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I. INTRODUCTION 

In the fall of 1966 an exposure of 250,000 pictures in the 

72 inch chamber was obtained primarily to study w and r pro-

duction in the momentum range 1.1_2.4 GeV/c. The results of 

this part of the experiment will be reported elsewhere. This 

report is a study of some.of the properties of the strange 

particles produced in this exposure. 

Most of the strange-particle states arising' from the reactiOn 

of a pion with a neutron in the deuteron have been analyzed in the 

charge-symmetric ,tp reaction elsewhere with better statistics. 

(See Refs. 1 and 2 and papers quoted therein) An exception is 

this is one of the reactions considered in this 

report. The reactions ori a proton have not been studied with 

statistics comparable to ours, and we can hope to expand the 

knowledge of these final states and learn something about the 

production mechanisms. 

In Section II the experimental procedures used in obtaining 

and reducing the data are described. Section III contains 

total deuterium cross sections for all final states with one 

or less unobserved neutral particles. The magnitudes and energy 

variatiOns of the cross sections are consistent with production 

off a single nucleon in the deuteron. Three final states are 

4  investigated in detail. The nAKfinal state is dominated 
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* 
by y ( 1385) production, and this production is well described 

* 	 +0+ near threshold by a simple K exchange model. The tiE K it 

final state is also analyzed and found to be primarily tiE K 

and A(1520) production are seen in the ppKK final state, 

and the decay distribution of the 4 Indicates that it is pro-. 

duced highly aligned. 

S 

4, 
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II EXPERINENTAL PROCEDURES. 

A. Beam and deuterium properties. 

The experiment was performed at the Lawrence Radiation Labora-

toryBevatron facility. The deuterium-filled 72-inch bubble chamber was 

+ 
exposed to iT mesons from a single-stage separated beam transport system. 

This systern is1 described indetail elsewhere. 	For deteination of 

the deuterium index of refraction and range-momentum scale factor see 

Ref. 4 

B. Scanning and measuring procedure. 

The entire exposure was scanned twice for events with a visible 

neutral decay (vee). A list was made of all events on which the two scans 

disagreed as to the existence of an event or its event-type; these events 

were looked at again to resolve the conflict (conflict scan). 

The events were measured and fed into the standard Group A 

three-dimensional reconstruction and kinematic fitting program SIOUX. 

* 
Events which failed to get an acceptable fit on the first measurement 

were remeasured once and twice if they failed the second measurement. 

•After the event had failed three times it was looked at carefully on 

the scan table and the reason for failure ascertained. If it was not 

a legitimate event it was deleted from the Master List of events; if 

it was a legitimate event but unmeasurable for some reason it was so 

noted. If it was the wrong event-type the event-type was changed and• 	 -. 

the event remeasured; if there was asinall-angle scatter or decay on 

one of the tracks it was noted and also remeasured. 

* 
For a list of which final states wore tried for each toology 
sec Croup A 	o o 	p 19-27 

r 	 I 
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C. Scanning efficiency. 

With all the checks on the proper event-type (conflict scan, 

examination of all falling events and operators being able to note wrong 

evet-types) if the event was found atall it was eventually assigned 

the correct event-type; if it was not a legitimate event it was 	 AF 

deleted. Therefore it has been assumed that after this procedure all 

events have the correct event-type and therefore the scanning efficiency 

is merely the probability of finding a veé'd event on the film. 

Assuming independent probabilities for the two scans we find 

that the combined scanning efficiency on events which pass our fiducial 

volume cuts is 99 0/0 or greater. The assumption of independent prob-

abilities for the two scans is not necessarily correct; some events 

might be inherently less visible than others, e.g. vees with the decay 

plane at a small angle to the camera axis. Losses due to these effects 

were investigated and found to be negligible' in 'all cases but two-short 

tracks on ve.es and Z decays; for these two cases the reithining events 

were weighted to account for the loss. See Section E. 

D. Exposure size. 

The exposure size (events/microbarn) was determined by three 

different methods: , 

1) Path length determination. 

Ten rolls of film at each momentum were selected and on 	
4 

every fifth frame the numbers oftracks entering and interact-

ing, or leaving the ends or sides of the chamber were recod-

ed. This was used to determine the number of centimeters of 
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track at each momentum which was then converted to events/ 

* 
microbarn. 	These results are given in columns 2 and 3 of 

table I, where the events/micrabarn has been reduced 

by 3% to account for estimated muon contamination. 

Normalization to total cross section. 

On these same rolls,, on every 27th frame, all intr-

actions were recorded. This was used to give the total 

number of interactions at each beam momentum (after correc- 

tions for events missed -'primarily small angle Ttd - rrpn 

with an invisible proton). Comparison with the knowa 

total cross section 	then gives the events/microbarn. 

(See column Li. of table i.)  

Normalization to a ip cross section. 

