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STRA1GE PARTICLE PRODUCTION IN 	INTERACTIONS NEAR 3.7 0eV/c 

William Falph Butler* 

Lawrence 1diation Laboratory 
University of California 

Berkeley, California 

May 29,  1970 

ABSTRACT 

We present cross sections for both stable and resonant strange 

particle final states produced by the interactions of positive pions 

in hydrogen. The data are taken from several incident momenta between 

3.76 GeV/c: and 3.82. GeV/c. We find the overallstrange particle cross 

section to be about 1.5 mb. We present two favorable tests of line 

	

comparing it+p 	Y±K+ with. Kp -* Yt, where 	first reversal by  

represents E and then E(1385). In a detailed study of the final 

	

tate pTc KK, we find: (a) 	 = 10±3 pb, but a ( 

2 p.b; •(b) both the A and the K*(890)  are prominent structures in 

this four-body final state; (c) the KK state occurring with the ++ is 

either K1K1  or K+K  in even parity angular momentum states; however no 

threshold enhancement is associated with the 

On leave from David Lipscomb College, Nashville, Tennessee. 
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II. 	SCANNING AND MEASURING 

Approximately forty percent of the film was scanned for all interac- 

tions within a given scanning fiducial volume. 	In the remainder of the 

film, ordinary two-prong events without stopping protons were omitted. 

In the context of this study, "ordinary" will describe an event with no 

strange particle signature, such as a kink in a charged track, or a vee 
4,  

associated with the event. 	Note that interaction vii of Table I occurs 

primarily as an ordinary event. We refer to any interaction topology 

having at least one kink or vee as a "strange particle event." 	Each 
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topology is assigned an event type number corresponding to the number 

of prongs, kinks, and vees it possesses. (See Fig. 1.) 

The first measurement of the events was performed on the Flying 

Spot Digitizer (FSD). Geometric reconstruction and kinematic analysis 

was done through the program SIOUX (combined TVGP 2  and SQUAW3 ). 

To obtain the beam momentum profile for each section of film, we 

fit the ordinary four-prong events for the following four-constraint 

hypotheses: 

+ 	++- 
•1tp - .p1ttT( 	 (1) 

pir 	 (2) 

pp -* PPTC T1. 	 ( 3) 

From the sample of events which fit reaction (i) unambiguously, 

we histogram the fitted momentum of the beam track. Then we fit a 

Gaussian ±mction to this distribution to obtain an average value and 

a raw root mean square (rms) width. From the distribution of the calcu-

lated errors in the fitted momentum of the beam track, we determine the 

mean error, or resolution, of the fitting procedure to be about ±0.025 

GeV/c. This mean error is then subtracted in quadrature from the raw 

rms width to give the final rms width. 

The average value and rins width of the beam momentum are then used 

as input to the fitting procedure through the technique known as "beam-

averaging." For each event, the measured beam track momentum and the 

mean value described above are averaged with weights inversely propor-

tional to their respective errors. This "beam-averaged" momentum is 

then used for the measured momentum of the beam track in the kinematic 

analysis. 
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For the strange particle events, the output from the SIOUX program 

was compared to each event at the scan table in order to make visual 

identification of tracks by ionization (track bubble density) and to 

correct mistakes made by the initial scanner. Interactions having only 

pi decays and/or electron pairs were removed from the strange particle 

category. Except for about thirty percent which were remeasured on the 

FSD, failing strange particle events were remeasured on on-line Francken-

stein measuring projectors. The above process was repeated and a second 

measurement was performed on the Franckenstein.s for those events which 

failed again. 

The remeasurement of ordinary events has not..been completed at the 

time of this writing. However, for about 30% of the film, the ordinary 

events have been processed in the same mannerdescribed in the preceding 

paragraph. For the remainder of the film, only the first measurement of 

the ordinary events is available. This situation has bearing on reaction 

vii of Table I and on the normalization for cross sections. 

An accepted strange particle event hpothesis must satisfy the 

following criteria: 

1.. The coordinates (x, y, z) of the interaction vertex must satisfy 

-ii. 	+12 cm, 

-63 9.y+50 cm, and 

+14 z 9 +20 cm. 

The coordinate system is defined in Fig. 2. 

2. The beam track momentum must lie within three standard deviations 

of the mean value momentum for that region. Similarly the azi- 

muthal (p) and dip (X) angles for the beam track must lie within 
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three standard deviations of the 'window defined by 

	

8.6 	cp 	91.2
0 
 , and 

	

_1.80 	2.00 . 

• •. Before applying the criteria, the values of the momentum, 

azimuth, and dip are extrapolated to y= 0 to correct for 

energy loss and the curvature due to the magnetic field. 

The geometric reconstruction is adequate in the sense that the 

point scatter on each track is consistent with the setting error 

plus multiple scattering, and that the tracks come together at 

the vertex within the errors. 

The hypothesis is consistent with thetrack bubble densities 

as seen on the scan table. 

If the hypothesis is a constrained fit, then the confidence 

level is greater than 0.01. If the hypothesis is not constrained 

at the primary vertex, then the missing mass is consistent with 

two or more missing neutrals and the missing momentum is greater 

than zero. 

When more than one hypothesis are acceptable, we accept only the 

highest constraint hypothesis. The one exception to this rule is the 

case of A vs E°  hypothesis which will be discussed in the next section. 

If more than one hypothesis of the same constraint class are acceptable, 

all are recorded and the event is tagged as ambiguous. 

The scanning efficiency for all events is determined bya second 

scan of eight rolls. The rescan events are subjected to the same accept-

ance criteria as the first scan. After correction for very low momentum 

transfer elastic scatters, the single scan efficiency for finding an 
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event is 98% The statistical error on this number is so small that 

systematic effects dominate the uncertainty. Table II gives the results 

of the rescan for all events. The scanning efficiencies pertinent to 

the strange particle topologies are discussed in the next section. 

Table II Results of single scan efficiency determination 

Accepted events found 
on this scan but not 	Accepted 
on the other 	 events 

found on 
both scans 

Non-elastic Elastic 	. 	 Total 

First scan 	81i- 	100 	 4177 	 4361 

Second scan 	70 	 59 	 1Il77 	 4306 

III. CROSS SECTIONS 	. 

A. Proton ContaminatiOn 

PrOtons represent a significant source of contamination in this 

experiment,, especially at the highest momentum, 11.0 GeV/c. For this 

reason, we omit all rolls containing film taken at this highest momentum. 

In the remainder of the film, those events which fit uniquely the reaction 

pp -4 ppt.' were taken as a measure of the proton contamination. The 

effects of the protons are subtracted out using the information from two 

rolls of pure proton film and scaling according to the number of unique 

fits in the pion film. To reduce still further these effects, 

we also remove rolls where the ratio of pp -4 ppirit fits to all unique 

prong.- 11 constraint fits exceeds 20%. Thisremoval deletes 20 rolls; 

omitting the highest momentum deletes 31 rolls. The total deletion amounts 

to about .20% of the film. 
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Fortunately, the strange particle production due to proton-proton 

interactions is small in the momentum region of our experiment. There-

fore the major effect of the proton correction on the pion strange particle 

cross sections is in the normalization through the subtraction described 

in the precediIg paragraph. 

B. Normalization 

In principle, we want to normalize the total number of accepted 

events to the known total cr6ss section for ip jnteractions as deter
-

mined by precision counter experiments. However there are difficulties 

in implementing this procedure in addition to the proton contamination 

just discussed. As was mentioned in Section II, only in 40% of the film 

were all topologies recorded; furthermore, only 30% of the ordinary 

events have been processed to the same extent as the strange particle 

events. In view of this situation, we adopt the following procedure: 

We use the number of Il--prong events scanned as a secondary 

standard for the normalization. Actually, we want the number 

of Il--prong events due to incident pions. Therefore for any 

section of film we consider, we subtract the number of Il--

prongs scanned due to protons as determined from the proton 

rolls and scaled as described above. 

