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A STUDY OF THE REACTIONS K-p ~ ~±n+ (n°) BETWEEN 1.1 AND 1.7 GeV/c 
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Berkeley, Catifornia 

April 1971 

ABSTRACT 

W ·. · t d t f th t · K- -"~" ± + ( .. 0 ) for laboratory e presen new a a or e reac 1ons p + ~ n .. 

momenta between 1.1 and 1.7 GeV/c: angular distributions, polarizations, 
' + -

and Legendre coefficients for ~ -n +; Dali tz plots and i'nvarient mass-

+ -
squared plots for t-n+n°; and cross sections for all reactions. 

For the two body final states we also present a,.. partial wave analysis. 

We have developed a new technique for finding new resonant structure when 

some resonances are well known, using non-·resonant parameterizations in 

such a way that the appropriate resonances are suggested by the data. 

Applying this technique to the data of this and a related experiment 

(startingfrom the well established resonances- ~(1765), A.(l815), 

A. (1830), ~ (2030), and A. (2100), we finq independent evidence for several 

resonances not previously well established. In particular, we confirm the 

presence of resonances in the FlS and Dl3'-waves between 1. 9 and 2. 0 GeV. 

We have also looked at the· couplings for resonances associated in 

representations of the SU(3) group. The quality of fit to SU(3) 

symmetric couplings depends on the assumed energy dependence of the 

resonant width. Since the best fit occurs for an energy dependence 

which seems to disagree with the energy dependence required for the 

partial wave analysis, we propose that the couplings are affected by SU(3) 

symmetry breaking. 
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I.. INTRODUCI'ION 

The data for this experiment were drawn from approximately three 

quarters of a million triads on 528 rolls of film. Each triad is three 

views of the Berkeley 25-inch Bubble Chamber, filled with liquid 

hydrogen; each was taken as a beam of K- mesons entered during pressure 

expansion. The particles in the beam interacted with the protons in 

the chamber, and the basic object of the experiment was to study the 

forces involved in these interactions. All charged particles leave 

tracks of bubbles in the liquid; and, because the chamber was in a 

magnetic field, these tracks were curved. This curvature yields informa-

tion on the momenta of the charged particles involved in the interaction. 

In addition, the density of bubbles in the track yields information for 

distinguishing particles of different rest mass. 

In particular this experiment is concerned with the reactions 

£allowed by 

K- + + (no) p -+ n-I: 

+ n n or ~+ -+ 0 
{.. 1T p 

The sigma is a short-lived particle which almost always decays within 

the chamber. The visual topology--incoming beam track and two outgoing 

tracks, one of which "kinks"--occurred on the average once in twenty-five 

triads. Experiments studying. these reactions at energies partially 

overlapping our range have been reported. (1- 4) 

Of the four kno\\n microscopic forces--the strong :interaction, the 

e1 ectro-magneti c interaction, the \-.reak interaction, and gravity--only the 



-
electromagnetic interaction is well enough understood to have a 

detailed, coherent mathematical formulation. The decay of the sigma 

. involves the weak interaction, about which sufficient is known 

experimentally for the purposes of this study. OurDBin concern here is 

the primary reaction, which proceeds via the strong interaction. A few 

general ch~racteristics of this force are well established; beyond that 

there are at the present time a proliferation of theoretical models 

which attempt to account for variotL<; aspects of the observed phenomena. 

The model most appropriate for the energy range of this experiment is 

the resonance. model, which pictures the strong interaction as proceeding 

by the formation and rapid decay of an intennediate particle. This 

particle, or resonance, decays so rapidly that it is detected only by 

the way its decay products are distributed; the strong force is 

observed only by the type and distribution of the outgoing particles. 

In particular it has been suggested that for two body final states such 

as ours, the strong interaction may be completely accounted for by 

resonance effects. (S) If a resonance is truely an independent particle, 

we expect it to be seen in more than one reaction. ThiS experiment 

cannot by itself study this matter; however, it does add to the store 

of observations upon which this study must be based. 

The following discussion proceeds from the directly observed to 

the model dependent interpretations. Section II describes how the data 

were brought into usable form. Section III presents the direct 

experimental results: the cross sections (probabilities)· for the 

reactions and the distributions of the final state particles.--
/ 
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Section IV exploits the well-establiShed properties of the strong 

interaction to represent the two body final states in a generally 

use·ful form--the partial waves. Finally, Section V attempts to 

interpret these partial waves· in the context of the different models. 

The data for the three 'body final states are incomplete, and no 

analysis is attempted. These data are included here because the 

experimental procedure described in Section II is indistinguishably 
( 

applicable to both two and three body final states, and because a 

simple, partial interpretation can be and is presented. 

The primary concern here is to present the experimental results, 

along with some appropriate interpretation. We shall endeavor to 

describe the underlying physical concepts, skip over the details of 

derivation by referring to the literature, and present the exact 

formulae used in. analysis or interpretation. 
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II. EXPERIMENTAL PROCEDURES 

A. K- Beam Design 

The two-stage separated beam for the 25-inch bubble chamber~ shown 

in Fig. i, was designed for a wide variety of experiments. The use of a 

target in the external proton beam of the Bevatron made this secondary 

beam independent of the Bevatron· fi~ld and allowed for the selection of 

positive or negadve particles. Fiye bending magnets and a momentum 

slit allowed the selection of beam momenta varying from less than 

" 1.0 BeV(c to greater than 3.0 BeV/c, with momentum bites typically 

± 1%. The electrostatic separators (spectrometers in figure) with two 

mass slits' eliminated tmdesired particles. Twelve quadrupole magnets and 

a vert:lcal collimator shaped the beam for most efficient momentum 

selection and mass separation. The slits and collimator were made of 

uranium and were variable for different beam configurations. While 

taking film,· the chamber was ~ peripheral user of the Bevatron; a rapid 

beam ejector furnished the primary protons. 'Whenever possible two RBEs 

were used--before and after major users got beam; the chamber could 

pulse twice' per Bevatron cycle and, at this rate, take about a thousand 

triads per hour. Finally, a beam destroyer magnet swept the' primary 

beam off the target when the number of beam particles entering the 

chamber reached the desired level. 

The specific problems for the K- beam were obtai~ing sufficient 

flux and eliminating the n flux. The number of K- particles in a beam 

drops exponentially with a mean decay length depending on momentum: as 

the beam momentum ranged from 1. 7 down to 1. 1 BeV /c, the beam line 

v 

I 

I 

t 
I 
l 
I 
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effectively increased from three to five decay lengths. Obtaining 

sufficient flux was the more difficult problem ':it the lower momenta 

where the decay loss wa.S greater. The n flux was about one hundred 

times greater than the K- flux at the production target and decayed much 

more slowly. The electrostatic separators 1 · in two stages 1 diverted the 

n beam away from the median plane: the distance, A, between the two 

beams in the mass slit depending inversely on the momentum, p: ( 6 ) 

A _ Vt 
d 

Here mk and mn are the respective masses and V, R., and d are the voltage, 

length and plate separation of the separator involved. Separating the 

n beam from the K beam \<las the more difficult problem at the higher 

momenta. To solve these problems, the beam optics were designed to trade, 

at lower momenta, effective separation for flux. The separators were 

always rt.m at maximum voltage. At lower momenta, where the center to 

center separation was larger, the beam size was magnified, allowing more 

of the angular divergence from the production target to be accepted into 

the beam. The K flux, determined from the tau decay mode, averaged 

roughly 9 to 11 particles per exposure. The exact contcimination of the 

-beam at the bubble chamber, less than 10% n or u , was not critical 

since norm(ilization was not determined by a beam colDlt. Details, both 

for the overall beam and for the K- beam, have been written up in 

technical notes. ( 7) 
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The film was taken during the period from May. 196~ to July, 1969 

with the K- beam tuned to fifteen different momenta. Table I shows the 

normalization within the beam phase space and chamber volume cuts. 

The momenta were determined from thefitted tau decays. Although some 

of the mom~nta were ~sseritially the same, it was necessary to treat the 

subsets sepa.rately since the beam profiles were different. For 

explanation of terminology for and discussion of the cuts. see 

Section II-D. nie significance. of the microbarn equivalent is discussed 

in Section III-A. Further details about the normalization have been 

written up in a technical note. ( 8 ) 

B. Bubble Chamber Characteristics 

The bubble chamber, as a .detection device, is based on the 

principle of ions triggering bubble formation in a super-heated liquid. 

The 25-inch bubble chamber filled with hydrogen had adensity of .-0603 

gm/cm
3 

'(measured by range of stopping 1-1 's). A signal from the Bevatron 

started a relaxation of the pressure, causing the liquid to become 

superheated; the beam entered the chamber before the pressure reached 

minimum.· After a delay of about two milliseconds the lights were 

flashed, recording a triad, and the pressure restored. The density 'of 

bubbles depended on the position of the beam in the pressure valley; 

their size depended on the light delay. These parameters were maintained 

such that the bubbles would be about . 4 mm in diameter with a density of 

10-12 bubbles per centimeter at minimum ionization. The ionization 

caused by a given particle depends on its velocity, 6:( 9 ) 

----



'" 

-7-

dE k - -=-d.x s2 
k' 2 tn-- 8 

1-8
2 

is the ionizing energy lost by the particle perunit length. While the 

curvature of a track detennines the particle's momentum, particles of 

different mass would have different velocities and hence different 

bubble densities. For example, a 1.0 BeV/c proton (p) causes ionization 

roughly twice that of a 1.0 BeV/c pion (1r). One view of a typical event 

is shown in Fig. 2. 

C. Data Reduction 

There were four stages in the reduction of the data from visual 

patterns em· film to physically meaningful numbers, namely momenta and 

angles. The first two stages, scanning· the film for events having the 

desired pattern and then measuring these events, were accomplished using 

the COBWEB system of on-line scan tables and Franckensteins. (lO) 

Scanners sent to an IBM 7044 computer, via teletype, information 

concerning .each event's type and location (roll, frame, grid positions). 

All events with kinking tracks were taken. At a later time when the roll 

was on a Franckenstein for measurement, the computer transported the film 

to the proper frame and drove the stage to the fiducials and vertices. 

Operators did the final centering. Track following was used on long 

tracks. while the connecting track was often measured in the two point 

mode. A pulse height indicator was used to measure the projected bubble 

density as an indication of the ionization. . f\ieasuring rates averaged 

-· 
about twenty events per hour for this event type. The final two stages 
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of data reduction, geometrical reconstruction from the known locations 

of fiducials in three views and then kinematic fitting to reaction 

hypotheses, used the programs of the Data Handling Group, FOG and 

CLOUDY, 'respectively, executed on an I~ 7094.(ll) The measured momentum 

of the beam track was modified by an edited value obtained by fitting 

highly constrained An+ 1r- events. Usually no inforaation was available 

for the connecting track,· so two starting values were obtained assuming 

the visible decay particle was forward orbackward in the center of 

mass; a simultaneous fit to both vertices was then used. 

For most events, fitting was restricted to the hypotheses of 

interest. Initially a sample of data with negative track kinking was 

fitted as· well to K- hypotheses to look at the problem of ambiguities 

Events that were ambiguous 

were studied on the scan table. From this it was estimated that 

excluding any event with a lifetime greater than .6 nsec. would leave 

a contamination of roughly 1/2%. This would exclude some sigmas, but 

weighting would account for them (see below) • Therefore, any event 

was excluded from further consideration if: a) the connecting track was 

well measured (error on momentum relatively small); and b) the lifetime 

as determined from the measured momentum, and assuming it was a sigma, 

was greater than .6 nsec. This applied to positive kinking tracks as 

we 11, since there were also positive and negative pion decays. All 

events :of this type which did fit the sigma hypothesis well were looked 

at on the scan table. The number that were truely sigmas was roughly 

that expected from the known lifetime. Oh the basis of the remainder 

it could be estimated that there remained Cl K contamination of 1/2% for 

r 
I 
l 
i 
! 

f 
I 

! .. , 
! 
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l.'t 
I 
i 
I 

I 
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,/I:- and 2% for ,/ r -1To. By fitting to the 1t 3- hypothesis 1 all events 

in which the three outgoing momenta were roughly coplanar, a 4% contamina

tion of the n + r- topology was eliminated. Negative kinking events 1 which 

did not ·fit the sigma hypotheses and were not beyond the lifetime cut 1 

' - + 
were also tried as 3 K ; if they fit well, they were excluded from further 

consideration. 

The data reduction of tens of thousands of events required a great 

deal of bookkeeping and event selection techniques. Information from 

scanning, measuring, ·and geometrical reconstruction stages went onto 

"master list" tapes using the BOOKY program on the CDC 6600. (lZ) Events 

that were selected as unambiguous good fits or as beyond the lifetime 

cut were so flagged on the master list. All other events became 

candidates fur remeasure. Logical selection of events used -~rnC>ther 

program of the Data Handling Group, FAIR. In particular, there were two 

main class.es of kinematic ambiguities: + + for the E both n decay and 

p decay hypotheses gave good fits, for n±r+n° both starting values led to 

good but significantly different fits. For the decay ambiguities the 

ionization information from the Franckensteins was sufficient for 

resolution in .30% of the cases; (1
3

) most of the rest could be resolved 

visually by scanners. The three-body ambiguities could often be resolved 

on the basis of the ionization of the sigma. In all cases the scanners 

sent the event back for remeasurement if discrimination did not involve 

a factor of two between the bubble densities required by the fitted· 

momenta. Along with this ionization scan the scanners looked at all 

events not measured, sometimes correcting clerical mistakes such as-

wrong event type or wrong frame number (grid positions identified events; 
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wrong n~~ers were often adjacent or from wrong view). sometimes 

rejecting the event as unmeasurable or failing scanning criteria. Such 

events, as well as the resolved ambiguities, were eliminated from or 

. corrected on the remeasure candidates. Roughly 25% of the events were 

remeasured and went through the FOG-CLOUDY-FAIR system and an ionization 

scan. The overall statistics are given in Table II. 

D. Cutting and Weighting 

In order to normalize the numbers of events to the ·beam path length, 

it was necessary to make cuts in the beam phase space and chamber 

volume; these cuts are given in Table I. The phase space cuts, position 

at chamber window (YEND, ZEND) and ent_rance angle (ALFE, BETE), c;letermine 

a swath as the· beam· pas.ses through the chamber, hence the chamber 

volume is. established by the initial and final locations along the beam 

direction (XVTX). These cuts were determined from the distributions for 

the tau decays, where necessary for each momentum; events were accepted 

within three standard deviations of the mean for determining cross 

sections, within 4. 5 standard deviations ·otherwise. The distributions 

in YEND and XVTX were not gaussian; a comparison of the tau and sigma 

distributions is given in Fig. 3. Not all sigmas decayed inside the 

chamber, so it was necessary to establish an acceptance volume for the 

decay vertex (X2, Y2, 22). This was chosen to be a cylinder 43 

centimeters in diameter-. and 15 centimeters in height; the distribution 

of events with respect to this volume is shown in Fig. 4. 

The scanners, who were looking for kinking two prongs, were 

un·ab le to find all sigma events: sometimes th;: kink was not obvious, 

I. 

I 
.J 
I 

\j'l 
~ 

I 
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either because the connecting track was too short or too long or 

because the deflection of the decay track was not noticeable. These 

losses are related to the lifetime and decay angular distributions of 

the sigma and can be corrected without biasing the study of the forces 

at the primary vertex. Those events determined to be subject to loss 

were cut from the sample and the others were weighted individually 

according to the fraction of the lifetime and decay distributions so 

eliminated. 

The lifetime of the sigma in its rest frame is distributed 

exponentially, the number decaying in an interval dT at a time T being 

0 dN = N exp(-T/T ) dT m 

Here T is the mean lifetime and the original number. N~ is unity for m 

weighting individual events. Duration in the rest frame is translated 

into distance traveled in the lab frame by the product of the time 

dilation factor and the velocity. The same product translates rest 

mass., ~.. into lab momentum., P E; hence. if the momentum remains 

constant., the distance between production and decay vertices, L, is 

L = T 

The momentum does change, however, as energy is lost hy_ ionization; so 

when studying the lifetime distribution, an accurate integration was 

used to determine ,. from the track length and the production momentum. 

The distribution of lifetimes was indeed exponential, within statistics, 

-· 
in a limited range excluding both large and small values, Fig. 5. The 
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mean lifetimes, calculated using a maximum likelihood technique, were 

(14 )· 
determined for the sample of events passing all cuts. These are 

given in Table III for each topology. 

It was necessary to cut out events decaying within a certain 

distance l'MIN" For each event this was translated into a minimum life

time 

The production momentum was used. There was a slight tendency for 

vertex disassociation when the connecting track was very long; a 

maximum length cut, ~AX' was established. Also there was a cut directly 

on the lifetime, Tk, to eliminate meson contamir.ation. Hence it was 

necessary to choose a minimum fro111 the upper cuts on the lifetime: 

TMAX = MIN (;E ~X' ; LPOT' 
r E 

The maximum length- and the potential length to the wall of the decay 

volume, Lpar• were translated using the production momentum. This was. 

although not strictly correct, a sufficient approximation in relevant 

cases: if the sigma had a high momentum (minimal ionization loss) or 

the event occurred very close to the \vall, the momentum could change 

but insignificantly. In other cases Tk was the miniiiUJil. ·The fraction, 

f , of the lifetime distribution falling within the limits is 
T 
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For purposes of weighting, the mean lifetimes were taken from a large 

. (15) 
statistics exper~ment: 

= 0.80 

The decay angular distribution of the sigma is isotropic in two 

properly chosen variables. The direction of the decay in the sigma's 

rest frame can be correlated only with the sigma's spin direction. This 

may in turn be correlated with a direction perpendicular to the sigma's 

line of flight (production normal or decay norrnal).C
16

) However, the 

distribution of the angle between the decay direction and the line of 

flight averages over any such effect. Similarly the angle between two 

planes about the line of flight, the one containing the decay direction, 

the other containing an arbitrary, chamber fixed z-axis, is unaffected. 

These two variables, 6 and ~ respectively, are, when transformed to the 

rest frame, the polar and azimuthal angles in which the decay distribu-

tion should be isotropically distributed. The events missing from these 

distributions, Fig. 6, were those with imperceptible kinks. This made 

it necessary to determine a minimtun acceptable cS, cS. Also certain regions 
' c 

of ¢, decay toward or away from the cameras, were particularly subject 

to loss. 

The cut on the variable 6 must be transformed into the rest frame 

(4J is invariant under this transformation). The Lorentz variables, 

n and y, are respectively the momenttun and energy of the sigma divided 

by its rest mass. 



-14-

* * P sin o = p sin o 
* * P cos o = nE + yp cos 6 

* * The constants, p and E , are the momentwn and energy of the decay 

particle in the rest frame; the momentwn in the lab frame, P, cancels in 

the succeeding derivation. The relation of the cuts in the variable 

c =coso* to,the cut angle, 6., is c 

T = y tan o c 
R = nE* 

* yP 

R) 

·This trans'formation of the angle is presented graphically· in Fig. 7. 

. + 0 
That, for I: -? p 1T , 

' 
small o can correspond to both fon.;ard and back-

ward decays in 

decay type, as 

not cut out of 

the rest frame is evidenced by 

shown in Fig. 6. The 

the sample is 

f =.!.cc+ 
0 2 

1 + .. 
f = -

2 
(c + 1.) 

6 

fraction 

R > 1. 

R < 1. 

the 'loss specific to this 

of ·the distribution, f 6' 

since c is evenly distributed between -1. and + 1. The case in which 

the radical is negative, corresponding to the confinement of all lab 

decay angles within the cut, was avoided (see below). 

·the distribution in <!> was folded and a cut, + , made on the c 
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deviatiOn from the nearest of 0°, 180°, or 360°. Tile fraction of the 

distribution accepted, f +. was simply 

f = 1. - • /90. 
• c 

The three variables--T. 6, and +--were uncorrelated; therefore, the 

fraction' of the overall distribution which passed all cuts was the. 

product of the individual fractions. Weighting each event passing all 

cuts by 

1 
f ·f ·f 

T 6 cj> 

should thert give a statistically accurate, for sufficiently large samples, 

representation of the actual number of events. As the extent of the cut 

is increased, a po:lnt should be reached at which the weighted number of 

events ceases to chenge: ·-~increase in the weights just accounts for 

the events newly cut. This was in fact the case, and this technique was 

used to determine the appropriate cuts. 

A separate set of cuts was determined for each of the three decay 

types: - + + + 0 E . ~ n n, E ~ n n, and E ~ pn . The r differs significantly 

in its mean lifetime, the p decay in the transformation properties of 

the angle. For determining the overall numbers of events (i.e. for cross 

sections). the appropriate value for the cut in a given variable was 

taken to be that value for which the increase in the weighted humber of 

events became negligible. For distributions in which the relative 

numbers of events were of sole importance, these cuts could be relaxed 

somewhat. - Since the loss of events depended only on sigma momentum and 

chamber geometry, the effect of cutting and weighting was studied as a 
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function of sigma moment\Dil. · For production angular distributions and 

invarfant mass-squared distributions, the cuts were chosen such that the 

further increase in the weighted numbers of events was statistically the 

same for all sigma momenta. 
+ For polarization of the r even the relative 

+ 0 
numbers were not involved; essentially all good r -+ p n were accepted. 

