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CHAPTER I 

INTRODUCTION 

In order to understand the nature of the strong interaction, 

much effort has gone Into studying reactions produced by the bombardment 

of nucleons with pions, K-mesons, nucleons, and anti-nucleons. When the 

bombarding energy is sufficiently high, two general characteristics have 

emerged. These are peripherality and resonance production. [Reference: 

J. D. Jackson, Rev. Mod. Phys.~. 484 (1963); this review article con

tains many references.] Observed perlpherallty has led to the develop

ment of the single-particle-exchange models. These peripheral models 

deal with two-particle and quasl-two-partlcle final states. As the 

energy of the bombarding particle is raised, the average number of 

particles in the flnal state increases. The success of the slngle

partlcle-exchange models generated Interest in multiperlpheral models as 

a possible description for the multi-particle final states. 

In this work we have Investigated several Interactions having 

multi-particle final states and have compared these data with multl

perlpheral models. The Interactions studied In this work were produced 

by the bombardment of deuterium nuclei with K- mesons having a momentum 

of 4.9 GeV/c. These were 

K-d ~ w-w- pKt' <Ps>, 

~ w-w- pi<° w° CPs>, 

and ~ n-w-w+ KO n <Ps>. 

( 1-1 ) 

( I -2) 

( 1-3) 



..... 

The quantity Ps refers to a spectator proton, which does not take part 

in the interaction. Therefore, the reactions can be thought of as 

initiated by a K- incident on a neutron. 

Chapter I I briefly describes the data col lectlon and reduction. 

Chapter I I I Is an Investigation of poss Ible biases present In the experi

ment. Al I were found to be smal I. Chapter IV Is devoted to a brief 

description of the multlperlpheral models compared with these data. 

Chapter V Is a presentation of the data and the related model calcula

tions. Chapter VI reports evidence suggesting the posslble existence 

of a non-strange baryon enhancement of isotopic spin 5/2. A short con

cl uslon Is presented In Chapter VI I. 

2 
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CHAPTER 11 

EXPERIMENTAL SETUP AND DATA PROCESSING 

A. Bubble Chamber Exposure 

The Initial phase of this experiment took place at Brookhaven 

National Laboratory CBNL> making use of the Alternating Gradient Syn

chrotron CAGS> and the BNL 80-lnch deuterium-fl I led bubble chamber 

operating In an electrostatlcally separated K- beam from the AGS. The 

beam momentum was determined to be 4.910 ± .007 GeV/c. The beam momentum 

Is discussed further In Section C of this chapter. The AGS and the 80-

lnch BNL bubble chamber have been discussed extensively In the lltera

ture.l,2,3 A rough sketch of the bubble chamber and the camera loca

tions are shown In Figure I. 

The exposure consisted of approximately 100,000 pictures. The 

chamber was simultaneously viewed by three separate cameras. The film 

quality of this exposure was good. 

B. Data Col lectlon and Reduction 

I. Scanning 

Essentlal ly al I of the f I Im was scanned and measured simultaneous

ly. Image-plane digitizing tables were used for this. The scanners 

were Instructed to scan all frames In al I three views. They were told 

to do both an area scan and an along-the-track scan. They area-scanned 

for all two-pronged beam track Interactions. They sighted along the beam 

tracks to detect partially obscured Interactions and vee vertices. All 

3 
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events having one or more vees associated with a main vertex which had 

three or more prongs leaving It were recorded. The research work re

ported in this thesis only used the three-pronged events and four

pronged events with a visible stopping proton. A vee was called asso

ciated unless three-momentum conservation Implied It did not result from 

the decay of a neutral particle produced at the beam track Interaction. 

To determine associatlon,a straight edge was placed with one end on the 

primary vertex and the other on the vee vertex. If the straight edge 

then passed between the vee prongs In all three views, the vee was taken 

as associated, provided the scanner could not rule it out on the basis 

of obvious failure to conserve momentum. 

A fiducial volume Is set so that the momenta of prongs belonging 

to vertices within this volume can be measured. Somewhat arbitrarily, 

two fiducial volumes were defined separately for the primary interaction 

vertex and the vee decay vertex. Figure 2 Is a sketch showing how the 

ends of the fiducial volume were determined by using the view of camera 

number one. The average length of the primary Interaction f lduclal 

volume was 146 cm. The vee fiducial volume was 7.5 cm longer on the 

average. Conservation of energy and momentum Imply that high momentum 

prongs are In the beam direction. Also, the beam is approximately 

centered In the bubble chant>er. Therefore the side boundaries of the 

fiducial volumes were chosen as the limits of the i I lumlnated II quid. 

If a scanned event was determined to be out of the specified 

fiducial volumes, the Instruction was to neither record nor measure the 

event. Likewise, if the beam particle which Initiated the Interaction 

was clearly not parallel to the other beam tracks In the frame, the 

5 
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event was dropped. 

When all of the scanning criteria were met, the scanner recorded 

the appropriate Information on a scanning record sheet. The scan sheet 

contained such information as rot I, frame and event numbers, the beam 

track count, event type, area codes for both main vertex and vee vertex, 

ionization Information for each track, stopping Information, and comment 

codes that might help in identification at some later date. The format 

and codes of the scan sheet are discussed in detal I by Mandzy. 4 

The efficiency of the scan was determined by a rescan of every 

fifth picture by a very good scanner. Disagreements In the two different 

scans were refereed by an excel lent scanner. From this, the scanning 

eff iclency E was calculated for the rol I of fi Im. 

E = N 
NT 

where E Is the scanning efficiency, 

(11-1) 

N Is the number of events found In every fifth picture 

of the f lrst scan, 

and NT is the best estimate of the true number of events in 

every f I fth frame. 

Roi ts with less than 85 per cent scanning efficiency were re-

scanned. The scanning efficiency of each worker was also calculated. 

Those who were not doing wel I received closer supervision and more in-

struction. Also, their frames were rescanned. 

The scan yielded approximately 17,000 vee event candidates with 

2,212 fitting the K0 hypothesis. 

7 
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Special treatment was given to two rol Is which were to be used 

tor cross-section calculations. These two rol Is were completely scanned 

twice by our best scanners and also fifth frame checked for each scan. 

In addition, all interactions of al I types were counted and recorded and 

a beam track count was made for every tenth frame. 

2. Meas ur i ng 

The measuring machines were equipped with incremental encoders 

in conjunction with up-down counters. The counters for each machine 

were on line to an IBM-1801 computer. The track coordinates could thus 

be entered directly into the computer's core. The computer monitored the 

event measurements. Before a track was accepted, the measured points 

were checked to see if they fel I on a curve of approximately constant 

curvature. The measured points for each track were stored on the 1801 1s 

disc along with pertinent event identification information. This in

formation was later punched on cards. A typical vee event consisted of 

about 25 cards. The measuring rate was about three events per hour for 

the IPD's. The measuring machines are discussed In more detai I by 

Borak5 and Mandzy. 4 

3. Event reconstruction and kinematic fitting 

The card images of the measured events from the IEl-1-1801 computer 

were submitted as input to the Rutherford High Energy Laboratory bubble 

chamber analysis system HGEOM-HKINE-KINC3. 6•7 The programs were run on 

the CDC-6600 computer at the A.E.C. Computing Center, Courant Institute 

of Mathematical Science, New York University, New York, New York. 
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The geometrical reconstruction program, HGEOM, reads the 

measured track coordinates as data. The Cartesian coordinate system It 

uses for describing Its results has the origin at the center of the 

llquld-glass interface of the bubble chamber window <see Figure I). The 

z-axls Is perpendicular to this Interface and points Into the liquid. As 

seen In Figure I, the x and y axes are defined such that a left-handed 

coordinate system results, with the x-axis being approximately parallel 

to the beam. The programs HKINE and KINC3 also use this left-handed 

coordinate system. Before examining the data In order to study the 

dynamics, the components of three momenta were expressed In the right

handed system gotten by inverting the y-axis. 

By tracing rays from the film plane through the camera lens and 

then through the Intermediate media Into the bubble chamber liquid, 

HGEOM Is able to reconstruct the space coordinates of points on a track. 

The track coordinates are flt to a helix. The method of least 

squares Is used to meke this f It. Consider the projection of the momen

tum vector Into the xy-plane. The angle this projection makes with the 

x-axis Is called the azimuthal angle and the angle It makes with the 

momentum vector Is called the dip angle. From the parameters of the 

helix, HGEOM determines the kinematic variables l/p, 9, and tan A at the 

center of each track, where p Is the track momentum, t Is the azimuthal 

angle, and A ts the dip angle. These angles are shown In Figure I. The 

quantity l/p Is used Instead of p because It Is more directly related to 

the actual measured track quantity, the curvature, whose errors should 

be more normally distributed than those of the calculated quantity P. 
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P = o. 3Hp x 10-3GeV/c, 
cos A 

where H Is the z-component of the magnetic fleld in kilograms, 

A is the dip angle, and 

( 11-2) 

p Is the radius of the projection of the helix into the z = 0 

plane. 

The requirement of the normal distribution of errors Is Important 

because we wish to convert x2 figures of merit to probabilltles. HGEOM 

10 

supplies the helix flt of each track for the masses of aw-meson, K-meson, 

and a proton. HGEOM provides the kinematic variables Cl/p, ,, tan A) and 

their corresponding errors as Input to HKINE. 

HGEOM calculates the errors in the kinematic variables using 

two Independent methods. The results of the two calculations are com-

pared and the larger Is chosen as the appropriate error to be passed on 

to HKINE. One method simply computes the errors from the provided 

setting error and the Coulomb multiple scattering effect. The second 

method finds errors from the deviations of the measured points from the 

projection of the helix onto the fl Im plane. 

The derived variables Cl/p, ~,tan A) and their errors are 

written out on paper in addition to being used as Input to HKINE. Also 

Information on events that fat I geometrical reconstruction Is written 

out. This paper output Is used to check on the quality of the measurers' 

work and to make remeasurement lists. 

HKINE, the second stage of the analysis system, is the kine-

matlcal f lttlng program. HKINE has aval I able to It the measured 

quantities Cl/p, ,, tan A) and their associated errors. 
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tracks. Consequently, for each event we must test a large number of 

hypotheses of particular mass assignments. A mass hypothesis consists 

of an assumed mass for each observed track and for neutral particles 

produced in the reaction, such as K0 and w0
• 

For a given mass hypothesis HKINE determines those values of the 

kinematic variables that minimize x2 subject to the constraints of 

energy-momentum conservation. 

The x2 for a set of measurements [xm, ••• ,xm] of the variables 
l n 

is defined by 

( 11-3) 

where Xi ls the fitted value of the kinematic variable of Interest, 

x'!' 
I Is Its measured value, and 

CG .X. )-1 = 6 x~ 6 xj is the I .th element of the error matrix for 
I J ,J 

the two measured variables xT and m 
Xj • The quantity 

6 x~ is the error in the 1th kinematic variable. 
I 

Suppose that the frequency distribution in x2 is given by fCx 2>. 

The x2 probability, PCx2>, is defined by 

PCx2) = r °" f c µ > dµ • 
J x2 

B 
( 11-4) 

HKINE calculates the value of x2 and the x2 probability for each fit 

attempted. 

This f lttlng program ls needed for two reasons: 

I. Folding In energy-momentum conservation lowers the errors In 

the kinematic variables. This Is especially important if a 

w0 or neutron is produced in the reaction since Its 
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2. 

three-momentum is not directly measured. 

The x2provides a figure of merit for determining if a mass 

hypothesis Is consistent with energy-momentum conservation. 

The kinematic fitting for our multl-prong-plus-vee events was a 

three-step process. 

and 

I. The vee was tried as a decaying A0
, A0

, and K0
• The number 

of A0 fits was used as an estimate for the small number of 

K0 's we Incorrectly classed as A0 's. This wll I be discussed 

In Chapter I I I, Section F. 

2. All hypotheses were tried that were consistent with each 

passed vee flt. Using the result of the vee fit, a fit 

at the main interaction vertex was tried with the vee f It 

Inserted as another measured track. 

3. If step 2 was passed, a multi-vertex flt was then made 

using the results of both steps I and 2 as starting points. 

Multi-vertex fit results were used in studying our reactions. 

The hypotheses of primary Interest In this work were 

K-d -+ p,..-,..-Ko PS, C I 1-5) 

K-d -+ p,..-,..-Ko,..o PS, ( 11-6) 

K-d -+ ,..+,..-,..-R0 n Ps, (I I-7 > 

where Ps Indicates a spectator proton. 

4. Data retrieval 

KINC3, the third part of the analysis system, then retrieves 

the measured variables and their errors plus the fitted variables and 

their errors for each hypothesis. It also retrieves Identification and 

12 
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quality control information. It then writes al I of this Information onto 

two magnetic tapes. One of these tapes Is referred to as the summary 

tape. It contains al I measured, fitted, quality control, and Identifica

tion information for each track and effective masses and their errors 

calculated for all possible track combinations. The second tape is 

called the print-punch tape. This tape contains two flies. As the 

name indicates, one fl le Is printed on paper and the other is punched on 

cards. The Vanderbl It IBM-1401 computer Is used for this purpose. The 

print file contains much of the same information as the summary tape and 

It Is written In a format that can easily be read whl le checking events 

for ionization consistency. The punch file provides two cards for each 

event and also one card for each mass hypothesis that has a flt. 

The summary tapes were also returned to Vanderbl It where they 

were packed onto long buffered tapes by the SOS t-7 computer. 

5. Event type selection 

Every event was examined on the scanning table In an effort to 

use bubble density to make definite mass assignments to the measured 

tracks. The decision of whether a particle was a proton or a meson was 

made on al I tracks with momentum less than I GeV/c. When the momentum 

of the track was greater than I GeV/c, the Ionization provided no Infor

mation that could be used In making a decision. The decision of whether 

a particle was a charged pion or kaon was made on al I tracks with momen

tum less than 0.5 GeV/c. Mass decisions based on Ionization were 

punched by hand on cards In coded form, one card for each event. These 

cards, along with the long buffered tapes were provided as Input to an 

13 



hypothesis picking program. The program scanned the various fits to an 

event and picked the best interpretation consistent with the Ionization 

information. 

The criteria used to pick the best flt were as fol lows: 

I. In order tor a tit to have even been considered it must have 

_. had a probabl llty ~I per cent. 

.... 

2. If the vee had both a A0 and a K0 flt, the event was dropped 

as a possible K0 event. The reason tor this criterion Is 

discussed In Section F of Chapter I II. 

3. It an event tit hypothesis 11-5, It was taken as that hypoth

esis, regardless of other tits it may have had because It has 

four constraints • 

4. It an event tit both 11-6 and 11-7 and the Ionization could 

not determine the correct tit, then the tit having the larger 

x2 probability was taken. 

A study was made of the ambiguity of tits I 1-6 and I 1-7. With

out the aid of ionization Information, 25 per cent of the events were 

ambiguous. Considering the ionization reduced this to about 15 per cent 

tor reaction 11-6 and about 10 per cent tor reaction I 1-7. 

C. Beam Momentum 

The beam momentum was determined by measuring beam tracks on 

precision fl Im-plane measuring machines located at Oak Ridge National 

Laboratory. Especially long Interacting tracks were chosen so that the 

momentum could be determined as accurately as possible from the curva

ture. Demanding Interacting tracks eliminated muon contamination in the 

beam tracks measured. 

14 
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From a sample of 137 beam tracks processed through the geometry 

reconstruction program HGEOM, the best value for the beam momentum was 

determined to be (4.910 ± .007) GeV/c.9 

An Independent check on the input beam momentum was made. We 

calculated the difference In the Incoming energy and the outgoing 

measured energy, AE, for the fits to reaction 11-5. 

where EK_ Is the energy of the incident K-, 

Ed Is the energy of the deuteron, and 

E1 Is the energy of each outgoing particle. 

( 11-8) 

Since the four constraint events are considered rellable, the 

outgoing particle masses are wel I determined. The Incoming energy Is 

dependent only upon the assigned beam momentum. 

Figure 3 shows that this quantity Is consistent with zero within 

the assigned beam error. This substantiates the assigned value for the 

beam momentum. 

The energy rather than the momentum was used because the error 

Introduced In AE by the unknown kinetic energy of the unseen spectators 

Is very small. The approximate kinetic energy of a typical unseen 

spectator CTPs) Is given by the relation 

- _P2_ -
2m 

(.05)2GeV 
2 . ( 11-9) 

= .0012 GeV 

where P Is the momentum of the spectator taken to be .05 GeV/c Csee 

Section B of Chapter Ill) and 

15 
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Figure 3.--Distribution of missing energy for events fittin9 reaction 
11-5. 
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m is the proton mass. 

The value of Tps Is much smaller than the other errors in the calcula

tion of 6E and can have only a negligible effect on the results. 

D. Cross-Section Per Event 

We determined the cross-sections for reactions 11-5, I 1-6, and 

I 1-7 and the cross-sections for producing various resonances by means of 

these reactions. The results are given In Table 4 of Chapter VI I. We 

chose a method that minimized the amount of critical bookkeeping and also 

minimized the amount of double scanning performed by our best workers • 

This method did not Increase the errors of our results and contained an 

Important check. We first determined the sensitivity, I.e. number of 

events per µbarn, for two rolls of about 1,200 frames each. This was 

done by two Independent methods that gave good agreement and the average 

of these was used. The first method used an Interaction count and 

counter total cross-section measurements. The second method used a beam 

track count. We then used the number of K0 and A0 events with our main 

vertex topology that were in these two rolls, and the number In our 

total sample to determine that the reciprocal of the sensitivity for our 

total sample of events Is C0.220 ± 0.033) µbarns/event. This number, 

the fact that C34.4 ± .2> per cent of the K0 mesons decay by w+w- mode,10 

and small corrections described at the end of this section were used to 

determine the cross-sectlo~s. 

The two rolls used for the cross-section calculations were 

scanned twice with particular care by our most competent scanners so that 

each event could be accounted for. The efficiency for the combined scans 

was better than 99 per cent. All but 3 per cent of these events were 
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reconstructed by HGEOM and were consequently classed as a K0 event, a A0 

event, or an event w I thout a vee f.i t. The 3 per cent correct I on was made 

for these events lost In reconstruction by assuming that they were slml-

lar to the reconstructed ones. 

In making the sensitivity determination by using the Interaction 

count, we chose to use only those interactions with an even number of 

outgoing prongs. This eliminated the possibility of classifying K-

decays as Interactions. It also removed the necessity of correcting for 

' the K-n Interactions with small mqmentum transfer to an outgoing K-, 
I 
I 

only one outgoing particle, and ani Invisible proton spectator. An event 
'I 

like this could be due to either an elastlc or Inelastic Interaction and 

would be missed by the scanners. 

The sensitivity for these .two cross-section rolls Is given by 

- Nep 
Sc, Int - a • 

ep 
Cll-10) 

where Nep = 4,575 Is th~ total number of even-pronged events determined 

from a count made every fifth frame. The quantity aep = 30.8 rnbarns Is 

the effective cross-section for producing events with an even number of 

visible prongs and Is given by 

Cll-11> 

The quantity oTCK-P> = 24.8 nt>arns Is the total K-P cross-section and 

or<K-n> = 21.I mbarns Is the total K-n cross-section. ·We determined the 

total cross-sections for K-d and K-P and thus also K-n at our beam momen-
1 11 

tum by interpolation from results 1 of counter experiments. A linear 
! 

interpolation was found to be adequate since the cross-sections are 
I 

\ 
' 
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slowly varying with energy. The small term A• 0.3 nt>arns Is the cross-

section for those K-P elastic scatterings with the absolute value of 

four-momentum transferred squared less than 0.010 GeV2/c4.l2,13 This 

takes into account the fact that protons with a range less than about 

0.3 cm are missed. The quantity f = .325 Is the fraction of K-n events 

that have visibly spectators, 9 and H = .918 Is a correction for the 

probabi llty that one nucleon In the deuteron will hide behind the 

other. 14 We found that Sc, Int= 0.149 events/µbarn. 

The sensitivity for the two cross-section rol Is as determined 

by the beam track count Is given by 

5c,trk = nt X Ntrk <I - µ), ( 11-12) 

where X = 128 cm Is the length of the fiducial volume corrected for 

beam track Interactions, Ntrk = 3.22 x 104 Is the number of beam tracks, 

µ is the fraction of beam tracks that are muons and was assumed to be 

20 

.05, and the quantity "t is the number of target neutrons per unit volume. 

It Is given by 

pNo 
( 11-13) n = t A 

where p = .139 gm/cm3 is the liquid deuterium denslty,15 N0 = 6.024 x 

1023 atoms/gm-atom Is Avogadro's number, and A = 2.02 is the atomic 

weight of deuterium. We found that Sc,trk = 0.162 events/µbarn. 

