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ABSTRACT 

We systemtica1ly analyzed p interactions producing strange-

particle final states with an incident laboratory momentum ranging frori-i 

1.6 to 4.2 BeV/c. We find these final states to be dominated by the 

production of well-.established resonant states. No evidence was seen 

• for the existence of new resonant phenomena. 
- 	 - 

The reactions Tr p 	Y ° K and iT p -* Y °  K °  proceed peripherally. 

Simple one-particle exchange does not describe the processes 

K °  and p AK*o. The absorption model gives an adequate 

fit to the data for these reactions and indicates the dominance of k 

exchange over K exchange. 
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I. INTRODUCTION 

Strange-particle resonance states from Trp interactions have been 

investigated by many authors. 10 	My report is an analysis in which 

the laboratory beam momentum ranges from 1.6 to 4.2 BeV/:. 

The low BeV range of incident momentum for iTp and Kp inter- 

actions has proven to be so rich in interesting physical phenomena that 

it has been rewarding to conduct bubble chamber experiments with no 

specific and detailed objective in mind. 	Instead, the data is collected 

and reduced in a systematic .way. 	If the experimenters are fortunate, 

and in most cases they are, this first step in the analysis will indicate 

promising directions that can be pursued in detail fruitfully. 	The cx- 

ploratory rather than the specific objective philosophy was the guiding 

principle for the collection of data that was analyzed and is presented 

• here. 	As a result, the conclusions that we reach cover a variety of 

topics rather than specific definitive statements about any particular 

• physical problem. 

In Sec. II we outline the general procedures used in the primary 

analysis of the data and its preparation in useful fOrm. 	The criteria 

used to separate the various reactions of interest are discussed, 	in 

• Sec. III we describe the formulae and techniques used to obtain values 

for the total cross sections for the final states considered here. 	We 

find that all cross sections change with energy in a smooth fashion; 

resonance formation inthe S channel is not indicated. 	In Sec. IV the 

properties of the res.onant states produced in this experiment are dis- 

cussed. 	We find no evidence for the existence of other than well- 

established states. 	Particular emphasis is placed upon the analysis of 

the reactions rrp - 	 ° K °  and Trp - 	AK ° , since information about 

the polarization states of both final-state particles can be inferred from 

their decays. 	Density matrix elements appropriate to these final states 

are found and the absorption model is fit to the data 	We find thesc re- 

actions to be dominated by K 	exchange rather than by K exchangc 
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II. EXPERIMENTAL PROCEDURE 

A. Beam 

This experiment was performed at the Lawrence Radiation Labora-

tory's Bevatron. The 72-inch liquid hydrogen bubble chamber was ex 

posed to a beam of Tr mesons with laboratory momentum between 1.6 

and 4.2 BeV/c. As the details of the beam design and operation are dis-

cussed elsewhere, 	they are omitted here, In all, some 600 000 sets 
of stereo pictures were taken. 

B. Scanning and Measuring 

Each stereo set was examined by trained scanners for interactions 

with evidence of strange-particle production, and the indicative data for 

interesting events was recorded on a master list. The topologies sought 

are shown in Fig. 1, The numbers of events found as a function of in-

cident momentum are listed in Table I and shown in Fig. 2, Rare inter-

actions of. interest- -].aptonic lambda decays, neutral interactions, and 

possible 	productions --were recorded separately and did not proceed 

through the normal processing described below. Each event was meas-

ured on a Frankenstein or a SMP, 12 

C. Fitting of Events 

The data from each measurement were fed into a standard chain of 

Alvarez group computer programs 12I which reconstructed the topology in 

three dimensions and tried fitting a preselected set of reaction hypotheses 

to the event. The interactions we attempted to fit are shown in Table II. 

Only the reactions in Group I are discussed in detail here. The final 

states in Group II are treated elsewhere l3-14  and are mentioned only in 
connection with our obtaining pure samples of events in Group I. For 

each hypothesis, a four vector of the "missing momentum' was calcula-

ted by means of the formula 

PP. 	+P 	- 	P., , 	 (1) .mm ..-inc .targ  
i 

where P. 
inc , P —.targ , and the P. are measured (unfitted) values of the -  



1 

• 	 (1 •.:. 

MUB-9839 

Fig. 1. Topologies sought in this experiment: 
a. Zero prong with a vee i. 	Four prong with a vee, negative decay 
b Two prong with a vee j 	Two prong with a positive dcc ty 
c Four prong with a vee k 	Four prong with a positive decay 

 Zero prong with two vees 1. 	Twoprong with a negative decay 
 Two prong with two vees m. Four prong with a negative decay 

 Two prong with a vee, positive decay 
 Four prong with a vee, positive decay 	• 	 • 

h Two prong with a vee, negative decay 
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Table I. Number of events of each topology found 

at momentum intervals covered by this experiment. 

1• 
Topology Incident pion momentum (BeV/c) 

1.6-2.3 2.53.4 3.7-4.3 

a 4 540 4458 1 264 

b 2101. . 	 5417 2499 

c 0 127 180 

1750 1.597 	 . 430 

e 55 579 31 

f 325. 458 151 

g 0 8 14 
h 508 6O7 179 
i 0 11 21 

j 591 523 588 

k 13 228 189 
1 3193 . 	. 	2340 . 	657 

m . 	18 452 339 	. 	. 	. 

Total 13094 16805 6820 

kI 

.1•. 
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Fig. 2. The number of strange-particle events fouhdin this experiment 
as a function of incident pion momentum.•. 
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four momenta of the incident pion, target proton, and observed final-

state particles (including neutrals with observed decays). T1e missing 

n-iass is defined by 	 . 	. 

(mm)2 (p 	 (2) —mm 

D. Separation of_Hypotheses 

For a given event, each hypothesis with nonzero constraints was 

assigned a confidence level which indicates the extent to which energy 

and momentum are conserved in the interactions. Presumably, events 

which do not proceed via the proposed interactions will have a low con-

fidence level and therefore can be eliminated from consideration by 

imposing a minimum cutoff in this variable. The value chosen must be 

low enough to include desired interactions, yet high enough to exclude 

unwanted events, and in practice it is selected with some uncertainty. 

in this analysis, a hypothesis with nonzero constraints was considered 

acceptable if it had a confidence level greater than 0.005. Events with 

no acceptable production hypothesis with constraints but consistent with 

at least two missing neutrals at the production interaction were accepted 

as missing-mass hypotheses. 

An event for which more than one, hypothesis was acceptable was 

termed ambiguous.: All ambiguous events whih in principle could be 

resolved by an examination of the ionization densityof one or more 

tracks were selected by a computer program and examined on a scan-

ning table. Hypotheses inconsistent with the observed densities were 

eliminated. 

After they were scanned on a scanning table, the ambiguities were 

most conveniently resolved by selecting the hypothesis with the highest. 

confidence level. For many events we attempted to choose between 

hypotheses of different constraint class, however, and it is not clear 

that a confidence -level criterion is the selection to use. Instead the 

problems associated with each constraint class were examined in turn. 

Resolution of A and .K °  decays was quite good. For events 

with a neutral decay, nearly all 'ambiguities occur between production 

hypotheses involving the same observed neutral. In all cases, therefore, 
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Table II. Hypotheses we attempted to fit. 

Production Tol;al 
4 	 Final state Topology constraint constraint 

class class 
Al 

GROUP I 

Three body 

1r 0  
• +Ko 	 f 	+; K °  f 

4a 
7 fliT 

piT 0  

K, ° - 	A±y;A-*pir b,f 2 5 

j I I 

K+iT0, 	Z-nTr 1 I I 

• K0,n;K0 h 4• 7 

• K,-nlT  

AK;Apii b,f 4 7 

AK+ 1T 
 

AK 0 	;Ap,K0 d 1 7 

Ammb;Ap 
a 0 3 

Kmm;K0_Tr+iT a 0 3 

Four body 

(niT 0  
4- 	4- 	- 	- 	-- 	I 

nir+ 
	. 	 k 	. 	4 	 4 i  

n 1T+ 	 1 	 4 

K°-- Tr+1T 	 . 	 . 	 . 

OKOiT+iT 	o -* 	 . 	 e 	 2 	 8 

A piT, K° 



Production I 	 Total 
Topology constraint con straint 

class class 

b 1 4 

m 4 4 

h 4 

j 0 1 

1 0 1 

1 0 1 

b,f 4 

e 4 10 

b 1 4 

b 1 4 

e 0 6 

j 0 0 

1 0 0 

k 	 I 

g 	 4 	 8 

k 	 1 	 2 

c,g 	 5 

k 	 1 

m 	 I 	 2 

i4 	 8 

Final state 

E 0 K 0 	fçO 

n_ 

- n; K °  

+ 	 f plr° 
mm;  

- + mm; Z -  niT -  

- K±mm; E -  nTr -  

A Prr  

AK0; A p*, K °  

AK0; A p 

AK0; K°- 

AK ° mm;A-pTr, K° 1T+U 

mm 

K - mm 

Five body 

ir 0  
K+0 u,  

niT 

KOrr 	+ 	[ 

+KOiT+uiT; 	
PTO 

 

I fliT 

E ° - Ay, A piT 

KOir+ir+iT_; K O, Tr  Tr 	-kniT 

A 
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Final state 

Enrr 

f pIT °  
TKOTr 	f_) 	

' K° 	1T+1T 

E-nTr K°  

AK ; A 

AK 

AKir 0 ;A—pTr ,  K 0 T + 1r _ 

AKrnm; A 

K+K_mm; K° 

Amm ; A 

K0K_lTFrnm; K° 

Six body 

AK O Tr 	K °  

Production Total 
Topology constraint constraint 

• class class 

rn 1 2 

f 0 4 

h 0 4 

c 4 7 

g,k I I 

e 1 7 

b,f 0 3 

b,f 0 3 

b 0 3 

b,h 0 3 

e 0 6 

GROUP 11 

Two body 

° K ° ; K° - Tr + Tr  

Z ° K ° , E ° A+y; K 0 , A pTr  

K+ ,  

AK ° ; K ° 	 piT 

AK ° ; A . -*pTr 

AK°; K0Tr+ir 

a 	 I 	• 4 

d 	 2 8 

1 	 4 4 

d 	 4 10 

a 	 1 4 

a 	 I 4 
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Production 	Total 
Final state 
	 Topology constraint 	constraint 

class 	class 

Three body 

pK° K; K° - 1T+ 1T  

pK° K 

nK+ K 
-  

i ;  K° - lr+ nKO 	 1T 	Ks -' irir 

Four body 

+ 
K
--  

pK 

pK° K° Tr; K° - 1T+1T 	K°-* Tr+1T 

pK° K° 1T; K° -' Tr+Tr 

pK ° K ° ; K °  

nK+K; K°- Trir 

nKO\K ;  K°  

pKmm 

+ -  K Kmm 

K°  i mm; K° 	Tr 'Er - 	ir -  

Five body 

pK+K01TTr; K° - 

pK+KOirTr 

pK+Kir0  Tr 

pK0Klr+1T; K° -  

pK° K ° 1T ° Tr; K° -~ 1T+ 1T 	 ir+ iT 

	

b,h 	 4 	 7 

1 	 1 

	

j,l 	 I 	 I 

	

d 	 1 	 7 

k,m 4 4 

e 4 10 

b 1 4 

b,h 1 4 

b,f 1 4 

b,h 1 4 

1 0 0 

j,l 0 0 

d 0 6 

c,g 4 	 7 

I 	 I 

k,m I 	 I 

c,i 4 	 7 

e 1 	 7 
V 
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/ 

Five body 

pK ° mm; K °  

0 	
0 -* 

+- pKKmm;K. 	1T 

nK+K+ Tr 

nK0K01Tr; K° - 1T+Tr 	- .rr+ Tr  

b 	 0 	 3 

b,h 	 0 	 3 

k,m 	 I 	 I 

e 	 I 

aM d momentum of Z not used, 

bmm indicates two or more unobserved neutrals, 
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we needed to examine only the four types of constraint classes associated 

with production: no missing neutrals (four constraints), Z O  production 

(two constraints), one missing neutral (one constraint), and two or more 

missing neutrals (mm) (zero constraints). 

1. Four-Constraint Fits 

We expect the events which have an acceptable four-constraint fit 

to constitute a pure sample of four-constraint interactions. It is ex-

tremely unlikely that events for other processes can satisfy energy and 

momentum conservation sufficiently to yield a high confidence level. 