This decay type was not used for any other purpose, however, since for 

very high sigma momenta all decays were confined to small forward lab 

angles~ With all events cut out-, repopulation by weighting was 

impossible. The cuts used in the final analysis are given in Table IV; 

the num1Jers of events in three classes-failing beam phase space or 

chamber. volume cuts, passing these but failing length or angle cuts, 

and passing all cuts--are given in Table V. 

E. Efficiency Correctj ons 

Not all of even the most obvious events are found during a single 

, s·can;. furthermore, not all of the good events get through the data 
. . 

reduction ·to be used in the data analysis. The cross sections, 

representing absolute numbers of events, must be corrected both for 

scanning efficiency and for what will be called "through-put efficiency." 

In order to avpid over-correcting,.these efficiencies were determined 

for the class of events passing all cuts. 

Slightly· over half the film was scanned a second time. All events 

found on ·o~Iy one scan were checked, and events either unmeasurable or 

failing scanning criteria were eliminated (these correspond to "measure 

reject sustained" in Table II).. From the. remaining events a scanning 

efficiency could be determined for all events. This was done for each 
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beam momentum, the results varying from 88% to 95% for a single scan. 

The good events found only on the second scan were also measured and 

made available for analysis. Thus it was possible to determine the 

scanning efficiency for all events passing all cuts. The results, 

varying from.95% to 98% for a single scan, were significantly different 

and represent the scanning efficiency for obvious events. The 

efficienCies for momenta scanned only once were determined from the 

efficiencies for individual scanners; the scanning efficiencies for two 

scans were never less than 99%. The results are given in Table VI. 

Events were considered "good" fits, and hence used in the data 

analysis, if their chi-square for goodness of fit was less than 19 for the 

four constraint fit or iess than 11 for the one constraint fit (missing 

neutral). As can be seen from Table II, roughly half of the events 

remeasured met these criteria. This suggests that the chi-square is not 

a. good statistical indicator, presumably because of the difficulty in 

measuring this event type. One esti.mate of the through-put efficiency 

assumes that all events which fit represent all true events--some true 

events fail to fit while some fits are fakes. ( l7) Sti 11 there remain 

some 1800 events, considered satisfactory on the rescan, which did not 

have a fit attempt.ed (remeasure, FOG, or CLOUDY rejects). Assuming the 

fraction of these that would fit is the same as for the other remeasures 

gives a second estimate of the through-put efficiency. The values used 

in the analysis were intermediate between these two, with errors 

reflecting their difference. Since the former could be determined both 

for all. events and for events satisfying all cuts, a difference of about 

1%, the final values included this adjustment .. The data were handled 
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in four batches; a through-put efficiency was determined for each 

batch, as shown in Table VI. 
""': 
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II I. EXPERIMENTAL RESULTS 

A. · Cross Sections 

In the discussion of experimental procedure, the subsets of data 

have been designated by laboratory momentum, P LAB. However, a more 

meaningful designation is the center of mass energy, Ecm' which is the 

square·root of the Lorentz invariant 

Here PK- and P p are the four-momenta of the beam particle and the target 

. particle respectively. Designation by Ecm w.ill be used hereafter. 

Also, although it was necessary to treat the data in fifteen distinct 

subsets because of the different beam profiles, some subsets have 

essentially the same momenta and. \vill be combined for all further con-

siderations. In one case three subsets have almost identical momenta; 

in two cases two subsets have been combined because their means are 

within one standard deviation. This is shown in Fig. 8, which gives 

the distribution of fitted momenta for both T decays and E events. For 

the former, the outgoing tracks are all well measured and the fit tends 

to constrain the beam momentum to its correct value. This is not as true 

for E events, especially those with a missing neutral. Hence, in 

general the peaks are narrower for the E events than for the T decays. 

In particular for the two cases mentioned, the E events show a double 

peak but the T decays not. (This indicates that the use of a beam edit 

(see Section II-C) distorts the results of the kinematic fitting. At 

the 1% level, however, this was considered tolerable.) 
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The cross section for a given reaction is just the number of such 

events with. the dependence. on beam and target densities removed. The 

product of'cross section, beam path length, and number density of target 

particles yield~ the number of actual events (not all of which are 

observed). The microbarn equivalent,~. is inversely related to path 

length and number density; it gives the cross section, in microbarns, 

represented by a single event. The cross section, a, for a given subset, 

i, is given by 

Here w. is the weighted number of events after cuts, s. and t. are the 
1 1 1 

scanning and through.:.put efficiencies (expressed as fractions), and f 

. . (18) 
is the fraction going into the decay state used. The s. and t. are 

1 1 

expressed in Table VI as percentages, the~· are given in Table I. The 
1 

error on the cross section combines the statistical uncertainty, based 

on the unweighted number of events, with the uncertainties in the other 

factors. These other uncertainties were not negligible in some cases. 

Where sUbsets were combined the microbarn equivalent was determined 

from the sum of the path lengths, the combined efficiencies were the 

appr~priately wei~hted mean of the individual efficiencies. (lg). The 

energy was determined from a similar mean of the momenta. Table VII 

gives the resulting cross sections (in millibarns). which are also shown 

in Fig. 9 along with results from other sources. 
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B. Two Body Final States 

Neglecting the spin of the baryons, there are only two independent 

variables in the case of two body final states. There are four four-

momenta, each restricted by a mass constraint; conservation of energy-

momentum imposes four constraints, and the space-time frame invariance 

. f h . . (20) 1.rnposes a urt er SJ.X constra1.nts. In terms of Lorentz invariants 

two standard choices are the variable s described previously and 

t = (P - - p ±) 2 
.K 1l . 

= m2 + 2+ - 2 (E - E ± - k - k ± cos e) rn -K 1l K 1l K 1l 

For a given center of mass energy, E =..,Is, the energies, EK , . and ern V., .n 

magnitues of momenta, kK , are determined. Hence cos e, where e is the 
11t 

angle between the incoming beam direction and the direction of the out-

going pion in the center of mass, is an equivalent variable. It is 

convenient to use cos e because distributions in this variable can be 

ejtpanded in the orthonormal series of functions, the Legendre polynomials. 

The energy dependence of the data is probably best summarized, in the 

energy. range here considered, by the coefficients of this expansion. 

The-sp:in of the baryons should not be neglected: although the target 

protons were unpolarized, the sigmas may be produced in a polarized 

state. The three following subsections present the numerical distribu-

tions in cos e, the polarizations in different regions of cos e, and the 

Legendre expansion coefficients. 

l. Angular Distributions 

The first step in determining the angular distributions was simply 

to count the numbers of events, weighted and unweighted, in twenty equal 
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bins of cos eat each-energy. These results--the raw data--are given in 

Tables VIII-A and B. Normally the error for each bin would be the 

statistical uncertainty based on the unweighted number of events. For a 

given energy, i, and bin, j, 

~w ... = 
~J 

w .• 
2L 

;;;; 
Without normalizing, the distribution is just the weighted numbers of 

events, w: .; n .. are the unweighted numbers. However for a chi-squre 
~J ~J 

fitting procedure, such as that described in Section IV, the errors 

should be Gaussian. For large n .. the above error approaches the 
lJ 

Gaussian error desired; however, for our limited amount of data, many 

bins fall below a reasonable cutoff. 

Rather than going to larger bins in general, we have decided to 

combine bins, where necessary, in such a way as to preserve structure. 

The combining of bins was performed by the computer--not only to avoid 

a tedious chore, but more importantly to avoid any introduction of bias 

by visual determination of structure 0 The computer was_ given an 

algorithm, the coding for which is listed in a technical note. (2l) 

Briefly, if a single bin fell below the limit, it was combined with the 

smaller of the adjacent two. If a string of bins fell below the limit, 

they were combined successively until the total surpassed the limit; 

this continued until any remainder had to be added to the first bin 

beyond the string. This procedure was tried from either end and also 

from the center progressing in both directions. Whichever of these 

possibly three binning arrangements gave the smallest 

~·' 

·•' 
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was used, where the sum is over the totals, ni, which surpassed the 

limit nL. We used a minimum of nL = 9 except at the two highest 

energies. 

The final' results for the angular distributions are given in 

Fig. 10; the.error bars indicate how the bins were combined. and the 

approximately Gaussian errors ascribed to the totals for each combina-

tion of bins. 

2. Polarizations 

It is possible that the sigma particles are produced with their 

spins preferentially aligned along the normal to the production plane1 

along_ kK x kn (s~e section IV-A). This may be observed because the 

sigma decays via the parity non-conserving weak interaction; the distri-

bution of the direction of the decay baryon is given by 

f(e, cos X) d cos X = A (1 + aP(e) cos x)d cos X 

where x·is the polar angle between the decay baryon'and spin directions, 

A'and a ·are constants. (22) The polarization, P, may depend on the 

production angle, e. This was in fact observed in the case 

+ 0 + + 
E ~ 1r p, where a - -1.0; for r- ~ n-n the known values of a are 

approximately zero· and in our data the distributions in cos X are 

everywhere consistent with this. I 
i Although it was impossible to know the sp1n direction, the 

precession of the spin between production and decay vertices was 

negligible in the magnetic fields used. Hence we took X to be, using 

azimuthal symmetries at both production and decay, the angle between. 

the proton direction and the production normal--both in the sigma rest 
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frame. · For a given combination of bins in cos 6 we determined 

p = 
3~ cos X. 
~ 1 

aN 
":"',. 

where the sum is over theN events in the combination of bins. The 

. . .. b (23) .. , error 1s g1ven y 

liP = 

where 
2 Q = MIN [(aP) , 1.). 

The sums of polar cosines (l: cos x.) and numbers of events (N) are given 
1 

in Table VIII-C for each of twenty bins in cos e. The bins were 

combined according to the previously mentioned algorithm with a minimum 

(except at the two highest energies) nL = 20. The final results are 

given in Fig. 11. An absolute value greater than 1. is not physical 

but is a result of limited statistics. However, it was felt that 

resetting such values to ± 1. would be a less valid representation in 

v~ew of the relatively large errors. For estimating the error, which 

should be based on the true polarizatio~ this limitation was used. 

3. Legendre Coefficients 

In view of th~ theoretical considerations presented in ~ection IV-A, 

it is best to expand the angular distribution in the standard Legendre 

polynomials, and to expand in the first associated Legendre 

polynomials a distribution which is the product of the angular 
I 

distribution and the polarization. For this purpose the angular 

distributions were normalized such that the zeroeth .order coefficient in 
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the expansion was 

Here o is the cros·s section corresponding to the angular distribution in. 

question; 2nX is the center of mass wave length for the input channel at 

the given energy .. The coefficients were obtained by a linear fit 

requiring simple matrix inversion. It was found that our data were 

consistent with expansion through seventh order. When eighth and ninth 

order were added, the probability of fit tended to fall and all 

coefficients remained unchanged within errors. In particular, the 

eighth and ninth order coefficients were consistent with zero at all 

energies. 

The Legendre coefficients for the angular distributions, An, 

are given in Tables IX-A,B. For the product distribution a problem 

arises. Generally the polarizations are binned too coarsely to permit 

expansion through seventh 'order. Expanding to a lower order would 

ign~re some information from the more finely binned angular distributiop.. 

For this purpose only, the polarizations were determined for the same bin 

structure as the corresponding angular distributions. To average out 

fluctuations, the polarization was not determined from just the events 

in the particular combination of bins; it included information, 

symmetrically and with successively less weight, f~om up to three adjacent 

bins. Details of this procedure are given in a technical note. CH) 

It should be emphasized that the independence of the various bits of 

information is not strictly preserved in this process. The expansion 

coefficients for the product distributions, BN' are given in Table IX-C. 



-26-

(The zeroeth order polynomial is identically zero; the first column 

is included only for consistency.) 

The dashed curves in Figs. 11 and 12 show the resultant functional 

representation of the data. 

occasional wild gyrations. 

In the case of the polarizations there are 

These occur where the expansion in the A 
n 

approximates zero (see Fig. 12-B) and the expansion in the Bn is 

varying, not necessarily rapidly. (The polarization is represented by the 

ratio of the latter to the fornier.) In the physical theory below,the ~ 

and BN depend on the same set of parameters in such a way that this 

cannot happen. The curves are omitted at 1.952. and 1.970 GeV; these two 

energies were combined to obtain the coefficients at 1.961 GeV. Both had 

insufficient data to be fit to seventh order, while requiring nL = 9; 

also the angular distributions and polarizations were not very different 

between the two. The same was true for the angular distributions 

·+ - . 
('IT I: events) at the two highest energies; however, since they were at 

the upper end of our data, these two were .not combined. The binning 

limit had to be lowered to 4 for 1.644 GeV and 6 for 1.694 GeV. 

In the final analysis only fits directly to the angular distributions 

and polarizations carry full statistical significance. Still, fitting 

to the Legendre coefficients--although they represent the data only ·with 

some goodness of fit and although the Bn are not strictly independent-

is much .faster and therefore advisable in the search mode. 

C. Three Body Final States 

When a third particle is added to the final state, there are three 

additional variables (e.g., the four momentum· constrained to known mass). 

I .I 
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A complete description of these data will not be given here; however, 

the distribution in three variables has a ready interpretation and will 

be displayed. These variables are the total energy in the center of 

mass, E · and the two invariants em' 

2 m = 
0 

2 
m± = 

(P p ±)2 
lT+ + 

I: 

(P ± + p o)2 
I: 1T 

Since these two are squares of the rest energies of subsystems, they 

are called invariant mass-squareds. 

1. Dalitz Plots 

plot. 

A sqatter plot in two invariant mass-squareds is termed a Dalitz 

For a given value of E the points are kinematically confined em . 
-

within a. boundary given by the curves for cos l/1 = ± 1 

Here th'e energies and momentum magnitudes, E and k, of the mesons are 

determined in the (PI:± + Pn ) rest frame. These boundaries are shown 

with the scatterplots in Fig. 13. Several values of E are included per em 
2 2 plot to make the structure in m and m+ more apparent; this is possible 
0 -

because of the independence of the variables. The events from both 

E+ + 1r
0 p and I:+ + n +n are scatter-plotted in Fig. 13-8. 

· The structure in the plots is the bands which are more densely 

populated than the rest of the bounded region. If the ~enter of mass 

distribution of the three final state particles were isotropic, the 
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distribution in two invariant mass-squareds would be flat: the points 

would be evenly distributed withi~ the boundary. Cz4) The plots in 

Fig. 13 do not give a completely accurate picture since they are 

necessarily of w1weighted events; the weight depends essentially on 

· the laboratory momentum of the sigma and does vary systematically across 

the narrow direction of the bounded region. This is shmvn in Table X, 

which. combines .all center of mass energies. Sti 11 the weight does not 

vary greatly,nor account for the-noticeable disparities in density. 

Clearly certain values of invariant mass-squared are preferred; this may 

be interpreted as quasi-two body fina,l states in which one of the 

particles is unstable and decays immediately. 

2. Invariant Mass-Squared Distributions 

The distribution in one of the invariant mass-squareds might be 

c~nsidered a projection.of the Dalitz plot into that coordinate. Both 

invariant mass-squared distributions are so shown, with the proper 

orientation, in Fig. 13. These histograms are of weighted events, and 

in Fig. 13-B only the r+ ~ ,..+n events are included. Such distributions 

may be deceptive, however, in the case of an elongated Dalitz boundary: a 

concentration in one invariant mass-squared may be reflected into a 

concentration in the other. There is also a third subsystem, 

(P + + P o), but our data show no evidence for a concentration in its ,.. ,.. 

invariant mass-squared. 

To aid in the interpretation of these distributions, it is 

convenient to superimpose the shape the distribution would take for 

complete isotropy. · Since each plot combines several values of E , · em 
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this c~rve is calculated for their mean value; also the same.curve is 

d f . b h 2 d 2 d" "b . 1 . h 11 use or ot m
0 

an m± 1str1 ut1ons, neg ect1ng t e sma mass 

difference between the neutral and the charged pions. The curves have 

. been scaled by eye' to approximate those regions apparently unaffected 

by the concentrations. This had to be done simultaneously for both 

distributions with due regard for possible reflections. It does not 

constitute a fit; the curves are merely visual aids. 

There are several well-known ,unstable particles, or resonances, 

in this region. Their identifications, mass-squared values and widths, 
' ' : ' ' (25) 

and fractional decays via the rn channel include 

·I: (1385) 1.92 ± .OS .10 

A (1405) '1.97 ± .06 1.00 

A(l520) 2. 30 ± .02 .41 

A (1670) 2.79 ± .04 .45 

I:(l670) 2. 79 ± .08 .40 

A (1690) 2.86 ± .09 .40 

There are others at higher invariant mass-squareds; The I: resonances 

could appear either in m; or m~, the A resonances only in m~ Higher 

resonances are suppressed kinematically: the purely statistical 

probability for a reaction occurring is proportional to the center of 

mass momentum, which decreases as the masses of the particles increase. 

There is no clear evidence for even the last three resonances listed. At 

some. energies there may be a possible enhancement around 2.0 GeV2 in 

2 
m±' indicating presence of t(l385). The major·enhancements are near 

2.0 and 2.3 GeV2 in m2; the A(l405) and A(l520) are clearly present. 
0 

The resonant contributions vary with energy and with the charge of the 
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final st.~te particles. From this can be inferred some infonnation 

abo.ut:t!te strong force in the quasi-two body reaction. but· no analysis 

will be <1ttempted here . 
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IV. PARTIAL WAVE ANALYSIS OF 1/I: + 

A. · ·Theoretical Basis 

Although the strong interaction still eludes complete understanding, 

certain of its properties seem to be well established. These include 

the conservation of charge J hypercharge J arid baryon number J which we have 

tacitly assumed even in the selection of reactions for study. Invariance 

under the transformations of the full Lorentz group (implying conserva-

tion of energy, momentum, and angular momentum), inva!iance under space re

flection (conservation of parity), and invariance under time reversal 

also seem well established. The conservation of energy and momentum were 

used in thc·kincmatic fitting. The situation for angular momentum and 

parity • is co10plicated by the intrinsic spin-parity of the pa,rticles --

+ . . -
1/2 for p and r, 0 for the K and"· ~otal angular momentum, J, is 

conserved but quantized to half integral multiples of the basic quantum. 

Since both initial and final states are intrinsically 1/2-, conservation 

of parity requires conservation of orbital angular momentum, L, as well. 

Also within the quantum nature of the angular momentum, one of its three 

components is conserved; this is analogous to charge conservation since 

charge may ·be considered a component of the internal spin, isotopic spin. 

The conservation of isospin also seems to be well established. 1\'e shall 

hereafter refer to total angular momentum as spin. Finally, the initial 

and final state baryons may have either of two.spin orientations, so that 
\ 
; 

there ate four possible interactions to .::onsider. HO\"evbr, space 
I 

reflection and time reversal invariancc restrict these to two forces, 

the non-:-flip and the spin-flip amplitudes. 



-32-

We shall now use the conservation of spin, isospin, and parity 

(orbital angular momentum) to analyze our observations of the two body 

final states. Since the strong interaction seems to conform to the 

postulates of quantum mechanics, the physical states may be represented 

by vectors in a real Hilbert space; observables, such as angular 

distributions and polarizations, may be represented by Hermitian 

operators. The eigenvectors must correspond to states with definite spin, 

isospin, and parity, since these are conserved. When the vector (wave 

function) for the final state is expanded in these eigenvectors, the 

individual amplitudes, stripped of standard (reducible) functional 

dependence, are commonly called·partial waves. Given these partial waves, 

the distribution of observations may be calculated by finding the 

expectation value of the corresponding operator. Conversely, given a 

set of observations we may try to find, through the use of a chi-squared 

minimization technique, a set of partial waves to account for them. 

This latter process is called partial wave analysis. 

The initial state, I i. } , can be specified by a plane wave and 

the spinor for the baryon. The final state, ( f )' , is related to 

the initial state by the scattering matrix, S, which may be written in 

a way that explicitly indicates the transitions: 

It > = s ' l > = 1 t.) + 2i T f i. > 
Since our reactions concern the part of It 'I with different particles, we 

may restrict our attention to the transition matrix, T. As pointed out 

in Section III-B, it may ·depend on only two independent variables, which 

we choose to be E and cos e of that se::::tion. T must be scalar in space and 
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isospace. For each isospin-spin-parity eigenstate, T is a two by two 

matrix; but as pointed out above, there are only two independent ampli-

tudes. We may write the transition matrix and obtain expressio~s for 

observables as follows'. ( 20 • 26) · 

Since the transition must be scalar, it must take the form 

T =. f(E, cose) + g(E, cos e) 

where t is the Pauli spin matrix andn is the normal to the production 

plane used in Section III-B 

A 

n = 
lk X k I 

n 

-+ -+ 
Here k, kv are the center of mass momenta for the beam (omitting subscript 

hereafter) and the pion resJ)ecti vely. Since t transforms as a pseudovector, 

it must be contracted with another pseudovector; n is the only one 
' .. 

availabfe. (This is ~hy the l: 1 s can be polarized only perpendicular to 

their line of flight.) With spin projection taken onto the beam di.cection, 

-+ A 

cr ·n has no diagonal elements; thus g is the spin-flip amplitude, f is the 

non-flip amplitude. 

f(E, cose) = 1 

vk·kn 

i g(E, cos ) = 
.Yk·klr 

~ 
I,L 

L [T;L - T~L J Pt (cose} 

I,L 

All of the angular dependence (because of rotational invariance) can be 

described by the Legendre and first associated Legendre polynomials, 
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PL and Pt respectively. Here the parity is dete'l'llli.ned by the orbital 

. L . 
angular momentum quantum number, L, P = -(-1) ; and the states affected 

+ . 
by TIL have spin J = L ± 1/2. 

