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CA'Ad
N FOUR-BODY STRANGE PARTICLE PRODUCTION IN pp COLLISIONS AT 6 BeV/c
- : . Stanley Lewis Klein
\ Lawrence Radiation Laboratory

University of California
Berkeley, California

ABSTRACT
An exposﬁre‘of the IRL T72-in. liquid-hydrogen bubble chamber to
6 Bev/q protohs has yielded soﬁe 3000 examples of production of strange
particles in four-body final states. Cross sections for fhe reactions

pp AKopn+, Pp - AK+pﬁo, and pp - MKzt are 64 £ 6 ub, 39 * 6 ub, and

43 + 4 yb, respectively. The resonances K*(890), m*(1236), and Y*(1385)

are produced with cross sections

o(pAkx¥+) = 9% 3 b
o(AK°N*+H) = 23 £ 3 ub
oK I*+) = htoup
o(pKoy*+) =11 % 2 pb
o(pK™Y*0) = 7+ 1 pb
o(ktyxt) =15 % 2 pb

In addition, the quasi-two-body reaction pp = NN¥(1950), N* - Y*K is
observed. Except for the low Kn effective mass region, the data are

- : found to be in good agreement with & pion exchange model.



“body stfange states have been only incompletely or qualitatively studied’

-1~ |
- I. INTRODUCTION

Theiinelastic proton-proton interaction has been studied most exten-
sively in zero-strangeness reactions.l-eq Those results indicate that
resonance production is dominant and that the reactions can often be inter-
preted as examples 6f pseudo-two-body production. Variations of single
pion exchange models have been generally successful in interpreting these
data. Until recently, the strange particle data have been too sparse for
any detailed analysis. The three-body strange particle final sfates have
been investigated and the reported results indicate that pion exchange is

11,2126 The four-

probébly'an important mechanism in their production.
11,

21,23,26 It is interesting, therefore, to examine these stateé in more
detail and determine to what extent the production mechanismsare like
those of the non-strange and the strange three-body réactions.
We present results for the reactions
pp » MK (a)

ApK+ﬁo (b)

aK'x (c)
We find Y*(1385) resonance production in all three final states and
W (1236) and K¥(890) in (a) and (b). A low mass enhancement in the Y*K
éystem is observed in all reactions and has been interpreted as M (1950)
production proceeding via pion exchange. In Section II we discuss the
experimental techniques we have employed with emphasis on the difficul-
ties presented by reactions with an unobserved neutral particle. In

Section ITI the method of determining the cross sections is given.
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Section IV contains a discussion of the general features of the final

states and the method of fitting used to determine resonance cross sec-

tions. A more detalled discussion of the properties of the Y*K enhance- .

ment is presented. In Section V we examine the agreement of the data
with a pion-exchange model and in Section VI a simple test of SU3 is

applied to check the consistency of our interpretation of the Y*K

enhancement as N¥(1950).

7
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. II. Experimental Teéhniques
A Deam

The results presented in this thesis are from the analysis of some

550,000 pictures taken during an exposure of the Alvarez 72" liquid f
hydrogen bubble chamber to 6 BeV/c protons. These protons were produced
in a target 3/8 in. high, 1/4 in. wide, 1/2 in. long oriented at 7° with
respect to the extérnal proton beam of the Bevatron and were transported
to the chamber using the arrangement shown in Fig. 1. 'The'focal proper-

ties of the beam at the ffont of the uranium collimator were,determined

'by the "¢" and "H" bending magnets and the first quadrupole doublet.

The "C" magnet required considerable shimming in order to reduce spatial

vﬁriation of the field to less than_Q.2%.m_The bendigg“magnetS.aphieved

a momentum dispersion of 1 in.‘per 1% AP/?, and the quadrupole yielded
verticél and horizontal magnifications of about 0.5 and 1, respectively.
A slit, of dimensions l/é in.'vertically and l/h in. horizontaliy, '
ﬁhrough the 12 in. thick uranium collimator resulted then in a momentum
definition of * 0.12%. The other quadrupole doublet was run with both
sections defocussing horizontally to produce a more diffuée beam in the’

chamber. The two "H" magnets after the slit were both needed for proper

‘steerage of the beam through the fringe field into the chamber. In the

first ruhning period, during which about half the pictures were taken, a

‘polyethylene target was fixed in position in the beam. This target was

valuable in the tuning since elastically scatteredfprotons were easily
identified with counters located directly in front of the slit. During
the remainder of the run a copper target was fixed at a distance 5/h in.

from the normal external beam position and the beam deflected onto it
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by a magnet puléed on for ~ 500 psec. Thus, independent intensity con-
trol was achieved with the remainder of the beam available for other
, , - o

experimenters. Beam intensities of ~ lOll protons per pulse and -~ 5><lOl

protons per pulse were required for the first and second targeting

| schemes respectively. Although the average number 6f particles in the

main channel varied from 20 to 40 per pulse, the number entering the

bubble chamber was held nearly fixed at 11 with a fluctuation of about

2. This stability was obtained with the use of a pulsed parallel plate

eiectromagnetic separator operated with e h-in..gap and eelSO XV between

the plates. When the required number of tracks were registered by

counters in front of the chamber, a spark gap in parallel with the plates

was discharged in about 2 psec, The spectrometer's magnetic field then

~ deflected the remaining particles B/h in. vertically off the 'slit into

the uranium collimator. Contamination from single pion production is

. expected to be small and estimated to be less than 0.1%. This value was
) o | ’

~ the result of a measurement made in a similar beam using a Cerenkov

counter to distinguish pions from protons. Heavy particle contamination

is expected to be even smaller and these contaminations were neglected

as a source of background in the analysis.
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B. Scanning and Processing of Events

All of the film was scanned once and approximately three-fourths
of it was re-scanned. The‘only topologies which were used in.the analy-
sis were all two?pronged events with either one or two neutral V's visible.
All events were measured with either Franckenstein or Vanguard measuring
machines and fitted using the PANAL-PACKAGE analysis programs. A small
sub-sample of events was also proceseed with the TVGP-SQUAW eysten to
check for possible biases in the fitﬁing procedure. The identification
of events in the two cases was almost invariably the same. |
"We have chosen to study events which were identified as ekamples of
reactions:‘ |
a) pp » MK pr
b) pp ~» AK pr°
c) pp -~ Kt
Enamples of the reaction pp —» ZOKOpn+ were not included in the analysis
due to the small number of events and rather serious biases. A fit to
either 5) or c¢) was accepted if the V° fitted the 3c A hy'pothesis and

if the le fit for the production hypothesis had a X2 less than 5.0. For

reaetibn.a), events with two visible VO decays were accepted if the
corresponding ke fit to the production hypothesis had a confidence
1evel’greater than i/é%. In all cases, the predicted bubble densities
for the two charged tracks at the production vertex were requiredvto
be compatible with those obeerved. Even after repeated remeasurements
some events failedﬁéo fit any production hypothesis consistent with

the observed bubble densities. For approximately half of the film, a

-
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detailed study was carried out to understand these events. TFor the sub-

set of this sample- where unambiguous idéntification of the tracks was

possible, we always found the corresponding missing mass to be in agree-

ment with the pfoductioﬁ of two neutral particles. For fhe remaining
events, where no uniqu; identification of the charged tracks was possible, -
we invariably found ét least one assignment for the tracks consistent |
with the observed bubble densities and with the production of two neutrals.
Therefore, we have assigned events which failed to fit_to the category of
two or more unobserved neutrals. Further evidence for the. validity of
this procedure is given below. | |

Besides those events with no fi£s, some ﬁere found to be ambiguous
ﬁeﬁweén two hypothesés. Except for a negligible»number,‘all?ambiguities
were between different pfoduction hypbtheses involving the same observed
neutral. Except for ambiguities between the ke fit AK’pr' and the 2c
fit ZOKOpn+, cases of ambiguity bétwéen_different constraint classes
Were_assignéd to the hypothesis of higher constraint. When the hypothesis

of highervconstraint'was a be fit, this procedure was probably correct;

.howe#er, for those events ambiguous between the 2c¢ fit, ZOpK+, and the

le fit, ApK+ﬂo, the chance for misassignment was very much more likely.

1 On

Fortunately, this type of ambiguity only occurs for the "s  final state.

In Table I we give the observed number of events for each of the various

categories we have discussed.