Possibly, however, measurement errors will be large enough that four-

constraint events will give a high confidence level to hypotheses with 

only one or two constraints. Selection on the basis of confidence level 

will produce a pure sample of four-constraint events but not necessarily 

a complete one. 

In this experiment the number of events which fit acceptably both 

four-constraint and one-constraint hypotheses is small, and testing our 

expectations is difficult because of the statistical limitations. Many 

events, however, are ambiguous between four and two constraints: Two-

prong-vee events with the hypotheses Trp AK+Tr and Tr p - 

Z O  - Ay (topology b). Events which truly proceed via the second reaction 

should show an isotropic decay of the Z O  inits rest frame, whereas 

misidentified events of the first type need not do so. Figure 3(a) shows 

the decay distribution for the decay gamma ray relative to the normal 

of the production plane for events which pass only Z O  production. We 

see the expected isotropic distribution. Events which have a. best con-

fidence level as Z O  production but also an acceptable fit to A production 

are shown in Fig 3(b), here we see a striking peaking in the production 

plane Figure 3(c) shows the same plot for a sample of ev€tits which 

have a best fit as A production but also an acceptable Z O  fit. We believe 

events in the third category to be true A events because of the stringent 

requirements of the four-constraint fit. The characteristics of the 

events in the second category are very similar to those of the third, and 

we will not have an isotropic Z O  decaydistribution if many of the events 
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50 
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.30 
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MU B-9841 

Fig. 3. Angular djstributions for the y ray from O  decay with 
respect to thc normal of the production plane of the final-
state particles for (a) events with an acceptable hypothesis for 
only Z O  production, (b) events with the highest confidence level 
for Z O  production but also an acceptable A production hypothesis, 
and (c) events with the highest confidence level for A production 
but also an acceptable Z O  production hypothesis. 
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of the second category are accepted as coming from ° production. We 

conclude that all of the events in the second category are from A pro-

duction. 

If all events which simultaneously fit four and two constraints 

actually belong to the former hypothesis, then certainly ambiguous four-

and one-constraint events should also be assigned to the four-constraint 

hypothesis. In this experiment, events which had an acceptable four-

constraint fit were unambiguously chosen as such regardless of the con-

fidence levels ofother hypotheses. (In the few cases for which there 

was more than one acceptable four-constraint fit, the event was assigned 

to the hypothesis with the higher confidence level. ) We believe that this 

procedure yields pure and complete samples of four-constraint events. 

Z. Two-Constraint Fits 

Upon examining the two-constraint hypothesis iTp 	 r 	O -A'y 

after the removal of ambiguous AK+Tt  events, we find a significant 

number of ambiguities only with the reaction upAK+TrTr0.  Since the 

o decays rapidly, it does not travel far (< 	cm) from the production 

interaction before decay, and the process coild be viewed as 	pAK+1T_. 

The experimental resolution is such that it is hard to distinguish between 

a y  ray and a ir 0  by an examination of the missing mass at the production 

vertex. We can use the additional fact, however, that for true >° pro-

duction events, the effective mass of the A and missing mass, 

(P + P mm ) should peak at the mass of the °, whereas for TO pro- 
. 

duction events, this quantity should lie above the kinematic threshold of 

1.56 (BeV) 2 . Figure 4(a) is a scatter plot of the missing mass square 

versus the effective mass square of the A and missing mass for events 

which fit only Z O  production. Figure 4(b) is the same plot for events 

which pass only it 0  production. In Fig. 4(c) are plotted thQse events 

which have acceptable fits as both E °  and TO production but for which 

the Z °  hypothesis has a higher confidence level. Figure 4(d) contains 

ambiguous events with a higher confidence level for TO production. In 

general, a selection in confidence level seems to do well. in separating 

the hypotheses, but the distribution of points suggesi: tIi,i I. the N' i St)l O' 

'I 
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misassignmenL Ambiguous events were assigned, therefore, on the 

basis of the effective mass of the A and missing mass. Events with 

+ P 
m2 

 1.56 (BeV) 2  were as.signed to the 1T°  production hypotheses; 

events with 	+ 	
2 	 2 

< 1.56 (BeV) were assigned to the 1 0  produc- 

tion hypothesis. The cross contamination of these two channels should 

then be quite small. The same criterion was applied to the separation 

of Trp - AK ° rr °  from Trp -k  ° K °  and Z o  - A-y. 

3. One-Constraint Fits 

For each one-constraint hypothesis that involves the production of 

a single missing neutral, there exists another reaction with the same 

observed particles but with two or more missing neutrals. In general, 

the kinematic threshold for the effective mass of two missing neutrals 

is sufficiently removed from the mass of the single neutral so that the 

hypotheses can be separated by examining the missing mass at the pro-

duction interaction. For one -constraint hypotheses involving observed 

A decays, however, we must discriminate between A production reac-

tions and corresponding reactions in which a Z o  is produced instead of 

a A. In the former case, the missing-mass spectrum will show a peak 

at the mass of the missing neutral with a width characteristic of the 

experimental resolution. In the latter case, the missing mass will be 

the effective mass of the neutral and the gamma ray from Z o  decay and 

will range upward from a threshold very near the mass of the neutral. 

Hence, there is no clear-cut separation of the two channels and we must 

accept a contamination in the A final state. Examination of missing-mass 

spe.ctra for this experiment shows that the greatest degree of contamina-

tion occurs for the final state AK0Tr+Tr  (events with A °  observed decay, 

no observed K °  decay) at the higher incident momenta where the peak at 

the missing K °  is broadest. (We, of course, also have four-constraint 

events for this final state from topology e, in which both the A and K °  

decay are seen). This missing-mass square distribution for events 
- 

accepted as either AK 0 + iT It — 	+ or AlT It mm is shown in Fig.. 5. We ac- 

cept as one-cQnstraint fits events which have a (missing mass) 2  below 
2  0.340 BeV , thereby acquiring nearly all of the desIred events and 
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accepting a contamination of less than z 51o, At lower inciden.t.momenta 

and in other channels, the resolution is better than this and the conl:am-

ination is correspondingly less. In this experiment, events were ac-

cepted as one-constraint fits if the hypothesis had an acceptable con-

fidence level and the missing mass fell within limits appropriate to the 

hypothesis. Contamination from zero-constraint events was then quite 

small. 

According to our liberal definition of ambiguity, not all one-con-

straint events had an unique interpretation. After scanning table cx-

amination and resolution of four- and two-constraint events, three 

categories of ambiguities remained. These were (a) ambiguities be-

tween K0rr+  and  K+Tr0,  (b) events from topology b (two prong and a vee) 

with observed K °  decay, and (c) events from topologies j and k two 

or four prongs with a positive decay) with no acceptable Z hypothesis. 

The hypotheses in category (a)- AirK+Tr0  and A Tr K 0 Tr + ,  :K+ 1T o 

andK 0 1T + ,  + 	K+iro and + iTK0Tr+ and 	ir+irK+ir0 and 

are all approximately 25% ambiguous. A plot of confi-

dence level of one hypothesis versus that of the other for ambiguous 

ATr_K+1r0 and Air_K01T+  events is shown in Fig. 6. There exists no clear-

cut division of the events. The plots for the other ambiguous hypothesis 

pairs are similar. For the final state ATr K01r+, we can use the number 

of four-constraint events that.have observed A and K °  decays to ca 1lcul3te 

how many one-constraint events we should see (all properly weighed as 

discussed in Sec. III). We find that allocating the ambiguous events by 

the usual procedure of higher confidence level gives a number of one-

constraint Air K0TF+ events consistent with our expectation. This oh-

servation does not test the possibility of cross contamination of events, 

however. 	 I 
Events of the final states AK_K 0 Tr + ,  A 1T K+ 1r 0 , 	K+ir0, and 	K0iT± 

were generated by the program FAKE 5  and processed through the 

fitting programs in the same way as the actual events it the experiment. 

If we assigned events on the basis of higher confidence level, for these 

samples we obtained a cross contamination of approximately 710. 
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Fig. 6. Scatter plot of the confidence levels for the two production 
hypotheses AK+ irri  and AK 0 Tr + Tr  . 
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Effective -mass plots for both unambiguous and ambiguous ( V€ nts 

for these four final states were examined and no statistically significant 

differences were observed 	 . 	. . 

Rather than discard a quarter of the events for the final states in 

category (a), ambiguous events were assigned on the basis of confidence 

level and the small background contaminationaccepted. 

Events of category (b) were 60% ambiguous with.K pair production 

hypotheses. Assignment on the basis ofconfidence level yielded numbers 

of events in the channels . AKOTr+ir_ and 0KO1rr inconsistent with those 

expected from the numbers of four-constraint events in which the lambda 

decay was observed. Analysis of events .gene rated by FAKE indicated 

large cross contaminations with K pair hypotheses when events were 

assigned on the basis of confidence level only. Since relatively pure 

samples of events for the final states AK01T+1T_ and Z o K o ir + 11 were ob-

tainable from events in which the A decay was seen, events in cat& gory 

(b) were not used in the subsequent analysis. 

Events in category (c) also were highly ambiguous with K pair 

hypotheses. In addition, the K+track is in general rather short for 

topologies j and k, and its decay is not fit. The momentum deter-

mination for this track is .poor and we expect considerable contamination 

in thesefinal states from elastic scatters of positive particles in which 

the recoil proton is not seen. For the final states AK+11  and Z0KFlT, 

the numbers. of events from topology j (twoprong, positive decay) are 

in disagreement with those expected from the numbers from topology f 

(two prong, positive decay and a vee). Events which fit the hypotheses 

AK+ ir, 	OKAKF 	and Z o  Krrfromtopologies j and k 

were not used in the subsequent analysis. 

Less than 5% of the one-constraint events not in the thrLe catcgori&s 

discussed above were ambiguous. The contamination in these final 

.states should be quite small. 	. 	 . 	 . 	. 	. 

We conclude that by a judicious selection of events we can acquire 

unbiased and relatively pure samples of one-constraint events. The 

contaminations from other final states are sufficiently low that they will 

have negligible effect on the conclusions that we draw from these data. 
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4. Zero-Constraint Events 

With the exceptions of the final states AK °  mm and AKO1r h irrini,  

missing-mass hypotheses for a given topology are ambiguous. An  cx-

amination of ionization densities eliminated ambiguity in some instances, 

but the bulk of zero-constraint events have more than One missing-mass 

interpretation Consistent with all of the information at our disposal. 

The final state AK °  mm is discussed in Sec. IV. A; other missing-mass 

hypotheses were not examined for this report. 

E. Primary Data Reduction 

The majority of events found by the scanners was measured and 

processed by the fitting programs. A small percentage was classified 

as unmeasurabje and for cross-section calculations these were distrib- 

uted among the various final states in a manner proportional to the cvcnts 

which were fully processed. Certain events were not measured for a 
variety of reasons. A vertex' could have been obscured in one or more 

views, or a track could have been distorted by turbulence, for example. 

Into this unmeasured category also went events overlooked because of 

bookkeeping errors and for which appropriate film was unavailable. 

Events that were recorded by mistake (not one of the topologies 

in Fig. 1.) were placed in a reject category when examined on the meas - 

uring device by the more experienced scanners. In subsequent states 

of processing, more interactions were transferred to this category. 

Hypothesis failures (events for which no hypothesis had an ac-

ceptable fit) were remeasured since many of the failures were the re-

sult of operator oversights and poor measuring techniques. Events 

which failed twice were re-examined by specially trained scanners and 

physicists to ascertain the cause of failure Most of these examined 

events did not involve strange-particle production and were rejected; 

some were good events that had to be rerneasured with special care, 

and some were left as unexplained failures. 

Table III shows the status of the events in the experiment at the  

conclusion of the present analysis. Almost all of the events were either 

assigned a gopd interpretation or were rejected. The residual of failing 
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events amounts to only 4% of the total sample; because par.t of this 

sample is desirable events whose confidence level is below 0.005, a 

more intensive and sophisticated analysis would probably discovër..the 

reason for their failure. Cleaning up this residual would have negligible 

effect on the results described in this report. Cross-section values were 

corrected for the good events estimated to have confidence levels below 

0.005. 