+ 
The TIL are in fact the partial waves we 

have tried to obtain. 

Since the angular distribution simply counts events (into a given 

direction), the representative operator is just the identity matrix; 

the-; matrix.counts events by spin configuration and hence represents 

the product distribution of Section III..;B. Taking the expectation 

values of these operators for that part of the final state with nr, we 

find in terms of the functions f and g above: 

do= 
k 

Clfl
2 

+ lgl
2

) 
n 

dn· k 

-+ do 2 k 
* 1f A 

p dn= -k- Re (f g) n 

We have used the fact that the target proton was unpolarized. Since the 

Legendre and first associated Legendre series are complete and 

orthononnal, we can also express these distributions 

dCJ 3(2 I. A p (cose) em = 
n n n 

'p do A 2 
B 

1. . 
dn = n ~ [ P ( c.ose) 

n n n 

where .,; is inversely proportional to k and explicit dependence on k is 
n 

cancelled. For a given charge configuration the coefficients of the 

polynomials in the latter expressions are related to those of the former 

.,..: 
I 
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by a bi110JQial operator which projects products of two polynomials onto 

the complete series. This binomial operator has been tabulated in the 

literature;( 26) the parts of it relevant to this experiment are given 

in Table XI, where the partial waves are designated by L2J (S, P' D, F, G, 

being L = 0, 1, 2, 3, 4) with the isospace index not applicable. The 

charge states for the reactions considered here are related only to 

eigenstates with 1=0 or 1. 

Here we have followed the curre.nt convention of writing the baryon first 

+ - I . C2s ) in the isostate product, for example 11' E is 1,-1, 1,1>. These pro-

jection coefficients arc tabulated in reference We shall hereafter 

refer to the partial waves by the notation 

or 

conunonly used for these reactions. 

There are two further properties that are commonly assumed to hold 

for the strong interaction. These are causality, the notion that effects 

cannot precede causes, and conservation of probability, that the stun of 

the probabilities into all outgoing states is unity. The latter simply 

requires that the scattering matrix, S, be unitary. The implied 

restriction on the transition matrix is such that in inelastic reactions, 

such as the ones being studied, the partial waves cannot be greater in 
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magnitude. than one-half. Causality places a restriction on the energy 

dependence of the phase. 6.(26) The Wigner condition can be expressed 

> - R 

where k is the magnitude of the beam center of mass momentum and R is a 

characteristic radius of interaction. Using the Heisenberg uncertainty 

principle. R can be related to the inverse of the mass of a field particle; 

using an inverse pion mass, the restriction on the phase is that it 

cannot move clockwise more than about a radian per pion mass. Causality 

can also be related to the analyticity of the 5-matrix. ( 20) These two 

properties seem imminently reasonable and afford powerful theoretical 

tools; however, we have not imposed them in any way in the fol 1 owing 

analysis. 

8. Procedure 

The partial wave analysis of the two body final states was done on 

a CDC 6600 using a system of programs described in a technical note. (21) 

Only the basic concepts will be mentioned.here. The fitting program used 

a modified version of the code VARMIT, which minimizes a function using a 

variable metric in the parameter space. (Z 7) The user must supply VARMIT 

with the function, F, and its gradient, G, at points, X, supplied by 

VAW.1IT; the program proceeds by iteration, and in the process builds up 

the metric matrix, H, which is essentially an error matrix 

-1 
ll'J 

H = 

I 
~· 
I 
l 
~ 
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For a chi-squared minimization the function and gradient are 

F = I (t. - x.)(t. - x.) c . 
i 1 1 1 1 1 

aF GJ.I = 
axJ.I 

= I 
i 

at. 
1 

2 • axJ.I 
(t. - x.) c. 

1 1 1 

·The similarity in structure shoWn facilitiates both the coding and 

execution of the program. The subscript, i, may range over different 

types of data, different energies, and different bins of cose; x. is an 
1 

experimental datum, with ci the inverse square of its error; ti is the 

correspo~ding value calculated froin the parameters. We may determine 

the last, and its derivatives, from the partial waves as follows 

at .· dt,e,b 

axJ.I 

t dt,e,b 

awd b + t,e, 
axJ.I 

W~.) 

The subscript, t·, is taken to range over the real and imaginary parts of 

the partial waves for a given reaction at the given energy; these We 
. 1 

are therefore simple real numbers. The binomial operator,jjdt• carries 

the waves into either the A or the B • Hence if the x. arc the 
n n 1 

coefficients, the weights, w are all unity. For angular dt,e,b, 
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distributions the weight is proportional to integrals .of Legendre 

polynomials (another summation implied) over the given bin and to the 

ratio of experimental to calculated cross section. For polarizations 

the weight· is proportional to integrals of associated Legendre 

polyno~ials and inversely related to the calculated angular distribution 

over the given bin. Not only are these time consuming calculations, 

but also in both of these cases the weight is inversely dependent on 

the parameters. 

While it would be preferable to detennine the partial waves at 

each energy separately, and thus not presuppose the energy dependence of 

the partial waves, this was not considered feasible in this experiment. 

The information content is essentially represented by the expansion 

coeffid ents, so that Table IX indicates twenty three pieces of 

information at each energy; since the seventh order coefficients become 

significant in our energy range, Table XI indicates need of eight two

component waves for two isospin states, or thirty-two independent W~. 

Thus we have given the waves a variety of general energy dependences: 

B: 

P: 

V: 

R: 

i 
! : 

i 
! I 
·.I 
. i . I 
u 
I I 
i I 
: I 
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The last is just the Brei t-Wigner resonant parametrization, and is 

discussed in greater detail in Section V..;.A. The functions, di, depend 

only on the energy and appear only as constants in the fitting. The 

energy dependence of the other parameterizations is through the center 

of mass ·beam momentum, k. The only reason for this was to facilitate 

checking the causality restriction mentioned above. We emphasize that 

no constraints were placed upon any parameters. In particular the 

magnitude of P was allowed to go negative and the various zeroeth order 

phase parameters, which are redundant modulo 2n, were allowed to take 

on any value. 

Frequently both a resonant and a non-resonant parameterization were 

included in a partial wave. In this case they were simply added, with 

the intend.on of keeping the gradient structure as simple as possible. 

Since the resonant parameterization contains an arbitrary phase, this 

is consistent with unitarity. ( 20) However, in the fits we shall describe 

we have not needed this parameter. Again we point out that we have not 

tried .to impose unitarity. 

In picking starting values for a fit, one could either do so 

randomly or attempt to use knowledge already available. The former is 

more important for energy independent fits; \\'e have chosen the latter 

approach. First, some of the partial waves have well established 

resonances just below, within, or just above our energy range. (lS) 

These resonances are often seen in more than one reaction, which con-

firms their interpretation (see below). We have consistently included 

the well established resonances in DOS, 015, FOS, Fl7 and G07 among the 

starting values; other resonances were introduced as seemed appropriate. 
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The first three.resonate at energies below the range of this experiment; 

we have reported elsewhere an analysis of data from another experiment 

which encompassed these energies.( 2b) We have included those data in the 

' fits to be described here, in order to better determine the J = 5/2 waves; 

and we have started from the resonance parameters obtained in that 

analysis. For the_resonances in the J = 7/2 waves, we have started from 

. (25) the generally accepted values. The G07 resonates at the upper end of 

our energy range; this limits the reliability of the parameters we obtain 

for it. Secondly, b~cause of the observed nature of the Legendre 

·coefficients and the structure of Table XI, it is clear that the higher 

order waves emerge only at higher·energies. For this we have made use 

of the V parameterization, starting its q2 slightly below 'our energy 

range. Otherwise we have consistently started all other· parameters from 

zero. 

The analysis was carried out in three stages. The first might be 

termed a prefit: all resonance parameters were fixe~ as were the q2's 

for any Y terms. This fit supplied a set of "background" waves 

consistent with the presumed resonant structure. In the second stage all 

parameters were left free to vary. The reasoning behind this procedure 

is as follo\~s. The resonances first established are usually in the 

highest order waves open at the energies in question. This can probably 

be understood from Table XI, which shows that the highest order 

expansion coefficients \-!ith any significance can depend only on a 

liruted number of partial waves, the highest order ones; hence any 

StTucture in these_ coefficients can most readily be interpreted. ( 28) 

These high orde:c waves do not hy themselves account for the structure in 
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all the coefficients; but it seems appropriate to start all other 

waves from zero and let the fitting program extract them from the data, 

using the fixed waves through means of the binomial operator to analyze 

the coefficients. This must be dorie in two stages, since given the 

choice of varying either zero or non-zero parameters, the program 

initially chooses the latter. The third stage. after studying the 

resulting energy dependence of individual waves, involves changing 

appropriate waves to a simpler parameterization, with estimated starting 

values •. This may be done several times, starting with the stage two 

results in most waves. Thus the fits come in series, distinguished not 
~ . . 

somuch by starting values as by starting structure. The structure of 

the fits is given in Table XII; in each waye the ietters indicate the 

type of parameterization, the numbers indicate how many parameters \tcre 

free to vary. For }>(4) the quadratic coefficients were fixed at zero, 

for V(4) the q2 parameter was fixed. The phases for all resonances were 

fixed to either 0 or n, and in the last fit some masses were fixed. The 

table indicates the grouping by series. 

C. Results 

The results of the partial wave analysis are depicted in Fig. 14. 

These plots in the complex plane, called Argand diagrams, show the 

variation with energy of each partial wave, L1 , 2J. The results are also 

listed in Table XIII for the three fits with highest probability; the 

Legendre coefficients predicted by these three are plotted in Fig. 15, 

superimposed on all data presently available for the two reactions in 

the energy range covered by the analysis. Since the parameters obtained 
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in the fits specify the energy dependence, both Fig. 14 and Table XIII 

present the partial waves at equally spaced energies, not at the energies 

of the data. The statistical parameters describing the goodness of fit 

are given in Table XII; these include the number of degrees of freedom, 

the x 2, and· the probability of fit. For second stage fits the x 2 
and 

number of degrees of freedom for the corresponding prefit are also 

given. This table only describes fi~to the Legendre coefficients; for 

2 ' ' 
fits with probabilities of at least 1% the x was calculated both from 

the original data--the cross sections, angular distributions, and 

polarizations--and from all the Legendre coefficients plotted in Fig. IS. 

The average contribution in each case is given in Table XII. · 

Ali attempts made after the use of the V parameterization was 

institutedhave been included in Table XII. All ofthese are not 

represented in Fig. 14, however, since within a given series the Argand 

diagrams look essentially the same in most waves. ·The results of tt:o 

fits to the original data are shown for comparison with the corresponding 

fits to the coefficients. These fits, as weU as two fits to all the 

data in Fig. 15, will be discussed at the end of the section .. First 

we shall report some observations that apply generally to all fits and 

then comment on the individual attempts. 

The first general observation is that the fits are remarkably good, 

follo\-ving smoothly not only the coefficients used in the fit but also 

on the average all available data. The second is that the coefficients 

predicted hy dj fferent fits are very similar \'l'here data is available. 

Both may be seen in Fig. 15 for the three fits with highest probability; 

and decent fits 'd thin a given series show even less variatio~ from· the 
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parent solution, the additional x2 contribution from individual points 

being small. One can see that increased statistics, giving smaller 

errors, would not distinguish these solutions at most energies. Only 

in the B for the r- final state, where polarization data is unavailable, 
n 

do the solutions show marked differences. This means that a unique 

solution cannot be obtained without supporting data from other reactions. 

There is some information available in the 1i terature for the reaction 

K-n + w2 r~ in the lower half of our energy range.C
29

) We have calculated 

the x2 from these data within the range of our fits: for just the cross 

sections (22 data points) the average contribution was 1. 60 for fit Al, 

2.10 for fit B2, and 1.61 for fit Cl; for the angular distributions 

(151 data points, where we have combined bins to eliminate those with 

zero contents and errors) the respective averages are 1.09, 0.88, and 

1.06. Since the neutron is not free but in a deuterium nucleus, the 

individual reactions are difficult to disentangle; also with limited 

statistics it is difficult to place definitive errors on the results 

obtained. The interference between non-flip and spin-flip forces could 

also be resolved by studying our reactions using a polarized target, 

although this may not be possible with available experimental techniques. 

The next observations refer to the general properties of the partial 

waves. There is certal.n ly no violation of uni tari ty, ·none of the \;'aves 

approach the 1mitary limit of .5. The situation with causality is not 

quite so clear; reports on the earlier fits over the limited energy 

range described rather large violations of the IHgner condition. (
3

0) 

\~i th a wider energy range, however, the waves cannot vary rapidly at 

some energies without getting into trouble at others (except at ··the end 
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of the range); also the use of quadratic terms in the general parameteri

zations adds more flexibility to the minimization. The fits over the 

broader energy range do not seem to show significant violation of 

causality. To look for violations in Fig. 14, consider the Wigner limit 

0 of one radian per pion mass clockwise as roughly 60 per 140 MeV. Since 

the symbols in Fig. 14 are spaced by 25 MeV, a clockwise movement of more 
. . . 0 

than about 10 between symbols constitutes a local violation. Most waves 

actuallY move counter-clockwise, especially for J > 5/2. Some of the 
.· ' -

low order waves do have rapid clockwise motions but usually close to the 

origin or near the end of the energy range; for these the significance is 

obscure since non-violating waves are within errors. Other violations, such 

as the 003 in several fits, could be related to the unappealing 

complexity of some other waves; such a situation may reproduce the results 

of a simpler structure unavailable to the parameterization. In the final 

series we imposed initially all structure that we felt could be taken 

seriously from the earlier fits, then removed the quadratic dependence in 

the P terms; the results plotted in Fig. 14-Gl, show no violation of 

causality. 

A final general observation might be made about the use of the 

parameterizations with quadratic phase dependence to look for structure 

in the waves. The contrast with the B parameterization, where the real 

and imaginary components are parameterized independently, is described 

below. Apparently the ~edundancy'modulo 2n in the zeroeth order phase 
. ' 'i 

parameter can be put to\very good use. The problem is that a 

minimization program, such as VARMIT, can only find local minima; it goes 

to the minimum nearest the starting point. 1nus the choice of initial 
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values is usually crucial; if the program starts from poor position, it 

may be trapped in a high valley on the x2 surface. In our fits we have 

observed that whenever the second order phase parameter is large, which 

is needed· for marked structure within a narrow energy range, the zeroeth 

order phase parameter is numerically of the same order of magnitude. It 

appears 'that the program. can use the redundancy in this dimension to move 

along the direction of the co:r:r:esponding second order parameter. Since 

this is usually occurring in several waves, one can imagine a very 

striking picture: there are so many acceptable minima nearby, 2n away in 

several variables, that the x2 surface is extremely "slippery"; the program 

cannot stop in high valleys~ but is only satisfied in some rather deep 

depression. This is not guaranteed to be an absolute minimum; however, 
.., 

this picture suggests how we have been able to get relatively low x'". 

Also it encouraged us to ignore the problem of starting values. This is 

not really justified; however, since the solutions starting from zero non-

resonant waves are good, the problem would be one of uniqueness, a 

problem we have found just by varying initial structure. 

We shall now conunent on the individual fits listed in Table XII. 

A-series. A first fit to the entire energy range with only resonances in 

the J = 5/2 waves indicated that the upper portion of the energy range 

could not be reproduced without continued contribution fromU1ese waves. 

In the second fit, Al. P type backgrounds were added to the three 

resonating low in the range; the result was one of the fits with highest 

probability. However, the OS· FS interference continued into lower 

energies is unacceptable, since the A5 coefficients are known to vanish. 
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Several .long series of fits were then attempted to remedy this, varying 

resonant structures and searching for new parameterizations. All had 

higher x2 , all had the same problem at lower energies. AI is presented 

as representative of the whole set. 

B-series. The V parameterization proved to be the key and the first fit 

using it, Bl, was quite successful. Even·though the FlS resonance of Al 

was replaced by a V tenn, the wave passes through the imaginary axis at 

roughly the same energy with about the same magnitude. The FOS and 

FlS Wives were suggestive of the double resonance structure reported 

elsewhere. ( 4 ) The fit B2 made this variati~n and reached the lowest 

x2 we have obtained, although the complex variation in SOl suggests that 

this may be fortuitous. There are well. established resonances in the 013 

and D 03 waves below the energy range we are fitting. {zs) In this series 

the 003 was included and allO\.,.ed to vary; it was shifted away from the 

accepted values. The significance of this is minimal since our range 

did not include the resonant energies. Similarly we would minimize the 
\ 

significance of our results for higher resonances in the FS waves. If 

they do resonate, .our energy range does not span their widths; and the 

V parameterization is f~irly successful at reproducing them where we have 

data. 

C-series. Both of the above series have a 013 which passes through the 

imaginary axis, counter-clockwise, at about the same energy. In fit Cl 

we parameterized this wave with the suggested resonance, with good results. 

A resonance in this wave had previously been reported for the n~ final 

state, with a slightly low~r iuass. (3) This fit retained the double 
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resonances in FOS and FlS; in this case the two in FlS were moved to 

approximately the same mass with amplitudes greater than 1. Since they 

· had opposite· phase, the resulting wave did not violate Wlitarity, but the 

meaning was obscure. Notice that with entirely different parameters, the 

FlS.wave is almost the same as in the 8-series. In fit C2 the higher 

resonances in FOS and FlS were ~eplaced by V terms with essentially no 

change. In fit C3, we tried to introduce the resonant structure suggested 

by the Pll and Pl3 of fit Cl; also we added the well established resonances 

in 003 and 013, with fixed parameters, to look at the effect on the 013 

resonance of Cl. Probably too much structure was introduced simultaneously, 

the x2 is relatively high. Therefore, in fit C4 a:U of the structure of Cl 

was retained except in the Pll wave, which was given resonance parameters 

compatible with a resonance reported in the 1rA final state. CH, 3) The fit, 

although good, moved the resonance to a much lower mass. 

0-series. In this case, the prefit was not followed up since it was in 

such great disagreement with the data. All of the structure of C3 was 
-

include~ but the background waves could not adjust to it since the 

·resonances in Pll and Pl3 were fixed. In particular the Pll, with mass 

fixed to· the value reported in 1rA, induced large departures from the data 

at nearby energies. 

E-series. In order to study the effect of the resonances below our energy 

range, the fit El was tried with a very general parameterization. .Only 

the well established resonances were included and V tenns were added to 

all but the two highest. In the second stage the parameters for the D03 

and Dl3 resonances were kept fixed. The \v-aves ldth J ~ 5/2 \vere -similar to 
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earlier fits, except for a significantly larger G07 and a non-zero 

Gl7. The waves with L ~ 1 remained similar to the prefit results 

contrasted with the B parameterizations below. Finally, the fixed 

resonances in 003 and 013 did not significantly distort these waves from 

the results of the C-series: the 003 lost the causality violating clock-

wise loop; and the 013, although no longer following the perfect 

resonance circle, still followed a counter-clockwise loop going through 

the imaginary axis at about the same mass. 

F-series. Again this series was stopped after the prefit. The structure 

in FO was exactly the same as in EO, except that B terms replaced the· P 

terms in the waves with L £ 1. The resulting waves for both prefits are 

shown in Fig. 16. Although EO proceeded for some time and reached a 

minimum with rather detailed structure, the FO fit reached a minimum after 

several iterations~ 32)The waves parameterized with B terms have some\ihat 

similar position and direction, but show no detailed structure. 

G-series. In this_final series, resonant parameterizations were 

introduced \•he rever consistent structure had been seen in earlier fits and 

the quadratic dependence of the P terms was removed. In particular .the 

Pll was started with the resonance parameters seen for the nA final state 

and a P term was added; added to the resonance in Pl3 was a V term set 

to vanish above the energy range. The fit was good although the resonance 

in Pl3 was rejected, moved far from the energy range. The resonance in 

Pll was made very broad so that the displaced spiral qf the P term 

provided the structure of that Wr!VC. The V term of the 003 added a 

counter-clockldse loop onto the tail of the fixed resonance, and the 

..... i 
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second resonance in Dl3 reached parameters similar to those in the C-series. 