In the 30% of the film where all events have been processed, 

we obtain the ratio of the total number of accepted events to 

the total number of 4-prong events scanned.. Again we want the 

number of accepted events d,ie to pions; thus we subtract the 

number of accepted events due to protons as determined from 

the proton rolls and scaled as described above 
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(a) In the remainder of the film, the (expected), number of accepted 

events is given by the ratio from step (b) multiplied by the 

number of 4-prongs scarinedin that part, of the film. 

The above procedure allows us to calculate the total number of 

acceptable events for the section of film we use. Then this number is 

normalized to the total cross section for lr+p interactions at this 

momentum. ' Because our statistics are limited we.do not intend to 

separate the momentum regions, and therefore our cross sections will 

be averages for the momentum interval spanned by the experiment, 3.71±0.15 

GeV/c. 

• 	The it p  total cross section has been measured very precisely for 

this momentum region.5  The value ranges from 28.2 rub at our lowest 

• momentum,.3.56 GeV/c to 28.0 rub at 3.82 GeV/c, which is the highest 

momentum used in this study. At the momentum represented by our largest 

'block of film, the cross section is very near 28.1 mb, which is also 

the value obtained from a weighted average over the momenta present in 

this study. Therefore we take as our standard cross section, the value 

28.1 rub. Table III shows the microbarn equivalents for various 'sections 

of film considered in this experiment. The actual details of the calcula-

tion are presented in the Appendix. It should be noted that the scanning 

efficienáy is not included in the numbers. 	' 



Table III. Microbarn equivalents for different sections. 

Total sample 	 (0.2311±0.004) .ib/event 

All events processed 	 (0.712±0.011) nb/event 

All events recorded 	 (0.55±0.009) kb/event 

Not all events recorded* 	 (0.407±0.007) ift/event 

0mits 2-prongs without stopping protons. 

C. Strange Particle Scanning Efficiency 

Losses of strange particle events due to scanning inefficiency are 

of two types. The first is a missed event; the second is an event which 

is found but. is not recognized as a strange particle event type. The 

final state pit+K+K doesnot suffer,from the second loss. Such an event 

with a decay becomes an ordinary 4-prong if the decay is not recognized; 

the pitKK hypothesis is tried whether or not the decay is measured. 

In view of the high scanning efficiency for all events as discussed 

in Section II, the first category does not appreciably affect the strange 

particle events. In order to determine the scanning efficiency for strange 

partic1es, we conduct a. special scan over ten. rolls. Each roll is scan-

ned by two different scanners looking only for strange particle event 

types. These two scans are combined with the original scan to give the 

total sample of strange particle events in the ten rolls. As before, 

these events are subjected to the same acceptance criteria as the original 

scan.. This total sample is compared against the original scan to measure 

the efficiency. New eventà on the rescan were measured and processed in 

the same manner as the first scan.. The total number of accepted strange 

particle events on these ten rolls is 367. 
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Separate efficiencieSare calculated for these, categories of events: 

(a) events with at least one vee, (b) events with only charged decays, 

one of which is the tIpe hyperon goes to charged pion plus neutral 

baryon, (c) events with only charged decays, one of which is 	-4 pt° . 

These efficiencies are calculated separately for the section of film 

where all events were recorded and for the sectionof film where some 

two-prongs were omitted. Table IV shows these efficiencies. In view 

of the 'low efficiency for hyperon to charged pion decays in the second 

section of film, we will use only the first section for cross-section 

calculations.  

Table IV. Strange particle single scan efficiencies. 

Vee 	 Charged pionde- 	, + 
Category 	 events 	cays of hyperons.. 	E -4  pc 

0.98±0 01 	0.89±0 0-I- 	 0 73±0 07 
recorded 

Not all events 	0.90±0.03 	' 0.6±0.l0 	 0.50±0.09 
recorded 	 ,. 

*Omit s  2-prongs without stopping protons. 

D.Decays 

In this analysis we consider the following decays: 

positive decays 	. z -f  p3 t0 	, 	 ( 4) 

+ 	+ 
E -nit  

negative decays 	E -* n 	 , 	 (6) 

E -' Mt 	 , 	( 7) 
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0 	+- 
neutral decays 	K -4  ,t 3T (8) 

A - pi 	 (9) 

In most cases, charged K decays were also measured. However, due 

to the long IC lifetime, these decays represent only about 10% of all 

K's produced. Therefore, any final state which is detected by charged 

K decays alone is very biased (against fast IC) and will not be discussed 

here.. 

1. Decays of Charged Hyperons 

For the purpose of determining cross sections for E production only 

the decay (5) is used. The decay (1)  is eliminated because the angle 

between.the E and the outgoing proton is small,., resulting in considerably 

lower scanning efficiency than for (5). In the discussion that follows, 

we use decay (5) as an example; however the comments apply equally well 

to decays (6) and (7). 

The loss of events from (5) are due to three reasons. First, a 

sigma may decay so close to the. production vertex that the decay is not 

visible. Second, the laboratory angle between the E and the outgoing 

may be so small that they appear to be one track. Third, the plane 

of the decay may be nearly parallel to the camera axis, in which case 

the projected decay angle in each view is small and the two tracks 

again appear as one. The loss due to charged decays outside the decay 

fiducia.l volume (see next section) is negligible since the baryons are 

mostly peripheral and have shorter lifetimes than the lambda hyperon 

(for which the loss is small, but not negligible). 
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To remedy the first effect, we weight each event by the factor 

exp(+T/T),: where r is the proper ,  time req.uired.,to go the minimum 

distance required of a decay and T is the proper lifetime of the particle. 

The minimum distance req.uired is 5 mm. Kinematics does not allow a 

to be produced with a momentum less than about 330 MeV/c. This momentum 

corresponds to a range of about 12 cm in liquid hydrogen; thus there is 

no value of momentum for which the E is never seen. Similar statements 

can be made for E and . 

To deal with the other two effects, we look at a sample of events 

with the decay (5). For these events, Figure 3 shows a scatter plot of 

the decay co sine in the sigma center of mass versus the azimuth of the 

decay about the direction of the sigma. Normally the range of the 

,- 
azimuth is 0

0 to 300O 	
0

, buthere it is shown folded twice so that 0 

means onlythat theplaneof the decay is perpendicular to the z-axis 

and 900  means that the plane of the decay contains the z-axis. Although 

this plot should have uniform density, there is a definite depletion of 

events for forward decays and for decays with azimuths near 90
0 . To 

correct for this depletion, we eliminate events which are in the region 

from 0.7 to 1.0 in decay cosine, or the region 800  to 90°  in azimuth. 

The remaining events are weighted by the ratio of the total area of the 

plot to the area of the plot after the cuts. 

2. "Vees" 

The following decay fiducial volume is applied to neutral decays 

(vees) : 
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-17 x 20 cm, 

-65y70cm,and 

6z3Ocm. 

Neutral decays outside these limits are ignored. Also the same minimum 

length is required of the neutral track as is required of charged decays. 

_T/T 	-T./T_1 
We therefore weight each veé event by the factor (e m - e 	) 

The quantities T and T are the same here as for charged decays. The 

quantity Tf  is the proper time required for the vee to reach the edge 

of the decay fiducial volume. A scatter plot of decay cosine vs decay 

azimuth does not reveal any appreciable loss of neutral decays due to 

small angle deäays. 

E AvsL° . 

At the beginiling of this experiment, it was not clear that accepting 

the highest constraint class hypothesis would properly separate, event 

by event, the two hypotheses 

+ 	++ 
- Ait K 	 (10) 

and 	icp 	O+K+ 	 (ii) 

We therefore accepted both fits if both passed the criteria set forth 

above, even though (ii) is a lower constraint class than (10). The 

same procedure was followed for reactions x and xi of Table I. 