Before describing the way in which the ambiguous sample was includ-
eq in the analysis, the obvious kind of correction to the data should be

discussed. We find the proper lifetime distributions for both A's and
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‘Table I. Event totals and cross sections for pp four-body reactions

containing a A at 6 GeV/e

Category - : Observed No. Corrected No% Cross section
" of events of events (ub)
MK , 959 990 64 + 6
sCpk%nt 160 ' 161 112
K Lo | 531 39,i 6
Akt 5Bk 614 TR
ApKon+-2pK°n+ 59 | : Lo
- 2oR%n - ApK T w° e | 1
ApKon+-AnK+n+- | 4 . ‘ 36
oK 7 -k pr® 20 | 19
MK x -pnn KT 50 55
A+ 2 préng‘+ two or 1148 1275

more missing neutrals

A. These are the corrected numbers of events after minimum length
and projected opening angle cuts and corresponding weightings

have been applied to the data.
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KP's fo be depleted in the regién_% < O.é. These depletions are assumed
to be A result of the inabilityito detect v° decays occurring close to )
the production verﬁex. ‘A minimum length eutoff of 1.2 cm agd a corres-.
pondihé welighting were applied to the sample to correct fof this eff%&t.
Thé corrected number of events then agreed with that expected; The
details of this an@ also a projected opening angle corfectidn are given

in Appendix A. Evidence for the bias against A's with small projected

- opening angle was found in the doubly differentiél solid angle distribu-
'tion'of the lambda decay proton. We define 2, the polar axis, along the.

'direction of the A, and measure the azimuthal angle ¢ of the decay proton

from the plane containing 2z and @, where § is a fixed vector in the bubble
! : .

" chamber which points along the magnetic field toward the top glass. After

Lorentz transformation albng Z into the.rest frame of the lambda, we ex-

. pect the solid angle distribution of the decay proton to be isotropic,

d2N

T cos § 4§ - comstant

since we have effectively averaged over all azimuthal production configu-
rations and since there can be no component of polarization along the

lambda momentum. The experimental distribution in fact shows depletions

'exactly where they would be expected if a bias against small projected

| opening'angle existed. The ¢ projection of this distribution for all

A's with length greater than 1.2 cm is shown in Fig. 2. We have found

1
a 30minimum projected opening angle cut with the corresponding weighting
adequate to correct for the depletions. The final weight for an event

is then the product of the two weights we have discussed. The corrected
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numbers of events for each of the categories mentloned above are also
given in Tab}e I. The average weights for the length and progected
opening angle corrections are 1.11 and 1.23 respectively. The distribu~
tion of final weights for the A's is.found to be narrower than either
distribution of the two individual»weights. The reason for this is that
the twe efficiences behave oppositely asva function of momentum. We have
also studied the KO deeay distribution, although there are few events

cbmpared to the number of A's. The polar decay angle distribution was.

'found def1c1ent in the reglon cos 6&90 ) 1nd1cat1ng that decays of very
_slow K s were probably missed by the scamners. The expected branching

ratios of l/h/é for (A)K ' /AK® )pre /AK prt also indicated this bias.

A careful examination of about 40% of the events fitted as examples of
pp‘» A(K )pﬁ with K° momentum less than 500 MeV/e confirmed our suspl-
cion. The branching ratios for these evente after the discovery of the
missed Ko decay then was in good agreement with that expected. No
further attempt was made to correct for this bias since only about 30
events were completely miséang from the total sample of abou£ 1000 events

and no differential bias was indicated.
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C. SOURCES OF CONTAMINATION

The unique center-of-mass refleétion symmetry of proton-proton
collisions may Be exploitéd to determine evidences for possible biases
in the data. .Sincé the reactions we analyze are peripheral, angular
correlations involving the final state baryons are expected to be the
most sensitive to this test. Before examining the final states.used
in the analysis, we present evidence in Fig. 3 that our criteria for
the aésignmenﬁ of events to the category of two missing neutrals dis-
cussed.abo?e was correct. We plot the distribution of the cosine of
the prbdﬁction angle for_the lambda in the overall center of mass using
weighted events. The reference direction is defined by the beanm protbn.
Thé events in the plot consist of about half of the entire sémple of
eventé in the missiﬂg.neutrals category; The normalized curve is a
simple hand-drawn fit to the data and is included only to indicate
the agreement with the centef-of-mass symmetry. We now consider in
_ Fig. 4 the production angular distribution for the lambdas in all of
the other categories of‘Tabie I. The asymmetry between the backward
. aﬁd-forward hemispheres is‘probably.not statistical, but is the result
of either an exclusion of good events or an inclusion of faked events.
Since we have already argued that the for?er is not the case, we conclude
that some faked fits are included in the.sample. If this is true, we
expect that they are from five-body events having special configuratiqns
that fit the four-body hypotheses. The only three-body reaction,
pp ApK+, is not expected‘to be a source of contamination since it is
easily identified and the fit is highly constrained.22 The final state

+
XK ﬁ+n appears to be the most seriously contaminated state judging from

o



13-

S0 - T

7oN | " : Y

60 ¢

SO¢

EVENTS

40 |

o i
20 | FJ‘ -\J’
L a—— T T.00

LAMNBDA CM ANGULAR DIST.

4

_ XBL 687-1416
Fig. 3. Production angular distribution of the A in the overall
center of mass for events with two or more missing

neutral particles.



EVENTS

3 J-:‘:;\!
Fig. 4. Production angular distribution of the A in the overall

-1k~ | -

4Su

400
l

aso | | 1
300}

250 }

Pan S
_—

200}

150 | T

100 | n Jg
H gt
l .

so PN |

fg.OO 0. 1.00
- COS (8,) IN C.M.

XBL 688-1470

center of mass for all four-body events with a visible
A in the final state.

i



-15i' |
the ésymmetric_lambda production anguiar distribution shown in Fig. 5.
In that figure we do not include the events ambiguous with thg Apn+KO
final state although they have the same.asymmetric character as the
unambiguous onés; Further more, wé find the contamination toibé alm&st
exclusively confined to a quadrant in the center of mass defined by .
cos GA_< 0 and cés en < 0. Here as above the angles of the‘lambda.and
neutron are measured relative to the beam proton. The popﬁl@tianOf
6Q events for the reflection symmetric quadrant where both Baryoﬁs-are
in the forward direction is about ﬁalf that of the contaminatequuadrantf
Thevother two quadrants contain almost equal populations of 566.;nd 370
evénés.  The only five-body state which is likely to-simulate_AK+ﬁf(n)‘
and be compatible with the observed bubble densities if Apﬂ+(Koﬁo‘.
Fortuhately,.about'l50 examples of this reactibnyhavé'been fittéd where
both the XK° and A decays are observed. We have rebrocessed all of thesé
known‘five;ﬁ6dy events after removing the Ko entirely. 'The fraction bf

these events which then fifted the AK+ﬂ+(n) hypothesis and were consis-

tent with the bubble densities indicated that the contamination could be

- solely accounted for by this effect, Furthermore, except for 3 out of

27 events, this fake sample populated only that quadrant in the center

df'méss which initially revealed the contamination. These ﬁseudo events
showed no other significént "differential bias," i.e., they were rathér
uﬁiformly distributed in all of the effective mass and angular distribu-
tions. Therefore, for the AK+n+n final state, only the cross section
needs to be corrected. In addition to those five-body events which
after remoyal of the K° fitted the AK+ﬁ+n hypofhesi;, a smaller number

fitted thevAK+pno hypothesis. This sample was statisically insufficient
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for studying the differential BiaSes. Besides_this source and the three-
body Zo.ambiguitﬁimentioned in Section IIB, we expect the /K pn° and the
AK+n:n:+ events to beicontaminated by true ZO évents. Unfortunately, ne doi
not know the =° cross sections for these two states and hence cannot know
the magnitude of this'effect. However, an upper limit can be estimated.
- If it is assumed that tn; relative produntion rate of =° and A for each of
these two four-bndy K+ stgtes is the same as in the final states ZoKopn+
and AKop:r+ and that.their production mechanisms are similar, then the z°
__nontamination in these K+.states is expected to be 1essvthan 8%. Thi;.
number is based on the assunption that all of the ambiguities between
| AK°§&+ and £°k°pr" belong to the latter category, and is henne likely
tokbe‘an ovéreestimate. In fact, judging from the center of mass
pfoduction'angular distribution, it is more.probable that most of those
events ére truly A events since the A.pfoduction angular distribution
for the Ko state is depleted in the backward hemiéphere and fhe:ambig;
' uousievents wonld help to correct this asymmetry. waever, from our
study of the n final sﬁate; we expect the fivé-body reaction
pp ~ MoK (5°7°) to be a source of contamination in the Apx (K°) events.
This would éffect the symmetry of the production angular distributions
5nd hence we feel we are unable to reliably assign ambiguous events
using.only the symmetry criterion; Other methods of investigating the
émbiguous events,zsuch as studying the scatter plot of missing mass for
one.hypothesis vs. missing mass for the other hypothesis, have failed to
indicate any preference for assigning them. For these reasons, we have
decided fhat the most reasonable procedure to follow is to include an

ambiguous event in both categories with a weighting factor of l/é,
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althbugh no significant changés are observed if we vary the factor from
0 to 1. Besidesbesfimating the size of the five-body contamination, we
have also included‘tne ambiguous event weighting procedure as a snurcé
of error in the cross section calculations. The biases we have discussed
are all relatively small compared to the total numbers and we estimate
the ApK+no final state to be the most seriously affected and place an

upper limit of 15% on this undesirable background.
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III. CROSS SECTION DETERMINATION

