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la the separation of final states contributing to the 

simple two prong and four prong topologies created oy K""p 

collisions O.~ beam momentum 3.5 L,,C/C) considerable kinematic 

aabiguity has been found. A device capable of measuring 

aean gap length has been constructed and used in a a *cwetapt 

to resolve sucli ambiguities. Th^ limitation of the* 

application of the device is found to bo largely attributable 

to too high in ionization in the primary tracks and socae 

conclusions regarding this quantity have boon arrived at. A. 

method of ionization estimation other than th«t nf :i-aa gap 

length measurement is suggested and shown to .lead to br-tter 

statistical accuracy.

In the three body final states, strong i:*.®<3£'0) and

- o x
k* > "^(1400; have been observed and their production and

decay properties reviewed in the light of the peripheral 

model. The &""*(!400) isotopic spin assignment of \ has 

been confirmed as has its %>in~parity. 5pins higher than 2 

were not, however, considered.

Evidence has been found for production of the sa;ae

resonance in final states of higher multiplicity and
i

estimates of the decay rates of the negatively charged boson

into "•'', ^P , KtrlT*" and ^ as well as into HT have been
\

made. The results hav« been compared with the predictions
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of 3U .

The cross-sections of both single and double resonance 

productions as well as that of the decay of the K**(14QO) 

into i-"|rj* have been determined by a maxiaiuni likelihood 

method, and the former processes found to dociinate the 

K~p5 ! n ~ final state. One of these involving K~°(890) 

production has been found to havo soae qualitative features 

characteristic of the Drc-11 process.
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PREFACE

The work described in this thesis was c a rri<vd cut at 

the Nuclear Physics Laboratory, Oxford vendor the supervision 

of r> r . ./. T . Davie s .

The film was obtained from bubble chamber esposuros 

made at C.E.H.N., Geneva and tho scanning and censuring 

performed at Oxford, Imperial College, Birmingham University, 

Glasgow University and the Rutherford High Energy Laboratory. 

The processing of th^ ^nasuresifnts was carried out at the 

Deutches Rechenzentrun, Daruistadt, and at Imperial College, 

London using IBM 70fO coatj uters.

Much of the initial part of the analysis - described 

in Chapter I - had already boon carried out wb^n tho author 

became involved in the experiment, but the separation into 

final states of all the Oxford two prori£ and four prong- 

events and the preparation of the data in the form of data 

sumraary tapes suitable for use by tho statistics programme 

waa the work of the author.

In the development of a device such as that described 

in Chapter IV, the ideas that result from discussions with 

many people are bound to contribute. However, with the 

exception of the mechanical design which was due to 

Dr. .-;. T. Paviee, the main responsibility for the growth of 

the mean gap length machine from an irioa originally conceived
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by Dr. D. J. Crennell can be claisaed ae that of the author.

Thp irthod suggested in Appendix D for extracting ionization 

information from film is original.

The analysis of the two prong events reported in 

Chapter VI is a personal one. An independent analysis has 

however, been carried out previously by Dr. A. Segar and 

the results obtained in thie thesis are of a confirmatory 

nature. Chapter VII contains an account of the analysis of 

four prong events which is the sole responsibility of the 

author and the method adopted throughout to aaximize functions 

of niany variables - though similar in outline to one seen 

elsewhere — is claimed to contain several original features.

I hereby declare that this dissertation is not 

substantially the same as any other submitted by me to this 

or any other University.

Department of Nuclear Physics

Oxford
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INTRODUCTION

The 3.5 Gev/c K" Experiment 

At the time this experiment was first run - February 1963 -

it was nowhere possible to obtain a K~* beam with a momentum

1 2 
greater than 3.5 Gev/c, SU(3) was still an exciting speculation,*

and quarks were still literary concoctions. It is therefore 

interesting perhaps to consider some of the changes brought about 

either directly by or during the course of the present experiment 

as some of the points raised may help to verify the relevance of 

this thesis which is concerned with particular parts of the 

experiment.

Particle

Unitary symmetry was suggested as a possible extension to 

the idea of charge independence. Here, particles instead of 

being grouped together in multiplets of isotopic spin, were to be 

grouped in a more general way which would include hypercharge 

(Y = B •*• S where B - baryon and S - strangeness quantum numbers). 

The result would be that supermultiplets instead of multiplets 

should occur. The presence of these depends upon the supposed 

symmetry of the strong interaction under unitary transformations 

which belong to the group sU(3). In this way, several particles 

are thought to be merely substates of one eigenstate of a 

Hamiltonian symmetrical under these transformations, and the only
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reason that they are distinct is because there exists some 

•medium strong* interaction which removes the natural degeneracy. 

In this way, the- medium strong interaction is analogous to the 

magnetic field which causes the energy levels of elect rons^ in 

atoms to split.

In the case of strong interactions, the symmetry chosen is 

known as 3U(3) and the perturbing force causing the aass split­ 

tings is assumed to have some definite symmetry of its own. On 

these assumptions, one can predict the existence of various 

types of supermultiplet and to first order, calculate a formula 

governing the mass splittings within these multlplets. 

^ '" 'Some suoh well known "representations" are illustrated in 

Fig.l... . It will be noticed that all these are either singlets, 

octets or decuplets and that the spin-parities (J^) of all 

members within a raultiplet are the same. Extensions have been 

made to the 3D (3) assumption mentioned previously to include 

some symmetry with respect to these variables, but they will not 

be discussed here.

In the 3/2+ decuplet of baryons, a noticeable omission was 

that of the £i_J at the time that the theory was produced. The

3
Gell~Mann-Okubo mass formula governing this decuplet is of the

form:

M = MJ1 + aY , b I Id + l) - Y a /4| f ....(1)I HI +1) - Y 2 /4j fo L <~
- 2 -



where M . a and b are constants. From the known masses of the o •

other particles, one can derive

a = -0.105, b -7.2 X 10~ 4 , MQ - 1.386 Gev

giving expected value of n^at 1075 :>!ev . The search for this 

particle in the reaction:

4 K* -r K° ....(2) 

in which the required centre of mass energy is at least 2.660 Gev 

corresponding to beam momentum of 3.15 Gev/c was the main reason 

for using as high an energy K- beam as possible in this experi­ 

ment. However, it has become apparent that 3.5 Gev/c was too 

near the threshold required as no event has been found correspond 

ing to reaction (2) followed by any of the decays:

K"

- o 
I. + (T

where the products were visible.

k 
The^i__ was subsequently found at Brookhaven using a

5 Gev/c K~ beam, but this was approximately one year later.

The actual importance of the discovery of this particle 

may have been overestimated, of course, but it is certainly 

exciting that the existence of an object which only decays by 

weak interaction and which is nearly twice as heavy as a proton 

should be accurately predictable. Perhaps it is as a consequence

- 3 -



of this new found confidence in the idea of higher symmetry that

has led to the even more audacious schemes that have been

5.6.7 
proposed •

Daryon Resonances

Some interest in this experiment has been centred around 

the Y*<1660) region. The main reaction in which this resonance 

was studied was: '• t lf»>i '-! :~w v- - *•' ^-~

/T r rr *)/-- - 5 f <- * ....(3)
Y*(1660)

»: * ? * t 1 ""'

The peak in the J5.~ /T ;r mass distribution occurs at a 

part where the non-resonant "phase-space" expectation is very 

small, so that little background is present. Further, by select­

ing only events in which the four-momentum transfer to the

<i — rr* rr 4"
^~ '! T ;aass is small, most of the peak remains, indicating a

production mechanism that could be simply one meson exchange. 

In this particular case, the exchanged system must be a K* with 

isotopic spin |. As a result of the foregoing, a reasonably pure 

sample of Y*(1660) events was available, and after combining 

these with similar events from the 3.0 Gev/c K~"p experiment 

being analysed by the Saclay-Ecole I olytechnique groups, an 

analysis of the decay Dalitz plot was undertaken. The result 

was that consistency with the spin-parity assignment 3/2* was 

found. However, the situation regarding this resonance remains 

one of the many unsolved mysteries of experimental elementary

- 4 -



partial* physics, for another group, p-rforffling a similar

8 analysis obtained the result that the 1660 had spin-parity

3/2", whilst later experiments also favour this assignment.

Y*(1645>

It was also found that, in the reaction:

a further peak at about 1645 Mev was present in the ^_— r siase 

spectrum. That this corresponded to the decay of a new isotopic

singlet state with mass at 1645 Mev and width 40 -ev was

Q believed for several reasons :-

1. Ho corresponding enhancement was noticed in the charged ^-U 

combinations in the K~p~*> ^L ( 2 O") reactions. If it were 

the Yj(1660) this would have b«n surprising.

2. The centre of mass production angular distribution for the 

resonance showed a forward peaking corresponding to a 

baryon exchange production mechanism. >o such peaking was 

obvious in the background events.

3. One can calculate from the fact that reaction (3) probably 

proceeds via K* exchange how much neutral Y* should be 

produced. Then from the known branching ratio **

"^ ^Tf

an estimate of the expected number of 1660 events irrS*. ~

- 5 -



is obtained. The result is that, whera 11 events would thus be

expected 42 exist.

Preduction Mochanisag

In the stu-jy of the production and decay of baryon and 

boson resonances, a siaple theoretical model which has had a 

limited success is the so called Peripheral todeJ aacl auch work 

has recently been done on the sophistication of it especially

during the course of this experiment and many reactions have b«en/%- ?.' ' 
analysed by reference to it. <ts soaie of the results which are

presented in this thesis are discussed within the framework of 

the model, a brief account is given here.

Phenomeiiologically, one can think of the target proton 

being surrounded by a cloud of aesons. On the average, most K~ 

mesons in the beam strike the proton in this cloud with fairly 

large impact parameter and scatter off the masons therein. In 

many of these instances, the K~p interaction can be described in 

toma of "one meson exchange" leading to a quasi two body final 

state. The scattering which takes place caunes the emerging

if-son (sometiaes a resonance) to be polarized in general, in a 

predictable way. The subsequent decay (of the resonance) 

therefore provides a check on the assumed exchange.

ieson-Meson Scattering

The only way t,l*at boson resonances can be produced is by

- 6 -
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some such peripheraljscattering, as this is the nearest approxi­ 

mation that one can imagine to having meson target. 

Consequently, the detailed analysis of these particles usually 

relies to a certain extent upon the assumed production mode.

Within the framework of SU(3) the main meson resonances 

now seem to fit conveniently into three nonets . -i,3.t.

The inclusion of ninth particles in the basic octets is 

necessary in order to satisfy the Gell-Mann-Okubo mass formula 

within the octet.I; The eighth member then becomes a "mixture" of 

two particles with mixing angle t/ defined by:

• • "" M 2 - M02
(88)

.

where* Mg - physical mass of octet member with 1=0 

<• <* « o t i • Mg - bare masr of octet member with 1=0 

Kelt'*-- H_ - physical mass of singlet

'».• Then-using the values for the masses quoted in Ref. 10, we 

obtaia the "mixing angles" given in Table .1.

The study and classification of such resonances could be 

regarded as a special case of the more general problem of trying 

to understand the dynamics of meson-meson interactions. Perhaps 

the more fundamental problem is that of trying to describe the 

interactions between quarks - if indeed they exist, for it has even 

been suggested by Gell-4ann that they may merely be mathematical



entities.11 Thus, just as the K*(80Q) Is a pole in .the A- ft

scattering amplitude, perhaps the K itself is an analogous

phenomenon in the quark-antIquark amplitude. However, whatever
t

the outcome of such theoretical investigations, the observation 

and analysis of the properties of these resonances and the 

accumulation of data on meson-meson scatterings are essential to 

progress. This aaay be one of the justifications for experiments 

like the present one in which K" mesons are aimed at protons in 

such a way that the many peripheral interactions whicii result 

provide such data. 

The >.V (1400)

A notable feature of the 3.5 Gev/c experiment was the 

discovery ofethis resonant state* It was first noticed in the 

reaction:18 K~ + p ~> K° + JT ~ ^ P 

Neither of the two body systems fj-~P or ^°P were found to 

resonate strongly, but the K°/r~ invariant aaass had a very 

noticeable enhancement at 890 Mev corresponding to production of 

that well known resonance. However, a bump was also noticed in 

the same distribution at about 1400 *ev., and no acceptable fit 

to the data could be made by ignoring it. The fact that the 

population of points on the Dalitz plot showed a band of higher 

density at this mass added confidence to the suggestion that this 

was a resonance.

- 8 -



13 -._Almost at the same time, Hardy et al who studied !• p

interactions at 3.9 and 4.^ Gc-v/c observed the anti-particle in 

the reactions:

A, °G/f rr-)

where they also were troubled little b/ intorference (or 

competition) from excited baryou states.

That v.his phenomenon should occur in two suci* different 

reactions nust be conclusive evidence for the existence ol the 

particle, which has now been reported in several other experi­ 

ments.

12 The original observation permitted an analysis of the

decay correlations of the K** on the assumption that the produc­ 

tion process:

K" + p -^ K*-~ 1- p

proceeded dominantly by one particle exchange. The result was 

a closer adherence of the data to spin-parity 2* than to 1" by 

2 standard deviations. No conclusive estimate of the isotopic 

spin (T) was available, hut Llardy et al expressed a weak 

preference for T ~ | on the basis of t:;e observed rates:

- K° K* ^>(J^) TT °K°

rr -^

Their data was also -,iore consistent witii a spin-parity of 2*
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than 1*.

The Experiment

As already mentioned, to obtain a beam of K~ mesons without 

too high a pion contamination at 3.5 Gev/c was a technical 

triumph when this K~p experiment was first run in January/February 

of 1963.

The M2 bean was built ia the South Hall at C.E.R.N. and was 

used to provide separated beans of id particles at 3.0 Gev/c and 

K~ at 3.5 Gev/c. As a result of 3 runs during that year - the 

other two taking place in October and December respectively - 

over half a Million photographs were produced: 100,000 K~*~ at 

3.0 Gev/c, 300,000 K~ at the sane momentum and 310,000 K~ at 

3.8 Oev/c. The latter film was distributed among the members of 

a British collaboration - Birmingham University, Imperial 

College London, National Institute - Rutherford Laboratory 

(N.I.R.N.S.), Glasgow University and Oxford who took approx­ 

imately half the ; total 3.5 K" film. It is with the analysis of 

this fll« that this thesis is primarily concerned. 

The M2 Beam

The layout is shown schematically in Figs. ,4(a) and 

^.4 (b) which make the optical arrangement apparent.

Injection was provided by a copper target at 8.5° produc­ 

tion angle placed in a straight section of the PS. The first

-10 —



colliraator collected the particles from a solid angle of 

0.6 x 10~ 4 steradians and filtered them into the Tiomentum 

defining stage which consisted of a bending magnet (BM^> - 

whose current defined the momentum of the resulting bean - 

and the momentum slit whose resolution was set at (4%). The 

purpose of the quadrupoles ^j, i 2 » ^3 was *° produce a 

horizontal focus on the momentum slit and a vertical focus on 

the first mass slit whilst the separator number one caused a 

bending in a vertical direction and a resulting separation of 

*jf and K images of 3mm. The size of these was about 1.3mm at 

the first mass slit which thus allowed a somewhat purified 

sample of K-mesons of the required momentum through to the 

second separation system that followed. This consisted of 

quadrupoles Q^, Q fi and ^ g and bending magnets BM and BM which 

performed a momentum recombination (after the first separation) 

and produced a collinated beam to pass through the second 

electrostatic separator. This then resulted in an image size of 

less than 1mm and an expected beam of K's with about 10% ff- •s 

at the 2nd mass slit. In practice, this was scanned across 

the image, and the particles passing through were counted. 

The profile being thus judged enabled a final setting to be 

made as near to the K end of the image as possible, consistent 

with obtaining a flux of approximately 10-20 K 9 a (+fr*s anJ j^'s)

-11-
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per poise. Two further quadrupoles were used to provide a 

reasonable spread of beam tracks throughout the chamber. 

The 81cm Saclay Bubble Chamber ( s* e Fi ?:- - 5 >

The main part of this was a tank measuring 8lcm by about 

30cm in depth which was suspended in a large vacuum enclosure 

which in turn was surrounded by a liquid nitrogen shield. 

There were three cameras mounted on the outside of the structure 

and these were allowed a view of the main chamber by means of 

glass portholes in the vacuum Jackets. Both sides of the main 

tank that were face on to the cameras (whose axes were all 

parallel) were made of glass, and Contained diagonal engraved 

crosses which served to define a co-ordinate system (discussed 

in Chapter I). On the side of the chamber remote from the 

cameras were two flash tubes whose separate condensing systems 

produced a focus of each situated between the cameras such 

that the only light received by these came from objects in the 

chamber (or fiducial marks on the windows) which scattered the 

main illumination,

The magnet colls were wound around the windows in such a 

way that the axis of the field was parallel to the camera axes. 

In order to obtain a uniform magnetic field of 20 K Gauss over 

the whole volume of the chamber, a very large current was 

required and kept at a stabilized level throughout the whole of

-12-



each run. The compression and expansion of the chamber were 

•ffected by a piston whose connection with the visible portion 

of the liquid hydrogen container was through a conical neck 

which helped to reduce turbulence. 

The Illumination System

The sources were 2 electronic flash tubes whose triggering 

could be delayed by a variable amount relative fo a syne pulse 

generated by the Po. Each of these had its own condensing 

system, and some uncertainty due to non-synchronisation of 

the flashes occasionally arose. The bubble sixes were usually 

about 0.2OKU in the chamber which was comparable with the 

resolving power of the camera lenses, though a little larger

(camera resolution corresponding to aperture of Icms at

o 
wavelength of 5,000 A is about 0.07mm). Hence, the images on

the film had a considerable diffraction halo and their size, 

though fairly insensitive to the actual bubble size, depended 

to a large extent on the intensity of illumination. 

Chamber Parameters

The process of "tuning .the chamber" was a never ending 

one. The temperature drifted slightly as did the expansion 

cycle. Normally, the liquid was under pressure which was 

released a moment before the proton bunch in the PL> struck 

the copper target. Some variables were:-



1. The expansion delay

2. The compression ratio

3. Temperature

4. Plash«delay

5. Flash intensity

The first three affected the pressure of the hydrogen 

when the beam entered and-so how sensitive it was to boiling. 

The last two controlled the picture quality by varying the 

actual bubble size (which was more effectively changed by the 

first two variables) and the film exposure respectively.

Control of these quantities was the Job of the chamber 

crew but was brought about by physicists whose responsibility 

it was to inspect samples of filn which were snipped from the 

end of eaeh roll as it was taken off the chamber. 3uch things 

as: 1. Number and type of interaction;

2.* Number of 7" decays;

3. General film quality including advance between fra <ie 

on each of the views;

4. Bubble density of minimum ionizing tracks; 

were checked and recorded. The feed-back time for this was, 

however, far too long to be very useful but did serve some 

purpose in seeing that things were not going too badly wrong. 

A more immediate check on position (or even presence) of beam
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tracks in the chamber was provided by an Inspection window 

which was designed to receive a polaroid camera. In one 

experiment a potential &~ candidate was found in this way! 

Topologically, the reactions described in this thesis 

are those producing a simple two or four prong event, with no 

visible decay. These reactions are therefore distinct from 

all but the rarest in that they usually Involve a negative K- 

aieson, or occasionally an unseen ii°. Unfortunately, the presence 

of IT's in the beam resulted in soae difficulty in distinguishing 

final states with these simple topologies, and ambiguities 

remained in many events. In this connection, the possibility 

of using an ioniaation measuring device was investigated, and 

some description of it, and the conclusions regarding its 

usefulness fora Part I of the remainder of this dissertation. 

Included in this section is an account of the methods adopted 

which lead eventually to the separation of the final states:

Trrr

Part II than describes the analysis of some of these.
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PART ONE



CHAPTER I

3. «rit is an unfortunate characteristic of bubble chamber 

experiments that, though the actual running time on the 

accelerator may be a matter of a few weeks, the time required 

to aift and analyse the thousands of photographs which result 

may well be months or wen years. The difficulties .involved in 

trlgg«ring the chamber actions only when useful events are 

observed are 'Considerable, and - except for the case of the 

flash tube - impossible;' for the expansion cycle occupies many 

milliseconds whilst the bubble formation mechanism is probably 

only potent for a few microseconds. Consequently, the chamber 

sensitization must' be ensured for every incident beam pulse. 

Further, the lack of particles emerging froa the dense liquid 

target of the chamber anyway makes the 'job of arranging a system 

of counters to look for a particular type of interaction 

difficult. As a result, a large part of bubble chamber photo­ 

graph analysis consists of the scanning for useful events and 

rejection of wasted exposures. The next section describes this 

part of the analysis. 

c» c an n in g P r o c e d u r o

An estimate of the topologies required for the types of 

interactions which were to be studied was first made.

For instance, if one wished to study final states involving



charged^, hyperons made by collisions between K~ and p at 

3.5 Gev/c (as in the present experiment) one realised that the 

decay length of a^f" at this momentum (or less) was 15cms (or 

less). As the visible region of the chamber was about 45 cms. 

in length, the majority of ^'s would be observed to decay.

For other reasons, if one wished to observe neutral K's 

or JU hyperons, an obvious place to look was in the events 

which had an associated V° .

The events of interest to the author involved a charged 

K meson (negative) and so excluded either of the above 

possibilities. This was because, in order to conserve 

strangeness, a reaction:

where X+ was some combination of particles having overall charge 

+1, was unlikely to involve any further strange particles which 

would probably give a visible decay, as these would have to 

occur in pairs of opposite strangeness. It is true that the K"* 

meson could decay but the mean free path of a fast K"" meson 

(3.5 Gev/c) is 1070cras., making the ratio of the number of 

charged decays that were K's to those that were^gT^'s very small 

for most observed momenta. 

Definition of Topology

A simple code has been used in this (and some subsequent)
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experiments to specify the topology of the various events. It 

ia of the form "lean 1* where:

1 ~ number of charge prongs associated with the first 

interaction (production vertex).

m = number of visible charged decays (evidenced by a 

kink in a track).

n = number of visible V°s (neutral track decays). 

Some examples of this code are given in Fig. 1.1.

From what has been said before,the events of principal 

interest to the author were the 200 and 400 topologies. 

Structure of the scans

The whole of the 1st run film was scanned four times. 

The first time involved looking for rare events (defined to 

have topology more complex than 200, 400, 001, 201). This 

was then repeated in order to estimate a scanning efficiency. 

The process was repeated looking for common events (i.e. 400, 

201, 001 - not 200). It was thought at this time that the 2 

prong events (200) would merely slow down the scanning too 

much. It was only with the subsequent discovery of the K**(1400) 

resonance that any analysis of 2 prongs was envisaged.

After the common and rare rescans, those events which 

were given a different interpretation on two previous scans 

were looked at again. Several factors could contribute to these
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differences, for instance a 001 event could easily be mistaken 

for a 200 if the V° were separated from the end of a beam 

track by only one mean gap length.

The 2nd and 3rd run film was of much poorer quality, 

although the beam purity for the second run was thought to be 

better than elsewhere. Consequently, in the first place, these 

films were only scanned for rare events. Later, however, to 

boost the statistical significance of the results obtained 

from the first run, the 201s from the second run film were 

analysed and later the 200s.

The latter events were taken only from this film as it 

was decided by the collaboration that the beam quality was the 

most important factor* The actual figures for the latter are 

given below (Table V., Chapter II) calculated from the Oxford 

film. These figures are discussed in more detail in Chapter II 

but it may be noted that the difference between the two runs is 

quite small and the Importance attached by the author to 

making ionization measurements (see Chapter IV) together with 

the better visual quality of the first run film led him to 

prefer taking the four prong events from this. No ionization 

measurements were attempted on the other film at all. The two 

prong sample was, however, extracted from the second run film, 

where it enjoyed a special two prong scan. In the interests of
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haste only three out of the seventeen Oxford rolls were 

reseanned to «ake soae estimate of the efficiency of the main 

scan. This was thought, in view of the large number of events 

on three rolls (about 500), to be a sufficiently good estimate. 