Table III Final status of strange-particle events 

• Number of 	Unmeasured 	Reject 	Failures 	Passing 

events 	• 	 2085 	 8910 	 1871 	36,72 

Percentage 	 0.04 	 0.18 	 0.04 	 0.74 

H 	 •4' 
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III. CROSS SECTIONS 

Much effort must be expended to obtain cross sections of np 

interactions in a bubble chamber experiment. The details of our pro-

cedure are presented in sections A. thr.ough D below. The reader inter 

ested only in the results may skip to Sec. III.E where they are presented. 

A. The Cross-Section Scan 

Any attempt to find cross sections with the formula 

N/pl 	 (3) 

where r is the cross-section, N the number of interactions, p the 

density of the target particles, and i the total path length of the beam, 

runs into serious difficulty in evaluating the total path length. The beam 

is contaminated with p, from ir decays in flight, which create tra.cks in 

the chamber that look like noninteracting 1Ts. Path-length estimates 

based on the number of incident tracks wOuld be biased high by an unknown 

amount. In experiments with an incident K beam, this difficulty is 

circumvented by an analysis of the number of T decays in flight of the 

beam, but the iT possesses no decay of high probability and high detect-

ability;that could be used in this fashion. In some Tr experiments the 

contamination has been determined either by reading Ccrenkov counttrs 

placed along the beam or by analyzing the distribution of energy of 6 rays 

from incident tracks. In our case, .Cerenkov counter data was not avail-

able, and we felt that measuring machines were better utilized when they 

measure events of interest than when they measured 6 rays. Instead, 

we requested a special cross-section scan that essentially found the ratio 

of strange-particle interactions to the total number of interactions. This 

ratio times the total rrp cross section as adcurately determined from 

counter experiments 6 	then in principle yields the quantities of in- 

terest. This approach must be followed with some care, however, as 

discussedbelOw. 

The entire exposure was divided into a series of intervals over 

which the experimental conditionswere relatively constant, rolls of fifrn 

were randomly selected from each interval, and every fifth frame was 
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examined by scanners. The scanners recorded both the total number 

of interactions of all types observed, and the number of incoming b:'am 

tracks at the entrancewindow; they then checked to see that their dii-

ference was the number of outgoing tracks at the end of the chamber. 

This check ensured that no zero-prong interactions were missed. The 

number of interactions involving strange particles, as well as the num-

bers of zero-, two-, four-, and six-prong interactions, were also re-

corded This data from intervals with the same incident momentum 

were then grouped. 

The total number of interactions observed by the scanners is of 

course subject to the usual scanning biases associated with a bubble 

chamber experiment By far the greatest number of missed cvents camc 

f rpm very-small-angle elastic scatters that were recorded as noninter- 

acting beam tracks Fortunately the film for this report was also scanned 

for two-prong interactions, and these were analyzed similarly to the 

strange-particle states. The details of this analysis, discussed else-

where, 18  provide a means of determining the two -prong -interactioi 

scanning efficiency. (Four and six-prong interactions are discussd in 

Reference 19.) An examination of the differential cross section of 

elastic-scatter events at each momentum obtained from this general 

two-prong study showed a characteristic exponential decrease with in-

creasing momentum transfer, except for a rapid falloff of events in the 

extreme forward direction because of the scanning bias Fitting the 

events to an exponential curve and then extrapolating back to hero and 

integrating gives a value for the total number of events actually in the 

sample. At all momenta the ratio of total two-prong events to the ob-

served two prong events was 1 10±0 03 The corrections to events '  in 

other categories are quite small compared to this and were neglectcd 

The total number of interactions in the film was then computed as 

N 	= N +N +N ± N .  + N 	. , 	(4) 
tot 	op 	Zp 	4p 	6p 	strange 

and the observed' 1  cross section for each momentum interval calculated 

from 
N 	/N 	, 	 . 	 (5) 

S 	tot 	strange 	tot 	 . 	. 	 . . 
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where a is the observed strange -particle cross section, and U 	is tot 
the total 1Tp cross section. 

Information on all events scanned in the cxperlmcnt, whthc r they 

eventually proved to be valid or not, was retained on the mastcr list 

To find the cross sectjon for some reaction on some momentum interval,. 

we need to know only the total number of events in the film, corrected 

for all detection and scanning biases, and the corresponding number of 

scanned events for the same momentum interval on the master list 

a. = N u /N = N N 	a /N N 	a iN 	 (6) i i 	s ml 	i strange tot ml •tot  

where 	N. 
1 	

is the number of events of interest, N 	is the number of ml 
corresponding masterlist events, and a. is the desired cross section. 

Using this method we can cancel out the large biases associated with 

- 	N strange 	mi and N 	,and we are left only ,  with the problem of determining 

the corrections to the observed number of good events in the desired 

channels. 	These corrections are of three general types--scanning, 

measuring, and detecting. . Each type is discussed below. 	Values for 
a as a function of incident momentum are shown in Table IV. 

Table IV. 	Microbarns per event for each momentum interval. 

Momentum interval 
(BeV/c) 	 . p.b.per event: 

1.90-1.640 0.411±0.053 
1.915-1.960 0.260±0.020 
1.960-2015 0.352±0.055 	. 
2.015-2.080 0.200±0.016 
2 080-2 190 1.19 	±0 13 
2 580-2 630 0 339±0 029 
2.825-2.895 	. 0.959±0.081 	. 
2 960-3 065 0 387±0 036 
3 065-3 175 0 287±0 020 
3.175-3.245 0.148±0.008 
3.840-3.930 0.398±0.040 	 = 
4 130-4 190 0.323 ±0 028 

...... 



-26- 

B. Scanning. Corrections . 	 . 

The scanning corrections considered here are of three types-- topolog-

ical, fiducial, and accidental. Topological biases occur because can-

ners have greater difficulty in finding events of certain configurations 	. 

than they do others. Charged or neutral Darticles that decay very ncv 

to the production vertex are more readily missed than those that decay 

some distance away from it. Plots of the number of events, versus l:he 

proper time of decay show the proper exponential behavior beyond a 

minimum value. In the cross-section analysis, therefore, only those 

events, properly weighted, which have decays .beyond a length. of 0.5 cm 

were used. 	 . 
-t 

Decaying 2 s and - s in which the direction of the charged 

secondary makes a small angle with.the direction of the primary itself 

were also preferentially missed. Corrections for cross -section bi.ases 

from this effect were easily made by examining the decay distribution 

in the sigma restframe which sh.ould be isotropic, but in fact has a 

depletion of events for the charged secondary decaying along the direction 

of the sigma. In the case of the 	decying via pTr o., a significant num- 

ber of events at all decay angles were not recorded by scanncrs beause 

such events looked very much like proton-proton scatters with nonvisibl€ 

recoils. The decay mode n7r was not biased in this way because the 

ionization density of the outgoing Tr was in general less than that of the 

sigma; this cannot happen in a proton-proton elastic scatter. The cross 

sections for final states containing a 	, therefore, were determin 1ed by 
. 	 . 	 .. 	 . 

using only the niT + decay mode and by multiplying the number of events 

bytwo. 

When the scanning instructions were written, only general 1ose 

criteria were provided for the elimination of zero-opening-angle vccs 

that were electron pairs. A. later analysis of the expe.cted distribution 

of opening angles revealed that a negligible percentage of all K °  and A 

events should have zero opening angle in the laboratory system. Events 

with acceptable fits and zero opening angles were most likely to be from 

electron pairs with poor momentum determinations. In the subsequent 
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analysis, events with vees were accepted only if the opening angle in the 

laboratory system was greater than 1.5 degree; this criterion 	iniiOnl(d 

AlIle 	bias from this source. 

The three carneras that view the bubble charnhe r look down frori% 

above with a line of sight roughly in the z direction. Thus, ye. 

in which the decay-plaxie normal is perpendicular to this direction might 

more readily be missed than those whose normals are parallel ui thia; 

direction. The "perpendicular' vees would appear to have a si-nail. 

opening angle and might be discarded as electron pairsby the scanners, 

whereas the paraliei" vees are in a optimum orientation for viewing. 

To investigate the possibility of a bias from this effect, we plotted the 

quantity cos 1  [(XP.) (X)] for all K °  and A decays; }.ere P 

- is the_laboratory momentum of the neutral, P 1 s the iàboiatory nio- 

mentum of a charged secondary, and N .is a unit vector along the z 

• (vertical) axis. This quantity, which measures the isotropy of the decay 

normal about the neutral directi.on,. wouldnot be flat ifa bias existed for 

detectmg vee decays of certain orientations In this experiment the  

distribution was consistent with isotropy so no corrections were neces - 

sary. 

The probability of finding events near the boundaries of the chamber 

is lower than in the chamber center because of poorer illumination near 

the boundaries. Because interactions near the far end of the chamber 

are likely to produce tracks that are relatively short, the measurement: 

errors will be greater for these events and the possibility of misidenti-

fication is enhanced. Turbulence is greater near the chamber boundaries 

and measured values of momenta will thus be poor in these regions. For 

these reasons, only events in a restricted fiducial volume were accepted 

for analysis. These events were properly weighted forcross -section 

determinations to take into account the different volumes used in the 

cross section sca.n and the following analysis: 

By restricting ourselves to the subsample of events by the criteria 

above, we have obtained a collection of events for which the scanning 

efficiency is constant but not necessarily equal to unity. A surprisingly 
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large fraction of events missed by scanners are in plain sight in the 

center of the chamber and have good topological features. These "acci-

dental oversights, presumedly caused by monotony, carelessness, or 

fatigue, are not expected to bias the data in any significant way except 

to cause cross-section estimates to be systematically low. To find the 

magnitude of this effect, the entire exposure of film was scanned a 

second time and a second scan master list was prepared in the same 

manner as the first. The two master lists were compared and a list; was 

compiled of all events which were (a) found on scan one but not on scan 

two, and (c) found on both scans but assigned to different topologies. 

One might be tempted to take the number of events in categories (a) and 

(b), and the number of events on the master lists that agree, and from 

these compute the scanning efficiency for each topology. In a complicated 

scan such as this one, however, such a technique would be in error. 

Both scans and hence the data from the U  conflict" analysis will 'contain 

nonvalid events. In fact, such events will preferentially appear'orui one 

scan and not the other because of the varying abilities  of the scanners 

to distinguish between events such as, for example, electron pairs and 

vees and charged decays and scatters. Also, onlypart of an event might 

be missed- -one of two vees in a zero -prong -two -vee event, for example. 

The following procedure was adopted, therefore, to take into account the 

complications present for this experiment. 

A scanner looked at the events on the conflict list a third time, 

decided between different topology assignments, and rejected obvious 

nonstrange -particle events found on the Second scan but not on the first. 

All accepted second scan events that were not on the first master l,st 

were then processed through the primary data-analysis system used for 

the first scan A sample of 5000 conflict events was then selectédand 

the events of this sample for each topology were divided, into eight 

classes: 
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1.. Good event found by scan I but not by scan 2. 

Good event found by scan 2 but not by scan .1. 

Good event found and wrong topology assigned by scan 1; 
le 

not found by scan 2. 

Good events found and wrong topology assigned by scan 2; 

not found by scan 1. 

Good event found by scans I and 2, but wrong topology 

	

assigned on scan 2. 	 . 

.6. Good event found by scans 4 and 2, but wrong topology 

	

assigned on scan 1. 	 . 	 . 

Reject event found by scan 1 but not by scan 2. 

Reject event found by scan 2 but not by scan 1.  

These eight quantities are related as shown in Table V.  

Table V. Assignment of events from conflict analysis. a 

Scanl. 	. 

Good 	Good event, 	Good event, Reject . Reject 

Scan 2 	
event , wrong topology not found 	event 	event 

assigned 	 . 	 . not found ' 

Good event 	' X 	 6 	. ' 	2 	 X 

Good event, 	. 	 . 	 . 	 . 	. 
wrong topology 	 . 
assigned 	5 	 X 	 4 	 X 	X 

Good event, 
not found 	I 	, 	3 	.. 	X 	 X 	X 

Reject  
event 	.. X 	 X 	 X 	 X 	8 	' 

Reject event, 	 . . 	 . 	 . 	 . 	. 
not found 	X 	 X . 	. X 	 7. 	. 	X 

aNumbers given for classes are described in text.  