Finally, all waves with J > 5/2 are similar to earlier fits. The wave 

in Gl7 is not significant, si~ce it differs from zero at only one data 

energy. _In G2 the suggested resonance was added to 003, and double 

resonances with fixed masses replaced the parameterizations in both Pll 

and FlS. The fit was rather poor, the new resonance in 003 was rejected. 

At this point searching for new solutions was terminated. Clearly 

. . d th 2 . h" b d as more explicit structure 1s 1mpose e X Increases; t 1s was o serve 

both. starting from Al, and in the series we have described. This is 

consistent with the statistical meaning of the x2
, since a set of 

observations are more likely expressable with a good set of general 

parameteriiations than with. qnite explicit parameterizations. The P and 

V parameterizations seem to constitute such a good set; and only-theor~tical 

prejudice, based on the causality principle and the resonance model, 

encourages going to the more explicit resonant parameterization. The only 

experimentally valid reason for replacing V and P terms with R terms 

would be· achieving a similarly successful representation with fewer 

parameters; and the probability of the x2 for the m.lllber of degrees 
' 

of freedom is the test for this. On this basis most of the fits 

described above, excepting the prefits and probably C3 and G2, cannot be 

distinguished; the data do not constitute a large enoqgh population. 
'\ 

Inclusion of data available from other exper~ents is indicated; also 

since new resonant structures are suggested near both limits of our 

energy range, and since some waves can be reduced to essentially 

structure less energy dependences, going to a broader energy range .. is 



-so-

recommended. We consider this beyond the scope of this experiment. 

However. we have taken some of the solutions found above and allowed 

the fitting to proceed with larger populations of data. This was 

facilitated by having the metric matrix, H, punched onto binary cards 

at the end of a fit. A subsequent fit with a different set of data, 

but the same parameters, could use this as a starting matrix. This 

eliminated the large ·number of iterations needed to build up a useful 

metric matrix. Since the execution time per iteration-is roughly pro

portional to the number of data points, these extra iterations ought to 

be done with the smallest reasonable population of data. We searched 

for solutions with 368 data points (the coefficients in Table IX plus 

those from reference 2b) ; the times per iteration averaged about four 

seconds when all parameters were free to vary (time was also proportional 

to the number of terms in the gradient), and on the average about 700 

iterations were required to reach the minimum. For prefits these nur~ers 

were about 2.5 seconds and about 1000 iterations, respectively. 

As pointed out in Section III-B above, the statistical 

significance of the fits to the Legendre coefficients is obscured ·by the 

procedure used to obtain them. Fitting the original data with two .early 

solutions, including Al, showed that the results from the fit to the 

coefficients were not misleading, either the waves or the probabilities 

of fit. Therefore subsequent fits were not carried o.rer to and continued 

with the original data except for Cl. The resulting waves from continuing 

Al and Cl with the original data are shown in Fig. 14 as fits AD and CD, 

respectively; the statistical indicators arc listed in Table XIV along 

with iteration times and numbers. In AD the data from our two e':lergi es, 

1. 952 and 1. 970 GeV, were left combined; in CD and in the x2 calculated 
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for the {x 2/DP)~ listing in Table XII, these two energies were 

sep.arated. In the latter case the number of data points was 644; the 

large increase in the time per iteration is indicative of the extra time 

in calculating the distributions from~e coefficients and in evaluating 

the more complex gradients. We point out that, quite aside from the 

time factor, this complex dependence of the gradient upon the parameters 

discouraged us from attempting prefi ts to the cross sections, angular 

distributions and polarizations. 

We also continued two fits with all the available coefficients; these 

data, which are shown in Fig. 15, extend stightly beyond the energy range 

of the original fits. We chose the fits that we colisidered the most 

flexible and the most specific: the fit El contained only the well 

established resonances, with V terms added to the ones at lower energies; 

the fit C4, although it excluded the two well established resonances 

below our range, included or implied (through C2) three additional 

resonances with masses in our energy range. The latter was tightly 

restricted in its parameter space and reached minilllUID after very few 

iterations. The former, although initially having the highest X~ with 

respect to this population (see Table XII), was able to proceed to a 

2 much lower X . The waves resulting from this latter fit, EA, are quite 

similar to those of El, perhaps surprisingly considering the number of 

iterations; in fact, the waves with J = 5/2 tend to be Closer even than 

those of El to corresponding waves of 82, Cl, and Gl (all of these fits are 

shown in Fig. 14). This suggests that the fit improved the x2 by small 

variations in all waves, a point supported by the following. The fitting 

program was stopped by a time limit after 263 iterations, having reached 
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2 . 2 
a x of 1374; the remaining small drop in x required another 260 

iterations; and a minimum was still not reached. Since the .program 

seemed to be working on minor details the fitting was not continued. 

This population of data contained 1Q48 poi~ts and resulted in an almost 

exactly proportional increase in time per iteration. Future fitting of 

the entire data sample might best follow a procedure of first fitting a 

set of points which average all the data in narrow energy bands. That all 

the data does not come from the same general population, btit presumably 

are derived from the real population by slightly different experimental 

2 techniques, is indicated by the larger x contributions. For these two 

fits, CA and EA, the mean x2 contribution at each energy is plotted in 

Fig. 17; the error is the standard deviation of ·the mean.· Since major 

discrepancies in the data occur in the r coefficients around 1.8 .GeV, 

more data in this region is desirable. We point out that the worst of 

our sets of data is atl.644 GeV/c; in Section III-8 we questioned the 

statistical significance of this one, but altered the &:atistical 

requirement rather than combine energies. This choice was made because 

the set was near the end of the energy range; in general we consider our 

results near both extremes to have limited significance. 

I 
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V. INTERPRETATION OF PARTIAL WAVES 

A. The Resonance Model 

The Breit-Wigner resonance parameterization for partial waves may 

be derived either by the Fourier transform of the wave function for a 

decaying state or from the linear expansion~ near the lowest channel 

threshold, of the effective range of the force. (ll) It -takes the 

general,form 

!. ... t;r 21' e· r 

E . - E. - i I_ 
R 2 

Here ER is the resonant energy; r is a measure of the coupling to the e 

elastic, or initial state,· channel; and r r is a measure of the coupling 

to the reaction, or final state. channel. TI1e quantity r determines the 

width of the resonance and is required by unitarity to have the fonn 

r = I: r 
i i 

where the sum is taken over all communicating channels. In the inter-

pretation of the resonance as the formation and rapid decay of an inter-

mediate particle, the Fourier transfonn associates ER with its rest 

mass and r \'lith the inverse of its lifetime (the more channels open or 

more strongly coupled. the more quickly it decays)~ The properties of a 

resonance are: 

a) well _defined quantum numbers (it must be in a specific partial 

wave); 

b) mass and width independent of the reaction in which it is seen; 

c)~. factorization of couplings (decay independent of formation). 
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We have explicitly indicated the last, using the product r/ r· 

are called partial widths. 

The f· 
~ 

The coupling to.a given channel is not independent of energy. 

First, it is proportional to the number of states, the phase space, 

available. Second, the decay of a state with given spin-parity into a 

channel with different spin-parity proceeds with_ orbital angular 

momentum between the particles in the channel; the angular momentum 

barrier affects the coupling. A formula widely used for this energy 

dependence was derived by Blatt and Weiskopf (BW) using a square-:well 

potential in the non-relativistic limit. (34
) Other authors have ques-

tioned the use of this in relativistic regions, such as ours, where 

momenta are comparable to rest masses; they use rather complex formulae 

derived from field theoretical models.C 3S) Glashow and Rosenfeld (GR), 

in an empir·ical ·fit to observed decays of resonances, used a simple 

-form fa~tor dependenc~. (36
) We have chosen the last, primarily because 

of its simplicity. The energy dependence of a partial width is given 

by 

c~ 
k·2 

x2)' 
k· ~ 

v. (E) = 1 
1 T 

+ 

where ki is the center of mass momentum for the channel and ~ is its 

orbital anrular momentum quantum number. For channels with spin I. 
....... 2, i 

is Wliquely determined; for others the decay mode with 10\"est £. 

dominates .. The term ki/E gives the phase space energy dependence; the 

remainder is the GR dependence for the angular momentum barrier 

penetration factor. We have used their value--X ; .35 GeV/c -- hhile 

fitting. The partial widths and the full width may now be expressed 
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ri = y. v.. (E) = a 1·· y v
1
. (E) 

. 1 1 

r = t Yi Vi (E) = y E a. v. (E) i 1 1 

The quantity Y · is called the reduced partial width and will be con.. 1 

sidered in more detail below; it is conveniently defined as 

··r . 
. . ·t (ER) 

yi = v i(ER) 

The quantities y and ~ are introduced merely to facilitate the partial 

wave fitting. The parameters in Section IV B are 

ql = ...)a a .. e r 

q2 = ER. 

q3 = 'Y/2 

Since our .fits have used a phase, q4, equal either to 0 •. or tr , it may 

be given as the sign of ql• All of the energy dependence is contciined 

in the functions 

~ve (E) vr(E) 

E a. vi (E) 1 
i 

The formulation of the full width depends of course upon the branching 

fractions into all channels; however, since the energy dependence is 

not well Wldetstood. we use d2(E) merely to get an approximate energy 

dependence. We have estimated the "reduced branching fractions," a i• 

into just six 'channels; these channels and the values of a i used f9r 

/ 

the resonances· in our fits are given in Table XV. Note that thefitting 

parameter, ql, is not related to these a i· We have required .. -_. 
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although this is not necessary. ( 37) The resonances may or may not 

decay into the quasi-two body channels (see Section III-C). These 

channels are introduced since the resonances do not decay only into 

two-particle final states; these channels represent higher thresholds 
'· 

and different values of .t of multiparticle final states. 

The energy independent parameters derived from our fits are given 

in Tables XVI and XVII~ where 

T = + _IQ"(J 
-'l~e-r 

combines q1 and q4 • This should be distinguished from the quantity 

often found in- the literature 

x. (E) = 
1 

r i(E) 

r (E) 

The xi are the true branching fractions; they· are not necessarily 

independent of energy. The quantity t gives the resonant amplitude, 

which may be seen by expressing the Breit-Wigner form as 

t 

£ - i 

£ = 

The Jesonant amplitude and the half width, evaluated at ER, are also 

given in Tables XVI and XV'IL These two quantities and the mass are 

clearly the experimentally significant quanti ties (f is constrained by 

·r 

' . 

.. 
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... ~ 

the rapidi~y with which the wave passes through resonance) •. However, 

to fit r or t directly requires a very complicated dependence on ER. 

Xe(E)Xzo(E) = t 
__ '_Vt!(E) 

Ve(ER) 

Vr(E) 

We have avoided this by introducing the artificial parameters y and t. 

The values of all quantities listed in Tables XVI and XVII are 

not those of individual fits, but rather "average" values. Because of 

the complex interrelation between mass, width and ~litude, it seemed 

inadvisable to average each parameter independently. We have rather 

calculated the partial wave at each· energy for which we had data. _from 

the parameters for each independent fit (we excluded fits C3, G2, and 

the prefits .but included fits AD .. CD, CA, and EA), and then made a least 

squares fit to these complex numbers. We first got a fit for each 

series: ·parameters remained similar within a series .. and we did not 

want the overall fit affected by different numbers of modifications 

pursued. These are given in Tables XVI and XVII along with the overall 

fits .. which used the series fitted values as input. The fitted values 

of -r and ER differed negligibly from averages; the fitted values of 

y/2, and hence r/2, did vary from averages--in most, but not .all, cases 

larger. The error assigned to the overall fitted averages are one-third 

the spread in the series fitted values, a necessarily imprecise definition 

because of the non-uniqueness of the partial wave analysis. 

ibis fitting procedure to find the final resonance parameters 

allowed us to check easily whether the energy dependence was critical. 

Once the complex numbers had been calculated using the GR dependence· 

with X = • 35, the least squares fit to these numbers , could be made 



-58-

using some other energy dependence. We tried fits using GR with x = .2 

and x = .5, and we also tried one us in&. the BW dependence with an 

interaction radius of 1 Fermi. Although the "reduced" parameters varied 

drastically, the resonant amplitude, mass, and half-width evaluated at 

resonance varied, if at all, well within the errors we have assigned to 

them (the. only exception was for the G07 using the BW form, where we did 

not have available the complete barrier penetration function fort= 4). 

B. SU(3) Symmetry Classifications 

The resonances in Table XVI are distinguished from those in Table 

XVII because they have been previously assigned to multiplets of par-

ticles based on the symmetry of the SU(3) group. Group assignment of 

particles dates from the observation of charge invariance of the strong 

interaction: the proton and neutron are simply two states of the nucleon; 

- 0 + the ~ , ~ , ~ form an isospin triplet. Particles within the isospin 

multiplets may have slightly different masses; but the strong inter-

action conserves isospin, specific reactions are related to the isospin 

amplitudes by the projection coefficients of the SU(2) group. We used 

this in Section IV-A. All of the particles in an SU(3) multiplet have 

the same external quantum numbers; for baryons these are spin and parity 

so that the nucleon, r, A and =: with spin-parity 1/2+ have been so 

associated. In SU(2) different charged particles are distinguished by 

the spin component I of the isospin I; in SU(3) another label, Y, z 

called hypercharge, is required 

i 
/ 

-I 

'"'·1 
! 
i 

y = 2Q ... ' 

where Q is the average charge in the isospin multiplet. In the tables 

and figures that follow, we use the baryon particle symbols as generic 

types for the Y, I states: N for 1, 1/2; E for 0, 1; A for 0, 0; =: for 
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-1, 1/2; A for 1, 3/2; and n for -2, ·o. These are the only types that 

have been definitely observed at this time. The particles in the spin ... 

parity 112+ multipl~t have quite different masses; however, this has 

been successfully explained by a theory which pred~cted the subsequently 

. . (38) 
observed n particle. This theory assumes that the strong force, to 

first, order, includes a part invariant under transformations of the SU(3) 

group and a symmetry breaking part which .transforms like the A(Y=O, 1=0) 

member of an octet representation. Note that the set of particles with 

spin-parity .1/2+ includes eight particles: A singlet, N and := doublets, 

and E triplet. That they are assigned to an octet representation of 

SU{3) depends on the observation that reactions in which they are involved 

are related by the projection coefficients for this group. In particular, 

the pseudoscalar mesons (n, n, 1<, K) also form an octet; th~ product of 

two octet representations may be reduced to a series .of representations 

8 ® 8 = 1 G 8 9 s G 10 G) Io G 21 

where the number stands for a r_epresentation of that multiplicity. The 

1/2+ baryon - o- meson channels should communicate only with resonances 

(baryons) iri these representations, and the reactions with different 

particles should be related by coefficients based solely on the 

systematics of the group. These SU(3) coefficients have. been presented 

in the litcraturc;(39l we have adopted the convention and used the 

coefficients given in Ref. 25. The coefficients relevant to the follow-

ing discussion are given in Table XVIII. There are two octets in the 

above expansion; these are generally taken to be 8d and Sf, which are 

symmetric and antisymmctric in thechannel and resonance baryon type • 

. respectively. (39) 

The mul tip lets in which the resonances of Table XVI fall are 
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incomplete, infonnation on the ::: states being hard to obtain; .therefore 

we will not look at the mass relationships. However, it has been 

assumed in the past that the couplings are not affected by the SU(3) 

syuunetry breaking force, except for the different kinematic factors due 

to different masses. ( 40 • 41) Thus the reduced partial widths, y .. , should 
l 

be related simply by the SU(3) projection coefficients. We have tested 

this for the multiplets in which the resonances of Table XVI fall: the 

DS octet, the F 5 octet, the F7 de cup let, and the G7 sing let. We have 

mad~ these fits using the actually observed quantities 

±-rrf = tr ,-- e· r 

rather than to the derived r., as was done in Ref. 40. This agrees with 
1 

the procedure in Ref. 41, and eliminates dependence on sometimes poorly 

known elastic amplitudes. It has the added advantage of introducing 

explicitly the relative signs of couplings; the importance of these for 

making SU(3) multiplet assignments has been pointed out. ( 42) Actually, 

it is the reduced partial widths that we must compare 

_r;-:;- I l 
± l Y ey r = tr / v~(ER)vi(ER) 

If SU(3) symmetry holds for the couplings, these should take the form 

k I 
t = g v Z(ER) g v'2(ER) ~ e e r r 

d f g. = ci gd + ci gf 1 

or g. = c. g 
1 l 

where we use the mass of the nucleon, ~· as the arbitrary scale factor. 

The first expression for g. holds for octet-octet coupled to octet, the 
1 

other for coupJjng to decumplet of singlet. The coefficients, C, are 
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just the SU(3) projection coefficients of Table XVIII. We have 

obtained values for gd and gf for the DS, gd and gf for the FS, 

the F7, ·and g~ for the G7 using the data listed in Table XIX. 

2 g
10 

for 

These 

data include all the values in Table XVI plus recent data on the decay 

of the A (F7) into 1: +K+. ( 43) All of the other values are taken from the 

compilation in Ref. 25; where these authors have not given means and 

errors, we have estimated them from the spread of values found in 

different experiments. This procedure is not so\.Uld statistically, but 

is in keeping with the general uncertainties of partial wave analysis. 

The significance of the x2 for the fits to these data is limited. We 

have tried a variety of energy dependences, including GR with different 

values of X and BW with an interaction radius of 1. Fermi. We find, as 

did the authors of Ref. 41, that the best fits are obtained f~r the energy 

dependence, NO, with no denominator in the barrier penetration factor 

2t+l k. 
]. 

Vi (E) = _;;;_-=-E-

The variations in x2 for the different forms of energy dependence are 

shown in Fig. 18 for all multiplets. 

This last energy dependence is quite different from that used in 

the original partial wave analysis; the growth of the partial and full 

widths is not moderated as in the GR and BW dependences. Therefore we 

felt it necessary to check whether this form of energy dependence is 
-· 

compatible with experimental data. We tried both fitting the partial 

waves calculated from the series averages shown in Table XVI and con-

tinuing an individual fit (C2 of Table XII because it contains all the 

resonances in Table XVI with at most the flexible V-parameterization 

added) using this energy dependence. In the results of fitting the 
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partial waves, all masses were shifted to lower masses than the average; 
. . 

the half-widths,· r/2, varied significantly outside the quoted errors 

from the fitted values quoted in Table XVI, again at lower values. The 

exception to this was the G07, which was moved to a higher mass 

and significantly larger width; this obtained because all our data 

lierelow its resonant energy. In the fit to the data, the x2 

in~reased from 306. to 326. Although this test alone is not conclusive, 

we feel that the ND energy dependence is probably not related to the 

data; to prefer it because it gives a better fit to tmbroken SU(3) 

symmetry is not experimentally valid. This procedure of letting 

the radius of interaction go to zero (equivalently letting the constant 

X dominate the denominator) was first suggested for fitting the 

+ decay rates of the 3/2 decuplet, based mainly on the distinction 

between widths observed in production processes (as a resonance in an 

invariant mass .. squared plot, Fig. 13) and in partial wave analyses. ( 44 ) 

These authors suggest that if relativistic corrections are introduced, 

as in the GR energy dependence, then symmetry breaking must be con

sidered~ That the various decay rates for the 3/2+ decuplet can be 

related by the same symmetry breaking that gives the mass relationships 

' (45) has been shown. In particular it has been shown using the GR energy 

dependence with X = .35. (4Sb) The relations based on octet dominated 

symmetry breaking for decays into octet-octet channels ~e available 

(45a) (46) both for decuplet resonances, and for octet resonances. · We 

cannot check these relationships for the multiplets we are testing 

because the : resonances and many decay channels are not definitely 

known. However, because the ND energy dependence is probably 
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experimentally inadequate, we shall assume that fitting to unbroken 

SU(3) js deceptive and present the results from the fit usi_ng the energy 

dependence originally used in the partial wave analysis--the GR form 

with X = .35. 