Scanning Boxes

In order to reduce erratic loss of events due to poor 

illumination near the edges of the chamber * fiducial region 

was defined to cover the centre and upstream ends of the 

chamber. The actual dimensions of this scanning box are shown 

in fig. 1.2(a). The dimensions and fiducial positions are 

illustrated for a 10 x magnified image of the file for view 

two. As seen, the box was divided into two regions (H and B in 

the diagram). The common events were only scanned for in 

region A for the first run film in order to reduce the number 

of V° events for which large corrections would have to be 

applied. It was simply more convenient at the time to confine 

the four prong scan to the same region, as there was certainly 

no shortage of events with this topology.

The lack of any systematic scanning bias when using these 

boxes is Illustrated in Figs. 1.2.(b) and (c) which show 

respectively 200 and 400 x-distributions to be isotropic. The 

z distribution in Fig. 1.3(a) and (b) should be representative 

of the beam profile; so approximately iaussian in form.
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Measuring the Film

In order to obtain a geometrical reconstruction of each 

event, <a,y) co-ordinate pairs of points along tracks, and at 

vertices, etc., were measured on each of the three available 

views, using both home-made and commercially built measuring 

machines which provided this information in the form of 5-hole 

paper tape ready for direct input to a computer. These machine 

have been well described elsewhere. 'However, it is probably 

worthy of note here that all the machines which were used had 

well built measuring stages with Ferranti Moire fringe digitizers 

The diffraction grating ruling used was one micron.

Though it would appear that the machines were accurate 

to one micron in the film plane, it should be remembered that 

a track width in this is approximately 25>U^» Hence an r.m.s. 

scatter of points of up to about 15yO*v was expected. The 

counters and digitization were checked on each view measured 

by returning to some fixed point at the end of the measurements. 

The counters were required to read what they started at to 

within setting accuracy.

At the time of writing, the work of putting the existing 

machines under the constant supervision of an on-line computer 

is at an advanced stage. Four machines are at present under 

such control. The computer checks the format of the symbols

-21-



typed by the operator to signature the various parts of fila 

aeasured and at the end of each track cheeks for badly measured 

points causing a REMEA3URL directive to be made If necessary. 

It is gratifying to note that those tracks persistently 

rejected by tbr computer are often found to hav<? a vory ellght 

decay or scatter on them - a fact which encourages the author 

in the belief that no such events, measure! as four prongs, e .g. 

actually pass the rigorous scrutiny of the geometry programme 

about to be described. 

The Reconstruction Programme

This was written by members of the Rutherford High Energy 

Laboratory and has been described in considerable detail else­ 

where. Consequently, only a brief account Is given here 

emphasizing tho lain points in the personal use aade of it.

The programme was protected against varying Input by the 

requirement of a set format. To present such a format to the 

IB"-! 7090 coraputerson which all the author's events were processed 

(see Acknowledgements) a buffer In ut translation process was 

first used. This also checked the raw data fro^ the tachines 

for obvious mistakes.

Some fixed dat* containing inforaatlon on camera positions; 

position, thickness and refractive indices of windows; etc; was 

also fed to the computer which carried out so no preliminary
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transformations on the data to allow for film shrinkage 

(fx in the x-direetion and fy in the y-direction) and for any 

rotation (§ ) with respect to the measurement axes. In order 

to do this, the measurements of several fiducial marks were 

used. In carrying out the transformation, all measurements 

also had their origin changed to the position of a central 

fiducial mark on the front glass; consequently measurement of 

at least three fiducials was required. In the present 

experiment a habit of measuring four was adopted.

Some assumptions regarding the reconstruction process 

adopted by the programme used by the author were as follows:

1. That the camera axes were parallel-

2. That the film plane was parallel to both the front 

and back glasses of the chamber }

3. That pinhole optics oould be applied to the cameras '

4. That the measuring axes of the machines were

orthogonal.

The justification for these assumptions lay entirely in 

the fact that a good reconstruction of the space positions of 

all fiducials (on both front and back glass) was obtainable. 

Assumption (3) at least could not be made, for instance, in 

the case of the British National Hydrogen Bubble Chamber as 

the wider angle of the optical system (approximately one and
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a half that of the Saclay chamber) did not allow the neglect 

of lens imperfections.

The reconstruction of points in the chamber was obviously 

overdetermined as Fig. 1.4. illustrates. The Point P (Fig.t.4.) 

is assumed to have measurement3 on the two views indicated by

A and B at positions (xj*, /!*> and <x 2 '» ^2'*' In fact thei>e 

positions were not necessarily correctly measured and a two 

view reconstruction was possible and even provided an error 

estimate. However, corresponding points along a track were 

not always measured and the necessary interpolation between 

measured points added uncertainty and lead one to prefer a 3 

view reconstruction. All events were, therefore, measured on 

three views where possible. The reconstruction of tracks was 

then carried out by a least squares procedure. Dy hypothesizing 

a helix of the form:

X = (A + 0 COS 6 + C x <$ >

y =P +f> sin & + C<#> ....(1)

z = "% + P& tan

where 9 was a convenient parameter specifying the angle that the 

track had turned through at position <x f y) relative to position 

(c/v,^ ), the programme calculated the apparent trajectory 

projected back onto a nominal film plane constructed by ignoring 

the front glass refraction. This is illustrated in Fig. 1.5.
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where the hypothetical track T has measured "rays" such as 

P% f which pass near the helix such that their points of 

nearest approach to It are represented by crosses. (U^** 

4 2 f , Wg* ,...). The rays are calculated at an early stage by 

the programme and effectively allow one to forget the front 

glass. They are specified by their point of intersection with 

this glass and their direction. The least squares procedure 

then consisted of a variation of the parameters^ t/3 ,/° and 

those involved in C in order to minimize the quantity:

U ^^dj 2

where d. was the distance between points i5 and P* corresponding 

to the ends of "hypothetical" and "real" rays PQ and P'Q*. as 

in Fig. 1.3. along a direction (PT*) perpendicular to the 

projected helix on the film plane. The quantities C^ and C 

represented the effect of slowing of the particle, and depended 

upon the track curvature and position in the chamber. AS a 

consequence the expressions (1) were non-linear in the 

parameters to be found and the least squares procedure had to 

be an iterative one. The error matrix was calculated by

* = 2 

where I
\cW^

and wherec?^ *f<* were the best values for the

parameters; N = total number of points measured on each track
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and O T ~ a standard measuring error.

1st order to determine £"_, use was made of the fact that, 

for normally distributed measured variables, tbe/C 2 for the 

helix fit had expectation value:

I * .2 
; rF 2 1-1 l = ''" S

* A — J. ^

as there are 5 unknowns (^-»A»^r ,/'»,7O and N measurements.
a x c 

The distribution of the quantity:

shown in Fig. 1.6. indicates a reasonable value for o" of

9/->m for the 400 and 7 /^ for the 200 measurements. 

Mass dependent Helices, v 0 >M ,

For slower tracks (less than about 1 Gev) it was always 

found necessary to fit three helices to a track - one each for 

a K, for a fj~ and also a jp mass. This was because the slowing 

down corrections became increasingly distinct for the three 

eases. As the momentum lessened,the resulting errors calculated 

also became markedly different. This could be used to identify 

slower tracks, especially when their ionizatlon became too large 

to estimate at all accurately. However, a serious consideration 

was that an increased error estimate for what was probably the 

wrong mass for the track merely simplified the task of the 

kinematics programme to assign that wrong mass to it.
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Constants Required for Reconstruction

These could be classified as follows:-

1. Information on the magnetic field throughout the chamber.

2. Optical constants including camera positions, fiducial

positions on the film for each of three views and details 

of any optical components between the camera and the 

liquid in the chamber.

The Magnetic Field

The magnetic field inr the ->aclay 81cm. chamber had been

accurately surveyed. The resulting three dimensional lattice

of values was fitted to an empirical polynomial expression fe
i. «Wi '<,'

which was used in the geometry programme to calculate the 

average value of the field along a track. The polynomials 

described the variation of B/BQ where B was the value of the 

z component of field, and B Q that at the centre of the field 

gap. The latter value was held accurately constant throughout 

the experiment by a current stabilising circuit. The absolute 

value did, however, need to be accurately known.

A method suggested by M. Derrick was implemented by 

J. G. Loken . At an early stage in the experiment, some rare

events having more than one V° associated with them were
or;- 

measured. "*X 2 flt was mad «» by varying the measured momenta

of the V° prongs sueh that:

P, + JP O = kP .... (1) •*"! 2 —
-27-



Where j>j , £2 are the aoaenta of the prongs and jP a unit vector 

joining the V° and the production vertices. This was thus a 

two constraint fit (equation (1) represents three equations 

with one unknown - k)

The mass (M) associated with the V° was given by:-

« 2 s < / *„* + *, a r m + m* ) 2 -

where • = »2 =s m = 0.1396 Mev if a K° - V and

a = mp = 0.338 Mev

5» 2 = a ~ 0.1306 Mev if a A ° - V

A Gaussian Ideogram of these masses was made when the V° 

was identified as being due to the decay of a K° meson. The 

central value of the ideogram turned out to be 494.9 Mev. The
".' F

value of 8 was therefore changed by 0.9% which, on repeating
,; • •: • \ ••»

the process gave the central value at 497.6 Mev. The reason
i

for restricting the method to K°s was simply due to the fact 

that variations in magnetic field have a larger influence on 

the mass of the K° than the ° Vs. This can be seen if one

considers the centre of mass of the V° .

Here, the mass is given by:

Where m, and aa 2 are the masses of the decay products, and p 

their relative aoaentum.

In the A °rest system:

-28-



• •»- m = m + m = 1077.8

- 37.4 

Where the 37.4 M«v depends on the momentum.

In the case of the K0-^ fT*" |7~" deca X

«1 + a 0 = 2m = 279.3 - » rt - 217.84 1 - HT K°

Taking an extreme case, where all momenta were apparently 

a large factor too small,because of an error in the magnetic 

field value, it is clear that the effect of the K° aase would 

be much greater than on the A °. This fact, together with the 

fact that the momenta in the two casei; are not very different 

(PA- 148 alev/c; p r. ~ 208 Mev/c) leads one to suppose that 

this is so for any field variation. 

Optical Constants

The a co-ordinates of the cameras were well measured by 

direct sieans, but the same cannot be said of the x,y co-ordinates 

because the exact positions of the camera axes relative to the 

chamber were not eaoy to define. In order to obtain these, 

photographs of the chamber fiducials (whose absolute space 

positions were -leaaured with a theodolite) were taken and 

measured repeatedly on a measuring machine. The resulting 

measurements were then taken aa standard and all subsequent 

film shrinkages made the sane as on this piece of film.

A correction was made to the theodolite ^easuro^ents to

-20-



allow for any rotation of the front glass relative to the back, 

or any shrinkage, due to lowering the temperature of the glasses 

containing the fiducials.

The thicknesses of portholes and the front glass Itself

6 were determined and the Bttck camera constant programme used.

This took the measured fiducial positions on the three views,

compared them with calculated positions allowing for film

shrinkage and refraction at the various surfaces and by varying

the camera co-ordinates in x and y directions, minimized the
N 2

quantity £1 d. where d was the distance of the ith fiducial
1 = 1 * 1

from its calculated position.

In the case of the February run, it was found that satis­ 

factory results could only be obtained by this procedure if two 

fiducials were rejected (presumably having been incorrectly 

surveyed). 

Beam Tracks

In most cases, the beam tracks ware too short to have 

accurately measurable curvature. AS the beam momentum was, in 

fact, held within fairly close limits, it seemed unnecessary to 

rely upon inaccurate measurements. Consequently, a large number 

of long beams were measured and processed by the geometry 

programme using the best constants obtained - including the 

magnetic field - and the resulting momenta ideogr immed. Thf> 

mean value, together with a standard error were then used
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for all events.

The value for aiomentua used was 3.4GO J. 0.020 Gev/c 

the centre of mass energy 2.771 ± 0.007 Gev.
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CHAPTER If

In order that the results of diffeunt experiments may be 

coapared it Is important to eliminate effects due to differing 

beam fluxes (both in quality and quantity)/ bubble chamber 

sixes and experimental biases as far as possible and to convert 

numbers of events into cross-sections. 

Overall Scanning and Geometry Losses

As previously mentioned la Chapter I, scanning was 

confined to events lying within a fiducial volume defined by ,. 

a template placed on the scanning table. Two prongs and *s 

were required to lie within a larger region than the four 

prongs and the Isotropie distribution in x - eo-ordinata of 

the vertices for 2 and 4 prongs, illustrated in Figs. 1 . 2(b> 

and (c) (Chapter t) relative to these 2 boxes can be taken as 

evidence for the lack of dependence of scanning efficiency upon 

position of the events in the chamber. This is to be expected 

for the more common topologies not requiring the observation

of visible secondary decay within the same fiducial region.
i-

However, the negative requirement that such a decay be not
"*' % 

^

observed represents the necessity for some further overall 

correction to be applied to events involving, for instance, a 

neutral K meson. This will be discussed later. 

"canning E f Mciency

Some estimate of the loss of events due to genuine
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omission may be obtained from a repeated scan. The u^nal way 

of calculating the overall efficiency of two scans is as 

follows : -'

Let E-^ and £ 2 ke the efficiencies of the two scans 

separately estimated from the number of eventr: seen (Nj and N 2 

respectively) by the relations:

N N
E — J- r? — 2 1 1 \ , —— f *• o — —— • • • • v -i- /
1 N 2 N

where N is the supposed total number which could have been neen 

By making the assumption that all events are equally likely to 

be seen, the number observed on both scans may be expressed as:

N 12 ~ ^1 S 2 N ....(2)

Then, if N is tho number seen altogether, A-^ tha number seen 

on the first but not the second scan, A ? the corresponding 

number on the second but not the first,

~ NE l + NE 2 " -NE 1 E 2 = NE 

where E is the overall efficiency;

E = EI + E 2 - BjE,

12 A l 
where: E = 1 - ; E = 1 - ~r~ ....(3)

,t 2 1
Application tot 4 prongs

The whole of the four prong sample of film was scanned 

twice. Formulae (3) wore used to estimate an overall efficiency
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of 0£.57c giving a possible total number of events of 1433.

Altogether, 1427 events were measured three times where necessary

rt t 
yielding a total geometry pass rate of 79%. It seems likely,

from the fact that tracks which, on closer inspection, turn out 

to have small angle decays are rejected by the computer now on 

line to the measuring machines, that some of these failures may 

have been due to such decays. The number of missed decays has 

been estimated in connection with the analysis of the 410 

topology, and is 30 events when normalized to the same quantity 

of film. This gives the result that, assuming they all appear

among the four prongs that failed geometry,80.5%of pure 400s

»x, 
with no decay passed geometry. Thus the factor f 400 = 1.25

must be applied to allow for scanning and measuring losses. 

Two Frongs

In this case only 3 out of 17 of the rolls of film were 

rescanned. The large number of events thus rescanned was 

thought to Justify this procedure. The values N I = 410;Ng = 411;

A, = 02; A 2 = 84 were substituted in (3) to give the overall

it * 
efficiency 95.5% for two scans and 70.5% for E . Thus, the

estimated total number of events is23Q3/E l - 2000 and a further

470 could have been observed by a complete rescan.

. "• *
A similar calculation of geometry loss after two measure­ 

ments using the estimated number of missed 210s of 25 gives
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the geometry and scanning loss factor of f onn = 1.65.
i i-t. »

3 ..Prong Decays ,'• "" " • •"""• ' \T ''- -N '!jit T >* r of t i "*«* -3 f-&<*n

It is important that the number of^~ decays (characteristic

only of K-mesons) should be carefully measured in order to
' i , "" "T " ~ ~~ ••-••• "'^
estimate the beam purity. Consequently, as already mentioned,

four.scans were carried out on the first^run of film - corresp-
, , v, = f.: ,~C,, (

ondiQg to the source of four prongs - and two on the two prong, I "• ?U ' l 

sample, (with the finding of such decays in mind.i . V

_ ^ In the analysis of the scanning efficiency for the former
" C , • Vr J V t ,

i „

case of four scane.it is possible to use forltula (3) by first
| >U <S

' 2 
combining the scans in pairs as follows:-! " 

Calling the four scans A, B, C and D a summary of events seen

ff \ Tf'TA ' '"•" TA T " \] I given in Table I, where for instance AB denotes the number

«4 1 0 M u ^ = of events seen on both A and B but not on any other^combination
._^_ _______ __ > !

of scans. Thus, it is easy to calculate that, treating A and B 

as a single scan, the number seen on this scan alone is: 

AB + A + B = MAB say and those seen on this scan at all is 

N*lj = Total - MCD where MC£> is defined analogously to MAD* 

By calculating MCD , NAB and NCD in this way, the two 

pairs may be combined by use of (3) where A = -!&n » A o = Mrr
JL Ao £ v. l>

N l = NAB* N 2 = NCD to ^ lve overall efficiency = 97.3%.

The similar results of 99.0"t and 98.9% were obtained 

using the other pairs (AC, BD, and AD, BC) respectively. The
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TABLE I

T*-Number of times seen

1

A =s 30

B * 4

C = 9

D = 1

TOTAL

Nj = 44

2

AB = 29

AC = 20

AD = 7

BC = 3

BD - 4

CD = 3

TOTAL

N 2 = 66

3

ABC = 22

ABD = 10

ACD = 22

BCD = 7

TOTAL

M = 81

4

i 

ABCD = 01

1

TOTAL

N = 91



average value of 98.4% may be taken to give a total number of 

s of 266.2. In th* two prong case the simple result of 102 

s is achieved. 

Criticism of Formula (3)

Several doubtful assumptions are made in deriving equation 

(3) the worst of which is probably that all events are equally 

likely to be seen. However, if one estimates the number not 

satisfying this criterion (e.g. short tracks not visible, etc.) 

separately, this is not too serious as the probability for 

seeing an event is probably only different in such eases. 

Another assumption is that the efficiencies of each scan are 

truly represented by the actual number of events seen. That 

different scans are subject to differing efficiencies is 

undoubted but the generalization to, for instance, the four 

scan case where one would need to define four efficiencies:

E l ~ N 1 /N * E 2 ~ N 2/N ' etc ' 

is somewhat cumbersome whereas the simplified procedure adopted

above lacks both symmetry and accuracy.

A slightly more symmetrical treatment of four scans can 

b« made as follows:-

Instead of differing efficiencies, we define the probability 

for seeing an event as p where:

*!)

n 
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where n f is the number of times it is seen after looking at it 

n times. The p replaces both E, and E 2 in the two scan case, 

for Instance, so that the fact that the numbers of events

seen (N^ and N2 ) are different, may be regarded as a statistical 

fluctuation. Then p represents the value that the E^s would attair 

if the scanning were repeated an infinite number of times.

On this basis, if s scans were performed on the film, it 

is only of interest to know how many events were seen once, 

twice, etc. and not on which scans they were seen. The 

probability for these numbers to be Nf^, N 2 * •••N'g may easily

be calculated. It is:-

O 

P(N,p) =
N; .sx 7T <e r )r=l r

s(N-n) s
x (i-p) x TT. r s-r 

p (1-p) fN

(where n is the number seen at all and N is the total

number of events which could be seen with probability p)

The multinomial expression in square brackets allows for

permutations amongst the events (assumed identical) whilst the

8 9 N i» factor /T (C_) r is to allow for the identity of the scans.r=l 

It is then reasonable to suppose that the best values of

N and p describing these results are those which maximize the 

probability r» Using the more convenient logarithmic probability

W=ln.P = + s(N-n)ln.d-p) + , rr=l
rln.p+(s-r)ln.(l~]

+ CONST.
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where the -iaiaraa functions replace the factorials of the 

continuous quantities N and N-n, the problem becomes that of

^ P

solving: a w

P I f we approximate In.- —— ~ by < In(N-m) we
P (N-n) :a~0

obtain ^ 1 + sln.(l-p) - 0
m=0 (N-^i)

... .(4)
8 £ (a~r) _ a(N-n) __ Q 
^l r p (l-p) (l~p)

Furthermore the errors on these quantities nay be estimated

3from the second derivatives of ',/ in the usual way.

Equations (4) have been solved numerically for the case 

of the 4 T" scans giving the result of 263.7decays instead of the 

previously calculated value of 260.2.

It is thought better to allow some difference between 

efficiencies in the simpler case of two scans only since it is 

obvious from Table I that such a difference could be genuine. 

It is clear that the method described is as incorrect as the 

first one- However, its sole virtue is the applicability to 

any number of scans. Strictly, if one were to have a large 

number of independent scans, it would be better to attempt to 

infer some detail of the distribution of detection efficiency 

lor different events, and possibly for different scans. 

However, a comparison between the two methods described is
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made in Table II where the final results are also summarized. 

Method 1 is use of equation (3) and method II of equation (4). 

Other Biases

In addition to the losses calculated above, some allowance 

may be required for the following factors:-
T f '•

1. Events involving a charged K-raeson are lost from the two and
j#* A •

four pr6ng samples if the meson decays within the chamber 

fiducial volume. Mo analysis of these was undertaken as 

it was considered better to correct for them.

2. Events involving a K° or^\.° require corresponding correction. 

However, as no channels involving a *A.° were of interest 

to this analysis only the former case will be considered.

3. The presence of Dalitz pairs corresponding to the decay of 

a /I ° could produce some contamination.

4. Some short proton tracks may be lost.
>.4

Charged Decays

Suppose that, in the laboratory, a fraction f(p,L)dpdL of

events have a K" particle which travels a length between L and
*» 

L + dL with momentum between p and p + dp where the differentials
<7

have the usual significance. ' If the particle has a proper 

lifetime (in its own rest frame) of 7~» then only a fraction 

e-I/A (p) win actually survive the full length L without 

decay. Here, n (p) is the decay length given by:-
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/ (p) = J2J£ -rM *
rtio

where p = momentum

c = 3 x 10 10 cm.sec" 1 (= velocity of light)

MQ = particle rest mass

Consequently, if one expects to see any tracks of 

length L where K~ has this momentum, one will only see a 

fraction f'(p,L)dpdL of the events where f * C p, L) =f ( p , L) e~ L^ ( p

Hence, the corrected number will be N given by: 
pmax r Lmax

N/N seen 1 I f'-(p. De L* < P>dpdL
o J' o

where ^seen is ^ ne number seen.

For each event, the momentum p and length L were noted 

for the track of interest for a given hypothesis. This 

event was given the weight e*J ^ . The corrected number of

events satisfying that hypothesis was tlien computed to be: 
N seen

1 = 1 

Most events hatj weighting factors of unity and only

five in all reactions required a weight of more than 2. O.It 

is clear,, therefore, that the value of R prodioed by 

summing these inks not strongly influenced by statistical 

fluctuations in the small number having large weight. 

Further, it is apparent that the weighting of individual 

events is hardly necessary - merely the application
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of an overall factor R to the cross-sections. Similar conclu­ 

sions apply to flU other final states involving a K~ . 

Neutral Decays

Only one case needs to be considered, that is the two 

prong reaction K*p -s? K°p 77*". The correction is slightly 

different from the case of the charged decays since only one

third of the K° * s are expected to give a visible decay.
M seen .

Thus, we need to compute g where 1/g = ^ exptL/fl (p,»
"^^ »* T *

(where L is taken as the average distance from production vertex 

to the end of the scanning box.) Then g i« the fraction of 

events having the K.° lifetime which do not decay.

If the correct number of KOf * is N t it is given by:

N = ??N 
seen

3NBee n 
i.e. N = ——— —— = GN

(2-H/g) 8een 

It is noted that N _.,,. refers to the number of unobserved K°
S G C O - — r

decays. 

Dalitz Pairs

Some estimate of the seriousness of these as a potential 

source of contamination -nay be arrived at in the following way. 

Consider the four prongs. 