From the definition of cross section, the number of'interactions

into channel i, Ni’ taking place in a length dx 1is given by:

an, = N(x)Doid.x

where N(x) is the number of beam particles at x, D is the number density

3

of targets pér cm”, and Gi is the corresponding cross sectionvfor the

particular’process} Since

ZJdN. = -aN
/ 1
&

Z"’i = Op o B
1 .

and

l' N(x) = N(x = 0) e-DéTx

where O is the total cross section. Hence, the tgtalvnumber of inter-

actions over a'length L into channel i is given by

| -bcTL)

o,
N, = — Nx=0)(L-e
O

Experimentally we do not measure N(x = 0) but rather N(x = L), the

| number of beam tracks which’enter and leave the fiducial volume ﬁithoﬁt

intefécting. Therefore,
.. N, 1
i T Nx=1L) DcTL )
(e - 1)

In practice, some tracks counted as beam trécks have elastically scattered

somewhere in the fiducial volume with small momentum transfer to the
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target. Let NS be the number of interactions of this type, and NOBS

be the number actually cbunted, then

OB . N(x = L) + Ny .
But N_. is given by
, S GS DGTL
N, = N(x =L) — (e -1)
S g
T
S0 _
o Do I
OB - nx=1)|1+ ;§ (e Ll | .
T

Solving this equation for N(x = L) and substituting into the equation  |
abovevfor‘ o, we obtain:

N. 1 (0]

9% T Op o;s Dol

i Do, o,
N (e T -1)

We estimate that recoil protons with momentum < 100 MeV/E are not

. _ _ o
observed and we use og = 1.6 mb. 7

We have counted tracks in about 1,000 frames evenly spaced

" throughout the film and find
B - 5,090,000 £ 150,000 .

The uncertainty given is not the statistical error but rather the average

. deviation of several measurements of NOBS.
' 28
Using a fiducial length L = 125 cm., and = 40,6 mb and

o]

T
o 261 + 6 25, 3 .

D = (0.361 £ 0.007) 10°“/em” we obtain

o, = N, (.0k01 * .001k) ub/event .
The number Ni is the sum of the weights for theevents in channel

i. From Poisson statistics, the uncertainty in Ni is
N 2

.
J

CN.
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. where wj is the weight for‘the jth event. In ail-of our hiétograms with
error bars, the saﬁe method of calculating the uncertainty is used.

The cross'seétions.are also corrected for fhe scanning efficiency. -
In two independent‘séans,vwe found efficiencieé?df.O.BO + 0.03 and

0.82 + 0.0% resulting in a combined efficiency of 0.96 * 0.02.
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IV. RESONANCE PRODUCTION

A. General Feétures

Since the three finél states AKopn+, AK+pn°, and AK+n1r+ each contain — f
the same hadrons differing only in their charges; we expect the dynémical
mechanisms of their production to be related. With few exceptions; we
indeed find the same geheral behavior in the data for each state. There-
fore, we discuss the three final states simultaneocusly.

All of the expected pionic resonances, namely Y*(1385), K*(890),
and I*(123%6) are observedl We also find evidence in all channels for
peripheral production of N%/é(l95o) and subsequent decéy into Y¥K. Our
analysis of this pseudo-two-body state is somewhat lengthy and is given
separately in Séction B. We also observe low mass enhancements in each
X mass spectrum. These enhancements could be associated with any of
three I=L/é resonances, but since our data are insufficient for an adequate
study we account for these enhancements only in a phenomenological way in
Section V using a pion exchange model.

In order to estimate amounts of the pionic resonances produced, we
have fitted the data for eaéh final state to a sum of pure phase space
plus resonant phase spaces. Although certain features of the data are
certainly in_disagreement with the simplifying assumptioﬁs of isotropic
producﬁion and decay of the resonances, we nevertheless are able to
reliably estimate the amounts of I, K*, and Y* production. These amounts s
obtained by‘fitting to our phase space m@del are in excellent agreement
with the corresponding calculation done for a fion-exchange model where

the overall ggreement with the data is gquite good.
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In the model for four-body produetion where no correlation of the
final state with the initial state is included, five independent vari-

ables are necessary to.specify the final state. For each final state we

‘have fitted the experimental density in this five-dimension space to dn

incoherent sum of N-1 different resonan%’processes and one pure phase

space process. N

2ox) = ) a0 2o
=1

Here the 03 are the relative intensities of the different processes being
fitted, x denotes the set of five independent variables, the IMJIQ are
the corresponding Lorentz invariant matrix elements'squared, and o(x) is
the phase space densit&k So nnat the aj corresponds to relative inten-.v"

eities, we require:
\jhlk5(x)[2p(x)dxl..dg5_=»;»for each j

and N-1 -

.aN=1v-Zaj' .
. J=1

These conditions also insure the normalization of the distribution func-

tion:

ff(a,x)dx =1.
The likelihood functien is then given by
L = 1 £(ex")"E
where:i enumerates the events;and-wi is the weight for the ith event.

The function which we actually maximizé is the log of the likelihood

function:



-2h.

" iv2

H() = In L = Z‘Wi 1n Zajlij(x e .

, i J
Notice we have dropped the term }:in p(xi) . ﬁi which is independent.of
the aj.- This results in an extre%ely important simplification, since in
the moét general case this term contains over 100 factors if the five |
variables are all chosen to be effective masseszgnd it would e véry |
time consuming to evaluate all of these factors for every event. Al-
though the normalization integrals also involve p, eéch can be.éasiiy»f
* evaluated numerically by ﬁransforming’to_an appropriate set ofvvariables
in which the expression for p becomes trivial.

The forms of the IMj|2,We use are
for the pure phase space process lM’ﬁ|2 = const
for W (1236), K*(890), and Y*(1385) resonances

2

le|2 = const = L(m)

(me-mi)z + mﬁ F2(m)

where m is the invariant mass of the resonant pair of particles and p is
the momentum of either one in the rest frame of m. We use the same width
in the denominator aé in‘the numerator since all of the resonances are
nearly 100% elastic. Tﬂe constants ére determined by the normalization

conditions above. For N¥(1236) and Y*(1385) we use:

Ple _ ’2 3 TQI(EB+mB)
T(m ) pO} |m )(E%’m]a)

where‘EB is the energy of the baryon in the resonance rest system, my

(o)

is the mass of the baryon and P, and EB

are the values of p and E_ at the -

B

ot }
R
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‘nominal resonance mass, m . For K* (890) we use

,3
P 1

'(m

'm
o)

o
' m

Before giving the results of our fits, we briefly describe an

independent method cf fitting to the same model which was done as a

check. Instead of fitting-all resonances simultaneously, we have made

fits to the individual resonant effectlvemaxes. For example, to deter-

mlne the relative 1ntens1ty of W* we fit to

d;N ai¢K*(mN ) + Q; ¢Y*(mN ) + °5¢N*(mN ) + (1-ai-a -Q )¢PS(mNﬁ5 .
e i : _

. Each normalized ¢ was calculated by numerical integration of the_appfo-

priate resonance cross section and is the background contribution for

' that process in the Nx mass distribution. The parameters ae‘and ds.are'
held fixed at some reasonable value and o i1s determined from the likeli-

© hood fit to the Nt mass distribution. Once &y is found, we fit the An

mass distribution and vary only Q& 2, holding ai fixed at the Qalue detere
mined in the fit to the Nr mass and 0y fixed et some reasonable value.
The Kt mass distribution is then fitted in the same way and the whole
prccess is then repeated. After one iteration, the values for the aj

converged on exactly the same values obtained from the simultaneous fit

to the overall density! The actugl mechanics of'this second method of

Titting are far easier than the firet and require considerably less

programming effort. We have chosen this latter method for fitting the

various pion exchange processes which we describe below in Section V.