For each of the set of events ambiguous between hypotheses (10) and 

(11), we transform the entire event to the Eo  rest frame. For this set 

of ambiguous events, we then examine the distribution of the decay cosine 

of the photon from the E°  decay with respect to each of the three measured 

tracks at the primary vertex- -the beam, the outgoing pion and the kaon. 
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These distributions (Figs. 4a,b,c) have extremely sharp peaks in the 

forw 	 - ard direction, whereas each should be uniform for pure ~ 
o

decay. 

Figure iLd shows a scatter plot of the decay cosine with respect to the 

outgoing pion versus the decay cosine with respect to the kaon, where 

events in the forward peak of the beam distribution (Fig. ) a) have been 

excluded. Almost all the events lie near the forward boundaries. We 

conclude therefore that all these events belong to hypothesis (10). 

Figure 11e shows the distribution of the decay cosine with respect to 

the beam for those events which fit (U) unambiguously. There is no 

appreciable loss of events in the forward direction indicating that the 

separation of the two hypotheses is complete. The cross section for 

reaction (ii) is determined from the events which fit it unambiguously; 

all of the ambiguous events are assigned to reaction (10). The analogous 

assignment is made for the reactions x and xi of Table I. 

The sharp peaks in Figs. 4a-c are qualitatively explained as 

follows (we discuss the beam as an example; similar arguments apply to 

the outgoing tracks): In order for reaction (io) to simulate reaction 

(ii), the sigma-lambda mass difference of about80 MêV must be manufac-

tured by the kinematic fitting process. Since the longitudinal (along 

the beam) •momentnm balance is less well determined than the transverse 

momentum balance, the fitting will increase the beam momentum to give 

the necessary momentum to the photon without changing the other momenta 

too much. The relationship is easily visualized in the lambda rest 

frame where the photon momentum can absorb the entire change in beam 

momentum 'without changing the other momenta and at the same time approxi-

mately give the correct sia mass. Since the lambda is peripheral, 
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the beam is still relativistic and changing the momentum gives an equal 

change in energy, which makes the beam behave like the photon. This 

analogy is more nearly valid if the photon is forward than if it is 

• backward;in either case, the energy of the final state is increased 

by the presence of the photon, whereas for the backward photon, the 

energy of the initial state isdecreased. Of course this solution does 

not give the minimum chi-sq,uare so that the other momenta are readjusted 

somewhat. We look.at the decay distribution inthe sigma rest frame 

because it should be uniform there for real sigmas; however this frame 

is practiôally the same as the lambda rest frame and the sharpness of 

the peak remains. 

F. Other Ambiguities 

The problem of events which fit more than one hypothesis of the same 

constraint class as present in reactions iii, viii, and ix of Table I. 

The remaining reactions are either unambiguous or have at least one 

topology in which no ambiguities occur. We deal with these ambiguities 

in the following manner: The number of events,. N, assigned to one hypoth-

esis is given by an equation of the form, 

N = U + fA 
	

(12) 

where U is the number of unambiguous events for that hypothesis, A is 

the number of events ambiguous with that hypothesis, and f is the frac-

tion of the ambiguous events that should actually contribute to that 

hypothesis. The fraction f may be obtained from a distribution, as in 

the A vs 	case, or from a topology in which no ambiguities occur, as 

for reaction (3) of Table I. In case f cannot be determined experimentally, 
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it is assigned the value 1/2 for double ambiguities, 1/3 for triple 

ambiguities and 1/'4 for quadruple ambiguities. Then the error assigned 

to f is ±0 25 in all three values 

When reaction iii of Table I is ambiguous, it is always ambiguous 

with reaction ii for which the K0  decays into neutral pions. Therefore 

we can determine how many events we expect for reaátion.ii from those 

events where the K°  decays into charged pions This determination is, 

ineffect,a determination of the fraction f in Eq. (12). 

Reaction viii of Table I represents a unique situation. We have 

a topbJogy where both vees are seen and a topology where only one vee 

is seen. When only one vee is seen, the event is often ambiguous.with 

other hppôtheses. (See Table vi.) The K°K°  system may appear either 

00 	00 	 00 
as K1K1  or K2K2, or as K 1  K  2  depending on the quantum numbers of its 

production. For the KK system, we should see both decays about 47% 

of the time, only one decay about 43%.of the time and neither decay 10% 

of the time. For the KK system we should see the K 1  decay about 68% 

of the time. The point is, that in order to determine the cross section 

+ 0 0 
for prc K1K2, we must use the topology where only one vee is seen. Although 

we can determine how many KK events are in this topology, there is no 

necessary relationship between that number and the number of KK events. 

Therefore, 'for the topology in which only one vee•is seen, we resort to 

the assignment for f described above. 

In principle, reaction ix of Table I has a topology in which no 

ambiguities occur, namely, that one in which the K+  decays. However, 

for the reasons discussed in part D of this section, we will not use 

this topology to determine f and there make the assignment for f described 

above. 
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G. Summary 

The following tables summarize the input data and the results for 

the stable particle cross sections. Table V gives the values used for 

branching fractions, which were taken from the Particle Data Tables. 
6 

Table VI summarizes the event totals for various categories as well as 

the results of weighting with the decay factors diséussed above. Table 

VII presents, for each cbannel considered, the final weighted numbers 

of events and the resulting cross sections corrected to include all 

decay modes. 

Table V. Branching fractions taken from Ref. 6. 

Decay 	 Branching fractions 

We use the fact that the pitKK cross section is equal to the 

+00• i 
	

+ o-. 
pit KK n order to determine the total pit K K cross section. The total 

+o- 	
i 	

+ 00 
pit K K cross section s computed by adding twice the pit K 1K1  to the 

pit + K 
0  
1K 

0  
2  cross section. 

We recall the following constraints discussed above. For any 

topology containing a vee, we use all of the restricted film sample. 

For a topology containing only a charged decay, we use only the section 

of film where all events are scanned. For the plt+K+K  final state, we 

use only the 30% of the film that has been fully processed for ordinary 

events. 
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Table VI. 	Data for cross-section determination. 

All events recorded Not all events recorded* 

# hypotheses # hypotheses 

a 
Weighted Weighted 

Final state 1 2 3 Ii. tàtal 1 2 3 i-i- total 

EK 63 0 0 0 86±13 - not used - - 

20 0 0 0 24±7 28 0 0 0 1±9 

34 40 0 0 - not used - - 
fl i6o±i6 

53 40 0 & - not used - - 

101 0 0 0 108±11 138. 0 0 0 111.7±13 

11.9 0 0 0 50±7- 60 0 0 0 61±8 

pKK 12 0 0 0 11.5±7 	•. 50 0 0 0 53±8 

pKK 	
(b) 112 0 0 0 112±11 - not used - - 

piK0K0  16 0 0 0 16±5 23 0 0 0 26±6 

37 8 0 0 40±7 51 11 1 2 63±9 

Ait0K+ 106 13 0 0 137±17 111.11. 57 0 0 186±21 

21 0 0 0 24±5 32 0 0 0 33±7 

7 0 0 0 8±3 11 0 0 0 13±4 

10 0 0 0 1±5 21 •. 	0 0 0 29±7 

EctK 611. 0 0 0 91±12 - not used - - 

28 0 0 0 32±7 - not used - - 

*Omits two-prongs without stopping protons. 

(a) Subscript c means vee decay was observed. Subscript n means vee 

decay was not observed. We include, only those E events for. which 

-' nick . We include only those E°  events for which E°  -*Ai. 

(b)For this final state, we use only the 30% of the film for which all 

events are processed. 
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Table VII. Results of cross-section determinations. 

Final Final we,gited 	 Cross section 
state number) (1) 

• 	 EK 95±15 111± 18 

72±12 1011.±18 

• 	115±23 135±28 

AitK 267±19 96±7 

119±12 11.3±4 

pKK°  103±11 	 • 70±8 

piKK 112±11 80±8 

pitKK 44 1±8 22±4 

p7cKK 58±15 20±5 

188±19 611.±7 

338± 29 121± 11 

AicK0  59±9 62±9 

EO++KO 22±5 23±6 

11.5±9 66±14 

loo±14 118±17 

35±8 i9± 

(a)inciuäes all scanning efficiency correätions, but does not include 

branching fraction corrections. 