The reactions K~p-^ K~p fr' rr " (i ^

may well be contaminated by the two prong reactions
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K"p rr ° (iii) 

K-pp. 0 ^ 0 (iv)

-•> K-P TT°TV° -T70 (v)

where onep° decays in the Dalitz mode. Using the cross-sections 

estimated for reactions (i) ( (ii) and (iii) and assuming that 

those for (i). and (Iv) are alike, and also for (ii) and (v) it 

is apparent that (iii), (iv) and (v) collectively may contribute 

up to 3,4 % to reaction (i) or £.? % to reaction (ii). In order 

to obtain these estimates, the branching ratio ^ --> tfe*e "V^- 0 -^ £J 

of about 1/80 has been used. However, it is clear that many of 

the Dalitz pair events, though simulating four prongs, would be 

removed at the scanning stage since the electron pair is usually
Sf> *.

unmistakable by its characteriaties of aero opening angle and 

somewhat curved but minimum ionizing tacks. Further, it is 

unlikely that all events escaping such detection would be able 

to satisfy the constraints of energy and momentum balance 

necessary for reactions (i) and (ii) . Consequently, contamina­ 

tion from this source has been neglected. 

Slow Protons

In order to determine the loss of slow protons the useful 

parameter is the track length projected onto the film. An 

approximation to this is the projection onto a plane parallel to 

the front glass and the distribution of this quantity was I'nY^sfiacited
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i? s'^i. , '> ^ for mil events involving a proton. It is clear that 

any such loss is only important in the case of the lowest 

momentum transfers to the proton (which occur in the elastic 

events - 'tei^^Sr.^k^^^^js•.-*,•*- ). In all other cases, a 

noticeable depletion of events commences at about 1.5 cms (easily 

visible). In this thesis, no analysis of elastic events is 

given so that this loss is ignored. 

Estimation of Total K Flu*

Three Prong Decays
iT 

It is expected that a considerable negative pion and u~
i/3Q .*V -0- /

meson contamination exists in the beam. However, decay rates

for these f , part icles producing thnee charged tracks are negligibly
U 4 

small, whereas several are summarised in Table III for the

K-mesons, In practice, it is difficult to distinguish these
- vf- 

different decays, so no attempt was made. Using the K" lifetime

8 of 1.229 _+ 0.008 x 10 sec., the K length corresponding to the

observation of H 3 three prong decays is L where:

L = N l« 229 ± 0.008)x 10"8 O0-
3 m0 (0.0503 Hr 0.009) 

where p = 3.46 Gev/c, mQ = 0.494 Gev, c - 3 x 10 1 °cra.sec~ 1

One may then express the cross-section per interaction as:

*f -_:—— x ±
N pLor

where M = molecular weight of hydrogen - 1
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TABLE III

3 Prong Decays of K~-Mesops

Mode Rate

TT " 7T° 1/80 x 0.213 = 0.0027

2/8O x 0.017 = 0.0004

:° 1/80 x 0.034 - 0.0004
e -V

K~ -^ e" V TT° 1/80 x 0.040 = O.006
e3 v

U ,+e-Y

Total 3 prong = 0.0593 _+ 0.0009



«r= N Q = Avogadro's number = 6.02 x 10 23

and p = density of hydrogen = 0.0614 _+ 0.004 gms.em" 3

using f = geometry and scanning factor

f ;tu In this way, the results obtained are summarised in

T«ble !V., where the errors include uncertainties in the dssity

of hydrogen, the number ofT-'s and the K~ lifetimes. The largest

of these is in the number of *?" s. The error in f is neglected.

Pion Contamination in the beaitt

It is supposed that the only particles in the beam are 

negative Ks f ffa and A*. s. The latter are no cause for concern 

since their interaction cross-section is negligibly small. 

However, the pions have a total cross-section at this energy 

{*Vf3 30mb> comparable with that of the Ks (fT - 30mb).5
K

..n estimate of the pion fraction can be obtained by

measuring the total cross-section of the beam with hydrogen

This is done by measuring: (a) total number of interactions

(b) total number of beam tracks

- n (on the number of frames 

scanned) 

If the scanning box has length 1, the total beam length is

LTOT ~ nl " One may then ex P ress C5^ in two ways:

= NTOT 
TOT

* A ̂ ̂
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where k,fT, >tw are respectively factions of K ̂ r and ̂ ^ in the beam, 

and the subscripts refer to the relevant total cross-sections. 

Using the values for length of K in the beam and the known
4

total cross-sections assuming that (5^ = 0 one obtains the figures 

quoted in Table V.

umaary of Cross-Sections

In Table IV are r?iven the various microbarn equivalents 

of events taken to represent the reactions studied in this thesis 

Slight differences are the result of the presence, or otherwise, 

of charged or neutral K meson in the final state. The synbols 

used in Column 3 are defined in the previous pages, and their 

values are often different for different hypotheses because of 

differing momentum and length spectra.
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TABLE IV

Two Prong fc Four Prong Cross-Sections (Oxford Events)

Final State

K-prr8

«0Pir'

lV»

K-pnV

K-prtVrr0

V~ * " +,»
* 1T <rr FT "

1

Ho. of 
Events

105

129

209

276

169

94

Number 
Ambiguous

17

20

25

47

87

52

Correction 
Factors

f 200R

f200G

f 200*

400

400

f400R

.^b/event

1 1 , 9+1 . 2

17.54-1.8

H.9±1.2

5.38+0.4

5.38JH0.4

5 . 38^0 . 4

j

Total 
Cross-Section

1250^177*

1535JK205*

2430^295*

1359+^136**

909+99*

506^65*

* These figures ignore ambiguities, so r«pr«*sent upper limits

** In this case the only serious ambiguity is with the corresponding

^--induced reaction pV" so that such events are

given a weight of

TABLE V

Beaa Purity

Run

Feb. 1963 

Oct. 1963

%K

60^1 

57±1

%n

26JH8

23^7
i

K

Total K Length in Film Sample

62.2JH5 km
i 

39.2^4 km
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CHAPTER III

The E..tim^tion of lonizatlon 

Introduction

Although considerable success has been achieved in the
*

identification of elementary particle reactions by momentum 

measurement alone, kinematic ambiguity often remains and one 

needs to resort to the film for further objective information. 

Such information is to be obtained from the ionization of the 

tracks caused by the particles and yields in favourable cases, 

an estimate of the particle velocity. This chapter is devoted 

to a discussion of the methods which were considered by which

this quantity could have been extracted from the film with the

i 
special requirements of a machine in mind. The machine built

by the author, its calibration and its application to the four 

prong events are described in the following chapter. 

Velocity Dependence of Ionization

As all estimates of ionization are basically of the

... number of bubble nucleation centres in track quantity: g = —————————————————————————————————————————
length of track 

we will adopt this as the definition.

H simple model for the formation of bubbles in a bubble 

chamber regards the actual formation as the result not of 

ionization but of a thermal process brought about by the heat 

given out by a stopping <f ray. Some calculations of the effect
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1*2 
have been aade and indicate that an energy of a few hundred

electron volts is sufficient for the^ ray corresponding to a 

range of a few microns in hydrogen, comparable with observed 

scattering of bubble centres about a sssooth trajectory .The 

cross-sectionsC** ) for coulomb scattering of free electrons 

by other charged particles saay be expressed as a function 

of the velocity of the particle 6? = v/c) and the final 

energy of the ray (w) in the fora: 

,, V ,
2ac

where ia =» electron siass; r = electron radius 

Z = charge number of moving particle 

The liquid of the bubble chaiaber then behaves as a 

detector with energy dependent eff Icfeicy E(w) .A staple for-*i 

for E(w) assumes that rays with energy less than w. or 

greater than w0 do not cause bubbles to form on a recogniz­ 

able trajectory at all, whilst I- assumes the value of unity 

between those values for w. Consequently, the nuaber of 

bubbles formed only depends upon the riuaber of useful C rays*

Denoting the bubble donaity by gf ) therefore:
r-'- 'i

gCI) = a^' E(w>^TC2 , w)dw Cn= density of electrons per unit 

length) which becomes:

wl W2 2ac^ wl 
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•?f- i -Thi« istonly approximately true in liquid hydrogen since 

the integration overt w extends, effectively, over the range *

to w-. If w1 is atVftii comparable with the binding energy of 

the electron, thenjtbe expression used for rf (A »w) is no^ longer 

valid .crln- fact, W T iavof order a few hundred ev whilst the
»

ground state bindlngtenergy if er; hydrogen , is only about 13 ev. 

••rltfc As can be eeen, -the measurement of ienization could be a« 

sensitive means<?of detereiningArwhen it. i« not to* close to

unity. A^The 1 preoiee .rangecof its usefulness will, it is hoped, 

become clearer in the following chapter where the application 

to the 4 "prong events is described.

The Statistical Nature of Bubb4<a^ffcraia tione ( ?oO i ? -t,-i track 

An analogy may be made between the traversal of a charged 

particle through a superheated liquid and a molecule in a gas.
•

The gas "kinetic theory provides * prediction of the free path 

di»tribnti*« of such molecules » in > the gas.e» The^anmlogy here is 

Mtvaen a molecule - aoleeul«i colllsioa and* a charged particle 

Interaction^ causing a bubble to form and so one expects an

•ttpefeontial distribution of gap lengths between bubble centres.
•*

Thus the probability for a gap of length at least x is*

given byr (* 1 *(x) = Ae*®* ....(1)

It is shown in Appendix A that the constant c can bo
v^ *- t
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identified with the lonization and that it is also the inverse 

•ean gap length of gaps "^ any arbitrary length^. 

flap Geometry of an Ideal Track
t

An Ideal track is considered to consist of round bubbles 

whose sepftratlons obey the distribution law (1). In Appendix A 

some formulae are derived which relate various physical aspects 

of such tracks with the quantities g aad<?C where <k is identified 

with the effective bubble diameter. Each relationship could be 

used to estimate g and we number these estimates with a subscript 

The quantities of interest are:-

y = mean gap length 

H( °< ) = density of gaps *> o^

L( <*) = lacunarity - total length of gaps ( >oO -7 total track

length

b = mean blob length

all of which provide a clue to the value of g. The problem is 

to decide which (if any) is the most reliable for the tracks we 

have to deal with. The formulae of Appendix A may then be 

adapted to give: 

Bubble density = g0 A.I'

A. 3' 

- InH(oC) - lnH(fl ) .,
~ - ——— » A«»

(/3 -o(.)
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. b = ————— ̂  A . 5 »

«4 

Ataother method of determining g is from the slope of the gap

length distribution (which may be fitted by maximum likelihood 

to the form (1)) and we call this 

S t a t i s t lea 1 Accur a c y o t g

In Appendix t\ expressions are also derived for the errors 

on the estimates g^ t g_ f g 3 , and g 4 , It is pointed out that 

the number of bubbles in a given length of track is a Polsson 

variable having a distribution function:-

n ffi A- n 
P(m) = -2-£ —— ....(2)

ra! 

which gives the probability for there actually being m when n

were expected. Thus the variance of go is = go , and represents 

the ultimate statistical accuracy which can be achieved. Usually, 

however, one is extracting information from the visible gaps 

(greater thanc4 ) and this is less than the number of bubbles by 

a factor L - e""^ 0^. Hence, the expressions for the variance of

g( or A ) fOr unit track length are all of the form:-
ft

....(3)

Curves of >/f(L) are shown in Fig. 3.1, with subscript referring 

to the estimate of g concerned. It appears that the mean gap 

length estimate is the poorest of all, though in practice it is 

difficult to draw any definite conclusions from T alone.

-50-



Plate I



The Structure of Real Tracks - Cells

So far, the formulae derived have been concerned with gap 

lengths defined as the distance between bubble centres and no 

restriction on their smallness has been made. In reality, the 

bubbles have a finite size which is effectively increased by 

diffraction when an image of them is produced on the film, A 

comparison may be made with the tracks formed by the path of a 

charged particle through nuclear emulsion. In that case, 

individual grains become developed and show up clearly under a 

microscope with sharp boundaries and are easily resolvable. 

In bubble chamber photographs however, the corresponding 

entities arc usually formed by a fairly small flux of light 

focussed from a distant object (a real bubble). The resulting 

image is several grains in size and formed by a random density 

of developed grains* Consequently, bubbles separated by little 

more than a bubble diameter ('"v 25x>m on the film) produce images 

that are blurred together to form blobs. It is just this 

blurring which makes the method of counting bubbles almost 

Impossible in most cases* Plate I is a reproduction of an 

actual minimum ionizing track image* It can be appreciated 

front this that, were the bubble density much higher, individual 

bubbles would be hard to resolve, especially for a machine. 

Even the more intelligent human eye would sometimes be deceived
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whan asked to guess how many bubbles there were in a blob* A 

consequence of this blurring is that the track is more realist­ 

ically divided into 'blobs* and gaps rather than bubbles and 

gaps, and it is convenient to refer to one blob with neighbour- 

Ing gap as a cell. The cells are then the units of information 

available to us.

Another distinction which can be made between emulsion 

and bubble chamber tracks concerns the range of values of L 

that are used. In the latter case, L is much smaller than in 

the former to facilitate scanning and is usually less than 0.5 

even on relativistic tracks. Thus, the number of cells is 

always leas than one half of the number of bubbles and a decrease 

In statistical accuracy results. 

The Distribution Law on Real Tracks

In order to check the validity of the formulae A(l*-5*) 

on the film whose analysis is here described, microscope 

measurements of the gap lengths (defined from blob edge to edge) 

belonging to some beam tracks were made. Using the newly 

defined variable (y = x ~oO the distribution law (1) should

-« oistill hold with A replaced by Ae *^. The resulting plot of 

log (number of gaps^Sy) against y is shown for some such 

measured tracks in Fig. 3.2. A satisfactory straight line fit 

by maximum likelihood is made and shown on the same figure.
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TABLE I

Microscope Measurements

Track 
Nunber

I

II

III

IV

i v
i

vi i
i

VII '1
___. ._..!

Measured 
Length

i ( cms. in 
chamber)

8.1

8.1

8.1

8.1

8.1

3;1

3.1

*0

173

190

192

165

183

100

105

j

g l

————————

280+30

340+36

252+^32

266+30
•M»

282+35

309+40

340^50

rfc.-1

278

337

254

250

282
.

300
t 

335

>

274

333

256

246

282

2*1

330

271+^25

275_+44

300jf30

273+27

270JK25

2 £0^30
i! 

300+35

t '. 

\

\ *y»>

29+2

32^3

33^3

35jf2

30±3

33+3

32j+3



ffee agreement, with relation (1) is a conclusion drawn by several

authors. * ;The total length of track (1. .) was measured andtot

th* >bubbles& counted, fH?fcl By using the normalization condition 

tfett thev nwwber i0f gaps"^ zero length should be .g^l^otf*» value 

for?<yA9 determined 4 simultaneously. Using thisein equation <r 

A.9*0*-value for g^ was alsotobtained. Results of seven such 

tracks !»r9 v displayed in T-bJe I.« It is noticed how persistently

Iow®the 0value of gQ is, and how consistent the other estimates. 

The low.valueoof 8 could be the result of finite bubble sise.*" O

When two.jbubble nucleation.,centres are produced very close 

together, it is posaible,,,th%t,,the bubbles^coalesce totform only 

oae aadfiia some cases actually rform ?,sepa rately but expand
*

theraselvesK*t the^expense of^a a slight displacement from their< 

original^position. <u Thisymovement will affect thetrsmaller gaps 

mainly but the^larger ones to a 4 lesser extent. The overall 

effect.would bo,a decrease in mean gap length and also in the 

number ,<? ft bubble B <, (two opposing, effects) ; which eould explainbr 

the discrepancy observed.^ A morecextensive Investigation byt 

Morrison.et*al 7 showed that the relative ionization Cg0/c s > 

where g * was the bubble density for a standard track, showed 

a dramatic departure fro* the \/fi* law expected and indeed 

found if rona their rme*n gap^length measurements. $.&.:#* t . ••- <\ 

^ r, e -Th.».tttlhis effect is due to finite bubble size is made 

plausible in tbe following .way. To take a simple case, suppose



that no bubble centre-to-centre gaps greater than the minimum 

visible (cA ) are affected by the bubble size and that within a 

blob, all gaps are equal to t< . It is likely, in fact, that 

this is very near reality, for actual bubble images have a 

diffraction halo causing some genuine (japs to be obscured. If 

one excludes this halo from the definition of<A it is probable 

that only very few visible gaps will be altered by physical 

bubble size, the only effect being a slight adjustment of 

bubble positions within a blob. If we assume, further, that 

nucleation centres occurring less than a bubble diameter apart 

do not all prodine bubbles, then - to a good approximation - 

all gaps within a blob are nearly equal tool* .

On this simple interpretation, an estimate of the effect 

can be made. The density of bubbles per unit length with 

separations less than (^instead of being c- expected where

de*pected = «<1-L> will be dobserved = ~ x H<<* ) where b = mean= ~ 

blob length and H(<?O = blob density. Thus, the observed bubble

density gob8«rved i* 8ob8erved = d o bserv«d + ^"^ the last 

term being the number of gaps/unit length

i gobg«rved x 1-L » (= ———————— ) = — - * L ....(4)

It will be noticed that as g*->0, R~»l, and as g -sxa*2* , 

as expected.

The effect Is illustrated in Fig. 3.3. (a) where the ratio
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- bubble density on standard track) is plotted 

against the value calculated from equation (4) for a variety 

of typical values of g g .The curves are compared with those 

found experimentally by Morrison and at least show the 

correct kind of behaviour.

It wovild seem, therefore, that bubble counting is not 

only very difficult and subjective, but alnost certainly 

misleading. The distribution of gap lengths, the nmn blob 

and gap lengths are, however, probably faithful estimators 

of the intended ionization, and this is the assumption that 

is hereafter made. A further basis for this arises from the 

result of Morrison that the mean gap length varies in the 

expected l/j> manner. A similar conclusion regarding the

mean gap length has also been reached by other workers. ' 

We therefore assume that real tracks can be regarded as ideal 

so long as we do not enquire too closely into the behaviour 

of the distribution law within the blobs. 

Machine measurement of ionization

It appears from the foregoing that the image of one 

cell of a bubble chamber track has three quantities that may 

be measured: (a) gap length;

(b) blob length;

(c) blob width**)
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Measurement of (a) la sufficient to estimate the 

ionization, though either of the others provide additional 

information*

An inspection of Plate I leads one to consider the 

ways in which a set of rules may be applied by an automatic 

device, in deciding, for instance, the length of a particular 

gap. Two extreme possibilities are:

(i) the provision of a preset threshold with

which the film transparency may be compared; 

(ii) use of a more complex system in which the 

device surveys the film transparency over 

a finite area about the gap in order to 

decide its own criterion.

Clearly, the former is the simpler and the one that 

has been used in the present case. With sufficient care, it 

has been found possible to achieve some success in the form 

of an answer to the question: "bubble or gap?" at any point 

along a track. However, use of a system such as this leads 

to difficulties if a value for quantity (c) is required, as 

discovered in practice, and one is therefore left with a 

choice of the following methods of ionization measurement:

(i) mean gap length; 

(ii) lacunarity;
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(ill) gap-length distribution.

Lacunarity measurement is the simplest to perform as 

it does not depend critically upon the unambiguous identifica­ 

tion of the blob^gap boundary.Consequently, this was tried 

first. It's success was limited by the requirement of a 

standard track having the same value fore*,, (estimated fron 

blob width) which reduced the meaning of a quantitative 

ionization estimate. The method finally adopted, therefore, 

was that of measuring the mean gap length (quantity (a)) 

though a method is described in Appendix B which could also 

be used. This uses the gap length distribution to determine 

the value for«t which is then used, together with the mean 

blob length, to estimate the ionization. Reasons are 

presented in the analysis of the results obtained from the 

machine for a preference for this method.

The machine is now described.
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CHAPTER IV

The Gap Length Machine 

Introduction

Though, as has been pointed out, the measurement of

lacunarity (L = gap length) wag aQ unsuccess fu i way o fall length
estimating ionization, the method by which the measurements 

were achieved forms a logical introduction to the description 

of the machine. The evidence leading to the necessity to 

count gaps is then presented followed by the description of 

the way in which this was done. Results of mean gap length 

measurements are then presented and discussed.

In order to measure L, one needs a value of the total 

length of track <l tO 4.> * nd tn® integrated gap length (1 ).

Then the ionization should be proportional to Y where:
1 

y = ln( tO t ) = kg .... CD
gap 

Two points should be noticed about (1). The first is

that the constant of proportionality (k) contains two factors: 

one is^ (see previous chapter) and the other depends on the 

chamber operating conditions. As neither of these quantities 

is measured, the results rely upon their constancy. Therefore 

measurements have to be standardized to beam tracks on the 

same frame (assuming that all beam particles are minimum
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ionising) when the two factors should cancel. The second 

point concerns . One may regard^ as the apparent bubble 

diameter; in other words, if a gap can only just be seen 

between adjacent bubble circumferences, the distance between 

the centres of those bubbles iscA . Further disregard 4>f any gap

of physical length x (distance between bubble centres ~ 

necessitates the subtraction of a length xo frost all the other 

gaps when computing 1 in order to preserve the validity of 

(1). The effective value of,*, is then really -N +x o . In the 

case of a machine, no such problem should arise since, it is 

hoped, the "eye" of the device should have to pass a distance 

x /2 from the nearest bubble circumference before recognizing 

the beginning of a gap at all, and the value of xo should 

depend entirely upon the resolution between bubbles and gaps. 

It is therefore expected that (1) is relevant. It may also

be noted that, if n is the number of gaps comprising l_ n ,gap gap*

an alternative estimate of ionizatioa is:

S ""* •——»•«••«• • • . • \ 4& f

gap 
This is also only true with the above restrictions on .

but should hold good for a machine. 

The Layout of the Machine

Fig. 4.1 illustrates in block form the operation of 

the device set up to measure l gap and ltot oaly. A scanning
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head im driven along the projected image of the track on a 

digitized carriage. The digitizer generates a sine wave 

signal which is squared and provides the source of length 

measurement when pulses are stored in the counters. The 

scanning head scans the track approximately every raillisencond, 

independently ot the motion of the stage? on which it is mounted. 

This rate is greater than that at which digits are ever 

generated* so that the head provides a quasi-continuous source 

of information. Counter A stores all counts as the scanning 

head is driven, but B is only allowed to accept signals when 

the inforaation received from the head indicates that gap 

is being observed. Plate I illustrates the physical arrange- 

sent of the projection systesa where an image of the film - 

Magnified about 23 times - is focused on a horizontal table. 

The Machine is counted at the centre of this table and is 

capable of rotation about a fixed vertical axis such that the 

digitized action passes through it in any desired direction, 

la order that the cables may be passed from the machine to the 

electronic racks, rotation is restricted to 365°.

To drive the aachine along a selected section of track, it 

is necessary to adjust the iaage position until the track
/•

passes through the axis of rotation at the beginning of the 

section. Rotation of the machine about its fired axis now

•00-
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enable* the operator to drive the scanning head along the 

required direction, slight adjustments beiag necessary to 

allow for the curvature of the track. This is illustrated 

in rig.4.2 where it will be apparent that the resulting 

measurements are effectively along a chord of track. The 

difference between arc and chord length is, hoever, not 

appreciable compared with the statistical error in one machine 

length of track (--,15%). Move-sent of the film image is made 

possible through an electrically driven lead screw by moving 

the projector assembly bodily relative to the scanning table. 

Adjustment in the perpendicular direction is provided by a 

lateral movement of the projection lenses relative to the film 

The Digitized Drive

Plate II shows the digitizer (A) mounted on the end of the 

main frame (C) which supports the linear drive. Motion is 

powered by a 24 volt D.C. fixed field motor (>O whose speed 

is varied by a footpedal which controls (through a potentio­ 

meter) a 3.C. voltage applied after a current gain stage of 

amplification, to it. Through an Oldham flexible coupling, 

the motor drives a worm and the digitizer. The wora, in turn, 

drives a wheel attached to a drum which unwinds or winds 

up a taut wire pulling directly on the moving stage. This 

is supported on high quality linear bearings (E) and is
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pulled one way by the drum referred to and the other way by 

a wire under a constant tension of about 2lb.wt. produce' by 

the tensator spring motor (D ) . 