'4 . 	 . 	. 	 . 
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We assume that the topological and fiducial errors already dis-

cussed are strongly correlated between the two scans but that thëacci-

dental errors are entirelyuncorrelated and can be characterized by 

independent probabilities for each scan as follows. 

We define the five quantities 

probability of finding a correctly assigned event on scan i. 

p?i = probability of finding but incorrectly assigning event on 

scani. 	 . 

p 3 	probability of finding a nonvalid event on scan i. 

T = total number of good events in the film 
g 

Tb = total number of nonvalid (bad) events in the film. 

The quantities p 31 , p32 , and Tb  are not of interest but serve as sort of 

Lagrange multipliers in the problem. With these definitions we can then 

write expressions for the number of events observed in each of our eight 

categories and on the master lists. 

N 1  = P11 (1 - P - PZZ)TG 

Nz = Piz(1 - 	- P21)TG  P 11 

N3  = P 21 (1. - P12 - PZZ)TG 

N4 = P 22 (1 - PH - Pzl)TG 	 I  

N5 = PIIP2ZT 	
(7) 

G  

N6 = PIZPZITG 

N7  = P31(1 - P32)TB 

N8  = P32(1 - li3I)TB 

NMLI = (P11.+ PZI)TG + P3ITB 	 . 

ML2 = (P12 + P22)TG + P3ZTB 

where N MLi = the number of events recorded on master, list i. For each 

topology we now have 10 observed quantities and 8 unknown parameters 

to fit them. A chi-square was computed for these quantities and mini-

mized. The results are presented in Table VI. The numbers rank 
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themselves in the expected way with vee-four -prong events having- the 

best chance of being-found and two-prong positive decays the least. 

The percentage of misidentified events in some categories is nonneg-

ligible. These efficienCies were taken into account in cross -section 

computations. 

-- 	C. Measuring Corrections 

This correction is for the unmeasured and unrneasurable events 

that were'allocated in a manner proportional to the events that did pro-

ceed through the system. An average weightwas assigned to each 

event placed in the passing category. 	- 

D. Detection Corrections 	 - 

In addition to corrections for the low scanning efficiency for short 

decay lengths, the finite size of the - bubble chamber must be taken into 

account also. Accordingly, each observed decaying particle was weighted 

byafactor 	- 

I/( e tmifl/T etm/T) 	 (8)- 

where tmjfljS the time corresponding to the rninimrn length cutoff 

discussed above and t 	is the maximum available proper time for a max 
given event. The distance from the production interaction tothe inter-

section of the particles trajectory with the fiducial volume boundary 

plane, and the fitted value of the particle momentum were used to ob-

tain t max . No correction was made for the nonlinear path of charged 

sigmas; the error introduced was very small. Events with unobserved 

neutrals were weighted by 	 - - 

I + --- exp (-t/T) 
max 

where b is the branching percentage of such events into neutral decay 

products. 	 - 

Since the weights depend upon the lifetimes of weakly decaying 

particles, we analyzed our events to see if their decay distributions 
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Table VI. 	Scanning efficiencies for each topology. 

Topology PH 

a 0.918±0.005 0.012±0.002 0.921±0.005 0.016±0.002 

b 0.924±0.005 0.010±0.002 0.921±0.005 0.014±0.002 

c 0.924±0.025 0.035±0.016 0.944±0.021 0.029±0.015 

d 0.936±0.008 0.047±0.007 0.926±0.009 0.055±0.008 

e 0.898±0.021 0.089±0.020 0.881±0.023 0.096±0.021 

f 0.871 ± 0.027 0.102 ± 0.023 0.817 ± 0.034 0.119 ± 0.025 
a 

g -  - - 	- - 	- - 	- 

h 0.905±0.016 0.072±0.015 0.868±0.014 0.120±0.013 

j 0.849±0.016 0.008±0.004 0.875±0.014 0.011±0.004 

k 0.932±0.022 0.006±0.008 0.919±0.026 0.011±0.004 

1 0.881 ±0.008 0.005±0.002 0.897±0.008 0.010±0.002 

m 0.972±0.010 0.023±0.009 0.937±0.048 0.022±0.014 

aThere were too few events with these topologies to obtain statistically 

significant value. 	For crOss-section calculations the values lot topo.l,- 

ogies k and m were used. 
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were consistent with published values. The distributions and best fits 

obtained from a maximum-likelihood method are shown in Fig. 7. We 

find values consistent.with world averages for the K ° , A ° , and 

For the E, however, we obtain a value of (1.35±0.04)X10 10  seconds. 

Our sample of events is large enough that the largest contributor to 

errors mightw'eflbe systematic rather than statistical. We are now 

searching for systematic effects but, the results will appear elsewhere. 

In this report we have used the value obtained here for weighting our 

events. Had we used the world average value, the primary effect would 

be to lower by z 3 % our total cross -section estimates for channels with 

production. 

E. Results 

In Table VII and VIII are tabulated the total cross sections and 

errors for the final states described here. Figures 8 and 9 illustrate 

the variation of cross section with momentum for the three-body final 

states and the four-body final states with lambda production, respectively. 

The three-body final-state values are all characterized by a rather rapid 

rise from threshold to maximum in the vicinity of a c. m. energy of 

2,3 13eV, and then a gradual fall off at higher energies. No resonant 

behavior or striking deviations from smooth curves is evident. Although 

we have no explanation for the abnormally low point in the final state 

we believe it represents some unexplained error rather than 

a legitimate effect. 

The values of four-body lambda final states are characterized by 

a much gentler rise from threshold, and the maximum cross section 

for these states might not yet be reached at the highest momentum 

available to this experiment. Four-body sigma final states have rela-

tively small cross sections (One fourth to one third of the four-body 

lambda cross sections) and are still rising at the highest  momentum. 

Five -body cross sections are presented only at the two momenta for 

.4 

	

	 which data have been combined from several adjacent intervals to pro - 

vide adequate statistics. Five-body final states with lambdas are pro- 

duced more copiously than five-body sigma final states, and cross-sectons 

are definitely still rising at 4.2 BeV/c. 



0 
4, 
U, 

100 
' 0 

x 
c'J 
.— 50 
U, 

C 
4) 
> 

Ui 

20 

10 

100 
0 

' 0 

50 

C 
4) 
> 

Ui 

I 

-34- 

ZUL 

200 

0 

(n 

100 
0. 

U) 

50 

L  

20 

10 
0 	I 	2 	3 	4 

500 

200  

500 

200 

.0 
U 

00 

In 

' O. 

50 
In 

U 
> 

w 

20 

10 

500 

200 

0 	2 	4 	6 	80 	I 	2 

Proper lifetime 	(1010 sec) 

Fig. 7.. Distribution of proper lifetime for 
this experiment. The fitted curves correspoi 
(a) 0.794x40 0  sec, (b) I.35x0 10  sec, (c) 
and(d) 0.881X10 10  sec. 

MU B -9843 

andK °  from 
id to the mean lives  
2.6x 10 -10  sec, . 



H 

-35- 

UI 	 UINN 	NON' C NO 

N UI H 00 H UI UI ONe f'S 0 
H 

H H 44 H 444444444441 H H H 
0,0 UI N H N UI 01,0 H '0 HO 

N 	N N UI N H '0 UI OH UI UI 

N N N * UI '0 01 N H N fl 0 N 

00* HoC 0 UI 0,0 N N - UI 

44 H H H 44 H H 4444444444 H 
O C' 0 UI UIN UI N N N.H H UI UI 

	

• H H N '0 N 0' N CO CO N N 0 N 	 . 	 - - 

CON - N UI UI N NO UI 0,0 

COHN UI N H N H H NH N N 

4441414141444444 H 	44414444 
N N UI — N ,00N CON'S fl 0 • 
• N 0 UI UI .H F' '0 'S N N N N -H 

N 	N NN 	 UI 'GUI CON Not 	 : 

N UI en '0 0 H N UI N 0. '0 0 0 

" 	 IHHHH41H4141H4141H • 	 . 	.. 
N UI UI ON* N H UI  N N CO 

0 

UI UI 	0 	0'  

0• UIN'0NeO*HddNNUIO 
N - 

444144 H 4IHHHHHH4IH 
N'0 NNHUIHUIUIHOO' 

UI 0 HUI."N UINH ..NUI 

NOON NO UI,UIUIH NUI 

UI0UI'S0NNOCOUIHO,* 

C? 	 44 
UI N 	 UI UI UI 	 UI 	 CO UI N N 

0UIUIONOUIHUIO 
• N UI N N N CS 	 - 	* 05 '0 0' 

-0 OUIONNNUIUIUICSOJN* 

NNUI,ONUINNHOHNN 

44414444 H H 41444141444441 

•o N N UI UI — UI UI  CS N N UI H N 

UI UI N H H UI 0 N UI N 0  

Cl 	 — 

O 	 N UI N NN N,,  NUI NO - 

0 	 UI 
N N UI N N H 	 CU 	 CO UI 

O 	 0OO,0dO 
N,0H UIUI 	 . 	 UI 

'0 NN H UI UI H UI N UI NH N 
0,  

41414444414441414141 H H H 
UI N H N CO N N CU 	N '0 N H 0' 

O N,0001.'NNONOCUICSUI 
N,OUINUIUI 	 'CCI 

	

UI 	 UI 
0 N UI- N N 0' N OS N C' OS N UI 

0 NNNNNUIO,, 00UINN 
• 	 UI N N 

44414144444444414441414141 

0.0 0 000 0 UI 
• H UI  HO H'0 	 UI UI 

O 	 N 	 N 
'0 '0 0 UI 0 N N UI N N 	 UI 0 N 
a '0NUINNUIC 000NN 

• 	41414144444441414141414141 
UI 	 UI N 
0 0 '0 UI UI N N 	 0' N 

UI H '0 UI * N UI 

	

N 	 H 	NO' 
O N UI UI CS 0 UI N H 0 H H N UI 

: 	
d0d,dd 

4441444144414144444444 

O 	 UI N 
N 	 • OUI H 	 . 	 N, O,  
UI N N N ,C'0 UI  00000 UI UI 

CC UI UI CU UI N 

	

1 14 	 04  

014440' 	0 	 44144414 00+ 
O a + + a 014* 00 + 0 44 44 

, 



-36- 

Table VIII. Five body strange-particle cross sections (}.i.b). 

Incident momentum (BeV/c) 

Final state 2.9-3.3 	 3.8-4.2 

1.69±0.44 	 530± 	1.2 

2.17 ± 0.56 	 7.27 ± 	1.6 
K0 5 50±0 76 	 16.2 	± 	2.2 

E+K0r+ir_ir_ 0.84±0.30 	 3.67± 	0.99 

2.88±0.35 	. 	 3.2 	± 	2.0 
AK+ Tr Tr Tr ±1.3 	 29.5 	± 	3.8 
AK00 

. 	37.7 	± 5.0 	 69.9 	± 	O.7 

• 	 Results from bOth..our experiment and other experiments are 	• 

plotted in:Figs. 8 and 9. 	•(See also Ref. 	20). 	In general, the various 

values agree well except for the channels AK+lr_ and 	0K+Tr_. 	This 

• 	 discrepancy is probably due to the separation of these final states on 	• 

the basis of confidence level alone in the other experiments; this crite- 

non biases the E0K+1r 	final state high and the AKr 	final state low.. 	. 	• 

• 	 relative to our values. 
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IV. PROPERTIES OF RESONANT-STATE PRODUCTION 

Strange -particle final states are dominated by resonance produc - 

tion in the momentum, range covered by this experiment. Analysis of 

the effective -mass distributions for the existence of new states is com-

plicated by the presence of well-established resonances which distort 

the predictions of unmodified phase space. To facilitate the analysis 

of the data, we investigated to what extent a simple phenomenological 

description of well-known resonance states could provide a satisfactory 

explanation for the distributions we observed. 

We assumed that resonant processes could be represented by 

simple s-wave Breit-Wigñer matrix elements, that all processes add 

incoherently, and that all resonant decays are isotropic in their respec-

tive centers of mass. ' Three ranges of incident pion momentum were 

selected for the analysis--1.8 to 2.2, 2.9 to.3.3, and3.8 to 4.2 BeV/c;, 

the relative strengths of each process were assumed cpnstant over each 

of these intervals. These intervals will.hereafter be referred to.as  I, 

It, and III, respectively.: 

Statistics in interval Iwere improved by the addition of evelits 

from an earlier irp bubble chamber experiment colloquially called *72. 