- We give in Table II the results of our fits for the resonance

relative intensities and the corresponding cross sections. The errors

-given for the relative intensity do not strictly correspond to one stan-



Table II. Resonance cross sections for pp ~ ANKx at 6 BeY/c.
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Y*(1385) W (1236) K% (890) Background
A’ .
Relative Fraction 0.180.02 0.36+0.,04 0.10£0.0%3 - 0.36*0.04
Cross section (ub) =~ 11f2 23+3 612, 2%%3
ApK ' °
Relative Fraction 0.19%0.03 . 0.10+0.04 0.04+0.,02 0.67+0.04
Cross section (pb) yeal Lo o+ o6%h
aK
Relative Fraction  0.34#0.02 0.0 %0.03 - - 0.66%0.03
Cross section (ub) 15%2 01 -- 20+3
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dard deviation since the parameters are correlated, but only indicate the

degree of precision with which we détermine the various relative iﬁtensities;

éince the initial p-p state is pure I=l,'we obtain a frediction for
the branching ratios of N*(i236). Isotopic spin invariénce'also predicts
a ratio of 2/1 for K**(890) decay into K°ﬂ+/K+no.although no similar
relatioﬁs for Y¥(1385) exist. The resonance cross sections are seen to
be in reasonable agreementvwith'the predicted ratios of 9/2/1 fér
KON+ (o) /e (pr°) /8 H () and 2/1 for Kes’(K°ﬁ+)/K*+(K+ﬁ°).
In Figs. 6 through 14 we display the various Nﬂ,'Aﬁ, and Kxt
mass squared spectra used in the fitting. (Wé include the K+ﬁ+ |
‘masse distribution for completeness.).'The curves are the phase space model
pfedictions using t?e émounts determined in our fits. Exceptvfor the K°ﬂ+
and K+no mass2'dis£ributions, the agreemenf is reasonablé; The enhance-
ments éeen.in the low (K:r)+ mass region correspoﬁd to a mass of about
725 MeV/ée and a width of about 70 MeV/c>. There have been similar
enhancéments observed in different experiments, bgt interpretation of
them as evidence for abbonafide resonance has been generally ﬁnaccepted

Jsince the enhancement is often not seen where it would be expected and

Y
the width seems to vary considerably.3 The possibility that the effects

‘we see are dynamically correlated with N*(1236) or Y*(1385) production

is difficult to test since phase space alone simultaneously favors low

o 2
Nz, low Ast, and low Kx masses. gHowever, the lack of any enhancement in

‘the K'n" mass® distribution for the AK x'n state where Y*(1385) produc-

tion is strongest tends to rule out»Y*(1385) as a cause. It may be
important that the Kw enhancement is largest in the state where I*(1236)

production is dominant and is absent in the state where no W*(1236) is

~ observed, although these facts may réther be only a consequence of the
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I=l/é Kxn intéraction. The correspoﬁding pidn exchange predictions for
.the K%rt ané k*° mass distributions (displayed in Figs. 30 and hh;“
respectively) also fgil to.indicgte any peékihg‘in the low Kx maés

region,

Although the Kx, Nm, and Ax efféctiye mass distributiohs ére in
rather good agreement_with our simple phase space model, there are other
distributions which are>ndt. Besides the angular distributions; whiéh
are hardly expected'to agree, the AN effective mass distributions seem
to be the worst. In Fig. 15 we display the Ap effective mass for the
ApKoﬂ+ final state as an example. The normalized curve is aéain the
prediction of the phase spﬁce model.. This lack éf_agreement is an irndica-
_tion_that we need a more soPhisticated model in which thevangular éqrréla-]v
tions of the final state particles are included. In Sectioﬁjv,ﬁé describe
such a médel énd find.that pion excﬁange is successful in describing

almost all aspects of our data.
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' B. Y*K Decay of N*(1950)

An enhancement in.the XKx mass spectrum at about 2040 MeV/c2 is
seen in each of the three channels we analyze, although the effect is
1argest in the AnK ﬂ final state.  Since we interpret this enhancement
as an I= 3/? resonance, the An K system is best suited for further study
This system hae Iz=3/é and there is no background from K*(890) production
and esnentiallq none from N%(1236). Therefore, the subsequent discuesion
will be restricted to the AnK'w® channel?® The Ak*r" mass distribution
is given in th% unshaded histogram of Fig. 16 along with a beckground
curve'which iélcalculated as a mixture of 82 percent non-resonant phase
space and 18;p%rcent nY*TK* resonant backgronnd. The normal§zationvfcr
this curve and the fraction of Y* are determined from the'events_with
M(An+K+) > EkB!BeV/cz. To provide a more pure sample, exnloiting the -
peripheral character cf the production of the resonance, we select eVents
with |cos en] > 0.9, where en is the angle between the neutron and the
beam.proton‘in,the overall center of mass. The conseqnent Aﬁ+K+ mass
spectrum'for:these_events is presented in the .shaded histogram.of Fig. 16;
the peak at 2040 MeV/c? is clearly.enhanced.
The corresponding Aﬂ+ effective mass spectra for the sample before

‘and after the neutron angle selection are:shcwn in the unshaded and shaded
histcgrams of Fig. 17 , respectively. 'we see that in the region of Y*(l585)
therevis particularly little background’after the neutron angle seiection.
Hence, by imposing the additional requirements that the Aa+ mass be within

. . : L+ ' .
the Y*¥(1385) region, M(Ax ) = 1385 + 35 Mev/bg, we obtain a nearly pure
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the reaction pp - AnK+n+. The unshaded histogram is

 for the total sample. (680 events) The shaded histo-

. gram corfesponds to the requirement that the cosine of

the production angle of the neutron be greater than
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peripheral !sample of pp - n¥*TK*. The Y%K+ mass spectrum obtained in
this ﬁay is given in Fig,_lB . Thevtwo seleétions we have imposed have
vyielded a sample quite free of background, yet the mégnitude of the peak
has decreased very little. , ' .

We have indicafed above that the enhancement we observe is peripheral-
ly produced. Of éourse, another LWy to see this is in the distribution
of the four-momentum tfansfer to the Y*K system. This A? distribution ,
shown in Fig. 19, is for the sample of events with only thelselection on
M(Aﬁ+) mentiohed above; In order to see if the peripheral hature‘of *
production alone could produce an enhancement in the Y*¥K system, we have

parameterized the cross section according to

2 R 2

do A" p -0A
55 const 5 535 e
dni : (A& +mﬁ) m
where A? = four-momentum transfer to the Y¥K system,
''m = effective mass of Y*K,
p:

momentum of the Y¥ in Y¥K center of mass.

The value of o needed to fit ﬁhe 22 distributién is 0.5 * 0.5 (Bev/c)'a.
Events were then generated by a Monte Carlo method and the same two
selecfioné were imposed on them as on the déﬁa. The resultant reflection
of this "peripherél phase space" ‘in the Y*K mass spectrum is shown as the
smooth curve of Fig. 18. The agreement ié very'poor and we conclude that
a non-resonanﬁ bhase space which successfully fits the production angular
distribution of Y¥K is insufficient to account for the enhancement in the

Y*K mass spectrum.
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We have fitted the Y¥K mass spectrum to a sum of resonance and
. I . i

peripheral phase space. For the resonant cross section, we feplace the

phase space factor-g in the above equation by
m: .

ml (m)
(m2-m§ 2. mi Pi(m)
vhere m . nominsl resonance mass,
‘ I'(m) = energy-dependent partial wldth for Y*K decay,

Pt(m) =‘Fel(m) + Fin(m) is the total energy-dependent .width, the
sum of the elastic and total inelastic widths. -

. | . ‘ . .
We parameterize the energy dependence of the widths by a form first pub-

. ! 31
lished by Glashow and Ros_enfeld5

. 2
mr(m) « 2 P
S om p2+b2

where p = momentum of Y* in the resonance center of mass

Y

decay'ahgular momentum. The parameter b is a meeSure of the
rinverse of the interaction radius.