The Digitizer

This consists of a pair of circular dural discs 

approximately lOcms. in diameter, placed concentrically and 

a few mms. apart. One contains 75 radial slota of equal 

area (about Sana x Isara linear dimensions) arranged around a 

circle (close to the circumference) having a uniformly angular 

displacement of 4.8° and is driven about an axis through its 

centre by the D-C. motor (3) - see Plate II. The other disc 

is fixed and contains two slots geometrically Identical to 

the others and disposed at such positions that one coincides 

with a moving slot whilst the other lies exactly between two 

further ones. It should be mentioned that the area of the 

slots is such that the "mark space" ratio on the rotating 

disc is approximately equal to unity. Light (produced by 0V 

bulbs which are under-run from a D.C. supply) is shone through 

the combined discs and the signals resulting from two solar- 

diodes placed behind the apertures in the fixed disc are 

roughly sinusoidal. Two diodes in antiphase are used (through 

a differential amplifier) in this way in order to reduce D.C.

drift to a negligible amount.
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The worm and wheel referred to has a ratio of 50:1 

which together with the fact that one rotation of the 

(attached to the wheel) gives the stage its full movement of 

IScms. aeans that a digit length of about 20A,ia is available 

if peaks and troughs of the sine wave are counted - as is 

the case. This corresponds to approximately 25 counts per 

bubble diameter giving ample resolution. In view of the 

• ice of gap to be measured (about 25i,sj on the filsa) and 

in order to make the best use of the digitization available, 

it is important to keep vibration to a minimum. The machine 

is therefore mounted in a basement rooa on a concrete? floor. 

The Scanning Head

In order to detect the presence of a bubble inage in 

the scanning table, a mechanissa capable of comparing th*> 

illumination on the track trajectory with that beside it is 

required. A possible means of doing this is to use two 

photosensitive devices placed in suitable positions. 

However, in order to reduce th® effect of varying illumina­ 

tion and particularly to reduce the sensitivity of the machine 

to the accuracy of setting on the track, an A.C. scanning 

method has been adopted.At first a satabatron was used to 

sweep (by refraction) the focused image of the track across
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a fixed pinhole whose dimensions were small compared with 

track diameters. The sambatron (a rectangular section 

block of glass) was rotated at high speed about an axis 

parallel to the track and placed just above the scanning 

table. Though the device worked quite well, it was 

difficult for the operator to see which part of the track 

was being scanned at any time. Further, in order to obtain 

a scanning rate of 1,000 per second, since it was only 

found possible to use a two sided sambatron with ease, a 

motor with a speed of 24,000 r.p.m. had to be used. The 

necessary indirect drive (through a rubber belt) also proved 

to be an inconvenience at this speed!

To overcome these difficulties, a rotating slit method 

was used; Fig.4.3 illustrates this. A disc (A) having 12 

slots equal in width (0.020 jf 0.005" - comparable with a 

track diameter) cut in the circumference with a slitting 

saw rotated in the plane of focus of the track image above 

a fixed slit whose direction lay perpendicular to the track. 

A D.C. motor (B) was used to drive the disc at 6,000 r.p.m. 

paviding a scanning rate of about 1,200 per second. The 

actual relationship between this and the digitizer frequency 

depended on the speed of drive along the track. All 

relative sizes are illustrated in Fig.4.4 for the maximum
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FIG4.5 (Q) Bubble

Effect of film grain and 

slight vibrations.

F(G4.5(b)



driving speed. The width of the fixed aperture was set at 

about 0.0025" (about 1/10 track diameter) and placed as 

close to the plane of focus as possible. The perpendicular 

intersection of the two slits formed a pinhole of suitable 

dimensions that was drawn across the iaage of the track for 

a distance defined by a course aperture cut in a thin dural 

plate situated Just above the scanning disc but still 

approximately in the focal plane. This served both to 

render the image visible (as it forsaed part of the scanning 

table surface) and to provide a boundary for the scan 

unaffected by parallax caused by varying angles of illumina­ 

tion. The arrangement is illustrated in Fig.4.3 and shown 

in Plate II (with the scanning surface removed) where (F) 

is the scanning disc. A photomultiplier (housed in the box 

(c)) which allowed light in only through the fixed slit 

analysed the light coming through the "pinhole 0 . 

The PhotomultIplier Signal

Typical signals which resulted from this system are 

shown in Fig.a 4.5(a) and (b). The first is the kind 

resulting from a bubble and the second frost a £ap. In order 

to detect the presence of a bubble or otherwise, the voltage 

wave fora from the photoaultiplier collector Is compared with 

a preset B.C. level. Thus it was important that the bottom
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of the signal (which was clamped) should be as flat as 

possible. Great difficulty was experienced in achieving 

this but its importance cannot be underestimated. The 

main contribution to unevenness came from the shape of the 

fixed slit whose width needed to be constant to within a 

few percent of 2 thousanths of an inch. Mechanical slits 

were abandoned as was one photo-etched in cop;-er sheet 0.002" 

thick; but simple photographic reduction of a straight line 

of thickness 1/64" onto a fine emulsion with glass plate 

backing, proved to be quite successful. 

Optical Arrangement

Fig. 4.0 shows the simple geometrical optics of the 

machine. Two main features should be noticed. It was 

important to channel as much light as possible into the 

photoraultlplier since the small pinhole size meant that 

Shot noise was a considerable problem. Consequently, the 

lens system C )» C 2» C 3 was uscd to produce an image of the 

filament of the Aldis projector 500V/ bulb near to the 

principal plane of the projection lens P. This iaa^e was 

then refocuB g/d onto the photocathodc by a small perspex 

converging lens C' turned down to fit into the photomultiplier 

housing. The result of this was that, to a good approximation, 

the position of the pinhole with respect to the photocathode
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vnade little difference to the uignal current, and 

variations in sensitivity across the photosurface were 

unimportant. In order that the electronic scanning should 

be effective, lens i; (focal length 208 caas. at f 5".£ )produced 

a focused image of the filaj in the slit plane (i.e. the 

scanning table)»

Careful adjustment was made to ensure that the plane 

of P was exactly parallel to the film; for any slight tilt 

would be magnified 25 times (the linear magnification of 

the system) . The photoiaultlplier used was type i 524S -nade 

by £.M.I.Limited and was chosen for its very small dark 

current. Xt was an end window tube which, for physical 

reasons, had to be placed horizontally in the machine 

necessitating the insertion of a szaali 45° prism between C 

and the cathode. Silicoae grease was used to form an optical 

Junction between the tube and prlea, and adjustment of the 

position and angle of it (illustrated in Fig.4.8(b) were 

found to be desirable. 

The Electronic Systeaa

The description of the electronic system consists of 

two parts: The counter and readout systems and the analysis 

of scanning.

The counters were of standard "ripple carry" design
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similar to those used on the conventional measuring machines 

The readout system did, however, have some original features 

which are omitted for brevity.

Fig.4.1 indicates the various electronic opeations 

that were performed on the busic signal froa the photonul- 

tiplier. Tn the early stages, careful handling was required 

as the collector of the tube behaved as a source of very 

high impedance. After preampli f leation, the stages immed­ 

iately following were aimed directly at "cleaning up" the 

signal by squaring with a Schaidt squarer having very low 

backlash so that even a small bubble signal would cause 

triggering.

In order to achieve this, considerable amplification 

was required. Overall variation of light intensity was 

appreciable in practice and so presented a problem. This 

was overcome by the crude kind of automatic gain control 

illustrated in Fig.4.7(a). Amplification of the signal was 

followed by a full wave rectifying circuit which measured 

the height of the output. The T.C. love! resulting was fed 

back in a negative sense onto the base of a transistor which 

formed one arm of a potential divider at th<> input to the 

amplifier. In practice, two such stages were employed in 

series, and the resulting gain control is demonstrated in
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Fig.4.7(b) where the input voltage amplitude versus output 

Is shown. Typical input signals varied in voltage from 

about 0.3 to 1.5V amplitude for optimum E.H.T. setting on 

the photoaultlpller, so it in seen that the output was 

easily kept constant at O.SV amplitude. For input signals 

above about 2.5V, however, considerable distortion of the 

higher voltage part of the waveform became apparent. 

Bubble Discrimination

Fig. 4.8 illustrates the further aeans by which the 

bistable circuit (C of Fig. 4.1) was set or reset according 

to the presence or not of a bubble in the scan, after the 

final amplification and squaring of the raw signal. An 

explanation of the Boolean symbols used In Fig.4.8 Is 

required. The product of two signals (e.s:. A.B) implies 

the logical AKB and th* addition implies OR. Negative 

logic la assumed, in other words a signal having a low 

potential is assumed to be present. A tilde above a symbol 

indicates its A.C. leading edge, and a bar and tilde the 

falling (i.e. rifling potential) edgf. A contrast saay be 

noticed between signals B and C which were both squared up 

versions of the basic input A.B attempted to reproduce 

details of the trace whilst C was merely generated as a 

synchronization pulae and therefore simulated only the gross
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features of the signal. Its sole purpose was to provide 

a gating signal E which focus ed further attention upon the 

expected bubble region of the scan. As T) and E which 

defined this region were produced by monostable circuits 

with a preset time constant, the machine was, to gone 

extent, at the mercy of variations of scanning frequency. 

However, modulation of ae much as 203 could be borne without 

serious consequences, where 10% was the largest that was 

ever noticed in practice. 

Measurementa of Laounarity

In order to test the machine's performance, use was 

nade of the fact that the lonizationa of all bead tracks on 

one fraaie should be equal within statistical expectation. 

Any deviation would be due to either a variation In chamber 

conditions of tenperattiro and pressure, or In a systematic 

unreliability in the sensitivity of the detection apparatus. 

Fluctuations in bubble density were to be expected from 

frame to frasse, so measurements of beam tracks wero all 

normalized to th« average for the frame. It raay be reaembered 

that the illumination of the chamber occurred in two halves 

with on© flash tube serving each. As a result, therefore, 

flla exposure usually w«« less for th« region furthest fro« 

the camera. Thus, four machine sections of beam wera measured
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in each half separately in order to attempt to ascertain 

the effect of any such variation. in all 68 frames were 

measured and the resulting distributions {resented in Figs. 4. 9. 

In Fig.4.B(a) the"dowastri»aa" and "upstream" tracks are drawn 

separately for each of views 1 and 2. 

Measurement o

From this, land from the fact that many odd results 

for secondary tracks (relative ionizations of 0.6 or less) 

were often obtained - notably for tracks near the edges of 

the illuminated region - it became clear that measurement of 

laetiaarity was insufficient without some estimate of the 

parameter^. It was thougMt possible to do this by measuring 

the track width as illustrated in Fig. 4. 8 (signals H and I). 

A Miller operational integration amplifier was driven by 

the squared up babble dignal to produce a waveform whose 

height was proportional to its duration, and therefore to 

the effective track width. The J&* C. level (I) measuring 

this height was displayed on a voltmeter and allowed to 

vary with time constant determined by a resistance and 

capacitor. However, two main difficulties arose:

i(i) The Introduction of such a time constant was 

inconsistent with the philosophy of variable speed of stage 

drive
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(ii) In order to utilize the information provided, an 

analogue to digital conversion would be necessary.

Some attempt to overcome varying track width was made 

by feeding th«> voltage I in a negative sense directly onto 

the bias input of the trigger circuit producing signal B 

such that the apparent width of track remained within 

controlled limits. This did not overcome the fundamental 

difficulty implicit in (i) whose effect was particularly 

noticeable on short sections of track containing mostly 

gap. In view of this, hope of measuring <x, directly was 

abandoned. A method of determining ionization independently 

of a is by mean gap length as discussed in the previous 

chapter and was the method finally accepted. 

-aps

It should be pointed out that the decision of the 

machine on the state of track (bubble or otherwise) has so 

far been by means of the bistable circuit C in Fig. 4.1 whose 

waveform is represented by F in Fig«4.7. This was set or 

reset on every scan (i.e. up to 1,200 times per second) 

independently of movement along the track of the scanning 

head and at th© edges of blobs, therefore, any hesitation 

between conflicting decisions was bound to cause many 

changes of state. In order to measure mean gap length, it
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was necessary to count gaps (a severely quantized measure­ 

ment) and a profile of the* track had to be made available 

with only one change of state at each blob-gap boundary. 

To achieve this, a coupling of information from the gate F 

(Fig.4.8) with the digitizer was brought about. The logical 

demand that a gap only be recognized when n consecutive 

digitizer signals occur during gap type scans, and the
•

converse for recognition of a bubble was fulfilled by a 

shift register. A simple representation is given in Fig.4.10 

Digits were fed into each of the n bistable elements simul­ 

taneously, but their effect upon a particular stage was 

governed by the state of the previous stage. At the input 

end, gating was effected by C itself. Thus, with C in the 

bubble position, a "one" was fed into the chain, and all 

other states were pushed along one place. If n consecutive 

"ones" occurred, coincidence (all stages set) resulted in 

the setting of the output bistable D in Fig.4.10.

With this arrangement, the digitizer signal behaved as 

a sampling pulse generator which also formed the basic drive 

for the whole electronic system. Thus, at a movement of one 

digit (20Atm) the state of the track was inspected, and tho 

result stored in the shift register. As long as no movement 

took place, no change in D could occur. It was found satis­ 

factory to use a value for n of 4. (It may be noted that a
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(See Fig 4.1)
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bubble diaaetcr was approximately 30 counts.)

The present layout of the machine is shown in Fig»4.11 

where it is seen that counter A simply registers the nuaber 

of changes of state of bistable D (giving n in A).
*5» fr

Calibration of internal eqprg

A siaple way of testing the consistency of the readings 

obtained from the device was to aake several measurements of 

the saae section of track. For this purpose, a beam track 

of good quality was selected and measured 25 times. The 

resulting mean gap length of 59.3 counts had a standard 

deviation of £ 2 counts which is satisfactory when one 

considers that four counts are required to identify both 

beginning and end of each gap. The number of gaps was 45.

A further test of the accuracy of the measurements was

carried out as follows: aach section of track was measured%
when the machine wa© driven in each direction. Two answers 

(x,and x n ) for the mean gap length resulted along any one
1 2

•ection. The plot of iCas^-Xg) is shown in Fig.4.12 where 

the aussiaa curve superimposed has a width of 2 counts. 

This is in agreement with the previous result, and it is 

seen from the distribution that most measurements agree 

within six counts. As an average value for the aaean gap 

length is at least 50 counts, the error is less than 4*
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ency in *ae numoer ox gaps. me origin of this w 

gated by measuring a section of track gap by gap.

The symmetrical nature of the distribution in Fig,4.12 

is evidence that no significant hysteresis exists in the 

stage drive.

The most serious source of error was in the inconsist­ 

ency in the number of gaps. The origin of this was investi-

The

counters were read out onto tape after each gap, and the 

process repeated four times in all. The results are 

summarized in Table I where it is seen that the measurement 

of any one gap is quite reproducible in most cases. Lapses 

amounting to 35 counts in a gap occasionally arose and 

sometimes resulted in the complete loss of gaps as short as 

this. Such inconsistencies certainly arise in microscope 

measurements, but the similar occurrence in an objective 

device of this nature is puzzling. It is possible that the 

shadowy - somewhat uncertain - grain structure that is 

evident in the shorter gaps may account for this loss since 

the positions at which the track is sampled vary fros 

measurement to measurement. 

Calibration of external errors

The spread in measured mean gap length on a single 

frame gives a meaningful estimate of the error of measuring 

one section of track, since - provided chamber conditions of

-70-
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temperature and pressure do not vary with position - the 

expectation value for this quantity is the saae oa all 

tracks. Tracks were selected froa both ends of the chamber 

and their measurements - normalized to the average value 

for the whole fraae - plotted separately. The distributions 

are shown in Fig.4.9(b) where they *ay be eoiapared with the 

lacunarity measurements of 4.0(a). The width ia noticeably 

reduced and this is probably a consequence of tho absence of 

the, effect of a spread iniX , It is further noticed that the 

ao a sure-He at 3 from either end of the chamber peak at the sane 

value which suggests that the effect of varying Illumination 

is insignificant.

Errors were calculated from the observed spread in the 

repeated measurement of sections of track and fro.? the number 

of gaps. The average value for boam tracks estimated in 

this way was about 15%. This figure appears to agree quite 

well with the observed spread of Fig.4.d(b). 

Measurement or f the Four Prong Events 

Measuring rrocodure

Fig.4.13 illustrates the order in which the various 

track sections were measured on a typical event. The circle 

represents the centre of the rotatable part of the machine 

and the bar is the far end of the stage drive. Each section
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was measured twice, and the process always commenced at the 

centre (circle end). In this way, any hysterecis effect 

resulting either froa* a machine fault or a greater difficulty 

in following the track in one direction would have shown up. 

At least six beam track sections were measured at the up­ 

stream end of the chamber and four at the other. Thfe was 

purely a natter of convenience, though the input programme 

which processed the results allowed for interruption of 

measuring at any time in order to measure a bean track. 

Every track was measured on the best view (that is the one 

on which the number of crossing tracks was least, or where 

the flash gap was least significant) and any secondary 

track whose identity was sought was measured on one other 

view together with a further four beam track sections. Where 

a track was impossible to measure (because of crossing tracks 

etc.) a symbol was typed onto the output tape to signify 

its omission. A complete set of such symbols was available 

for Indicating the change of section, track or view, etc, 

and the processing prograsae checked the format of each 

event carefully so that no siisidentification of tracks was 

possible. Moaeatua measurements had taken place at a 

previous time so that the correct matching of the ionization 

measurements with these was of paramount importance. The
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former had taken placo in an ordor which depended upon the 

presence of stops, scatters, etc. on the various tracks. 

For simplicity and convenience, the rule adopted in the 

latter measurements was that tracks should be taken in strict 

clockwise order (at the production vertex) on tho beat view 

(i.e. the first measured). Appendix C d^scribos th^ method 

of stereo sorting: which was adopted as well as tho corrections 

that were subsequently employed to allow for track dip, 

foreshortening and depth in the chamber. 

Crossing Tracks

Tho selection of bea*a tracks was usually quite simple 

as thoro were usually store than tho required salni'sura number 

of 10 good clear sections. The sana situation did not 

exist for the secondary tracks, of course, whern one had to 

use as auch of thea as possible in order to maintain stat­ 

istical accuracy. It was therefore necessary to be able to 

suspend measurement whilst traversing crossing tracks, 

dirty narks, flash gaps, etc. This was achieved by a push- 

button held in the hand which would iapoae an inhibit upon 

the digitizer circuitry when pressed as illustrated in 

Pig.4.10.

Faint Tracks

The photosaultiplier signal was on display to tho
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the operator throughout the measurements.Cross malfunction 

of the apparatus was occasionally indicated by ita behaviour. 

Some cheek on performance was also provided by the state of 

the counter display after measuring a section of bean track. 

However,the estimation of whether a given section of track 

was too faint for the machine was sotaewhat arbitrary.

The effect of falntness would be to cause a drastic 

decrease in the apparent number of gaps (or rather - blobs) 

and a similar increase In total length of gap.A histogram of 

the ratio of these two quantities for every measurement aade

was formed in the computer by the data processing programme.
ii

It is shown in Fig.4.14.The shaded area represents the 

secondary tracks which are, as expected biassed very slightly 

toward the smaller average gap length end.It is noticed, 

however* that a very long tail in the distribution is present 

and populated by a minority of measurements amongst which the 

more outrageous results (projected relative ionizationa<^0.85) 

were more prominent. More satisfactory results were obtained 

when a cut-off of 80 ws applied to this ratio.This meant 

that a few tracks were immeasurable, but aost of the rejects 

occurred at the ends of tracks and considerably more 

confidence in the results was felt. 

Velocity Variation of the aeasureaents

The results of the ioniration measurements are
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summarized in Fig.4.15(a)-<d>. These display the relative 

ionization of various types of track as a function of their 

implied Momentum. Though the errors ar« quite large and 

the uncertainty in the abscissae not shown, one cannot fail 

to observe that the results do not show the expected I/A 2 

distribution (indicated by the continuous curves on the 

various plots). The pi-meson curve of Fig.4.15(a) seems to 

be more closely adhered to than the others, but this is 

probably because the majority of th^se partlclos travel at 

relativistic speeds and so have riean sap lengths similar to 

the beam tracks. The heavier particles, however, which have 

characteristically lower speeds, seen to exhibit measured 

ionlzations systematically below expectation. It is likely 

that this is the result of the inability of the machine to 

rogister the smaller gaps reliably. 

distribution of Cap Lengths

Fig. 4.16 shows the distribution of gap lengths along 

several sections of beam tracks measured by the machine* 

In Fig.4.1tf(a) the distribution for one of these sections 

measured by a microscope is superimposed (dotted line) 

and indicates that much smaller gap® are visible by its use. 

It is further noticed that the distribution ceases to be 

exponential below about 30 counts (<v 2f^iua on the fila)
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which corresponds to about one bubble diameter clear gap

between bubble^ circumferences. In such gaps

shading of the negative was apoarent, and the.

failure of the machine to recognize them una^biguou^v

probably the result of the fact that the eye was capable of

more intelligent interpretation.

With the failure to follow the exponential distribution,

it is not surprising that thp mean length of the gaps was
*> 

not proportional to 1/6". The smallest pap length consistent

with the exponential distribution appears to be about 25-35 

counts for most tracks (20-?8i*a on the film or*/ 1 bubble

diameter). This may be compared with the result of Morrisson

i 
et al who found that by usinr a microscope, the mean gap

2 length provided an estimate of 1/S for mean jrap length down

to about fti^ra on the film. In the present case, the average 

mean gap length for beam tracks was about 50 counts which 

meant that one third of the gaps were inconsistently 

measured. The resulting low value for the exponent in the 

velocity dependence is not, therefore, difficult to under­ 

stand. The film used by Iforrisson, though coming frora the 

same chamber, had two main differences. The chief one was 

that the beam tracks had a slightly longer aean jap length. 

The other was that the bubble dianeter was smaller (IftHm

-82-



3
0

2-
5

2-
0 1-
5

I-O

B
O

O

\.

P(
M

«V
/C

)

10
00

15
00

2O
O

O

FI
G

. 
4.

15
 (

c 
) 

U
ni

qu
e 

P
ro

to
ns

.



instead of 20-25^ m).

An attempt was made to reduce the sensitivity of the 

device to the diffraction haze surrounding the bubble images 

by adjusting the bubble discrimination level. The result 

was that better distributions were obtainable on the film 

having good contrast, though more erratic readings were 

obtained from the (more usual) poorer quality film. The 

alternative of removing all gaps less that 35 counts from the 

measurements would hav;? resulted in a grave loss of statistical 

accuracy, particularly on the tracks of higher ionization. 

Consequently, it was decided to accept the less sensitive 

velocity dependence displayed in Figs. 4.15. The fourth 

of these (4.15 (d) Indicates the measurements made of tracks 

ambiguous between K's and /T's and exhibits a reasonable 

separation of points onto two trajectories. 

The resolution of Ambiguities

The machine was mainly used on events where such an 

ambiguity existed (between a K or^- hypothesis for a track) 

and where the difference in 1/& 2 was leas than or equal to

a ratio of 1:1.4. Under such conditions, the 1/f? law was 

aot expected to be too badly violated as the mean gap 

lengths were all fairly large. Consequently, the following 

rules w*re adopted in deciding which hypothesis to take.
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A Measured value:

(a) within one standard deviation of lf> 2 for one hypothesis 

and more than one standard deviation froa the other was 

taken as resolved In favour of the former (31 examples);

(b) more than one but less than two standard deviations

froa one hypothesis but more than two from the other

was also taken as decided (4 examples); 

(e) more than one but less than two standard deviations

froa both hypotheses was regarded as still ambiguous

( 10 examples) ; 

(d) more than two standard deviations from both hypotheses

was rejected (positive tracks) or taken as ambiguous

(negative tracks) (4 examples).