Several features of 7r72 have been investigated and published earlier, ' 

but the three- and four-body strange-particle final states have not been 

exhaustively examined. For the pre sent analysis, events from the 1T72 

experiment were assigned to different final states on the basis of the 

same criteria as in the present experiment, as discussed in Sec. It. 

All subsequent, analysis of interval'T will include these events. 

The values fo=

we=th 

 of each resonance, as well as 

the relative amount, ximum-likelihood program, 
21. 

SUPERFIT.. 	The variation inc. m. energy over each interval was 

taken into account by the program. " Values for the mass and width for'. 

a given resonance, obtained from different final states and at different 

momenta, were consistent with one,, another. These values were avet-,,,., :  

aged and the program rerun with only the relative amounts of processes 

allowed to vary. The averaged values for masses and widths used in; 

the final runs are shown in Table IX, along with the fractional amounts 

of each process obtained The experimental width of the K + is wider 
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- 	+ than that of the K *0 	
i because of the poorer resolution n Z (KiT) final 

states. The difference in mass between charge states of the Y' (1385) 

and the K(890) in the table are not to be interpreted as the results of 

a serious attempt to measure theSe quantities. No effort was made to 

carefully investigate systematic differences among the various channels 

producing these states. Such investigations are more fruitfully carried 

out in final states from other reactions. The data should be viewed 

rather as empirical values that best describe the presence of resonant 

processes in our data. 

The values obtained for cross sections of resonant processes are 

shown in Table X. 

Using the relative amounts for each process determined from the 

fit, we calculated the effective-mass distributions expected from these 

effects The variation in incident momentum was taken into account by 

dividing each interval into eight subintervals, computing the distribu- 

tions for each, and summing them properly weighted by the numbers of 

events in the subintervals. Effective -mass projections of the data and 

the calculated distributions are shown in Figs. 10 through 15 and 26 

through 29. In some distributions, reflections of, resonant processes 

produce considerable deviations of the curves from nonresonant phase 

space. Also shown in Figs. 10 through 15are the Dalitz plots for each 

of the six three-body final states, with theeffective mass squared of 

the KiT plotted as ordinate and the effective mass squared of, the YiT as 

abscissa, Columns I, II, and Ill are for events in intervals I, II, and III, 

respectively. Effective-mass distributions for AK, AKIT, and Tnt  from 

four-body lambda final states are not presented, as no deviations from 

the calculated di s tributions were found for these projections. The 

masses, widths, and percentages of resonances for FKTrTr.final states 

were not fit because of the small number of events in each channel. 

The following conventions are used for the resentation of all 

angular distributions. We define the four vectors I, P 2 , P3 , and P4  

as the momenta of the beam, target, meson resonance (meson), and 

baryon (baryon resonance), respectively. The production normal is 

given by n = (P 1XP 3 ) = (P2 XP 4) evaluated in the overall center of mass. 



Table tX. Properties of resonance production. - 

(a) Averaged values for masses and widths of resonances. 

Mass 	Width 
Resonance 	(MeV) 	(MeV) 

Y(i405) 	- 	1386 ± 2.4 	53±4.4 

Y*(1520) 	1517 ± 1.6 	18 ± 2.9 

• Y* 0 (1385) 	1380±2.6 	43±5.0 

Y(138S) 	1385± 1.6 	41±4.3 

K*+(890) 	885±2.1 	51±5.5 

K*0(890) 	891±0.9 	44±2.1 

K* 0 ( 1440) 	1446 ± 7.9 	61 ± 24 

(b) Relative strengths of resonant processes from maximum-likelihood fit 
for three-body final states. 

Momen- 
Final turn 
state interval Resonance 

1405) 	Y*(1520) 	Y(1385) 	-- 	K(890) 	K °( 1440) 

iK0w 1 0.42±0.04 	0.17*0.03 

II 0.29 ± 0.03 	0.14 ± 0.03 

III 028±0 06 	0 11±0 04 

I : 	 0.560.03 

II . 	 .. 	 0.54*0.04 

lIt 042*006 

I 0.29 ± 0.03 

ii 0.24 ± 0.04 

111 0.08*0.04 

1 0.19 ± 0.02 	0.08± 0:01 	 0.29 ± 0.03 

II 0.13 ± 0.02 	0.05 ± 0.02 	 0.21 ± 0.03 

III 0.18 * 0.03 	0.09 ± 0.03 	 0.12 ± 0.03 

AKn t 0.31±0.02 	0.49*0.02 

II 0.05 ± 0.01 	0.43 ± 0.03 
• 

• 111 0.02 ± 0.02 	0.48 * 0.04 	0.17 ± 0.04 

AK O Tr O  1 0.41*0.04 	0.17±0.04 

It 0.29 ± 0.06 	0.20 * 0.04 

III 0.16±0.06 	0.19±0.06 

(c) Relative strengths of resonant processes from maximum-likelihood fit 
for AKin final states. 

Momen- 
Final turn 
state interval •. • 	• 	Resonance 	 • 

Y*+(1385) y *O (13$5) 	Y 	
(1385) 	K*0(890) 	K(890) 	Y °K ° 	y 	K 	 Y*(1520) 

AK1T °  11 0 12*0 03 	0 06±0 03 	0 16*0 03 	0 11±0 03 	0 18*0 03 	0 06±0 02 

111 0.08 ± 0.03 	0.12 ±0.03 	0.17 ± 0.04. 0.08 ± 0.03 	0.14 ±0.03 

AK0i1 11 0.15 ± 0.02 • 	 0.16 ± 0.03 	 0.11 ± 0.03 	 • 	0.10 * 0.03 	0.03 ± 0.01 

111 0.11±0.03 . 	0.10±0.03 	 0.11±0.04 	 • 	0.02 *0.01 
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Table X. Resonant-state cross sections (kb). 

Final state Momentum interval (BeV/c) 

1.8 - 2.2 2.9 	- 3.3 3.8 - 4.2 

Y ° (i405)K 0  51.0±4.1 37.4±3.7 30.3±4.6 

Y 	(1520)K 0.(Zir) 23.7±2.7 18.7±2.1 14.0±3.6 

Y 	(1520)K 0  (Aii) 2.8 ± 1.0 4.4 ± 1.5 2.9 ± 1.6 

ZOK*O(890) 49.4±4.4 36.4±3.8 23.1±4.3 

K(890) 45.3±3.2 23.1±2.7 8.8±2.1 

AK*0(890) 98.4±7.4 63.0±5.6 63.1±7.7 

Y*(1385)K+ 42.8±4.0 5.0± 1.0 0± 1.9 

Y ° (1385)K °  61 6±10 0 289±7 0 13 0±5 4 

AK*O(1440) 23.9±6.0 

(1385)K O Tr  2.9 ± 1.1 15.1± 2.2 11.9 ±3.4 

Y*(138S)Ko+ 0±1 1 16 1±3 2 10 8±3 4 

Y 	(1385)K 	(890) 11.9 ±2.0 15.0±4.5 0±1.1 

Y*(1385)K+o 0 ± 1.1 5.5 ± 2.8 13.5 ± 3.6 

K 	(890)Air 0±1.1 19.8 ±4.0 20.4 ±5.6 

Y*O(1385)K+ 1.3± 1.5 11.0±2.9 9.0±3.5 

Y*O(1385)K*O(890) 6.8±2.4 24.8±4.5 23.6±5.6 

K*O(890)A0 0±1.6 22.0±4.4 28.6± 7.3 

*0. 	•*0 
Y 	.(1405)K 	(890) 1.3±2 16±3. 

*O (1520)K *0  Y 	 (890) .7±1 6±1 

*0 	*0 
Y 	(1660)K 	(890) 3 ± 1 3 ± I 

£ 
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In the rest frame of a meson resonance (meson), we use the coordinate 

system defined by (X, Y, Z) = (n><P 1 , n, F 1 ), and in the rest frame of a 

baryon (baryon resonance) the coordinate system defined by (X, Y, Z) = 
A A 

(nXP 2 , n, F 2 ). The angles 0 and are the usual spherical coordinates 

with fi = 0 along the x axis. Defined in this way, tj is the usual Treiman-

Yang angle. For baryon decays we measure the angles for the final-state 

nucleon relative to the coordinate system we have defined. For weak 

decays we choose our conventions so that the decay of a spin projection 

m = +i/z would yield for the decay distribution for the nucleon of 

I + a cos 0, where a is the decay asymmetry parameter. With these 

conventions, a = +0.66 for lambda decay. Production angular distribu-

tions are calculated in the overall center of mass with cos a =P .p 

for meson resonances (mesons) and cos a P 2 . P4  for baryons (baryon 

resonances). Defined in this way, both peripherially produced meson 

and baryon states will have cosa = +1. Weighted events are used for 

all angular distributions. Where specified, angular distributions.for 

events in some resonance interval of effective mass were modified to 

compensate for the presence of nonresonant background effects. We 

assume that nonresonant processes contribute incoherently and that 

their characteristics change :siowly over the spectrum of effective mass 

of interest. Distributions from "contro])' regions of effective -mass to 

either side of a resonance properly normalized to the number of back- 

ground events estjmated to be present in the resonant region, were sub-

tracted from the distributions in the resonant regions to obtain the plots 

shown in Figs. 17 and 19 through 21. The unweighted number of events 

in each final state in each interval are shown in Figs. 10 through 15. 

A. Three-Body Final States 

1. •Y (1405) 

For the three-body final states in general, the fits are good and 

the data are quite well explained by the resonant states obviously present 
+ The poorest fits are to the Y 0(1405) in both the E ir - and E ii channels. 

The asymmetric nature of the peak with the rapid falloff of evLnts on the 

high side is not well fitted by the Breit-Wigner shape. (The best fit. gives 
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Fig. tO. Effective_mass projections and Dalitz plots 
for the final state 	 The abscissa for the 
projections is in units of BeV, and the coordinates 
for the Dalitz plots in (BeV) 2 . The curves were 
calculated with the fraction of resonant processes 
shown in Table IX. 
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a central value of 1.387 for the resonance since the s-wave Breit-Wigner 

is a symmetric form about the central value.) These distributions are 

much better explained by the interpretation of the Y(1405) as a 

s-wave bound state. The K-matrix formalism of Dalitz and Tuan, 	as 

applied by Alexander et al., adequately describes the behavior of the 

data with a three-parameter fit. The decay distribution of the 	from 

Y( 1405) in the final states Z +Ko 	and E _K0rr+  in interval I is shown in 

Fig. 16. The distributions are consistent with the s-wave bound-state 

interpretation for this effect.. Although interval I is not far from thresh-

old for the reaction rp - Y*K, the differential cross section for Y( 1405) 

production is very peripheral. Corresponding plots for Y( 1520) and 
* 0 

Y (1385) in Fig. 17 also show forward peaking but it is not nearly so 

severe as for the Y(1405). If one accepts the view that absorptive 

effects are primarily responsible for the observed differential cross-

section distributions, then these data imply that final-state Y * K inelastic 

scattering is stronger for the Y*(1405)  than for the other two states. 

Rather than use the Breit-Wigner fitted values for the cross sec-

tions for Y*(1405)K0,  we estimated the number of events above smooth 

backgrounds and used them in the calculations. The branching ratio 

into the states 	and Z Tr is consistent with unity. The exact form 

of this resonant peak has little effect on the other projections for the 

final states Z+K0 	andEK 0 irt 
* 

2. Y (1520) 

Besides decaying into Z Tr and LIT, the state Y(1520) also 

decays into A,T+1T  and NK * .  13 The number of events above background 

in each channel was estimated and branching ratios were computed. The 

results are shown in Table XI. The values we obtain are not consistent 
23  

with those that Watson et al. obtained from the reaction K p - Y (1520) -* 

decay products. Tripp 24  reports, however, that more data are being 

collected for this process and that his values will probably be more 

consistent with ours. 	 . 

The production and decay angular distributions for the Y*(1520) 

from the final state E+K0i  are presented in Fig. 17. Events from 
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Table Xl. Branching ratios for Y( 1520). 