Because of the large mumber of free parameters and the rather small
number of events, we are uneble to give a precise determination of the
: resopanée parameters. We describe the variation of e for a fit to the
‘ expefimeﬁtal.Y*K m&és:histOgram of“Fig. 18. “we var& the amoent of
reeoﬁancejLthe‘nominal.resonance masg m,s the total width at resonance,
‘fi(mb);:the_decay.angular momentum E; and the inversevof the interaction
"raaies b. -éxeept for the case £=3, where we obtaiﬁ a satisfactory fit

"~ using a mass and widthveonsistent with N%(1950), we assume that Ft(m)

is.ddminated by the one decay mode N¥(1236)x. For'N*(1950) the elastic-
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ity is known to be about 0.5, so we use half Nx and helf W*(1236)x decay
in the calculation of Pt(m) in that case. ‘Since the region of mass we -
fit is quite far above both N=n ahd *qt thresholds, the results are-in-
sensitive to the relative amounts of their partial widths. Although the
best fits are obtainediwith less than 100% resonance, the fractien of
resonance required is consistent with the assumption of pure resonance
decay. A value of 0.85 % 0.15 for the resonant fractien is typical. 1In
Table III we present, for fixed values of £ and b, the best determinations
for'mO and Ft(mo) and the corresponding xZ for the fit; The shifts from
these best values assumihg only resonance decay are neglible compered to
the uncertainties. _Furthermore, the answer for the ﬁominal resonahCe
maee does not change if all of the A? dependence is removed,'althoﬁgh.
slightly narrowver widths are obtained as expeeted. In a maximum likeli-
hded fii‘to a pure resonance model with no_A?'dependence we find, for
example, mé = 1954 MEV/EE and " = 190 MeV/c2 for £ =1 and b = 350 MeV/c
with uncertaintiesicomparable to those given in Table III. '

There is some question as to the validity of the above resonance
form and energy dependent partial widths in a region far.removed from

the nominal resonance mass. However, assuming the model is correct, the

data are consistent with the values m_ = 1950 MeV/02 and I"t(mo) = 220 MeV/cg.

These are the presently accepted solutione for the resonance parameters of

N*(l950)_observed in the F_,. partial wave in pion-nucleon scattering.

37
Although several other I=3/é resonances have been reported in this energy

32

region, % (1950) is the only firmly established one. The dashed curve
in Fig. 18 is the prediction of our peripheral model assuming 100% reso-

nance decay with £ = 3, b = 0.20 BeV/c, m = 1940 MeV/b2 and Ft(mo) =

32,33,3k4

L
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Table III. Results of fit to Y*'K mass spectrum.

Decay.Angﬁlar b. Reéonance Mass Total Width X2 forlh g
Momentum £ | m Ft(mo) , Constraints -
o 2035 * 20 200 £ 50 | 0.1 §

.20 | 2010 * 25 240 £ 70 1.1 g

' .35 1990 + 25 230 £ 70 2.1 é
.20 | 1980 % 35 230 + 70 24 §

° .35 1930 £ 35 200 * 70 _ 3.7 ’j
. .20 19%0 55 190 * 45 3 3.1 E
’ 35 | 1850 £ 55 45| T.9 f |
- J




190 MEV/EE.

Unlike N*¥(1236), we do not expect IN*(1950) to be cleanly produced,
i.e. free of overlap anq/br interference with other amplitudes. The
Pl950(mo) is about twice as large as Flé36(mo) and there is an I=1/2
resonance at 2190 MeV/'c2 which may overlap witﬁ the N*¥(1950). From our
ahalysis given in Section V, we believe pion exchange to be an accurate
description of the production of N*(l950). The corresponding =xp - Y*K.
cross sections used in that calculation are displayed in Figs.'él, 22,
and 23. These indicate that a single I=3/2 resonant amplitude‘is
insufficient fordesciibing the n;p data in the relevant energy range
althouéh_fhe n+p data arejin excellent agreément ﬁith this assumption.‘
It appears that all of the np -~ Y*K data can be fitted by a sum of‘
IEB/é resonant and non-resonant amplitudes and an I= l/é backgrouhd;
although much more data and a detailed partial wave analysis is needed
for conclusive proof. For these reasons, we do not attempt to determine
the "amount" of N%(1950) in the two channels AK pn' and AK'pa°. We
estimate the cross section for pp - N¥tH(1950), w++(1950) - ¥*¥K+ to
be 13 £ 2 pb. Further discussion of SU, predictions for N*(l950) is

3

given in Sectiop VI.
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V. ONE-PION EXCHANGE ' ;

We have indicated above tmat a simple phase space modél féilé to0
describe certain aspects of the data which are senmsitive to both the
production and decay distributions of the resonances. Althdhgh several
single particle exchange prodesses can contribute to the amplitudes which
describe each final state, we make thé assumption that only pion exchange
is present and do not consider other processes such as kaon‘exchange;
We.now describe our formulation of this modél which we find adequate to
describe almost all features of the data. | |

In Figs. 20(a) énd'20(b) we have drawn the_two possibie singie
pion exchange diagrams which we assume tb be the énly contributors'to fhe
- amplitude. fOf the two diaérgms,(a) requires fewest assumptions.for‘the
caléﬁiatipﬁgsince thé vertices involve only tWO-bddy scattering processes.

The Nz cross sections are known very well and the AK cross section is

fairly well studied. - For diagram (b) we separate. the mp - AKx vertex

into the two two-body diagrams shown in (c) and (d) and the three-body

Y*(1585). This assumption has been made when we unfold the experimental

diagram (e);_assuming that the only resonanceé'produced are XK*(890) and
crbss=;ectiogs. We discuss this below. The cross section for a final
state is:then calculated as an incoherent sum of squares of the corres-
'?pondiﬁg amplitudés for th; four diagrams (a), (c¢), (d), and (e). Since
: there are two identical Fermions in tﬁe initial state there are really
two sets of diagrams, related by interchange of the two inifiai state
:protéﬁs, which contibute to the cross section. We assume that the cross
section can be calculated‘neglecting the interference term in which case

the cross section. is just twice that for the single set of diagrams.
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(a)

(e)

XBL688-3635

Fig. 20. One-pion exchange diagrams used in the calculation.

'These are explained in the text.
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‘For the calculation of the diagram 20(a) we follow Salzman and
35 - |

Salzmén; As in all cdlculationsvinvoliing virtual pions, th;re is some

arbitrariness as to how to relate the virtual pion cross section to the‘ 
real pion cross section. We make the assumption that both of_the virtual |
- pion éross sections can be replaced by the real pion cross sections at

the same total energy. We have calculated the cross section according

to
3 alo | L 1 1 Oy -
. 2 _ 2 S 3 == D 2,2 Tt Nxt
dmNﬂdmAKdtdcosGNﬁd¢Nndc9seAK A% 167 (pE) (t+u7) a.
‘ G . E?_AK_ k AI{In
o~ /\/ daa AK X

mNn ahd mAK‘ are the éffective mésses of the pairs of particles.

t. | . -is the‘four-momentum transfer squared between the initial.
proton and the Nx system.

e : is the angle between the initial proton and the finsl state
nucleonvin the Nn rest system and

¢ ' | is the corresponding azimuthal angle of the nucleon abouf

the initiai proton direction.

are defined in the same way as 6. and ¢

6,., and:?AK N Noc®
" pand E = are the momentum and energy of either initial state proton
'in the overall center of mass.
b'chﬂ ' quK .
and —— are the experimental differential cross sections for

dQNﬁj dQAK o
T wp = nN and xp -+ AK respectively.
AI{ .
the feactions xp > &N and =xp ~ XK at energies My and M

L and k,. are the momenta of real pions in the center of mass for
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The experimental wp - sl cross sectiohs‘we uée are calculated from

32

the phase shifts of Lovelace's analysis. In the energy range needed for
our four;body states, these cross sections are dominated by N*(1236)
production. The various =p ; XK diffepential cross sections we use are
taken ffom reports listed in reference 36.

There are seven independent variables needed to describe the most
general four-body final state for fixed center-of-mass energy and we have.
written all differential cross sections indicating the seven variables we
use in a Monte Carlo calculgtion. The details are given in Appendix B.