The four prongs on the fiLm were scanéd and measured, 

as were the three prongs at all momenta except.l.7 and 

1.9 GeV/c. The number of 

+ 

+-O 
ppltltTt 

pptcy 

+- 
ppa it (missing mass) 

in the three and four-prongs combined was compared to 

the charge-sLetrjc cross section 6  to 
- 	 4.- 

+- 
it it (missing mass). 

After lowering the cross 'section by 3 O/ 
 to account for 

screening of the neutron by the proton we get another, 

26.5xlc0 
	. of trok gives I ev/tb. 



Table I. Exposure size. 

Beam mOmentum Path length Events/rnicrobarn 

(GeV/c) cm(x106 ) i ii iii "averarc" 

1.12 12.00 o.44 0.142 ± .01 0.38 o4 0j3 

1.30 11.14 0.142 0.143 ± .01 0.1414  o4 0.143 

1.53 68 0 2 .51  2 ± 07 2.4 	± 2 2. 53 

158 1214 0146 0146± 01 014± 07 0146 

170 780 288 297± 07 291 

186 781 287 292± 06 290 

215 832 307 288± 06 32 	± 3 293 

237 259 096 0814± 02 10 	± 1 093 

4 
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though less accurate, estimate of the events/microbarn. 

See column 5 of table I. 

The last column in table I gives the exposure size used to 

calculate the cross sections. 

E. Detection corrections. 

0 
If a K or a A is produced near the bubble chamber walls there 

is a chance it will decay outside the visible region and be lost. Also 

if it decays too close to the production vertex it will appear to be a 

• 	non-vee event and also be lost. In order to correctly account for losses 

• 	due to these effects fiducial volume restrictions were imposed on the events. 

Events which had a vee near one of the walls were flagged and treated as if 

they had never been found. It was determined that events with decay ver-

tices closer than 6 imn to the production vertex also were missed. Therefore 

all events with neutral decay lengths less than 6 mm were also flagged and 

treated as if never found. 

When a A of laboratory momentum 120 MeV/c decays with the proton 

going backward in the A rest frame, the proton is at rest in the laboratory. 

Also if the A is very low momentum in the laboratory, the vee will have a 

very large opening angle and will be mistaken for a stray track. We 

therefore have a loss of low momentum A's. If the A has 800 MeV/c 

momentum and the e goes backward a similar situation occurs - the ir 

is very low momentuinand interacts or decays before going very far. 

Fig. 1(a) shows this effect. The loss of events was taraneterized by 

the fun otion sbowr in f: 1(b) 
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Fig. 1 a) Scatter pi.ot of the ocCay cosine of the A with re-

spect to its line of flight versus the A laboratory 

rnrntentarn. 

b) os a evnt a a function of A iahnratory aneri-

turn. 
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The 7, s produced in this experiment typically have over 1 

0eV/c laboratory momentum. If the Z decays into pit the proton makes 

a small angle with respect to the I + line-of-flight ( <15
0 

 ) and also 

has little change in ionization density. Under these circumstances the 

scanners have difficulty identifying the event as a charged decay instead 

of a proton scatter. ;Therefore, for purposes of cross section calcula-

tion, we have used only the nTc decay mode of the Z and corrected the 

number of events to account for the pr °  mode. The nar events were also 

weighted to try to account for low momentum rts (as in A decay) and 

scanning losses for high momentum colinear decay.s. The correction for 

these latter two was taken as0%. Because of uncertainties in this 

procedure there could be systematic errors of the order of 20 0/0 in the 

cross sections for final states containing l+?s. 

The events which passed the fiducial volume tests were weighted 

to account for these losses. For an observed neutral decay the weight 

'gas 

r 	/r 	/r 
	d -1 

W= (e 
-T 	

e- 
	

)(l  

for an unobserved neutral decay 

I 	br 	f/ 	-T/T 	-f/T 	1-1 
W - 	+ lbr 	+ (e 	- e 	)(f))J , 

and for an observed charged decaying particle 

W=Le 	J , 

'nere T is the particle mean lifetime, T f  is the proper time for 

the particle to get to the fiducial volume walls, 	is the proper time 

to go the minimum length (6 rn), br is the branching fraction into p for 
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aA and it Tc fora Ks  (taken as 2/3 in each case) and f is the function 

shown in fig. 1(b) for a A and is zero for a K. 

F. Separation of hypotheses 

For each hypotheses that had an acceptable fit a ?Tbadnessu 	 4 

function was constructed. 

B = X2k 	 I N) - FkL 

where X is the kinematic chisquared, Nk  is the number of kinematic con-

straints, X21  and N1  are the se for the track iOnization density, and 

F 	= 0 for a A, or F 	 = 10 for a Ks  See Ref.(7) for a description ofkL 

the ionization chisauard ±'outine. Approximately one-third of the events 

had passing measurements on the Spiral Reader measuring machine, and 

therefore had ionization information. 

Because of the decay.kinernatics it is possible for most Ats. 

to pass as. Ks's, but very few Kdecays can fake a A. (Because of the 

higher Q-value for K decay, the K tends to have a much larger opening 

angle in the laboratory than a A). Therefore we chose to bias against 

the Ks fits; a factor of 10 added to the "badness" of the K fit was 

found to produce essentia11r perfect A_Ks separation. 