The fact that our two methods differ by only 8 per cent tends 

to substantiate both of them. We averaged the results of these two 

methods. This gave Sc• 0.155 events/µbarn. 
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The inverse sensitivity for the total sample of events is given 

by 

s-1 = s -1 c ( 11-14) 

where Nv = 5991 Is the number of K0 and A0 events with our main vertex 

topology In the total sample of events. The quantity nv = 204 Is that 

quantity for the two cross-section rolls and contains the 3 per cent 

correction for those events lost In geometrical reconstruction. Our 

resu It is 

s-1 = (0.220 ± 0.033) ~barns/event 

where we have taken the error to be 15 per cent In order to be conserva-

tive. 

The magnitudes of additional corrections are listed In Table I. 

TABLE I 

CROSS-SECTION CORRECTIONS 

LOSSES REACTION 
11-5 11-6 11-7 

K0 decays classed as A0 decays 4.8% 4.8% 4.8% 

Vees lost near main vertex 6.1% 7.4% 5.9% 

Vees lost out end of B.C. 2.5% 2.5% 2.5% 

Main vertex probabll ity cut 5.0% 5.0% 7. 5% 

Vee vertex probabi llty cut 1.0% 1.0% I .O'f, 

Spectator momentum cut 5.7$ 5.7% 5. 7'f, 

Nucleon hiding In deuteron 8.9% 8.9% 8.9% 
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Tnesc are for losses due to K0 decays classed as A0 decays, vees lost 

near the main vertex, vees lost through the end of the bubble chamber, 

and events lost due to the main vertex and vee vertex probability cuts 

imposed. Also, there Is a correction for the spectator momentum cut 

and for nucleon hiding in the deuteron. 
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CHAPTER 111 

SEARCH FOR OIASES AND DETERMINATION 

OF SMALL CORRECTIONS 

We have searched for biases in our data and have not found any 

of significant magnitude. In the course of this search we have deter

mined smal I corrections. 

A. Missing Mass 

In kinematic fitting, the kinematic variables are required to 

satisfy four constraint equations. Three of these equations are for the 

conservation of the x-, y-, and z-components of momentum while the 

fourth Is the energy conservation equation. When a missing neutral 

particle is hypothesized, the three components of Its momentum are un

known and thus, there Is only one constraint, Fits of this type are 

called one-constraint Cl-C) fits. Fits without the supposition of a 

missing neutral particle are referred to as four-constraint (4-C) fits. 

In an experiment where kinematic fits requiring only one con

straint Cl-C) are analyzed, it is usually necessary to show that there 

exist signals in the missing mass spectra corresponding to the hypoth

esized missing neutral particles. If the missing mass signals are ob

served strongly above the backgrounds, the probabl Ii ties of the 1-C 

mass hypotheses being correct are large. 

Figure 4 shows the distribution in the square of the missing 

mass CMM> 2 where the positive track Ionization ls consistent with Its 
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Figure 4.--Distribution of square of missing mass for 
K-d + Psn_TI_pK°CMM). 
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being a proton and the event is not consistent with the 4-C Interpreta

tion. 

CMM> 2 = CAE> 2 - CAP)2 , Clll-1> 

where AE Is the missing energy and 

AP is the missing momentum. 

The distribution is characterized by a synrnetrlc peak centered near 

.02 CGeV/c2 >2 with a width of .150 CGeV/c2>2. This peak corresponds to 

a missing pion. The shaded area corresponds to those events which were 

accepted as w0 events. They were required to have a x2 probability > 

5% and a spectator momentum~ .275 GeV/c. See Sections B and C for a 

discussion of these requirements. The high mass tai I Is due to events 

with more than one n°. 

Figure 5Ca> is the distribution in the square of the missing 

mass where the ionization of the positive track is consistent with its 

being a pion. The peak is near .88 CGev/c2>2 and has a width of about 

.25 CGeV/c2 >2. It corresponds to a missing neutron. The shaded area 

contains those events accepted as neutron events for the purpose of 

analysis. These events have a x2 probability~ 7.5% and have spectator 

proton momenta~ .275 GeV/c. These cuts on probabi I lty and momentum are 

discussed In Sections Band C of this chapter. in Figure 5Cb) we show 

the same plot with those events which have an unambiguous flt to the 

reaction K-d ~ Ps p w-n- K- 0 w0
• We see that the level of background for 

missing masses higher than the neutron mass due to this n° reaction is 

about four times smaller than for missing masses less than the neutron 

mass. Also, events with a neutron plus one or more n° mesons In the 

final state wil I contribute events to the high mass side of the peak, 
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Figure 5.--(a) Distribution of square of missing mass for 
K-d ~ P

5
n_n_n+K0 <MM>. (b) Same distribution with events 

having unambiguous fits to reaction I 1-6 shaded. 

.. 

.. 

.. 

.... 

... 

... 

.... 

... 

... 

""' 

.. 



-
28 

-

D 1446 EVENTS 

II UNAMBIGUOUS w0 EVENTS 

0 1446 EVENTS 
100 

~ 468 EVENTS 100 

II 1.615 < M*(nn_n_) 
< I .640 

80 

40 
N 
~ 

N 
u 

........ 
60 > 

Q) 
(.9 

0 
ll"I 

0 0 

........ • I .5 .9 I • I I. 5 - V) 
I- <MISSING MASS)2 z 
w 40 > 
w - . 
0 
z 

20 -

0 - • I .3 .5 .7 .9 I • I I • 3 I • 5 I. 7 I .9 

<MISSING MASS>2 <GeV/c2)2 

-



-
-

-
-
-

.-

-
-
-

but only a smaller nunt>er can appear, due to measuring error, on the low 

side of the peak. Although the level of total background Is about the 

same on both sides of the peak, the sources of this background are 

different and they probably make smaller contributions under the peak 

than In the tal Is. 

In order to test the quality of the separation of our events 

from background, we define a figure of merit F by 

CMM> 2 - CMp)2 
( 111-2) F = 

t.CMM2> 

where MM Is the missing mass computed from the track measurement, 

t.CMM2) Is the error In this missing mass squared, and 

Mp Is the known mass of the neutral particle. 

If there were no background, F would be normally distributed about zero 

with standard deviation equal to 1.16 The presence of an appreciable 

background would cause the tails of the distribution to contain tex> many 

events. In Figure 6(a), F Is plotted for those events chosen as missing 

neutron events. Figure 6(b) shows F for the n° hypothesis. The curve 

In each graph ts a Gaussian normalized to the total number of events. 

The consistency of the histograms with the curves Indicate that the cor

rect mass assignments were made In each case with little contamtnatlor 

B. Spectator Proton 

We were Interested In events where the Incident K- Interacts 

29 

with the neutron In the deuteron nucleus. The usual assumption Is that 

since the binding energy of the deuteron nucleus Is small, relative to 

the energy of the projectile:. the proton does not enter directly Into the 



30 

N 

IO 
I 

.c 

"'O 
c 
ro 

....... 
I 

Ill 
c 
0 

+-u 
ro 
Q) 
L. 

L. 
0 ...... 

....... 

~ 

N 

I 
N 

<I 

~ 

II 

LL. 

>-
+-
+-c 
ro 
:J 
C" 

Q) 

f: 
c 

c 
0 

+-
:J 
.c 
L. 
+-
Ill 

"'O 

G> 
.c 
I-

I 
I 

IO 

E 
:s 
Ol 

LL. 

-
-
-
-
-
-

-
-
-
-
-

-
-
-
-

-



l l l l l l l 

60 463 EVENTS 60 366 EVENTS 

50 

~40 40 
........ 
(,/') .... 
z 
UJ 
> 
UJ 

030 30 
z 

-2.4 -I .2 0 +1.2 +2.4 -2 .4 _, .2 0 +I .2 +2.4 

NEUTRON FIGURE OF MERIT 11'° FIGURE OF MERIT 



-

-

-

-
-

lnteraction. 17 The proton Is thus considered a "spectator" In the 

Interaction. If this assumption is valid, the momentum distribution of 

the freed proton should approximate the distribution determined by the 

wave function of the deuteron. 

32 

To Insure that we were working with reasonable K- neutron 

Interactions, we compared our observed "spectator" proton momentum dis

tribution with the distribution predicted by the radial Hulthen potentlall7 

(Figure 7>. Figure 7 contains all events which have a fitted K0 and a 

measured spectator. The curve In Figure 7 Is the Hulthen prediction 

normalized to the number of events with measured spectator momenta be

tween .120 and .160 GeV/c. The curve Is seen to adequately describe the 

data for proton momenta above .100 GeV/c and below about .275 GeV/c. 

The protons with momenta below .100 GeV/c are generally too short to be 

seen In the bubble chamber and are consequently not measured. For these 

events where the spectator Is too slow to be Identified, the fitting 

program CHKINE) Introduces a "durrmy" track with x-, y-, and z-components 

of momenta equal to CO± 30>, CO± 30), and CO± 41> MeV/c, respectively. 

The program then tries to flt the event just as If the track were actually 

measured. About 65 per cent of the f lnal fitted events are events with 

durrmled protons. The number of events In Figure 7 with measured spec

tator protons~ .275 GeV/c Is 29.8 per cent of the total sample. Consid

ering only events fitting reactions I 1-5, 11-6, and 11-7, the percentages 

are 28.6%, 23.2%, and 27.7% respectively. A comparison of effective mass 

and production cosine distributions for reactions 11-5, 11-6, and 11-7 

revealed no statistically significant difference between events where the 

spectator proton was measured and those where the proton was "dummied". 
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Figure 7.--Measured spectator proton momentum distribution. 
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Figure 7 shows an excess of events above the curve for momenta 

> .275 GeV/c. Presumably, these excess events are those In which the 

proton had been involved In rescatterlng or was directly Involved In 

the interaction, and thus Is not a true spectator. For this reason, 

we have chosen to make use of only those events with spectator proton 

momentum~ .275 GeV/c when studying the physics of our reactions. In 

this cut, we have thrown away about 1.5 per cent of the true spectator 

events, as determined from the Hulthen curve. 

35 

Reactions I 1-5 and 11-6 do not present a problem with respect to 

spectator proton Identification. The problem would have been encountered 

If both protons In the final state had low momenta. We called the proton 

with the lower momentum the spectator. After the momentum cut of ~ .275 

GeV/c was Imposed on these lower momentum protons, we examined the momen

tum distribution of the higher momentum protons for reactions 11-5 and 

I 1-6 <see Figure 8). For reaction 11-5 we found that only about 3 per 

cent of the recoil protons had momenta less than the mexlmum al lowed 

spectator momentum of .275 GeV/c. For reaction I 1-6 they were only 

about I per cent of the sample. We conclude that the problem of mis

identified spectators was an Insignificant effect In reactions I 1-5 and 

11-6. 

Reaction I 1-7 does not present a problem due to contamination 

from K- proton Interactions having a slow proton and a spectator neutron. 

An Investigation of the neutron momentum distribution In Figure 8(c) re

vealed that about 3 per cent of the neutron events had neutron momenta 

less than .275 GeV/c. Again we conclude that this effect can be Ignored 

In the analysis of this reaction. 
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Figure 8.--Momentum distributions for Ca) proton produced In reaction 
I 1-5, Cb) proton produced in reaction I 1-6, and Cc> neutron from reac
tion I I- 7. 

-

-
-
-
-
-

-
-

... 

-

-

-



37 

;;;;; 60 .275 GeV/c 

l 
~ 

40 
K-d + w-w-pi<'>CP5 > 

;;= 
363 EVENTS 

20 (a) 
,...... 

~ ..... 0 

.,:;... 60 -
u .275 GeV/c K-d + w-w-p~n°(P5 ) ........ 
> ! CV 
~ 40 370 EVENTS 
0 
Lt'\ . ( b) 

"""' 
........ 
(/') 

I-
:z: 
lJ.J 20 > 
lJ.J 

~ . 
0 z 

0 

60 .275 GeV/c 

- 1 
K-d + w-w-w+i<'>n<P

5
> -

475 EVENTS 
40 

( c) 

20 

-
0 

0 .3 .9 I • 5 2. I 2.7 3.3 3.9 

MOMENTUM GeV/c 



.... 

C. Chi-Square Probabl lltles 

The x2-probablllty distribution for the K0 vee flt is shown In 

Figure 9Ca>. The main vertex probabl lity distributions for reactions 

I 1-5, I 1-6, and 11-7 are shown In Figures 9(b), 9(c), and 9(d), respec

tively. The value of x2 for each event Is calculated In HKINE, along 

with its associated probabl llty. Events with K0 probabl llty less than 

I per cent have been excluded from Figure 9. If the supposed hypothesis 

is the appropriate one and the assigned errors are reasonable, then the 

x2 probabl llty distribution should be flat. This Is a direct consequence 

of the definition of probabl llty. 

We draw the reader's attention to the spike at low probabl lltles 

In Figures 9(c) and 9(d). Perhaps there Is also such a spike In Figure 

9Cb>. This structure Is presumably due to wrong mass assignments. In 

order to remove this contamination, we decided to discard those events 

with probabl lltles less than some minimum value and then correct the 

cross-sections for the good events that were thrown away. The minimum 

acceptable probabilities chosen were: 

5% for reaction 11-5, 

5% for reaction 11-6, and 

7 1/2% for reaction 11-7. 

The probabl lity distributions for the K0 vee flt and the main 

vertex flt for the 4-C channel show a slight skewing toward higher 

probabilities. The presumption Is that this effect Is due to Input 

errors to HGEOM being slightly too large, and has no significant effect 

on the study of our reactions. The straight I Ines in Figures 9Ca>, Cb>, 

Cc), and Cd> represent the average bin height. The average was 

38 



Figure 9.--Chi-square probabl lity distributions for Ca) K0 vee and for the production vertices of 
Cb) reaction 11-5, Cc) reaction I 1-6, and (d) reaction I 1-7. 
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calculated using those events In the region [.I - I .OJ. 

D. Stretch Variable Distributions 

The normalized stretch functlon 7 Is defined as 

Sµ 
IJf - IJm 

(111-3) = 
[(6µm)2 (6µf)2] Ii 

where µf Is the value of the fitted track quantity of Interest Cl/p, ~' 

or tan A.), 

µm Is the value of the measured track quantity of Interest, and 

6µ Is the error In the corresponding track quantity. 

If there exist no systematic biases In the fitting of the events 

the distribution of the normalized stretch function should be normally 

distributed with mean value zero and standard deviation one. A skewed 

distribution would Indicate the presence of a systematic bias. These 

variables are calculated in HKINE. All of the distributions were 

observed to be consistent with the expected distribution. Figure 10 

shows the distributions for the two w- tracks in reaction 11-5 as a rep-

resentatlve sample. The curves in Figure 10 are Gaussians centered at O 

normalized to the total number of events. 

E. Magnetic Field 

As a check on the value of the magnetic field used In the 

geometry program, we calculated the mass of the decaying K0 from the 

measured momenta of the decay products. The value of the momenta are 

directly related to the magnetic field. Figure I I shows the dlstribu-

tlon In the mass of the K0 as calculated from the measured track 
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Figure 10.--Typlcal stretch variable distributions. Distributions for w- from reaction I 1-5: Ca> stretch 
~. Cb) stretch tan ~. and Cc> stretch l/p. 
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Figure I !.--Distribution of measured n+w- Invariant mass for~~ w+w-. 
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quantities. We determined the value for the mass of the K0 to be 

(497.7 ± .3) MeV/c2. The accepted value Is (497.76 ± 0.16 MeV/c2). 

This substantiates the assigned magnetic f leld. 

F. Corrections for Loss of Vees 

The neutral decaying particle Cvee) was a signature of the 

events of interest in this experiment. Since one of our objectives was 

to measure cross-sections, we studied mechanisms contributing to vee 

losses from our sample. 

In selecting K0 fits we decided not to accept any fits that also 

had a fit to the A0 decay hypothesis. This was found to be a reasonable 

criterion, since the region where the K0 and A0 decays are klnematlcal ly 

lndlstlngulshable Is only a smal I fraction of the K0 decay phase space.le 

As an estimator for the number of K0 's lost Into the A0 channel, we in

cluded the A0 vee hypothesis in the fitting program. Since K0 + w+w-

ls completely symmetric In the decay products, a real K0 should be flt 

by A0 ~ 'Pir+ at the same frequency as it Is fit by A0 + Pw-. Thus by 

counting the number of K01 s fitting A01 s we can estimate the number of 

real K0 's taken as A0 events. We can el lmlnate the A0 fits as val Id fii·s 

since our beam momentum Is too low for A0 production. Out of 2212 K0 

f Its 107 also f It to the A0 hypothesis. We conclude a 4.8 per cent fuss 

of K0 's by this mechanism. 

We have found that there were small scanning losses due to vees 

that decay close to the main Interaction vertex. In these events the 

vee prongs were Indistinguishable from the main vertex tracks. This 

loss can be seen In the distribution of the K0 lifetime [Figure 12Ca)]. 

Figure 12(a) Is plotted In units of t/T, where t Is the llfetlme of the 
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Figure 12.--(a) Distribution of lifetime of K'> In units of t/T. Distributions of the probabl llty 
the vee would decay In the distance It traveled for reactions (b) I 1-7, (c) I 1-6, and (d) I 1-5. 
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I'," In irs rest frame and T Is the K0 mean life (-r = .862 >< 10-lO sec.). 

The quantity t Is easily calculated from laboratory quantities by using 

LM 
t = -p 

( 111-4) 

where L Is the length of the K0 flight path, P Is the K0 laboratory 

momentum, and M Is the mass of the K0
• The curve In Figure 12(a) Is 

the decay probabl llty density, e-t/-r, normalized to the 1294 K0 decays 

found In about the f lrst half of this experiment. 

The quantity (I - e-t/T) Is the fraction of events having life-

times less than t. A histogram of the number of events versus this 

quantity should therefore be flat If there Is no bias. We plotted such 

a histogram for each hypothesis and various K0 momentum cuts. We did 

not find this effect to have a strong momentum dependence. Using the 

(I - e-t/T) histograms with no momentum cuts [Figures 12(b), (c), (d)], 

we determined the percentage lost for each mass hypothesis. The results 

were: 

6.1% for reaction 11-5, 

7.4% for reaction I 1-6, and 

5.9% for reaction I 1-7. 

We examined the decay angular distribution of the K0 In order to 

determine If there were any scanning or fitting losses that were a func

tion of this angle. A distribution of the cosine of the K0 decay angle 

should be flat If no preferential losses are present. Figures 13(a), 

Cb), (c) are the distributions of cos 00 for the reactions 11-7, 11-6, 

and 11-5, respectively. The quantity 00 Is the angle between the direc

tion of the w- resulting from K0 decay as seen In the K0 rest frame and 
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Figure 13.--Dlstrlbutlons of the cosine of the i(b decay angle for 
reactions <a> 11-7, Cb) 11-6, and (c) 11-5. 
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the direction of the K0 as seen In the K-n center of mass frame. The 

distributions are al I consistent with being flat, Indicating no prefer-

entlai losses that are a function of the decay angle. The decay angular 

distributions were also Investigated as a function of the K0 momentum. 

We found no evidence for losses that were dependent upon the K0 momentum. 

Vees that live long enough to leave the vee decay fiducial vol-

ume before decaying were also lost. For this correction, we calculated 

the a~erage over the x-coordlnates within the Interaction region of the 

probability that the vee would decay within the fiducial volume for each 

event. We compensated for this loss by weighting each accepted event by 

the reciprocal of this average probability. This average probability 

P Is a function of the geometry and momentum. It Is given by the equa

tlonl9 

-( L + F ) -L(J_ _ ) 
8 1 cos e 1 _ e G 1 cos e 

p = I - ~~~~~~--~~~~~~~~"'-

( I - 1 c~s e ) ( I - e -L/ G ) 
( 111-5) 

p 
where 1 = m T In the K0 decay mean free path. The quantity P Is the K0 

laboratory momentum, m is the K0 mass, and T Is the mean 

I I f e CT Ko = 0 . 862 >< I 0-10 sec. ) • 

G = 532 cm., is the Interaction mean free path. 

The geometry of Figure 14 Is assumed, and It Is assumed that the 

beam particle moves along the x-axis. The quantity x gives the loca

tion of the main vertex and the vee flight path makes an angle e with 

respect to the x-axis. The quantity L = 157 cm. Is the length of the 

Interaction fiducial volume and F = 7.48 cm. Is the length of the extra 

vee decay fiducial volume. 
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Figure 14.--Sketch of geometry used In vee-loss correction calculations. 