Applying these criteria to the unique K amd tracks with

momentum /^ 500 Mev/c indleated that 8 out of 16 K's would thus 

be wrongly assigned though all but 3 ( out of 48)rr'» would 

be correctly identified. 

Discussion

The results presented indicate that ionization 

measurements a*« possible on the film from the Saclay 81cm. 

babble chamber using the mean gap length method, and an

O

automatic scanning device. A velocity dependence of lA 

was, however, not found, and this was thought to be largely 

the result of somewhat unfavourable chamber conditions.
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Better film contrast would have allowed some adjustment of 

the sensitivity of the device to make the recognition of 

smaller gaps more reliable. Failing this, a larger mean gap 

length would have been desirable as the relative importance 

of the smaller gaps would have been reduced. Maximum 

statistical accuracy is obtainable from mean gap length 

measurements when the value for this quantity is equal to 

the minimum observable gap length. In order to preserve the 

exponential character of the distribution of gaps, a 

reasonable estimate for the latter quantity for the device 

described is two bubble diameters (-%> 500 ( , n in the chamber) . 

The average value for the present film was about 400, -a. Though 

this is not far from optiiun, the necessary rejection of

^ 500A/m would have le*d to an average number of gaps of 

in one machine section of beam track and a similar number 

f<$r one of relative ionizatlon 1.4. As it was possible to 

measure three such sections on most tracks, the statistical 

accuracy could not, therefore, be expected to be better than 

approximately 10%.

A considerable improvement would also have been to havp 

had smaller bubbles. The minimum observable gap appears to 

be related to the bubble size since the limitation on the 

recognition of small gaps is the "diffraction shadow" around 

the bubble image.
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CHAPTER V

Assignment of Events to Final States

After obtaining a satisfactory geometrical reconstruc­ 

tion of each event, the next important step is to test 

various hypotheses for its origin against the measured 

momenta. The hypothesis which most nearly satisfies the 

conservation of energy and momentum is often to be preferred. 

In order to perform this test, the kinematics programme 

(which forms part of the Rutherford Laboratory bubble 

chamber analysis system ) carried out the minimization - by 

an iterative process - of the quantity:

.... (1)

subject to the conditions of energy and momentum balance. 

In equation (1)X is a vector containing the measured values 

(p = momentum,^ = angle of dip and f = angle of azimuth) 

for all of the tracks in the fit.X is the vector containing 

the set of values nearest to theX which satisfy the kinematic 

constraint equations and G is the inverse of the error 

matrix for the measured quantities. Basically, minimiza­ 

tion of (1) is equivalent to variation of the measured values 

ofX in order to satisfy the constraint equations and the 

hypotheses requiring the smallest variation has the smallest 

. Therefore, the use of kinematic fitting was two-fold:
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(a) to test one hypothesis against another (through the 

value achieved forT 2 )

(b) to obtain a set of variables which satisfied the condi­ 

tions of energy and momentum conservation. 

For a correct hypothesis, the probability (P) that** 2 

will be greater than a given amount (x ) may be calculated 

on the assumption that the variables are normally distributed.
. " ,-rW

1 ____ j (n/2-1) -at/2 
l> -A (n) J x « <**

and depends upon the number of constraints (n) . The pro­ 

gramme automatically rejected events that had a probability 

after two iterations of less than 0.1%

The fact that only four constraint equations were 

available meant that n was never larger than 4. This was 

the case for events where the presence of no missing particles 

was assumed so that all the variables were measured. /hen, 

however, the presence of a neutral particle was assumed, the 

introduction of 3 unmeasured quantities corresponding to 

the invisible track momentum components became inevitable, 

and n was therefore r©du»d to 1. Finally, those events
•

where one of the tracks was either steeply dipping, short or 

in any way of uncertain curvature, such that ite momentum 

remained unmeasured whilst its direction was known, contributed
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TABLE I

Hypothesis Name

20001

20002

20003

20004

20005

20006

20007

20008 

200CC

Reaction

7 i:~rr n

K"pK°

(elastic scattering)

(K not seen)

(,V° unseen)

unseen)

20010



to hypotheses Involving n = 0 and 3. It is usual to refer 

to »n n-C hypothesis where n in our case takes the values 

0,1,3 and 4, and this we shall do henceforth. It may be 

noticed that hypotheses involving aore than one missing 

particle were underconstrained and were, therefore, unable to 

be klnematically fitted at all. 

Separation of the Two Prong Events

The hypotheses tried on the two prongs are summarized 

in Table 1.

A common feature of the two and four prongs was that no 

hint of the reaction apart from the occasional presence of a 

stopping proton (or more rarely a K") or perhaps aflr~A~-® 

or K.~--~~"-.i-""-.©"" decay was given at the scanning stage, and one 

had to depend upoa the kinematic fitting programme to a large 

extent. As a result, considerable ambiguity between the 

various hypotheses was found.

The main object of the two prong experiment was the 

investigation of the three final states represented by 

20002, 20003, 20004 in Table I, whilst some interest also fell 

upon the elastic scattering channel, 20001. Consequently, 

we shall not be concerned with any event not having a 

reasonable fit to one of these hypotheses. It may also 

be observed that, apart from 20001 and 20008, all
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reactionswere of the 1-C type (occasionally 0-C) whilst the 

former were 4-C.

After the fitting, a sample of events was inspected 

on the scanning table to check the consistency of the results 

with lonlzatlon estimates aade by eye. The prediction 

made for comparison with this estimate was sec?>A 2 where \ 

is the track dip angle and£ the relativistic velocity 

which depends upon the hypothesis. As a result, the follow­ 

ing criteria were decided upon by the collaboration for the 

separation of final states.

1. All 4-C fits (elastic events) were given priority, and 

accepted if the probability for the fit was greater 

than 1%.

2. 1-C fits witlTfi - probability/^5% were rejected. This 

removed nany ambiguities.

3. Events fitting with probability 5 times (or aore) that 

of the next siost likely fit could safely be regarded 

as unique. Only fits having probabillty^>l/5th of the 

largest were considered.

4. Ambiguities resolvable by ionization estimates where 

the predicted difference was larger than a factor of 

1.5 were resolved by inspection on the scanning table.

5. Any remaining ambiguity was awarded to one (or more) of
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TABLE II

Two Prong Ambiguities

Ambiguous «5fith
Hypothesis* — - - - — rr --------- -T-.U- , - - •••-••- ------ -

I 20001
1

20002 ! 20003 ; 20004
;

: " i '

« —— < ^ '

K p ,-x K""p I | '
s * *
\

-^ K"P7T1
,>

^T7~pK*f

f
1

^K~rr"4

••.
T

! I 6
i

i
1 '

16 ! 4
* ?

1

1 ! 4 . 

..„,,..„ . .

Two of i o _o
2,3 1 4 A ,^

!'

f
ii

0

O

0

7

la

76
«m. •••-"•• — —— -»-oj«. .ii.u.^fci .•.,•..!

|

Unique

i«* .» .. ... . ..... .-.- -^

' 81

97

lie



the hypotheses 20002, 20003, 20004.

On this basis, the number of final fits for Oxford 

events is summarized in Table II.

A few events were ambiguous with one or more of the 

wanted hypotheses, whilst those which fitted aore than three 

before the imposition of condition (5) were reaeasured.

The rather arbitrary decision to ignore incoming TT "* 

andjS/°, •-,_ production channels requires some comment.

Some events having - in addition to two prongs - a 

visible V° had already been analysed and uniquely identified 

By refitting some of these with the kinematics programme 

and scanning for ionization (both whilst ignoring the 

presence of the V°) the results in Table III were obtained.

From this it is seen that the uost highly contaminated 

final state was K'TTt^n which received the majority of its 

misidentif led events from the reaction:

whilst, apart from genuine hypothesis 20003 events, the 

remaining hypotheses were virtually unaffected by \v° or K° 

reactions. However, of the 26^ ° 3^- events, only 3 also 

fitted the 3 body channel: M~"p^, v ^- t?-"" so that the X 

appear to represent an entfcely additional source of contamina­ 

tion from outside any two prong hypothesis.
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-^

Converting the figures in Table III into numbers of 

two prong events by using the ratio of microbarn/event 

equivalents between the 201 and 200 event samples and the 

known cross sections for the reactions:

462 HK 30,, b

^ n"rr° 1216

o + - 
7T ft V600

K°pTr>'° 1180

K°rr%~n 1250 

one may estimate that a contamination of as much as 50% 

in reaction (4) (26% of which could come froa the v>V3j7 final 

state) and 8-9% in reaction (3) (from the hypothesis having 

an extra |f°) could have resulted from the present criteria. 

In the case of/W TT~*, a " independent check on the

contamination was available. This reaction is known to 

proceed doainantly via the production of Y*(1385)

K-p-^ Y* 4'<> 13S5) rr- (3.5 Qev/c)

.A ^T
Taking for instance, the ambiguous 20004 events suspected

+ 
of harbouring such contaminants, inspection of the n:r

invariant mass distribution Fig. 5.1 shows the presence of 

N*+ with a bwad width, but little, if any, concrete 

evidence for the expected Y* events which should show up
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as a somewhat narrower peak centred at a little below 1385 Mev, 

This serves to show that the previous contamination figure 

can be, at worst, an overestimate. However, the existence 

of some pion induced events would tend to decrease the 

importance of the Y*. 

Effect of Pion Contamination in the Beam

As already mentioned, no attempt was made to remove 

the incoming pion events from the sample. As the main 

purpose of carrying out the two prong experiment was to 

study the K*(890) and K*<1400), this was not too serious a 

shortcoming since any event contribution to a "K^" invariant 

mass enhancement near to either of these resonances was 

unlikely to be pion-induced. The fractions of K* resonances 

in these final states are found in the next chapter, and 

they appear to be substantially represented - indicating that 

pion contamination was not too serious. A consequence of the 

contamination, however, was that the absolute cross-sections 

of any of the reactions 2,3 or 4 were unknown. 

Contamination from Events Having Multiple Biasing Neutrals

It may be regarded as significant that the figures in 

Table III indicate no noticeable contamination of reaction 

(2) from any of the final states involving heavy missing 

particles. It is also rather satisfactory to note that
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TABLE IV

Missing Mass Cut-offs

Hypothesis

20002

20003

20004

Missing System

n

Missing Mass Range j

0 - 300 Mev

390 - 650 Mev

800 - 1100 Mev

TABLE V

"Faked" Multiple Missing ° Events

Identity

Number having no 
Fits to Hypothesis 

20002

Number of Fits I Number of
To Hypothesis 

20002
Fits with
Missing 
Mass within 
0-300 Mev

K"p -

64

61

12
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reaction (3) was only fitted by one out of nine events known 

to represent the same reaction with one extra f. The 

missing aass plots of Fig. 5. 2 for the three reactions (2,3 and 

4) are instructive. The actual quantity plotted is the 

squared invariant mass of the missing system calculated 

from the energy and momentum unbalance of the measured 

variables. The uniquely fitting events are indicated. In 

order to reduce the effect of extra jr° hypotheses affecting 

the final states, cuts were applied to the missing masses 

as listed in Table XV. It is clear from Fig. 5.2 that it 

was reaction (2) that was most likely to be affected by 

final states such as K~p -^ K-p-fi0 ^0 , so that a test of the 

effectiveness of these cut-offs was made as follows. Some 

four prong events whose identity was known to be one of 

the following: K~p -^ K~p

were selected, and some two prong events "faked" by selecting 

the K~ tad p tracks, and removing the information relevant 

to the others. After testing these events with the kinematics 

programme against the two prong hypotheses, the fits that were

obtained are summarized in Table V. It would appear from
t,

this that the Aissing aass selctions were very efficient, 

and that one might have expected a very small contamination 

from multfrleTT 0 events.
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TABLE VI

Hypothesis
Nauae

K-induced

TT-tnduced |

8

40001

40003

40007

40011

40021

.40031

/400S1

40052

40053

4O054

40055

140033

40031

40062

I 40071

\40081

Final State No. of rvent
fitting

K-p/fY- 302

^PrrW 415

l*P^n"rr"" 243

K"r^^+ r^n 250

— 4--4-Q 3 ft* 
IT T* tf n ^ * 4

- 4- - 4 O 151-- rr /t r? ^
•* -4- ~ i T i:T Prt rr I71

^nK^K"" 2@

— 4- — O qAOIf Ptr ^ TT 'JOU

rr-pK^rt^K0 58

«»_ *"v"*'w' <' S 9 ^ p -f K A &Z

— ,.4-,,— ̂ O fig ^ pA iv ff a *»

tfrr4'!-r""rf rn 2l3

«• 4- «« 4~ 17 nH rf & K n "1

«• 4- — 4- o T ArtTT-7T fi K ,t 10°

- 4 - 4- 0 a* 
Tt T n K ^. 9 *

s No . a f
loniza
Scanni

281

177

101

93

87

94

U = Unique

A = Ambiguous



Separation of the Four Prong Events

Table VI contains the list of hypotheses against 

which the four prongs were tested. Column three contains 

the number of events having at least one fit to one of the 

reactions of interest. A large sample of events were 

inspected on the scanning table for consistency with ionization 

estimates in a similar way to the two prongs. \s a result 

of this it was found justifiable to reject any fits to a "1- " 

hypothesis having/^ 2 probability of less than 9% 

Ionization Scanning

With this proviso, all events fitting any of the 

reactions of interest (hypotheses 40001, 40003 or 40011) 

were then inspected for consistency with ionization predic­ 

tions and an attempt to resolve some of the more obvious 

ambiguities was made. It is seen froa the figures in column 

4 of Table VI that very few fits to the first reaction were 

ever rejected in this way. The reason is probably that the 

four constraints imposed upon such events were difficult to 

satisfy so that few accidental fits occurred. A frequent 

occurrence was that an event fitting 40001 with low probabi­ 

lity had - by permuting proton and positive pion mass 

assignments - produced a very good fit to hypothesis 40003 

or sometimes 40053. Th© difference was usually obvious in 

such cases.
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Use of the lonization Machine

The method of guessing ionizations as above was quite 

successful on the present film. It was often found, for 

instance, that writing down the guesses for this quantity 

on each track provided a set of numbers which often matched 

at least one set of predicted figures rather well. However, 

this was dangerous, especially when the ionizations were 

below about 1.3 or 1.4 relative to mininua (1.0) as in those 

cases, a guess of 1.25 say, for a track which was for 

example either a K" (1.28) or a ^ (.1.18), could temptingly 

be accepted as the former. It would really be desirable to 

have an ionization estimate with error for every track.

In those cases where the predicted projected ionization 

was either in the range (1.20 - 1.40) or minimu-n depending 

on the hypothesis, the assistance of the gap length device 

described in the previous chapter v*3 invoked. in most 

cases, this meant that a distinction between a 77-" or K~ 

was sought. Only events occurring on film of reasonable 

quality were selected for measurement. This should have 

introduced no bias into the ambiguous events - merely to have 

reduced their number. Some uniquely identified events from 

the better quality fila were also selected for measurement
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In order to calibrate the machine's performance. In this 

way, 104 events were measured, of which 52 involved an 

ambiguity of the nature specified above. The interpretation 

of the measurements is given in the previous Chapter, and a 

summary of the types of ambiguities resolved given in 

Table VII. The term "resolved means resolved in favour 

of the hypothesis indicated. The final numbers of events 

are summarized in columns 5 and 6 of Table VT where it is 

observed that the influence of the machine upon the results 

is only of mild significance. It is now thought that more 

success could have been achieved had the experimental 

running conditions been a little more suitable (larger mean 

gap length and smaller bubbles so that the smallest gaps - 

unfortunately often in shadow - would have been loss 

significant). Fig.5.3 shows the missing mass distributions 

for hypotheses 40001 and 40003 where the resolution of the 

jf ° peak appears to be satisfactory. 

Remaining Ambiguities

A few ambiguities remained in the 40001 sample. The 

93 events still not resolved had the K"tr* invariant mass 

distribution shown in Fig.5.4. The presence of K* (890) is 

observed and indicates that at least a large fraction of 

the events amongst them belong to 40001. (See Fig.7.2)
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Half of the ambiguities were with 40051 - also a 4-C 

hypothesis. All remaining ambiguities were resolved in 

favour of 40001.

Judging by the small number of cases in which an 

ionizatlon estimate led to an assignment to one of the 

Incoming pion associated production reactions any four prong 

events attbiguous only with these were included in the unique 

sample. 

Low Probability Events

The probability distributions for all the reactions 

discussed in this chapter are presented in Figs.5.3(a)-(f). 

The peak in the distribution at the low probability and for 

the 4-C events <.K""p__^ iL-p^*^-) is striking.To investigate 

this, various quantities of physical interest have been 

examined, and it is seen frost Fig.5.5(d) that the spike was 

correlated with events having a saall "missing zaomentuaa" 

entirely in the z-direction. it was found, in fact that there 

was no preference for positive Cor negative) values in this 

direction* and it appeared likely that the anomaly was the 

result of inaccurate aeasureaent.Fig.5*6 illustrates that - 

among the low probability events - an excess of events having 

steeply dipping aiseing aoaentua was present. The events of 

low probability were therefore retained as they appeared to 

satisfy the ionizatlon requirements reasonably well.
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A correction of 5% was applied to other final states in 

the estiaatlon of cross-sections to allow for the removal of 

events fitting with probability below this. 

Four Prong Collaboration

Only two groups measured four prong events at 3.5 ev/c - 

N.I.R.N.S. and Oxford. As different criteria were used in 

their separation, only the 4-C fits have been combined.
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CHAPTER VI

The Analysis of the Two Prong Events
1The discovery of the K**(1400) occurred in the Isotopic

spin substate TZ = -J in the reaction

K~p -^ K°p7T"" (K° visible) .... (1)

so that no clue to its Isotopic spin (which could be & or
2 3/2) was given. The subsequent confirmation of its existence

was also accompanied by a weak preference for T = § based on 
the absence of K** production in any but the zero charge 

state. For exchange of an isospln $ particle (iaplying a

peripheral production mechanism) the relative production
— 4& %r "> K °cross-sections in the two states "t-E————— — ^ would

TT p -T 2j " K

be 27. Consequently, the study of the two prong reactions

K~pTT° .... (2) 

K°p1T~ .... (3) C unseen K°) 

K"*TT n .... (4) 

was of interest. During the analysis of these states, other 

determinations of the K* r isotopic spin became available, 

so that the results obtained from the two prongs assumed a

confirmatory nature.

This chapter is devoted to a discussion of these 

reactions with special reference to the production and 

subsequent decay of the K*>(1400).and K*(890).
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Mass Distributions

Figs.6.1-3(a) show the Dalitz plots and projections onto 

2 2
MM ** e8 for *«*ctlon» (2)-(4) respectively, whilst

l-3(b) show the KN Invariant mass squared distributions for 

the same reactions.

As found previously in the 201s, no strong resonance 

production occurs in either the K°p or p^~ systems, whilst the 

Kff nasses ahow marked peaks at the mass of tho K*(8i>0) and 

much weaker enhancements at about 1400 Mev, taken to correspond 

to the production and subsequent decay of the K**. The 

strikingly large number of events confined to lowest nyr* 

mass values In reaction (4) is due to elastic events and is 

discussed below. Other minor features that are noticeable are

the Y*<1520) In the K~ P spectrum of Fig.6.l(b) and H**(l238)-t 
o

on"*" in reaction (4) Fig . 6 . 3(c) ) .The corresponding docay of 

the ?f** into p^0 in reaction (2) is somewhat less noticeable. 

This surprising result also is probably attributable to the 

elastic contamination present in the low mass n-fi+ region. 

Contamination from Elastic Events

The prolific nature of these events was underestimated 

in the adoption of the selection criteria discussed in the 

previous chapter. In order to carry out a sensible analysis, 

therefore, the following were undertaken:

(1) removal of all fits to the elastic hypothesis
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(i.e. probability >0.l% or X 2 <18.4) 

Investigation of the effect of any remaining 

contamination.

The events removed by (I) are shown shaded in the mass 

plot:* of Figs. 6. 3,t where it is seen that the low taass peak 

in th« mr system remains, though to a much reduoed oxtent. 

It is suggested from the numbers of these shaded events that 

the major contamination from any badly measured elastic 

events might occur in reaction (4). However, the main source 

of concern is the effect - if any - of such a contamination 

upon the decay angles (defined in Appendix E) of the K*'s.

One stay understand the strong contamination of 

reaction (4) from the fact that in this case one needs to 

wrongly identify the proton track which is well measured. 

That this is so is seen from Fig.6.4(a) which shows the 

distribution of measured value for the centre of mass 

system (CMS) momentum of the particle, and it is seen to 

be £ fairly narrow distribution about the expected value of 

1.17 Gev/c. It was mentioned in Chapter II that three 

helices are fitted to the measurement of slower tracks - one 

for each of the masses of the p, K and tT part ides .Consequent ly 

the assumption of the pion «ass for the positive, slow track 

of an elastic event would lead to a wrongly identified
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momentum, though usually in the correct direction. The 

missing momentum thus introduced allows the satisfaction of 

the kinematic constraints of energy and momentum balance by 

the introduction of a neutron having a direction almost 

coincident with the "TT+" . Further, the small laboratory 

momentum of both these particles leads to a small relative 

momentum and low invariant mass. The effect upon the K* decay 

angles (see Appendix E) of such an event is obvious since 

not only do the three particles ( K " , n ,TT* ) have to br» 

approximately coplanar, but the scattering anglo (0,,*) isK " 

peaked at very low values (since this is really the 1-""

scattering angle of an elastic event). Consequent ly, one 

expects a clustering of points about the region co&8,. 1f - +1 

and ^ Ktf = 0 Cor _fTr) . The corresponding effect of elastic 

contamination upon the other reactions is less obvious. An 

idea of its nature may be obtained from a faked sample of 

such events generated by taking the measured values for 

the tracks of events known to be elastic. The assignment 

of the required masses to the charged tracks, and to the 

missing momentum vector in order to simulate either reaction 

(2) or (3) led to the manufacture of events which satisfied 

momentum, though not necessarily energy, conservation. The

scatter plots for these events, i-f l» ft
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and (b» show a aarked assyaaetry. That the failure of these 

events to satisfy energy conservation may have caused such 

a bias is uncertain. However, it is observed that a 

similarly faked sample of reaction (4) events exhibited the 

(cos0, +, tf +) distribution shown in Fig. 6.5(c) which is«, ii ' iv"—IT

Just what one would have expected from the previous considera­ 

tions. 

Conclusions Regarding Elastic Contamination

It is clear that reaction (4) is most-.highly contaminatec 

though any inclusion of elastic events in the other reactions 

would create a considerable bias in the decay angles. 

Consequently, some effort has been made to remove such a 

possibility by excluding events from the parts of the 

(cos 0,0) plots most affected. 

The Isotopic Spinof the K**(1400)

A direct comparison of the two reactions:

K~p->-K**(140(O"'p (reaction (2» .... (5)

I—>K~tr°

K~p ~^K**(I400)~p (reaction <3)) .... <6)

U-o - 
K TT

\

should yield a value for the K**(1400) isotoy.ic spin.

The relative rates for these two decays (K^tT0 :K°ir") 

should be either i for isotopic spin (T=J) or 2 if the
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other assignment (T = 3/2) applies.

Unfortunately, certain difficulties arose as pointed 

out in the previous chapter:

(a) considerable kinematic aabiguity exists in the

identification of reactions (2) and (3) in particular 

with possible incoming pion hypotheses.

(b) some mutual ambiguity exists between the two reactions

Consequently, the events were divided into the 

following claBses:-

1. Unique reaction (2) or ambiguous with anything 

other than reaction (3) - 422 events

2. Unique reaction (3) or ambiguous with anything 

other than (3) - 41*0 events

3. Ambiguous between (2) and (3) - 143 events.

An attempt to remove the elastic events was made in 

the manner described in the previous section by removing 

those with certain values of cos dandy. An pointed out

in Appendix E, this should not bias the distribution of

2 2 A points on the Dalitz plot as the variables "V^* k ^tr* and

should all be independent.