The hypothesis with the lowest badness was tentatively accepted 

as the "best" fit. If there was any other hypothesis which had a badness 

within 10 of the best fit, and if it was possible tc distinish between 

- 	 the two hypotheses on the basis of track iohization, the event was looked 

at on the scan table. Any hypotheses which were inconsistent with the 

observed ionizaicn ;ere killed. 



III. ANALYSIS AND RESULTS 

A. Cross. sections 

It is not necessary.(or even possible in some.cases) to do a 

separation on an event-by-event basis to get the cross section; all 

that is required is the number of events that should be assigned to 

each hypothesis 	The cross sections were determined in the following 

way. Final states with the same visible particles were lumped together 

I ++ 	o+.+i 	I + 	Q+ 	+ o 	0+0 .1 • 	(e.g. LOAK Tt and n K r J or j,pAK , pZ K , pAK -t , and p1 K 3T j 

etc.). Mass and angular distributions for these events were then 

• 	examined to.determine how many ambiguous events to assign to one or 

the other final states. Two examples will serve as illustrations: 

i) Many of the final states in this experin'ent are one-constrairt 

• 	 (one mising non-decaying neutral) with a decaying A. The 

corresponding missing-mass (zero-constraints) hypothesis is 

the same final state with the A replaced by a 10; which means 

that we are now missing the original neutral plus a 7-ray. 

However, any event with a low energy 7-ray will have a per-

fectly acceptable one-constraint fit, making itimpossible 

to tell the two hypotheses apart. Therefore to get the cor-

rect number of one and zero-constraint events the missing-

mass distributions for events with a best fit to either 

the one-constraint of the zero-constraint hypothesis were 

• • 

	

	plotted together and the number of one-constraint events 

estimated. See fig. 2 for an example of this procedure. 
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by the curve. . 	 . 



+  
i i ) The states pAK (four-oonstraint) and p1 

0 + 
K (two-constraint) 

were also impossible to distinguish on an event-by-event basis. 

When the Z decays with the 7-ray going backwards along the 

• 	line of flight of the 1
0
, they-ray has very little laboratory 

onentum and energy and it becomè difficult (because of the 

neasuimnent errors) to tell it from no particle at au—i e 

a pAK+  event. When the proton has a laboratory iomentum less 

than about 80 MeV/c it does not go far enough (2 nun.) to 

leave a visible track and this in effect adds on another 50 

MeV/c or so in a raraor direction to the measurenent error.  

Under these circumstances it is impossible to tell a 10 with 

a backwardgoing 7-ray from a A event. The badness" Icnction 

biases rather strongly in favor of the four-constraint fit and 

therefore events with a soft 7-ray will preferentially he 

called A events. •g. 3 (a, b) shows the O  decay distributions 

• for events with a best tT  fit to a 
O 
 hypothesis; in the odd-

prongs (events with an invisible proton) the loss of events 

with tackrd-going 7-rays is especially conspicuous. This 

• 

	

	
distribution was Dlotted for each beam momentum and used to 

determine how many 10 events had been called ATs. 

* 	 The cross sections detenired in this way are given in tabi e II 

and figs. 4-16 . Errors quoted take into account uncertainties in 

separating different final states; the cross sections quoted for final 

states containirn a Z could have an additional 20 / systematic error. 

E.) (See Section 
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Table II. 	Total cross sections (ub) 

Beam momentum (GeV/c) 

Final 

state 112 1.30 1.53 1.58 1.70 1.86 2.15 2.37 

pAK 368 t 55 1475 ± 55 292 ± 20 2148 ± 50 2146 ± 20 167 ± 25 121 ± 25 101 ± 30 

pZ°K' 1149 	± 145 178 ± 145 132 ± 18 135 ± 140 106 :t 15 152 .± 27 1114 ± 25 77 t 25 

39 -t 39 2514 ± 90 23 14  ± 145 270 ± 90 188 ± 39 1714 ± 33 1142 ± 33 52 ± 33 

79 ± 10 89 ± 22 1114 ± 	9 131 ± 	9 151 ± 12 150 t 22 

pAK°s 9 ± 	7 69 ± 	7 73 ± 18 814 ± 	7 1014 ± 	8 16o. ± 10 126 .± 17 

pZ°K°s 21 ± 11 0 -t 18 19 ± 	9 314 -t 10 55 ± 15 714 ± 29 

11 ± 	7 72 ± 12 6 	± 22 108 ± 12 1314 ± 114 118 t 12 67 ± 16 

7 ± 15 62 t 21 110 + 26 160 + 60 

PPKSKL  J.gt 1.2 0.Ot 14.0 17.5± 3.5 18.6±  3.5  28.6± 14.5 18.7± 7.5 

PPK6K 6.2± 3.1 8.1± 3.5 13.2± 5.1 5.2± 5.2 

14.0± 2.8 11 t 11 20 ± 	6 25 t 	6 148 ± 	9 67 ± 18 

10 ± 	3 18 ± 	14 147 ± 	7 58 ± 15 

3.3± 3.3 9.7± 5.5 28 ± 10 63 ± 214 
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If ve assume that the reactions we observe can be explained in 

terms of the it interacting with one of the nucleons, we can compare 

the deuterium cross section with the correspondi 	itN cross section1j28i9) 