The correction for vees lost out of the end of the bubble chamber 

was found to be essentially hypothesis Independent. The correction was 

about 2.5 per cent. 
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CHAPTER IV 

PHENOMENOLOGICAL CONSIDERATIONS 

A. Multlperlpheral Models 

One of the most striking features of high energy Interactions 

is the general predominance of perlpheral col llslons. Especially for 

two-body and quasi-two-body final states, the differential cross

sections have a sharp peak at very low momentum transfer. These and 

other experimental observations have established the one-partlcle

exchange peripheral model as a meaningful description of the data, for 

the low momentum transfer region. 

The one-particle-exchange model formulates the ful I amplitude of 

a meson-baryon reaction of the type MB+ s 1s
2 

as proportlonal to the 

product of two vertex factors. 20 Th~ Feynman diagram describing this 

process is shown in Figure 15, where the quantities Mand B correspond 

s (t) M' 

Figure 15.--Feynman diagram describing meson-baryon scattering. 
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to the '1eson and baryon I Ines, respectively. The quantities s 1 and s 2 

refer to the subsystems of outgoing particles and also to their squared 

invariant masses. The quantity M' refers to the exchanged particle. The 

quantity s In Figure 15 is the squared Invariant mass of the meson-baryon 

system, and t Is the square of the momentum transfer between the vertices. 

One vertex factor describes the amplitude of MM'~ s 1 and the other factor 

describes the amplitude for M'B ~ s
2

, where M' is the anti-particle of the 

exchanged particle M'. The amplitude takes the form 

C I V-1) 

where µ is the mass of the exchanged particle, and the V's describe the 

scattering vertices. The quantity (µ2 - t)-1 Is commonly cal led the 

propagator for the exchanged particle. Fors Cthe squared Invariant mass 

of the M + B system) large, the subenergy s 2 can be large also. For s 2 

(squared Invariant mass of the M' + B system) sufficiently large, the M'B 

scattering may logically also be mediated by the exchange of another 

particle M". Consequently, the M' + B reaction can be represented by the 

one-particle-exchange diagram In Figure 16, where sl and s2 are 

M" 

s' 
2 

S II 
2 

Figure 16.--Feynman diagram describing meson-baryon scattering at lower 
vertex. 
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the subsystems of system s2 and also represent their squared Invariant 

masses. 

Noting the full amplitude CIV-1) and considering the M'B scatter

ing In the same light as the MB scattering, the second vertex factor of 

the full amplftude <Vs
2

M'B describing M'B + s2> Is now broken Into two 

vertex factors and a propagator for M". The f I rst of these factors Is 

proport Iona I to the amp 11 tude for M' M" + s~, and the second factor Is 

proportional to the M"B-+ s" amplitude. 
2 

The full amplitude can now be represented by the diagram shown 

In Figure 17. 

M' 

(2) 

M" 

s' 2 

s" 
2 

Figure 17.--Dlagram representing the full amplitude of a three vertex 
meson-baryon Interaction. 

This amplitude Is given by a product of three factors propor

tional to the scattering amplitudes of the three vertices, with the 

appropriate propagators sandwiched between. 
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This chain may be continued Indefinitely with the exchanged 

mesons undergoing successive peripheral collisions and emitting parti

cles. In order for the multlperipheral model to be val Id, the Invariant 

mass of adjacent sub-systems must be large. 2 1 Energy conserv8tlon Im

pl les that as the chain of processes grows the energy av8llable to each 

pair of sub-systems will become less, and consequently the chain wil I 

terminate. At present machine energies the chain terminates rapidly. 

Amati, Fublnl, and Stanghel llni CAFS> 22 were among the first to 

formulate an amplitude for an nth order multi-peripheral diagram which 

ls factorizable. 

For the nth order diagram, shown In Figure 18, the AFS transition 

Figure 18.--Typlcal nth order multiperlpheral diagram. 
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( IV-2) 

where qi Is the momentum transfer between the <I - l)th and 1th vertices, 

and µ Is the mass of the exchanged particle. 

In the Reggelzed formulation of the multlperlpheral diagram the 

exchanged particles are replaced by the exchange of Regge poles. 23 

The exact form of the multlperlpheral amp I ltude varies from model 

to model. In this work we have considered two such models. One was 

formulated by Chan, Losklewlcz, and Allison <CLA).2~ The other Is a 

modification of this CLA model by Plahte and Roberts.2 5 These models 

are multlperlpheral In nature with an exponential approximation for the 

vert Ices. A short descr I pt I on of these mode Is w 11 I fo 11 ow In the next 

two sections, and a' comparison with the data wl II be found In Chapter V. 

I • The CLA mode I 

The Reggelzed multlperlpheral model of Chan, Losklewlcz, and 

Al I Ison <CLA) has been qualitatively successful In describing lndlvldual 

particle behavior In multi-particle final states.26,27 They have formu

lated an amplitude Incorporating the Reggelzed multiperlpheral Idea. 

Their amplitude Is factorizable. For an nth order multlperlpheral dia

gram of the type A+ B +I + 2 + 3 + ••• + n <Figure 19) the amplitude 

A~ Is given by 

( IV-3> 

where A1 Is a factor that takes the 1th exchange Into account and also 

has contributions from the I and <I + I) vertices. The variable t 1 Is 
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the momentum transfer variable defined by 

I 
ti= CpA - E Pr>2, 

r= I 

CI V-4) 

where Pr Is the four-momentum of particle r. 

C I V-5) 

where mi Is the mass of the rth particle and p1 ls the four-momentum of 

particle I. 

A 

t1 
2 

t2 
3 

t1 ci~I} 
I 

s, 

I 

n-1 
tn-1 

n 

Figure 19.--Typlcal nth order multlperlpheral diagram showing the vari
ables t 1 and s 1• 

The CLA variable s 1 Is related to the Mandelstam variable s 

<the energy squared of the two particle sub-system) but Is defined so 

s 1 + 0 as the relative velocity of the two particles goes to zero. The 

convenience of this definition wll I become clear. 

59 



-

In the CLA model, the A1 are given by 

where a; Is the Regge trajectory of the 1th exchenged particle. Here 

a 1 has been taken to have the linear form 

CIV-7) 

The quantity a 1co> is the Intercept of this trajectory and a' Is the 
I 

slope and is taken equal to 1.0 CGeV/c)-2• The quantity a Is the energy 

scale factor determining the boundary between the high and low energy 

regions. The quantities b1 govern the exponential t-dependence of the 

vertices, and the quantities gi are related to the coupling constants of 

the vertices. 

CLA's objective In choosing this particular parameterization was 

to construct a multlperlpheral amplitude consistent with the following 

considerations: 

I. Since multl-Regge models have had success In describing 

Interactions in the high energy regions of phase space, 

this amp I itude should take the fully Reggelzed form when the 

effective mass <energy) of the two particle systems becomes 

large. In the region of high energies 

C I V-8) 

This Is recognized as the form of the fully Reggelzed amplitude. 
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2. The amplitude should be a constant and thus the process 

should be governed by only phase space when the two-body 

effective mass becomes smal I. This Is generally found to be 

a reasonable description If resonance formation Is dlsre-

garded. In the region of very low energy A1 ~c. The s, + 0 

quantity C Is a constant determining the relatfve strength 

of the amplitude at low energy. 

3. The amplitude should Interpolate smoothly between the high 

and low energy cases. 

Since very little ls known about the coupling of Reggeons, we 

fol lowed the lead of CLA and only distinguished between meson coup I Ing 

<gM for meson exchange) and nucleon coupling CgN for nucleon exchange). 

CLA groups the b1 Into three categories: 

I. bEA governing only the top vertex, 

2. bl for all Internal vertices, and 

3. bEB for the bottom vertex. 
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Tables 2 and 3 show the values of the parameters used In our celculatlons. 

TABLE 2 

MODEL PARAMETER VALUES 

a bEA b1 bEB 9N/9M c/gM 
Original 

I .O Gev2 1.0 GeV2 1.2 Gev2 .5 GeV2 I • 3 I .4 CLA Values 

Our Values I .o GeV2 2.0 GeV2 2.4 GeV2 I .0 GeV2 1.3 I .4 



-

-

-

-
-

TABLE 3 

TRAJECTORY PROPERTIES USED 

Trajectory Strangeness Baryon Number G-Parlty a CO> 

Nucleon 0 -.35 

Strange Meson I ,-1 0 • 30 

Pomeron 0 0 +I 1.00 

Non-Strange Meson 0 0 + 1,-1 . 50 

The quantities a, g, and c were taken to be the same as the CLA 

values for our comparisons. The b 1 were determined by comparisons with 

our data and wl I I be discussed later. 
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A constant transition amplitude In a scattering reaction would 

dictate that all possible flnal states be produced with equal probabi I lty. 

Al I corresponding variable distributions would thus be purely statistical 

In nature and could be calculated by the appropriate Integration over 

Lorentz invariant phase space. In most experiments, however, a purely 

statlstlcal explanation Is Inadequate. Consequently, a variable am;1i i

tude must be considered. This amp I ltude ls a function of the fcur

momenta describing the system. The effect of this amplitude Is to 

preferentially populate certain areas of phase space. In order to com

pare the CLA model with our data, we allowed the square of the CLA am

plitude to weight phase space. The resulting distributions are then 

compared with the data. The degree of agreement Indicates how wel I the 

CLA amplitude approximates the actual physical transition amplitude 

describing the reaction. 
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Our model calculations yield distributions of arbitrary normal

ization. Apart from a normalization factor, the distribution of any 

quant J ty q < d 1 fferent I a I cross-sect I on of q) Is g I ven by the I ntegra I 

(I V-9) 
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where q ls the variable of Interest and dllps Is restricted Lorentz-

1,nvarl ant phase space28. The 1ntegrat1 on Is carrl ed out over a 11 var t

ables except q. The q1 are the four-momenta describing the system. The 

quantity T ls the transition amplitude describing then-body process and 

Is a function of the q1• The Integral of Equation CIV-9> cannot, In 

general, be evaluated In closed form. For this reason we have employed 

the Monte Carlo technique to determine the distributions predicted by the 

model. 

The Monte Carlo technique has been discussed thoroughly In other 

places. 29,30 Only a short description of our particular system wilt be 

given here. 

The first step was to generate a sample of fictitious events 

that uniformly populate Lorentz-Invariant phase space.31 If for each 

event In this sample the CLA amplitude is calculated and the event ls 

plotted with a weight equal to the square of the amplitude, the result

ing distributions wl II approximate the Integral of Equation <tV-9>. 

Deviations occur because of statistical fluctuations. The more events 

used the better the approximation becomes. However, these calculations 

are performed by a computer and the processing of large numbers of 

events requires much time. We therefore used a more efficient method of 

calculation. Our data and our parameterization of the CLA model 
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prPf'Jrentlal ly populated those parts of phase space that correspond to 

the production of K*(890) and N*C1236) and that correspond to low momen

tum Transfers to the K0 and nucleon. We therefore used more Monte Carlo 

events that fell Into those parts of phase space and gave them a corre

spondingly smaller weight. The procedure does not distort the phase 

space population. Indeed, plots of the cosine of the overall center of 

mass production angles and of the Invariant masses for these weighted 

events gave the distributions predicted by pure phase space when the CLA 

amplitude factor was Ignored. We wanted the accuracy of our results set 

by the number of our bubble chamber events and not our Monte Carlo pro

cedure, and yet we wished not to waste computer time. The number of 

Monte Carlo events processed for each reaction was therefore chosen so 

the fractional error In the square of the CLA amplitude averaged over 

phase space was about half of the fractional error in the number of 

bubble chamber events. 

These fake events and their corresponding weights were then 

written on a magnetic tape to be used In our system, just as real events 

were used. Our hlstogrammlng programs used both data and model ever~s 
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as Input. The output consisted of distributions with model and rnal de ;J 

superimposed. For ease of comparison the model events were normalized 

to the number of actual events. 

The fake events were generated by the Monte Carlo program MONTY,30 

which was modified to run on the Vanderbilt Slgma-7 Computer. Program 

CHANDU, which calculated the square of the CLA amplitude for each Monte 

Carlo event and wrote the tape to be used for making histograms, was 

written at Vanderbilt. 
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~here were many diagrams like Figure 19 that contributed to each 

final state. Different diagrams were formed by taking all possible 

permu·1ations of outgoing particles consistent with known exchanged 

particles. Following CLA, the Pomeron trajectory (JP= o+> was always 

used over the other meson trajectory if both were al lowed. It has been 

experlmentally verified that the contribution from I = 3/2 baryon ex

change is smal 132. Thus we have chosen not to Include such exchanges In 

our calculatlons. 

The actual form of the square of the CLA amplitude for each Monte 

Carlo event is given by the Incoherent sum 

CIV-11> 

where the sum Is over the diagrams contributing to this final state. 

It is observed th~t final states with smaller numbers of outgo-

Ing particles display more peaking in their production angular dlstrlbu-

tions. In order to be more realistic we Incorporated resonance produc-

tion In the model, thus effectively reducing the multiplicity of the 

final state. We used the method prescribed by Bassomplerre, et al. 33 

To display this prescription, consider a diagram for the reaction 

K-n ~ K0 11'-w-p (Figure 20). 

Ko 

11' 

p 

Figure 20.--0ne of the multlperlpheral diagrams used In the CLA calcula
tion for reaction 11-5. 
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where 

( IV-12) 

and 

The quantities A1, A2 , and A3 are given by Equation CIV-6). For this 

particular reaction there are four permutations of Figure 20 which go 

into the sum. 

To take resonance production Into account we expllcltly Included 

diagrams where the resonating particles were considered to be a single 

outgoing line with a Brelt-Wlgner34 shape. For example, we modified 

Figure 20 to take K*-(890) production Into account (Figure 21) by re-

placing the top two particles with the K0 w- system and Introduced the 

K*-C890) 

A' 2 

'If 

A3 

p 

Figure 21.--A multiperlpheral diagram modified to Incorporate resonance 
production. 

factor 'YK* BWCK*), where YK* Is chosen to gl ve the experimentally deter

mined fraction of K*C890) In this reaction and 
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BW( K*> = r/2w 
(IV-13) 

Is the Breit-Wigner function for the K*(890). The quantities MK* and r 

are the mass and width of the K*C890), respectively, and E Is the effec-

tlve mass of the K0 w- system. The amplitude squared thus becomes 

(IV-14) 

and ls Included In the incoherent sum over all diagrams. 

Al I diagrams Involving resonance production were Included In a 

slml lar manner. 

An examination of the production angular distributions for 

A0 w_w_n+w• revealed9 that doubl Ing the b1 gives a much better flt than 

the original CLA values shown In Table 2. The production distributions 

calculated using both sets of bt and the data are presented In Chapter V. 

2. Plahte and Roberts' modified CLA model 

The CLA model as originally formulated has been modified by 

Plahte and Roberts. 25 As enumerated by the authors, the modifications 

were Inspired by two shortcomings of the original CLA model. 

I. The model fat led to account for resonance production, even 

though resonance formation Is known to be large. 

2. The CLA model failed to take the phases of the amplitudes 

Into account. 

The modifications were suggested by the form of the Venezlano3 5 

amplitude for nn + ww. This amplitude Is 
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[ 
I - cos wa5 1 ] s n wat + I - cos wat , 

s In was 
( IV-15) 

where as = a(s) and at = a(t) are Regge trajectories. This amp I ltude has 

a def lnlte phase, Is crossing symmetric, and puts In resonance behavior 

directly and presumably without double counting. 

Plahte and Roberts recognized that the CLA amplitude was analo-

gous to the factor composed of three r-functlons. They modified the CLA 
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amplitude with a factor slml lar to the bracketed term In Equation CIV-15). 

Plahte and Roberts thus suggest this new form for each adjacent 

particle pair: 

CIV-16) 

where at Is the spin of the lowest resonance on the exchanged trajectory 

and as is the spin of the lowest resonance on the as trajectory describ

ing the adjacent pairs of particles. The quantity as Is complex above 

threshold. The quantity s; Is defined by Equation CIV-5). 
I + cos w(as - as> The term carries the resonance behavior In 

sin w<as - as> 
the s-channel. Plahte and Roberts have suggested parameterizing the 

Imaginary part of as by 
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I s, 
= A In CI + a> CIV-17) 

The parameter A can then be chosen so that the correct width for the 

lowest resonance of the trajectory Is reproduced. We have found ACK*> = 

.372 and ACN*) = 1.30 for the K*C890) and N*Cl236), respectively. 

The quantities at are taken to be linear with unit slope and the 

Intercepts given In Table 3. A linear approximation Is also used for 

the real part of as, 

Re[aCs>J CIV-18) 

I 
where aCO> is the Intercept of the trajectory and as Is the slope. For 

I 
the K*(890) trajectory the standard value a(O) = 0.30 was used and as = 

0.88 was used so the trajectory would pass through the square of the 

mass of the K*C890). ' For the N*C1236), a(O) = 0.13 and as= 0.89 were 

used. These were chosen by drawing a straight I lne on a spin versus 

mass square plot through the points for the N*C1236) and N*C1940), Its 

first Regge recurrence. 

As with the CLA model, we wrote down all diagrams consistent with 

known exchanges and calculated a weight for each Monte Carlo event. This 

time however we Included no explicit resonance diagrams in the sense of 

Bassompierre, et al. We formed the weight from the square of the coher-

ant sum of the amp I itudes of the contributing diagrams. 

The model requires the specification of ans-channel trajectory 

for each outgoing particle pair. However, for example, In Figure 20 we 

know of no resonance trajectory with I = 2 for the~-~- pair. For dla-

grams of this type we modified that part of the amp I ltude corresponding 
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to the non-resonant particles by replacing the factor 

+ cos nCa5 - as> 
sin nCas - as> CIV-19) 

by -I. We did this because this factor goes to -I in the I lmlt of very 

broad resonances In the s-channel. We thus approximated the no resonance 

case by the very broad resonance case. The lsospln 3/2 K0 w- and lsospln 

1/2 pn- s-channel factors were also approximated by this method. 

We took the w0
, f 0

, p, A2 , K*C890), K**C1420), and nucleon tra

jectories as relevant In the t-channels. 

In the original CLA model we only classlfled the exchanged 

trajectories as Pomeron, strangeness zero meson, strangeness one meson, 

or nucleon. In the modified model we also specify the signature. 

Since we wish to compare the amount of resonance production. 

predicted by this model with the data, we also specified the Isotopic 

spin of the exchanged trajectories and took the lsospln Clebsch-Gordon36 

coefficients Into account In an approximate manner. This method Is 

II lustrated by Figure 22 for one diagram. The amplltude was multlplled 

-------Ko K* CI = I 2) 

t------n-

= 2 p 

-----n-
1f 

N* CI = 3 2> 

n Ca) n 
(b) 

p 

Figure 22.--Ca) Multlperlpheral diagram used In Plahte and Roberts model 
calculation. Cb) Diagrams showing Incorporation of lsospin Clebsch
Gordon coefficients. 
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by c 1aclbc2ac2bc3ac3b, where each c Is the lsospln Clebsch-Gordon coef

f lclent for the corresponding vertex. 

The reaction K-n + w-w-pK0 was found to be specified by 60 

diagrams. Also the calculation did not give good agreement with the 

data (see Chapter V). Each 1-C reaction Cl 1-6 and 11-7> requires as many 

as 500 diagrams for Its specification. Because of this prohlbltlvely 

large number, the model was compared only with the 4-C reaction. For 

other reactlons 9 that are simpler in the sense that only the K*CB90), 

K**C1420> and nucleon trajectories are exchanged, the modified model 

has also fal led to predict the correct amount of resonance production. 

For example, Is the reaction K-n + w-w-w+A0 the model predicted too 

much Y*t(l385) production. This lack of agreement for simpler cases 
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also helped persuade us that further work with the model was not warranted. 

B. Decay angular correlations 

The decay distributions of a resonance, which has definite spin 

and parity, depend upon the relative populations of Its 1118gnetlc sub

states. The populations of the magnetic substates are, In turn, deter

mined by the production process for the resonance, I.e. the spin, parity, 

and alignment of the exchanged particle. Therefore, by studying the de

cay distributions one can gain Information about the production process 

of the resonance, In particular, the nature of the exchanged particle. 

The coordinate system used In studying the decay can be arbi

trary. However, to emphasize the features of the exchanged particle, 

Jackson 37 recOIMl8nds the following set of axes <to be specified In the 

rest frame of the resonance): the z-axls should be chosen para I lei to 

the Incident particle, the y-axis Is taken as the normal to the 
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production plane, and the x-axis Is defined by x • y x z. In this frame 

the z-axls Is seen to be anti-parallel to the three-momentum of the ex-

changed particle. 