Determination of the Resonant Fractions

5 A method similar to that used by Ferro Luzzi et al

in the analysis of the reaction K+p-^K°pir4 has been used

-104-



to determine the resonance production cross-sections. 

In this method one fits the density of points on the 

!>'litz plot for each reaction. In order to derive an 

expression for this density one assumes that the amplitude 

for production of a resonance can be written as:

.... (7) 
tt2 _ M 2 .. t M 

o o

which, when its square modulus is taken, is the well-known

relativistic Breit-./igner distribution. It is thus assumed

that the amplitude depends only upon the invariant mass U

of the system forming the resonance, the resonant mass 4o
and width P. The latter is connected with the resonance

2-7—5 ——— I 
ẑtr 2J * ij

dfcay amplitude V by: I =. a^JirS ——— I M
2v "*" 1 J

integration being over the decay angles of the resonance.

P S" 
___,._____.._ ___ are given by Jackson and relevant ones are

.,— . p - p

3 aK*

o "''KIT .... (3)

In these pxpreseione the relative moaaentua of the 2

decay products in the resonance rest fraae is p whilst ;*.,

MfT. and mv are, respectively, the nucleon, pion, and Kaon1 K
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masses, and the exprossions normalized such that P= P at 

the resonant mass. pQ is the value of p at the resonant 

mass. As interest lay mainly in the cross-sections for 

the decays of the K** it was only necessary to fit the 

density of points on the n a iitz plot to obtain the best 

values for all resonant masses, widths and fractions. The 

method is discussed in tiore detail in the following chapter 

where the ap?>lication to the many body final states ia 

discussed but it is noted here that the density function may 

be written as:-
2~t

^ J §

.... (9)

where 0 is the phase space density of points, f. the fraction

of the jth process (of which there are k) present, T its
J

amplitude with the invariant mass M as argument as wellJ
as the resonant taass M° and widthP(M.). The denominator3 J

q* is the relative momentum of the system J and the odd•I

particle in the overall centre of mass.

The processes considered in the reactions (2) and (3)

-£ o were : *. p — > K pir

K*(890)~p
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The effect of the Y Tfc °(1520) was neglected as its production 

was relatively weak. The normalization integrals:

,
are very simple in this case since we assume that:-

1. f = constant

2. T is a function of only one mass 

Consequently, integration over one of the masses leads to

the expression for N :

2 M pq A 
TA ^ ^ d*f. 2

f oa ... o
H, - _________

r *•»<•» dM -

where p is the relative momentum of the particles forming

system A in their own rest frame, M is their invariant mass, ' A

and q the relative momentum of system A and the third 

particle in the overall CMS. Equation (10) ensures that G 

is normalized such that: JJ dMR 2 d?^ 2 = f = constant

The method employed to fit the data was that of 

maximum likelihood. The likelihood function was constructed 

from the values of ; for each event and was L given by:
N>n

where the summation was over the MT events.

All variables (masses, widths and fractions) wore
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allowed to vary and the method of -naxlmization is described 

in Appendix D. The values obtained ere shown in Tables I

and II and are in good agreement with those of other
!,»,&••< 

workers. *"lcs. 6. :#> and Jft show the invariant masses

with the fitted curves (solid lines) superimposed for 

reactions (2) and (3) respectively. The dotted lines 

illustrate the background (non-resonant) curves and 

indicate that the K*(8iO) is very pure in the mass region 

0.83<MK <0.9S Mev whilst the K**(1400) has a considerable 

proportion of background events having KIT mass in its 

vicinity. This background includes genviln^ non-resonant 

K—induced processes, other resonant processes and some 

TT-indueed reactions which are assumed to contribute a 

uniform density of points on the Dalitz plot. The curves 

were estimated by generating Monte Carlo events having a 

production cross-sect ion OC IT! for each process.

The effect of interference bwtween any processes was 

igaered or, more precisely, the phase angle O^ which 

appears in the extra term necessary to equation (9) to 

account for interference between a pair of such processes 

A and B :

M . AB
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was assumed to be 90°. !fo noticeable enhancement or 

depopulation of events in the N*K* crossover region In 

the Dalitz plot of relation (E) was noticed, for Instance, 

and It appears unnecessary to assume any marked Interference 

between any of the other processes.

The resulting resonance fractions are oua-aarizcd in 

Table !. The significance of the aethod Just described Is 

that aecount ia automatically taken of any background 

reactions contributing uniformly to the Halltz plot. r t 

appears reasonable, therefore, to accept the cross-sections 

in the last coluan of Table I as absolute, since it is 

unlikely that any events other than those corresponding 

to reactions (5) or (6) would contribute to enhancements in 

the invariant nass of the negative and neutral particles in 

the region of the K*s. Considering the "unique" events alone, 

one then sees that the ratio of K*(890) decays Into K"*7T* 

to those Into i °tr"" is almost correct (1:2) within just a 

little aore than one standard deviation, which encourages 

this point of view. Extending the argument to the K**(:MOO) 

It Is eeen that the observed decay rates Into the two 

charge combinations are certainly (within error) In the 

sane ratio and not the othf>r way round(2:l) as required by 

an loospln of 3/2. ft is seen that the ambiguous events
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cannot significantly affect the conclusion that 

iaotopic snin of the K**(1400) is not 3/2 since, even if 

all of them were considered to belong to reaction (2), 

the maximum number of K**(1400)-^ >f'"TT° that could be 

collected would be (4^.8 + 11.8) + (10.9 + 3.4) = 75 ; 9 

to be compared with the smallest nunber of K**(1400)-^ 

K°rr~ of (71.8 - 22.1; = 49.7 giving a ratio of 1.52. 

Decay of the K* Resonances

rie in the Dfecay "> ist r ibut ions

Fig. 9.9. illustrates the throe bo-Jy final state in 

the K7T rest f ra ras . The notation employed is the same ^s 

that used in the discussion of the kinematics. (Appendix E)

As a consequence of parity conservation, some si'n^le 

results follow which have been used in the analysis. 

Applying the parity operation to the decay, one sees in 

Pig. 6.9(a) that the vectors K f and" change places. Th- 

resulting situation (Fig. 6.9(b)) is therefore expected to 

occur just as frequently as that in Fig. 6.9(a). Consequently 

the decay distribution is expected to be symmetric about 

*= """/a. A similar result may be obtained by the 

simultaneous change of 0 to 71" ~ * and ̂  to ^ + TT so that 

symmetry with respect to such a change is also expected.

A further result follows from the fact that in a 

two body production process involving only strong interactions
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if the,* initial state is one of randoa polarization, both

initial and final states arc symmetric under the operation
'7

where P is the parity operator and ^jCjO causes 

a rotation through angle^ about the y~aais. Applying these 

two operations to Fig. 6.9<a> leads toCS(c) where the 

small arrows indicate the spine. It is observed that th^se 

have all changed sign whilst the momenta remain unchanged. 

Further-Bore, the sign of p has reversed. Thus, in such a 

process, one expects no polarization of the K* in the 

production plane and a further condition on the decay 

distribution is that it is syaaetric about /= 0. If T 

denotes the decay distribution then we siay summarize the 

results as follows:

, cos (?<• ) =» T(-cos 0 , ^ "i-^^-cos <X. )

-^,cosct) .... (12) 

T he :> e n* 1 1 y M at r tat
i,

3 th*r The method *«pl©y»d to determine the spin of the
\ 

was to exaalne the decay distribution to test whether

or 2* provided the better description for the observed
'\ 
'i

distribution©. Higher spins were neglected

and unnatural spin parities forbidden by the fact ^that 
& 
KTT decay is observed. it Is usual to define the density

$ & i ~ '>, * -

matrix p by: 7 <Q> = Tr(/> Q> where Q is soae physical 
I aiai* I
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observable. Other properties of this spin-space matrix 

include:-

1. It is Heraitian

2. °^/? aai ^ 1 an<* X> Is real

P . ~ P . ' / sin / a a

3. Tr^?l) = Tr<^> =1 (I is the unit operator)

. which follows from *-a, -a 

parity conservation.

In the magnetic quantum state representation,/? 

a particle of spin J requires 2(2J+1) 2 real quantities in 

its complete specification. However, in view of some of 

the constraints imposed above, this number is somewhat 

reduced. (e.g, to 14 in the case of a spin 2 particle). 

For the decay of a state of definite spin-parity Jp into 

two spinless particles, the amplitude can be expanded in

orbital angular momentum states |J t m> = Y^,
J

Using the definition of the density matrix it can

therefore be shown that the distribution for such a state

9 decaying into 2 spinless particles may be written as:

cos C7 j Of ma 1

.... (13) 
where the Ys are spherical harmonics and the unit vector

0t has the azlrauthal and polar angles 0, Y defined above. 

Explicitly: for spin 1~-» 0"0~
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f (cos 9,

He

and for spin 2*-^ 0—0—
.... (14)

W .15
16TT

cos4^sin4 6

.... (15)

The factors 3/4irand 15/10tTnoraalize the integration
J* 

IB m
J J A Aof tho product Y Y over " an d V to unity.
MM*

K*<890)~Decay

Selecting ail events in reactions (2) and (3) 

having a K TT invariant mass between 330 and 950 Mev, we have 

chosen a sample containing so%> K*(890) with some background.

Choosing, also a eaaple having between 770-830 Blev

or 050*1010 Mev we have *>% K*(800) and background. 

Using the method suggested, for instance, in reference 

to determine the components of the density matrix by 

background subtraction, the foraer events were given a 

weight of one and the latter the weight of minusoneln

analysing the decay distribution. In this way it was

-113-
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hoped that the effect of incoherent background would have 

been removed. The method of maximum likelihood involves

the construction of the likelihood function:
N 

L(f» = £ Wl in W 1 (coefl1 ,^ 1 ) .... (10)

where WA is the weight of the ith event (of which there 

arc N) and 0 the density aatrix with ^ (cosdi , ^ , 0) being 

the value of the distribution (equation (14)) for the ith 

event. This method was adopted, and the simultaneous

variation of the three para noters^ 0()f A^ an I ReA 0 waa 

carried out again by the procedure outlined in Appendix D 

in order to ^axi-nize L. It should be observed that 'V is 

already normalized to unity. However, removal of events 

from the (cos $,^) plot as suggested to remove elastic 

contamination invalidates this norraa lization since one must 

now ensure that

where « and/3 are defined in Fig. 6.10.

is unity. The normalization factor therefore depends upon 

the density matrix va?ues. A way of overcoming this is 

illustrated in Fig. 0.10. After reiaoval of events from 

region A, the plot tiay be repopulated by events from rp^ 

B and C. This follows fro;n the eyiaaetry principles

established earlier. Consequently, region A events wer
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TABLE III

The Reaction K"p

Element

i
:

P 00 

f 1-1

' 00

1-1
Re 1()

P ~~ \ o olf 1-1
R*>10

Re * 2 0
-Pll
Re?2-l 

P 2-2

f 00

r 1-3
! ReflO

Re!i>20

Pu
Re /° 2-1

| | 4& ""* *& 
t |

H

K*°(890)

K* - (800)

K*'°(1400)

K*^ (1400)

!

Experimental

---

0.45^0.09 
-0.04^0.07 
-0.04^0.04

0 . 24_H> .06 
0.18^0.00
o.osTo 04

0 85^0,08 
-0.18^0 04
°- 00±° ° 6

0.04'rO.Ol

-o.ie fO.os

-0 . lOjrO . 10

0.30+-0.03
-0.02^.0.00

0-00+0.09

0.10^0.11

; unadorned 
Peripheral Model

Vector
Exchange

0 
0,5 
0

0 
0.5 
0

0 
0.5
0 
0
0

0.5
0 
0

0 
0.5
0 
0
0

0.5 
0 
0

Pseudo
Scalar

Exchange

1 
0
0

1 
0 
0

1
0
0 
0
0
0
0 
0

1
0
0 
0
0
0 
0 
0

i
absorption 

Model
Beat Fit

0.55 
0.09 

-0.08

0.20 
0 20 

-0.04

-0.02

im
-
-

-

0.45 
0.25
-

«.

i



TABLE in (Cont.)

Resonance ,og-Likelihood Ratio (2* : 1")

(1400)

<1400)

14.3 18.4

22.1 4- 14.4

T A- Suet*- — Prwate Co«\«v«An»c*.h'or\ .

TABLE III a

K*"(1400) Density Matrix

L
Matrix Element { Spin 1 Spin 2

f oo

1-1

10

0.71 0.14

0.06 0 .09 See Table III

0.00 O.Ob



rejected and those in B and C were counted twice.

The values found for the density matrix elements 

are summarized in Table III for future reference. Curves 

calculated from these values are superimposed upon the cos ̂  

and </projections in Figs. 6.11(a) and (b). 

Spin of the K*»(1400)

As already noted, the possible spin-parities for a 

particle decaying into KfT are limited to the natural values: 

0 , 1~,2 ,3", etc. However, the observed decays into K*7T 11 » 12 

and K TTtT are prohibited to a 0* particle. Spins higher 

than 2 were neglected. Consequently, the only values 

considered were 1" and 2 .

The decay distributions expected for these two values 

have been quoted in equations (14) and (15) where it is 

noticed that for spin 1*" there are 3 and for spin 2 there 

are 8 unknown parameters. In order to compare the two 

cases, then, one must first determine these parameters for 

each case separately. In order to do this, the aaximum 

likelihood method was used once more with the parameter 

variation being carried out in the manner discussed in 

Appendix D. The resulting values are summarized in Table III*, 

for both cases and the two values for the likelihood function 

compared. Denoting these by L^and L^for 1"" and 2 

respectively, the probability ratio R is given by:
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.3
1 A X

where R is greater than unity if spin 2* is preferred.

Though this represents a large factor in probability 

the result is not so impressive when one considers the 

results presented in the foria of Fig.6.12 where the cos^ 

and d distributions are shown separately, each with the 

fitted curves obtained by integration of V/ (solid lines)
ft

and W^ (dotted lines) over the other variable - superimposed* 

These plots also indicate the meagre nature of the data, 

for it is unfortunately true that the background in the K** 

region is considerable and subtraction by the method 

indicated in the previous section to give the distribxttions 

of Fig.6.12 leaves only few events. It is further noted 

that the 2* case is allowed 5 more degrees of freedom than 

the 1" so consequently more chance to provide a better 

description of the data.

It is possible to estimate an error for this likeli-

13 
hood ratio, and this has been done as follows. The

expectation value for the likelihood ratio is:

(C , W<>vN I I 1 n ( —•-' ) W NJJ ln ( Wi >W.

for N events assuming that the spin is two. The correspond­ 

ing expectation value if spin 1" is true is:
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a = Mjj ln(-r2)W 1

The error on the ratio nay be calculated from:

ff a (R) 2 = N( <R2 >2 - 

where the suffix 2 refers to the spin two case, and the 

first term in brackets is the second moment of the likeli­ 

hood ratio. A similar expression aay be calculated for 

•pin 1 and the results are summarized in Table III. It is 

apparent that spin 2 is preferred. 

The Peripheral Model

So far, attention has been concentrated upon the four 

variables MN 2 ,MK 2 f $Ktr and ^KTrwhich are necessary to the 

specification of an event. However, a slightly different 

aspect of the data is revealed by an investigation of the 

distribution in t. r (defined in Appendix E ) . Fig. 0.13 shows
N

the t,, distribution for all events K""p -^ KKtT constituting 

reactions (2), (3) and (4) and indicate that the majority

of interactions occur within the aeson cloud surrounding
14 

the target proton. Chew and Low suggested the

peripheral model description of such interactions as a 

possible means of investigating scattering reactions where 

both of the participants are unstable. For instance, 

neutron-neutron scattering could be studied by the

investigation >of neutron-deuteron reactions. They pointed
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e> (exchanged system)

B d, etc

FIG .6.14

e5 (exchanged system)

FIG. 6.15. (a^ Production of K*

C=|J,M>

FIG. 6-15 (b)



out that reactions such as (see Fig.8.14)

15 ,
involve & term: V l (A+e-»C -^1+m) ——— i-~ — V L L (B+e-»b+c+ ...)

t-rae

.... (17)

in the matrix element where e is the exchanged system 

indicated in Fig. 6. 14 and a its mass. In this, t is
Q

th« momentum transfer to the resonance C and V x and Vj, are

th* amplitudes for the two vertices I and II including

spin factors. In the limit that e is a real particle,

these become the actual cross-sections for the real processes

indicated within the brackets. However, the expression for

t: t = UA 2 ^C 2 > - 2EAEC + 2pAp c cos0*

where ra,£,p refer, respectively, to the mass, energy and

3-ffloaentum of the particle denoted by the subscript, is

bounded by the physical restriction oh cos#* (where^* ~

the centre of mass scattering angle) * that it lie* between

+1. Consequently, the lower and upper values of

t me given by:-

where E is the total CMS energy and D is the particle 

system b + c + as indicated in Fig. 6. 14. The corresponding

diagram for the reactions:
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K**N

ha. «A = 0.404; .B = 0.938; ^ = MR and ^ = «B and 1. 

shown i» Fig. 6.15(a). The Chew-Low plot of Fig. 6. 16 

demonstrates the physical bounds on tN (aoaentum transfer 

to the proton) as a function of •C (=MK ) and illustrates 

the fact that* it is never allowed to go positive. (The 

plot actually shows A 2 = -t as ordinate). However, the
4»

distribution does show a marked tendency towards low t^, 

values especially in the regions of the K* resonances, and 

leads us to accept that the single particle exchange terai 

might well dominate their produetion amplitude.

The assumption that this is so leads to considerable 

siatpll ficatlons ̂ under certain conditions, to the form of 

W and W (equations (IS) and (16)), since the natue of
I A

the partlele exchanged imposes restrictions upon the 

allowed aagnetlo quantum states m of the produced resonance. 

The Exchanged System

The only restriction upon the spin parity of the 

exchanged system is that it cannot be 0* for production of 

either K*(800) or K**(1400) since they both have natural 

parity. This can be «een by referring to Fig.6.15(b)

which shows the incoming beam (K~) and exchanged aystea e In

-119-



the resonance rest frame. He now classify the spin-parities 

of the exchanged particle (denoted by ., J Pe with 

similar notation for other particles) in order to ostiaate 

the effect on the decay distributions in the following 

three cases:

•-.iser (a) pseudo-scalar exchange J Pe = 0"~
€5

(b) natural parity exchange P = <-l) Je

(c) unnatural parity exchange r^ = (-l) J ej_ 1

(a) If one considers Fig.6.1S(b) it is apparent that 

whatever the spin (J) of the resonance C, the orbital 

angular momentum of A and e will be J with J E -- 0 (2 is 

the direction of A. and e in this frame). Consequently, 

the z-component of the resonance spin is zero and the 

density matrix is all zero except for yd (required to be 

unity by the trace condition).

(b) Natural parity exchange leads to a coupling between

L and J such that the resultant has angular Momentum J. 
e

Consequently, the allowed values of L are J^J^L^J +J 

Conservation of parity requires that F^ . (-1) (-1) = (-1)

.... (18)

(for resonance of natural parity) As i' A = -1 for an 

incoming K aeson, this axeans that J +!• aust be odd if J is 

even and vice versa. How consider th© amplitude contribut-
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to aero ^-component of the resonance-''. This will be 

proportional to the vector coupling coefficient <Je '*- o| JM>

since the z-component of T , must be zero with v = M ~ 0
e

This is zero unless J e +I,-fj is even. But this has already 

been shdwn to be not possible if parity is to be conserved. 

Consequently, we expect a depopulation of the M ~ 0 states

and the density matrix elements P - 0 in both (15) and (16)./ o»o

<c) Unnatural parity exchange allows, by exactly similar 

argument with an extra (-7) In equation O8), only «»v^n 

values for Je + !.-*-J . Consequently, no restrictions on thr 

/!>_ values arise from this source.

Possible candidates for exchange areTT,lO , X°, CJ >/) , f O9 jf 9 

A O anongst the known mesons, and since all but the pseudo
45

scalars are of natural parity, tha only component of the 

density matrix having oae index aero is expected to be
*

This is in qualitative agreement with the results in Table III. 

Further,the consistency of the^2 values with zero in tlu» 

case of the II* (1400) can be taken as evidence for th» 

lack of any spin 2 exchange, since M = Jh 2 for the 

resonance can only arise from Jc = 2 as !, E = 0. This lack 

can be appreciated when one considers the masses of the 

possible candidates for spin 2 exchange <fo ,\ 2 ). T ° both 

cases the physical region is very distant fron the pole,
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and their pol« contributions to the scattering cross-section 

are not expected to be large. 

The absorption Model 16 ' 17 ' 18

The peripheral model enables one to calculate 

physically interesting quantities (decay distributions and 

momentum transfer distributions) for reactions of the form 

a + b«— ̂c + d. In what follows, the exchanged particle is

denoted by e. Expressions for the t distribution predicted
19 

by the peripheral model are for pseudo-scalar exchange.

G 2 g? JT a c 2""' " w
dt

[ ( »b-md )2- t1 2
*• - - L ._ ^ 4 V f * \ • *(« 2. t) 2 " '<t>

for production of a 1"* particle, aoo For the exchange of a

vector particle the corresponding expression, is:-

2 <G v+rT ) 2«£ = *!.—^L-J-ijl-l ]-7-^ *c 2a c 2 i (iab-«d ):
dt 4TT 2«,, a sq z * -, Z -t i <c ' e

i I
[ 47T " 4 TT < ab +md )2 3

for 1 production.

In these expressions

'.• = coupling constant at the baryon vertex
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g -- coupling constant at the v~rt<>* 4
* *•'-* involving the mesons

a = total centre of nass energy

q ~ centre of mass momentum

. 2 _ 1__ P. , *1 f , z7a c ~ ———2 l t - Cm c +aia ) I • Lt ~ (ffl c" m a ) I 
4m L »JU C »J

e
3 = sq 2 q' 2 sin 2 ^

where & = centre of mass production angle and 

q*= final centre of aass aomentun.
T 

V = 2°
y —

v = 2-y

These curves arf- drawn on the experimental K*(890) 

^"distributions of Fig.6.17 and illustrate one of the 

fundamental difficulties of the peripheral model - that 

the calculated slope of this distribution is not nearly

sharp enough. Various attempts have been aiade to modify

20 21 22 the calculations to overcome this. ' ' However, the

most popular modification appears to have been the 

absorption model. In this the effect of elastic scattering
/•

in the initial and final states was calculated such that 

competing processes which were not considered to contribute 

to the cross section were taken into account. It was, 

therefore, assumed that in region A of the diagram Fig.6.13 

only elastic scattering contributes to the peripheral (one
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particle exchange) and that, further, only elastic scatter­ 

ing in part C contributes to the required final state. 

The fact that inelastic processes have smaller cross 

sections than elastic ones is the Justification for the 

neglect of the contribution from inelastic processes in 

the initial and final states which nevertheless contribute to 

the sa>me initial and final states. It is, furthernore, to 

be expected that the lower partial waves will be -acre 

depleted by inelastic processes than the higher ones with 

subsequent sharpening of the t distribution.

The absorption model calculations for 1"* and 2 

production have been tested against the 2 prong data by 

Dr. A. Segar of the Rutherford Laboratory and variations of 

the parameters > andn were carried out to provide the best 

agreement possible with both production and decay angular 

distributions. The values of£ and « are:

f GT 
n - KK*V I ~ ——

8 G - KttK* trpp

where V denotes the vector particle exchanged, K* refers 

to either of the K*s and f,g and u are coupling constants 

for the vertices indicated by subscripts. Superscripts V
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TABLE IV

Reaction
+

*~(800)p

~"(!400)p

0.8 + 0.2 0.6 + 0.2

0.5 + 0.3 -1.5 + 0.5

*>K*°(890)n 0.10

o.e

0.04

1.9

The errors on these quantities have little

meaning as they are strongly correlated

oIn particular the values for K* u (1400)

production are consistent with pseudo-scalar

exchange ( ~< ~ ,=0) through the fact that thej

likelihhod contours in theEv -v, plane indicate

a constraint of the form ., = 2



and T refer respectively to vector and tensor coupling.