For the process describing Y*(1385) production we use the following

cross section

d7c _
2 .2 - -
]
dmAﬂdW dtdcosGMd¢ écoseg A
| ~a(t+m_)
€1 Ty o1 d0yy P Pr
16 55 o3 &V (3,6y.) 555 55 YW
% 167 (t+mﬁ) (pE) dﬂ m, (mA“-mo) + T
where | 2
‘ (W-mk)"
1 D, By a2
y(w) - 2 _2\2 227  Ax
mgn[(mAa mo)- +m T ] :
(mp+my)
¢ ' o +
pre= = 15 for s~ exchange, = 30 for m exchange.
W = effective mass of AKs system.
k = c.m. momentum of a real pion in the initial state for
1p > Mn at total energy we
t = four-momentum transfer between initial state proton and
. final state nucleon.

QAJr and ¢Aﬁ are the angles describing the Anx system defined in the
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AKn}rest system.

GA.and ¢A are the angles describing the A in the Ax rest system.
Aoy, . | '
—aﬁ-(w,eY*) = differential cross section for Y*(1385) production at

‘ Fotal energy we

PAn = momentum of.the At system in the AKxw rest system.
Pp = momentum of the A in the As rest system.
m and I = 1.3?2(&%3:2 and 0.040 BeV/cZ, respectively.
The factor e %5 needed to obtain agreement with the four-

momentun transfer distribution in the nY**K*‘finél state and we find
a = 1.0”(BeV/é)r2 adequate for all thzeé final states.
The.mémentum»depéndence for thezY* decay we havé ﬁsed mayrnot be-
' the best, but since the YT* iS-nariow it does not matter. As indicated
in the croés section, wevéssume a uniform decay angular distribution.for-
the A in the ha rest freme. - |
. The data‘fbr np.* Y*K are sparse. vExcept fér xp - Y*OKO at 2:BeV/c,
no production anguiﬁr distributions are published.}7 Therefore, we have
| used the totai Y* production cross sections with production angular
diétributidns taken from Oui.own data assumihg pion exchange. ¥For the
 'rele§ént energy region,-ﬁe find excellent agreement with Hafdy's_angular
‘distributipn.' 7» | T
o We have fitted the total mp - AKxw cross sections to a sum of v*(1385),
K*(890), and background. A1l of the ﬂ-p date are from the compilation of
.HardyBT and the n#p data are taken from the repofts listed in reference.38
Cur fits to the data are drawn in Figurés 21, 22, and 23. The procedure

we have used to”bbtain_these fits is as follows. First,
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of beam momentum. Boxes are for total cross section,
inscribed triangles are Y*.'(13'85)K+ cross sections. The

curves are described in the text.
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of beam momentum. Boxes are for total cross section,
inseribed triangles are Y*¥+(1385)KT cross sections.

For the first two data points, the data are reported

to be completely X?+(1585)K+ production. The curves

are described in the text.
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the n~ P AK T and xp - AK n total cross section data were fit by eye
:with the curves, shown in Figs. 21 and 22, respectlvely (These data are
i.represented by the boxes.) . Next, the n p ~» Y* (1385)K cross sectlon
. was it by .eye w1th the curve passing through the inscribed trlangles
of Fig. 21, Then,.assuming tne non-resonant x p - AK T background cross
section to be smoothly rlslng from threshold, we obtain the n D~ AK*(890),
K*(890) -+ X*x™ cross section by subtraction. Having determined this
K*(890) Ccross sectlon from Fié. 21, we “invoke isotopic spin 1nvar1ance
.to obtaln the K* cross sections for the reaction Tp - AK T, whlch is
~just half that for the xp - AK n reaction. This fit for K*°(890) pro-
duction is in good agreement with the n p = AK*°(890) data shown in |
' Fig. 24, Finally, again assumdng the non-resonant np - &° ﬁ background |
| cross section to be smoothly risingvfmom’threshold; we obtain the |
i p ; Y*0(1585)K° cross section byisuhtractione The eurve ootained in
this way agrees falrLy well w1th the 7 p - Y*°(1585)K data indicated
by the inscribed triangles of Flg. 22, Although no measurement of the
Y*OKO cross section is published at 1.8 sev/e, Miller has indicated the
reaction is indeed dominated by Y*(1385) production. The n'p - Ak’

data were fit again assuming that the non-resonant background-eross

sectlon is smoothly ris1ng from threshold. The Y* curve obtained is

. in good agreement with the «'p - 3{**‘(1585)1{+ data points indicated by

ithe inscribed'triangles in Fig. 23. These n p data 1nd1cate that Y*'

productlon drops sharply as the momentum increases. These data, as

we mentloned in Sectlon IV B, are also con51stent with the assumption

that N*(l950) domnates,y*+K+ productlon.
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'Fig. 2. Cross section for the reaction x p - AK*© as a function '

of beam momentum. The curve is described in the text.
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| Our model for K*(890) is identlcal to the one Jjust discussed for
v -Y*(1385) The only difference is that we use thL experlmental differen-
~tial cross sections 1nterpolating linearly between data p01nts.: The - | , §

' -a(t+m ) is also omitted in the calculation. We use m_ =890 MEV/cg o
- factor e L ..o

and,F 50 MeV/c for the resonance parameters.

To describelthe non-resonant backgrpund, we assume 1p - AKX to be
deseribea b& phase space and use isotropic production distributions for
each of three particles. This‘assumption'is e1early not valid at high

values of AKx mass and also neglects the low mass AK interaction which

is pfobably present. The cross section we use is then

7 2 - . P,
e L L s kwa(py, A
dedw dtdeosd 20080 80, :r 167 (t+m (pE) m
where | R o

1_ =162 f i 2270 ol
Aw ' m,
o 2 ‘ L
. (mA'I'm’r) i

“.o(w) is the background &5 -+ AKn cross section af total energy w. The

other def1n1tio4s are the same as before. ‘
. WAL e — . T [

For the AK pﬁ final state, we use T o lind AK ﬂ cross sections which
are identically equal to the-n p =+ XX Ot cross sections. The final state
: AK+pﬁ° reqnifes ﬂop‘* AK+n° cross sections. Isotopic spin invariance

relates this to physical cross sections viz
o(s°p'~» A n° |; % o(np » aKxt) + o(np - AKa) - a(xp ».AKonoi] .
Unfortunately, none ofﬁthe experimental cross sections are known accurate-

rly and we therefore expect even larger errors in this ﬂop i AK+ﬁo cross

 _section since subtraction of two comparable numbers is involved.
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We have fitted the data for each final state by fitting to the Nx,
Axt, and K mass distributions as described in.Section IV. The relative
intensities for fhe different processes are in excellent agreement with
the relative intensities found in the phase space fit. The absolute
predictions of the models we use are not in agreement with our measured
croés sections. These predictions are given in Table IV. Since one can
introduce form factors‘which do not significantly alter the shapés of
distributions, but result in rather different total cross sections, we

do not take this discrepancy asvevidence of failure of the model.

We now compare our experimental distributions with the pion exchange -

model. All calculations of experimental quantities, such as scattering
angles, which involve an initial state proton in the calculation were

made assuming that the proton with the smallest A? to a particular system
is at the‘same vértek as'that system. This same seiection was included in
the Monte éarlo calculations and we find less than 15% of the Monte Carlo
events were interpreted differently from their generation. In Figs. 25
through 34 we display the six_two-body and the four three-body effectivé
mass distributions for ApKon+. In Figs. 39 through 48 we show the ten
 effective mass distributions for ApK'x and in Figs. 52 through 61 the
masses for the AnK+ﬁ+ final state. In all of our histograms we include

the pion-exchange prediction with each contribution separately shown and

labelled. The relative intensities for the different processes are deter-
mined from the likelihood fit and are held fixed in all plots for a given

final state.

The overall agreement is best for the ApKoﬂ+ final state. This is
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Tablé IV. One-pion exchange predicted cross sections for pp -+ ANKxn at
6 BeV/c.

¥*(1385) N*(1236) - k* 890) | Background
ot |;5 “b(gizzoi§rm T 28 b 3k ub

41 ub(no form. ‘ ' : '
factor) | : ’

!
i

+ 0 8 ub(with form ! , '
ApK ot factor) 11 wb 14 ub o 20 wb
22 pb(no form
"~ factor)

ot 48 ib(uith form -
u AnKvg:_ factor) oub o o 4o Wb

150 Wb (no form o ‘ _
factor) , . ]
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not surprising, since the input cross sections used in the calculation
of the model are bes£ known for this state and our data have little
contamination. As.we discussed above, the low Kon' effective mass region
is pot fit well by the model. The fit to the pn+ effective mﬁss, shown
in Fig. 29 could be improved. From other analyses in non-strange data |
we find the correction factors of Durr and Pilhuhn tend to shift the
resonance peak to a slightly]ower_value and result also in a somewhat
' nafrower effective width for the resonance region.59 In Figs. 35 énd
36 we plot the cosines of the scattering angles in the pn+ and AK° rest
systems,frespectively, These distributions indicate that the real
.differential cross.séctions we use describe the virtual scattering
processes'quite well. Finall&, in Fig. 37, we plot the four-momentum
transfef to the final state proton and it appears'ﬁhat our model is
sufficient to fit even the large A? region.