For resonances decaying to two particles, the decay can be com-

pletely specif led by the polar angle (8) and the azimuthal angle <t> of 

one of the decay products. The quantity e Is measured with respect to 

the z-axls and+ Is measured In the x-y plane with respect to the x-axis. 

The populations of the spin states of the resonance are described 
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by the Hermitian density matrix elements Pnvn•, where m and m' are magnetic 

quantum nunt>ers relative to the z-axls In the Jackson frame. The quan

tity Pnrn' Is therefore an element of a C2J + 1) dimensional matrlx,38 

where J Is the spin of the resonance. 

By requiring parity conservation In the production process along 

with the normalization condition Trp = 1, the density matrix for a spin 

I resonance can be written as 

- Pog 
plO p 1 -1 2 , 

* * (IV-20) p = plO Poo -p 10 

Pl,-1 -plO - Pgg 
2 

where Poo and Pi,-l are real and p10 Is complex. 

The decay angular distribution can be written In terms of the 

density matrix elements. For the parity conserving decay of a spin I 

resonance, e.g. K*C890>, going to two spin zero particles 
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wee +> 
3 - Pao 

= ~Pao cos20 + --.,.,.2--.. sln20 - p11 _1 sln20 cos 2+ 

- /2 Re Pio sin 20 cos +> (I V-21} 

when wee,+> Is Integrated over 0 or + separately, the distribution In 

the other angle results. These distributions contain the density matrix 

elements as parameters. When the distributions are f ltted to the data, 

matrix elements can be determined. For the decay of the spin I object, 

3 
W(0} = 2 Cp 00 cos20 + - Ppo sln20>. 

2 

I 
W<+> =ii" Cl - 2P1,-1 cos 2+), 

CIV-22) 

C IV-23) 

These distributions al low the determination of p00 and 0 11 _1 by a x2 

minimization flt to the data. The Re p10 can be determined by the method 

of moments39 or the Maximum Llkellhood method. 40 

For a spin 3/2 resonance, e.g. N*C1236}, decaying to a J = 1/2 

and a J = 0 particle 

we 0, + > = 4! { t c 1 + 4p 33 > + ~ c 1 - 4p 33 > cos2e 

-h Re p31 _1 sln2e cos 2+ - h Re p31 sin 20 cos +}, < IV-24> 

where the subscripts refer to 2m and 2m' In this case. 

A comparison of these distributions with the data wll I be made 

In Chapter V. 
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CHAPTER V 

EXPERIMENTAL RESULTS AND MODEL COMPARISONS 

A. K-n ~ w-w-pK0 

I. Data and CLA model calculation 

There were 389 events satisfying the kinematic hypothesis 

K-n ~ n-w-pK0 with spectator proton momentum less than .275 GeV/c. When 

the requirement that the main vertex x2 probabl llty be greater than or 

equal to five per cent was applied (see Chapter I I I, Section C>, the 

sample was reduced to 360 events. When the loss correction for vees 

leaving the bubble chamber <see Chapter I I I, Section F> was made, the 

sample was Increased to 371 events. This sample of 371 events was used 

in the following analysis of this reaction. The corrected cross-section 

for K-n ~ w-w-pK0 was found to be (324 ± 51) ~barns. Al I quoted cross

sections Include a correction for those K0 that did not decay by the n+n

mode. 

In al I fol lowing comparisons of the data with models, the model 

calculatlons wi I I be represented as smooth curves. The smooth curves 

represent a hand smoothing of the histograms of the model's fictitious 

events. Al I quantitative comparisons of a model with the data were per

formed using the unsmoothed model histograms. 

The model calculations used the parameters Indicated in Table I 

as "our values". The dependence of the model results on the b1 is dis

cussed later In this section where we deal with the topic of single par

ticle production angular distributions. 
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In many cases It was found that the Interaction did not proceed 

directly to the final state particles, but was mediated by the formation 

of resonances. The most prominent of these was the formation of K*-(890) 

+ i(bw-. Figure 23(a) shows the Invariant mass distribution of the 'R'>w-, 

and It displays a very prominent K*-(890) signal. In all plots Involving 

aw- we Include both w- combinations unless otherwise noted. We did not 

attempt to determine a value for the mass and width of any of the well 

known resonances we observed since our statistics do not allow better 

determinations than have already been published. However, the mass and 

width of the K*-(890) appear to be In very good agreement with the cur

rently accepted values of M* = .891 GeV/c2 and r = .50 GeV/c2. Hence

forth, K* wf 11 Indicate K*-(890) unless otherwise noted. 

Curve <I> In Figure 23(a) results from using pure phase space and 

Is normalized to the total number of events. Curve (2) Is the CLA model 

result where the observed fraction of K* In the data was part of the In

put to the calculation. The technique for Including resonance produc

tion In the CLA model was described by Bassomplerre, et al. and was dis

cussed thoroughly In Section A of Chapter Ill. 

The amount of K* production was determined In an Iterative pro

cedure using the CLA model calculations. As a first approximation to the 

amount of K* present In the data, a hand-calculated f It of a K* Breit

Wigner times phase space plus pure phase space for the background was made 

to the Kbw- Invariant mass distribution. This result was used as Input 

to the CLA model. The model output was examined and corrections were 

made In the amount of K*, with the requirement that the model background 

flt on either side of the resonance when account was taken of the fact 
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Figure 23.--(a) The l<bn- Invariant mass plot for reaction 11-5. 
(b) Corresponding production angular distribution. 
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that the data also contain K*Cl420). The corrected amount of K* was 

then input to the model again. This procedure was continued untl I the 

agreement was such that only smal I corrections were needed, i.e., untl I 

the model calculation and data agreed within one standard deviation. 

Using this method, we determined that 192 ± 22 events belonged to the 

channel K-n ~ K*-C890)pn-. This corresponds to a corrected cross-section 

of (167 ± 32) µbarns. The corrections to this cross-section are de

scribed in Chapter I I, Section D. 

The open histogram in Figure 23Cb) is the distribution in the 

cosine of the production angle of the K0 n- system. The production angle 

is measured in the rest system of the incident K- and the target neutron 

and with respect to the K- direction. The distribution Is strongly 

peaked in the beam direction Indicating low momentum transfer between 

the beam and the K0 n- system. Curve Cl> In Figure 23(b) Is the corre

sponding cosine distribution generated by the CLA model calculation. 

The model is in qualitative agreement with this observed distribution. 

The shaded histogram in Figure 23(b) Is the K0 n- production 

cosine distribution for those events where the K0 n- mass was betweer 

.840 and .940 GeV/c2 • This region wi I I be referred to as the K* region 

throughout this work. It extends from CMK* - r> to CMK* + r>. If both 

K0 n- combinations happen to fall In the K* region, we have chosen to use 

the combination with mass closer to .890 GeV/c2 • We plotted only quan

tities corresponding to that one combination. Curve C2) is the CLA pre

diction where the model events have had the same K0 n- mass cut imposed. 

Again, the CLA result reproduces the behavior of the data. It should be 

noted that the events in the shaded area are not pure K* events, but are 
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K*'s plus the background under the K* peak. The K* region contains about 

25% background events. The CLA model has background built In, in the 

form of non-resonant diagrams and the "other K0 n- combination" from the 

resonant diagrams. To the extent that the angular distributions for the 

K* region and the background have the same shape, the model wl II not be 

sensitive to the relative amounts of background and resonant diagrams. 

Within statistical errors, the production angular distribution for the 

K* region agrees with the corresponding distribution for the K0 w- combl-

nations of the entire sample. 

As we have Indicated earlier, the momentum transfer and the pro-

ductlon angle are not Independent quantities. The square of the four-

momentum transfer t Is def lned as fol lows. Let P1 be the four-momentum 

of one of the Initial particles and P
2 

be the four-momentum of some out

going particle system. Then 

t CP - P >2 = -b2 CV-I) - l 2 -

= Mf + M~ - 2El E2 + 2p\11~ 2 I cos 012 

where M Is the mass of the particle or particle system, 

E Is the corresponding energy, 
+ 
P Is the three-momentum, and 

0
12 

Is the angle between the three-momentum vectors of the Incident 

and outgoing systems. 

Not only M1 and M2 but also E1, E2 , P1, and P2 are Independent of the 

production angle, 012 , In the center of mass system. The quantity t 

assumes Its maximum value at 012 = 0 and this value of t corresponding 

to this smallest 012 Is cal led tmln· 



t e 0 tmln· 
12 ~ 

(V-2) 

It has been generally observed that the differential cross-

section for resonance production as a function of t Is approxlmately ex

ponentlal In form for t near tmtn· The slope of the seml-logarlthmlc 

plot~ is Interpreted as a measure of the degree of peripheral tty of the 

coll lslon. In order to make the exponentlal dependence easier to see, 

we use the quantity It - tmtnl for our abscissa because this makes the 

starting point In the distribution independent of the Invariant mass of· 

the recol llng pw- system •. 

Figure 24(a) shows a semi-logarithmic plot of the number of 

events as a function of It - tmtnl from the K- beam to the outgoing K0 w

systems for those events where the mass of the K0 w- was between .840 and 

.940 GeV/c2 • The data points are Indicated by x's and error bars. In 

order to determine the nature of the background under the K*, we chose 

to use the behavior of two background control regions. In the K0 w- in-

variant mass histogram, we chose one control region below the K* band 

[.640 - .815 GeV/c2 ] and the other above the K* [.965 - 1.165 GeV/c2 ] so 

that the average value of the mass regions was approximately the K* mass. 

We added the It - tminl distributions for those events falling 

In these control regions and then compared this resulting distributions 

to the distribution of those events In the K* band. A x2 test comparing 

the two distributions yielded a x2 probabl llty of about 75%. Since the 

control sample and the K* region had the same shape, no background sub-

traction was warranted. 
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Figure 24.--(a) The It - tm1nl distribution for K*-<890) produced In 
reaction 11-5. Cb) The It - tm1nl distribution for K*-<890) produced In 
reaction 11-6. 
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The straight line in Figure 24Ca> Is the result of a least

squares fit to an exponential of the form 

CV-3) 

where N is the number of events per unit t interval, 

It - tminl is the convenient momentum transfer variable, and 

c and A are constants to be determined from the flt. 

The flt was only carried out for those events with It - tm1nl below 

I .O CGeV/c> 2 • This cut was chosen for consistency. A previous examina

tion of the It - tmtnl distribution for the K*-(890) produced in reaction 

I 1-7 showed that events above 1.0 CGeV/c> 2 had only a 0.01 per cent chi

square probabl I lty of being consistent with the straight I ine determined 

from points below that value. For the sake of consistency, the 

K* It - tminl distributions in all three reactions Cl 1-5, 11-6, and 11-7) 

were fit to the region below 1.0 CGeV/c> 2 • 

The least squares flt yielded the value A= I .71 ± .29 CGeV/c>-2 • 

This fit corresponds to a x2 probability of about 20 per cent in a com

parison to the data below 1.0 CGeV/c> 2 • The x2 probabi llty that the 

same exponential dependence holds for the region above 1.0 CGeV/c> 2 is 

72 per cent. 

The circles In Figure 24Ca> are the results of the CLA model 

calculation. The size of the circles are for ease of reading only. As 

discussed In Chapter IV, the statistical errors of the data points are 

much larger than those of the model calculation. The x2 test comparing 

the model with the data yielded a x2 probabl llty of about 15 per cent. 
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Figures 25(a), (b), and Cc> show the Invariant mass plots of the 

K*p, K*n8-, and the pn8-, respectively. The K* refers to those K0 n- com

binations with mass In the K*-(890) mass interval and n
8

- refers to the 

other n-. Figure 25Ca> shows no evidence for the production of Y*'s de-

caylng via the K*p mode. The two standard deviation bump around 2.225 

GeV/c2 lacks statistical reliability. The curve in Figure 25Ca> is the 

CLA prediction and Is in agreement with the data. 

Figure 25(b) Is the plot of the K*-C890)n8- system. The quantum 

numbers of this system are exotic and the existence of exotic resonances 

has not been established. A work by Bomse and Moses~l gives Deck type~2 

calculations of this Invariant mass distribution. Their calculations 
. 

were based on the diagram we show In Figure 26, where the Incident K-

dissociates Into a K*-(890) plus a n°. The n° then undergoes charge ex-

change scattering Cn°n ~ n-p) at the lower vertex. The low momentum 

transfer from the Incident K- to the outgoing K* tends to make the final 

Figure 26.--Feynman diagram for K*-(890) production by nucleon charge
exchange scattering In reaction I 1-5. 
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Figure 25.--Dlstributions for the reaction K-n + K*-C890>w2p + ~wf-w2 -p; 
Ca) K*-C890)p invariant mass, Cb) K*-w2 - Invariant mass, Cc> pw2- nvarl
ant mass, cosine of production angle for Cd) w1-, and Ce) w2-. 
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fl/ go s11arply in the forward direction. The forward peaking of pion-

nucleon charge exchange scattering also makes then - go In the direc-
8 

tion of the incident K-. Consequently a low mass enhancement in the 

K*-C890)n- system ls predicted by these calculations. Similar Deck 

calculatlons4 3 were first applied to the reactions 

CV-4) 

to explain the low mass peak observed In the K*°C890)n± spectra at about 

1.3 GeV/c2 • Here, however, the elastic process cn-p ~ n-p) was used to 

describe the lower vertex instead of the charge exchange process. Bomse 

and Moses contended that since the differential cross-sections of the 

two pion nucleon scattering processes appear quite similar in shape in 

the appropriate energy region, the calculations should be carried out in 

the same manner. 

We see no evidence for a low mass enhancement in the K*-(890)n-

invariant mass spectrum. We conclude that the contribution of the dla-

gram of Figure 26 is smal I. 

The curve In Figure 25(b) Is the prediction of the CLA model. 

In light of the CLA background estimate, there actually seems 10 be a 

three standard deviation depletion in the data at low effective masses. 

The statistical significance of this depletion is too small for it to be 

taken seriously. 
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Figure 25(c) shows the Invariant mass distribution for the proton 

n6 system for the events falling In the K* region. The most obvious 

feature of this spectrum Is the production of N* 0 (1236). Although the 

~~* 0 <1236) Is known to have a width of .120 GeV/c2, the enhancement 



In Figure 25(c) appears to have a width considerably narrower. The 

narrow width may be due to some Interference mechanism or possibly due 

to a statistical fluctuation. The scarcity of data makes the resolution 

of this question Impossible. The four-standard deviation depletion from 

1.278 to 1.478 GeV/c2 may be related to the N* 0 <1236) question, destruc-

tlve interference of the Roper resonance with background, or again may be 

due to a fluctuation. This question also cannot be answered In light of 

the available data. 

We relied upon the CLA model to determine the amount of slmulta-

neous K*-(890) N* 0 <1236) production. The contribution to the reaction 

K-n ~ K*-<890) N* 0 <1236) In the CLA model ls given by only one diagram, 

which Is shown in Figure 27. By varying the Input fraction to the model 

K*-C.890) 

___ ,__ _____ • N* 0 ( I . 2 36) 

Figure 27.--Feynman diagram for simultaneous K*-N* 0 production In 
reaction I I -5. 

corresponding to the amount of simultaneous K*-N*0 production, we were 

able to determine that (22 ± II) events belonged to this channel. This 

corresponds to a corrected cross-section of (19 ± 10) µbarns. In the 

determination of the amount of N*, we required that the fit using the 

model reproduce the number of data events In a region ±r<±.120 GeV/c2) 
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around the N* 0 mass <1.236 GeV/c2). 

The apparent enhancement around 1.680 GeV/c2 in the pw- mass dis-

tribution is discussed later in this section. 

Figures 25{d) and 25Ce) show the production angular distribution 

for then- from the decay of the K* and the other n-, respectively, for 

those events in the K* band. Notice in particular how the CLA model Is 

able to reproduce the marked difference In these distributions. Figure 

28{a) is the distribution of the two w-'s produced In reaction 11-5. 

The curve In 28(a) Is a result of the CLA calculation. 

Figure 28(b) shows that the K0 from the decay of the K* is pro-

duced preferentially In the beam direction. The protons from the K* 

events [Figure 28Cc>] are peaked strongly In the backward direction, as 

are the other protons. The CLA calculations for both the proton and K0 

distributions of the events from the K* band are In qualitative agree-
,:.-

ment with the data. In addition, they appear to have about the same 

shape as the corresponding model calculations for the uncut sample. 

The decay angular distributions of the K*-(890) were examined in 

the Jackson frame of reference as described In Chapter IV. A sketr. of 
A 

the axes, defined by unit vectors x, y, and z, is shown in Figure 29. 

The system Is defined In the K* rest frame. 

The quantities PK-, fl<o, and PK* are the three·-momenta of the K-, 

K0
, and K*, respectively. For convenience, the vector product defining 

the y-axis, was calculated in the overal I center of mass system. Since 

this vector Is orthogonal to the transformation, It Is unaltered by the 

trans format I on. 
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Figure 28.--The single particle production angular distribution for 
reaction I 1-5, (a) n-, Cb) K'>, and Cc) proton. 
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Figure 29.--Jackson frame of reference for the decay of K*eB90) -+ °i(bn-. 

As stated In Chapter IV, the decay angular distribution of a 

resonance with JP = 1- decaying Into two spin 0 mesons via a parity 

conserving Interaction Is given by Equation IV-26. The distribution 

function We0,f) Involves the three quantities Poo• Pi,-i' and Re Pio• 

Therefore a measurement of wee,t> wt It determine al I of the density 

matrix except Im Pio· 

In Figure 30(a) and eb> we have hlstograrrmed the Jacksor. cos e 

and f distributions, respectively, for the K*-(890) formed in the reac

tion K-n + K*-(890)n-p. The cos a distribution shows no strong struc

tures and has a x2 probabl llty of about 80 per cent of being flat. On 

the other hand, the ~ distribution shows strong peaking at n/2 and 3n/2 

and has a x2 probabl llty of about .05 per cent of being flat. This is 

slml tar to the behavior observed In K-p-+ K*-n+n at 6 GeV/c by 
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Figure 30.--Jackson frarre distributions for decay of K*-<890) for Ca> cos e and Cb> ~. 
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Colley et al. 44 

The density matrix elements p 00 , Pi,-l' and Re p 10 were deter

mined by a maximum likelihood fit to the data. 

The likelihood function LCaj> 45 is defined as the joint proba

bility density of obtaining a particular experimental result, x1, ••• xN, 

where the aj's are the parameters of the distribution function describ

ing the observations. 

N 
Ti f(aj;x;>, 

i = I 
CV-5) 

where fCaj;xi) is assumed to be the true distribution function satisfy

ing the normalization condition 

(V-6) 

The likelihood function is a function of the parameters aj. 

In the fit to the data we take the normalized general angular 

distribution WC0,~) as the true distribution function. The parameters 

of wee,~> are Poo• Pi,-i• and Re p 10 . A particular experimental result 

corresponds to a specification of e and~ in the Jackson frame. 
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According to the maximum likel lhood method, the set of parameters 

which maximize L(ajl, cal led the maximum llkel ihood solution, is the set 

yielding the best fit to the data. It has been proven that in the limit 

of large N, no other method of estimation is more accurate than this 

method. 

Because of convenience we find the maximum in In L Instead of L. 

Since the maximum in L occurs at the same point as In L, the maximum 
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likelihood solution wi II be the same. 

We defined the likel lhood In the following manner. 46 

N 
In LK* = f1 

I = I 

M 
In wce 1,+i> - y 1 jj 

J = I 

R 
- Y2 Tl In <ek,+k>, 

k = I 

In wee.,+.> 
J J 

CV-7) 

where N Is the number of events with K0 n- mass between .840 and .940 

GeV/c2, M Is the number of events with K0 n- mass between .640 and .815 

GeV/c2, and K Is the number of events with K0 n- mass between .965 and 

1.165 GeV/c2• The quantities y
1 

and y 2 are the background normalization 

constants. 

Equation <V-7> comes from the assumption that the likelihood 

function, governing the angular distribution of those events falling In 

96 

the K* region, could be separated Into contributions from two components. 

The f lrst component was assumed to be the true K* events. The second 

was the background events falling In this region. In order to separate 

out the K* component, we estimated the background distribution function 

by using control regions. This prescription Is shown symbolically In 

Equation CV-8). ( V-8) 

N - B B 

N - B TI W<e1,+1> TT W<ea,,+a,> 

LK* TT wce 1,+ 1> 
I = I R. = I = = 

L 1J I 

I = I wcej,+J> 1T wcek,+k> 
Y2 

= I 
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The product through B indicates the background component which we have 

estimated by control regions. 