The values for gd, gf and g2.for the various react~ons, obtained 

assuming·this energy dependence, are plotted in Fig~ 19. The fitted 

values for the multiplets are given in Table XX. For the octets the 

plots are curves in the gd - gf plane. Since there is an overall 

sign ambiguity we restricted gd to positive values. For elastic 

reactions there is a square root sign ambiguity. In most cases this 

sign is determined by the relative sign for the reaction with a firial 

state for which cf is zero, since the slope for the elastic line is 

fixed and we assume gd > 0. For the cases N ~ N~, we have chosen the 

gf intercept giving a line most consistent with the others. Probably 

the worst disagreement is for the two reactions involving the G7. We 

should point out that the amplitude we obtained for this resonance is 

significantly less than the values obtained by the authors of Ref~ 4, 

who had data extending above this resonance. For the FS multiplet, 

the three lines representing reactions involving the N and A resonances 

closely intersect at a point far from our fitted point; before the 

decay' amplitudes of the FlS were well established, this point was 

assumed to give the coupling constants for the FS multiplet. (40) This 

point disagrees with the sign of the amplitudes for the inelastic 

reactions involving the FIS; and the sign is not subject.to error. This 

intersection is close to the line, &f = _1. 34gd sho\\11 in the figure, for 

which the 1: decouplcs from the NK channel (see Table XVIII). If this 
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is taken to give the correct coupling constants and unbroken SU(3) is 

assumed, the amplitude for the reaction' 

NK _. r (FS) + l:n' 

should be quite small but positive .. In several of our fits. even with 

quite different parameterizations (for example 82, Cl, and El in Fig. 16) 

the FlS first makes a small counter-clockwise loop in the positive half-

plane. Could this indicate the FlS resonance that should be associated 

with the N(l688) and A(l823)? The reaction with An substituted in the final 

state should have a quite similar amplitude; and Argand diagrams plotted 

for various analyses available in the literature show this possibility in 

some cases,f3) but not in others. (:H, 47) Such a possibility would also be in 

better agreement with models requiring a lower mass for the r member of 

the FS nrultiplet. C4S) However, this would leave the FIS resonating around 

1. 925 GeV unaccounted for; since it is seen in both Arr and rrr final states 

with the same sign of the amplitude, it cannot be a member of a decuplet 

representation. We feel it is more likely that symmetry breaking does 

affect the couplings and that the 1:(1925) is associated with the N(l688) 

and A(l823) in an octet representation. 

C. Comments on New Resonant States 

For the resonances we have listed in Table XVII, those without 

previous multiplet assignments, little can be definitely said. The Dl3 

resonance strongly emerged in our analysis. It has been seen previously, 

both for the Err final state, (3) and for the An final state. C47 • 3) 

We feel that its existence is fairly well established. Since the 

amplitudes into· the two final states have the same sign, it cannot 

belong t~ a de cup let representation. We have mentioned earlier that 

I 
I ,. 
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we do not feel our analysis can confirm or reject the POS or FlS near 

the upper end of our energy range, seen in Ref. 4. Similarly, the 

possibility of a resonance in the Pll wave near the lower end of our 

energy range cannot be fully supported by our data alone. However, it 

is unlikely to be associated with the Pll resonance seen in the Aw 

final state at an energy near the center of our range.f5l, 47 • 3) 

What is most interesting to us is that, seemingly, a process of 

iteration has revealed resonant structures, or at least counter-clocblise 

loops, in most partial waves. This is in agreement with the contention 

that there can be no ''backgrolDld" in a reaction such as ours. (S) Of 

course the probability of f1t dropped, although perhaps not signifi-
" . 

cantly, as we introduced more resonant parameterizations; and the. 

existence of a resonance depends on a very definite variation of the 

partial wave with energy (even considering the uncertainties in the 

energy dependence of the partial and full widths, the phase of the 

wave must move most rapidly at the resonant energy). Possibly the 

presence of counterclockwise loops only indicates that causality is 

obeyed. Still we feel we have developed a procedure for looking for 

resonances: starting with previously established resonances fixed 

and other amplitudes zero, the program analyses the Legendre expansion 

coefficients by means of the binomial operator in Table XI; if the 

general parameterizations indicate a resonant looking loop, the 

appropri~te parameters may be estimated from the Argand diagram and 

such a fit tried. This eliminates the temptation to try certain 

resonances required by unfilled SU(3) multiplets; the appropriate 

resonances are suggested by the data. 
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Table I. Beam Normalization 
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ZENO BETE t I'C,M ) EOUlVAL.ENT·S 

' • 262 ~ 014 37. !$7 t '. 90 !$45. 86 t 2. 05 f33.6t6.0 2. 08 t . 09 

t.t9ot.ott !57. !$4 t '. 72 !$46. 76 t 2. 04 ft7.8t!3.2 e. 36 t . to 

' . seA t . o' e !57.40 t f. !SO 345. 2!5 t 2. 02 i 36. 2. t 6. e e. o"' t . o9 

t.!Sttt.015 !$7.!$61: 1.26 345. 76 t 2. 06 ae.3tA.s 3. 38 •t . 1. 9 

1.!511 t .016 38. 05 t 1 • 53 !$46. 23 t 2. f 7 77. 8 t "'. 3 3.5et.eo 

t.5oot.o2o . 38. 1"' t 1 . 54 !$44. 6 1 t 2. 2 f t71.8t7.e t-. 82 t . 07 

t.567t .Of9 3B.04t1.54 344. f 7 t f • 89 f49.5tA.8 -1 . 88 t . 08 

1. '5!$ t . 0'' '.5B.OOt f.BO '.547. 7!$ t 2. 20 te1.ots.o e. 30 t I 0 

1.3081:.016 38. o5 t 1 • 8S 346.21 t 2. 28 et.et4.3 3.4st.l8 . 
1.2781: .• 017 38. 0 1 ± 1 . 76 !S46.10t2.08 tes.st8.8 1.70±.07 

1.!S45t.020 38. 0'.5 ± f.48 3_45. 4 0 t 2. 1 ' 143.!5±8.3 t. 94 t • 08 

1. 454 t . 02!$ !S8.01tf.51 !$44. 92 t 2.18 ee o. o t 9 ... t.oi't.o4 

1. 644 t 017 '.57.67"! 1.1!$ '.545. 0 1 t ' . 86 153.1±8.9 1,8e±.o8 
' ~es.8ta~·e t.694t .01'9 37. 68 ± 1. '5· '.544. 92 t t. eo 1· .. 24 t . 05 

f.20St.016 '.57.71±1.20 349.32 t 2. 26 te9.et;.e ' ... , t . 08 

AL.PE 90.02 t '.56 

• WITH ONE STAtelARD DEVIATION ++ ACCePTeD SPAeN) IS TI-IRE£ STAtelARO DeV1ATlONS CAS useD P'OR CI'OSS 2CT10NS) 
+ eRROR CotelNE$ STAT1ST1CAL ~A1NTY, ~AINTY IN I'IOI'feNTUH, Ate) UNCeRTAINTies IN TAU ei"P'ICietCY CORReCTIONS 
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Table II. Bookkeeping Summary. 

Category No. Events Sub-totals 

A. Original Good Fits 18,776 

B. Measure Reject Sustained 1,217 

c. Kinked track not 4,353 

1. Good Fit =- 1,415 

2. Negative Kink > .6 nsec • 2,468 

3. Positive Kink > • 6 nsec. 470 

D. Events Remeasured 8,641 

l. Good Fits 4,351 

2. .. Fits 1,134 

3 •. No Fit 1,340 

4. CLOUDY Reje~t 392 

s. FOG Reject 926 

6. Remeasure Reject 498 

TafAL Good Fits (A + Dl) 23,127 

TOTAL Good Candidates (A + D) 27,417 

TafAL Scanned 32,987 

•, 
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Table III. Mean Lifetimes. 

Mean Life (nsec.) 

E -+ n n 

0 
1f p 

.154 ± .004 

.092 ± .003 

.085 ± .002 

.160 ± .003 

.089 ± .002 

.082'± .002 

i 

'' ! 

. I 
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Table IV. Cuts Used. 

~IN LMAx 'k 0 • (em) (em) (nsec.) (deg.) . (deg.) 

Cross Sections 

- -E -+ 'If n • 4 15. . 5 5 • 20 • 

+ 0 E -+ 11' p • 5 15 • .3' 6. 40 •. 

+ + E -+ 1r n ;5 15. • 3 5 • 20. 

Distributions 

- -E ..... 'lr n .3 15. .5 5 • 0. 

+ 0 E -+ n p .3 15. . 3 3. 0. 

+ . + E -+ 1r n .3 15. .3 5. 0. 

Table V. Effects of Cuts. 

Fail Phase Space Fail Length 
or Chamber or Pass All 
Volume Cuts Angle Cuts Cuts 

Cross Sections 

E - 1.,645 1,197 6,329 ..... 'lr n 

E+ o ..... 1f p 756 2,164 2, 775 

+ .· + E + n n 1,125 2,007 4,329 

DiStributions 

- -E ..... n n 1,186 441 8,344 

+ 0 E -+ w p 525 348 4,822 

. + + 
t -+ 1r n 770 458 6,233 
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Table VI. Efficiency Percentages 

Scanning Thru-put 
Momentum Efficiency Efficiency 

1.262 99.1 ± 0.3 96.0 ± 3.0 

1.190 99.7 ± 0.2 96.0 ± 3.0 

1.384 99.4 ± 0.3 96.0 ± 3.0 

1.311 99.7 ± 0.2 96.0 ± 3.0. 

1.311 99.7 ± 0.2 94.0 ± 3.0 

1.500 96.7 :!: 1.0 94.5 ± 2.0 

1.567 99.6 ± 0.1 94.0 ± 3.0 

1.153 99.9 ± 0.1 94.0 ± 3.0 

1.308 99.8 ± 0.2 94.0 :!: 3.0 

1.278 97.1 ± 1.0 94.5 ± 3.0 

1.345 96.6 ± 1.0 94.5 ± 2.0 

1.454 99.6 ± 0.2 94.0 ± 3.0 

lo'644 . 96.4 ± 1.0 92.5 ± 2.5 . j 

j 

1.694 96.7 ± 1.0 92.5 ± 2.5 I 
j 
! 

1.208 97.2 ± 1.0 92.5 
>-; 

± 2.5 ~ 

I 

i 
·I 

i 
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Table VII. Cross Sections 

A. -· + -· Kp+wt· 

PLAB UNWt!IGHTt!O .AVERAGE EcH tT ± tltT 
GEV/C N'UHBER WEIGHT - GEV (mb) 

f . 153 274 1. 62 1. 865 1 . 084 t 087 

1 • 190 213 1. 65 
1. 997 .933 t 0.50 

1. 2 09 304 1. 63 

f. 262 163 '1 • 64 
f. 919 .536 t • 037 

1. 278 162 1. 65 

1 • 308 70 1. 65 

1 • 3 t f 79 1. 66 1. 937 .458 t • 037 

f .• 3. t f 77 f. 67 

f. 345 1 0 ~ 1. 67 1. 952 . 359 t . 040 

t. 384 95 1. 72 1. 970 • 350 t 041 

1. 454 208 ' 1. 7,0 2. 0 0·1 . 4 (\ 5 t 034 

1. 500 1 1 8 1. 70 2. 022 . 356 t 037. 

1. 567 97 1. 74 2. 051 . 336 t 039 

1 • 6"' 4 94 1 . 73 2. 094 . 331 t 038 

1. 694 1 2 1 '. 74 2 . 106 . 293 t 030 
... -· -------· . p +'IT I: 8 - + 

PLAB UNWt!IGHTEO AVERAGE EcH tT ± tltT 
GEV/C NUMBER WEIGHT GE!V (mb) 

1 • 153 1 ' 9 2.21 '. 965 1. 364 t 144 

A. 190 129 2. t 1 
1. 887 1 . 41 5 t 099 

1. 208 195 2.09 

1. 262 129 2. 17 
1. 91 9 1 .. 42 1 t . 099 ' 

t. 279 18.2 2. 1!5 

1. 309 69 2. 02 

1 . 3 1 t 93 2. 07 1. 937 1. 277 t .099 

1 • 3 1 t 84 1. 92 

1. 345 137 2. 09 1. 952 ' . 299 t 127 

1. 384 1S9 2.05 1. 970 1. 293 t 1 3 1 

1 • 454 237 2.09 2. 001 1 . 196 t 097 

1. 500 ' 147 :2. 1 4 2.022 1 . f84 t f 1 3 

1. 567 128 2.22 2. 051 1 • 199 t . 124 

1. 644 137 2.21 2.094 1. 305 t 1 3 f 

1. 694 169 2. 09 2. 1 06 1. 036 t 095 
--
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PLAB 
G'EV /C 

1 153 

1 190 

1 . 2 08 

1. 262 

1. 278 

1. 3 08 

1 . 3 1 1 

1 . 3 1 1 

1 . 345 

1 384 

1 454 

1 . 50 0 

1.567' 

1 . 644 

1 . 694 

PLAB 
GEV/C 

1 . 153 

1 190 

1 208 

1. 262 

1 • 278 

1 .308 

1 3 1 1 

1 31 1 

1 . 345 

1. 384 

1. 454 

1. 500 

1. 567 

1. 644 

1. 694 
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Table VII. Cross Sections (cont.) 

UNWEIGHTED 

NUMBER 

226 

209 

341 
. 

20'8 

293 

166 

168 

143 

266 

246 

474 

321 

278 

3""-.... 
481 

D 

UNWEIGHTED 

NUMBER 

'C4 

125 

189 

1 3 1 

148 

97 

83 

1 1 2 

138 

123 

-· 263 

174 

145 

159 

247 

A~ERAGE EcM 

WEIGHT GEV 

1 . 55 1. 865 . 
1 . 58 

1. 887 
1 . 57. 

1. 58 
f. 91 9 

1. 56 

1. 56 

1. 57 1. 937 

1. 56 

1. 58 1. 952 

1 . 57 1 . 9.7 0 

1 . 57 '2. 001 

1. 57 2: 022 

1. 58 2. 051 

1 . 6 0 2. 084 

1 . 6 0 2. 1 06 

:p -+ 1T 
- + 0 

E 1T 

AVERAGE EcM 

WEIGHT GEV 

1. 9 0 1. 865 

1' 87 
1. 887 

1. 85 

1. 84 
'1 . 91 9 

1. 85 

1. 99 

1. 87' 1. 937 

1. 85 

1. 85 1. 952 

1. 82 1. 970 

1. 82 2. 001 

1 . 8 1 2', 022 

1. 82' 2. 051 

1. 82 2. 084 

1. 79 2. 1, 06 

(T ± tlU 
(mb) 

859 ± 073 

. 871 t 051 

. 806 t . 049 

. 91 3 t .058 

892 t 070 

827 t 070 

852 t 058 

.-893 t 066 

872 t 0 71 

1 097 t 084 

1' • 068 t 071 

(T ± tlU 

(mb) 

1 . 023 t 1 1 4 

1 . 2 1 1 t o·85 

1. 122 t . 082 

1 . "'1 4 t 104 

" 

1 . 150 t 1 1 3 

1 . 016 t 108 

1 . 159 t 091 

1 186 t 106 

1 1 1 2 t 1 1 0 

1. 24 7 t 1 1 9 

1. 306 t 1· 0 5 

XBL 71.3-484 



CENTER 
-.95 

- •. 85 ' 
-.75 
-.65 
-.55 
-.45 
-,SIS 

-. 215 
-. tIS 
~.05 

+.05 
+. t5 
+.25 
+.55 
+.45 

.+.155 
+.615 
+ .• 75 

.·.:es 
+.95 

TOTAL. 

CENTER 
-.95 
-.as 
-.75 
-.65 
-. 1515 
- •. 45 
-.SIS 
-.25 
-. 115 
-.05 
+.05 
+.15 
+.25 
+.35 
+.45 
+.55 
+.65 
.;75 
+.85 
+.95 

TOTAL. 
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Table VIII. Raw Data in Twenty Equal Bins of 
the Production Cosine, cos e. 

A. - + -K p + 1r t 

t. 865 GEV t. 987 GeV t. 9t9 c;ev t.9S?GeV t. 952 c;ev 
:52.7/ 28 60.0.1 51 37. 9.1 :52 53.3/ 45 14,6/ 12 
:52.7/ 28 4.9/ "2 26.7/ 23 19. S/ t6 7.0/ 6 
41.7/ S6 :52.6.1 28 t 4. t / 12 12.9/ " 3.5./ 3 
:52.2/ 28 sa,4/ ss 17.6/ tiS 9.2/ 8 4,6/ 4 
18.5/ 16 26.6/ 23 us. 2/ t3 15.7/ 5 4,6/ 4 
t9.3/ 17 20.7/ 18 21.8/ t9 .15. 7/ IS 3.4/ s 
6,8/ 6 tO.S/ 9 15.8.1 IS ". 4/ tO 5.4/ s 
e.s.1 e 7.8.1' 7 7.8.1' 7 9.0.1 8 4,15/ 4 
4.6.1 4 6.8.1 6 9.0.1 8 9. ·~ 8 s;4.t 3 
9. t/ 8 14.9.1 tS 14,8/ tS 4.6/ 4 5.4/ s 

t 0. S.l 9 21.8/ t9 17.3/ tiS 12.5./ " e.s/ e 
12.6.1 " 57.8/ ss 27.6/ 24 tS.?/ 12 •. 8/ 6 
25.4/ 22 157.8.1 50 27.6/ 24 9.2/ 8 4.6/ 4 

30.5.1 26 46,7/ 40 ss. 5./ 29 18.4.1 t6 4.6/ 4 
t9.9/ ,., 155. t/ 47 St. 4.1 27 17.4/ tiS 7,0/ 6 
t9. 0/ t6 ""·9/ sa 30.6/ 26 16.4/ 14 15.9/ IS 
18. 1/ tiS 49.3/ 41 15.2/ " tO.?/ 9 ~.6/ s 

''. 2/ 9 57.0/ so 24.4/ eo 9.7/ 8 't. 0/ 9 
SG.S/ 28 75.6/ 59 St. 8.1' 215 5!5.!5/ee 18.9/ t!S 

65. s.l ""' tSS. 4/ 96 tOt. 9/ 72 es. O/ as "15. t/ :52 
446.5/S?O 8:52. 15/GSS StO.S/"20 372. 6/So.& 162.2/131 

2. 001 GEV 2.022 GEV 2. 051 GeV 2.084 c;ev 2.106 GEV 
58.0/ 47 29.7/ 2" 27.15.1 22 SO.t/ 24 S!S.B/ 2B 
24.3/ 19 26.8/ 21 18.5/ '"' 9.7/ 8 19.1/ 15 
15.6/ tS tO.?/ 9 1 o. 8.1 9 12.4/ 10 8.8/ 7 
tt. 3/ 9 ''. '/ 9 9.0.1 7 3.7.1 3 4,0/ s 
6.9/ 6 S.IS/ s 2.4/ 2 o. / 0 0. / 0 
9,4/ 8 3.15/ 3 5.5.1 s 4.7/ 4 5.9/ s 

1 o. 4.1 9 8,4/ 7 '.2/ ' t.2/ ' 6.1/ IS 
e. 1.1 7 6.0/ 5 1. 1/ ' 1.2/ 1 4,6/ 4 
4.15.1 4 tt.6/ tO 2,S/ 2 o. / 0 2.4/ 2 
2.5/ 2 2.5.1 2 '. 2.1 1 '. 2.1 1 2.S/ 2 
2.5.1 2 0. .I 0 0 . / 0 t. '.I ' 0. / 0 
2.15/ 2 o. .I 0 t. t/ ' 2.s.1 2 5.4.1 s 
4,6/ 4 2.S/ 2 t. f/ ' 0. .I 0 0. / 0 
15.7/ !5 5,8/ !5 1,2/ 1 2.S/ 2 '. '/ 1 
B. 1/ 7 9.4.1 8 ". 1/ 9 2.S/ 2 t. 1/ 1 
3.15/ s S.IS.I s 2.S/ 2 4.6/ 4 15.8/ IS 
B.S.I 7 2.S/ 2 4,?/ 4 '. 2.1 1 2.4/ 2 
8.5/ 7 4,8/ 4 5,6/ s 5.6/ s 4,7/ 4 

57,15.1 so 15.8/ " 17,5/ 14 21. 2.1 17 22.S/ t8 
98.15/ 70 65.5/ 415 64.6/ 46 se. 2/ sa 67.15/ 49 

350.4/261 219.0/175 184.5/145 154.9/122 196.4/1152 

t. 970 GeV 
23,8/ 20 
t4,S/ 12 
4,7/ 4 
3,15/ 3 
3.6/ s 
4,6/ 4 
4,6/ 4 

o. .I 0 
t,2/ t 
t. t/ t 
e.S/ e 

'. '/ ' o. / 0 
10.4/ 9 
2.4.1 e 

'. 2.1 ' S.IS/ s 
6. t/ IS 

tiS. t/ •e 
65.6/ "!S 

t66. 9/1:52 
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ceNTER 
-.95 
-.95 
·- .. 75 
-.65 
-.!55 
-.45 
-.55 
-.25 
-.tiS 
-.05 
••. 015 
+.15 
+.25 
+.55 
+.45 
+.55 
+.65 
+.75 
+.95 
+.95 

TOTAL 

ceNTER 
-.95 
-.85 
-. 75 
-.65 
-.55 
-.45 
-.55 
-.25 
-.15 
-.05 
+.05 
+. 15 
+.25 j 
+.35, 
+.45 
+.55 . 
+.65 
+.75 
+.85 
+.95 

TOTAL. 
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Table VIII. Raw Data in Twenty Equal Bins of the 
Production Cosine, cos 6 (cont.). 