The ApK+n° final state has probably the largest amount of coﬁtamina-
tion_ahd the errors in the ﬁop - AK+ﬁo cross‘sections are largest here.
These facts prevent us ffom making finer conclusions aboﬁt the validity
of the pion exchange model. In Fig. 49 we show the A? disﬁribution'to
the proton. The agreement is again rather good'for all values of A?.

The scattering angle in the pno center of mass is shown in Fig. 50.
This’distribution{no longer mainly represehts viftual pion scattering,
since most of the cross section is due to AKxy production at one vertéx,
but thé prediction of our model for this distribution is still verj good.
- In the AnK+:t+ final state only the one exchange process np = AKn
is iﬁcludedvin the fit. All effective masses are in rather good agree-

ment with our somewhat over simplified model for the background. In

hid
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this final_state, a clean selection of'x* is bossible and we fin& that
the egreement of the data with the model persists after this eelecticn
is made. Ae a typical example, we‘display the Y*¥K+ mass distribution
in Fig. 63. The selecticq'on M(Ax) is 1.35 < 1.k2 BeV/cz. Th#s mess
dietribution reflects moef.directly the ﬁ+p-+ Y*K* cross sect&on which
we have used in the pion exchange calculation. As we have dlsfussed
abeve, our data indicate the decay of % (1950) in the Y*K mode, and, if
our pion exchange model is correct, we expect thet the n+p - Y%K+ data.
can be explained by the existence of an s channel resonance, namely
N*(1950) '

A further check of single pion exchange is provided by the Treiman-
'Yang test. In Figs. 38, 51 and 62 we show for each final state'the angle
'¢An which we briefly def;ned on page;52. The precise definificn of this

angle is

B x(Bp8) B :
. LJﬁP | Ny /
sin(e, ) = — =
| _'?pl 02 N)I 17, 1" An'
. §§2 qﬁ §él qcx
cQs(¢A#) = C =
AR

where pl and §2 refer to the initial state protons and N to the final
state nucleoc. All momenta are evaluated in thevAKﬁ rest fremez This
engle is calculated for all events in the same ﬁay:and has fhe meaning
of a;Treiman-Yang‘ahgie only for events which are not N*(1236). Tﬁe
fact that we include the I*(1236) e§ents-in these distributions is not
inc?rrect eince the same method of caleulation is applied in'the Monte

Carlo calculation of this angle. For the AnK'n' final state, however,



=102~

60 - —r

SO ¢

40}

20 ¢

10}

"2.?0 1.90 2.10 2.30 ©2.50 2.70 2.90
MASS (YX+, K+) '
. XBL 684-540

Fig. 63. Effective mass distribution of y** for examples of

: reaction pp > Y*¥tK*tn., The curve is the pion-exchange

prediction and is discussed in the text.

o~



. -105- .
this angle takes on the usual meaning. All three'of these disrributions'
are consistent with spin zero exchange and this fact remains true even

when selections on momentum transfer are imposed on the data.
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VI. SUs RELATIONS FOR I*(1950)

Using a model for resonance production in quasi-two-body final -
states and four known cross sections we are able to test various SU3
predictions and make consistency checks of our interpretation of the Y*K
resonance as N*(1950). In particular it is of interest to see if this
interpretation implies a partial width for the SU3 symmetric decay mode,
M*¥x, that is consistent with the known elasticity of N*(l950). Thé
IZ=§/2 state of N*x is not observable in this experiment because there

are necessarily two neutral particles in the final state. Theréfore,

we use SU% symmetry in estimafing the partial width for this mode.

From striet SU, symmetry we have

2 ++
¢ (W) _ 55

Pyt

With this rafio of the couplings and the measured Y¥K cross section, we

3

apply the resonance model discussed in detail in Section. IV B to predict
a value for the cross section pp  nl**+(1950), W*++(1950) - (wx)*+

01950(nN*n) = 170 # ho.nb .

This vaiﬁe éeems to be consistent with our earlier assumption that N¥x
is the major inelastic decay mode.

The réported cross sections for the production of N¥++(1950) and
deéay into pﬁ+ are 320 * 160 ubll and 520 * 260 ub.ho From the reported -
elasticity of 1\1"*(1950)52’33 we have a relation between the sum of all

inelastic widths and the elastic width at resonance:

T
gt (m )+an(m M. (m )+PZK(m Yoo

Pﬂp(mb)

= l.O i 003 .
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Heréf the error estimate 1s based on the difference betweenifh? values |
published in the two reporﬁs.
The ratio of cross sections for decéy into different modes arelv
related to the corresponding.partial widths viz
; rd(mo)‘_vdoa(mo)
| I‘ﬁ(mo) - ch(mo)

Where‘dqa(mo) represents the most -differential cross sectidnqur produc -

tion of the resonance and decay into mode . We assume that this exact: -

felation remains true if we use our model to describe the production and

use integrated cross sections. For our model, this last assumption is a
good approximation if the thresholds for « ahd B are fairly close together.

We find

I‘(.1\7")('1r)"“"'(mo) N i70i40 _ O.h.+ 0.2 .
r ( ) ~ 420+210 ~ U7 T V° °
tp o

Thus, it is clear that the cross sections are consistent with the require-

ments of SU, with the reasonable assumption that such modes as Nmx and Np

5 _ .
have partial width comparable to N¥(1236)x.

The cross section for ZfK+ decay has also been studied in this

. ) . 2 . .
experiment and is reported to be 22k ub.2 The SU3 relation

Gzt

1
G2Pﬂ+ '

and ahal&sis identical to that just described for N¥x predicts a ratio

-of cross sections

91225:2_ = 2;5

o(nz'k") )
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whiéh is in disagreement with the measured cross sections. It is not
possible to decide whether this is a résult of broken SUé'symmetry or
an inadequacy of our model for the production and decay of the resonance.
Of course, the best ﬁay to study such questions about branching ratios
of the resonance would be in n*p experiments where formation of the

resonance in the s channel would eliminate the problems of final state

interactions and the dynamical mechanisms would be more easily analyzed.

-
an
¢
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VII. CONCLUSIONS

| ' o ! i

Four-body starange particle production of AKx is generally well

~ described by one-pion exchange. Resonance production is dominant in

these reactions and the pseudo-two-body reaction pp - ni**+(1950), | ' !

W++(1950) - Y**Kt is also exﬁlained by this mechanism. -
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APPENDICES. 5

A. Neutral V° Detection Biases and Corrections

A1l exampleés of the three reactions analyzed in the text are required

to have at least one visible V° decay in order to fit them. Three separate

effects are found to be résponsible for reduction of the tOtal'sample to
that observed in the experimentﬁ 1) Inability to detect neuérél VO
deéays close to the production vertex; 2) Finite size of the bubble
chamber and 3) Misidentitification of A's as electron pairs. Evidences
for the.first and third of these biases are found in the lifetime and
decay angular distributions of thé neutral Vo's and are diécussed in the
text. The.éecond effect_is obviously présent and is eésily corrected
for'siﬁultanéously w{th the first. We discuss'the.correétions for these
effects.beloﬁ. | | | | |

» In order to suitably cbrréct for an iheffigiency we must have for
a given momentum of the v° that at least some of the events fall outside
the inefficient region ahd that we be able to caléuléte the probability
that such an event could havé occurred in the biased region. Each event
then in the deficient region is thrown out and the remaining events are.
weighted according tb this probability. To determine the boundary of

such a region the behavior of the total weight is observed as the boundary

is varied. As the cuts are made more exclusive, the weight will continue

: / , _
to increase until the proper value for the cut is reached, after which

Apoint the weight remains constant. Tt is important to notice that the

parameter whose distribution manifests the assumed bias is related to
the parameter in which the cut is made but is usually not identical to it.