We determined that there were 214 K* events produced In reaction 

11-5 by fitting a Breit-Wigner function times a phase space background 

to the data. We def lned the K* region as a band ±rC±50 MeV/c2 > on each 

side of .890 GeV/c2 • This corresponds to about 76 per cent of the total 

number of K*'s or 163 events as determined from the Breit-Wigner flt. 

Since there are 198 events In the K* region, we wish to subtract 35 

background events from the histograms. This was done by using the two 

control regions. We plotted the distributions for the two control re-

glons, normalized each to 35/2 events, and subtracted the sum of the two 

distributions from the distribution of those events falling In the K* 

band. Figure 30 ls the result of this subtraction procedure. 

The results for the density matrix elements from the maximum 

1 lkel lhood method are as fol lows: 

= .255 ± .055 

= .195 :!: .050 CV-9) 

Rep10 = .000 ± .025 

The errors In the density matrix elements were determined where 

the likelihood decreased toe-~ of Its maximum value when plotted as a 

function of the matrix element of Interest. 

The curves In Figure 30 are the distributions in cos e and t ob-

talned when the maximum llkellhood solution values for the parameters 
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were substituted into W<e,;>. The functional form of WCcos e> and WC;> 

was given In Chapter IV. The x2 probability between the fitted curves 

and the data was found to be 90 per cent and 50 per cent for Figures 

30Ca) and 30Cb), respectively. 

The two distributions In Figure 30 do not Involve Re Pio as a 

parameter. To make sure that the value we obtained for Re Pio ls con

sistent with the data, we plotted the difference In the distributions 

for those events where cos e was between 0 and I and those where cos e 

was between 0 and -1. We compared this histogram <Figure 31) to the 

corresponding distribution obtained from 

CV-10) 
= Re p

10 
cos ;. 

For Re p
10 

= O, the distribution in ; given by Equation CV-10) would be 

flat with average value zero. We found our data to be consistent with 

this. 

The amount of data aval I able prevented a meaningful study of the 

momentum transfer (62) dependence of the matrix elements. When the 

Jackson angular distributions were plotted separately for the three 62 

regions CO to .5), C.5 to 1.0), and C~l.O GeV/c2>, they were al I found 

to have qualitatively slml lar shapes. 

Jackson47 and also Gottfried and Jacksorft8 have given extensive 

discussions of the spin density matrix. We shal I use their results to 

interpret our data. The result Pao = .255 ± .055 Is consistent with 

Poo = 1/3 which Implies very I lttle K*-CB90) alignment along the z-axis. 
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Figure 31.--Hlstogram of the quantity Ras a function of the Jackson+ for the decay of K*-C890) In 
reaction 11-5. 
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The result p1 -l = .195 t .050 Is not consistent with p 1 _1 = O. Our , ' 
CLA model calculatlons Imply that 69 per cent of the K*-<890) are produced 

at the top vertex. For the sake of slmpllclty we shal I assume that al I 

the K*-C890) are produced at the top vertex when Interpreting our values 

for the spin density matrix elements. In this case the K* Is formed 

from the Interaction of the K- and the exchanged object. Angular mo

mentum and parity conservation forbid JP= o+ exchange. It Is convenient 

to divide the exchanged objects Into three classes. The first class Is 

JP= o-. The second class Is the natural sequence JP• 1-,2+,3-, •••• 

The third class Is the unnatural sequence JP= 1+,2-,3+, •••• Exchange of 

members of this unnatural sequence wl I I In general lead to nonzero 

values of Re p 10 , but our result Is Re p 10 • .000 t .025. We shall as-

sume, for the sake of simplicity, that this allows us to rule out ex-

change of members of the unnatural spin-parity sequence. We thus con-

elude that the facts that p
00 

~ I and p
11

_
1 
~ 0 each Imply exchange of 

natural spin-parity object(s). Also, p
00 

~ 0 lmplles exchange of o

object<s>. At first thought, a prime candidate for the o- object Is 

the w- meson. The disagreement between our Invariant mass plot and the 

calculatlon of Bomse and Moses Implies that w- meson exchange ts not 

Important. 

We are thus at a loss for a slmple physical explanation of our 

measured values of the spin density matrix elements. Perhaps rescatter-

Ing corrections, the exchange of members of the unnatural spin-parity 

sequence, or Interference with background must be taken Into account. 
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Referring back to the K0 n- Invariant mass distribution In 

Figure 23(a), we observe an enhancement above the background estimate 

of the CLA model at the approximate mass of 1.400 GeV/c2. We associate 

this with the production of the K*-(1420). The K*Cl420) Is a well es

tablished resonance often observed In the K0 w- mass spectrum. The amount 

of K*(1420) was found by using the result of the CLA calculation as a 

background estimate after It had been renormalized to take the number of 

K*Cl420) resonant events Into account. Using this method we determined 

that there were 55 ± 13 events corresponding to the reaction K-n + 

K*-(1420)pn-. This corresponds to a corrected cross-section of (48 ± 14) 

l!barns. 

Figure 32 Is the Invariant mass distribution for the pn- In 

reaction 11-5. The most promlnant feature Is the production of N* 0 (1236). 

This is a well established resonance with a known mass of 1.236 GeV/c2 

and a natural width of r = .120 GeV/c2. 

The Iterative procedure for determining the amount of N*°Cl236) 

using the CLA model yielded (22 ± 13) events of the type K-n + 

N*°Cl.236)K0 w- where the K0 and w- do not form a K*. 

Curve (I) In Figure 32 Is pure Lorentz-Invariant phase space. 

Curve (2) Is the result of the CLA calculation. The center of the N* 

enhancement appears to be shifted slightly lower than the CLA model re

sult. The model calculation used a Breit-Wigner shape with the Input 

parameters as the standard resonance mass <1.236 GeV/c2) and the standard 

width C.120 GeV/c2>. It has been observed In other bubble chamber ex

perlments5 that the N* detected In this mode tends to have a lower peak 

than when observed by elastic scattering experiments using counters. 
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The reason given for this Is the mass dependent width of the N*. 49 If 

the N* mass In Figure 32 Is truly lower than 1.236 GeV/c2, though the 

strength of our signal prevents an investigation of this question, we 

appeal to the mass dependent width as an explanation. In the CLA deter

mination of the amount of N*, the number of model events was demanded to 

equal the number of data events In the region of ±r C±.120 GeV/c2) about 

the mass value of 1.236 GeV/c2. 

Cuts on the data and model were made where we accepted only 
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those events in the N* region [I .I 16 - 1.356 GeV/c2]. The N* was chosen 

as the pn- combination closest to 1.236 GeV/c2 when both pn- combinations 

fel I In the region. We examined all possible Invariant mass and produc

tion angle plots resulting from this kinematic cut. We found no appar

ent deviation from the CLA model predictions. As we discussed earlier 

we used a cut on the K* region to determine the amount of simultaneous 

K*N* production. 

The production angular distribution for the K0 n- is shown In 

Figure 23Cb) as the open histogram. This Is also the production angular 

distribution for the pn- system If the sign of the abscissa is reversed. 

As seen previously, the CLA model adequately describes this distribution, 

~lo single particle distributions for the N* region wi 11 be shown here be

cause of the smal I N* signal and the large background contribution In 

the N* reg I on. 

We have observed a broad enhancement in the pn- Invariant mass 

distribution at about I .680 GeV/c2 (Figure 32>. This enhancement Is 

about 200 MeV/c2 wide. We Interpret this enhancement as the production 

of one or all of the nucleon-pion resonances known to reside near this 
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energy. These are the 6(1650), 6(1670), N*Cl670), N*C1688) and 

N*C1700>. 10 The llmlted amount of data made disentanglement of this 

region Impossible. We determined that there were <72 ± 20) events In 

the "N*C 1680)" enhancement. This number was arrived at by using the CLA 

calculation as a background estimate. The background was renonnallzed 

to take this resonance contribution Into account. 

The Invariant mass and the productfon angular distributions for 

the w-w-, i(bp, i(bpw- and pw-w- systems were all found to be adequately 

described by the CLA model. 

Figure 33(b) Is the Invariant mass distribution for the i{'»w-w

system. Curve <I> Is the result of the CLA calculation. We see a 3.5 

standard devl at Ion enhancement above background In the reg I on from 1.680 

to 2.080 GeV/c2• We believe at least part of this effect to be a kine

matic reflection of the production of K*-(1420). Since the K*-(1420) 

overpopulates the high end of phase space In the i(bw- spectrum, we might 

expect a slml lar phenomenon In the i(bw-w- spectrum. 
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To display the effect of K*-<1420) production, we first reduced 

the normallzatlon of the CLA calculation [Curve Cl>] by 55 events. [We 

believe that there are 55 K*-<1420) events In this channel.] We then 

added In pure Lorentz Invariant phase space for [K*-<1420>w-] from the 

final state K*-<1420)w-p, normalized to 55 events. We took the mass of 

the K*-<1420) to be a unique mass at 1.420 GeV/c2. Curve <2> Is the re

sult of this sum. The shape of the data Is well represented by Curve <2> 

and the enhancement Is reduced to about 2.5 standard deviations. This Is 

too small to Imply a i(bw-w- resonance. 
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We Investigated what would happen to the distributions Involving 

the pir- If the contribution of the 72 "N*C 1680>" events were Included. 
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We found that s I nee the "N* C 1680 >" occup red the m r dd I e reg r on of the mass 

plot Its effects were almost negllglble In the three-body distributions. 

Figure 33Ca> Is the lnvarfant mass distribution for the ~w-p. Curve Cl> 

Is the CLA result. Curve (2) Is the CLA model result modified to take 72 

"N*C 1680)" and 55 K*-C1420) events Into account. This was done In the 

same manner as described for the ~ir-w- dlstrlbutlon. Curves Cl> and <2> 

differ very llttle and both are reasonable descriptions of the data. 

As mentioned earlier the bf of Equation CIV-6> were found by a 

comparison to our data. The b1 govern the perlpherallty of the vertfces 

In the region of high energies. An examination of the asymptotic form 

of the amplitude [Equation CIV-8) shows that small values of b1 cause 

the amplitude to prefer small values of momentum transfer. That ts to 

say, smal 1er b1 make the model predictions more peripheral. 

Figure 34 shows the dependence of the model predictions for the 

cosine of the single particle production angles Ccos 8) on the b1. The 

production angle ts def tned In the K- target-neutron rest system as 

shown In Figure 35. 

n 

Figure 35.--A sketch defining production angle. 
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Figure 34.--The dependence of single particle production angle on CLA 
bi for Ca) 1T-, Cb) R'>, and Cc) proton. 
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!he angle e Is the production angle of the particle system Xi 

1n the K-n rest system. 

Curve ( I) In each case In FI gure 34 Is the resu It of the mode I 

calculations when the original CLA values for the bi are used (IX). See 

Table 2. Curve (2) corresponds to the CLA calculations for the bi set 

at double the CLA value (2X>. 

Because of the Monte Carlo approach to our model calculations, 

we are very dependent upon the use of a computer. Considering the com-

puter time that would be required, we did not attempt to systematically 

fit all the parameters of the CLA model to our data. Instead, we at-

tempted to find a convenient set of b1 that appeared to give a good 

qualitative description of all the single particle production angular 

distributions simultaneously. In choosing the final set of b1 that was 

to be used in subsequent calculations, we also examined the four- and 

five-body final states involving a A0 or t 0 as wel I as the K0 four- and 

five-body states. Choosing one set of parameters, Independent of multi-
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plicity and final state particles, constitutes a check on the versatility 

of the CLA parameterization. The results of the CLA calculation for the 

A0 and t 0 events is described in detail by R. Berg.9 

As seen in Figure 34, the calculations using the bj at one times 

the original values [Curve Cl>] give too peripheral a prediction for the 
-
K0

• The predictions for the b1 at 2X [Curve (2)] seem to be a more ap-

propriate description of these data. Similar behavior was also seen in 

reactions I 1-6 and I I - 7. <These resu I ts w I I I be shown I ater In th Is 

chapter when the two 1-C reactions are discussed.) 
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We have chosen the 2X set as the parameters to be used In our 

data comparisons. This corresponds to bEA = 2.0, b1 = 2.4, and bEB = 
I .0. 

A x2 test was made comparing the data and the 2X calculations. 

The results were 19 per cent, 5 per cent, and 5 per cent for the 'I<", p, 

and n-, respectively. These results along with the corresponding re

sults for reactions 11-6andI1-7 are shown In Table 6. 

Then- In Flguro 34(a) Is seen to be slightly peaked forward and 

backwards. This Is not surprising since diagrams are permitted which 

allow thew- to come from both the top and bottom vertices as well as 

the Internal vertices. 

The i(b In Figure 34(b) Is strongly peaked In the forward direc

tion. That Is to say that the i(b continues along the direction of the 

Initial K-. The peaked production angular distribution corresponds to 

the K0 being emitted at the top vertex. For the ~ to appear at a lower 

vertex, a strange meson trajectory must be exchanged. Strange meson ex

change Is suppressed with respect to zero strangeness meson exchange be

cause of Its lower-lying trajectory (Table 3). No Pomeron exchange is 

allowed In this channel. Therefore the angular distributions should re

flect competlton from non-strange meson, strange meson, and baryon ex

change processes only. The K0 Is restricted to the top two vertices In 

the four-vertex multlperlpheral diagram because the emission from a 
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lower vertex would require the exchange of a positively charged, negative

strangeness meson. No such particles are known to exist. 

The proton, on the other hand, Is strongly peaked In the back

ward hemisphere along the target direction. The proton Is relatively 
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more peripheral than the K0
• For the proton to appear at any vertex 

other than the bottom would require the exchange of a baryon trajectory, 

whict1 is much lower-lying than the non-strange meson trajectory. 

Another quantity which reflects the multlperlpheral nature of the 

Interaction is the longitudinal momentum (PL). This quantity ls defined 

in the K-n rest system as the projection of the particle momentum on the 

K- direction. Positive projections correspond to a component along the 

beam. Negative values refer to projections along the target direction 

(see Figure 35) • 

( V..;. I I ) 

.... 
where P ls the vector momentum of the particle of Interest and PK- and 

Pn are unit vectors In the direction of the momenta of the K- and target 

neutron, respectively. Figures 36(a), (b), and (c) are the longitudinal 

momenta and the corresponding CLA calculations for then-, K0
, and P, 

respect Ive I y. 

Figure 36(a) shows that the 11'- ls generally produced with smal I 

values of longltudlnal momentum and with approximate syrmietry in the 

forward and backward directions. 

Figure 36(b) shows that the K0 Is generally produced with large 

longitudinal momentum In the forward direction. Figure 36(c) shows that 

the proton, on the other hand, Is produced with an even larger longltu-

dlnal momentum In the backward direction. 

We calculated the average values of PL for the data and also the 

model for each single particle distribution. The result are shown In 

Table 7. 
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Figure 36.--The longitudinal momentum distributions for the single 
particles (a)~-. (b) 'K°, and (c) proton produced In reaction I 1-5. 
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Figures 37Ca), (b), and Cc> are the distributions In the trans

verse momentum CPr> for the 'If-, K0
, and P, respectively. This quantity 

is given by 

CY-12> 

+ 
where P Is the particle momentum and PL Is longitudinal momentum. These 

distributions are slml lar for then-, K0
, and proton. The average meas-

ured and calculated values of Pr for each of these particles are given 

In Tab le 7. 

The CLA model calculation qualltatlvely reproduced the observed 

single particle lon~itudinal and transverse momentum distributions. 

The It - tm1nl distributions for the 'If-, K0
, and proton were 

plotted and were found to be In qualitative agreement with the CLA model 

calculations. These distributions are not shown here since they are not 

Independent of PL and Pr. Although PL and Pr are not Independent of the 

production angle, they do contain additional information. 

2. Comparison of the data with the 
model of Plahte and Roberts 

The amount of resonance production Is, In our opinion, the most 

Important question to ask of this modified CLA model. Figure 381s the 

Invariant mass distribution of the K0 lf- for reaction 11-5. The dashed 

curve is the prediction of the Plahte and Roberts model where we have 

Included all diagrams that might contribute to the final state. The 

model under predicts the amount of K*-(890). Figure "!E Is the effective 

mass distribution of the plf- system. The model In this case (dashed 

II 7 

curve> over predicts the amount of N*°Cl236). The effective mass dis

tributions of the other non-resonating particle combinations CpK0
, K0 pw-, 
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Figure 37.--The transverse momentum distributions for the single 
particles <a> w-, Cb> R">, and Cc> proton produced In reaction I 1-5. 
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Figure 38.--A comparison ot i(bw- invariant mass distribution with Plahte and Roberts model. 
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Figure 39.--A comparison of pw- Invariant mass distribution with 
Plahte and Roberts model. 
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K0 n'lf-, pn_n_) were found to be in qualitative agreement with the ,imodel. 

Figure 40 shows the observed and computed single particle production ang-

- ular distributions. The model generally under predicts the perlpherallty 

of the proton, and correctly predicts the production angular dlstrlbu-

tlon for the K0
• The amount of n- is slightly over predicted In the 

- backward direction. Summarizing the model comparison, we find the modi-

fied model does not give realistic predictions of amounts of resonance 

- production In our data and generally gives poorer estimates of single 

particle production angular distributions than the original CLA model. 

In our attempt to rectify this disagreement, we found the amount 

- of resonance formation predicted to be sensitive to the Isotopic spin of 

the Innermost exchanged trajectory. We can get an understanding of the 

- isotopic spin dependence by considering the typical diagram for K-n + 

-
-
-

- --~~~~~~~- p 

-
n 
T=~ 

Figure 41.--A multlperlpheral diagram for K-n + K0 w-w-p. 

-
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Figure 40.--Dependence of single particle production angle on ex
chan~d trajectories for Plahte and Roberts model calculation Ca) w-, 
Cb) K , and (c) P. 
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In the preceedlng diagram, the middle exchanged trajectory, 

er, can have Isotopic spin Te= 0 .or Te= I. If we allow Te= I, then 

the K°w- system may have either T = 1/2 [K*C890) trajectory] or T = 3/2 

(purely non-resonant). Likewise, Te= I al lows the pw- to have T = 1/2 

(purely non-resonant) and T = 3/2 [N*C 1236) trajectory]. However, If we 

allow only Te= 0, the Kbw- can form only K* trajectory In the diagram, 

and thus one expects more K*C890) production. Also, the pw- can not 
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form N*; N*'s can be formed only when the proton emerges from an Internal 

vertex. Th us one expects that a 11 ow Ing Te = 0 on I y w I I I decrease the 

relative amount of N*C1236) predicted. 

The solid curves In Figures 38, 39, and 40 represent the model's 

predictions allowing only Te= 0. Generally the agreement Is mudl better 

in both effective mass distributions and production angular distribu

tions. The number of events In the regions of the K*-<890) and N*°Cl238) 

quantitatively agree with the data and the single particle angular dis-

trlbutlons qualitatively agree with the data. 

If Te = 0 Is demanded by the data and the proton really does 

come from an Internal vertex, this should be reflected In the production 

angular distribution of the proton from the N*0 <1236) decay. 

Figure 42Ca) Is a plot of the proton production angular dlstrlbu-

tion for those events In the N*0 <1236) region. The effective mass of the 

pw- system was demanded to be within ±r<N*) of the N* mass where r<N*) = 

• 120 GeV/c2 and the mass of the N* Is 1.236 GeV/c2 • The model Is seen 

to prefer a much less peripheral proton than the data show. We must con-

elude that the model's restricting the proton to an Internal vertex for 

N*Cl236) production does not seem to correspond to what Is happening In 
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Figure 42.--(a) The N*°C 1236) oroduction angular distribution compared 
to Plahte and Roberts model restricted to I = 0 exchange. (b) Corre
sponding plot for control region 1.390 ~ M*Cp~-> ~ 1.590 GeV/c2 • 
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the data and restricting Te = 0 does not produce agreement with the 

data. Figure 42(b) Is the equivalent cos e plot where the pw- mass was 

demanded to be between 1.390 to 1.590 GeV/c2. Here the model Is able to 

qualitatively describe the data. This control confirms that the diffi

culty with the backward produced protons Is associated with the N*(l236) 

mass region. 

The production of K*-(890) Is by far the most prominent feature 

of the 4-C channel. Figure 43 shows the production cos e distribution 

for those events fal llng In the K* band. The curve Is the result of the 

modified CLA model calculation. The calculation Is In quantitative dis

agreement In the forward direction, but shows qualitative agreement. 

The Plahte and Roberts model, as we have parameterized it, gives 

quantitatively wrong resonance predictions. In passing, it should be 

stated that It gives qualltatlvely poorer fits to the production angular 

distributions than the original CLA model. In fairness to the model we 

remind the reader that an approximate method was used for Including lso

spln. If we restrict the middle exchanged trajectory to lsospln zero, 

the model gives qood qualitative agreement with the data. 