·s. - - + 
J( p + 1T E 

+ + (Data From E + 1r n Only) 

t. 9615 Gf!V 1. 997 GEV t. 919 GEV t. 937 GeV t. 952 GeV 

". 6.1 tO 45.3/ S9 4t. 2/ 35 46.:5/ 40 2t. 0/ t9 
t9.9.1 t7 49.9.1 42 39.4/ :54 S5.6/ 29 t0.4/ 9 
9.3.1 9 t9.7/ t6 30.3/ 26 29.0/ 215 t2.7/ " 9.2.1 7 215.7.1 22 22.2/ t9 t9.6/ t6 4.7/ 4 
4.7.1 4 2.3/ 2 tO. IS/ 9 9.2/ 7 2.3/ 2 
2.4/ 2 3.!5/ 3 2.3/ 2 7.0/ 6 3.5/ 3 
2.4.1 2 2.4/ 2 4.7/ 4 4.7.1 4 2.4/ 2 
2.4.1 2 4.8/ 4 0. / 0 2.4/ 2. 8.2/ 7 
6.0/ 15 t .2/ t 9.3/ 7 9.5.1 7 7. t/ 6 
5.6.1 5 7.2/ 6 tiS. IS/ t:S 20. 2.1 t7 6.0/ !5 
7.5.1 6 1!5.7.1 t5 t5.2/ " 1!5.6/ t5 t5. t/ 1t 
7.4.1 6 t4.6.1 12 23. t/ t9 25.0/ 19 t0.9/ 9 
9.7.1 7 28.4/ 25 20. 9.1 t7 25.2.1 19 12.4/ tO 

t5.9/ " 50.0/ 24 18.6/ t!S 18.!5/ t!S 13.6/ " 1!5.4.1 12 so. !5/ 24 t7.6.1 14 115.0.1 12 6.2/ !5 
9.2.1 7 24.7/ 19 19.5/ !5 t2.8/ tO 1. 3/ t 

14.8.1 " 40.0/ 30 21.2/ 16 7.9.1 6 !5.3/ 4 

32.!5/ 25 64.2.1 46 !52.7/ 'S8 57.0.1 27 16.4/ 12 
28.9/ 19 96.7.1 !57 61. 15/ 41 63. 8.1 43 31.3/ 21 
58.6/ 50 160.6/ 86 204. 9/t '1 '07. 2/ 60 80.6/ 4!5 

266. 9/t92 655.6/471 627.3/446 502.2/577 269.2/t96 

2. 001 GeV 2.022 GEV 2.0151 GEV 2.084 G!!V 2. 106 G.f!V 
",6/ tO 8.2/ 7 t2.6/ t I 7,4/ 6 7.7/ 6 
19.6/ 17 9.2/ 7 15.7/ 5 2.5/ 2 8.0/ 7 
16. t / 14 8.0/ 7 4.6/ 4 4.6/ 4 tt.6/ 10 
18.15/ 16 11,6/ 10 7.0/ 6 5.15/ :s !5.8/ 15 
7.0/ 6 5.8/ 15 4.6/ 4 5.9/ 5 4.6/ 4 
5,8/ 5 8.2/ 7 2.5/ 2 4.9.1 4 9.3/ 8 
7.0/ 6 7.0/ 6 15.8.1 5 !5.9.1 15 15.8/ 15 
9.5.1 9 9.2/ 7 4.9/ 4 5.8/ 15 2.3/ 2 

16.4/ 14 7.0/ 6 3.8/ 3 15.8/ !5 !5.9/ !5 
16.15.1 14 9.5/ 7 10.7/ 9 2.5/ 2 !5.8/ 5 
26.t/ 22 14.2/ 12 1 t. 9/ tO 4.8.1 4 11.7/ 10 
:52.5.1 27 10.7/ 9 5.6/ 3 t7.7/ tiS' 26.2/ 22 
22.9/ 19 21.6/ 19 t8. 1/ tiS t2.0/ tO t7.9/ t!S 
1!5.8/ tS 9.7.1 9 13.3.1 " 13.4/ 1t t6.9/ t4 
t~?.!S/ tO 6. f/ !5 7,4/ 6 12.2/ tO 5.6/ 5 
t. 3.1 1 6.3/ 15 2.15.1 2 - 9. 9.1 8 9.9/ 8 
1.5.1 t t. 3.1 1 2.6.1 2 2.6.1 2 8.9/ 7 

t4.9.1 " t2.2.1 9 18.7/ 14 9.5.1 7 . 7.9/ • 
62.4.1 45 40.4.1 29 38.9/ 27 315.2/ 215 42.4/ 30 

t4t. 3/ 91 t 02. 4/ 59 I Ot. 3/ !59 t07.2/ 63 1215.0/ 7'5 
458.9/538 505.3/222 290.2/201 270.9/t94 33a.9/247 

' .. ' 

t. 970 GEV 
17.3/ 115 
9.2/ 9 

19.9/ t7 
9,1/ 7 
3.15/ 3 
5.15/ 5 
2.4/ 2 
9.3/ 7 
!5.9.1 !5 
2.4/ 2 

14.4/ t2 
16.9/ 14 
1!5.7/ 15 
t2.5/ tO 
8.7/ 7 
2.6/ 2 
5.9/ 5 

10.9/ a 
29. !5/ 20 
74.2/ 43 

269.2/20t 

XBL 713-482 



CENTeR 
- .•. 95 
-.85 
-. 75 
-.65 
-,55 
-.45 
-.s5 
-.25· 

-. 15 
-.05 
.+. 05 
+. t5 
+.25 

I' +.S!S 
+.4!5 
+.55 
+.65 
+.75 
+.85 
+.95 

TOTAL. 

Cf!NTeR 
-.95 
~.as 

-. 7!5 
~.65 

.... 55 
-.4!5 
-.ss 
-.25 
-. t5 
-.05 
+.05 
+. t5 
+.25 
+.S!S 
+.45 
+.55 
+.65 

. +.75 
+.85 
+.95 

TOTAL 
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Table VIII. Raw Data in Twenty Equal Bins of the 
Production Cosine, cos e (cont.). 

c. - - + K p -+ tr .1: 

+ 0 (Data From I -+ tr p Only) 

SUH OP POL..AR COSINE / NUI'eER UNWElGHieD 
·t. 865 GEV f. 887 GEV f. 919 CiEV '. 957 GEV f. 952 GEV 

_,. 2/ 9 • 0/ 24 f. 4/ :Sf -2. 1/ 29 -2.3/ " -.e/ 10 _,. 4/ e6 -.5/ f:S 2.6/ 21 ,7/ te 
-;5/ 8 5,7/ 2f ,8/ f6 -.e/ t8 _,. 9/ 4 
-.4/ s ·-5.6/ 9 ,4/ 7 -4. t/ " -.6/ 4 
;4/ 2 1.5/ 8 _,. 2/ 5 -t .8/ 5 -e.2/ s 

-.9/ e -2.2/ 6 ,5/ e -2.0/ 4 0. / 0 
-.S/ t -.9/ e -,4/ t -.4/ f 0. / 0 
0. / 0 -.8/ t -.S/ s 0. / 0 t.I!S/ e 

-2;0/ s -· t / s -.8/ 4 -.e/ to ,4/ e 
-.5.1 5 .6/ 5 -5.6/ to .8/ 8 .6/ s 

-t.O/ e -2.6/ !5 -e.S/ t7 -. t/ " -t. t/ s 
_,. t / 4 -2.0/ t2 -5.4/ 9 -9.7/ t4 -s. '"" 7 
-t. 8/ 5 -2.4/ t6 -5.4/ t8 -t. 8/ to -.e/ 7 
-t.2/ 5 .;..4,6/ 20 -4.0/ f7 -4.8/ " -t. 9/ s 
-.S/ tO -2.8/ 28 -S.O/ f7 -5.1!5/ tS -.7/ e 
t,8/ 8 -.7/ t7 -4.e/ 8 -2. f/ t2 • f/ t 
6.5/ tS 7,7/ 20 4,0/ t5 2.7/ 9 t. 8/ 4 
6.4/ t6 t0.2/ 54 6.8/ 23 15.9/ t:S 5.2/ 6 

t t. o/ so tS. f/ 60 5.6/ :57 t t. e/ 48 t. t / 27 
6.5/ S6 7.0/ 70 14.2/ 7t 6.9/ 91 8.2/ 45 

0. /t72 o. /587 o. /524 0. /$'5.9 o. /146 

2.00t GEV e.022 GEV 2. 0!51 GEV 2.084 c;ev 2.106 GEV 
-4.0/ 9 . 0/ 2 • !5/ 8 -. 1!5/ :s -t.4/ e 
-f. S/ tO _,. 5/ s t. S/ :s t. 0/ t .6/ s 
-t. 4/ 8 -2.0/ 6 .7/ s .0/ s -.8/ s 
-.8/ 8 -f,4/ !5 • 7/ 15 ,8/ 4 .8/ e 
-. 7/ 8 -.7/ 6 -s. t/ tO •,A/ s -. 7/ 4 

f. IS/ 10 -t.9/ 7 -.15/ 4 .t/ e . t/ 2 
2.e/ 7 t. S/ s • 1!5/ t o. / 0 -.S/ t 
5.2/ 8 .5/ 2 .S/ t • 9./ 5 t.e/ 2 
.9/ to t. s/ 15 -.0/ s t. t/ s ·e. O/ 4 

S.O/ tS -.5/ to .4/ s ·t.S/ 4 .e/ s 
,6/ tS -. 7/ " -.!5/ tO -.6/ e -t. S/ 6 

-.4/ tO -5.4/ 8 t,6/ 9 . -t.l!5/ 8 -e.7/ " -,7/ te -6.4/ t4 -.8/ 7 -t.S/ 8 -.S/ 7 
_,. 6/ t5 f. 4/ " -5.9/ 8 -.7/ 15 . t/ 8 
-t. 2/ 7 ,9/ s -,S/ t -e.'"' s -e.8/ 7 

• S/ t 0 . / 0 .7/ t ,1!5/ 6 t ,&/ 2 
• 9./ s .6/ t -t.O/ 4 ,1!5/ t t.2/ 6 

-. t/ t6 -,S/ 9 -.(!/ tO -.7/ 6 2.5/ " -7,9./ ss -2.2/ St -s. 1.1 25 -2.e/ t5 -6.2/ 2t 
-e.&/ 82 -e.'" 4S -9.2/ 58 -.8/ 46 -!5.0/ 415 

0. /289 0. /t80 0. /t74 0. /t28 0. /tl50 

'. 970 GEV 
-t.f/ 6 

• f/ :s 
-2.4/ 7 
-.6/ 2 
-.&/ t 

,1!5/ t 
o. / 0 
,7/ t 
• 1!5/ s 

-2. t/ 5 
t. S/ 15. 
-,&/ 9 

-t,I!S/ 8 
-5.6/ " -e.I!S/ 1!5 

0 . / 0 
• 7/ t 

t. S/ 4 
.9/ 6 

7,7/ 25 
o. /tOS 
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Table IX. Legendre Coefficients 

A. - + -From K p ~ n E Angular Distributions 

ectf Aoxto+S· AtX1o+S A2 x1o+:S AsXto+S A4>(1o+S A5Xt o+S A6)<tO+S A?xto+S 

. 
1. 866 72'! s 7t B sst to t6 t 12 eo t ,_. 97 t 15 :sst t6 -B t 18 
f. 887 60 t 2 sst <4 66t 6 2t 7 sst B set 9 "' t 9 -B t tO 
f. 919 41 t 2 2<4 t <4 <42t 5 9t 7 <46t 7 <46t B 

"'' t 
B -s -t 9 

f. 9S7 :57 t 2 tat <4 6<4'! 6 US t. B 69t B 27t 9 ..&St 9 f1 t 10 

'. 961 :50 t f 2<4 t <4 6Bt 6 :5<4t 7 6St B sot 8 38t 7 ftt 9 
2.oot sst 2 tS t 5 97t 8 :56 t tO sst 10 25 t" sot 9 t t t 12 
2.022 sst 2 6t 6 '?!St B :52'!" ?Stft "'9t tS ~t t5 "'7t 16 
2.051 sst 2 16 t 7 96 t tO 59 t t-4 77t t2 56 t 15 155 t 26 sot es 
2.08"' sst 15 t9t B 1 OB t 12 sst'"' 9..& t '"' "'0 t 16 sst te t9 t 15 
2. 106 :5<4t 2 t"' t 7 97'! 9 58 t f2 9:5 t 12 SOt tS <46ttt :5<4t 17 

B. - - + From K p ~ n E Angular Distributions 

E!cM .r.0xto+S AtXto+S A2 xto+S AsXto+S ,._.x1o+S AsX1o+5 A6)<10+S A7 X10+5 

1. 865 90 t 6 90 t 15 140 t 20 54 t 2"' 66t28 81 t :52 2 t so "'1 t "'' 
t. 887 100 't <4 108 t " 19..&'! 15 54'! t7 92 t 20 79t 22 f9 t 19 -7t 26 
1, 919 fOB t 6 107 t 12 220 t 17 f 16 t 20 158 t 22 151 t 25 26t 22 Sf t 21 
f. 9:57 f 0"' t !5 6St 12 t72t17 !55 t 19 t36 t 21 87 t 2!5 -22 t 2"' -AS t 24 
1. 961 tO&t 5 102 t fS f79t 18 120 t 21 218 t 22 f5t t 25 <49'!2:5 -2t t 25 
2. OOf 1 te t 6 ttStf"' 160 t 20 f8f t 2:5 227t 25 200 t 27 "t 26 -2t es 
2.022 f 15 't 7 1:56 't fB tBB t 26 216 t 52 22S 't 32 t87 t "'s 6<4t:57 -st 5:5 
2.051 122 t 8 t70 t 2f 2"'0 t :50 226 t 5!!5 271 t 59 178t-4..& tOt t<4t -26 t :58 
2.084 t<46t10 224 t 25 269t :56 29St "'5 :5:55t AS Sf 0 t 61 21' t 51 98t 78 
2.106 tt6 t 7 t66 t 18 211 t 26 21<4 t :52 26St :52 229 t :59 109 t ss -t5t<42 

C. From K-p ~w-E+ (Polarization) x (Angular Distribution) 

Ect1 e 0xto+s e 1x1o+S ~xto+S BsX10+5 e"'x1o+S BsXto+S B6)<t0+5 B7Xto+5 

t. 865 ot 0. -1et 8 -<47 t 8 -47t B -set 7 -"' t 6 -o 't 6 <4t 5 
1. 887 ot 0 -tst 7 -29-t 7 -41 t 7 -est 6 -10 't 6 f t 5 7t 4 

'. 919 ot 0 4t 7 -16 t 8 -:52 't 8 -est 7 _,,. t 6 -2 t <4 -et 4 
1,9:57 ot 0 est 7 -21 t 7 -sst B -est 7 -16 t '" fO t <4 1St <4 

1. 961 ot 0 8t B -est '8 -22t 8 -sst 7 _,"' t 6 et 15 -ot "' e. oot ot 0 st 9 9t 7 sot 7 -ot 7 t5 t 6 tS t 15 tOt 5 
2.022 ot 0 150 t " -o t t t 21 t 12 st 12 21 t t' 2"'t B ot 7 

e. ost ot 0 est t 1 :55t 11 27'! 115 2f t f 1 '"' t f 0 2"'t • eot 9 
2.084 ot 0 22 t 1<4 :50 t 1<4 st t5 0 t 1!5 10 t 14 16 t ff 7t 9 
2.106 ot 0 20 t f f 21 t fO est to tf t tO S1 t fO est B ust 7 
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Table X. Average Weights in Regions of Dalitz Plots K-p -+ w±i+ w0 

·-A. Data From 1: -+ w n Decays 

(rtl 2 
up in GeV2) 

0 
across, a -

t. 8 2.0 2.2 2.4 2.6 2.8 s. 0. :5.2 3.4 S.6 

*· t *· t. *· t *· t *· t. *· t *· 1 -t. 1 *· 1 -t. t 
I I I I l _l l I I 

s. 6 .1 . 22 : t. 21 : 1. 21 : 

. *. t *. 1 s : *. 1 0 : *; 09' : . ' 
.. 

*· t 

s.o 
*· t 

- ..................... . 
. 1. 20 : t • 20 : f. 24 : t. 26 : 

-t. 07 : *· 08 : *• 17 : *· t 7 : 
'· 

1.18: '· 18: f.20: 1.2:5: t.25: 
1:.06 1:.06 *· tO *· f4 

*· '"' . - . 'o . 
.1. 19 t. 19 1.19 f. 20 1.22 

.' 

1:.06 *.07 1:.08 1:,09 *.08 
f. 21 
*.04 - ...... · ......................... . 

2. 8 1 . 1 7 : 1. 17 : t. 1 7 : 1. t 8 : t. 19 : 1. t 9 : t. 25 

*· f *· 05 : *· 05 : *· 05 : *· 07 . *· 08 : *· 06 : *· t 0 
-

2.6 

*· 1 -
2.4 

*· 1 
-

2.2 

*·' -
2. 0 

*· 1 

t.8 

*· t 

: t.t7: t.17: t.18: t.19: t.19: t.23: t.t8: 

:*·OS : *· 05 : *· 07 : *· 1S : *· 07: *· 12 : *· 06: 

: t • ' 8 : t • ' 7 : 1 . ' 7 : t . ' 7 : 1 . t 8 : t • 22 : 1 . 24 : ' . ' 9 : 
: *. OS : *. 04 : *. 06 : *. 06 : *. 07 : *. 1 9 : *. 1 6 : *. 04 : 

: '. '7 : ' . 17 : 1. t 6 : 1. t 7 : t. 18 : 1. 25 : 1. 21 : 1. 21 

: *· 02 : *· 05 : *· 07 : *· 07 : *· 07 : *· 46 : *· 06 : *· 04 

: t. '7 : 1. t 7 : 1. 18 : 1. 21 : '. 19 : 1. 18 

. *. 06 : *. 05 : ~. 06 : *. t s : *. 06 : *. 05 
. .. . . . . . . . . . . . .. . . . . . . . . . . . 
: t. 17\ : 1. 1 9 : f. 1 7 : 1. 21 : f. 20 

. *· 04;. *· 07 . *· 06 . *· 07 . *· 05 . \'" . . 
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Table X. - + + 0 Average Weights in Regions of Dalitz Plots K p-* 1r-I: 1r (cont). 

B. + + Data From E 4 1r n Decays 

(m~ across, m~ up in Gevl) 

1, 8 

*· 1 

2. 0 2. 2 .2. 4 

*· f . *· 1 *· 1 
I I 

:5~ '6 1 . :55 : 1 • :52 : 
*·' *.17:*.16: - ...... . 

I 

:5. 4 1 . 28 : 1 . 26 : 1 . 29 : f . 24 
.·, 

i:,1 i:.f3 :*.1:5 :*.22 'i:.16 

I 

2.6 

*· 1 

- ••••••••••• 0 •••••••••• 

I 

s. 2 ' . s2 : 1 . ea : 1 ; 23 : 1 . 25 : t • 2s : 
*.1 *.15:*.12:*.10 - ............. . 
:5. 0 1 . 29 : 1. 28 : f. 21 

*· 1 *· 12 : *; f3: *· 07 

. *·tO 

1.24 

*· t4 

*· t f . 
1.:55 ; 

*.44 

2.8 

*· 1 

t .27 

*· 17 

I 

:5.0 

*· f 

- · ............................... . 

I 

2. 8 1 . 30 : 1. 27 : 1. 25 : f. 26 : f. 2:5 : f. 21 : f. 19 : 

* •. t i:. t t : *. 09 : * ~ t 1 : *. 1 4 : *. 1 0 : *. 07 : i:. OS : 

:5.2 :5.4 

*· f *· f 
I 

- .................................... . 
2.6 

*· 1 - .... 

: 1.'28 : t. 27 : f. 25 : t. 22 : f. 22 : t. 22 : f. 28 : 

: *· 09 : *· 12 : *· '2 : *· 07 : *· 09 . *· 09 . *· 15 . 
• • • • •• • • • 0 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • . . 

I 

2.4 

*· 1 

: 1 . 29 : f '. 27 : . f . 25 : f • 24 : f • 23 : 'f • 2'3 : 1 . 23 : f . 27 : 

: *. 0:5 : *. 06 : *. 08 : *. 08 : *. 07 . *. f 6 . *. 08 . *. 1 2 . 
- .... 

:5.6 

*· t 

2.~ 

*· f 

: 1. 27 : t. 25 : f. 26 : f. 24 : f. 22 : f. 27 : f. 2t : t. :56 
. *. 06 . *. 04 . *. 08 . *. 07 . *. 06 . *. t 4 . *. 06 . *. 1 9 . -. . . . . 

2.0 

*· 1 

- .... . • .. • • • • • • • • • • • • :• • • • 0 • • • • • • • • • • • • • 

: f • 25 : 1 . 26 : f . ~6 : f . 27 : 1 . 2:5 : ' . 24 

: *. 07 : *. 09 : *. 09 : *. ' 3 : *. 08 . *. 09 

: 1 . 25 : 1 . 26 : ' . 26 : ' . 23 : ' . 29 
. *. 1 1 . *. ' 0 . *. t 2 . *. 08 . *. t :5 
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+- 0 
Average Weights in Regions of Dalitz Plots K-p + n-t"w (cont). 

t. 8 

*· t 1 

c . + 0 Data From t· + n p Decays) 

2.0 

*· t 

. ( 2 . 2 • GeV2) .. m
0 

across. m+ up 1.n 

2.2 2.4 2.6 2.8 

*· f. *· f ~. f . *· f 
1 _j .. ~ I 

3.0 

*· f I 

3.2 3.4 

*· f *· f 
I I 

3.6 

*· 1 

3,6 f.27: f.:St·: t • .U: 
··*·' *.to:*·'-':*.22:· . . . . . . . . . . . . . . . . . . ·.. . . . . .. ·• . . . . . . . . . . . . 