For example, it is the time distribution of the A which we understand and
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find to be depleted while it is the length of the neutral track that we
believe to be responsible. Hence, it is in the length that the cut is

made .

'Length Correction

We first describe the correction for a visible V°. Let 2, be the
minimum length cut off and Bmax the length measured from the production
vertex along the neutral track to the boundary of the fiducial volume.
For an unstable particle of mass m, lifetime To? and momentum p, thé

probability n of the decay occurring between ﬂmin and zmax is

-4 .. m -4 m
min o max o

pe 15 _, PC To

1 =e
Hence, each event with a'visible v° deca&’isiweighted by i/h. Thevsum of
thesé weighﬁs ié then the true numbef of V°'s which decayed in the charged
mode. | |
' Examples of the reaction ?p *.AKopn+ can be fitted if at leasf one
of the strange particle decays is visible. Besides the weight described
above for the visible VO, an additionai correction for the ﬁnobserved

decay is necessary. The reason for this is that all decays in the

charged mode which occurred outside the fiducial volume are included in -

the sample. Since we have already corrected the visible vO's for all

chargéd decays, we want now to correct only for fhe totél number df néu;
tral mode. decays. Let a bg the probability that a Vq.deéay charged
inside the.fiducial volume, b the probability of charged decay outside,
c théVProbability ofbneutfal decay inside and 4 the prpbabiiity of neutral

decay outside. We have
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-4 m '
max o

pc T4

seee Ty @en
‘l -z m . N .
- max o :

b=( ¥ T0) - (1-R)
- m o . ' ,
. ~jex o : ‘
c=(1-e PT0 ).R

ef

max" o .
d=(e POy . R o |
, _ |

where R is the branching ratio of uncharged to total. In addition to ¢
and d, b also contributes to the topology of the missing neutral. Hence,
if we want only to correct for the uncharged deday'mode,'wé must WEight

each unobserved neutral by:

c +d 1 S
b+c+d -4 _m '
- max o
(o pc t
1+ (l—RRle ° - S

SiAce the A and K° decay independently of each ther, the weight for an
event is the product of the individual weights for each strange particle.

Projected Opening Angle Correction

We have generated a lafge numbef of Monte Carlo events_qu.A decay
~into pn+. After Lorentz transformation tovthé iaboratory, we impose-
cuts. on thé ﬁrojected opening angie. Ovérva:S.O BeV/c range in A laboratory
’ momentum and‘for projectéd opening angle cuts varying from 1 tpr6 degrees
fthélfdllowing éxpressidh‘for the éfficiency is accurate to within 1 percent.
E =1 -0.00125 a - (0.00166 + afu8)P,

»wherg_PArisvin BeV/c |

‘; @ is the projecfed opening angle in degree#.
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B. Monte Carlo Generation of Events
Generally speaking, Monte Carlo methods.are useful fdr simultaneous
evaluations of several multi-dimensional integrals of some positive definite oy
dens;ty function defined over a multi-dimensional space. In high energy
?hysics this density fﬁnction is typically the most elemental differential
cross sectibn for'some'reaction. There are two distinct Monte Carlo methods
and which one is preferable dependsvupon the specific functions and fhe
number of‘vériables involved. In the first method, which we have chosen
not to use, the variables are picked at random between their absoiute
minimum and absolute maximum values. If these values are all physical,
the cross section is evaluated for this set of variables and then a random
number is ﬁicked between O and the absolute maximum valﬁe of the cross
section. If this random number is less fhan the value of the cross section
this set of variables is kept, otherwise a new selection is begun. This
method is obviously wasteful if the cross section varies significaﬁtly in
an& of the variables'and/br if the physical volume of the‘multi-diménsional
space is a sm;ll fraction of the circumscribed volume used in the seiectibn
of the variables. Howe#er, this method does give a distribution of points
in the multi-dimensional épace which has the same statistical properties
as a distribution given us by'nature (provided nature is described by the
model). For this reason, one often refers to the selected set of variaﬁles '
as an "event", although this nomenclaturerié often extended to the Monte
Carlo method which we now descfibe in detail.
Aé in the method above, an event is generated by randomly selecting
iyalués for each of the variables which describe the problem; The value

for each variable is chosen between a minimum and a maximum value consist--
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ent with the "kinematic" boundaries of the multi-dimensional space. These
mﬂnimum and maximﬁm values will usually be themselves functions of the
subset of variaéles which have already:béen chosen for a partiéular e%ent,
except of course fér the variable chosen first. The order in which the
variabies are chosen is i%portant only from afsﬁatistical point of view,
i.e. for large numbers og events, the results dd not depend oé the order
of the selection, although intelligent ordering can reduce computer time
fx agiven degree of random fluctuation in the results; We assign to each
eﬁent a weight Which is the product of two QUantities--one being the value
of the cross sectioh at the correspondiﬁg point in the ﬁulti-dimensional
space, the other the volume évér which the selection was performéd in the
spaée. The reason for.these factors should be clear from the fallowing.
' Let a; and b, bévthe minimum and maximum valuesirespéctively'for-

vthe variables a used to>aefine a partiéular event. Let'Nb‘bé the

_ number of events generated as described above. Clearly the generated

population of events at a point in the qi space will be given by

mNn N
..dqm‘ql’"qm) (G CRCRER G (ql, D))

Hence, we include in the weight the products ni(bi-ai) to simply cancel
this'éffect introiuﬁd‘by the random selection of the variables. Using
only fhié weight for each event would give a distribuﬁion in deights
(numbers 6flévents) that would be constant over the whole multi-dimenéion-

':al space. Specifically we would then have

dql..dqm = No
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where Nb is the total number of events generated. The inclusion of the
cross section in the weight is obvious now. This is the way in which we

introduce the dynamics to give: )

) "

dq, -.d9 =1 dq, ..dg :

By dividiné the weights all by Nb, we can make the number distribution
numerically equal to the elemental cross section. Now we see that to
calculate any distribution of interest we may treat the Monte Carlo
events exactlyvlike real events, since they have the same properties as
real weighted events. Also, we may exclude arbitrary regions in the
muiti-dimensional space easily with the Monte Carlo method to compare
with real events selected in the same way. Although this method does
’nét throw out any events, one should avoid generating large numbers of
eventé in regions_wherefthe cross section is smallest and few events in

the regions where the cross section is largest. Also, an ideal situation

would be t0 select a set of variables which makes the cross section most

nearly constant over all of the multi-demensional space. We explain the
Breit-Wigner function as an example.
In reactions involving resonance production one usually has a

cross section of the form

dmc 1

5 == 55 2 2F(m2ab’q2"'qm) .
dm”_, dg,,..dq (m b~ )+ m T, .
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Clearly using m2

b -as one of the variables would be very 1neffﬁ01ent since

the cross section varies rapidly over the kinematic region. We deflne ' o

mgab | | g
2(n’ )= f rr—53 X ‘ .
(m +mb) (X-mo )+ w T g o |
so that | | |
dz _ 1l |
an’ (mgab—m02)2+ m02F02 ‘ ;

ab
. . . I
Now we rewrite our formula for the cross section in terms of z.

d o dmc dz

dm2 dq_m dzdg,..dq dm2 |

{

But :
| !
P dz dz 2 o I I

= e Wy .

dqug.. 9, dm b dm ab o _ : : i

Hence, !
____Ezb;—_ = (m2‘ (z),q ) | N |

dzdq,..dq ab‘\e/? 2"'gm ' o

|
In thls way, we have ellmlnated the rapld varlatlon of the cross sectlon |
o

We must be able to solve for m2 ab- given z since this is the variable In\v/ﬂ\vj |
|

"whlch F is expressed. Fortunately, this too is easy since

Lz = m% | [ARCTAI\( ab %o > ARCTAN < (m +mb) ™o >} | ,

oo




-116-
and this equation can be easily rearranged to give m2ab as a function of
7z, If one randomly selects z as the first of the m variables to describe
the problen, the maximum value of z need only be calculated once since it i
will be the same for all events. (The lower value is clearly zero.)
We summarize the conditions necessary for such a change of variable
as we have just discussed:
1. The croes section has somevdependence on g variable which is
rapidly varying.
2. The integral of the rapidly varying part of the cross. section
can be evaluated. |
3. Given the value for the integral, the corresponding value of
the parameter in which the cross section is expressed mustibe
easily evaluated. ‘
Some ofher examples of fUnctioﬁs which occur in cross sections and have

the above properties are power, log, and exponential functions.

"y
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