Mode Fraction 

0.45±0.04 

0.08±0.02 
NK* 0:47±0.09 

Total cross section for 
Tr p -* Y(1520)KP 

Incident momentum 	1.8 -2.2 	2.9 -3.3 	3.8 -4.2 
Cross section 	 49 ± 6 	47 ± 7 	28 ± 7 

E K °  Tr were not used because of the K*  formation in that final state. 

No background subtraction was done because the entire Eir spectrum is 

blanketed with resonant-state formation and we could not choose a sta-

tistically significant selection of events that represent the nonresonant 

background. The background events constitute about 30% of the sample. 

The decay distribution in 0 and have been fit with weighted 

events and a maximum-likelihood method to the density matrix param-

eters appropriate for the strong decay of a 3/2 state. (The density 

matrix formalism is discussed in Appendix A.) The values obtained 

and the selection criteria for the events are presented in Table XII. 

Fitted angular distributions are shown in Fig. 17. The correlation with 

the beam direction exhibits a cog 2  6 character, with possibly some s - 

wave interference, and the 4 distribution is reasonably flat. 

Because the process irp - Y K cannot proceed through single-K 

exchange, the lowest mass assignment for the exchange particle is the 
* 	 ** 

K . For such a process the pK Y vertex is characterized by three 
25-26 independent coupling constants. Stodolsky and Sakurai 	reduce 

this freedom to one parameter by proposing the "p-photon" analogy, 

which in essence is that the vector-exchange particle couples to the 

baryon vertex in much the same way as does a photon in reactions such 

as y  + N - N . If one assumes further that a single multipole transition 
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dominates the process, one can predict specific decay distributions for 

the baryon resonance. The predictions for 3/2+  and 312 states expressed 

in terms of density matrix parameters are shown in Table XIII. Our data 

favor the longitudinal dipole transition for Y 
*
(1520) production. 

Table XIII. Predictions for density matrix parameters 
of 3/2+  and 3/2 states for various multipole interactions. 

Resonant state 	J 	 Interaction 	p33 	Re p 	 Rep 31 

Y0(1385) 	3/2+ 	M 1 	3/8 	[78 = 0.216 	0 

	

E 2 	1/8 	- fl7 8 	 0 

	

L 2 	 0 	 0 	 0 

3/2 	M2 	1/8 	.T7 8 	 0 

	

E 1 	3/8 	_tf7 8 	 0 

	

L 1 	 0 	 0 	 0 

The production angular distribution for this state shows the 

characteristics of peripheral production. 

3. Y(1660) 

The high-mass end of interval I is just at threshold for the pro- 
* 

duction of Y (1660), and there is no strong evidence for its production 
- 	- 

in the final states E 
+ 	 + 

Tt and E ir . The likelihood-function fit to these 

final states was insensitive to the amount of this resonance present, 

however, and no quantitative value was obtained. Examination of data 

from the ir72 experiment with incident momentum between 2.2 and 2.4 

BeV/c showed a peak at 1660 MeV. The cross section for irp--Y(1660)K 9  

at 2.3 BeV/c was estimated to be = 12 1.ib from that experiment. No 

strong evidence exists for the production of Y(1660) in intervals It and 

III in three-body final states. 
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4 	
y*(35) 	

*0 	*_ 	 . 
Both the Y and Y are strongly produced in three-body final 

states in interval I. At higher momenta the production of Y 
*

fails off 

significantly and the Y 	is virtually nonexistent. 

Production and decay angular distributions for the Y 
*0

are pre-

sented in Fig. 17. A background subtraction was performed on the data. 

The model of the p-photon analogy is also applicable to Y*(1385) 

production. For this case the model, in addition to prescribing the 

form of the decay angular distribution for the three possible dominant 

multipoles, selects the magnetic dipole transition in particular. The 

process y .+ N - N(1.Z38) seems to proceed via this process, and the 

analogy predicts the same for p  exchange in irp - N ' ii. Since the p 

and K*  are in the same SU 3  multiplet, one expects K*  exchange to be - 

have in the same way also. Our experimental determination of density 

matrix parameters from subtracted weighted events are presented in 

Table XII and the theoretical predictions in Table XIII. The agreement 

is best for the magnetic dipole transition but the fit could be much better. 

For the magnetic dipole transition, the production differential 

cross section should vanish in both the forward and backward directions. 

Our data instead show the characteristic forward-peaked distribution. 

Analysis of the Y 	state is extremely difficult in this experiment. 

The rapid decrease in cross section limits investigation to interval I. 

Here we are faced with untangling the effects of the Y and the strongly 

produced K (890). Decay angular distributions are critically influenced 
,¼ 

by the presence of the other resonance. In the case of the Y , we were 

able to make subtractions that yielded physically tenable distributions. 

But for the Y and K*0  we were unable to do so. 

5. Y(1660) 

Production of 1=0 resonant hyperon states could well be obscured 

in this experiment by the presence of .1 = I amplitudes in the channels 

and Er+.  To investigate the possible existence of these states, 

we have plotted the effective mass of lambda and missing mass from the 

AK ° mm final state. The events are predominately from the reactions 
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irp -* 0 K 0 rr 0  and irp -* AK °  ir 0 i1 0 . In each instance, the isotopic spin 

of the lambda and missing mass ( ° r °  or ATr °  1T ° ) must he equal to zero 

or two. In Fig. 18 where we have combined the data from all momenta, 

we see clear evidence for the production of the I = 0 states Y (1405) and 

Y 
*
(1520), but no strong indication of any other resonant phenomena. In 

particular, we see no evidence for the proposed Y( 1660) to complete 

the hypothesized octet of 3/2 particles to be composed also of N 12( 1518), 

(1816), and Y 1(1660). 

6. K4(890) 
*0 

Both the K and the K are produced in three-body final states. 

The K*+  production falls rapidly with increasing incident momentum, 

whereas the K production remains relatively high. Branching ratios 

of K '  into K0r+  and K r 0 	*O , and K  into K+1T  and K ° ir °  obtained from 

the fitting program are consistenlvwith the expectations from isotopic-

spin conservation. 

The production of K states has been extensively analyzed in K ± p 

reactions. 27-29 The experimental quantities that can be determined 

from these analyses are the production differential cross sections and 

three density matrix parameters that characterize the decay of the K. 

In our experiment, we are fortunate to be able to observe also the decay 

of the final-state fermion and deduce the parameters for the joint density 

matrix of the hyperon and K*.  Instead of three parameters, the most 

general decay is characterized by eleven independent terms. The details 

of the formulation are discussed in Appendix A, and the most general 

decay distribution is given by (Al2). 

Events from the reactior rrp - ° K °  in intervals I and II and 

from ip - AK*0 - AKrr in intervals II and Ill were fit to this general 

decay distribution by means of weighted events and a maximum-likelihood 

method; these results along with selection criteria are presented in 

Table XIV. In interval I the Z O K *O  events, although they show a periph-

eral character, are distributed over all production angles, and the sta-

tistics allow us to determine density matrix parameters in three intervals 

or production angles. We made background subtractions for these 
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parameters in all three intervals of production angle, and the correc-

tions were less than the statistical errors; there are no competing 

processes in this final state. In interval II, we found parameters for 

events in the forward direction (0.5 < cos a LU). In interval HI, data. 

were insufficient to determine fitted distributions. 

Although data are plentiful in interval I for the process 

we were unable to satisfactorily compensate for the presence of the com-

peting process iTp 
y_ç+, 

 and have thus not presented results here. 

The Y production is negligible in intervals II and Ifi, so data are pre-

sented for events in the forward direction (0.5 < cos a 1.0) since K' 

production is extremely forward peaked at these momenta. When back-

ground subtractions for the density matrix parameters were made, the 

con.vections were less than the statistical errors; 

The subtracted angular distributions for production and decay of 

the K for the selections discussed above are presented in Figs 19 

through 21, along, with the curves obtained from the maximum-likelihood 

fits to the density matrix parameters. 

The predictions of simple one-particle exchange for the decay 

density matrix of the fermion and K final state are well known. The 

K exchange predicts a cos 2 'O decay with respect'to the beam in the K' 

rest frame and.no other correlations. . All of the 11'parameters .should 

be identically zero at all production angles. For K 
*

exchange or any 

other member of the Hnormaltt  spin-parity series 1, 2+,  3 . . , term 

one + ++ should equal 0.5 and only term four (Re 	of the 

rest is allowed to be nonzero. The K' decay distribution is of the form 
2 	 * 

sin 0(1 + a cos 2 ). Combined K and K exchange yield no new nonzero 

terms; the quantity 1 -z ++ + ++ measures the fractional amount 

of K exchange present.  

Taken at face value, terms one and four for' this experiment indi-

cate that K)C  exchange dominates the production of both EK*O and  AK*O. 

For each set of density matrix 'parameters, we formed a chi square for 

the hypothesis that the nine unallowed parameters are consistent with 

zero. For forward, intermediate, and backward production angles for 
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0 *0 
K , we obtained chi square values of 12.9, 17.1, and 19.3 for nine 

degrees of freedom. For interval II in the forward direction, we obtained 

a chi square of 18.1. For AK*O  production in intervals 11 and lit, we 

obtained 64.3 and 38.2. The correlations between the parameters were 

properly taken into account. We conclude that on the basis of decay 

correlations alone, simple one-particle exchange is not definitely ruled 

out for E°K 
*0 

 but is certainly inconsistent for AK 
*0 

 

The differential cross sections predicted for either K or 

exchange are in gross disagreement with the experimental distributions 

presented in Figs. 19 through 21. Simple one-particle exchange does 
*0 not satisfactorily explain the data for the-processes ir - 

 p - 0 K 	and 
- 	*0 

irp-'AK 

The failure of the unmodified one -particle -exchange, model here is, 

of course, not a unique occurrence. Many reactions have deviated sig-

nificantly from the model's predictions, in particular in the production 

angular distribution. To overcome this deficiency, several authors 30  

have proposed an approach that leads to the absorption model. The 

ideas that they present seem. intuitively plausible, but the formulation 

in a quantitative fashion requires many brutal approximations. ' For an 

experiment with low statistics, the theory is flexible enough that rea - 

sonable fits.can be obtained to all aspects of the data. For experiments 

with, sufficient statistical accuracy to test the validity of the model in, 

detail, one must decide to what extent a bad fit, is due to the approxi-

mations and to what extent to the inaccuracies of the theory. Detailed 

analyses of the absorption model have been discussed elsewhere; 29, 31-33  

such an undertaking is too ambitious for the data available here. 

Rather we shall ask the question: Given the absorption model, to 

what extent is our conclusion about the dominance of vector exchange 

modified for irp - YK*0? We use a formulation of Huff's absorption 
34 model, 	which is outlined in Appendix B. The production angular dis - 

tribution and density matrices appropriate to a given reaction and mo-

mentum interval were fit to the theory, and the values of the unknown 

parameters that minimized chi square determined, In general, there 

was more than one minimum corresponding to different choices of 
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relative sign between the fitted coupling constants. For all three data 

sets fitted, however, the characteristics of all minima were the same. 

The pKY coupling constant was small; g/47r 1 for AK' °  in intervals 

It and lit; g was of necessity set equal to zero to get convergence for 

0 KO in interval I. The vector coupling g and tensor coupling g t  

were large and of the same order of magnitude for all cases gjgj 10. 

The parameters characterizing (a) the final state YK*  interaction, (b) 

UP  the total cross section, and (c) Af, the slope of the differential 

elastic cross section, were not determined with any sensitivity by the 

fitting procedure. The angle x was small in all cases. (For precise 

definitions of these quantities, see Appendix B). As an example, the 

best fit for AK*O  in interval II is shown in Fig. 22. Also shown in 

Fig. 22(a) is the prediction for the variation of term one with the best 

fit coupling constants but with no absorption. Except in the extreme 

forward direction (the vector particle-exchange contribution decreases 

near 0=0), g and 	 2 
on the order of iO and g /4iron the order of i corre- 

sponds to dominance of vector exchange over pseudo-scalar exchange. 

[1 - 2 	+ ++ is small. ] We conclude, therefore, that even 

when we allow for the presence of absorptive effects, vector-exchange 

processes are strongly present. Such an observation is somewhat 
* ¼ 

surprising, since we expect that the K K ir coupling constant is sup-

pressed because the vertex does not conserve A parity. 35 

Density matrix parameters were also obtained for the processes 
-+ 	 -+0 	 0+ 

rp - 	K from the final state E K iT . Here E K iT events were not 

used because of the presence of the several Y states in that channel. 