(b) Includes branching fraction corrections. 
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The errors q.uoted for the results are basically statistical. There 

may still be systematic effects present.. In particular, it is q.uite 

likely that the final state Ait 
gO+ contains also events from the final 

state E t it K , which is not a constrained fit. 

If we add together all our final states (including final states not 

listed in Table I) except those which have a charged K decay as their 

only signature, we find the cross section for this subset to be about 

1.33 mb. From the charged K decays observed, our guess is that the 

final states having only charged Ks (including reaction vii of Table 

I) will add about another 0.2 mb. Combining these two numbers gives 

1.5mb for the total strange particle cross section. As a point of 

interest, we mention the observance of a few events with E final states, 

notably 0K+K+ and HE it+K+K; they correspond to a cross section of the 

order of a couple of microbarns. 

It is interesting to make some comparison of our results with other 

experiments. •A it + p experiment1" at 8 GeV/c has looked only at strange 

particle final states which contain vees. In addition, they fail to 

q.uote any L°  final states so that there are few states in common with 

the ones we examine. However from those few, we can say that the cross 

sections for three-body final states are falling off with incident momentum, 

whereas the cross section for the four-body final states seem to be about 

the same. 

Table VIII shows a comparison of our results with a itp experiment8  

at 3.9 GeV/c. With one exception, the comparison consists of choosing 

final states where a positive pion in our experiment becomes a negative 

pion in the itp experiment. There are both remarkable similarities and 

differences. 
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Table.VIII. 
+ 
rr p comparison of.strange particle production. 

Cross sections in 1tb 

Final state lcp at 3.9 GeV/c8 p at 3.7 GeV/c 

1±8 io1±i8 

AK7t 99±13 96±7 

11.3± 11. 

pK K i 63±20 80±8 

pKKi( 12± 4 22±4 

pKKi( 32±6 20±7 

pK°K°  56±7 611.±7 

++ 
AK it 0 103±13 121±11 

AK it Tr 122±14 62±9 

L0K0it+,t± 38±11 23±6 

+ 
E + K0it0ic 311±9 66±14 

EKicit 24±6 118±17 

E K it 20±11. 19±4 

pK°IC 80±13 70±8 

IV. RESONANCE PRODUCTION 

In this section, we compute the cross sections for the resonant 

final states, 

E+K*(890) +  , 	 (13) 

and 	E(1387)K 	. 	 (i) 



Reactions 11 and iv of Table I are used for (13) and (i) respectively.  

We also look at the resonant production in reactions vi, vii, and viii 

of Table I. The remainder of the reactions in Table I are not pursued 

further either because of statistics, resolution or ambiguities, or some 

combination of these reasons. For reaction vii,we have used events 

from the entire restricted sample 

A. +*(890)+ and E(138)K 

For the final states (13) and (iii.), we fit the appropriate Dalitz 

plot to determine the fraction of resonant production present. For 

(13), we choose the Dalitz plot for reaction ii of Table I, using only 

those events where the K°  is visible. For (14),we choose the Dalitz 

plot for reaction iv, again where the A is visible. In both cases, 

there is only one prominent resonance in the final state, namely, the 

one of interest. There is the possibility of the presence of N or 

which can decay into (AK) or (ZK), but these resonances are generally 

both broad and weakly coupled to these decay channels. Therefore we 

do not consider them any further for the final states (13)  and (14). 

The fitting procedure is analogous to the simple non-interference 

model used by Bland et al. 9  Our formulae are less complicated since 

we consider only one resonance, whereas Ref. 9 must be concerned with 

two crossing resonant bands. Moreover, we omit the angular momentum 

barrier factor since we are at a much higher incident momentum and there-

fore have many partial waves present in the interaction. 

We number the stable particles in the final state 1, 2, and 3 with 

the resonance occurring in the combination (1,2). Let: 



m12  = invariant mass of particles 1 and 2 

in23  = invariant mass of particles 2 and 3 

Then we can write: 

2 da 
2 	2 =a+b112 	 (17) 

dm12 23 

where 112 = (BW)(l + A cos2  x), 	 (16) 

f\l 	 0 	p • 	 2 	22 	2' 
(mr) (m 2  - m) +  

2 

r = r0(2 
~ 2 / 	' 	 (18) 

X = decay angle in the (1,2) center of mass with respect to 

• 	 particle 3, 

m 
0 0 
; r = mass, width of the resonance, 

p = momentum of particle 1 (or 2) in the (1,2) center of mass, 

p0  = value of p when in12  = m0 , and 

X = inverse radius of interaction. 

This description ofthe resonance is basically that discussed by 

Jackson, 1°  where the fact that we are dealing with p-wave resonant behavior 

has been taken into account. The values for in • and r are taken from 

the Particle Data b1e S, 6  and are as follows 
:0 	

0 

For K*(890)+ 
, m = 891 MeV 	r = 50 MeV 

For E(l385) , rn = 1382 MeV , 	 F 	36 MeV 

The inverse radius of interaction, X, is taken to be the pion mass. The 

parameters a, b, and A are to be determined by the fit, with the overall 

normalization constrained to give the total cross section as determined 

in Sec. III. 
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The factor 1 + A cos2  X describes the most general behavior a p-

wave resonance can have as the Dalitz plot is traversed parallel to the 

resonance band. However due to the meager statistics, our data are not 

very sensitive to the parameter A. Since the fitting for A gives an 

answer with large errors which is consistent with zero, we omit this 

factor by setting A = 0. 

Figure 7 shows the t.litz plot for reaction ii of Table I and Fig. 

6 shows the distribution of the K-ic mass. It is clear that this final 

state is dominated by (13) 	The results of the fit are given in Table 

IX. To.get the total cross section, we note that the K*(890) decays 

into Kic ànly, and calculate from Clebsch-Gordan coefficients that 

*(890)+ 	K01c+ = 2 

K(890) 	Kic 	
1 

Table IX. 

- 	 Cross 
section 
md. all 

No. events 	2 	 % of 	decay 
Final state 	used in fit 	X 	d.f. 	channel 	channels 

E+K*(890)+ 	 48 	 7.6 	7 	63±7 	98±20 ib 

E(1385) K 	 239 	13.8 	11 	26±4 	28±7 1.ib 

Figure 7 shows the Dalitz plot for reaction iv of Table I and Fig. 

8 shows the distribution of the A-it mass. The results of the fit are 

given inTable IX. The branching fraction for E(1385) - Ait is taken 

to be 0.9 from the Particle Data Tables. 
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B. pKK°  

Reaction vi of Table I does not have as distinctive a structure as 

the ones discussed in the preceding section. The only clearly discernible 

resonant state is the A2  meson. Figure 9 shows the Dalitz plot for reac- 
+ 0 tion vi and Fig. 10 shows the distribution of the K K mass. There is 

perhaps a hint of a bump near 1560 MeV in the KK9  mass but it is not 

statistically compelling. 

The final state pA2  has become the object of intensive study recently 

because of the discovery of the A2  sp1itting. 	While Fig. 10 does not 

have enough events to show the splitting, it does have a feature similar 

to that reported by Crennell et al. 12  The KK decay appears to give only 

the "high side" of the A2 (A2H);  the center of the peak is about 1320 

MeV. However, there still seems to be an excess of events in the region 

of the "low side" of the A2 (A2L).  Evidence frOm a pp experiment13  and 

14 	 - 

from a recent missing mass spectrometer experiment shows that the KK 

decay comes from both sides of the A2 . 

We do not fit this region for A2  production because of the uncer-

tainty in the shape. However, we can crudely estimate its production. 