' . 32 : t • 33 : t. 33· : f. 38 : .. 
*· t *· 13: *·tiS:*· t2: *· t~: - ...................................... . 
3. 2 f. 3S : f. 30 : f. 29 : f. 26 : 

*. ' *. ' 7 : *. ' ' : *. ' 5 : *. 07 : - .• . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . .. 
'3! 0 1. 32 : '. 30 : f. 28 : 1. 26 : '. 25 : 1. 21 : 
*. 1 *. 1 2 : *. ff : *. f 0 : *. 09 : *. OS : *. 00 : - . . . . . . . . . . . . . . . . . . . .. . . . . . . . . ................. . 
2. 8 f. 29 : f. 28 : f. 27 : f. 27 : f. 27 : f. 28 : 

*. 1 *. oa : *. 09 : *. 1 o : *. o9 : *. 09 : *. t t : 

- ............................. 
2.6 : f. 30 : f. 28 : f. 28 : f. 25 : f. 27 : f. 27 : 

*. 1 : *. 09 : *. 09 : *. 1 f : *. 06 : *. 08 : *. 1 2 : - .............................................. . 
. 2 .. 4 : t. 29 : f. 28 : f. 28 : f. 26 : f. 29 : t. 26 : t. 24 : f ,• 30 : 

*· 1 : *· 06 : *· 07 : *· 08 : *· 09 : *· t:S : *· 07 : *·OS : *· f 1 : 

2.2 

*· 1 

2.0 

*· ' 
t..8 

*· ' 

- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

-

: t. 28 : t. 28 : f. 25 : f. 26 : t. 32 : t. 30 : f. 2S : f. 23 

. *· 02 . *· 05 . *· 05 . *· 06 . *· 22 . *· 11 . * .. 03 . *· 02 
• • • • • ·• < • • . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

: 1.29: f.27: 1.28: f.29: 1.28: t.27: f.25 

: *. 03 : "=. OS : "=. 08 : "=. 08 : *. 1 0 : *. 1 0 : "=. 09 

: f. 33 : f. 29 : L 26 : t • 24 : 1 . 29 

. *· 08 . *· 07 . *· 07 . *· 04 . *· 12 . . . . 
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Table XI. Binomial ·Operator From Partial Waves to Distribution 
Coefficients, Values Approximate, see Ref. 26 for exact values. 

As A7 B7 116 Bs a... as B2 e, U•V=I•(U*Y) 
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Table XII. Summary of Partial Wave Fits to the L.egendre 
Coefficients of Tables IX and Ref. 2b. 

FIT 

£0t 
!itt 
rot 
P1t 

ro::: 
Pt::: 
DO~ 

01:-$ 
DOG 
D1G 
r•.o!..i 
P1G 
P07 
Pi7 
G07 
Gf7 

Nv 
(X~F)i 
c x&/Dt=)l 
PROB. 

t x-/DP>.1 
( ,C~P>• 

PlT 

sot 
Ctf 
POt 
Ptf 
pO~ 
PfS 
003 
Dt::S 
D~Q 

015 
FOG 
Ft5 
P07 
F17 
G07 

. Gt7 

NV 
c X~P,i 
C :k'.tDI'. 
PROS. 

C X11'CP>J 
1 xa,o,.,a 

Af Bf 82 

PCG) 

T T' 
RCS)+PCG) RCS>+PCG> 

PCG) P<6) 
Rt:::>+PCG> RC~)+VCS) RC~)+VC5) 

I I + 
ol< ~ RCS>+RtS) 

RC~) 

PCC) 
R(~) 

·~ 

~ 
VCB> 
ReS> 
~ 

Cf 

PC6) 

. . 
. . . . . 

- : 

C2 

PC6) 

C3 

PC6) 

l 
RCS) 
PCG) 
RC~) 

! :RCO>+V<5): 

C4 

PCG> 

l 
PC6) 

l 
RC~) • RC~) !R<O>+RC~>: RC~) 

RC~>+VCS>:RcS>+VC6) :R<S>+V<6> :RC~)+VC8) 

+ : 1 : I . : ' Rt~'~RCS): : ~. ~RC~>~RC~) 
v V<!S> .., 

VC!S) ~ VC6) 
RC~) 

~ 

80 Sf SO C4 sa 78 81 --- . 57 •• /2aG 383 • .1300 --- S76 • .ISOS. 
£" . .taTe . aoo. ~ eee. /?:19 !SOB. -'284: SOG,./200: 

f4~. ~ 

0,99 • 
t .154 

2t~. 

O.Sf 
'.57 

'SS% 
0.83 
t.SG ,_. ___ ..__ ___ .;.... __ __.L..-__ ....,: __ 

DO Ef FO Gt : . G2 
. 

PCC) PCG) aun PC4) . Pt4> . 
! 

1 l 
l 

. 
l . . . . . 

RCO) R CS) +P C4) :R U!hR C2> 
PCG) PC4) . PC4> 
RCO> RC~>+VC6):RcS>+VC5> 

RCO)+VC-4) RCO>+Vc6> RCO>+VC4) RCO>+VC6) :RcO>+R<S> 
IHO)+:ltO) ~ 

1 
RCO>+R<S>: + 

I'HO)YV(.~) RC3)+Vt6) Rt3>+VC6>:RcS>+VC5) 
·~ ! 1 ! R<O>~·fHO> : . 
•} VC6) VC4) :RC2)+RC2) 

VC4) .:. + RCB) 
. 

RC3> 
RCO) RCS) . RCO) 

1 
. ! . 

~ .:. + . . . 
VCG) 

. --- VC4) . ---
48 91 68 as 68 

tOSS./320 422./300 t 015./300 694,/318 ------ :rit2./277 --- 317 • .1205 SGS./300 --- 7Y. --- s•;. ,4•1. --- 1. Of --- f,H ------ t. Of --- t.~ ---

~53. /290: 320 • .1287 
f•/. : 8% 

t. f4 o.sa 
t,EG f.~ 

NV HUH. Of'" VAAl• 
loBI...eS <.APPLies 
TO f > 

OP-NUH. OP DATA 
POINTS 

i. -FOR PREPlT, WHERe 
APPROPRIATE! 

f -POR ACTUAL. Pl T 

~ •PRI)H ANGI.JL.AR OlS 
TRlElUTlONS AND 
POI..ARlZATlONS 

4 -PROM AU.. COEPPI• 
CIENTS IN PI&. t5. 

NO PIT lNVCLVeD 
POR cl OR 4. 
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Table XIII. Partial Waves Calculated From Fitted Parameters 

A.. For Fit Al 

ecM 

t.7251 t'. ?50 t. 77'S 

'. 800 
1.825 
1.850 

'. 8'?!5 

SOl 

• 097, . 092 
. 079, • 076 
. 066, . 061 
. 056, . 047 

i 
• 050, • O'S41 
.04!5, .024 

. 0"'2, . 015 t 

POl 

.201, .080 l' 
• 223, -. OS<& 
• 181. -. 151 

POS 

• ISO, . 167 

• 1:58, • '18 
. ISS, • 081 
• 129, • 05S 

DOS 

.168,-.077 
• ISS,-. 0:56 
.105,-.016 
. o7S, -. o08 

. 122, 

• '16, 
. I IS, 

• OS4 I . 0""', -. oo6 

I I. 900 . 040, • 007 1 

• 127, -. 200 I 
. 089, -. 214 I 

• 076~ -. 2091 
. 086,-. ,. 

• 108, -.ISS j 

. t29, -. 099 1 
• ISO,-. 0',5.4 I 
. 099, .. 025! 
.o~ •. 049 j 
• 001, . 025 I 

.ots,-.Ot4: 

• 067, . oos i 
. 065, . 099 i 

• I IS, 

• 020 ., . 018, -. 004 

.Oft -.004, .001 

.005 i -.021, .Off 

. 002 j -. o3t , • o26 
• 000 I -. OS! • . 045 
. 001 i -. 019, : 06S 
. oo4 I . o04, . o7'5 

'. 925 . 040, -. 001 \ 
t. 950 • 041, -. Ot 0 , 

• I 17, 
• 124, 

f. 97'5 • 04f. -. 0221' 
2.ooo .038,-.oss 

• 1:55, 
. ISO, 
• :67, 
. 187, 
.209, 
.est, 

2. 025 I . OS!.-. 0541 
2. 050 I . 016, -. 0?2 I 
2. 07'5 I -.Of 0, -. 086 I 
2. '00 l -. 046, -. 091 ' 

• Of I J • Ol55, • 07"' i 
• 02S l . 066, . o56 ! 
• 041 : . 086, . 021 i 
• 066 I • 086, -. 02:5 I 

ECH 

1.7251 

'-'?!5o I t. 775 
'.800 
f.825 
1.850 

'. 87'5 
'.900 

f. 9251 
, . 950 I 
'. 97'5 
2.000 
2. 02!S 
2.050 
2.07'5 

e. too i 

Sff Pff PIS O!S 

. 059, . 181 II -. 059, -. 0621. -. 004, -. 009 . 041. -. OIS 

.o96, .t66. -.o4e,-.o76 .021, .~2o .oso.-.oss 

.t28, . t.c.e -.oss,-.oas .056, .oes -.005,-.o?S 

• ISS, • ' '' ~· oso, -. 08"' I . 088, . 010 -. 04S, -. 074 
• t69, .o?S -.ost,-.oat . t08,-.ot6 -.069,-.062 

. 17!5, . o:se -. o38, -. oi"S. . 't7, -. o""' -. 084, -. 049 

. f7S, . 001 -. 046, -. 061 1 . ~ 18, -. 068 -. 089, -. 04:5 

. 162, -. 03:5 - .. 05:5,-. 0""' I . ff4, -. 086 I -. 086, -. 0461 

. t4s, -. o62 1 -. o56, -. 022! • to9, -. 097j -. o76, -. 0551 

. I 19, -. 094 : -. 050, -. 001 i . I 0:5, -.I 00 l -. 057, -. 067 , 

. 092, -. osa i -. oss, . o1s i . 099, -. 097 I -. oea, -. o7:5 

. 06:5,-. 104 i -. 016, . 020 i . 094, -. 088 . 004, -. 068 

. 0:56,-.IOS: -.002, .012 I .089,-.07:5 .0:50,-.046 

. 012, -. o94 I -. oo1. -. oos : . oae. -. oss . os7, -. o1s . 

-. 006, -. 079 i -. 017, -. 009 i . 071. -. 0:56 ' . 021 •. 0061' 
-. ot8, -. 06o : -. o:56, . oo7, . 05:5,-. ot7 1 . oot •• oos 

o I 

00!5 

. 012, -. 070 
-.oos,-.074 
-.021,-.087 
-.0:50,-.120 

. 000, -. 166 

. 069, -. 165 

.to5,-.f17 

. '0:5, -. 076 

. 088, - .. 0!52 
• 07:5_. -. 043 

• 062. - . 0""' 
• 061. -. 051 

• 069, -. 056 
. 086, -. 054 

. '06, -. 0:59 

. 121,-.009 

015 

FO!S 

-. 068, -. 146 1 
-. 1·""· -. 100 
-. 168, -. 095 
-. 126, -. 180 

. 0',5.4, -. 249 

. 140, -.19:5 
, !54,-. I-'S 
. 147, -. 13:5 
• !4.1. -. !28 
. I 41,-. I 24 
.148,-.117 
.16t,-.tos 

• 174, -. 0?81· 
.182,-.o.c.e 

• 177, _· 0021. 
• 1!52, . 0~ 

PIS 

. 007, . 012,-. 024, -. 004 

.001, .07!5 .-.0:51,-.006 
-.oo6, . tos -.oss,-.oto 
-. 007, • 101 

• 001, • 080 
.OIS, .052 
. 025, . 02!5 
. 0:55, . 001 

. 045, -. 019 
• 054, -. 0:55 
. 064, -. 046 
. 074, -. 052 

• 08!5, -. 05S 
. 096, -. 049 

• 'o7, -. o:se 
.tt6,-.oes 

-.0"'9,-.017 
-.060,-.029 
-.070,-,.0.&S 
-.07:5,-.080 
-.057,-.117 

-. 017, -. 141 
. 026, -. 1:55 
• 05:5,-. '14 

• 064, -. 092 
. 067, -. 074 
. 067, -. 061 
. 064, -. 051 

• 062, -. 043 

F07 

• oo4, . 002 1 
• 005, • 002 
• 007, . 00:5 
. 010, . 004 
• 014, • 004 
• 018, . 005 
. oe:s, . 006 
. 029, . 007 
. 03!5, • 007 
. 042, 
. 050, 
.058, 
,066, 
. 07!5, 

. 007 

. 007,. 

. 007 
• 006 
. 004 

. 084, • 002 

• 094, -. 000 

Pl7 

G07 

. 004, • 000 

• 005, . 000 
• 007, . 001 

• 008, . 001 

. Of 0, . 001 I 
• 012, • 002 1 
• Of"', • OOS 
. 017, . 004 
• 020, • 006 
. 023, •. 008 
. 027, . 012 
. 0:51 • 
• 0',5.4, 

. 0:55, 

. OS!, 
• 020, 

• 018 ,. 
• 026 
. 0:57 j 

. 051 ·I 
• 06S 

Gf7 

-. 009, -. 000 o. • o. 
.o. 
,0 . 
, 0. 
, o. 

-. 009, -. 001 0. 
-.Of I,-. 001 0. 
-.014,-.001 o. 
-.016,-.002 o. 

-. 020, -. oos 0. 
-. 024, -. 005 ' o. 
-. o29, -. oo7 I o. 

-.OS&,-. Of' I o • 
-. 044, -. 018 0. 
-. 05:5, -. 0:51 0. 
-. 060, -. 052 0. 
-. 05:5, -. 086 0. 
-.018,-.11!5 0. 

. 028, -. 109 o. 
• 052, -. 082 o. 

• o . 
• 0 . 
• 0. 
, o • 
• o . 
, 0 . 
, o . 
,0 . 

• 0. 

• o. 
, o. 
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I!CH 

'· 725 
I. '?SO 
t. 775 
f. 900 
1.925 
1.950 
I. 9'?S 
I. 900 
1.925 
t.950 
I. 97'5 
;!.000 
2.025 
2.0!50 
2.07'5 
2.100 

ECH 

1.725 
f. 7'50 
f. 775 
I .900 

'. 9215 
I. 950 
I .975 
I. 900 
t. 92'5 
1.950 
I. 97!5 
2.000 
2.025 
2.050 
2.07'5 
2.100 

• 

Table XIII. Partia~ Waves Calculated From Fitted Parameters (cont.) 

SOl 

-. 001 •. 002 
• 047, .;.: 020 
.099, .CI21' 

.. 095, . 092 
·• 055, . 139 
. 026, . f6f 
.014, .169 
. 023, . f66 

POl 

.2!52,-. f321 
• 245, -. f!5& 
. 239, -. f67 
• 2SS, -. f69 
.230,-.f60 
.229,-. f .... 
• 225, -. fi!O 
. 219, -. 090 

.050, .f5f .209,-.p57 

. 09:5, • I f7 . 192, -. 023 

. f04, • 065 . 167, . 009 

.095, .OOf .fS-4, .oss 
• 049,,-. 05-4 • 095, . 0-46 

.004,-. 0191 . 056, . 045 

.0!7, .025 .021, .029 

.090, .001 -.002,-.004 

Sit 

-. 059, . fG-4 
. OfO, • f67 
. 055, • 156 
. 097, • 157 
• ff2, • ff4 
. f29, . 090 

Pit 

.091,-.016 
• 062, -. 049 
. 032, ;.., 062 
• 007, -. 061 

-.OI.f,-.054 
-.023,-.045 

. 139, .065 -.030,-.039 

. f44, .o-45 ~.oss,-.ose 

.1-46, .024 -.059,-.029 

.144, .009 -.0-42,-.026 
• 140,-.006 -.046,-.026 
.f56,-.0f6 -.05f,-.028 
.fso,-.o23 1 -.oss,-.oss 

. f25, -. 029,-. 059, -. 0-42 

.f20,-.0:!f -.060,-.055 

.115,-.052 -.059,-.069 

B. For Fit 82 

PO:! 

• 125, . ,..,. 

. I 17, . 159 
• I If, • 155 
. 107, . f32 
. 105, • 150 
• 105, . 150 
• 106, . 151 
.109, .ISS 
• I 15, • 156 
. 119, . 159 
. 125, • , .... 
. ISS, • 149 
. 145, • H55 
. 154, .161 
• f67, . f67 
. 192, • f75 I 

PI:! 

.074, .099 

. 099, . 065 

.ff0,.039 

. f 15, . Of9 
,115, .004 
. lf2, -. 005 
. f09, -. 007 
.106,-.005 
.f02, .002 
. 097, . Of2 
. 099, . 025 
. 079, . 039 
• 065, • 050 
• 045, . 0!59 
. 023, . 065 
• 002, . 060 

DO:! 

• 092, -.101 
•. 081'. -. 008 
• 055, -. 007 
. 059,-.022 
. 032, -. 057 

.• 025,-.051 

~.0!4, -. 080 
-. 002, - •. 06-4 
-.~.-.060 

-.Ool.l!S,-.~ 

-.055,-.0!6 
-. 055, • Of7 
-. 052, • 046 

. 002, .059 

.056, .OA8 
• 052, • 0!9 

DIS 

-.!57,-.090 
-.094,-.0915 
-.040,-.071 
-.Of0,-.047 

.00:!5, -. 02! 
-.oct, .002 
-. Ot7, ·. 01 I 
-.05-4, .004 
-.040,-.01~ 

-.029,-.040 
-.002,-.052 

. 027, -. 0-45 

. 04:!5, -. Ofl. 

. 0:!56, • Of 2 I 

.014, .0231 
-. 002, • 012 

005 

-.OUt,-. OSO 
-.02!5,-.oS!S 
-.056,-.055 
-.050,-.099 

• Q.&s, -.ISS 
• !05,-.085 
.t1s.-.~ 
. t06, -. oo2 
• 097, • 018 . 
.090, .oss 
.oas • . au 
.092, .052 
• 081 •• 058 
• 092, . 065 . 
• 09!5, • 069 
. 091 •. oi-1 

015 

.oe .. 060 
-.oo7, .os!s 
-.057, .079 
-.oss •• 059 
-.019, .~ 
-.00!5, .oss 

. 007, . 022 

.017, .Off 
• 025, . 001 
. oss, -. 007 
• 04f,-.Of4 
. 049, -. Of9 
• 059, -. 019 
. 070, -. Of5 
• 082, -. 005 
. 092, • 012 

PO!S P07 

•. 069, •. 055 I -. 00f, • 001 
-. 092, -. 069 -. oo.o. . oos 
-. '105, -. 140 . 002, . 006 
-.050,-.255 .007, .007 
.07'5,-.267 .012, .009 
.172,-.212 .019,.008 
.210,-.14:!5 .026, .004 
.220,-.099 .oss, .ooo 
.220,-.046 .040,-.00:!5 
.2t6,-.ot2. .o..s,-.oos; 
• 21 o. . 019 • 0!57, -. 005 
• 201. • 045 . 067, -. 005 
• 1ss, • o7o • on, .'oos 
.175, .092 ;096, .015 
• 1~ •• I 10 • 095, • 052 
• 15-4, . 124 . 095, . 056 

Fl5 Pf7 

. Ot5, • ots 1 -. oos. -. oop 
• 01:!5, • 017,-. 006, -. 000 
.009, .020 -.009,-.001 

-. 002, . 019 
-. Of4, • 012 
-.022,-.009 
-.Of4,-.040 

. 022, -. 062 

. 065, -. 052 

.096,-.024 

. 092, • 005 
• 097, . 025 
. 090, • 040 
. 071 •. 050 
. 062, • 057 
. 055, . 061 

-.009,-.001 
-.012,-.002 
-.Of4,-.002 
-.019,-.004 
-.025,-.006 
-.029,-.011 
-. 036, -. 02f 
-.041,-.04f 
-. 027, -. 07f 

. 015, -. 078 

. 056, -. 055 

. 059, -. 0'55 
• 0:!56, -. 024 

G07 

• 005, • 000 
• OOs, • 000_ 
. oo7, . ooo 
• 009, • OOf 
• Of I, • 00.1 
• 014, • 002 
• 017, • oos 
• 021 •• 004 
• 025, • 007 
• 051 •. 010 
• 039, • 017 
. 0-46, . 029 
.O!U, 
.044, 
• 014, 

.047 

:::,. 
-.023, • 095 

o. 
o . 
o. 
o. 
o. 
o. 
o. 
0. 
o. 
0. 
o. 
0. 
o. 
o. 
0. 
0. 