Only the terms that remain after integrating over the decay of the - 

are presented, since strong scanning biases are associated with that 

distribution. Background for K events is rather significant, but the 

decay distribution does not possess features very different from those 

of the background control region. Consequently the subtraction changed 

parameters slightly for this state. Angular distributions are presented 

in Fig. 19. 

The production distribution is not backwards peaked as one would 

expect from a baryon-exchange model; absorptive effects would serve 
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only to increase this peaking. Some more complicated mechanism 

therefore is responsible for the production of this state. 

7. K (1440) 

This state is definitely present only in the interval 111 and in the 

final state AK+1r.  The best fit to the mass and width, given in Table IX, 

are in disagreement with the values obtained for Kp experiments. 36, 37 

Fits were attempted with Breit-Wigner matrix elements of higher-mo-

mentum states, but the results were within errors of the quoted values. 

Although the discrepancy is probably the result of a statistical fluctua-

tion in our sample of events, an examination of possible biases that 

might produce a shift in the mass of KiT systems was undertaken. 

The effective-mass distribution for the Krr projection calculated 

with measured (unfitted) values for the momenta was examined, but no 

significant shift was noted in either the K(890) or K*(1440)  regions 

The fact that the fit to the mass of the K (890) gives a value of 892 ± 3 

MeV indicates that there is no overall displacement in the Kir spectrum. 

The unfitted values of the momenta of the incident pion and the outgoing 

K and ir were used to calculate the mass of the ttmissing tt A. The dis-

tributions in A mass for Krr effective mass higher and lower than I BeV 

were examined separately, but no significant shifts were found between 

the two plots. Since our measurements give correct values for the Krr 

mass in the vicinity of the K(89O) and we detect no systematic varia-

tions with increasing Kir effective mass, we conclude that if we are 

observing the same state as in the Kp. experiments, then increased 

statistics would yield consistent values for the resonance mass. 

The production and decay angular distribution for the K (1440) 

are shown in Fig. 23. The production is peripheral but not so much so 

as that of the K '(890) at this momentum. The decay distribution in cos 0 
• 	 4 was fit by distribution a + b cos 2 6 and distribution a + b cos 0. (No 

cos 2 6 term was needed for the seconddistribution.) Using.weighted 

events, we see that the ratio of likelihoods for these two distributions is 

L 1 /L 2  = 1/6.3. The expected distributions for various exchanged 

particles and spin-parity assignments are discussed in more detail in 

1. 
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Ref. 38. As reported.there, the assignment 2+  is favored by our data 

but the assignment i,T is not excluded. 

Several experimenters report the possible existence of other 

decay modes for the K(144O). 36 ' 37  Figures 24(a) through (d) show 

the effective-mass plots for KTrrr combinations from the final states 

AK+Tr0ir and  AK0Tr+rr 	here we have selected the mass of either the 

appropriate KTr combinations to be in the K interval or iTit  combinations 

in the p interval. Also shown are K mm from the final state AK °  mm 

with the missing mass in the Tj region, K0T+1rr0  from the final state 

AK01T+1TTTr0 with the three-pion mass in the w region. We see no definite 

evidence for K*(t44O)  decay into any of these modes. Upper limits for 

the branching ratios of K*(1440)  into these channels are presented in 

Ref. 39. 

8. Kappa 
3 Evidence for this state was first reported by Alexander et al. 

in the final state 	+ K ii 0   from the ii72 experiment. Those data have 

been combined with the events from the present experiment in Fig. 12(g). 

The combined data are not conclusive evidence for the existence of this 

state. After removal of events with the Z Tr effective mass in the 

regions of Y(1.405), Y"(1520), and Y(1660), the final state _K01T+ 

shows no evidence for this enhancement. No effect is observed at other 

momenta or in the neutral KiT charge state. We must therefore con-

dude that the data from tTp interactions do not in themselves constitute 

independent evidence for the existence of the kappa. 

• 	The deviations from the calculated distributions in the 	ir 

spectrum are entirely associated with the K (890) and are a reflection 

of its nonisotropic ( cos 0 along K direction) decay distribution. 
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B. Four-Body Final States 

•Kur1r 

The dominant features of these final states in intervals II and Ill 

are shown in Fig. 25, where the effective mass of (1T) 0  is plotted against 

the effective mass of (Ku) 0 . Here many of the events have proceeded 

through Y' K intermediate states. The Y(1405), Y(1520), and Y(1660) 

are all definitely present and were produced in association with K(890). 

Our estimates for the cross sections of these processes are shown in 

Table X. No enhancements are noticed in the (KInT)±  distributions. 

AKTE1T 

In interval I, the final states AK+lrOlr  and AK0Tr+ir  are dominated 

by double-resonance production of Y (1385) K (890). In intervals II 

and Ill, the cross sections for YK and nonresonantAKTruT have both risen; 

the resonant states no longer play such an important part inthese final 

states. Figures 26 through 29 show projections of interest and distri-

bütions calculated for these final states with the fitted values of each 

resonant state present. The fits are in general good. 

The spectra from both AK01r+Tr  and AK+TF01T  in interval III, in 

addition to showing the expected peak at 1385 MeV, also have narrow en-

hancements in the vicinity of 1520 MeV. The events in these bins from 

the two plots have different characteristics, however. They are not in 

the same mass interval but in adjacent bins. The ratio of signal to 

background for AK+1r01r_  events improves with the delection of Y °  (1385) 

events, whereas events from AK0Tr+lt_  are correlated with the presence 

of Y (1385). If this is a legitimate effect it is I = 1, and we would 

expect to see production of the states Y °  and Y but we do not. A 

statistical fluctuation more plausible than any existing model would have 

to be devised to explain these phenomena. 
+-. The effective-mass distribution for K rr in interval III [Figure 

28(d)] shows deviations from the calculated distribution at low values 

for the Ku mass. This enhancement is entirely associated with events 	: 

for which the mass of Ar falls in a band about 1385 MeV. Although such 

an enhancement might also be explained by a triangle diagram, 40  we 

believe this effect to be statistical. 

a 
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The KTrTr spectra were carefully examined for evidence of new 

resonant states that are not yet firmly established. 
41-46 The distri-

butions with no selections are well explained by the fitted curves with 

the possible exception of an excess of events in the vicinity of 1350 MeV 

in K01T+1T  in interval II. In Fig. 30 are mass plots for KrriT from interval 

II with Y(385) events removed, and either (a) K+lr_  or  K+110  from 

AK+ 1T 0  IT or (b) K01T+  from AK0IT+1T in the K (890) region. (There is 

no evidence for p production in AK1TIr final states.) No significant 

increase in deviation from calculated distributions is observed. In 

particular, we see no evidence for a resonance at 1175, 1215, or 1275 

MeV. Our data at 2.6 and 2.8 BeV and in interval II divided into smaller 

divisions were separately examined, and no enhancement was observed 

whose cross section varied rapidly with mornentum. 

In Fig. 31 are plotted effective-mass distributions for Y (1.385)ir 

in interval U with K events excluded. We see no evidence for new 

resonance states. 

C. Five-Body Final States 

The five-body final states are produced with small cross sections 

at the momenta accessible here. In this experiment, there is some evi- 

dence for the production of strongly resonating states Y (1405), Y (1520), 

Y (1385), and K' (890). In addition, we observein the final state 

AK0 Tr+ Tr _ Tr 0  the production of w, as shown in Fig. 32(a). The effective-

mass plots for Aw and K 0 w are shown in Figs. 32 (b) and (c). The curves 

in these plots are for an incident pion momentum of 3.2 BeV/c, but the 

data is from events at all momenta. Statistics are quite limited; no 

striking effects are seen. 
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V. SUMMARY AND CONCLUSIONS 

In conclusion, we find that the principal features of the data are 

well explained by simple models describing the presence of well-

established resonant states. ttPeriliheralT  phase space necessary at 

higher energies 47  or new resonant phenomena are not needed for a 

domplete description0 We find that in general the lower lying states 

are more copiously produced than higher mass states in the same 

channels. Production of Y(I4O5) and Y(I520) is greater than that 

of Y(I660), and the states Y(I765) and Y(i8I5) are not definitely 

observed. The K*(890) is more strongly produced in interval III than 

is K*(1440). The cross sections for resonant-state production in 

general decrease with increasing beam momentum. From these ob- 

servations, we draw the tentative conclusion that resonance production 

will not play such a central part in characterizing strange-particle final 

states from ip interactions at higher energies. 

Simple one -particle -exchange models are fairly successful in 

describing the decay distributions of Y*_(385)K+,  Y' °  (1520)K ° , and 

~ ° K °  (890), but fail for AK °  (890). The absorption model is able to 

fit the production angular distributions for AK °  and 	° K °  states, and 

in a qualitative fashion to explain all the decay correlations. The K' 

exchange appears todominate K exchange in the processes 1Tp- YK°. 
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APPENDICES 

A. The Density Matrix Formalism 

In the study of the production of strange-particle resonant states, 

there are many features of the data that one can examine in hopes of 

gaining insight about the mechanisms involved. Different theories hgh-

light different aspects as being important, and the experimentalist is 

always faced with the task of presenting his data in a form that can 

easily be compared with theoretical predictions. Rather than adapting 

an a priori attitude that certain features of the data are "important" 

and concentrating only upon those aspects, we have selected a formalism 

that exhaustively presents all of the data obtainable from the experiment, 

and have cast theoretical predictions in that formalism whenever neces-

sary. 

The interaction of spinless particles can be characterized corn-

pletely by a presentation of the differential cross section as a function 

of the c. m. energy or incident momentum. When we consider articIes 

with nonzero spin, our characterization is modified only slightly. Again 

we specify the differential cross section, but for each set of possible 

spin states for the particles involved. Here resonant and strange parti-

cles are particularly useful. Not only can we directly measure the 

differential cross section, but by observing the decay of the short-lived 

final-state particles, we can infer information about their spin orienta- 

tions, also. 

The decay distribution from a pure state of low spin is relatively 

easy to obtain, but because of statistical limitations we group our data 

over a rather large range of production angle. In addition, the iTp 

initial state is mixture of proton spin-up and spin-down states. Rather 

than observing a pure final state, then, we see an incoherent mixture 

of states. Hence,. the density matrix formalism, which straightforwardly 

handles incoherent sums of states when the algebra associated with each 

pure state is known, is useful to us. The general formalism of the 

density matrix is discussed in several places, 4849 so i will present 

here only those formulae pertinent to our analysis. 



