upon the Austern model. However, the calculation fails
to explain the strong increase in polarization with increasing photon energies. At a photon energy of 450 MeV
and 90' c.m. the proton polarization is as large as —0.60.

I. INTRODUCTION'

' PHOTODISINTEGRATION of the deuteron is the
simplest reaction involving the interaction of a

photon with a complex nucleus, and is therefore of
theoretical interest.

In the energy range from threshold to about 100
MeV the reaction cross sections can largely be explained

by the interaction of the photon with the two nucleons
as they move in a static potential. ' For photon energies
above 100 MeV, the interaction of the photon with the
meson current becomes increasingly important' so that
the above theory is no longer sufFicient. In the energy
region from 100 to 1000 MeV the total and differential
cross sections fall oft smoothly with increasing energy,
except for a pronounced peak near 250 MeV.'—~ This
peak has been qualitatively explained by assuming
that the reaction proceeds through an intermediate

state in which one of the nucleons is excited to the E*
isobar ~

Polarization measurements on the ejected protons
determine the imaginary parts of partial-wave inter-
ference amplitudes. Hence, such measurements near
250 MeV provide a sensitive test to the model. Further
measurements at higher energies can determine how
far the model is still valid. Until now the proton polar-
ization has been measured at only one point. " In this
experiment, we have made a systematic study of the
proton polarization between 170- and 450- MeV photon
energies.

II. APPARATUS

The experimental arrangement is shown in Fig. 1.
The momentum analyzed electron beam from the

* Work supported in part by the U. S. OfBce of Naval Research,
Contract No. t Nonr 225i67)g. Distribution oi this document is
unlimited.
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