B. K-n + w-w- p K°w 0 

There were 418 events satisfying the kinematic hypothesis K-n + 

w-w-pK0 w0 with spectator proton momentum less than .275 GeV/c. The re

qu 1 rement that the main vertex x2 probabl lity be greater than or equal 

5 per cent reduced the sample to 373 events. Corrections for vees lost 

out the end of the bubble chamber (see Chapter II I, Section F) Increased 

the number of events to 375. This sample of 375 ~vents was used In the 

following analysis of this hypothesis. 

130 
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Figure 43.--The production angular distribution for K*-(890) compared 
to Plahte and Roberts model calculation requiring I = 0 exchange only. 
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The production of K*-C890) is by far the most prominent feature 

of this channel. Figure 44(a) Is the Invariant mass distribution of the 

Ko -1f • Each event contributed two entries to the histogram corresponding 

-to the two possible K0 w- combinations. The strong K*-C890) signal is 

apparent. Using the results of fitting the CLA model calculation to 

this histogram we have determined that Cl69 ± 20) events belong to the 

channel 

K-n ~ K*-C890)n-n°p. 
~'Kon-

The cross-section for K* production In this channel after correction for 

unseen decay modes of the K0 Is Cl49 ± 28) ~barns. 

Curve Cl) of Figure 44Ca> Is pure Lorentz invariant phase space 

for the K0 n- from the five-bodies final state given by reaction I 1-6. 

Curve C2) In the same figure is the result of the CLA calculation. The 

CLA model gives an excellent flt to the data. Using the CLA model as a 

background estimate, we see no evidence for other resonance structure In 

this Invariant mass distribution. 

Figure 44Cb) Is the CM production angular distribution for ~he 

same events as shown In Figure 44Ca) Cthe open histogram>. The curve ij 

the result of the CLA model calculation. The model calculation agrees 

with the data. When Figure 44(b) Is compared to the corresponding K0 w

dlstrlbutlon of the 4-C events [Figure 23Cb>], the 4-C distribution is 

found to be much more peaked. This difference persists when the mass of 

the K0 n- system Is required to be within the K* region (.840 to .940 

GeV/c2 >. The production angular distribution for those events in the K* 

region In this channel are shown in Figure 44(b) as the shaded histogram. 
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Figure 44.--(a) The K0 n- effective mass distribution for reaction 11-6. Cb) Corresponding produc
tion angular distribution . 
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The curve corresponding to the shaded histogram Is the CLA prediction, 

and Is seen to be a reasonable description of the data. 

The distribution In the production angle for the K* region was 

found to be consistent with the corresponding distribution for the total 

sample within statistical errors. 
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For a more quantitative description of the perlpherallty of the 

K*, a least squares flt to an exponential was made for the It - tmtnl 

distribution for the i(bw- system for those events falling In the K* band 

(,840 - .940 GeV/c2>. The quantities t and tmln are defined In Section A 

of this chapter and refer to the squared four~momentum transfer from the 

Incident K- to the outgoing K'»w- system. A background estimate for the 

It - tm1nl distribution was made by using the control regions above 

(.965 to 1.165 GeV/c2> and below (.640 to .815 GeV/c2> the K* region. 

The It - tm1nl distribution resulting from the sum of the two control re

gions was compared to the It - tmtnl distribution for the K* region. The 

shapes of the two distributions agreed with a x2 probability of about 45 

per cent. This Implies that the background and K* events have the same 

distribution. Consequently, no background subtraction was made. 

Figure 24(b) ls a semi-logarithmic plot of the It - tmtnl dis

tribution for the events In the K* region. The data are Indicated by 

X's with the error bars determined by available statistics. The clrc!es 

are the results of the CLA celculatlon. The straight line Is the result 

of a least squares flt to the data. As mentioned earller, the K* events 

produced In reaction 11-7 could not be described by a single exponential. 

For consistency we chose to only flt the region below 1.0 (GeV/c)2. The 

flt yielded an exponential slope 

~a (.37 ± .33)(GeV/c)-2 • 



This fit corresponds to a x2 probabi I lty of about 85 per cent for the 

region below 1.0 CGeV/c)2. The x2 probability that the region above 

I .0 <Ge.Vic> 2 can be described by the same exponential dependence as the 

region below 1.0 CGeV/c)2 Is 33 per cent. The CLA calculations were 

found to be In quantitative agreement with the data. 

All invariant mass distributions were examined for those events 

which had a K0 n- falling within the K* band. They revealed no statisti

cally slgnlf lcant structure above the background. The CLA model with 

the same cut on the K0 n- Invariant was used as the background estimate. 

The decay angular distributions of the K*C890) In the Jackson 

frame of reference are shown in Figure 45. A sketch of the coordinate 

axes is shown in Figure 29. 

The ~ distribution In Figure 45(a) was found to be consistent 

with a flat distribution. A x2 test comparing the data with a flat dis

tribution yielded a x2 probabl I lty of about 40 per cent. 

Since the Jackson cos e distributions for the peak and control 

regions compared poorly <x2 probabl llty of about 9%>, we made a back

ground subtraction of 07 events. The results are shown in Figure 45Cb). 

The cos e distribution was found to have a x2 probability of 

about 6 per cent for being flat. 

The curve in Figure 45Cb) is the result of a least squares flt 

to the expected function of the form 

A + B cos2 e, CV-13> 

normalized to the total number of events. The quantities A and Bare 

unknown parameters to be determined from the flt. When the result of 

137 



138 

Figure 45.--Jackson frame distributions for K*-(890) produced In reac
tion I 1-6; Ca> +, and Cb) cos e. 
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the flt was compared to the data, the x2 probabl I tty was found to be 

about 9 per cent. This is because the data apparently do not have the 

shape given by W(cos 0). We regard this result as no Improvement over a 

flat Interpretation, and consequently decided not to fit for all the 

spin density matrix elements. We remind the reader that the usual spin 

density matrix element formalism assumes the decay of a pure spin-parity 

state. 50 

There were many possible particle combinations involving some of 

the five particles in this final state. We examined al I Invariant mass 

histograms and al I production angular distributions resulting from these 

particle combinations. We found that the CLA model generally gave an 

adequate description of the data. Because of the large number of dis

tributions Involved, we wil I only show those distributions where the CLA 

rnodel and data do not show close agreement. 

Figure 46 is the invariant mass distribution for the K0 n-n°. 

I~ 

Here we see a 4.4 standard deviation enhancement above the background 

given by the CLA model In the region from 1.580 to 1.880 GeV/c2• This 

enhancement falls In the region of the controversial L-meson. The l was 

first reported by Bartsch et al. 51 at a mass of about 1.775 GeV/c2 and a 

width of .127 GeV/c2• They describe the Las a resonance with a branch

ing ratio of about 20 per cent to K*Cl420)n. In a much larger experiment 

Barbaro-Galtierl et al. 52 found a broad peak (300 - 500 MeV> and described 

it as a threshold enhancement of the K*(1420)n system. More recently, 

Agui lar-Benltez et al.5 3 have reported seeing the L in K-p ~ K-n+n-p at 

4.6 GeV/c with almost identical properties as reported by Bartsch et al. 
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Figure 46.--lnvariant mass distribution for ~n-w0 produced In reaction 
I 1-6. 
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Al I possible invariant mass distributions were plotted for those 

events with K0 n-n° mass between 1.580 and I .880 GeV/c2 . The plots re

vealed no structure above background. In particular, the K0 n- distribu

tion showed no evidence of K*( 1420) production. The CLA model was used 

as a background estimate. In a short whl le, we wil I again return to this 

question of the L-meson. 

We have observed a 3.8 standard deviation depletion In the n-n° 

invariant mass distribution from .280 to .580 GeV/c2 • This discrepancy 

is not significant and Is mentioned here only because It wl I I be consid

ered as a possible contributing factor in the K0 n-n-n° enhancement, to 

be discussed next. 

We have observed a 5.9 standard deviation enhancement in the in

variant mass distribution of K0 n-n-n°. This enhancement is In the region 

from 2. I 10 to 2.210 GeV/c2 as seen In Figure 47. Because of the exotic 

quantum numbers, we do not expect resonance formation in this particle 

combination. 

As noted previously, we have deviations from the background 

estimates in both the n-n° and the K0 n-n° Invariant mass distributions. 

Since the K0 n-n-n° system contains these particle combinations, we made 

an effort to determine the effect of the n°n- and K0 n-n° discrepancies 

on the K0 n-n-n° enhancement. We used the same technique as described 

for the K*- ( 1420) and "N* ( 1680)" correct Ions in Sect I on A. We generated 

the pure phase space distributions for K0 n-cn-n°) and (K0 n-n°)n- combina

tions from the f Ive body final state K0 n-n-n°p, where the particles in 

parentheses were assigned a single effective mass value. The unique 

mass assigned to the particle combinations was chosen as the approximate 
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Figure 47.--lnvarlant mass distribution for 'Kbw-w-w 0 produced in reac
tion I 1-6. 
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center of the enhancement In the case of the K0 n-n°, and at the center 

of the depletion for the n-n°. When the K0 n-n-n° distribution was cor-

rected for those two deviations, the statistical significance of the en-

hancement was reduced to 4.7 standard deviations. The triangle in 

Figure 47 represents the resulting background prediction for the enhance-

ment region when these corrections are applied to the CLA model calcula-

ti on. 

Though we were unable to completely explain the CK0 w-w-n°) en-

hancement as a kinematic reflection, we do not claim It to be a resonance. 

It I ies at the extreme edge of phase space and is not narrow. The pos-

sibl llty exists that some unknown mechanism Is causing the events to pile 

up at the kinematic limit. Also, the statistical evidence is not com-

pe 11 i ng. 

Returning to the K0 n-n° enhancement, we found that If we corrected 

the distribution of the K0 n-n° invariant masses to take Into account the 

n°n- depletion and the K0 n-n-n° enhancement, the statistical significance 

of the signal could be reduced from 4.4 standard deviations to 2.6 stand-

ard deviations. We are forced to conclude that we cannot say that w"J 

see the L-meson. 

We conclude that the only resonance that we have definitely ob-

served to be formed in Reaction I 1-6 is the K*-(890). 

As discussed earlier in connection with the 4-C single particle 

production angular distributions, the b1 in Equation CIV-6) were chosen 

by an examination of the data. It was stated earlier that the b. set at 
I 

a value two times the original CLA values of Table 2 appear to give a 

better fit to our data and that of R. Berg.9 Figures 48 and 49 are the 
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Figure 48.--The dependence of single particle production angles on CLA b1 for <a> K9 and (b) proton 
produced In reaction 11-6. 
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Figure 49.--The dependence of single particle production angles on CLA 
b1 for Ca) 11° and Cb) 11-. 
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distributions in the cosine of the production angle for the single 

particles produced in Reaction I 1-6. The angles are measured with re

spect to the K- beam in the rest frame of the target neutron. The dashed 

curves are the results of the CLA calculations where the b1 have the 

original CLA value C IX). The solid curves are the CLA results when the 

bi are two times the original CLA values C2X). Without exception, the 

curves from the 2X calculations are a better description of the data. 

This agrees with the behavior seen in the 4-C reaction. 

A x2 test was performed comparing the data with the results of 

the 2X CLA calculations for each of the single particle production angu

lar distributions. The results are shown in Table 6. 

Figures 50Ca) and Cb) and Figures 51 Ca) and Cb) show the distri

butions in the longitudinal momentum CPL) for the K0
, proton, n°, and 

n-, respectively, for Reaction 11-6. The quantity PL Is defined in the 

K-n rest system by Equation CV-I I). 

The K0 Is produced with a preference for positive momentum pro

jections. That is, the K0 tends to go In the forward direction, I.e. 

along the Incident K-. This is slml lar to the behavior seen In the 4-C 

events, though not as strong an effect. The reduced strength of the ef

fect is most probably due to the Increased multi pl iclty of the flnal 

state. 

The proton is produced primarily In the backward direction, i.e. 

along the direction of the target neutron. This distribution should be 

compared with the corresponding distribution for the proton from Reac

tion I 1-5 and the neutron produced In Reaction I 1-7. These comparisons 

are easily made by using the results found In Table 7. The proton from 



152 

Figure 50.--Single particle longitudinal momentum distribution for 
Ca) i(b and (b) p produced In reaction I 1-6. 
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Reaction 11-6 and the neutron from Reaction I 1-7 are seen to have similar 

distributions. However, the proton from Reaction I 1-5 ts produced with a 

larger average value of -PL• This effect Is most probably due to the 

smaller multiplicity of Reaction 11-5. 

The distributions for the w0 and w- are peaked near PL = O, are 

syrrrnetrtcal ly distributed about their peaks, and show no other distin

guishing features. 

The curve In each PL distribution Is the result of the CLA cal

culation. The measured and calculated average of PL for each sJngle 

particle distribution are given In Table 7. 

Figures 52Ca) and Cb) and Figures 53Ca) and Cb) are the dis

tributions In the transverse momentum for the proton, K0
, ff, and n-, 

respectively, for Reaction 11-6. The curves are the results of the CLA 

calculation. We have calculated the average value for each of the single 

particle distributions for both the model and the data. The results are 

shown In Table 7. The distributions are all seen to be stmt lar In shape 

with no significant structure. 

The CLA model calculation qualitatively reproduced the observed 

single particle longitudinal and transverse momentum distributions. 

There were 560 events satisfying the kinematic hypothesis K-n ~ 

rt-w-w+K0 n with spectator proton momentum less than .275 GeV/c. When the 

additional requirement that the main vertex x2 probabl llty be greater 

than or equal to 7.5 per cent was applied, the sample was reduced to 468 

events. When the correction for vees lost out of the end of the bubble 

chamber was made, the sample was Increased to 479 events. This sample 
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Figure 52.--Transverse momentum distribution for Ca) proton and (b) ~. 
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of 479 events was used in the fol lowing analysis. 

The CLA calculations shown in this section had the b1 set at two 

time~ the original CLA values of Table 2. The dependence of the single 

particle production angular distributions on the b1 wll I be discussed 

later in this section along with other single particle distributions. 
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This channel is dominated by the resonance production of K*-(890) 

which subsequently decays Into K0 n- and N*-(1236) which subsequently de

cays into nn-. We wl I I first consider the K* production and decay. 

Figure 54(a) is the invariant mass distribution of the K0 n-. The 

strong K*-(890) signal is apparent. Curve (I) is pure Lorentz-Invariant 

phase space for the two bodies CK0 n-) out of the five-body final state. 

Curve (2) is the result of the CLA calculation. The CLA calculation is 

seen to describe wel I this invariant mass distribution. Both K0 n- com

binations were Included In this plot. 

Using the CLA model, we were able to conclude that there were 

(193 ± 37) events belonging to the channel K-n ~ K*-C890)w-n+n, which 

does not include the K*-C890>N*-C1236)n+ events. This corresponds to a 

corrected cross-section of (172 ± 42) µbarns. The large error is the 

result of the uncertainty introduced by the subtraction of the double 

resonant K*-N*-n+ events. 

Using Curve (2) as a background estimate, we see no evidence for 

other resonance production in the K°n- mass distribution. 

The open histogram in Figure 54(b) is the distribution in the 

cosine of the production angle of the K°n- system for al I the events be

longing to Reaction I 1-7. The production angle, as usual, was defined 

in the rest system of the K- and target neutron and with respect to the 
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Figure 54.--(a) The invariant mass distribution for the i(bw- produced In 
reaction I 1-7. (b) Corresponding production angular distribution. 
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Incident K- direction. The distribution Is seen to be strongly peaked 

In the forward direction (along the K-). In comparing this distribution 

to the corresponding distribution for Reaction 11-5 [Figure 23(b)] and 

Reaction 11-6 [Figure 44(b)], we find that it Is definitely less peaked 

than Reaction I 1-5 and at the 94 per cent conf ldence level It Is more 

peaked than Reaction 11-6. This Is what one expects from the effective 

multlpllclty of the three reactions. The lower the multlpllcity the 
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more per I phera I are the react Ions. We reca I I that the 4-C channe I 

<Reaction 11-5) Is dominated by resonance production, thus reducing the 

effective final state multlpllclty to three particles In most cases. 

Reaction I 1-7 Is also found to be dominated by resonance production, re

ducing Its multlpllclty to four particles In most cases. Reaction I 1-6, 

on the other hand, has about 50 per cent of Its events with no resonance 

formation, I.e. a f Ive body final state. We remind the reader that the 

shape of an angular distribution depends not only on the effective multl

pl lclty, but also on the diagrams that describe the reaction. 

The curve associated with the open histogram Is the CLA calcula

tion. It Is seen to adequately describe the data. 

The shaded histogram In Figure 54(b) Is the angular distribu

tion for those events which fall In the K* region of the i<°w- Invariant 

mass plot. The K* region Is taken from .840 GeV/c2 to .940 GeV/c2 • The 

corresponding curve Is the CLA calculation with the same restrictions 

Imposed. The model Is seen to adequately describe the data. The K* 

distribution has the same qualitative shape as the i<°w- distribution for 

al I events fitting Reaction 11-7. 
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Figure 55 Is the It - tmtnl distribution for those events with 

at least one K0 n- invariant mass in the K* region. If both K0 n- combina

tions happen to fall In the K* region, we used the particle combination 

with Invariant mass closer to .890 GeV/c2 • The It - tminl distribution 

for control regions on both sides of the K* region was compared to the 

corresponding distribution for events In the K* region. A x2 test 

yielded a x2 probability of about 3 per cent that the distributions had 

the same shape. We take this to indicate that the background and reso

nance probably have different It - tminl dependence. We subtracted out 

the background contribution from the resonance region by using the con

trol regions. We used the distribution resulting from the sum of the two 

control regions, normalized to the known number of background events In 

the K* region (82 events), as an estimate of the background In the reso

nance region. Figure 55 is a semi-logarithmic plot of the It - tminl 

distribution where the normalized background distribution has been sub

tracted. The X's are the data points, and the bars represent their 

errors, which were determined by the statistics. 

The line In Figure 55 is the result of a least squares fit to an 

exponential [ Equation (V-3)] for the It - tminl region below I .0 (GeV/c)~ 

A pre I I ml nary x2 test revealed that the regions above and below 

I .0 (GeV/c> 2 could not be fitted by a single exponential. 

The result of the flt was an exponential slope A= 

Cl .64 ± .38) CGeV/c>-2 • The data for the region below I .0 (GeV/c> 2 gave 

a x2 probabi llty of 27 per cent when compared to the flt. The chi square 

probabl llty that the region above I .0 (GeV/c)2 can be described by the 

same exponent I al as the region below I .0 (GeV/c> 2 Is 0.01 per cent. As 
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Figure 55.--The It - tm1nl distribution for K*-(890) produced In reac
tion I 1-7, corrected for background. 
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mentioned previously, the data require more than a single exponential 

for their description. 

The circles In Figure 55 are the results of the CLA model calcu

lation. The model distribution shown was obtained by using the same 

background subtraction technique as used with the data. The model and 

the data are In good qualitative agreement. 

The decay of the K* produced In this final state was examined in 

the Jackson frame of reference. The Jackson reference frame was dis

cussed in Chapter IV, Section B. Figure 29 is a sketch of the coordi

nate axes used In this reference frame. 

Figure 56Ca> shows the distribution of the azimuthal angle (~) 

in the Jackson frame for the K0 from the decay of the K*. This distri

bution was found to be consistent in shape with regions taken above and 

below the K* mass region. Consequently, we felt It unnecessary to make 

a background subtraction for this distribution. Figure 56(a) has a 

probabl llty of about 4.5 per cent for being flat. It does not display 

the characteristic shape of WC~> [see Equation CIV-23>], which assumes 

a pure angular momentum state. On the other hand, the data are not suf

f lclent to establ lsh Interference of the K*-(890) with background. 

Figure 56Cb) Is the distribution of the cosine of the polar 

angle Ce> of the K° from the decay of the K* in the Jackson frame. No 

background subtraction was made because these data have the same shape 

as the control regions. This distribution ls consistent with being flat 

with a x2 probabl llty of about 50 per cent. 

We have detected no alignment of the K*-(890) In the Jackson 

frame. 

168 
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Figure 56.--Jackson frame distributions for K*-(890); (a) cos e and 
(b) ~. 
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As we have already mentioned, this channel is dominated by the 

production of K*-(890) and N*-<1236). In order to determine the amount 

of simultaneous K*N* production, we restricted the K0 n1- to be within 

±rC±.050 GeV/c2) of the K* mass and plotted the nn 2- effective mass dis

tribution. The symbols n
1

- and n2- refer to the two n-'s produced In 

the reaction. We adjusted the number of events belonging to the channel 

unti I the CLA model gave agreement with the data in the region from 

I .I 16 to 1.356 GeV/c2. We found that (39 ± 27) events belonged to this 

channel. This corresponds to a corrected cross-section of (35 ± 24) 

µbarns. This contribution Is smal I compared to single resonance produc

tion. Figure 57 is the distribution In the invariant mass of the nn2-. 