If we estimate the background to be about 2 events per 25 MeV from 1250 

to 1350, we see an excess of about 

to a partial cross section for 

17 included) of 

	

	X 70 ib 13 tb. 92 

is the uncertainty in the shape of 

17 events. This number corresponds 

p - p4 (where only 4 - KK°  is 

The greatest error in this estimate 

the A2 . We assign the error to be 

6 pb. A.rnore interesting number is the branching fraction for A2  - KK. 

In this experiment, the cross section for ip - pA2  is15  (310±80) pb, 

where the A2  decays either to pt including both p it and p it , or to iir 
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including both neutral and charged decay modes of:the . Combining 

these two cross sections gives the branching fraction:. 

A+ _* K+KO 	. 
= 0.01 ±0.02 . 

A2 	all 

This result compares favorably with the world average 6  which is 0.021 ± 

0.005. 

C. pTc 

We observe the pTCtKK channel via the following final states: 

pir 	, 	 . . 	 (19) 

picKK , 	 (20) 

and 	pit
+ 
 K 

0  
1K 02 . 	 (21) 

In the.final state (20), we may see one or both vees, while in(21) we 

can only see one. vee. All three final states exhibit a good deal of 

structure. Discernible features include A(1236), K*(890),  cp(1019), 

f(1260) and A2  production. Table X suirimarizes the resonance production 

in these final states. Determ.ination of the production rates is discussed 

below. 
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TableX. 

• Cross section p.b 
Final state Final state : • 

	including all 
used • 	 decay channels 

A(1236)++ KK pic • 	 36±7 	b 

pK+K*(890)0 : 	pKK • • 	 23±5 

A(15 20 ) :iTK ptKK 16±6 

p 	 (1019) pKK 10±3 

A(1236)(1019) pTc < 2 

A(1236) 	KK PtKcKc 11±5 1jb 

(1236)ff KK appropriate small; see text 
difference 
between 

+ 

pic K K cn 
and : 

picKK 
cc 

pK° K*(890)+ appropriate 29±10 
sumof 

picKK 

and 

picKK 
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1. pKK 

Figure 11 shows a triangle plot for the final state (19). The 

.(1236) 	and the cp(1019) are clearly visible. Less obvious are the A 

and the f(1260). Figure 12 shows a plot of the pit mass where again 

the prominence of the A(1236) is obvious. Figure 13 is a plot of the 

K + K mass. Here the 9(1019) is clearly seen. The broad enhancement 

from about 1177  MeV to 1370 MeV comes from the ±'(1260) and A which 

overlap because of their broad (effective) widths. Figure 14 displays 

the mass of the KK when the pir mass is in the A band. Figure 15 

shows the 	mass spectrum, where the K*(890)+ is a prominent feature. 

Finally, Fig. 16 shows the pK mass spectrum in which the A(1520) is 

visible. 

Because of the complexity of this final state, we do not try to 

fit for all the resonance production. In particular, we make no attempt 

to untangle the A and f(1260) production. For these two resonances, 

even resolving their production in association with a 	is difficult, 

as is illustrated by the following numbers. The cross section for 

AA is 	(90±20) p.b16  where only the decay mode 	- 

(no p selection) is included. Using 0.23±0.08 as the branching fraction 15  

for A 0 	
71ir O  and 0.02I.±0.005 as the branching fraction 6  for 	- (Ki)° , 

we predict 12±4 events for A -* KK. Since there can be interference 

between the f and the A, these events can appear on the K+K  and K°K°  

mass plots in any ratio (not just 1 to 1 as for pure A). Figure iii-

shows on the order of 20 events above background in this mass region. 

Since the cross section for ip - 6f(1266) is (16o±40) p.b, 17  about 

all we can say is that the branching fraction for f(1260) into 	must 

of the same order of magnitude as the branching fraction for 	-4 KK. 
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To get the A(1236) 	contribution, we fit the pA mass distribution 

(Fig. 12) for the resonance plus phase space. In doing this fit, we 

are averaging overall the other structure including interference (if 

there is any). The justification is essentially pragmatical in the 

sense that the distribution appears to be structureless except for the 

A. However, the chi-square (27.7 for 20 degrees of freedom, corre-

sponding to a confidence level of about 20%) for the fit is not very 

good, and for that reason we enlarge the error on the result by a 

factor [2. The main contribution to the chi-square comes from the 

narrow observed width of the A ++ 

To get the contribution for the K*(890)0,  we follow the above 

procedure for the Tc K mass distribution (Fig. 17). The chi-square 

for the fit is 18 for 18 degrees of freedom. In the K*  cross section, 

we include the branching fraction correction for decay into K ° t°. For 

other resonance states, we only try to estimate their production. 

To estimate the A(1520) production we use the pK mass region in 

Fig. 16 from 1700 MeV to 1750 MeV, which has 70 events. To estimate 

the background, we average the bin just above this region with the bin 

just below it. This averaging gives 21±7 events for the background. 

However, the statistical error for this estimate does not reflect the 

true uncertainty in the background. For this reason, we multiply the 

statistical error by [2. Using the total cross. section from Table VII 

and the branching fraction of 0.45  from the Particle Data Tables, 6  we 

obtain the cross section for Tc + -3 A(1520)K+: 

A(1520)tK) = (16±6) tb 	(all decay modes) (22) 
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The narrow ,  cp(1019) appears as part of the KK spectrum (Fig. 13). 

The only complication in estimating its production comes from a rapidly 

rising background from the well-known tl s_wave t!. enhancement, seen in a 

previous study of this reaction. 
18 

 The inset in Fig. 13 shows the cp 

region of the KIC mass spectrum, plotted in 11  MeV bins and centered so 

that the central value (1019.5 MeV) of the cp coincides with the center 

of the bin. To estimate the production rate we use the five bins surround-

ing 1019.5  MeV which contain a total of 27 events. We estimate the back-

ground by drawing various straight lines through the neighboring regions; 

the result for the background is 8±2 events. Using the total cross section 

Of (80±8) tb from Table VII, and the branching fraction of 0.48±0.02 for 

. 6 	 + 	+ 
the Particle Data Tables, we obtain the cross section for it p - pt cp: 

c(icp 	 = (10±3) p.b 	(all decay modes) 	(23) 

A final number of interest is the production of the quasi-two-body 

final state A(1236). cp(1019).  Figure 17 shows the pi mass spectrum 

for the 27 events which are •inside the (p region. in K+K  mass (we use 

~ 
the five bins used for the cp cross section). The p3t spectrum below 

1350  MeV, which includes practically all of the 	contains 6 events. 

If we assume that the spectrum above 1350 MeV is given by phase space 

for the fInal state p7ccp, we predict that there should be 9 events below 

1350 MeV. Included in this prediction is the assumption that the back-

ground is distributed in the same way as the plt+cp events. However, if 

we use the above calculation for the background and make the extreme 

assumption that all eight background events fall above 1350 MeV, we 

still predict 6 events below 1350 MeV. Thus our result is certainly 

consistent with no A++cp  production. The best we can do is set an upper 

limit. 
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We assume a binomial distribution for the two parts of the pir 

spectrum below and above. 1370 MeV. 'We further assume that i00% of the 

(1236) is below 1350 MeV. The relative amount of resonance and phase 

space is a free parameter in the distribution. We choose the one-sided 

90% confidence limit by finding the value of the parameter which decreases 

the likelihood function to e 	of its maximum likelihood value. The 

two background assumptions discussed above give one event and 4.6 events 

respectively. We take the larger of the two numbers and state: 

-* 	2 b . 	' 	 (24) 

If this limit were the actual value of the cross section, the probability 

of obtaining our reult would be 8%. 

The suppression of this channel is certainly one of the prominent 

features of these data. We will return to discuss this result in the 

section on physical characteristics. 

2. pt+K 
0 
 K 

0 
 

This final state occurs either as the state (20) or the state (21). 

We actually observe events with two vee's and events with one vee. The 

'events with two vee's are all from (20) while those with one vee are 

from both (20) and (21). In order to extract information about the final 

state (21), we must perform a subtraction of the two sets of events. 