Gl7 

• o. 
,0. 
• o. 
,0. 

.o. 

..o. 
• 0. 
• o. 
.o. 
• o • 
• 0 • 
,0. 
,0. 

• 0. 
,0. 
,0. 
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Table XIII. Partial Waves Calculated From Fitted Parameters (cont.) 

.,. ........ 

ECH 

1. 725 
I. 750 
1. 775 
I. BOO 
1.925 
t. 850 
1.875 
I. 900 
t.925 
1.950 
I. 97'!5 

2. 000 I 
2.025 

2. 050 I 
2.075 
2. f00 I 

ECI'f 

1.725 
t. 750 
t.775 
t, BOO 
1.825 
1.850 
1.875 
I. 900 
I .925 
1.950 
t. 97'5 
2.000 
2. 025 
2.050 
2.07'!5 
2.100 

SOt 

• 156! -. 0121 
. , .. o •. 028 
. I 19, . 052 I 
• tot •. OGS I 
• oee, . 0671 
• 079, . 066 
. 074, • 062. 

• 074·, . 056 i 
. 076, • 0 .. 71 
• 079, . 035' 
. oe3, . 020 I 
. 086, • 002 I 
. oss. -. o2o 1 

. 077, -. 0 .. 4 I 

. 061. -. 069 

. 035, -. 090 i 

Stt 

. 215, . 169 

. 190, ; f65 

. 174, . 155 

• 164, . '"'' 
. f!59, . 123 
.156, .102 
. 155, . 079 
. 154, . 055 
. 151. . 028 
. 145, . 001 

. 135, -. 027 

• 120, -:· 054 
. 099, -. 078 
. 072, -. 098 
. 041, -.II I 
.005,-.116 

~~-·~:.... __ -.- ______ ...., ____ -- --. 

PDf 

. 093, -. 070 I 

• 099; -. 086 i 
• to3, -. ose I 
• ~~. -. to7 I 
.to4,-.ttt 1 

,103,-.tt2 i 
• I Of,-. I I 0 , 

I 
• 099, -.to,.! 

. o95, -. o9!S 1 

.091,-.083: 

. 09_., -. 070 I 

. 074, -. oss I 

. 062, -. 040 i 

. 046, -. 0~ 

. 026, -.Of I 

. 003, -. 001 

Pit 

-.lSI, . 006 
-.09f,-. 109 
-.ooo,-. IS!S 

.. 058. -. 109 

• 091. -. 0791 
. 083, -. 061 
. 073, -. 057 
. 055, -. 062 I 

. 028, -. 0671 
-. oos. -. o6t I 
-.032,-.040 

-. 039, -. 0061 
-.022, .019 
.002, .017 
. 006, . 002 

-.004, .004 

C. From Fit Cl 

P03 

.1 .. 7, ,119 

• 140, • '12 
• 136, . f06 
.133, ,102 
• 132, . 099 
• 132, • 097 

• ~~ •• 095 
• f39, . 095. 

• 143, • 095 
• f49, . 096 
. 156, • 097 
• 165, . 099 
• 176, . 101 
• f97, . 103 

. 200, . f 0!5 

.21s, .to7j 

Pl3 

003 

• 159, -. 16f 
,f56,-.096 

• ~~. -. 0!53 
. I 0!5, -. 027 
• 07'!5, -. 014 

• 046, -. ooel· 
• 019, -. 004 

-. 0~ •• OOf 

-.024, .Off I 
-.039, .025 
-.0 .. 5, .045 
-. 041, . 067 1 

-. 024, . 099 : 
. oos, . , o3 1 
. o~ •. to4 1 
. 096, . 09!5 i 

013 

. 017, . 032,-. 016, -. 002 
·. 039, . 033 -. 019, -. 003 
.059, .02 .. -.023,-.005 
• 074, • 010 

. 093, -. 005 

. oe8, -. Ot7 

. 091, -. 025 

. 094, -. 028 

-.027,-.ooe 
-.032,-.0tt 
-.0:58,-.017 
-.045,-.026 
-.o5o,-.040 

.096,-.027 -.o5o,-.060 

. 098,-.020 -.038,-.083 

.098,-.009 -.011,-.099 

. 095, . 006 . Ot9; ;., 096, 

. 089, .023 .039,-.081 

. 076, . 040 

. 057, . 055 

. o~ •. 06:5 

.047,-.064 

.049,-.050 

. o~. -. 040 

005 

-.037,-.003 
-.048,-.011 
-.0!59,-.032 
-.054,-.077 
.005,-.115 
. 067, -. oea 

• 096, -. 0491 .. 
. 099, -. 023 
. 088, -. 007 

. 087, . 0051' 

. 087, . 015 
• 088, . 024 

. oee •• o~ I 

. 087. . 044 ' 

. oes, . o!54 I 

. 082, . 066 i 

015 

f'OS F07 G07 

-. o87, -. o39 ,~ -. ooo. • ooo I . oos. . ooo 
-.I 15, -. 076 -. 000, . 002 I . 006, • 000 
-.132,-.147 .002, .004 .008, .000 

-. 096, -;. 250 I . 006, . 005 I . 009, . 001 
• 024, -. 313 • Of I, . 0041 . Of I, . 001 
.14!5,-.280 I .017,-.000 I .014; .002 

• 206, -. 209 I . 022, -. 006 I • Of 7, • 002 
. 227, -. ,_ . 026, -; 012 ! . 020, . 004 

• 23o, -. o94 1 , • o3t. -. ote i . o25, • o05 
. 227, -. 055 i . 036, -. 024 . . 03f., . 009 
. 220, -. 022 I • 043, -. 028 . 039, . 014 

1 . • 21 o, • oo6 I . 053~ -. o:;o • 046, . o2:; ; 
.197, .031 i .065,-.026 .055, .039 
. f82, . 053 ! . 078, -. 017 • 057, . 066 
, f64, • 070 i . 090, , 00f I , 039, , f 00 

' I 

. '""· . 083 ! . 097, . 029 ' -. 006, . t 15 . 

Ft5 Fl7 Gt7 

.ot7, .0331 .009, .oto -.004,-.ooo 1 o . 

.009, .070 .ooe, .ots -.oos,-.ooo o. 

,0 . 
• 0. 

-.016, .066 .003, .021 -.007,-.001 o. 

-. 009, . 045· -. 008, . 025 -. 008, -. 001 0. 
.005, .030 -.025, .023 I -.oto,-.oot o. 
. 017, . 017. -. 045, . 006! -. 012, -. 002 0. 
. oz5, . oo6 -. o53, -. o291 -. ol5, -. oo3 1 o. 

. 032, -. oo5 -. oss, -. o69 1 -. 019, -. oo41 o. 

. 037, -. 014 . ott,-. 087~-. 024, -. oo8 o. 

. o42, -. o2o . o55, -. o75 -. o'5o, -. o13 I o . 

. o49, -. o25 . o8o, .-. c46 1 -. 037, -. o25 1 o. 

, 056, -:· 027 . 097, -. 0151 -:. C3S, -. 048 i 0. 
. 065, -. 024 I • 082, , 008 ! -. 015, -. 075 , 0. 
. o7'5, -. ol7j . o73, . o2s: ; o23, -. o6s 1 o. 
.oes,-.004 .063, .035

1 
.037,-.046 I o. 

. 092, . 016 I . 053, . 041 ' . 037, -. 030 I 0. 

• o . 
• o . 
• o. 
• 0 . 
• o . 
• o . 
• o. 
~ 0 . 
,0. 
.·o . 
• o . 
• o . 
• o . 
• o . 
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Starting 
Fit- from 

AD Al 

CD C,l 

CA C4 

EA El 

Table XIV. Summary of Fits ~o Other Data 

Data 

Original 
Distributions 

Original 
Distributions 

All Coefficients 
in Fig. 15 

All Coefficients 
in Fig. 15 

Number of 
Data Points 

. 625 

644 

1048 

1048 

·Time Per 
Iteration. 

14.3 sec~ 

9.2 sec. 

29.5 sec. 

10.9 sec. 

Number of· 
Iterations 

189 

317 

7 

5.23 

DF - Degrees of Freedom (Note that Fit AD(CD) required 32(34) normalizations.) 

2 
X /DF Probability 

558.2/503 4% 

560.9/526 14% 

1582.6/967 
I 
ID 
~ 
I 

1357.7/957 



Table XV. Channel Descriptions and "Reduced Branching Fractions." The fractions listed are the 
artificial ai described in the text. The first six r.esonances correspond to· those in 
Table XIV. 

Jp 

Masses --
DOS 

D15 

F05 

F15 

F17 

G07 

013 

FOS 

Pll 

F15 

1/2-
.938, 494 

• 20 

.44 

.64 

.10 

.20 

. 25 

.OS 

.10 

.10 

.10 

-1/2 
1.192, .140 

.30 

.06 

.11 

.20 

.OS 

.OS 

.20 

.30 

.25 

.20 

3/2 - 3/2+ 1/2- 1/2+ 
1. 383, .140 1. 518, .140 1.115' .140 1.405, .140 

.so 

.13 .15 .14 .08 

.25 

.20 .20 .10 .20 

.1S .1S • 30 .15 

. 70 

.15 .20 . 20 .20 

.60 

.15 .20 .10 . 20 

.20 .20 .10 .20 

I 
-.C) 
tf>, 
I 
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Table XVI. Parameters for Resonances Already Classified in SU(3) Multiplets. Listed are the fitted 
averages for each series in Table XII. These were then averaged, in the sense described 
in text, and errors assigned. The parameters T and y/2 are artificial parameters for 
convenience of fitting. · · 

! ·- ··-·. 

Ill AVE T ER Y/2 AHP r/e I WAVE T ER y /2 AHP r/e 
GEV <ER> GEV GEV CER> GEV 

1\ -. 122 1. 033 ~ ~a 1 -. 1 7~ • 0~9 1\ • 0.02 1. 777 • 8 f 0 • 1 05 .077 

8 -. 1 05 1. 925 .460 -. 152 .0~0 B • OG5 1. 750 • 4G2 .08.4 • 0"-0. 

c -.OSG 1. 0.2G • 391 -. 124 • o:.a. ,... 
• 043 f.7GO • 405 • 0 5!3 . .03G .... 

005 E -.004 1, S:!9 • tG!3 -. 1 21 .OZG 015 E • 075 1. 775 • 975 • 0.9G .003 

G -.o::>s 1. 04 0 , /.S 1 -. 1 zs .- 0 4/. G .045 f. 7GZ • S 1 D • 050 ,029 

AVG -.O~G 1. c~z • 441 -. 130 .044 /\VG .050 f • 7G!3 • GOG.· .074 :oso 
cr:~ t. 01 ~ ±.oos ±.O.t.O :!: • 01 0 :!:.005 Er-R :!: • 0 1 4 :!:.ooo :!:.193 :!: • 0 f 7 :!: • 0 f 9 

I 

1\ -.CC2 1.024 • 455 •.242 ,049 I• -. 1 1 g. f. 932 • 661 -. 145 • 072 

B -.200 1 • 021 .519 -,2GG .054 a -. t ~~ 1. s1 e • 730 -. f!33 .07G 

c -. :;.~o 1. 1::29 .590 -.319 ,OG::> c -. f 2·S 1. SZG • 740 -. f 00 .oes 
F05 E -.28/. 1 • 821 • S7/. I -. 2G2 .03~ Ft5 

G -. ~ .. CS 1. 821 . c~~ -.2G2 .00!3 Ci -.08S 1. 818 • 49t -. f t 0 • 05.1 

AV~ -.290 , . e~s • 500 -.269 .052 ,1\V~ -. f f f '. 925 • 68-f -. f 37 .073 

ER_Ff '!:. 023 :!:.003 :!:.075 :!:.027 :!:.ooa ERR :!:.012 :!:.008 :!: • 090 . :!:.ore :!: • ·0 f 1 

A • OG 0 2. 1 ~ G .G02 • 059 .095 1\ -. 095 2. 05!) ,443 -. 1 1 9 ,OG2 

a .0~7 2. 001 .:'iSS .096 .058 B -. OG2 2. 017 • 351 -,079 ,044 

c • 0~~ 2. 0::>0 . 550 .OS~ .035 c -. OG..C. 2. 034 • ·3G2 -. 091 .047 
I 

G07 E . 1 GG 2. oac .~GS • 1 G3 .OGS I F17 i3 -. 072 2.022 • 444 -.092 .05G 

,G • 0 0 1 2. 000 ,417 • 079 .OG:::i G -.063 2. 031 , 4G 1 -.037 .OGO 

I /'tVG • 090 2. 092 • 400 • 09G • 072 1\ ., G -. OGO 2. 034 • 4C3 -.ODG ,059 

I t:r.R I:!:. 057 :!: • 0 f 2 :!:.07::! t.OS7 :!: • 0 1 s er,R :!: • o 1 e :!: • 01 4 :!:. oso :!: • 01 4 :!:.OOG 
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Table XVII. Parameters for Resonances not classified in 
SU(3) multiplets. Listed are the fitted 
averages for each series in Table XI L These 
were then.averaged, in the sense described in 
text, and errors assigned. The parameters T 
and y/2 are artificial parameters for con~ 
venience of fitting. 

\•J '· v L! FIT T ER Y/2 AMP r/2 

GEV CER> ·G!:!V 

-
c - . 09~ 1 . 880 . 504 -. 1 02 '. oso 

' 
'013 

G -. 079 1. 89:5 . GGe -. 'oeG . 1.22 

/iVG -. oas f. OS!3 .577 -. 09:> . 104 

EP.P. t . 005 ±. 005 + 057 + OOG + 0 f 1 -. -. -. 
'' 

D . 179 2. 140 f • 175 . 170 .244 

c . 1 4 0 2. 1:50 f. 274 • f :54 .258 
FOS ' AVG . 159 2. f 4 1 f • 22G . 152 . 252 

tHH~ + 01::$ + 006 + 036 + 013 + 0,06 .-. -. -·· -. .... 
I 

.. 
·c -. 070 f. 772 .~05 -. 1 OB . 0~0 

p f 1 

r3 G -. 059 1. BG4 2.995 -. 079 

IF 15 

' 
82 . 091 2. 057 3. 025 . 1 04 ,45:5 



.. 
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Table XVIII. SU(3) Isoscalar ·Coefficients For Coupling 
to Octet-Octet ChanneL These values are 
approximate; for exact values see Ref. 25. 
Baryon symbols specify Y,I as described in text. 

N 10 

N'll' .67 .so N'll' -. 71 

EK -.67 .so EK .71 

10 

NR -.55 .41 -.41 

0. .• 82 .41 

.45 0. -.so 

A 1 

NK .32 .71 .so 

-.78 0 . .61 



Tahle XIX. 

-98-

Data Used for Fits to SU(3) Coupling Constants. 
Reactions are indicated by NR: 1 Nn-+N1f, 2 NK-+NK, 
3 NK-+En, 4 NK-+An, 5 Nn-+EK. 
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Table XX. SU(3) Coupling Constants From Fits to Data in 
Table XIX, assuming Glashow and Rosenfeld 
energy dependence with X = .35 and the nucleon 
mass as scale factor. 

gd gf 
2 g 

05 • 88 -.14 

F5 .87 .52 

F7 .49 

G7 .51 
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FIGURE CAPTIONS 

Fig. 1. Schematic of secondary beam used for this experiment. 

Fig. 2. One view of a typical ~ event. 

Fig. 3. Comparison of non-Gaussian distributed fiducial quantities for 

~ events and T decays. The·cuts applied for these quantities 

are indicated. 

Fig. 4. Decay vertex fiducial volume. 

Fig. 5. Differential lifetime distributions--numbers of events weighted 

only for decay angle losses. The /ti~~ intervals for I: (I:+) 

decays are .OS (.03) nsec. 

Fig. 6. Decay angular distributions. 

a. Azimuthal angle, ~. as described in text. 

* b. Cosine of center of mass angle, c = cos o , as defined in 

text. 

Fig. 7. Illustration of Lorentz transformation of the decay angle. 

The momenta in the rest· frame, represented by a unit sphere, are 

carried into the lab frame, represented by an ellipsoid (e.g. 

vector OS to vector AL). Perpendicular components are 

* unaltered; but the angle o· is transformed to the lab angle o. 

For the case R > 1 (symbols defined in text), a cut in o 

corresponds to two cuts in the center of mass cosine, c±. 

Fig. 8. Distribution of fitted beam momenta for both the T decays and 

the ~ events. Numbers of events passing all cuts are shown per 

bin of .005 GeV/c. 
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Fig. 9. Cross sections from all available data for the reactions 

studied. See Fig. IS caption for references to other 

experiments. 
•. 

a. - ·+ -K p -+ 1r E 

b. 

c.· - + .;. 0 
Kp-+nE'ir 

d. - - + 0 K p -+ 1r E 1r 

Fig. 10. Production angular distributions, showing sums of weighted 

events in the bin .combinations. Widths ·of combinations are 
,. ... 

multiples of 0.1 in the production cosine, .cos e = lc . • k . . K 'If. 

a. - + -K p -+ 1r E 

b. ·- - + Kp-+nE 

Fig. 11. Polarizations for K-p-+ 1r-I:+ in intervals of the production 

cosine, cos e. The dashed curves show the functional 

representation calculated from the Legendre series expansions. 

Fig. 12. Functional representation of the production angular distribu-

tions. The dashed curves are the Legendre series expansions 

·in the production cosine, cos e; the shaded histograms give 

weighted numbers of events per bin of 0.1. 

- + -a. K p -+ n E 

- - + b. Kp+nE 

Fig. 13. Dalitz plots and invariant mass-squared distributions. 

Dashed curves in plots indicate kinematically imposed boundaries 

for each of the energies, E, included in the plot. Dashed curves 

over histograms indicate the average shape that would result 

from completely isotropic distribution of the final state 

momenta. The histograms are of weighted events per bin of 
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Fig. 13 (cpnt.) 

Fig. 14. 

2 0.04 GeV . 2 2 
The quantities m

0
, m± are defined in text. Note 

that the histograms are not correctly aligned with the scatter 

plots: the tick marks should heme bin lower in mass-squared. 

a. - + - 0 K p -+ 1T r 1T 

b. K-p -+ 1T-r + 1To. The Dali tz plots include events from both 

+ . + + . . r -+ 1T
0 p and r -+ 1T n; the invariant mass-squared distri-

+ + butions include only events from r -+ 1T n. 

+ + 
Argand'diagrams for selected partial wave fits to K-p-+ lT-1: 

reactions. The labels for the fits correspond to those in 

Tables XII and XIV. The waves are labeled by L, I, 2J (where 

S, P, D, F, G stand for L = 0, 1, 2, 3, 4 respectively). For 

each separate value of J, the I = 0 waves have dotted curves, 

the I = 1 waves have solid curves. The symbols, plotted at 

energies starting from 1. 725 GeV and separated by . 025 GeV, 

distinguish parity states: the symbol + for P = -1 and the 

symbol X for P = +1. 

Fig. 15. Legendre coefficients predicted by the three fits with highest 

probability--fits A, B, Care Al, B2, Cl of Table XII, res-

pectively. All data available for these reactions are super-

imposed.: The references to other experiments are:· Ref. 2b 

for LRL 1 (these data ~ere included in the analysis); Ref. lb 

for CHS; Ref. 3 for LRL 2· , and R,ef. 4 for CRS. 

a .. K-p-+ + -
1T r Legendre s'eries coefficients. 

b~ . K-p -+ + - . 
1T r associated Legendre series coefficients. No 

data are available here since the r polarization is not 

observed. 
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Fig. 15. (cont.) 

c. K-p-+ n-t+ Legendre series coefficients. 

d. - - + K p -+ n r. , associated Legendre series coefficients. 

Fig. 16. Comparison of partial waves using P and B parameterizations. 

a. Waves resulting from prefit EO using the P paranieteriza-

tion. 

b. Waves resulting from prefit FO 'using the B parameterit.a-

tion. 

Fig. 17. Average x2 contribution from all coefficients· at each energy 

in the fits to all the data in Fig. 15. The fit CA varied 

little from C4; the fit EA better accommodated the data not 

included in the original fit. See Fig. 15 caption for 

references to other experiments. 

Fig. 18. Values of x2 for fits to SU(3) coupling constants for each 

·. multiplet. Three types of energy dependence were tried: the 

Blatt and Weisskopf form (BW) and an interaction radius of 1. 

Fermi; the Glashow and Rosenfeld form (GR) with different values 

of the form factor parameter X; and the "no denominator" form 

(ND). 

Fig. 19. SU(3) coupling constants calculated from the amplitudes for 

individual reactions assuming the GR energy dependence with 

X = • 35. The coupling constants·': are dimensionless; the scale 

factor was the nucleon mass. Elastic reactions are indicated 

only be the final state channel. 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility. for t-he accuracy, complet.eness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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