For it+n  reactions (final state with a proton) we have plotted the charge- 

symetric itp cross section; for itp  reactions (final states with a 

neutron) we have plotted the ir+p  cross sections. These itN cross sec-

tions have been plotted with the itd cross sections in figs. 4-11 and 

figs. 15-16. The vtd cross sections at a particular momertum should 

be an average of the itN cross section over -0.2 GeV/c centered at the 

same momentum. In all cases where this comparison is possible the 7td 

and icN cross sections compare well. 

+ 	++ 
B. itp  —AKic 

We can use the nAK+lr+  final state to get information on the 

reaction 

+ 	++ 
it p 

Assuming the impulsemodel, the reaction 1t+d__nAK+it+ can 

be thought of as 

+ 	++ 
it.p —AKit 

• 	 (n) — (n) 

where the neutron is a spectator. As e check on the assumptions of 

the spectator model we can ccrnpare the neutron laboratory momentum 
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distribution to the prediction of one' of the deuteron wave-functions; 

this is shown in fig.1for events with a best fit Inthe 

rest of this analysis we have thrown out events withneutron momentum 

above 300 MeV/c and assumed that the impulse model was valid for the 

rest (85 
0/ of the total with best fits to this state). In order to 

reduce contamination from the (ny) AKIt final state the missing mass 

was required to be 0 . 82(GeV/ c2 ) 2  <2< 0.98  (GeV/cZ )2 Dividing 

++ 
the remaining data into four c.In. energy intervals, we get the AK Ti 

Dalitz plots and mass projections shown in figs.18 andl9 . A maximum- 
* 

likelihood fit was made to the amount, mass., and width of the Y (1385) 

assuming a p-wave Breit-Wigner.. The results are given in table III. 

Monte-Carlo events were generated at the mean c.m. energy for each, 

interval and the results plotted over the mass pr . oJections in figs. 18 

andl9. 	 . 	. 

The production angular distributions for events with 1.80 (GeV/cZ)2 

2  <2.02 (GeV/ 2 ) 2  <M 	are given in fig.20 after subtracting the appro- 

priate amount, of isotropic background. The production angle is defined 

as 

cos(9) = p*p 

IP*IIPI 

* 	 . 
In the c.'x'. of the Y K system. IP

T 
 is . the momentum vector of the target 

nucleon, defined here as 	 . . . 	. 

= deuteron - neutron 
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Table III Y*(1385) amount, mass, and vidth 

Center of mass Amount Mass Width 

energy (GeV) (GeV/c2 ) (Gev/c2 ) 

threshold 	- 	1.98 0 92± 08 1 3866± 00 0,049 ± 011 

1. 98 - 	 2 06 0 80± 09 1 3870± 0031 0 045 ± 010 

2 06 - 	 2.16 0 69± 07 1 3828± 0020 0 0255±  00 1 6 

2.16 - 	 2. 36 0 39± 06 1 3868± 0020 0 0217±  0062 
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If we look for an explanation of the production distribution in 

terms of an s-channel description, we find that although there are 

many reported(10 ) 
	 2 
=3/2 irN resonances in this mass region, (2.0 GeV/c ) 

none of them alone correctly reproduces the behaviour of the production 

distribution. 

The lowest mass particle with the correct quantum numbers for 

exchange in the t-channel is the K(890). In general the amplitude 

for this process is made up of three independent parts (corresponding 

+ 	 * 
to the three ways of coupling the 	nucleon, the 1 K and some rela- 

- 
tive orbital angular momentum to make the 3/2+ Y* ). However, there is 

a model that makes a specific prediction, the so-called p-photon 

analogy of Stodoiski and Sakurai.(1112) For a description of the 

model see Appendix B. 

The p-photon analogy prediction for the differential cross 

section is 

do.sin 
2 
 O 

d2 	22 
(tmK*) 

where t is the square of the four-momentum transfer (p - 

This is the function plotted over the production distributions in fig. 20 

(a-d). The fit is good at the lower two energies, poor at the higher 

ones. The failure of the model at higher energies is not unexpected, 

however - simple exchange models without absorption have always failed 

to give the correct amount of forward peaking in production distribu-

tions at higher ener-ies. There is also the possibility of baryon 

excharue (.\ or 10 for exanDle) playing a small role and giving a back- 
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ward peak to the production distribution, as is indeed the case at 

slightly higher momentum. (13)  

The model also makes predictions about the decay distribution of 
* 

theY; these are most conveniently expressed in terms of theY spin 
* 

density matrix elements. In the rest system of the Y we take the z-

axis parallel to the incoming target proton and the y-axis is the 

normal to the production plane. In terms of fig.21 

IKIIpI 
With this choice of coordinate system, the density matrix elements 

* 
for the Y are given in table IV and fig. 22 for the four c.m. energy 

intervals. The p-photon analogy predictions are p 3  = 3/8, Re(p31 ) 

= 0, Re(p3] ) = 	these are the straight lines plotted on fig. 22. 