If there were no escape corrections and if the branching fraction for,  

K1  - 	were exactly 2/3, then the final state (20) would contribute 

equally to the two classes of observed events. With the escape correc-

tions and real branching fraction, the actual contributions are slightly 

different. 
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The difference between these final states is quite remarkable. The 

final state (20) has a strong (1236). However, within the small 

statistics, it does not seem to have any particularly prominent K 0  
1K 

0 1  

structure. There seems to be some departure from phase space in the 

p °  lC spectrum, but it is not consistent with the known 4 resonances. 

In contrast, the final state (21) has practically no 	 As is, 

well known, the cp(1019) appears in the KK spectrum, but any other 

structure is difficult to discern. The above statement about the pK °  

spectrum applies to this final state also. 

The phi production in (21) is consistent with that from the final 

state (19).  From the Particle Data Tables, 6  we find the ratio of the 

branching fractions for 

-' KK 	(1.±3.3) 	
1-25±0.15  

Since we see 19±6 events from (19), we expect (0.68±0.0l)(19±6)/(l.25±0.l5) 

= 10±3 events in the final state (21) with visible K. From Fig. 20 

we estimate that there are ll±ii- events in the cp peak. These differences 

are displayed in Figs. 18 to 21. In each figure, part (a) shows the 

spectrum from events with two vees, part (b) shows the spectrum from. 

events with one vee, and part (c) shows the appropriate subtraction that 

corresponds to the pure final state (21). Figure 18 shows the pic k  spec-

trum; Fig. 19,  the 	spectrum; Fig. 20, the K°K°  spectrum; and Fig. 

21, the pK°  spectrum. In Figs. 19 and 21, each event is plotted twice. 

As in the case of final state (19),  we fit for the A(1236) and 

K*(890)+. For the t, we find a (70±20)% contribution in final state 

(20), while fitting the subtracted data from Fig. 18c gives a negative 
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percentage for the A contribution to final state (21). To test the 

significance of the difference of these two numbers, we have performed 

simultaneous fits to the final states (20) and (21), first demanding 

the percentage of A be the same in both states, and then allowing the 

percentages to be different. For the case demanding the same percentage, 

we obtain a chi-sq.uare of 11.0 and a common percentage of (14±8)%. For 

the second case we find a chi-square of 7.7 with the result stated 

above for.final state (20) and (- 16±18)% for the final state (21). 

Thus the. difference corresponds to about a two standard deviation effect. 

* 
At this point we note that any K contribution can come only from 

the icK9 cómbinátion since the 	combination mi.st have an isospin of 

3/2 Since the K*  seems to be in both final states (20) and (21), we 

add the two distributions shown in Fig. 19a and l9b with weights appro-

priateto give the distribution corresponding to the total picK °K° . 

The addition is roughly twice Fig. 19a plus Fig. l9b. We find that the 

K* contribution to the total final state is (30±1Q)%, with a chi-square 

of 15 for l4 degrees of freedom. 

V. SOME PHYSICAL CHARACTERISTICS OF THE DATA 

In this section we discuss some physical characteristics of reaction 

i of Table I and the final states (iii-), (19), (20), and (21). For the 

two-body states, we compare the t distribution for the corresponding 

crossed reactions from Kp experiments. This comparison has interest 

in connection with the concept of "line reversal. 1119  For the four-body 

states, the discussion centers on the suppression of the 	in some of 

the final states. 
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A. ZK t Distribution 

Figure ,2 shows the EY t distribution arid, the fit to the initial 

slope. We find for the slope the value (8.4±1.4) (GeV./c 2 . The range 

of t over which the fit is performed is 0.02 (GeV/c) 2  to O.t- (GeV/c) 2  

where the beginning value corresponds to the kinematic limit. The chi-

square for the fit is 0.9 for 5 degrees of freedom. 

This value for the slope of the t distribution is very similar to 

the slope of the itp elastic scattering t distribution near this energy. 

It is also similar to the slope of the t distribution for K.p - 

at about 4.1 GeV/c incident momentum. 2°  Ifwe extrapolate -our slope-to. - 

t = 0, we obtain an intercept that also agrees very well with the inter-

cept from the Kp experiment20  when we scale their intercept to our 

momentum. We scale their intercept by 	using their value oflab 

n = 1.8±0.4, where P 	is the momentum of the incident K. Table XI lab 

shows this comparison. This agreement has been pointed out before. 19  

Table XI.' Comparison of icp -' EK at 3.7 :GeV/c with Kp -) 

at i-.l GeV/c. The intercept from .the K experiment is scaled as dis-

cussed in the text. 

/ Slope, (0eV/c)-2 	
dc 	mb

' 	2 
0 (0eV/c) 

-, EK 	 8.4±1.4 	. 	0.69±0.16 

Kp 	E 7t. (Ref. 20) 	 7.3±1.3 	 0.80±0.25 

We also note the backward peak in the distribution which corresponds 

to hyperon exchange. 
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B. E(1385)K t and Decay Distributions 

Figure 23 shows the distribution of t' = 	- Itimin for the 

reaction 	-* E(1385)K. We plot t' instead of t to emphasize that 

the turnover in the forward direction is not kinematical. We fit for 

the slope, omitting the first point, over the ra±ige 0.12 (0eV/c) 2 	t t  

1.7 (GeV/c) 2 . The slope so obtained is (3.0±0.6) (GeV/cY 2.  The chi-

square for this fit is 0.32 for 2 degrees of freedom. Including the 

first point gives a slope of (2.7±O. 1 ) (GeV/cY 2  with a chi-square of 

2.8 for 3 .degrees of freedom. Obviously, either value is acceptable. 

Although the turnover could be statistical rather than dynamical, 

we prefer the latter interpretation. In the 8 0eV/c irp experiment, 7  

the corresponding t distribution shows a hint of this effect, with even 

poorer statistics, and their value of the slope is lower, althoughnot 

inconsIstent with ours. Furthermore, in other Kp experiments at 3.5 

0eV/c21  and 4.1 0eV/c, 22  t distributions for Kp -3 L(1385) 	show 

hints of a turnover near t = 0. For these reasons we prefer the first 

value mentioned for the slope of our data and that, slope is the one 

plotted in Fig. 23. Reference 21 does not fit their angular distribution. 

Reference '22 fits the sum of their 4.1-GeV/c and 5.5-0eV/c data and finds 

a value similar to ours. Table XII shows the comparison of slopes for 

the various experiments mentioned above. 

Table XII. Comparison of slopes of t distribution. 

Incident momentum -2 
Reaction GeV/c Slope (0eV/c) 

+ 	 ++ 
IT p - 	z(1385) K 3.7 3.0±0.6 

it + 	- 	E(1387)K 8 1.9±0.9 

Kp 	E(1387) Tr 4.1 and 5.7 2.7±0. 
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Figure 24 shows the decay distributions for this reaction. Figure 

24a is the cos(a) distribution and Fig. 24b is the p distribution. The 

curves on these histograms are the predictions of the Stodolsky-Sakurai 

model. 23  The agreement with the model is good, whichis also the result 

of Ref. 22 for Kp - E(1385). 