The method of fitting was one of maximum ilikelihood. 

The calculated distribution of t and of the anglesl and^ 

were compared with experiment to fora a likelihood function 

which was a product of the t distribution and that of the£ 

and;? values. In this way, the effect of t upon the density 

matrix which is a consequence of the absorption was 

neglected. The calculated production angular distributions 

which result are shown in Figs .6.19 where they are compared 

with experiment, and the predicted density matrix values 

are included in Table III. The best values of 5 and r^are 

summarized in Table IV.

Production and Pocay of the aero Charged K*§

A similar analysis has been carried out on reaction 

(4). The decay density matrices and production cross- 

sections for the two K*e have been found in a manner 

identical to that used on the negative K*s.

In this final state, one might think to eliminate 

the elastic contamination by omitting the events from the
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lower half of the Dalitz plot (corresponding to low 

mass values). However, some difficulty would have arisen 

by doing this as the angleg would suffer some bias. 

That this should be so is not obvious since6only depends 

upon the nih- invariant mass because the momentum transfer 

t^ is preferentially small. This makesg andO(the"decay" 

angle) not very different. However, as a consequence of 

the symmetry implied by equation (12) one might remove 

events from the Dalitz plot having cos^ such that the n^"1" 

mass is small, and repopulate with events having the 

opposite sign of cosdx. Unfortunately, however, this 

would make the density of points on the plot somewhat 

complicated unless one removed the whole N*. Consequently, 

the 0,Q selection was chosen as a filter for elastic events 

since this was anyway a more direct means of removing any 

bias in the decay distribution of the K*°s.

The first stage consisted of the determination of 

the masses, widths and fractions for each of the processes 

included '
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TABLE V

Production Process

K~p -^ K*(800)""p

Cross Section C b)

750 £ 70

280 JH 80

553 ± 04

31S + 01



K*°(890)n 

K**°(l400)n

in reaction (4). The resulting values for masses, widths 

and cross-sections are included in Table I.

In the decay analysis, the method of maximum likelihood 

was used as before, and the density matrix elements are 

included in Table III. A striking difference is observed 

IB this ease. The negative K*s appear to be produced by 

almost pure vector exchange (more precisely-natural parity 

exchange). The zero charged K**s f however, seem to prefer 

a pseudo-scalar exchange production mechanism. This tends 

to indicate that <o exchange is an important part of the 

production of the K* since its isospin is zero. It further 

Indicates that thepK*K; coupling is weak.

The relative rates of K*"" and K*° production in the 

oases of both the 390 and 1400 resonances yield information 

on the ieotopic spin of the exchanged system. The ratio 

of 4:1 expected for K*°:K*~ for simple isovector exchange 

follows if we assume a value of $ for either K* isospin. 

The observed rates are summarized in Table V where it is 

clear that pure Isovector exchange does not account for the



whole cross-section. Instead, an admixture of some

of isosinglet exchange is required in the case of K*(890)

and 72% in the K**(1400) production. The decay of the

K*(8SO) into either 60 K or n iv is energetically impossible,

but it appears that we aight expect to see K**(1400) decaying

into these systems.

Y* Production in the Two Prongs

The presence of Y*(1520) in reaction (2) has been 

previously acknowledged and has an estimated production 

cross-section in the reaction K~p -> Y*°( 152O)Tr° of 162^ 30>«.b 

after correcting for the unobserved IC°n Decays. The lack 

of any other noticeable Y* enhancement can be understood 

from a simple interpretation, of the peripheral model. 

Figs. 6.21 Indicate the simplest single particle exchange 

diagrams which indicate that either a baryon (Fig.21(a)) 

or a strange particle (Fig.2Kb)) must be exchanged. It 

appears that oit-her such mechanisms are forbidden or at 

least highly damped, or that the prolific K* productions 

awanp any such effects. Baryon exchange was noticed in

the reaction:

K~p ~> Y*(1815) QTT°<3.5 Gev/c) .... (22)

U£ -^
where the Y* was observed to have a forward production
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angle. The corresponding process should be observed in 

the two prongs in react

Lj K"*p

No noticeable enhancement appears in the K~p mass spectrum 

Fig.6.Kb) at this position nor any structure in the 

K~p production angle as a function of mass in this vicinity. 

The statistics are limited but the expected number of 

events is 71 if the branching ratio

T; = 0.12
Y*(1813) O

is assumed as the:isotopic spin of the Y* is zero ando
2 3 the cross section for reaction (22) is 40

This figures is inconsistent with the observed 

rate and the production angle of the K"~p system, though 

not obviously biased in the backward direction, certainly 

shows no forward peaking. The lack of Y*(1815) in 

reaction (2) perhaps indicates the presence of final

state interaction in the reaction K"p-^ Y*°7T° wheno

the KN decay mode occurs.
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CHAPTER VII

Analysis of the Four Prong Events 

The reactions under study in this chapter are:

K-p -^> K-p- . .,. CD

K ~p/r rr~rr .... ( 2)

K~rr jr rr~n «... (3)

though a comparison of reaction (1) with the reactions:

,.— 7,o o - t , xK p -»s> Kj-ppp- . , . • ( 1 ) a

, v . . . . < 1 > b

is also made when relevant. It is proposed to deal with

reaction (1) first.

Two Body Invariant "dass Distributions

These are shown in Figs. 7.1^.6 where it is apparent that 

enhancements in all but the K-7f" spectrum are observed. The 

dotted curves are Lorentz invariant phase space calculated on 

the assumption that no resonances occur and that all angular 

distributions are consistent with a statistical non-interacting 

•ystem of particles. It is clear that the following single 

resonance production processes are present :-

.... (4)

T+ .... (?)

K~pf°( 75 o> •••• (8>
-130-



Fig. 7-3

M

O



and that the presence of Y{<1765> or YJdSls) in the K"p 

apectru* is ^nett 4l ^ aif icant

A notable exception froa the two body resonances is the 

I*»*<1400) whose observed decay into K~n"* »ight have been 

expected since it has isotopic spin$. However, a similar 

absence was noted in the other four body reactions at this energy

+ i*3 and in the corresponding K- reactions at similar energies. The

suggestion of Goldhaber et al fron their K*p data at 4.6 Gev/e 

that a strong K**(1400> N*(l238) production aeehanlaa is favoured 

is possibly an explanation for this as the threshold for this 

reaction is only just exceeded at 3.5 Gev/c. However, the 

absence of events I See Fig. 7.2.) with MR_ + above 1320 Mev 

except for a brief reappearance at 1360 - 1480 tfev nay be 

regarded as significant. 

Possibility of Interference

The strong production of both K*°<800) and N*++(1238) each 

of which requires the only 77* la tbe reaction leads one to 

expect interference between the two resonances. in order to 

demonstrate the lack of this to a serious extent, one say inspect 

the Dalita plots of Fig. 7. 7. In these, the K~jf invariant aass 

squared is plotted against that of the p^-p, for various K
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mass selections, fn all cases the K*° and M* 4"1" bands are clearly 

defined, though the intensity of points within the crossover 

regions is not vastly different from that expected from an 

incoherent sura of the intensities elsewhere within the bands. 

The background density of points on these plots is difficult to 

calculate, however, owing to the spread in >,r momentum (which| 

alters the boundary of the ; lot) and is not likely to be 

uniform except perhaps at the highest K~p -~t mass selection 

(Fig.7.7b) where such a spread is least sign!fleant.In this 

case the absence of either strong constructive or marked 

destructive interference between the K*° and the M** 4" is 

apparent. 

Three Body Invariant Masses

These four distributions are illustrated in Figs.7.8-11. 

The K""p rr1" and L."p^~ spectra are interestingly different, 

though the more peaked appearance of the lattor can be 

explained in terms of N* "*"*" product ion . Se ' ect ing the events 

having prt" mass between 1190 and 1290 Mev yields the shaded 

distribution illustrated in Fig.7.S.It is clear that for low 

backwad p,^* masses the K~J" system travels fast In the 

forward direction in the overall centre of mass giving the 

observed high K.""p ~ mass enhancement. r^part from this, however, 

the only noticeable anomaly in these spectra is the broad

hump centred at about 1400 Mev in the £""_*__/" system.
<; 

Evidence that this corresponds to the process
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K-p~=? K**<1400)-p 

L7 K. + .K IT n
is offered later, but the suggestion is taken for granted in

the following section.

Estimation of Resonance Production Cross-sections

It is apparent that this final state is somewhat complex 

as resonance production clearly accounts for a large part of it. 

The previously discussed 3 body states could be quite woll 

represented on the Dalitz plot where at least one could 

simultaneously observe all invariant mass combinations. The 

corresponding plot for the present state would require a further 

3 dimensions (owing to the presence of one further particle) and 

it is clear that the resulting Multi-dimensional representation 

would be interlaced by resonance bands in a very complicated 

way. In order to determine the fraction of each resonant 

process contributing to the overall final state, therefore, one 

May project this distribution onto any one invariant mass axis 

by integrating over all the other masses and deteraine the best 

mixture of background + resonant (Breit-Wigner) curves describ­ 

ing its shape. An alternative way is actually to find the best 

set of resonant masses, widths and fractions describing the

density of points within the multidimensional phase space.

5
Such a method was first used by Friedaian & Ross in the analysis
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of the A37T final state produced by the K~p interaction at 2.45 

incident momentum, and is now described.

Consider an n-body final state produced by the scattering 

of a K~p systea, and let RO be the total phase space available 

for such a reaction. If this is Lorentx invariant It may be 

written as

dp 2 .....f£n * J3(So - P) 
2£ 2 2En t^i 1

* <f< £E< - E> 
i = l

where P is the CMS momentum and £ the total energy. If one then 

considers the production of a single resonance between a system 

of K particles in this state as in Fig. 7.12 one nay write 

the cross section (0* ) as a function of the invariant mass of 

that system <HK > as

a
tt C* 2 - M2)2+ "

where K is the resonant central atass and P the mass dependent o

width. This is the familiar relatlwistlc Breit-Wigner function. 

The factor Rn_K+l* E * ls th0 total phase space available to the 

n-K+1 particles In the final state one of which is the resonance 

having Baas Sg.

It is possible to show that the differential mass spectrum 

of the systea M in the absence of a resonance can be written
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K

where R n-. K4. 1 is the factor referred to above, and R^ClR 5 is the 

total phase space available to the K particles in their own 

centre of mass system. In the case K = 2 this is proportional 

to P/MK where p 10 the relative momentum of the two particles 

In their own CMS.

Therefore, for a two body resonance (8) may be written as:

__ )b
"1 •* . ~2

p
JX

One may differentiate this cross-section with respect to as many 

further independent invariant masses as desired to yield the

factor: \ Rn

multiplying the term in square brackets above. If s is the 

maximum number of degrees of freedom allowed (depending upon n) 

then fi is a simple product of momenta and is illustrated in 

Fig. 7.13. for a four body state. One keeps subdividing the 

particles into pairs for each of which there Is a relative 

momentum p. (for the ith pair) in their centre of mass of the 

pair. Then the cross section for one process may be written 

an ,|T| 2 /? t say. Making the assumption that all processes are 

independent, the cross-section as a function of the Invariant 

masses (Mj.) for the ith event can be expressed as a sum of the

-135-



C
M

,:
 o

ve
ra

ll
C

M
a 

r 
C

M
* 

-

ce
nt

re
 

of
 

m
as

s
of

 2
3
*4

 
of

 
3 

+ 
4

F
IG

.7
-1

3



partial cro as- sections as follows:-

t.r.)

The subscript (i) on Vindicates the dependence of this quantity 

upon the total centre of mass energy which in turn depends upon 

the beam momentum.This is assumed to be the same for all events 

in the present analysis so that i may be dropped.Subscript (J) 

specifies the process under consideration which is assumed to 

contribute a fraction f, to the final state, and the normalisation 

M . ie given by:

"whore integration is over all invariant masses. It is therefore 

the single integral ,

•"j-fw^v-j1 ••• >110)
J c) 4 j

if »« ia the invariant «ass used in the amplitude T .. •„
J • *,. ** * ^ j. * i

The application of this simple mode} to the events under 

study involved the construction of the log-likelihood function

^ (^ I T/ 7L = ^ln.)<^f LjiLp* (non-resonant term)> .... (11)
* •'(. 5 **'' •* 

and we see that the factor/0 was unimportant as it was a constant.

The non-resonant process has amplitude \ T01 2 - 1 and contributes

a fraction f = 1 - < /̂ f 1 to the final state, and the normalization
• •* J . /•"•

(10) is seen to ensure that \^( M^ 2 )dM 2 over all masses was equal
4 */ *

jf* t • . fc, " * *^ - - -• " ; •Cf ' - j 
to unity. The expressions used for the resonant widths were :

mt• • O

for and K*°(800): J1 = Po(T")
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for 5
«• *» «l "" «•*

IfCfM J. - * 2 « *P r-i \ IM _ + m / •» m._ 
= (\ JlfL_Ji———2-

L MA? J
N* '-^ ) 3

2 I pV J °
and for y*(lfl20) 1 K**(1400): P =o ' „

where p was the aoaentua of the particles in the (2-body) 

resonant centre of mass and subscripts zero referred to 

quantities at the resonant masses. For the 3-body decay

(K**-^> KTfrff") the overall factor l/R g (MKTTTy) replaced the M/p

6 
factors used in the 2-body resonances. This was calculated from:

ix
2£ K

A *J

* W K - 2MKTTTT EK )

where £ = total energy and m = mass of the particle whose 

subscript is used, and
<•* 4 , +.# \. •*• m -f

p = ] L KM TT_____ rr*r_______ir-_______«V -* *- «-TTTr______ fr^ TT.**
max

The method used to perform the maximimation of L (equation 

has already been referred to and is described in Appendix D. It 

is clear that the alteration of a resonant mass or width requires 

the re-calculation of the relevant normalization Nj (equation (10)) 

so that the resulting maximisation process was very time 

consuming. In order to fit masses, widths and fractions to 

each resonant process, sixteen parameters were varied (the
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TAB LE I

Jaximum Likelihood Resonance Parameters

Resonance

K*°(890)

* N*++(1238) )

)
N*°(1238) )

K**~(1400)

n°(750)

Y*°(1520)

Maximum Likelihood

Mass

396.94;3

1209,9+8

1428. 3+1S

722.7+;24

1519,8+11

Width

49.0+2

167.4+7

135.1^11

131.1+12

27.3^14

3 
Accepted Values

Mass

891 + 1

1230+0,4

i4104_lO

769+^3

1518.9+1.5

Width

50+2

120+1.5

100+^20

112±*

16+2

Constrained to have same values



and M*++ were constrained to have the same mass and width). 

Variation of the masses was therefore carried out first and the 

width* and percentages allowed to vary subsequently (keeping 

the masses fixed). Overall variation was not feasible for 

the reason pointed out in Appendix D and the final values for

resonant parameters are summarized in Table I where they are
8 

also compared with the accepted values.

Monte C»rlo Events

One would like to check the solutions presented in Tables!*H 

with experiment in order to investigate the presence of any 

minor resonant channels. One possible way of obtaining the 

shape of a particular invariant mass combination would have been 

to integrate the density function (equation (9)) over all but 

the required mass. This would have been somewhat tedious as 

the evaluation of the limits of each Integration would have been 

difficult and the many-fold integration very time consuming. A 

more convenient way was the use of an existing computer 

programme to generate some Monte Carlo events corresponding to 

each resonance production process in turn. The resulting smooth 

curves are shown as solid lines on the Invariant masses of 

Figs. 7. 1-6 and 8-11 and suggest that all the major resonant 

channels have probably been included.
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Associated Productions

It is of interest to consider the possibility of double 

resonance production among the two body resonances. This may 

be conveniently investigated by an inspection of the triangle 

plots which show the scatter of events when the invariant mass 

of one pair of particles is plotted against the invariant mass 

of the remaining pair. As is demonstrated subsequently, the 

distribution of points is expected to be fairly uniform over 

the central portion of such a plot, but to vanish ah the edges. 

As no K"~-|T"" resonance is observed, it is only of Interest to 

consider the (2-body) triangle plot with M _ and M^ + forming 

rectangular axes (Fig. 7.14) and that having M _ . and Mj.» 

as axes (Fig. 7.15). The kinematic boundary (drawn in these 

figures) is simple to understand since, for fixed pjr~ mass, 

for instance, the R~JT+ system is allowed to take any value from

KTTthreshold (-a + a-) up to E - U _ (where E is the total ' K Tl pjf

centre of atass energy) . 

K"p^=?>K a ° (890) >H*°( 1238)

From Fig. 7.14 it is observed that little, if any, M*°(p3T") 

band at 1238 Mev is noticeable, whereas the selection of events 

lying in the very pronounced K*° band tends to enhance the peak 

in the projected M.^. distribution (Fig. 7.14(b)). The further 

selection of events having low momentum transfer to the (pp-")
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system (<Cl.O(Gev/c> > does not lessen the effect. The peri­ 

pheral production process K~p—^ K*(890)N*(1238) has been

noticed previously at 3.9 .ev/c and found to be consistent
9 with.single pion exchange in the application of both the unadorned

10 
and the absorption modified one meson exchange models. One may

estimate the number of events corresponding to the associated 

production of K*° and N*° from Pig. 7.l6(o)ln the following way:- 

IrvAwe expect events representing the associated production process 

as well as the following reactions:

~- .... (a) 

r* .... (b) 

—=7 other processes . ... (c)

We may use regions B and C to estimate the number of such 

events since B contains examples of reactions (A) and (c), 

whilst C contains (^) and (c). However, if one were to subtract 

the number of events contained within these areas the background 

events (c) would have been subtracted twice. Consequently, one 

needs also to consider the regions D. If each of these has an 

area of one quarter of A, the total number of events in D must 

be added. Performing this crude calculation one obtains the 

total number of K*°N*° events of 14- . Allowance need also be 

made for the tails of the resonances which have been neglected 

and may be estimated from the Monte Carlo events to amount to an
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additional 40% to give a total of 10.6 events. This small 

number of events makes the analysis of the decay distribution 

of these resonances somewhat meaningless . However, the Cos^~* and

distributions (where these variables are similar to those 

defined in the previous chapter) are shown in Fig.7.16(b) 

and are not inconsistent with the expectation of pion exchange. 

K*°N*°(1638)

Fig.7.14(b) illustrates the pT7~ mass spectrum for events 

lying in the K* band. The curve superimposed is that calculated 

from the Monte Carlo events representing the process K^p"""^ 

K*°p7T~ which forms 80% of the final state in this region and 

is normalized to the number of events in the plot. The N*°(1238) 

is evident as a two standard deviation enhancement .The small 

peak at about 1683 Hev is , however, far loss significant (little 

more than one standard deviation) . One might have expected

to find stronger production of N*°(1688) in this state as it

9 was observed (at this energy) to be produced with a positive

charge in association with K*.This is interesting fro!a the 

point of view of the production mechanism. The distribution of
^jfe

the four momentum transfer to the prr" shows a somewhat

enhanced N* ( 1938) , though no bump at 1688 at all Csee Fig. 7. 5).
w **- 

The plot of momentum transfer to the pir""vs the ptr~ mass

(Fig. 7. 17) also demonstrates this. If the latter resonance 
were produced by one pion exchange - in analogy with the

lower N* - one sight expect to observe a preference for low
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momentum transfer. Further, the diagrams illustrating this 

process in Fig. 7.17 (a) n (V indicates- by charge inde­ 

pendence at the strongly interadting vertices I and II - that 

the production of M*(1038)°K* (800)° alight occur four tiaes as 

often as N*( 1688)^* (860)-. However, preferred exchange of an 

isosinglet <«Vj,o,etc> might account for the lack of this 

process in the four prongs.

An upper Unit to the cross-section might he obtained in 

a similar way to the estimation of the K**( 890)M**(1238) rate. 

In this case, hcnever, region D^ (see Fig. 7.16) occurs off the 

edge of the triangle plot. Consequently, I> 2 is used twice in 

order to estimate the background contribution. The resulting 

number of events (8jt3> indicates an upper limit of about 0.16 ab, 

after correcting for the other possible decay modes of the N|

and the K*° and for the Breit-tfigner tails, to be compared 
a

with the figvce of 0.29—0.09 mb which can be inferred from the

H*+<1683) production.

Associated Production of Y*° and p G

Turnbg to Fig. 7.15 which ia the triangle plot having 

the-fl-"|f~ and K*p masses as x &y-axes respectively, the presence of 

then 0 is apparent. The only band in the perpendicular direction 

corresponding to a known resonance is at the mass of about 

1520 Mev, and this is seen to be rather weak (see Table II).
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Mo clear evidence for tb<r production of Y*(1705) or Y*<1813) 

is~offwred by Fig. 7.1S, and the association of Y*°( 1520) and

C ° is alet» Certainly not strong. Though Flg.7.15(b) indicates

f the presence of U ° in the fpff"* mass spectrua whea the latter Y*

x, , A «.* r S i * i
1st selected, the counting of events in the manner Just indicated

yields a result of a possible four events consistent with
': f-

Y*(1520)p ° associated production, k similar crude analysis

provides a negative result for the number of Y*(17Q5)/0 or Y*(1815)
V •*:•••••» f v- .-,-:.- , - . i» .'--...-•- I

events. tfo improvement in those numbers results froa a selection

on low Bonentun transfer, though the removal of K* from the
t >ie ^1-: •„ >, ., •.. rii ,. . V • '

sasiple tends to enhance the mass peak associated with the Y*(1320)
ac • .

as shown in Fig. 7
ror *ie • ••: .«;;.

n.

Quantitative Analysis of Associated Production

The method used to estimate the associated production
a y b « • •:.,".- f •> r* t n • . j. <*

cross-sections was certainly very crude, and made no allowance," ̂
•t-5

for instance, for the oxjJected density of points on the triangle
-) ». 

plot Mentioned previously. Further, the triangle plot itself

is just a projection of the whole phase space for the final 

state Onto a plane and the actual distribution of points on it

must anyway be affected by the presence of other processes (for

V
tke prediction of N*++). A more consistent *na.ly sis-"'

can be achieved by including these double resonant processes in 

tfe* ma*l*u* likelihood function already described.
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Reverting to equation <8) it is apparent that the 

production cross-section for a pair of resonances 

will o* given by

<n-Kl-K2+2)

,tt»» superscripts refer to the first and second resonances)\ I
since it is only necessary to replace R ,,' (E) in equation (8)•J «• J^ *** ^
; r ^ .-.- _. . - •.
by the whole of the expression

The factor R „ . _ represents the available phase spacen 1~^2

for the remaining (»~K -K +2) particles which include the
It

resonances which decay respectively into K

•ay be calculated froa the equation 8(a) since:

and K particles, and

M1 ) 2

= RV _(M) x K (SI 1 ) x R
t j.

(E)

Substituting this into the above expression for the double

resenant aross-sect Ion we obtain:-

22M 2 )
F( "-!

RS,

where the Fs replace the square brackets.

lv (M 1 ) A (M1 ) 2 \(M2 ) 2 
K l d i

(8)c
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We may once more differentiate with respect to as many

masses as possible in order to obtain the factor/* multiplying

the intensity function \Tjtj 2 which describes the production

of ith and Jth resonances. In this case, therefore, the 1 T .1* •*• J I

is just a product of two single resonant amplitudes:

2

The normalization integral M I . is given by:

N, V",,

In the present case of two particle resonances, the differential

factor Is simple to evaluate as it is:

2 \
*A > C „ . **

x Ro ~ fl p i p
_i. x —
-W , &

.... (12)

where p is the relative momentum in their CMS of the particles 

of resonance i, M is their invariant mass and I is the relative 

momentum of the two resonances in the overall centre of mass. 