Near threshold the Stodolski-Sakurai p-photon analogy fits our 

data very well; this is similar to what is seen in the reaction 

K p - x K near threshold (11 and the reaction .1t
+ 
 p - 	Tt at moder- 

ate enegie 1 reactions  to which the model is also applicable. Above 

2.06 GeV this model fails to explain our data. 



Fig. 21 Coordinate system used for Y decay dis -tributions. 

:incorning nucleon direction; :normaI toprductonj 

/ A plane; x:y.xz 



Table 
* 

IV. 	Y 	density matrix elements in 

+ 	*++ 
it p—.Y 	K. 

• 	 Center of mass .• 

energy (GeV) 
Re(p 1 ) 

30 p 	1 - 

• 	 threshold - 1.98 0.39±. 07 	0.07±.05 0.17±.07 

1.98 - 2.06 Oi2±.05 	0.02±.06 0.27± , ö6 

= 	2.06 - 2.16 0.12±.06 	o0±.o6 0.2±.06 

2.16 

a 	 - 

- 2.36 0.21±.06 	-0.05±.07 Q.18±.07 
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+0+ C. itp—EKit 

• The nLK0it final state allows is to analyze the reaCtion 

+ 
it p - Z K it 

Fig.23 shows the ZKit Dalitz plot and mass projections for all 

* 
events with a best fit to nZ K it . Note the very conspicuous K (890). 

Fig.24 shows the Krr center of mass energy for all events. Although 

the threshold energy for Z is 1,82 GeV there are no events until 

the energy is sufficient to make a K (around 2.05GeV). TableV 

* 
gives the ampunt, mass, and width of the K in this final state. The 

curves plotted over the mass projections in fig.23were obtained from 

* 
Monte Carlo events generated with the K parameters given in table V 

and the center of mass energy distribution shown in fig. 24. 

The center of mass production distribution for K
* 
 events 

• 

	

	(0.72 (Gev/c2 )2 :SIV 0.86 (GeV/c2 ) 2 ) is given In fig.25(a). All 

the angular distributions have been corrected for the sll amount 

• 	of background present in this Kit mass interval. Within the limited 

statistics of the data the production distribution is consistent 

with isotropy. 

* 
The K decay distributions are shown in fig. 25 (b, c) and the 

• density matrix elements given in table VI . The cues plotted over 

the data in fig. 25 (b, c) correspond to the density matrix elements 

of ta'cle VI 
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Table V. K*(890) parameters in Tc p_EK*t 

ount 	 Mass (GeV/c2 ) 	Width (GeV/c2 ) 

0 75± 10 	 0 895± 006 	 0 051± 017 

* 
Table VI. K (890) density matrix elements in 

+ 	+*+ 

P0,0 	P1,1   

O.124±.0e2 	0.438t.041 	O.063±.074 	0.097±.050 
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D. jr+K+K 

As well as the obvious strange particle Events with vees we were 

also able to obtain the ppK+K final state. As another part of the 

experiment, all of the n-prong events have been measured and processed; 

besides the non-strange-particle final states possibie for this 

topology we also attempted to fitppKK. Although the expected 

number of these events was only avery small fraction of the total 

of that topology (.l 
0/), if both protons have enough momentum 

to be visible the ppKK final state is a u-constraint fit and very 

hard for other final states to fake. Furthermore the measuring of 

all of these events.was done on the Spiral Reader which puts out 

track ionization information. Req.ui±ing the event to have a good 

kinematic fit to ppKK and also to havea low ionization X to this 

hypothesis resulted in approximately 250 ppKK candidates. These 

events were all looked at on the scanning table and events which 

were not ppK+K were deleted. The end result vas 150 1 -constraint. 

events with negligible contamination. 

Defining the spectator nucleon as the proton with the lower 

laboratory momentum, and making a cut on spectator momentum at 300 

MeV/c results in the c.m. eergy dist'ibution shownin fig. 26 . Here 

the c.m. energy is defined as the enerQr in the pK+K system, where 

p is the non-spectato. r prOton. 

By comparing thi,s c.m. enerr distribution to a reaction with a 

known cross section, the it n 	pK+K cross section can be determined 

as described in Appendix A. In this case the reactions that were used 
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were 

+ 	+- 
it n—.-pit it 

pit it 7 

o 
.•ptit,t 

• pit It (massing mass). 

The sum of these four reactions should, by charge symmetry, have the 

same cross section as 

- 

itp —.-flitit 

+(jj 	
mass), 

The cross section for the sum of these two reactions is known 

and allows u.s to determine the pKK cross section. Dividing the 

c.m. energy distribution into three intervals we get the cross sec-

tions given in table VII and fIg. 27. 