C. icp —* Ap and SU3  

In the previous section, we have noted the suppression of the final 

state At+cp. In the framework of StJ3  or the q.uark model, the p meson is 

related to the u meson in that these two physical states are rmixturesu 

of two SU3  "pure" states. We use the vaiue24 (ô.66o.o8) b for the 

-, 	U) cross section to obtain the ratio of cross sections: 

+ 	++ 
p — A (P) _L 

+ 	++ 	330 
o(Tp — AU)) 

where the confidence limit is the same as for Eq. (24). At our momentum, 

the center-of--mass momenta are 0.83 GeV/c and 0.96 GeV/c for the Ap and 

Al) states respectively. Thus for this comparison, the phase space correc-

tions are small, and we neglect them. In passing, we note that the ratio 

	

2 i2 	. p is consistent with the squared coupling constant ratio, g/g 	= 1/6OOPIT WP 

as determined collectively from the experimental p and w widths, the 

p -4  pt branching fraôtion, and the ratio of available phase space for 

pt and U) — p. 25  

In the framework of the quark model, a zero value for p means that 

the p is entirely XX and the U) is entire1y nn ± pp. If we denote the 

(p-U) mixing angle by 0, this angle 0 can be related to p in the following 

26 way 
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= 	 = tan(00  - 
( 1tpIw) 

where e = arctan(l/..f2) = 35. 260 . This relationship gives a model-

dependent.determiiiation of the mixing angle, but in a way that is inde-

pendent of the meson masses in the 1 nonet. We find le - 	3.150 , 

or: 

32.10 	0 	38.1 0  

where the interval corresponds to the confidence limit of Eq (2 1i-) 

In principle, this approach could yield information about whether 

the linear or quadratic form of the Gell-Mann/Okubo mass formula is 

appropriate for bosons. In practice, however, the values are sufficiently 

close (le(iinear)I = 37.1 °±1.1° ; 0(quadratic)J = 39.90±1 . 10 ) that our 

data do, not distinguish clearly between them, although the linear value 

is favored. In any case, the final conclusion would rest on the validity 

26 
of this quark model. 

D. Suppression of Other States in pit( 

The result discussed in the previous paragraph is part of a more 

general picture that appears when we consider together the three final 

states (19)  through (21). We have seen that the L(1236) is very prom- 

+ 
inent in pit K 

0  
1K 

0 	 + 
1  and practically non-existent in pit K 

0  
1K 

0
2  This observa- 

tion leads us to conjecture that perhaps the quantum numbers of the K-K 

system are restricted when it is produced in conjunction with a A.. Since 

the cp decays to KK and not to K 
0 
K it would have the wrong set of 

quantum numbers to go with a A, which is consistent with the result 

expressed by Eq. (24). 
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Both KK and KK are CP elgenstates with CF 	1 since for a 

two boson system, the charge conjugation, C = (-.i), and the parity, 

F = (_ iYe also, where £ = orbital angular momentum quantum number. 

Since K and K 
:re 

 CF eigenstates with opposite CP values, the angular 

momentum for K1K1  must be even and that for K1K2  must be odd. This 

difference leads to states of opposite parity (and charge conjugation). 

Thus we conclude that the K-K system can be produced with the 	only 

if that system has even parity. 

If we take the final state 	and look at the center of mass 

of the KK (the "Jackson frame"), we find that the distribution of 

cos(a) is forward-backward symmetric. The angle a is the angle of the 

with respect to the incident Tr in the Jackson frame. Figure 25 

shows the cos(a) distribution for those events which have a pit+  mass 

in the A mass region. Figure 26 shows the cos(a) distribution for 

the pitKI( where the A region (1160 MeV to 1280 MeV) has been omitted. 

The symmetry of the cos(a) distribution for A K K is consistent with 

the above conclusion in that states of single parity cannot combine to 

give a forward-backward asymmetry. Furthermore, the cos(cz) distribution 

for. the complementary set of events does not show such symmetry. The 

striking characteristic of Fig. 25 is that the distribution is integrated 

over the total K-K spectrum and still shows the symmetry. 

Finally, we note that Fig. l4 shows no evidence for the KK s-wave 

threshold enhancement in the final state ++K+K 	However, the enhance- 

ment is clearly present in the overall final state picKK, as Fig. 13 

indicates. 
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VI. SUIVILVIATION 

For the Ti
+p 

interaction, we have presented both stable particle 

and resonant production cross sections for the major strange particle 

final states. Tables VII, IX, and X summarize these results. In addi- 

tion, we estimate the total cross section.for strange particle production 

is about 1.7 mb. Although it is not mentioned above, we see no evidence 

for a new 1480 MeV A-r resonance 	(see Fig. ). 

To test the concept of line reversal, we have, compared A p - E+K± 

with Kp - and g p - Z(1385)K with Kp - z(1385)t(, where 

the comparison in each case involves the momentum.transfer distributions. 

The agreement in each case: is good. 

We have studied the pitKK final state in some detail and obtain the 

following results: (a) While the final state ptcp is clearly present, 

our data set an upper limit for 	cp production of 2 .ib. (b) The 

and the K*(890)  are prominent features in the final state pit KK (c) The 

- 	 . 

KEC state.occurring with the 	is either K
0
1K

0  
1  or K K in even parity 

angular momentum states. . However no threshold enhancement is associated 

withtheA . 
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APPENDIX 

Normalization Calculation 

Here we apply the philosophy of Section Ill-B to calculate the 

microbarn equivalents for the regions of film.considered. To facili-

tate the diScussion, the following subsáripts are used to designate 

different regions of film: 

p means proton film 

1 means film in which all events are fully processed 

2 means film in which all events are recorded but only the first 

measurement is available for ordinary events 

3 means film in which not all events are recorded 

means total pion film,i.e., regions 1, 2, and 3. 

Because we, have only the first measurement for regions 2 and 3, we need 

an additional assumption in order to determine the proton contamination 

in these regions. For this purpose, we assume that the scarming, meas-

uring, and fitting procedures treat pion-inducedañ proton-induced four-

prong events with equal efficiency. We will refer to this assumption 

as "the equality assumption." This assumption is true only for events 

which satisfy the fiducial volume and beam trackcriteria. We will 

therefore account for the outside fiducial volume rejects and the non-

beam rejects before applying the above assumption. 

Before we begin, we define the symbols we will need in the formulae 

we use: 

A = total number ofacceptable events due to incident pions 

B = total numberof four prongs recorded due to incident pions inside 

fiducial volume 
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C total number of four prongs recorded due to incident protons 

inside fiducial volume 

= number pion events lost due to small angle elastic scatters 

•F = total number four-prong events accepted 

G = total number four-prong events accepted dueto incident pions 

H = total number four-prong events accepted due to incident protons 

J = tátal number four-prong events rejected for outside fiducial 

volume or non-beam track. 

rn =microbarn eq.iiva1ent for interactions due to - pions 

S = total number, four-prong events recorded 

T = total number accepted events 

U = total number unique 	 events accepted 

V =total number unique 	p - pirtc events accepted 

X = number unique pp - ppTr Tr after first measurement 

Y = number unique it
+p 	

after first measurement 

a = total it + cross section at our momentum; the value used is 28100 

microbarns 

The quantity E1  is needed only for region 1, thus the presence of 

the subscript. The value of E is determined by fitting the momentum 

transfer distribution for elastic scattering to a function for ebt, 

where t is the momentumtransfer and •b isa parameter to be determined. 

The fitting procedure is performed over an interval of t where losses 

are not strongly dependent on t. The loss E1 is found by integrating 

the function over the region of small t to get the total number of 

events expected and subtracting the number of events fOund. We obtain 

the value: 
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E1  = 1328±119 events 	 (Al) 

The quantities A, B, C, E1, G, H, m and a are calculated quanti-

ties; the rest are measured by counting events. Table I-A gives the 

values of the measured quantities that we need to calculate the others. 

We deal first with region 1. Of ixrflnediate interest is the quantity 

A, which•we use to calculatem1,.the microbarn equivalent for region. 1: 

Al  = T1  - T 	U1/U + E1 	 (A2) 

Table I-A. Event totals used for noxalizationca1culation. Symbols 

are explained in the text. 

Region 	 p 	 1 	 .. 2 	 3 

Quantity 4. 

F 	. 	 25 	13907  

J 	. 	 21 	 2837 	 -- 	. 	-- 

S 	 281 	18490 	5238 	32605 

T 	 1613.. 	1 3993 

U 	 122 	 442 	.• 	-- 	. -- 

	

0 	 4823 	 -- 

x 	 -- 	 -- 	 66 	 569. 