For a set of n pure states, 4i is expressed in some basis as 

a 	. 	 (Al) 
n 	nm m 

m 

If we observe an incoherent mixture of these states each with a weight 

w, we have 
n 

1Z - 
	LII 	

(AZ) 

and the density matrix is defined as 

a 	a (A3) 
/ 	nmn. II 

n 

If we are interested in some process which transforms our state t4i into 

another state, we can characterize the transition operator M as a matrix 

in the usual way by recording how it operates on the basis states 4, 

and transforming them into the newbasis states 'I' 
p

NP M 	/
pm 	p M 4 \ 	 ( A4) 

'  

The density matrix for the initial incoherent set  of states then 

transforms into a density matrix for the final states by 

= Mp 1  M 	 (A5) 

For a particle s.pin density matrix, it is desirable to normalize 

our states in such a way that 

Trp1. 	 (A6) 

If we are interested in a two-body decay distribution, our final density 

matrix is also normalized to unity if we remember to integrate over the 

infinite set of spatial states as well as sum over the discrete spin states 

of the final particles 

Tr p2  d 	l 	 (A7) 



From this we see that the decay angular distribution is given by 

J(O,) = M P M+ . 	 (AR) 

For example, let us consider the decay of a particle with integer spin 3 

into two spinless particles. Here p  is a (2J+1)X(2J+1) matrix with indices 

referring to the magnetic quantum number running from 3 to -3. The pure 

state m gives rise to an angular distribution Y( 0, ), and M is a 

X(ZJ+) matrix (Y, 	... , Y). The decay distribution is then 

I( 0, ) = 	p 	
y*( 	

) Y(@,  ). 	 (A9) 
mn 3 

mn 

In a strong interaction parity conservation relates the amplitudes 

for the production of particles in certain spin states to the amplitudes 

for other states. Since these amplitudes determine the state vectors 

for our final-state particles, the density matrix elements constructed 

from these state vectors are also related (in addition to the constraint 

that p  be Harmitian). The form the state vectors take, and hence the 

form of the density matrix relations, depends upon what we take for our 

axis of quantization. Quantizing along the production normal leads to the 
50 

checkerboard structure of the density matrix of •Capps . If instead we 

quantize along the beam direction, the relation becomes 

= ()ZJ+m+n 	. 	 (AIO) 
mn 	 -rn-n 

We see that we can write the most general form for the decay of 

an arbitrarily constructed collection of particles without reference to 

how the set was formed. We can, therefore, do no more experimentally 

than record values for density matrix elements that we observe. In a 

two-body final, state containing particles with spin, our task is one of 

specifying the differential cross section and the density, matrices of the 

final-state particles as a function of the production angle. (It is tacitEy 

assumed here that we observe no further decays as we might in the 
* 	 . 

production of a state such as the 	. Situations of this kind have been 
51 	 52 

treated by Byers and Fenster , and by others .) If some theory 
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provides us with a set of production amplitudes for the various spin 

states, we can then apply the appropriate matrix to the density matrix 

for the initial proton-pion system and look at the predictions for the' 

observed differential cross section and final-state density matrix, ele-

ments. In our present experiment the proton targets are unpolarized 

and the initial density matrix takes the simple form 

/1 O\ 

	

p1 = - 	 ' 	(All) 
Z\Ol/ 

For the process ..rp - YK*, we have in the final s.tate a spin--

and a spin-I particle. Quantizing along the beam direction yields the 

6X6 matrix shown in Table XV, where the first and third indices refer 

to the fermion spin states and the second and fourth indices refer to the 

vector particle. Using 0 and for the K rest frame and 6' and 4' for 

the baryon, we find for the most-general joint decay distribution 

(p 	' + p 	) sin2 6 
l6TrZ 	. ++++ 	+-+- 	 ' 

+(12++++ ± p++))c00 

- 	Re(p++±0 - 	
sinZO cos 

+iJ2Im(P+.+) - + p±--) sinZO sin4a cosO' 

- 2Rep+++ sinZO cosZ 

+ ZIm P 	 s inZO sin2c'a cos 0' 	 (AiZ) 

- ZIm P 	 sin2 Oa sinG' sin4' 	 . 	. 	. 	. . 

±Imp++.0sinZ0t(sin cos4 1 + cost sin4)sin6' 	. . 

+ 'fIm p 0  sin26(sin' cos4 - cos' sin) sinG' 

+ 	s in2 0 a  sinG'. (sink' cos2 + cos' sinZ) 

- 
2 p + 00co 20 asinO'sin4' 

+ p+__+51 	asin0' (sin'cosZ'-cos'sin2) 

where a is the fermion decay asymmetry...parameter. 
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- 
Table XV. Density matrix for 1 and 1/2 +  particles. 

Polarization 	- 	 Polarization states 
states 

++ +0 +- -+ -0 -- 

++ 	p++. ++ P+±+o +++-. p++-+ P++_o i p++_- 

+0 	P ... 0 ++++ +0 +0+ P+O_O P++_O 

iP+_+ _+ +_+ 

-+ 	++ 0+ +--+ P+-+- - PO+_ 

1 +0-0 +o+ +o+ P+++ p 4+o 

-- 	_iP++__ . P++_O - P++_+. P+++_ +++o ++++ 

This distribution is characterized by IA parameters, that we can experi-

mentally determine -- 	+ 	--' Re(p+++0 - +0+- 

- +0+- Re 	Im 	Im 	Im p_0, 

Im(p+0+)2 ++-- 	+0-0 p+•__+__l1 are related by a linear trans- 

formation to the 11 correlation coefficients of Berman and Oakes 53 . 

These IA quantities are referred to as terms I. through IA, respectifully, 

for convenience 
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If we choose to ignore the information from the fermion decay and 

integrate over 0' and cjY, we are left with three variables describing the 

decay of the K. These are the parameters used in the literature for 

the analysis of Kp - K N - - 

= 	+ 	 (term 

p 11  = 2 Re p 	 (term 4) 
(A13). 

Re plo= Re(p±++0 - +O+-) 	 (term 2) 

p 00 = 1-2 p. 

For electromagnetic Z O  decay, no polarization information can 

be obtained from observation of the isotropic y-ray decay. It can be 

shown, however, that the subsequent A-decay average polarization is 

equal to -1/3 that of theE 0 	if we average over allA decay angles 

in the E °  rest frames We can use the formalism developed here, there-

fore, if we evaluate 6' and 4' from the proton decay of the A in the A 

rest frame and use a value of a. = -0.22. Here we must be careful to 

transform pertinent vectors from the center-of-mass to the sigma rest 

frame and then to the lambda rest frame to avoid complications from 

Stapp rotation effects. 

For the reaction Trp-'Y'K, we consider only the states Y(1520) 

• and Y'(1385) and the initial strong decay of these states. For particles 

of spin 3/2, the decay distribution is given by 

3 	 1 	 2 
I(O,) -- {p 33  sin 6+ 	- p 33 )(— + cos 6), 

- 	Re p 3 1 sin2 Ocos2- 	Re p31  sin 20 cos }, 	
(A14) 

where m and m' refer to twice the magnetic quantum numbers of Y 

states. 	 • 	. 	•. 	. 	 .• • 
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B. The Absorption Model 

The predictions of one -particle -exchange models in describing 

the decay angular distributions in resonant productionprocesses have 

been more or less successful. Experimental production angular distri-

butions did not even closely follow theoretical calculations, however. 

The one -particle -exchange model allowed the presence of form factors, 

and by picking a form that guaranteed success, we were able to fit pro- 

duction angular distributions well. The character of these functions are 

such that the dependence of the differential cross section on productiqn 

angle predicted by the unmodified model is completely masked, and. 

analysis of distributions in no sense test the validity of the model. 

The absorption model also was successful in predicting decay 

distributions while providing a description of the production angular 

distribution that agrees with experiment. In this case, however, the 

corrections to the one-particle exchange model have physical motiva-

tidn rather than an ad hoc character. Whether any particular formula- 

tion of the absorption model currently in use survives, it seems plausible 

that the basic concepts are indeed responsible for the effects that we see. 

In the traditional calculation of Feynman-diagram matrix elements, 

it is assumed that the incoming and outgoing particle states are repre-

señted by plane waves and that one particular diagram dominates the 

interaction. It is clear that this is not a valid assumption since a given 

reaction is just one of a number of competing inelastic processes that 

can occur. Jackson and others 3'  suggested approximating the presence 

of these competing channels by calculating their effect on the incoming 

and outgoing waves inour basic one -particle -exchange diagram. 

We can think of these other reactions as absorbing part of each 

angular momentum component of the plane waves and distorting the 

character of our initial and final states. We model the inelastic proc-

esses as a grey disk which preferentially absorbs low angular momentum 

states, then the process of interest will proceed through states of high 

angular momentum and produce the strong forward peaking that is 
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observed. If we model elastic scattering of the initial and final states 

as entirely the shadow of the inelastic processes, then we can param- 

eterize the inelastic effects from a study of elastic-scattering character-

istics. 

The basic formula from which absorbing calculations proceed 

comes from a nonrelativistic approach to the problem. The validity of 

extending the formalism to processes at high energy is not certain, but 

the fact that it works is motivation enough to investigate its consequences. 

The basic statement is that the matrix element for a process between 

given initial and final spin states is shown by 

M=S 
f
1 2 FS

3 	
, 	 (BI) 

where S.(S f) is the elastic-scattering matrix element for the initial 

(final) state, B is the raw" Feynman diagram matrix element, and 

M is the final absorbed element. Jackson 31  has outlined the decompo-

sition of B into angular momentum components, and the calculation of 

M. In this report we used instead Huff's formulation, 	which casts 

the matrix elements in a linear momentum representation. This ap-

proach is computationally convenient since the usual calculation of B is 

in this representation. We need not decompose B into partial waves, 

perform the absorption calculation in each angular momentum state, and 

then convert back to the linear representation. 

Properly stated, Eq. (BI) is 

(f1X 1 X 2  jMjiOX,X4 ) 

d2 'fc2 X 1 ) 	js/Z fcf x X 	(f21 X'1 X 	BI  i i 
 

f 	\ 134 
1 

s/ 2  Ii 0 x 3 x4 ), 	 (BZ) 

where i and f indicate the initial and final states, X. the helicity 

states of the particles involved, 0 the production angle of the final state, 

and0f . 	the helicities and angular distribution variables of the 

intermediate states that are to be summed and integrated over. Ex-

pressions are cast in a helicity representation because manipulative 
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formulae are particularly easy to express. By means of these formulae, 

expression (BZ) is converted to 

KfO XX2 Ml  iO X 3 X4 ) = dQf da 	(fOX 	Sf jf fl Xz  

(B3) 

(-) 	' \ i f 0 X'I  X Z 	i 	34 
' IBI 0 XIX' ) 	(i  0 

i 3 
X' X'

4 
 iS 2 1 f X 3 X 4 ), 

where 

x=x i _x z  

= x3  - 

	

= 	- 

	

= 	- 

Here we have the quantity (f Th 	lBl0 ), 3 X4 ) , which is just the 

unmodified one -particle -exchange matrix element for scattering into an 

angle 

	

We now expand S 	as 1 - T/Z and keep terms at most linear in T. 

Since elastic scattering is largely confined to the forward direction, we 

restrict ourselves to no helicity changes for these processes. After 

some manipulation and trivial integration and summation, we obtain 

(f0X1X lMli 0 X3X4) = (fOX 1 X 2 I BI  iO X3 X4) 

-  S_i d  cosOt ~(O 
dcos ( 01 Z BIiOX3X4) 	 (B4) 

X 10' X 3 4 I 1 I1  X T.OX3  X4 / \ Re[il  

+ ( 0 XIXZ IT f I Oxixa) Re [q 
zx 	} 

where 1 = [cos0'/ cos0/Z + sin o'/z sinO{Z e '  I /cos(0"/2) 

cos 0" = cos 0' cos 0-+ sinG' sinG cos ' 

To compare with experiment we must now, of course, rotate the 

final amplitudes from the helicity directions to the coordinate systems 
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we have selected, and form the density matrix as outlined in Appendix 

A. 

The matrix element T is related to the elastic -scattering cross-

section distribution by 

da_Zif 	2 T . 	 (B5) 

Experimentally elastic differential cross sections can be well approxi-

mated at least in the forward direction by the expression 

d_ 
- 02 
	 2 

totai e 
	 (B6) 

where A2  is the negative of the tour -momentum transfer. This gives 

us the magnitude of the matrix element T but not its phase. We are 

forced to assume that this phase is constant over all production angles 

and that it is the same for the initial and final states. If we arbitrarily 

set this phase to zero, then our matrix element will be all real and we 

will have no fermion polarization. Consequently terms three and five 

through eleven of the density matrix must of necessity be zero. We 

choose to let the value of this common phase be a free parameter to be 

determined by the fitting program. This, of course, is only an expedi-

ency to cover our ignorance of the situation and has no direct physical 

significance. Although the introduction of this parameter allows for non-

zero values for all density matrix parameters, large deviations from 

zero cannot be fit by the theory. To achieve the extreme peripheral 

character of production distributions, the second term in Eq. (B4) must 

be mostly in phase with the first. The out-of-phase component adds to 

the differential cross section rather than subtracts from it. 
* 	 * 

From the observed width of decay of the K , we know the K KiT 

coupling constant but we have no information about the pKA vertex. tn-

formation at both vertices for K* exchange is lacking. Although we 

know the characteristiâs of elastic scattering over the range of energies 

considered here, the quantities characterizing the final-state interac-

tions are completely unknown. Finally, we have nO value for the phase 

parameter which we call X . In the fitting program, chi-square was 
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minimized with six parameters allowed to vary a fl  Af, x' g, 

and 	The last three coupling constants are defined in terms of the 

coupling constants presented in Ref. 55 by the relationships: 

g = KpA) 

= g(KKir) g(pK*A) 	 (B7) 

gT = g(K"K'Tr) 9T(pKA) 
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I 

This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission: 

Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa-

ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor-

mation, apparatus, method, or process disclosed in 

this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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