The pKK Dalitz plots and mass squared projections for these three 

c.m. energy intervals are given in fig. 28. The (1020) is evident - 	- - - 

In the KK mass spectrum in intervals 1 and 3; there is also mdi- 

cation of A(1520) production in the pI( mass spectrum of interval 2. 

Due to the small number of events it was impossible to do a fit to the 

amount of and A(1520) in each interval; instead the number of events 

above background was estimated. Monte-Carlo events were generated 

with this estimate of the amount of resonance and plotted as the curve 

over the data in fig. 28. The estimated amounts are given In table VIII. 

Table IX gives the cross section for production of ct and A(1520). 

Fig 29(a) sois the production distributlon for events (1.02 (Ge/c 2 )2  

< 1.06 (G&J/c2 ) 2 ) and fig. 29(b,c) shows the decay. distributions. 
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Table  Cross section for i, 	n_.pK+K 

Center of mass energy 

(GeV) Cross section (jib) 

El: 1.95 - 2.10 38±7 

E2: 2.10 - 2 67±10 

E3 225-24O 102±19 

Table Fraction of (1020) and A(1520) 

Center of mass energy Estimated fraction 

(GeV) 0 A 

El: 1.95 - 2.10 0.5 0.0 

 2.10 - 2.25 0.1 0.3 

 2.25 	- 2.0 0.2 0.1 
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Fig. 28 Dalitz plots and effective mass squared projections. 

for pKK from ppK( final state. Center of mass 

energy intervals 1.95  GeV - 2.10 GeV, 2.10 GeV - 2.25 

GeV, and2.25 GeV - 2.0 GeV; 
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Table IX Cross sections for it 

and 

Center of mass Cross section (p.barns) 

energy (GeV) itn-.-.-A(152O)K 

El 195-210 in 	0±13 

E2 210-225 1 2 	9 1 ±36 

E3 225-240 142±17 

Table X. Density matrix elements for 	(1O20) 

- p00  p1,1  P1,1 	Re(p10) 

0 6L± 14 	0 i8 	07 -0 2'± 09 	- 	25± 08 
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Fig. 29 Production and decay distributions for (1020). a) 

productiofl cositie. b) decay cosine. c) Treirnan-Yang 

angle. The curves plotted over b) and c) correspond 

to the density matrix elements of tableX. 
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Table X contains the 0 density matrix elements The production is 
consistent with an isofropic distribution; even with the limited 

numbers of events available., however, it is clear from the decay dis- 

tribution that; the 0 is produced highly aligned. The curves plotted 	 -. 

over fig. 29(b,c) correspond to the density matrix elements of table X. 

If the 0 was produced by p-exchange it would be highly aligned; how- 

• 	 ever simple p-exchange without absorption predicts a decay distri- 

bution of the form sin 29, completely different from the observed 

distribution. Th1sfailure of a simple p-exchange model is very similar 

to the situation .seen in w production 16 (same quantum numbers as the 

) where the density matrix elements are very similar to those of 

table X. 
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iV.: SUMMARY AND CONCLUSIONS 

Cross sections for production of strange particles by 

t mesons on deuterium have been presented. Three final states 

have been analyzed in terms of the impulse model to obtain in-

formation on 7tN reactions. 

* 	 + 	++ 
Y (1385)  production dominates the reaction p—'-AK it and 

* 
the production of this isobar is well described by ML K ex- 

change near threshold, but not at higher energies. 

+  
The reaction it p—Z+ K

0 
it
+ 
 is almost entirely it

+ 
 p—E K 

at the energies of this experiment. 

Highly aligned 's are produced in the reaction 

along with A(1520); simple p-exchange does not predict the 

correct alignment. 

P - 
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APPENDICES 

A. Extracting Single-nucleon Physics 

There are some: reactions that cannot be analyzed in a bubble 

• 	chamber because of the presence of two or, more unseen particles in the 

final state. For examp]e the reaction 

• 	 - 	 +-o 
lTp -3 flW, W --)TrTtt 

cnnot be analyzed because one cannot iticasure the momentum vectors of 

either the neutron or the it0 . 

If we assume thatthe interactions weare dealing with are in-

dependent of isotopic spin projection, however, ther.e are other reactions 

• which give us the same physics and perhaps are analyzable; in the example 

above the charge-synsietric reaction is 
+ 	 + - o • 	 It fl - 	iii -3 Tt it IT 

U . 	 . 	 . 	 . 	 . 	 . 	 - 

now with only the t missing the reaction is in fact over-determinec. --

four equations of constraint at the production vertex (3-momentum and 

energy) and only three unknown quantities, the i °3-momenturn0 

Free neutron targets are not available; however the deuteron 

with its low binding energy of 2.2 MeV 	provides a source of Ttalmost 

free" neutrons 	if the range of interaction and wavelength of the in- 

coming betim are short compared to the separation betweCn nucleons, the team 

could interact with oi nuclebn instead of the whole deuteron, leaving 

the "spectator nucleon behind with the momentum it had before the inter-

action. This is the imsulse model. It is the basic assumption in using 

deuterons as a source of nucleon targets. To see how good it is and what 

its limitations are we would like to check its predictions against 

experimental distributions. The most straight-forrard check is to look 
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at its predictions for the spectator nucleon. 