Y 	 - - 	 - - 	 983 	 86 

= a/A1  . 	 (A3) 

• 	 For the calculation in regions 2 and 3, we.wili also need: 

B1  = 	- J1) - ( s - J) • u1/u 	 (th) 

	

= F1  - F • U1/U 	. • 	 (A5) 
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For regions 2 and 3, we use the equality assumption to write: 

	

C. 	H. 

	

1 	1 	
i 	

/ =2,3 . 

We rearrange this equation to obtain: 

	

C. 	H. 	U. 	V. 

	

1 	1 	1 	1 	 A 

	

B. 	U. 	V. 	G. 

	

1 	1 

Fth'ther appeal to the euality assumption allows us to write: 

	

U. 
1 1 	1 
/V. = x. 1/Y. . 	 (A8) 

The ratio H/U is a physical property of proton-proton interactions 

and is therefore calculated using the results from the proton film: 

	

H. 	F 
(AQ) 

U 

	

1 	p 

(F = H since, by assumption, there are no pions in the proton film.) 

Likewise the ratio V.1G.  is a physical property of pion-proton interac-

tion and is calculated from the quantities of region 1 where the proton 

subtraction is made direct1y.  

•  V 1 1 10 
G.G 1 • 1 

Substituting Eqs. (A8), (A9), and (AlO) into Eq. (A7)and solving 

for C. gives: 

X. v 
C. 	= B. 	• - 	• - 	 .• . (All) 

1 1 U 	Y. G 1 • p 	1 

From the definitions, we can write: 

S. 
1 

= B. 
1 	1 

+ C. 	
1 

+ r. . 	 (Al2) 



- 

We assume the reject rate is the same for all regions of the pion 

film: 	 . 

J.= S1  J1/s1 	 (A13) 

Substituting (All) into (Al2) and solving for B1  gives 

(S -J) 	r 	F 	X. 	Vil 
] 

B. = S . 	 [i+. 	
j 	.. 	(AJA) 

1 	 p 	il. 

From Eq. (Al)-l.), we can see that the only measured quantities needed 

from regiOn i (= 2,3) are Si , X. and Y1. 

We may now determine the (expected) numbers of acceptable events 

and the corresponding microbarn equivalent: 

	

A1  B1  A1/B1 	 (A15) 

m = a/A. . 	 (A16) 

The total number of acceptable events is given by: 

	

= A1  + A2  ± A3 	 . 	 (Art) 

and the microbarn equivalent by: 	 . 

m)  = 	. 	 (A18) 

As an alternative, we could use 

= m + m '  + m 1  , 	 (A19) 

which is just a disguised way of writing Eq. (417). Table 11-A summarizes 

the calculations for regions 1, 2, and 3 by giving total acceptable events, 

acceptable pion events, and .their difference. 

In Table IV of Section III, we quote for the region "All events 

recorded, t' which is the sum of what we have here called regions 1 and 2. 

This number is obtained from the formula analogous to Eq .. (A19). 



The errors in each calculated quantity is determined by computing 

the changes in the quantity when each independent variable, one at a 

time, is changed by the amount of its error. Then the changes due to 

each independent variable are added in quadrature, and the square root 

of the ±'esult is the error, on the quantity considered. Except for the 

error on E1, only statistical errors are considered. 

Table lI-A. Summary of effects of proton contamination. 

Region 	 1 	 2 	 3 

Tf* • 	tal 	 45321±241 	11900±230 	7071±1O8 
acceptable 
events 	• 

A 	• 	Acceptable 	39477±623 	11333±23 	69O8±ll9l 
pion 
events 

(T*_A) 	Acceptable 	 566±77 	)986±367 
proton 
events 

Includes the elastic scattering correction 
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FIGURE CAPTIONS 

Fig 1 Most frequent strange particle topologies found in this experi-

ment 

Fig. 2. Definition of the bubble chamber coordinate system. The y-axis 

is in the direction of the 72-inch chamber, i e., approximately in 

the beam direction. The z-axis is approximately along the direction 

of the magnetic field and into the cameras. The origin is placed 

approximately at the bottom of the chamber, midway between the entrance 

and exit ends, and midway between the sides of the chamber. The angle 

cp is called the azimuthal angle. The angle ?. is called the dip angle. 

Fig 3 Scatter plot of the center-of-mass decay cosine versus the lab 

decay azimuth for the Z - nc decay. The plot contains 753 

decays 

Fig. 4.  (a) For 176 events ambiguous between reactions iv and v of Table 

I, the distribution of decay cosine of the photon w. r. t. the beam 

direction, both directions taken in the E °  center of mass. (b) Same, 

except w. r. t. the outgoing it 	(c) Same, except w. r. t. the K+. 

(d) Scatter plot of the cosine from Fig. 4b versus the cosine from 

Fig. 4c for these events where the events in the peak of Fig. 4a 

have been removed. 75 events. (e) Same distribution as Fig. I-a for 

events which fit reaction v unambiguously. 

Fig. 5. Dalitz plot for reaction ii of Table I for 148 events where the 

J(0 
is visible. 

Fig. 6. Distribution of 	mass for reaction ii. 

Fig. 7. Dalitz plot for reaction ivof Table I for 239 events where the 

A is visible. 
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Fig. 8. Distribution of ATr mass for reaction iv. 

Fig. 9. Dalitz plot for reaction vi of Table I for 92 events where the 

K°  is visible.. 

Fig. 10. Distribution of KK°  mass for reaction iv. 

Fig. 11. . Triangle plot for reaction vii of Table I for 323 unambiguous 

events. 

Fig. 12. Distribution of pitt  mass for reaction vii. 

Fig. 13. Distribution of KK mass for reaction vii. 

Fig. lii..  Distribution of KK mass for reaction vii for 161 events with 

pjT+  mass between 1160 MeV and 1280 MeV. . 

Fig. 15. Distribution of 3t K mass for reaction vii. 

Fig. 16.' Distribution of pK mass for reaction vii. 

Fig. 17...  Distribution of pic mass for reaction vii for the 27 events 

with KK mass in the cp band. 	. 

Fig. 18. DistrIbution of pr mass for p+KoKO  (a) 39 events with two 

visible vee's, corresponding to pTc K,Kl, (b) 110 events with one visible 

vee, (c) appropriate subtraction to give distribution corresponding 

..+  
to pT K 

0  
1K 

0 
2 . 

Fig. 19. .Distribution of itK°  mass for pK°K°, each event plotted twice. 

(a),(b) and (c) as for Fig. 18. 	. 
.. 

Fig. 20. Distribution of K 0 0 K mass for pt
+ 0 0 
K K , (a), (b) and (c) as for 

Fig. 18. 

Fig. 21. Distribution of pK0  mass for pK°K° , each event plotted twice. 

(a), (b) and (c) as for Fig. 18. 

Fig. 22. Distribution of momentum transfer, t, for reaction i of Table 

I. (a) Region of the fit, resulting slope is (8. 1 ±1,4) (GeV/c2. 
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(b) Entire distribution where the first 6 points have been replaced 

by the.fitted curve. 	The maximum -t of 5. 	(GeV c) corresponds to 

/ an incident momentum of 3.8 GeV/c. 	The point between 2.and 4 (0eV/c) 

is determined by only one event. 

Fig. 23. 	Distribution of 	t' = ItI 	- 	Iti min 	for 	-' E(1385K. 

The fit, taken over the four interior points, gives a slope of 

(3.0±0.6) 	(GeV/c) -2 . 

Fig. 2. 	Decay distributions for the E(1385) 	in the Jackson frame. 

(a) is cos(a) and (b) is the azimuthal angle T. 	The curves are 

predicted from the model of Stodoisky and Sakurai 

Fig. Distribution of cos(a) for the KK 	system for 

Fig. Distribution of cos(a) for the KK 	system for reaction vii 

++ 
of Table I, where the A 	has been removed. 
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tion contained in this report, or that the use of any information, 
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