The N*-(1236) peak is the only structure. The curve Is the result of 

the CLA calculation, with the same restrictions on the "K°n- invariant 

mass. The distribution for the nn 1-, where the n
1

- refers to then 

associated with the K*, showed no significant structure above the CLA 

background estimate. This imp I ies that if there Is any sharing of n

between K*- and N*- resonances, the amount is smal I. 

Al I invariant mass distributions incorporating the K* and also 

those recoiling from the K* were examined. We found no significant de

viation from the CLA model predictions. Figure 58Ca) is the Invariant 

mass distribution for the nn-. Both nn- mass combinations are included 

in the plot. The dominating feature of this histogram Is the production 

of the N*-(1236) resonance. From the result of the CLA flt we were able 

to determine that there were (234 ± 37) events belonging to the channel 
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Figure 57.--The Invariant mass distribution of the nn 2- produced In 
K-n ~ K*-C890)nw

2
-w+ + i(bn1-nn2-w+. 
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Figure 58.--(a) The Invariant mass distribution for nw- produced In 
reaction 11-7. Cb) Corresponding production angular distribution. 
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This corresponds to a corrected cross-section of (209 ± 46) µbarns for 

production of N*-(1236), In the single resonance channel. The N*- reso-

nance is produced In 57 per cent of the events of Reaction I 1-7 as com-

pared to about 12 per cent for the production of N* 0 in Reaction I 1-5 

and no detected N* production In Reaction 11-6. This difference ls at 

least partly due to the fact that the nn- combination Is In a pure 

lsospin - 3/2 state while the pn- and pn° combinations are not. 

Curve CJ) in Figure 58Ca) Is Lorentz-invariant phase space for 

the nn- system normalized to the total number of entries In the hlsto-

gram. Phase space for two bodies from a five-body system ls strongly 

peaked at low mass. This fact made the determination of the amount of 

N*- difficult. In other words, the CLA fit to the nw- Invariant mass 

distribution was relatively Insensitive to small changes In the amount 

of N*. This is the reason for the relatively large error quoted for the 

number of N* events. 

Curve (2) In Figure 58(a) is the result of the CLA calculation. 

Our criterion for selecting the appropriate model f It was to demand that 

the model reproduce the number of data events In the region ±rC±.120 

GeV/c2) about the mass of 1.236 GeV/c2, i.e. the N* region. The model 

prediction appears to be slightly more peaked than the data for the N* 

region. However, the statistical qua I lty of the data does not let us 

confirm any discrepancy. We did not attempt to make a determination of 
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the N* mass or width. We felt that the scarcity of events In our expert-

ment precluded an accurate determination. We used the accepted mass and 

width tor the N* Cl.236 ± .120 GeV/c2 > as input to the CLA model 
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calculation. 

The open histogram In Figure 58Cb) Is the distribution In the 

cosine of the production angle for the nn-. Both nw- combinations are 

Included In this histogram. The production angle Ce> Is defined in the 

K- target neutron rest system with respect to the Incident K-. The nw

ls seen to be produced preferentially at a small angle with respect to 

the original direction of the target neutron, i.e. cos e is near -1. As 

mentioned before, a smal I production angle corresponds to a small momen

tum transfer. That Is to say that the nn- system is produced with rela

tively small momentum transfer from the incident neutron. The curve 

corresponding to the open histogram is the CLA model prediction. The 

model Is In qualltative agreement with the data. 

The shaded histogram in Figure 58Cb> Is the cosine of the pro

duction angle for those events which had at least one nw- Invariant mass 
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in the N* region Ct. 120 GeV/c2 about I .236 GeV/c2 >. If both Invariant mass 

combinations fel I In the N* region, the combination with mass closer to 

1.236 GeV/c2 was used. The distribution for the N* region has the same 

shape as the distribution for the entire sample. A comparison to the 

equivalent distribution for the K* region [Figure 54Cb>] shows that the 

N* and K* have the same shape. The curve corresponding to the cos a dis

tribution for the N* region Is the CLA prediction where the same invari

ant mass restrictions were required. The model adequately reproduces 

the shape of the data. 

Figure 59 Is a semi-logarithmic plot of It - tmlnl for those 

events In the N* region. The error bars refer to the data and are set 

by the aval lab le statistics. The quantity t, as defined in Equation CV-I>, 
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Figure 59.--The It - tm1nl distribution for N*<l236) produced In 
react I on I I - 7. 
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is the square of the four-momentum transfer from the target neutron to 

the outgoing nn- system. The quantity tmin is the value which t would 

have taken on if the nw- system had been produced with zero angle with 

respect to the target neutron direction. In studying the corresponding 

distribution for the K* band, we were able to get an estimate of the 

background behavior in the resonance band by examining regions above and 
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below the resonance band. Since the N* lies very close to the nn- thresh-

old, we have no lower control region and consequently cannot use the same 

procedure. For a background control region we took events with at least 

one nw- invariant mass falling in the region from 1.416 to 1.666 GeV/c2 • 

If the other nn- fel I within the N* region, we rejected the event. If 

both nw- combinations fel I In the control region, we took the combina-

tion with the lower mass as the "background N*". This criterion was 

chosen because the nw- combinations for the true N* tend to be lower than 

the other nw- combinations. The It - tminl distribution for these con

trol events was compared to the distribution from the N* region. The 

control region and the N* region agreed with a x2 probability of about 

50 per cent. We concluded that the background under the N* probably had 

the same shape as the resonance and there was no need for a background 

subtraction. The events plotted in Figure 59 have no background subtrac-

ti on. 

The straight line In Figure 59 is the result of a least squares 

flt of the data to an exponential of the form of Equation CV-3). The 

data are wel I described by a single exponential. The exponential slope 

was found to be 

>.. = C 1.51 ± .15>CGeV/c>-2 • 
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This is consistent within statistics to the slope for the K* region (see 

Table 5). A comparison of the N* data with the least squares fit yielded 

a x2 probabi I ity of about 90 per cent. The circles in Figure 59 are the 

results of the CLA calculation. The CLA calculation quantitatively de-

scribes the data; a comparison yielded a x2 probabi 1 lty of 90 per cent. 

The decay of the N* was examined in the Jackson frame of refer-

ence. A sketch of the axes are shown in Figure 59. The system is de-

tined in the N* rest frame with 
A A 

and z being unit vectors defining x, y, 

the axes. 

.... 
n 

>< = <v )( z> 

Figure 60.--A sketch of the Jackson frame of reference for the N*C1236) 
decay. 

The quantity~ Is the momentum vector of the final state neutron In the 

tJ* rest system. The z-axi s Is taken para 11 e I to the target neutron 
.... 

momentum <ntgt> In the N* rest frame. The y-axis is taken para I lel to 

the normal to the production plane defined by crossing the target neutron 
.... .... 

momentum <ntgt> Into the outgoing N* momentum <N*). The x-axis is chosen 

normal to they- and z-axes so that a right-handed coordinate system 
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resu I ts. 

The decay angular distribution In the Jackson frame, wee,+>, for 

the spin 3/2 N*-(1236) decaying Into spin 1/2 and spin 0 particles ls 

given by Equation CIV-24). 

Figures 61Ca) and Cb) are the distributions of the azimuthal 

angle c+> and the cosine of the polar angle Ce>, respectively, of the 

neutron from the N* decay. The specification of either decay product In 

a two-bodies decay completely determines the decay. 
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We found that about half of the events of Reaction 11-7 contain a 

K*. We have also found that the number of double resonant CK*N*> events 

Is small Csee Chapter VII). In this llght we chose to plot only those 

events In the N* band which were not In the K* band. This eliminated 

much of the background and gave a much cleaner N* sample. Figures 61Ca> 

and Cb) have these conditions Imposed. The I Ines In Figure 61 correspond 

to flat distributions. The x's are the results of the CLA calculatlon 

with the same cuts as were used for the data. The CLA model result 

Cwhlch gives Isotropy In the Jackson frame> was examined to assure our

selves that the lack of structure In the data did not result from an 

accidental cancel latlon of structure In the N* events with the remaining 

background. The histograms show no significant structure and are quali

tatively described by the CLA calculation. We felt that a flt to WCe,+> 

to determine the density matrix elements was unwarranted. 

We have examined the Invariant mass distributions of al I of the 

possible particle combinations from the K0 w-w-n+n final state. We have 

likewise calculated the CLA model for all of these distributions. In 

general we find that the CLA model Is In qualitative agreement with the 
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Figure 61.--Jackson frame distributions for N*Cl236); (a)+ and (b) cos 
e. 
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with the data. Because of the large number of distributions we wi I I 

only mention those which seem to disagree with the CLA model calcula

tions. 

Figure 62 shows the Invariant mass distribution of the n+w-

where both n- combinations are plotted. We notice a depletion In the 
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data from about .305 to .455 GeV/c2 when compared to the CLA model pre

diction. This depletion is a 5.7 standard deviation effect. We did not 

find any resonance production decaying via the n+w- channel, e.g. p 0 (765), 

which might have distorted this distribution. Momentum transfer cuts 

were made to see If the depletion had a strong momentum dependence and 

also to look for peripherally produced resonances. Figure 63 shows 

histograms of the data and the corresponding CLA calculation where the 

amount of momentum transfer above the minimum value from the Incident K

to the n+w- system was required to be less than .2 CGeV/c> 2 in one case 

and less than 1.0 (GeV/c> 2 In another case. No resonance structure above 

the CLA model curve became apparent. Also, the depletion showed no de

tectable momentum transfer dependence. 

It has been observed for some time that pion-pion mass distribu

tions persistently deviate from phase space for masses near threshold. 

Clayton et al. 54 discussed this phenomenon in terms of a final state 

Interaction between pion pairs and attempted to flt the two pion mass 

distributions obtained from several experiments. We did not make use of 

their model, but only made use of their data accumulation. We wanted to 

see If our discrepancy was consistent with that seen by other people. 

Figure 63(b) Is a reproduction of Clayton's Figure 2. It Is a visual 

flt to the 
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Figure 62.--The w+w- Invariant mess histogram with momentum transfer 
cuts of .2 and 1.0 <GeV/c)2. 
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Figure 63.--Ca) The w+w- Invariant mass histogram with CLA model 
modified by Clayton's ratio factor. Cb) Curve from Claytons' paper 
showing deviations of ww Invariant mass distributions from phase 
space. 
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number of n+n- entries from the data ratio = ~~~~~----~~~~~~~~~~~~ CV-15) 
number of n+n- entries from phase space 

obtained from f Ive Independent experiments involving multi-pion produc

tion. From Figure 63Cb) we see that they observe phase space to over

predict the data from threshold to about .450 GeV/c2 • This generally 

agrees with our observation In the n+n- Invariant mass histogram. 

Figure 63Ca) again shows the n+n- Invariant mass distribution 
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for Reaction 11-7. The circles are the results of the CLA calculation. 

the x's are the results of the CLA calculation when modified by the ratio 

shown In Figure 63Cb). The discrepancy at low masses has been reduced to 

about 3.3 standard deviations by using the modified CLA prediction. The 

triangles are the results of pure phase space modified by the ratio. We 

feel that the discrepancy In the w+w- mass distribution is similar to 

effects seen In other experiments. 

Figure 64 Is the distribution In the Invariant mass of the K°nn+n-. 

We observe an enhancement In the region from 2.867 to 3.067 GeV/c2 which 

Is a 5.9 standard deviation effect when compared to the CLA model calcula

tion. The sol Id curve In Figure 64 Is the CLA calculation. The dashed 

curve Is pure Lorentz-Invariant phase space. This enhancement corresponds 

to a 3.9 standard deviation effect when compared to the phase space curve. 

We found no evidence that the K°nn+n- enhancement was preferen

tla 1 ly associated with either K*-C890) or N*-<1236) production. 

On the other extreme, we examined the K0 nn+n- distribution for 

those events with no K0 n- combination In the K* region and no nn- combin

ation in the N* region. However, this cut reduced the number of events 

from 470 to 39. The poor statistics made It Impossible to draw any 
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Figure 64.--The Invariant m8ss distribution of i(bnw+w- produced In 
react I on I I-7. 
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conclusions. 

The Invariant mass distributions for all possible particle com-

blnations showed no significant deviation from background when a cut was 

made which accepted only those events from the K°nn+n- enhancement be

tween 2.867 and 3.067 GeV/c2. The background estimate was taken as the 

CLA calculatlon with the same cut Imposed. 

Decay angular distributions for the enhancement were examined in 
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two Jackson frames. Sketches of the axes are shown In Figures 65(a) and 

Cb) where the distributions of the Kt> and n, respectively, were examined • 

... + 
zl IK-

x = y 'X z 

+ 
Ko 

x=yxz 

Figure 65.--(a) Sketch of Jackson frame of reference In i(bnw+w- rest 
frame for Kt> distribution. (b) Jackson frame of reference for observing 
distribution of neutron. 

+ +o + + 
The quantities K-, K, ntgt• and n refer to the vector momenta 

of the K-, K°, target neutron, and final state neutron, respectively. 

The quantities x, y, and z are unit vectors. The quantity p refers to 

the normal to the production plane of the K°nn+w-. 

Looking forward to Figures 66(a) and Cb> we see that the K0 and 

neutron are produced strongly along the Incident K- and target neutron 
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directions, respectively, In the center of mess system. Since the 

(i(bnw+w-> has a mass near the kinematic limit, Its rest system Is almost 

the same as the center of mass system. If the CK0 nw+w-) enhencement were 

a resonant state, the K0 and neutron from the decay of the resonance 

would be expected to be produced synmetrlcal ly In the forward and back

ward directions (assuming no Interference>. We found that the Jackson 

cos e distributions for those events In the enhancement region were not 

significantly different from the rest of the data. 

We are reluctant to call the °i(bnw+w- enhancement a resonance. 

It Is not a very narrow effect (about .200 GeV/c2 wide), thus making It 

a possible candidate for a kinematic Interpretation. Also It occurs at 

the upper edge of phase space, and this Increases our suspicion. 

We suggest that this Invariant mass region should be kept In 

mind, and should be examined more carefully when more events become 

aval lab le. 

As discussed earlier with respect to both Reactions 11-5 and 

11-6, the b1 of Equation C IV-6) were chosen by examining the data. 

Figures 66 and 68 are the distributions of the cosines of the production 

angles (cos 6) for the i<°, n, w+, and w- from Reaction 11-7. The dashed 

curve In each figure Is the result of the CLA calculation where the b1 

are set at the orlglnal CLA values (IX) of Table 2. The solid curves In 

each case are the CLA calculation results when the bi were set at two 

times C2X) the original CLA velues. As observed In each of the other 

reactions, the results of the 2X calculations were a better description 

of the data than the IX calculations. 
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Figure 66(a) Is the cos e distribution for the 'J<b. As usual 8 

ts def lned In the K- target neutron rest system with respect to the K-

dl rectton. That Is, a cos e of +I corresponds to production along the 

incident K- direction and a cos e of -I means production along the target

neutron direction. The K0 Is seen to be produced predominantly at small 

angles with respect to the Incident K-. Small production angles corre

spond to low momentum transfers from the beam. The neutron can exchange 

the Pomeron. The Pomeron was parameterized with a(Q) = 1.0. Contribu

tions from Pomeron diagrams should make the neutron more peripheral. 

The effect of removing Pomeron exchange Is shown In Figure 67. 

The curve In this f lgure Is the result of a CLA calculation where Pomeron 

exchange was replaced by strangeness zero meson exchange [a<O> = .5]. 

The model Is seen to be less peripheral than the data require (about a 

3.5 standard deviation effect In the backward direction>. The curve 

should be compared to the solid curve In Figure 66(b) which was calcu

lated by Including Pomeron exchange and gives the correct nurrt>er of 

backward going neutrons. The data prefer Pomeron exchange for the de

scrl ptlon of the backward going neutrons. All other comparisons of the 

CLA model with the data are made using Pomeron exchange where the quan

tum numbers a I low It. 

Figure 68Ca) Is the cos 8 distribution for thew+. The data 

show an almost Isotropic production distribution. This corresponds to 

the w+ being produced at Internal vertices. The CLA model adequately 

describes this behavior. 

Thew- cos e distribution Is almost flat, but shows a slight 

peaking In the forward direction. The model describes this behavior 
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Figure 67.--Productlon angular distribution for neutron. The curve Is CLA 
calculation where all Pomeron exchange was replaced by Intercept 0.5 meson 
exchange. 

-
-
-
-
.... 

.... 

-

.... 

-
.... 

-
-



. 
.......... 
IJ) 

~ 

120 

100 

80 

~ 60 
UJ 

40 

20 

471 EVENTS 
CNo Pomeron> 

o ....... ~--~--~--~--~--~--~....p;:=--.-----~-4 
-1.0 0 +1.0 

C.M. cos en 

199 



200 

Figure 68.--Slngle partlcle production angular distributions for Ca> w+ 
and Cb> w-. 
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we I I . . , .a 1T may be produced at the top vertex. 

Table 6 Is the result of a x2 test comparing each of the single 

particle distributions with the 2X CLA calculation. Although there is 

not quantitative agreement for the neutron, there is qualitative agree

ment. 

Figures 69Ca) and Cb) are the longitudinal momentum distribu

tions for the K0 and neutron respectively. The longitudinal momentum 

is defined as the projection of the particle momentum on the incident K

di rection In the rest frame of the K- and target neutron. Positive 

projections correspond to particles travel Ing along the K- direction, 

and negative ones to the neutron direction. In comparing the K° and 

neutron distributions, we again see that the K0 tends to move in the 

forward direction and the neutron moves along the backward direction. 

If one looks ahead at Table 7, he wi I I see that this effect Is stronger 

for the neutron than the K0
• 
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Figures 70(a) and Cb) are the distributions of the longitudinal 

momentum for the lT+ and lT-, respectively. Both distributions are approx

imately peaked at and symmetric about O. GeV/c and display no other 

structure. 

We calculated the average value of the longitudinal momentum for 

each single particle distribution, and the corresponding distribution 

for the CLA model. These results are shown In Table 7. 

Figures 71 (a) and (b) are the distributions In the transverse 

momentum for the neutron and K0
, respective I y. FI gures 72 Ca) and Cb) are 

the distributions for the lT- and lT+, respectively. The average value of 

the transverse momentum for the data and the model are shown In Table 7. 
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Figure 69.--Lontltudlnal momentum distributions for (a) K'» and 
(b) neutron. 
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Figure 70.--Longftudfnal momentum distributions for (a) w+ and (b) w-. ... 

. . 

.. 

... 

.. 



206 

477 EVENTS 

-
80 -

60 

7'-

40 
0 

......... 
> 
G> 

<.!) 

- . 20 
......... 
(/) 

~ 
z 
w - > w 
~ 0 0 
a:: 
w 

~ z 
160 

'If -
120 2 COMB/EVENT 

.;;:. . ._ 

80 

- 40 

o+--------..------~~----------.,----.r-------r-----~.,... 

-1.4 -1.0 -.6 -.2 0 .2 .6 I .0 
LONGITUDINAL MOMENTUM GeV/c 



207 

Figure 71.--Transverse momentum distributions for Ca) neutron and 
(b) Kb 
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Figure 72.--Transverse momentum distributions for Ca> w- and {b) w+. ... 
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Qualitatively, al I of the distributions have the same shape. 

The CLA model calculation qualitatively reproduced the observed 

single particle longitudinal and transverse momentum distributions. 
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CHAPTER Vt 

BARYON ENHANCEMENT IN THE nw-w- INVARIANT 

MASS DISTRIBUTION 

In the reaction K-n + w-w-w+n~. we have found55 evidence for an 

enhancement In the nw-w- Invariant mass distribution at a mass of Cl.627 

t .012) GeV/c2. The production cross-section for this enhancement Is 

Cl3.0 t 3.9) ~barns, where a correction has been Included for the unseen 

decays of the K-. If this enhancement were Interpreted as a resonance, 

It would be a zero-strangeness baryon with an Isotopic spin of 5/2. The 

existence of a resonance with such quantum numbers Is a very Important 

and Interesting question. The most obvious problem connected with the 

existence of a resonance of this type ls the lnabl llty to flt It Into 

any well established SUC3) multiplet. The smallest SUC3) multiplet 

necessary to contain such a resonance would have 35 members, whl le all 

previously well establlshed baryon resonances are consistent with being 

members of SUC3) octets or decuplets. 