The deuteron has been extensively studied and its wave 

function determined fairly well down to distances of the order of 

0.1 fermi. Various opülar wave functions, tend to have the same 

behaviour over most of the deuteron volume, differing only at the 

core. See Ref. 17 for examples of the different wave functions. One 

of the most popular wave functions is the "Huithen" wave function. 

Its properties are shown in fig. 30. 

Looking at the momentum distribution we see that the nucleons 

have a mean momentum of about 60 MeV/c with significant probability' all 

the way out to, about 300 MeV/c. ' We are therefore dealing with 'a moving 

target. This Fermi motion causes a spread in the beam-nucleon center of 

mass energy for any particular beam momentum. Fig; 31 gives an illustra-

tion of this for 2.0 GeV/c it's on deuterium. Since the beam momentum in 

the itd reaction does not specify the energy of the itW state, it is customary 

to divide the data in terms of- center of mass enery rather than beam momen-

tum. 

This model gives the distribution in momentum (fig. 30(b)) and 

angle (isotropic) for the nucleons in a deut'erbn. 'Even in the impulse 

approximation however these are not the distributions one.would expect 

for the spectator nucleons in the laboratory. Two things modify this 

distribution:  

i) Dependence of cross section on c.m. energy. For example if we 

have a 2 GeV/c i,t beam and threshold for the reaction of interest  

is at 2.1 GeV/c for a stationary nucleon, only reactions where the ' 

beam strikes a nucleon, coming toward it will have sufficient 
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energy to be above threshold. Therefore all spectators, which 

have the opposite momentum to the target, will be of high niomen- 

turn, and will be going forward with respect to the beam. 

ii) Flux factor. Even with.a constant cross section, the predicted 

angular distribution of spectators with respect to the beam is 

not isotropic. The number of reactions/unit time is pro-

portional to the product of the flu and the cross section. 

The flux factor is given b 	 . 
22 2 	2.212 
EbET - bT - 

where Eb  and  ET  are the beam nd target energies, b and 

are their 3 - vector momenta, and mb and mT  are their 

masses. This formula just expresses the fact that there 

are going to be more reactions per unit time when the 

targets are moving towhrd the beam than when they are moving 

away from it. This factor also causes the spectators to go 

preferentially in the forward direction, the effect being more 

pronounced the higher the spectator moentum. Fig. 32(a) shows 

the expected spectator angular distribution for all spectator 

rnomentum fig. 32(b) is the distribution ecpected for events 

with spectators above 80 MeV/c (corresponding to the minimum 

momentum required for a proton to leave a visible track). 

This is the impulse model prediction for the spectator nucleon 

momentum. 	 . 

Although it is a reasonably good approximation to realityit suffers 

frim one obvious defect when comoared to experiment. . If one plots, the 

laboratory momentum distribution of the spectator nucleon for a reaction 

with a sensibay constant cross section and compares it with the pre-

dictions of the model, goo ,d agreement is found to 270-303 MeV/c but 
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there the model predicts 1-2% of the nucleQns should have momenta above 

300 MeV/c, we find 15%. See fig. 33 for two examples. Although it 

is difficult to make a quantitative prediction, the discrepancy can 

be qualitatively explained by reactions outside of the realm of the im- 
4*1 

pulse approximation, reactions involving both nucleons. Although the 

nucleons are loosely bound, the nucleons spend a certain amount of time 

close together, at which time the incoming beam could interact with both 

simultaneously. Also, after interacting withone of the nucleons, the 

outgoing particles are within a couple ofrmis of the nucleon, and there 

is a few percent probability of rscattering Both of these mechanisms 

result in fast, forward-going nucleons, and probably are the cause of the 

excess of high momentum nucleons. 

One could try to extract nucleon cross sections from an analysis 

of the c.m. energy distribution, using one of the deuteron wave functions, 

correcting for the effect of screening of one nucleon by the other (Glauber 

correctionh), and attempting to account for the high momentum nucleons. 

If possible, however, a better procedure would be to compare the c.m. energy 

distribution of the reactic1 of interest to one whose cross section is 

known, making cuts on spectator momentum in both reactions to eliminate 

high momentum spectators. If both have the same general distributions in 

spectator momentum then this process should result in a rather good deter-

mination of the cross section For example, suppose we have the reaciions 

+ 	+- 

 

ltfl -)plTTt 

and 	+ 
gfl -)pW 
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tions normalized to have same area as histogram below 

• 200 eV/c. a) has 13% of Its nucleons above 300 reV/c 

b) has 16%. 
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and we want the cross section for the latter. If we know the cross 

section for 	 : 

lit 

we can invoke charge symmetry to equate this to the first reaction. 

Making identical cuts on spectator momentum we can then just take the 

ratio of the number of events in the pw channel to that in the pit 

channel to get the cross section. 

For other physical quantities (production and decay distribu-

tions, invariant mass distributions, etc.) there is much less of a problem. 

As long as the events are restricted to.those for which the impulse ap-

proximation appears to be valid, i.e. low momentum nucleons, the physics 

obtained should be that of the interaction with a nucleon. 

p. 
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B. The Rho-photon Analogy 

Consider the diagranishom in fig. l(a). The ampli- 	 4 

tude for this diagram will be the product of an upper vertex 

factor and a lower vertexfactor divided by the rho prop- 

agator. The properties of the upper vertex are just those 

of p--rtt. In general, however there are three ways of 

coupling at the lower vertex (just the number of ways to 

couple a 	particle, a .1 particle, and orbital angular 

momentum to get 	particle). The pphoton analogy is 

a model relating the lower vertex to photoproduction of 

a pion at a c.m. energy near the (1236) mass. (Fig. 34(b)) 
Since the A has an isospin of it will be the isovec-. 

tor part of the photon that participates in the reacti.on; 

this part can be thought, of as being mediated by the p-meson. 	. 	H, 

(Fig. 51(c)) 	 . 	. 	. 	. 	. 	. 	.. 	 . 	• 1 
This vertex is exactly the same as the lower vertex 

in fig.. 	(a) and we can use the properties of the photo- 

production amplitude to get the lower vertex factOr. 

The experimental properties of the photoproduction.......... 	. 	. 

amplitude are well described by saying that the reaction 

goes by an Ml transition 	. 

	

7M1 +p p ± Tco ( p-wave ). 	. 

The wave function for the Ml photon will be denoted as 

depending on the projection of its angular momentum along 

its line of fli ght (z-axis)., What final J 	states doesID 

each projection give when combined with a nucleon? 
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Tr 

(d) 
TT 

Fig. 34 Feynman diagrams for a) A production by p-exchange, b) photo- 

production of a piort at a c.m. energy corresponding to the 

(123) mass, c) same as b) but mediated by the p-meson, 

)Y*(1385) production by K (890) exchange. 
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( y-N state 	 a 	-N state •) 

	

ii) 	+jx~l} 

If the initial photon is unpolarized, then the final angular 

distribution will be just theincoherent sum of the states 

arising from the ±1 projections of the Ml photon 

IYI 2+ 	IyI2~ 
Jy_1J2)} 

1 	-. 	 2 
- cos e) 

This Is the photoproduction angular distribution for unpolar-

ized photons. However in the reaction gIven in fig. 3 1+(a) the 

p will have its "polarization vectbr"* in the production plane. 

If we take the y-axis as the normal to the production plane 

(coordinate system of fig 21'), then we want to calculate the 

photoproduction distribution for photons polarized in the x-

direction. The photon wave function will then be a coherent 

combination of the two Ml wave functions; the correct combin-

ation is 

= ( +l + 

Taking this, squaring it, and expressing it in terms of 

the t-nuc1eon final state we get 

= 1{Jyl + Ifl i :  + IYI 2 } 

= 
--- (5 - ;cos e - 1s1n Ocos2) 

* Note the use of the words "polarization vector". When applied 
to a spin-i particle other than a photon, this should be 

called "state vector". 

H 

5 
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This then,by the p-photon analogy is that.we predict 

for the A decay distribution for the reaction in fig. 34(a). 

Invoking SU3  it is also what we expect for the Y decay distri-

butionin 

+ 	 *+ 	+ 
+p 	.Y +K 

by K*(890)  exchange (Fig. 	(a)). 

In terms of the J= spin density matrix elements, the 

• 	 predictions are 

3 33 8 

Re(p31 ) = 0 

Re(p31) =1 

We can also make predictions about the isobar production 

• 	 distribution. Writing the linearly polarized Ivfl photon in 

teims of the photon's intrinsic polarization and orbital angular 

momentum we get 

= Y(k) 	• 

where k is the photonts  momentum vector and is its polari-

zation vector. However Y1(k)=k and the expression for LP 

reduces to 	• 	• 

& 	 x 	•zx 

=kX€ 

since k has only a z-component and E only an x-component. 

0. 

a 



I 

E=p +p 
It 

weget 

2 	-..2 

Up to this point all quantities have been evaluated in 

the isobar's rest frame Transforming to center of mass quan-

titles one can show that 

- - 2 	- - 2 
I 	= C PX 

where p P are the momentum of the it, K in the overall center 

of mass and C is independent of production angle. Dividing 
* 

by the K propagator we get the production distribution in 

the overall center of mass 	 . 

d(r 	sin® 
d2 .22 

(tmK* ) 

where ® s the production angle and t the momentum transfer 

from the it to the K. 

I 

• 	 • 	
• -: 	

• 

• 	 • 	 . 	 •; 
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