Figure 73Ca) Is a histogram of the nw-w- Invariant mass distri

bution for this reaction. The sample contains 468 events. These events 

were required to have a main-vertex probabl I tty greater than or equal to 

7.5 per cent, and a spectator proton momentum less than .275 GeV/c. The 

reasons for these restrictions are discussed In Sections C and F of Chap

ter I II. The events In Figure 73Ca) were not corrected for vees lost 

out the end of the bubble chamber. When this correction Is Included 

only I I events are added to the entire sample with I event falling In the 
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Figure 73.--Ca) Invariant mass distribution for nn_n_ from reaction 
I 1-7 and Cb) corresponding x2 probabl lity distribution. 
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region from 1.615 to 1.640 GeV/c2 (the region of the enhancement>. The 

curve In Figure 73(a} was calculated using the CLA model (see Chapter IV}. 

From Chapter IV we recal I that this CLA calculation has the observed 

amounts of N*-(1236) and K*-(890) production folded In. The curve is 

seen to be a good representation of the background. The mass Interval 

from 1.607 to I .632 GeV/c2 contains 27 events while the background curve 

predicts (II ± 3.3) events. This corresponds to a 4.8 standard deviation 

enhancement above background. From an ideogram of the data <Figure 74>, 

we found the mass to be Cl.627 ± .012> GeV/c2. Also from this ideogram 

we found that the shape of the peak was consistent with our resolution 

of .018 GeV/c2• The curve In Figure 74 ls the background plus a Gaussian 

normalized to the number of events in the enhancement region and having 

a width of /2 C.018 GeV/c2>. The factor of /2 Is Included to take into 

account the broadening Introduced by the ldeograrrming. We have deter

mined that the ful I width at half maximum Is r < .030 GeV/c2 at the 90 

per cent confidence level. 

In Chapter I I I, Figure 5Ca) Is the histogram of the missing mass 

squared for those events having ionization consistent with the reaction 

CVl-1) 

Those events also fitting the neutron hypothesis and having the invariant 

mass of the nn_n_ between 1.615 and 1.640 BeV/c2 have been blackened. It 

is clear that those events in the enhancement interval are consistent 

with the missing neutron hypothesis. The Interval from 1.615 to 1.640 

GeV/c2 was chosen by making a histogram of the nn_n_ mass distribution 

using 5 MeV/c2 bins and choosing the 25 MeV/c2 interval that contained 
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the most events. This interval wl I I be referred to as the enhancement 

region and contains 29 events. 

Figure 73Cb> shows the main-vertex probabi llty distribution for 

those events fitting the neutron reaction Cl 1-7>. Those events fitting 

reaction I 1-7 with nw-w- invariant mass within the enhancement region 

have been blackened. The scale for the enhancement region has been In

creased by a factor of five so that these events can be seen. No prob

abl l lty cut has been Imposed on the events shown in Figure 73Cb). The 

events In the enhancement region have the same general shape as the rest 

of the neutron events. As mentioned previously, we chose to use only 

those events which had main-vertex probabilities of at least 7.5 per 

cent. This corresponds to the 29 events mentioned earlier for the en

hancement region. 

2 

Figure 75Ca) shows the nn- Invariant mass distribution for those 

events In the enhancement region. The nw- mass distribution for the en

tire sample of events fitting the neutron hypothesis is shown in Figure 

58 of Chapter V. The smooth curve in Figure 75Ca) Is the prediction of 

pure phase space for the two particles Cnn-) out of the three Cnn-n-> 

these three result from the decay of an object of mass 1.627 GeV/c2 • Al

though a N*-<1236> is produced in over 50 per cent of all the events of 

this reaction, there Is no clear evidence of N*-(1236) production In the 

enhancement region. Figure 75Cb> Is the Dal ltz plot for the nw-n- en

hancement. Since the two w- mesons are the same kind of particle, we 

have folded this plot about the symmetry axis. The N*-(1236) bands, as 

Indicated In the figure, almost cover the entire Dalitz plot. Because 

of the limited phase space al lowed to the nn- In the decay of the 
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::-iqure 75.--(a) Invariant mass distribution of the n'IT- from the n'IT_'ll'_ 
enhancement region. Cb) Corresponding Dalitz plot. 
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enhancement and the large width of the N*-<1236), we cannot rule out the 

possibility that the nn_n_ enhancement does have N*_n_ as a decay mode. 

The K0 n- Invariant mass histogram for those events In the en

hancement region is shown in Figure 76(a). The curve In Figure 76Ca) 
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is Lorentz-invariant phase space for the K0 n- from the five-particle 

final state. By taking control regions of the nn_n_ mass above Cl.657 

to 1.807 GeV/c2) and below Cl.407 to 1.582 GeV/c2> the enhancement, we 

were able to conclude that the amount of K*-(890) In the background 

under the nn_n_ enhancement is consistent with the amount of K*-(890) In 

the entire sample. For the control regions, the ratio of the number of 

events In the K* band C.840 to .940 GeV/c2 > to the total number of events 

agreed to within .5 standard deviation with the equivalent ratio calcu

lated for the entire sample of events fitting reaction 11-7. This Im

plies that there should be Cl3.I ± 3.6) K0 w- combinations in the K*-(890) 

region C.840 to .940 GeV/c2 >. Figure 76Ca) shows that 21 combinations 

from the nn-n- enhancement region fal I In the K* region. This corresponds 

to a 2.2 standard deviation excess. This suggests the poss I bl I lty that 

the nn-n- enhancement may share an- with the K*-(890). This should not 

be too disconcerting, since it has been previously established that two 

resonances may constructively Interfere and thus have a particle In 

common.S6,S7 

Let us fol low an argument by Dalitz in order to display an 

Interference term. For simplicity, assume that the total amplitude At, 

for producting events In some channel, Is just the coherent sum of the 

two amplitudes A
1 

and A
2

• The production cross-section Co) Is propor

tional to IA
1 

+ A
2

12 • 
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Figure 76.--(a) Invariant mass distribution of the K0 w- from the 
nw n enhancement region. (b) Production angular distribution of 
nw-w- enhancement region. 
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CVl-2) 

Suppose A1 refers to the amplitude for K*C890) production and A2 refers 

to the amplitude for production of the nw-w- enhancement. If the Inter

ference term is positive, It increases the size of the enhancement ob

served In the nw-w- mass distribution and also results In the sharing of 

aw- between this enhancement and the K*-(890). We, therefore, suggest 

the possibility that constructive Interference with the strong K* ampli

tude may make the production cross-section of the nw-w- large enough to 

be observed. 

Figure 76(b) shows the distribution In the cosine of the produc

tion angle of the nw-w- enhancement. The angle Is measured in the rest 

system of the Incident K- and the target neutron. In this system, the 

nw-w- is seen to be produced mainly In the backward hemisphere. 

We have searched for resonances that are associated with this 

baryon enhancement by plotting all the Invariant mass histograms for the 

events of the enhancement. We have found none in addition to the K*-(890), 

which was discussed above. Here we present the mass plots for those two 

body combinations that do not have exotic quantum numbers. 

In Figure 77Ca) and (b) are shown the Invariant mass distribu

tions of the nw+ for all the events in the neutron channel and just those 

events In the nw_w_ enhancement, respectively. Although we see no evi

dence tor N*+(l.236) production In the total sample [77Ca>], we looked 

for the preferential production of N*+ in the nw-w- enhancement. Figure 

77(b) shows no evidence for the production of N*+ In the nw-w-
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Figure 77.--(a) The nw+ invariant mass distribution from reaction 11-7 
and (b) invariant mass distribution of the nw+ from n~-w- enhancement 
region. 
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enhancement. The sol Id curve In Figures 77(a) and (b) are the predic

tions of the CLA model. 

227 

Figures 78(a) and (b) show the Invariant mass distributions of 

the K0 n for all events accepted as reaction 11-7 and Just the enhance

ment region, respectlvely. Again, no resonance production Is observed In 

either histogram. The curve In each plot Is the prediction of the CLA 

mode I. 

Figures 79(a) and (b) display the Invariant mass distributions of 

the w+w- for those events fitting reaction 11-7 and those In the nw-w

enhancement, respectively. Here one should look for the production of 

the p 0 (765), entertaining the posslbl llty that It may be produced In 

association with the nw-w- enhancement. First of al I we note that the 

CLA model predicts too few events above .580 GeV/c2• This problem was 

discussed further In Chapter v. We take the p 0 region to be from .680 

to .880 GeV/c2• In order to get a reasonable prediction for the back

ground In this p 0 region, we renormalized the CLA predictions for masses 

greater than .580 GeV/c2• This was done by taking bands above and below 

the p 0 region and normalizing the CLA predictions to the observed number 

of events In those bands. This revised background [shown as a dashed 

curve In Figures 79(a) and (b)] was found to be a reasonable background 

estimate and Indicated no evidence for p 0 production. The two normaliza

tion regions were from .580 to .680 GeV/c2 and from .880 to 1.380 GeV/c2. 

Using the same normalization factor obtained for Figure 79(a), a back

ground for the w+w- mass distribution for those events In the nw-w- en

hancement was drawn [Figure 79(b)]. The solid curve In Figure 79(b) is 

the original CLA prediction and the dashed curve Is the renormalized 
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Figure 78.--Ca> The R">n invariant mass distribution from reaction I 1-7 
and Cb> invariant mass distribution of the i(bn from n~-~- enhancement 
region. 
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Figure 79.--Ca) The n+n- Invariant mass distribution from reaction 11-7 
and Cb) Invariant mass distribution of the n+n- from nn-n- enhancement 
region. 
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prediction. In the p 0 region <.680 to .880 GeV/c2), we find an excess 

of 6 events above a background of 14. This Is only a 1.6 standard devia

tion effect and does not Imply preferential production of p0 (765) In the 

nw-w- enhancement. 

The narrow width of the enhancement precludes the posslbl llty of 

Its being a kinematic reflection of the N*-(1236). Since the width of 

the N* Is .120 GeV/c2, any kinematic reflection containing It will not 

have a smaller width. If this narrow enhancement were a reflection that 

did not Involve the N.-( 1236), It would have the property of Involving 

three particles without any two of them being decay products of the same 

parent resonance. We were unable to f Ind any kinematic mechanism that 

could produce such a narrow (< .030 GeV!Cl> effect. We conclude that the 

nw-w- enhancement Is not a kinematic ref lectlon and Its sharing a w- with 

the K*-(890) cannot be a kinematic ref lectlon mechanism because the baryon 

enhancement Is too narrow. 

We wll I present here a short review of other findings concerning 

slml lar enhancements. 

In a study of reaction 11-7 with a K- beam momentum of 3.9 GeV/c, 

Kwan Wu Lal 58 and collaborators do not f Ind a slml lar nw-w- enhancement • 

Their sensitivity Is 16 events per µbarn and ours Is 4.5 events per 

µbarn. This Is not necessarl ly Inconsistent with our result, since the 

beam momenta of the two experiments are different, and It must be remem

bered that we have no experience with momentum dependence of the produc

tion of lsospln 5/2 baryon enhancements. 

In a missing mass spectrometer experiment with aw+ beam of 1.9 

GeV/c, Banner et al.59 have Investigated the reaction 
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Here Cr+o+++ stands for the undetected particles, which have a total 

isotopic spin of 5/2. They state that they see no evidence for struc

ture In the pn+n+ mass distribution for masses below 1.75 GeV/c2. How

ever, an examination of their Figure 3 reveals a 3 standard deviation 

enhancement In their missing-mass spectrum at a mass of about 1.660 

GeV/c2 • They quote a upper limit of 40 µbarns in the production cross

section of the I = 5/2 isobar while our cross-section Is (13.0 ± 3.9> 

µbarns. 
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Benvenuti, Marquit, and Oppenheimer60 later reported confirmation 

of the I = 5/2 isobar of Banner et al. in a study of the reaction 

n-d + <Ps>nn-w-n+ at 2.26 GeV/c. The symbol <Ps> Indicates a spectator 

proton. They report an enhancement In the nw-w- Invariant mass distri

bution at a mass of 1.640 GeV/c2 and with a width r .!£. .060 GeV/c2, 

Danburg et at.61 in response to Benvenuti et al. examined the 

charge symmetric state pn+n+ in the charge symmetric reaction n+d + 

(ns>pn+n+n- <ns refers to a spectator neutron) at eight incident momenta 

between I.I and 2.37 GeV/c and found no evidence for an enhancement in 

the mass range 1.500 to 2.000 GeV/c2. In addition, when just those 

events from the beam momenta nearest the beam momentum of Benvenuti 

et al. ( 1.86, 2.15, and 2.37 GeV/c) were examined separately the lack 

of an enhancement stl I I persisted. 

Fleury ~.!-~.f ~2examlned the reaction w-d + <Ps>pw-w-n° at 5 GeV/c. 

They report an enhancement In the pn_n_ Invariant mass distribution at 

1.672 GeV/c2 with a width r = .055 GeV/c2. Although this enhancement 

could have an Isotopic spin of either 5/2 or 3/2, its narrow width seems 



..... 

to distinguish It from the previously well-established isobars. 

The data presented here by no means establishes the existence of 

the I = 5/2 isobar. We suggest only that more data at our present beam 

momentum may help clarify the issue • 
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CHAPTER VI I 

RESULTS AND CONCLUSIONS 

We have investigated the three reactions: 

K-n -+ K0 '1T-1T-p, 

-+ Ko'IT-'IT-p'ITo 

CV 11-1) 

CVI 1-2) 

CVI 1-3) 

These final states were produced with cross-sections of (324 ± 51), 

C331 ± 52), and <428 ± 62) ~barns for Reactions VII-I, VI 1-2, and VI 1-3, 

respectively. These cross-sections have been corrected for unseen decay 

modes of the K0
• They have been measured at 3 GeV/c63 and are (410 ± 30), 

<130 ± 14), and C200 ± 17) µbarns, respectively. 

All three of these reactions were found to have significant 

amounts of two-body resonance production. Table 4 is a summary of the 

relative amounts of resonance production observed in the three reactions. 

An investigation of the decay angular distributions of the 

K*-(890) in the Jackson frame was made for each of the three reactions. 

A maximum likel !hood flt to the data of Reaction VI 1-1 yielded the spin 

density matrix elements Poo = .255 ± .055, P~-l = .195 ± .050, and Re p10 

= .000 ± .025. These suggest the exchange of a o- object and one or 

more merri:>ers of the natural spin-parity sequence 1-, 2+, 3-, •••• On the 

other hand, the lack of an enhanc~ment at low invariant mass for the 

K*_"'_ system seems to rule out 'IT meson exchange. We have no simple ex

planation for our observed spin density matrix elements. We were unable 
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to observe alignment by using decay distributions In the Jackson frame 

for the K*'s produced In Reactions VI 1-2 and VI 1-3 and the N*'s produced 

In Reaction Vll-3. Examination of the decay distributions In the hell

city frame provided no additional Information. 
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The It - tmtnl distributions for the K*-<890) produced In 

Reactions VI 1-1, Vll-2, and Vll-3 and for the N*-<1236) produced In 

Reaction VI 1-3 were flt to an exponential using the least squares method. 

The exponential slopes for the distributions are shown in Table 5. They 

are much smaller than the slope for K-p elastic scattering at our 

energy, which is (8.3 ± .3> GeV/c)-2. 

The data were compared to the predictions of a multiperlpheral 

model proposed by Chan, Losklewlez, and Al I Ison. The observed amounts 

of K*-(890) and N*Cl236) were Input to the calculatlon. The known masses 

and widths of these resonances were also Input. The model agreed quali

tatlvely with the Invariant mass plots obtained from the data. 

Table 6 summarizes the results of a comparison of the CLA calcu

latlon with the observed single particle production angular distribu

tions for Reactions VI 1-1, VI 1-2, and VI 1-3. The model agrees quallta

tively with the data. 

Table 7 shows the results of a comparison of the CLA model 

calculation with the computed average values of the transverse and 

longitudinal momentum distributions for each of the Individual particles 

produced in the Reactions VI 1-1, VI 1-2, and Vll-3. Both the shapes of 

the distributions and the average values for the data and model are in 

qualitative agreement. 
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TABLE 5 

EXPONENTIAL SLOPE OF It - tminl DISTRIBUTIONS 

Reaction 

K-n + K*-(890)w-p 

K-n + K*-(890)w-w 0 p 

K-n + K*-(890)11-w+n 

PRODUCTION COS 

1.71 ± .29 

.37 ± .33 

I .64 ± .38 

TABLE 6 

0 CHI-SQUARE PROBABILITIES 

Reaction Reaction Reaction 
11-5 Probab 111 ty 11-6 Prob ab I I I ty 11-7 

11- 5% w- 40% w-

p 5% p 5% w+ 

Ko 19% j('D 20% K° 

WO 20% n 

238 

1.51±.15 

Prob ab I Ii ty 

25% 

40% 

4% 

.01% 
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TABLE 7 

AVERAGE VALUE OF SINGLE PARTICLE 
TRANSVERSE AND LONGITUDINAL MOMENTUM 

- Pr In GeV/c PL In GeV/c 

Data Model Data Model - K-n + i(bw - w - w + n 

- 'If .281 ± .005 .281 ± .002 .027 ± .009 .039 ± .005 

'Ir+ .317 ± .008 .285 ± .004 .037 ± .014 .057 ± .006 

Ko .389 ± .009 .381 ± .005 .239 ± .016 .260 ± .008 

n .393 ± .010 .410 ± .005 -.331 ± .020 -.395 ± .008 
,,.... 

K-n + i(bw-w-pw0 

- 'Ir- .309 ± .006 .283 ± .002 .016 ± .o 10 .020 ± .004 

p • 416 ± .011 .435 ± .004 -.296 ± .o 18 -.323 ± .007 

i(b .391 ± .010 .382 ± .004 • 199 ± .017 .228 ± .006 

'lro .317 ± .009 .295 ± .003 .071 ± .015 .055 ± .005 -
K-n + "Kt>w-w-p 

'If- .361 ± .008 .323 ± .003 .063 ± .015 .100 ± .OOR 

p .445 ± .012 .450 ± .005 -.476 ± .025 -.612 ± .o 10 -
i(b .440 ± .012 .406 ± .005 .352 ± .020 .413 ± .010 

-
-
-
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It Is very Interesting that the model can account for the fact 

that the fraction of baryons produced in the forward hemisphere Is larger 

Jn the reactlons 9 

( v 11-4) 

and (VI 1-5) 

than In Reaction VII-I. Also, this fraction Is larger In reaction 

CV I 1-6) 

than in Reactions VI 1-2 and VI 1-3. These results are given in Table 8. 

Chan, Losklewlcz, and All Ison point out that--all other things being 

equal--lambdas are less peripheral than nucleons because the strange 

meson Regge Intercept is lower than the one for zero strangeness mesons 

and thus lambdas are produced with more baryon exchange. 

Other research workers have compared the CLA model to data on pp 

+ annihilations Jn flight and multipartlcle final states produced by w-p, 

K±p, and pp lnteractlons.64 On the whole they also find fair qualitative 

agreement for the single particle production distributions and the In-

variant mass plots when resonance production Is taken lnto account. 

The data from Reaction VI 1-1 were also compared to the CLA model 

as modified by Plahte and Roberts. This modified model makes use of a 

factor from the Veneziano amplitude In an effort to account for reso-

nance production. We found that restricting the middle exchange to lso-

spin zero Regge trajectories resulted In qualitative agreement between 

the data and model for the mass plots and production angular dlstrlbu-

tlons. In particular, the proton production angular distribution showed 



-

-

-
-
-
-

-
-
-
-
-
-
-

Reaction 

- - + 0 0 +'II' 11"1r 'II' A 

TABLE 8 

FRACTIONS OF BARYONS PRODUCED 
IN THE FORWARD HEMISPHERE 

Fraction 
Data 

• 16 ± .02 

• 18 ± .02 

.24 ± .02 

.43 ± .02 

. 37 ± .03 

.43± .01 

quantitative disagreement. 

Model 

.09 

.20 

• 13 

.30 

.33 

.37 

The Invariant mass plo! of n'll'_'ll'_ from Reaction VI 1-3 showed a 

4.8 standard deviation enhancement (1.627 ± 0.012 GeV/c1) above back-

ground. The full width at half maximum was less than .030 GeV/c1 at the 

90 per cent confidence level. If this enhancement should turn out to be 

a resonance, It would be a baryon with zero strangeness and lsospln 5/2. 

A resonance with these quantum numbers could not be a ment>er of an SU(3) 

octet or decuplet. This state, If It exists, Is a member of an SU(3) 
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multiplet of at least 35 members. The possible existence of such a reso-

nance Is an Important question and should be Investigated further when 

more data become aval I able. 
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