It is seen that at the boundaries of the trviangle plot, one 

of the momenta will vanish, and so account for the zero density

of points ( ) expected in this region. The integration
~ •»• - «* 

of V. . extends over the relevant triangle plot and the addition

of the term:

2 \TJ2

into the likelihood function can be seen to have the effect of
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TABLE II

Resonance Fractions in the Reaction

Production Process

K- P ^K»° PTT-

| -^ M» ++«-„.-

j

i ,..„.., , „,, ,„, —— . .,.
I

t

<- "V A O f 1 151 O t\ \ "^ ""*

j

^fK-p

_^K * -<1400>p
i

O O **i 1*" jfe \f 4c i 1 O O fl i!••• m\ j\ i^| \ A ^ w O y

t

I — ̂ K*°N*°(1688>
i ...... .. .. ..... .

i ——————— —— — - ————— - ———— 
-^ N*°(1688)K~

t

1 
TOTAL

Beam
Energy

j 
2.0
2.24
3.5

2.0
2.24
3.5

2.0
3.5

2.0
2.24
3.5

3.5

3.5

2.0
2.24
3.5

3.5

3.5

2.0

2.0
2.24
3.5

2.0
2.24
3.5

% Of
Final State

3+2
20
47+4

44+2
20
31+4

6+2
7 + 3

13 + 2
8
2±1

7± 3

14. +4

20 + 2
<C 3

1 + 1

< 2.4

2 + 3

10_+3

<4
52
10 + 12

...,,„ ,„ , ... . _ . _

Cross-Section
( r b)

21 + 11
89+22

637jf50

275JH15
89+22

418^54

36+11

— 1

82 + 13
38 + 5
26+17

90JK37

I93jf50

125+11
M

4

1 ^ ̂ k 1 2

< 32

33JK40

83+19

<25
248+30
136^+163

830+30
478+58

I 1350Jrl36

Ref.

27
26e
Ibid
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curves ( 2

giving event* within region A of the plot (See Fig. 7.16) a 

large weight. In this way, the estimation of the fraction of 

the final state (*£j) that corresponds to associated production 

automatically takes account of the tails of the Dreit-Wigner

and|T | 2 ), as well as the reflection from other 

processes. The big assumption is, however, that all processes 

are incoherent.

Bearing in mind that the adjustment of either resonant mass 

or width in an associated production process requires the 

re-calculation of the double integral. N ij» the fitting to these

processes consisted only of the variation of the fractions f
1J

The two processes considered were:

K-p-5> K*°(890)H*°(1238) 

~5> Y*°<1520) °(750)

as these are the only two not completely absent from the triangle 

plots. The resulting fractions for all processes are given in 

Table II. The masses and widths of the resonances used were 

those previously calculated for the single resonance productions. 

The results are not inconsistent with those previously

estimated by counting events, and the K*°N*°cross-section may
9 

be compared with those found for other charge states at 3.5 Gev/c

for the production of K*N* requires the initial K~p system to be 

in the pure isotepic spin state T = 1 . Starting from this fact,
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all possible K*N* nodes aay be calculated from charge 

independence as in Table; 1 1 1. The other 3.3 ev/e cross-sections 

are included in this and seen to be compatible with the 

result Just obtained. A contrast may be made between the 

production from an incoming K~ of K*N* in four prong events 

with the corresponding production with incoming K+.In the 

latter case, the whole initial state is pure T=l and the 

production of K*N* dominates the whole four body reaction:

K+p-y KNr ir

at all energies from threshold to at least 4 . 6 ev/c . 4f ll In 

fact, the most favourable observation of this quasi two body 

state is in the four prong events. In the K~case, however, K*N* 

in four prongs is a relatively unimportant channel.

It is clear, therefore, that the present state is dominated 

by production of K*° and N***,but that each of these 

resonances has a weak partner (,•""""" and K~ ~) for formation 

of an associated resonance .The reaction therefore proceeds 

almost entirely via the quasi three body states some of which 

are discussed in the next sections.

Selecting events with an Invariant mass 0.83<(M _~t6j95 Gev
K

yields a sample containing approximately 80% 

(estimated from the Monte Carlo events). It also contains 

approximately 7% N*"l""*"K- 7r- . It is reasonable to estimate the
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expected invariant mass distributions from the Monte C-rlo 

events for those two processes alone, normalizing the curves 

to the observed number of events. Fig. 7.18(a) shows the 

K* pff* Dalita plot with a boundary calculated corresponding to 

a K*° aass of 892 Mev. Figs.7.18 (b) and <c> show the projec­ 

tions onto K*T]" and K*p axes, respectively. The experimental 

distribution of the K*/T system is markedly different from the 

Monte Carlo prediction and shows two apparently distinct, 

broad enhancements centred approximately at 1200 Mev. and 

1390 Mev. respectively. A simple count of events above and 

below the curve indicates that these represent a 3.4 and a 

3.1' standard deviation effect, respectively. When the distribu­ 

tion is normalized to the events under the solid curve the 

dotted line results.

The K/TTT invariant mass spectrum has recently been of 

considerable interest to high energy physicists. A number of 

resonances have been reported in this spectrum over the last

two years, the first of which was that with mass centred at
12,13 

1170 Mev. Several others have been reported with various
* 15 t6 

masses - 1215 Mev, 1275 Mev and 1320 -lev - though the only

one that appears to be definitely established is the K**(1400). 

The present results tend to confirm this latter point as is 

shown in the next sections.
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Production of K»*(1400)

If we interpret the higher mass enhancement in Fig.7.18(b) 

as due to K**<1400) we expect to find similarities with the 

corresponding two prong reaction:-

K~p^ K**(1400)~p

except that we here observe the decay into K*% Fig.7.19 shows 

the square four-momentum transfer distribution to the system 

with background subtracted.The corresponding two prong plot is 

also shown for comparison.Within the limited statistics a 

similarity is seen.Fig.7.20 illustrates the variation in the 

squared four-momentum transfer with the K^rr'H""' aaass.and the 

greater peaking at the 1400 mass is noticeable - supporting 

the view that this represents peripheral resonance production. 

The distribution of this quantity is of interest in a consider­ 

ation of the commonly known "Deck Effect** about to be discussed 

Peck Mechanism

It is interesting to investigate the mechanism of this 

quasi three body production process in view of the recent 

interest in the Deck process.The introduction of this model

into the problems of resonance identification obtained promi-
17,18 

nenee in connection with the observation of the /^"phenomenon".
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19 *® 
The Drell process was invoked by Deck and later by Maor and

21
O'Halloran as a possible means of explaining the A 1 as

a kinematic enhancement in the ITa mass spectrum. The opinions 

on the significance of the model in this respect are varied *^ 

but it appears to be generally agreed that the mechanism exists 

in practice and at least contributes to a high background under 

the Aj. The details of the calculations performed to estimate 

the effect on theJT/> spectrum appear to make significant

differences to the predicted positions and widths of the kinematic
17

enhancement and it appears that the feast calculation performed
22 by *olf fails to account for the whole peak in the CERN

data at least. The relevance of this to the K v /y system is 

apparent, as an analogous process with the^? replaced by the 

K*(890) is thought by some to be a possible explanation for 

the K**(1320). In the data of Fig. 7.13(b) the 1400 peak 

extends down to below 1320 Mev. and the possible Indication of 

the presence of this resonance cannot be ruled out. An attempt 

has therefore been made to ascertain the relative Importance 

and the role played by the Drell process in this final state.

The Feynaan diagrams of Fig. 7.21 sura up the uncertainty 

that exists as to whether the K* 1 ('320) is a genuine resonance 

or not. The Deck mechanism (Fig. 7.21 (<ft)) uses the fact that 

the virtual exchanged pion is travelling preferentially forward
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in the overall centre of mass system with the K*, and has a 

high cross-section for scattering elastleally off the proton 

whieh is travelling in the opposite direction. The resulting 

K*ft system has small relative momentum and therefore preferen­ 

tially low invariant mass. The situation is represented more 

realistically in Pig. 7.21(c). The model is amenable to 

several tests as follows*-

1. In the pTT "centre of mass system, one expects the scattering 

angle 0, (defined by Cos© , = £i n -£Out where these vectors 

are shown in Fig. 7.21(d)> to be consistent with elastic 

scattering. In Fig. 7.22 the cosine of this angle is plotted 

as a function of p /T " mass, and it Is interesting to see that

the 1 + 3cos 2G . distribution is a reasonable description
PP

for masses between 1190 - 1290 Mev. corresponding to single 

pion exchange to produce an N*° which subsequently decays into 

pyr*. As the mass increases, hcmtver, the expected peaking toward

cosQ = +1 corresponding to diffraction scattering is PP*

noticeable. The curves drawn on these distributions are taken 

from r«f. l*f and are normalized to the numbers of events in 

the plots. They represent elasticf"? scattering on the mass 

shell.

It is interesting to Investigate the variation of the

distribution with K^rTmass also, since we expect to find
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the most strongly peaked diffraction type of scattering for 

the lowest M #fl- if the diagram of Flg.7.21(b) is an important
0k

part of the reaction Mechanism. The'plots shown in Fig.7.23 

illustrate this variation, and it is certainly found that cosd- 

is quite strongly peaked in the lowest *K tri7 <^ 1300M«v.) range 

whilst having a fairly isotropic background at the higher mass 

end. An interesting comparison may be made between the two 

middle mass regions since they correspond to the "K**(1330) M 

and K**(1400) regions. The difference between the two is, 

perhaps, not statistically significant, though we notice that 

the K*fr spectrum is modified by the selection of cos Q •<<> 

(Corresponding to the removal of all diffraction scattering) in 

such a way that the K**(1400) peak remains (see Fig.7.24) and 

now appears at a slightly higher mass.

2. The scattering angle Q , is almost equivalent to the squaredjj j*

four-momentum transfer to the Kr?n system as may be realized 

from Fig. 7.21(c), therefore the tests involving this angle do 

not really differentiate between the two mechanisms (Figs.7.21(a) 

and (b)) in a very sensible way since one might expect a small 

proton scattering angle in either case. However, a direct 

comparison between their moment urn transfer to the K^Tand K^ 

systems might be more Informative. This is made in Fig.7.2D

where the distributions of these quantities are shown for a
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variety of Kmr masses. It is clear that the K*°(890) is 

formed peripherally at all such masses, but the Kfrrr system 

appears to be more peripheral in the region of K**(1400). 

3. The asimuthal angle A (defined analogously with that in the 

previous chapter) in the p Jr ~ system is expected to be

distributed isotropically if,events corresponding to the
i

diagram of Fig. 7.2Kb) are present. Any lack of isotropy 

• Ight be regarded as a consequence of the decay of the K frir 

resonance of Fig. 7.21(a) or of some other process. The 

distribution ofils shown in Fig.7.2S(a) for all K* o pff- events, 

and appears to be nearly isotropic. If, however, one enquires 

more closely into the distribution as a function of KrrfT 

invariant mass, in order to test, for instance, the relative 

merits of K**(1320) as a kinematic enhancement or as a resonance 

by making a comparison with K**(1400), a complication arises 

as Illustrated by Flgs.7.25(b) - (e). The lowest and highest 

K ftl invariant masses appear to involve events in which the 

Drell mechanism eannot possibly apply as the angle^ has a 

distribution which markedly violates parity conservation at 

the supposed pJT~ vertex, by peaking respectively, at angles 

of 0 and ~ ft.

One may possibly understand this, however, as the result 

of a kinematic constraint as suggested by the appearance of
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Fig.7.26(m) which is a scatter plot of A against *K*—• 

Fig.7.26(b) shows the three body system viewed frora the centre 

of mass of the pfT~ particles.The anglei is defined as that 

between the plane formed by the incoming and outgoing proton, 

and that formed by the K"~ and the K*°.Th© K*jf mass is 

determined by the angle -k (between the K* and the-fp and the 

p^~ invariant saass.The selection of a fixed value for the 

foraer quantity may well,therefore, irapose limits upon the
•:

value of . Three special cases are of Interest:-

(a) at the lowest K^Tmasses the three particles are aligned

and it is clear that the angle \ is zero.This situation\

extends over a range of masses corresponding to the 

finite width of the K*°.

(b) at the upper end of the K*Tr spectrum the value ofq1 is 

restricted to +ju>

(c) the selection of events in the "diffraction peak" of the 

P7^~ scattering is equivalent to the choice of those 

events aligned in the direction of the Incident K~. In 

such a case, the angl« ;V is no longer defined.One might, 

therefore, expect an isotropic distribution ofij for 

events close to this limiting case. 

One way to test that the anisotropicJ? distributions are a
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result of a genuine kinematic effect would be to examine the 

effect of K*fF mass selection upon the K*°N ¥ ° events which 

stould form a particular part of the Drell mechanism where the 

p|f scattering corresponds to N*° formation.Unfortunately,the 

weftcneee of this channel in the present case does not permit 

a sensible Investigation of this kind.

4. The existence of the Drell process in the K*°p7r~ events 

implies the presence of pion exchange in the production of the 

K*°(390). A direct check upon this is available from an 

analysis of the decay of this particle. The method used 

assumed that the resonance was produced and that it decayed 

as a free particle. In order to remove arbitrariness in the 

selection of the K*(890) mass band and in estimating the 

background effect upon the decay distributions, no mass cuts 

were employed at all. It is evident from Fig.7.27(a) that 

the selection of small 4-zaomentum transfer ( & 2 "-. 1.0(Gev/c) 2 ) 

to the K"^4" system yields a very highly purified sample of 

K*°(890), and that the contamination from N**~*"(1238) is 

greatly reduced (as seen In Flg.7.27(b) which shows the p "T"1" 

mass distribution). In the estimation of resonance fractions 

the quantities:

i n 
*

A (i *'"" f ) + <c!7 ** J
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TABLE IV

T)ecay Density Matrix for K*°(890)

Events HavingA 2 K""rr*"<1.0 <Jev/c) 2

I

Element

( °°

|*1-1

KeT 10

Assumed Fraction of* 
K*° in Final State

i 
47%

0.832 
£0.073

-0.011
£0.055

-0.102 
£0.208

57%

0.837 
£0.068

-0.004
£0.049

-0.131 
£0.200

80%

0.792 
£0.080

0.004
£0.044

-0.171 
£0.195

Expected Value

Pseudo 
Scalar 

Exchange

1.0

0.0

0.0

......_..

Vector 
Exchange

0.0

0.5

0.0

-\11 Events

| Assumed Fraction of
Element

I °°

Pi-1

Re /'io

K*° in Final State

47%

0.672 
£0.078

-0.032
£0.055

-0/»0 
£0.150

571

0.642 
£0.073

-0.021
£0.050

-0.082 
£0.095

81%

0.605 
£0.059

-0.007
£0.042

-0.074 
£0.090

Pseudo 
S - a 1 a r 

Exchange

1.0

0.0

0.0

Vector 
Exchange

0.0

0.5

0.0

i



and B = *K*\TK*1 2

KK* 

were computed for each event. A represents the part of the

density function (equation (I)) corresponding to all processes 

other than K* production which is represented by B . We may

therefore, write the K* decay likelihood function: as:
<s* <C "1 

L = ^ Inj A 1 + 4 |TB 1 W(cos^ 1 , ((> ± ) I .... (13)

where i refers to the 1th event, and (0, i ) are the uiual K*°

decay angles. The function W is that corresponding to the decay

of a pseudo-vector particle into two pseudo-sealers and is

given by equation (14) of the previous chapter. On the assumption

that all non-K* events contribute an Isotropic background to

the 6 » i> distributions, the effect of (13) is apparent since an

event near to the K* mass has a large value of B and so its 

influence upon W is large. If, however, It also has a p/r* 

mass close to that of the H ****", for Instance, then a large 

isotrople background term (A) will tend to swamp its effect upon 

V. Further, the integration of the function which forms the 

argument of the log in equation (13) over all invariant masses 

and all values of & and vis unity, (provided one includes the 

factor 4 fT), so that normalisation is ensured. The maximization 

of L lead to the values for the K*(890) density matrix which 

are listed in Table IV and appear to be consistent with a large 

contribution froa pseudo-sealer exchange. One should, perhaps,
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have determined the resonant fractions separately for this 

sub-set of events (4 2 ^1.0 (Gev/c) 2 ) in order to obtainp/r-
correct values for A and B. The effect of varying the K*° 

fraction, however, has been investigated, and the values of the 

density matrix elements summarized in Table IV indicate that 

such;a variation does not significantly alter the conclusion 

that pseudo-scalgrr exchange is important. The further require­ 

ments that the exchanged particle must have strangeness zero 

and isospiaj^l lead to the interpretation of single pion 

exchange. The cosj- and / distributions are shown in Fig. 7.28

for events withA 2 $>1.0 (Gev/c) 2 ) and Mu _ + from 830 - 930 Mev.11 rr
5. A calculation of the Drell process for the reaction K~*

& K*°pfl.*"{3.d ev/c) has been carried out by Drs .P.M.D .Gray and

J.H.Field and has yielded a prediction for the K*/7 invariant 

mass distribution for events with Af - "> 1260 Sfev. The curvenP/T '

is shown superimposed on the experimental distribution of

Fig.7.18(b) where the effect of the pfj" mass selection has

been ignored. The reason for this is that the N*«° is comparatively

weak and forMS a relatively small part of the total Hp scattering

cross-section in this channel. It has already been shown that

the presence of diffraction scattering (which forms the basis

of the calculation) does not appear until the higher pti ~ masses,

but the calculation serves a purpose here in qualitatively
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accounting for the general shape of the mass distribution. 

In particular, it appears, the enhancement at 1200 Mev., loses 

its significance entirely, and the K**(1400) regains as the 

only significant peak.

It appears, therefore, that the data show no marked 

inconsistencies with the Drell process, and that it may form 

an important part of the production mechanism. This is not 

unlikely when one considers that the two factors - strong K*KTT 

coupling and large Pff elastic scattering cross-section - which ; 

largely determine the relative rate of the process. it further 

appears that production of K.**(1400) is important, though the 

presesge of a state at 1320 Mev. cannot be ruled out. 

Decay of K« (1400)

If the above assumptions regarding the presence of K**(1400) 

are correct, a further comparison with the two prong reaction

K~p.~? K**(1400)~p

may be made - the density matrix values should be similar in 

both cases.

Before analysing the decay Into K* IT , it la well to check 

one point.

In one other four-body reaction cited previously (reaction 

l(b)> this resonance was observed and it appeared to be

correlated with the presence of not only K*(390), but also with
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TABLE V

K**"( Krr'T\ Decay

&ode j Cross-Section (. b)r

*-nV

20

61JK43 

180+39

Density Matrix

! 00= -0.09+0.24 Pl-1 3=0.17+0.11
I* ~ + "" *(0.30jf0.07) T( 0.30+0. 03)

Values obtained from Kit decay



Y*(176S) or Y*(1815). We note that these resonances dc not 

appear to be important in the present final state (reaction (1)). 

Further, selection of K~p Invariant taass between (1 700-2000Mev) 

is shown in Fig. 7.2$Nwhere it is apparent that there is no 

significant association with the enhancement at 1400 Mev.

The decay of a 2 meson into a 0~ and 1" pair of particles
A leads to a distribution

W(cosO ,

! [ -n s o sin

jcos^ slngcos 

oe2 <f

... .(14)

In the application of equation (14) the only non-zero elements

of the density matrix were taken to be/o and/0 corresponding/ oo I 1-1
to the peripheral! product Ions by exchange of either pseudo- 

sealer particles or ones of natural parity. Then/?... was 

given by the trace condition

fll = 

The background subtracted was from events in the side .bands

from 1200 - 1330 or 1470 - 1540 Mev) of the K* fTresonarice*-7T

The maxlaun likelihood values for p and /°. , are given int oo I 1, -1

Table V together with the values found for the corresponding 

K**(1400) decay into K/T for comparison.
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It is also of Interest to look for the decay of this 

resonance Into either KtflTor Kf> . The Dalltz plot of Fig. 7. 29 (ft) 

•hows the Invariant aiass squared of the K^fT4" versus that of the 

/r"rT for events having 1330^ If ^1470 Mev. The projection onto 

the latter axis with removal of the K*(S90) shows no noticeable 

preference for/5 masses (700 - 800 Mev) . A slight background
v- *

Is, however, observable and could correspond to the former 

decay. In order to tost this, it is worth inspecting the 

triangle plot of Fig. 7. 30. Th© K*°(800) band is clearly visible, 

though the presence of such a band in the K^rrnaas is not 

distinct. A considerable accumulation of points within the 

cross-over region iSjhowever, observed, and probably corresponds 

to the decay

A quantitative estimate of the ratio of this decay to that 

into KVn'aay lie nade in the following way.

C^nsJer the three body decay of the resonance in 

the centre of mass of the K~n f system. If the relative 

momentum of these two particles in this fraac is p*; their rela­ 

tive orbital angular noraentuja is 1; their overall momentum 

relative to the p-"" la 1\i and the relative orbital angular 

aoaentum of the 17** in the KT/Tr rest system is L R then the 

amplitude for the tieeay K**^, KfrTT is proportional to the product

-100-



• 
•'• • •'•'. - I-::* : 

•
'•. 

• 
.. • K'.« • 

. 
.» 

.......

oO
 

o
O

 
O

o o(M

o o o
o oCD

o oCDO
 

Ooo oO
 

OOoO
 

OCD

OCO



Of tfc« «o^id Jta monies f>f p 5 i ••; alre«ci
S* "

If we restrict the discussion to the deoay Into K*fl- . then
•»'.*.'".''•' - , 

1=1 and L =* 2. The summation over a and m* (which must add

to give M - restricted to the values -ta, —1,0) and subsequent
" » - t ~ ' * 

integration over both the spaces implied by p and q gives a
*.*"*"''

term proportional to p 1 q L . The faet that the ^~/r4' form a 

resonance in the 1 = 1 state nay be described by a Breit-Wigner(Bw.) 

amplitude. The partial amplitude for decay into &*fr is 

therefore given by:

2pq
K*

as the p*rtial *i*tfe tav this deo^ay to be put ia

of t«« Breit-Wigaor term deaqribiag the i^ 

decay a«4 inelyding the phase space factors p and q, the 

density of pai«t« on tke KrtirA-T) triangle plot »ay be written as

1 a 
.W. KI> » In (p*f * jB.Vg,* •a.*..,**'!* (pa ) x (paQ) .... (16)

K. tnr

where Q^fcfUfch* relative aoaientu^ of tU<* s ik and protoa in

atre o| c»ass syete*. 7bc last ter* 4«
\2 

tiafe ^x»eot»|»ioa of points oa the plot A^ifii? •-

. - 
3 B whilst p q is included for the reasons stated above. In fact.

,— t-if BWK ^ is the K«(890) -^ K~fr Brcit-Wigner distribution used
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before, the factor of p 3 is already included in the 

expression for its total width. It is strictly necessary to 

take a coherent sum of amplitudes such as (15) over different 

values of L r«and 1 subject to the condition that the K iT -,-r 

system have spin-parity 2*. Restricting the discussion to 

values for L and 1 less than or equal to 3, the following 

combinations (1,L) are possible:-

(1,2), (2,1), (2,3), (3,2)

The complex mixing parameters necessary to make a coherent 

sum of these partial modes would thus lead to the introduction 

of six unknown numbers. The assumption that the KTT and 1* ~~'~

i

decay modes are independent leads to a simplification since 

we then only require two numbers - the fraction of decay into

r
that into K*rr\ <1,D = (1,2)> . The latter course 

was adopted.

The inclusion of (16) into the likelihood function 

(equation (11)) required the replacement of (pqi) by p 

(see equation (11)). In this way, the effect of other 

processes was automatically taken account of and the decay

was treated in a manner similar to the associated productions

S 
apart from the inclusion of the p term in the matrix element.

The normalization factor in this case was the double 

integral of (16) over all K.Tf and K"n7T<aasses with limits as 

indicated by the triangle plot (Fi.g7.30). Variations of the
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fractions of K**-^ K/nfand that of K**-^> K*/T contributing 

to the whole of reaction (?) wore allowed and gave the 

results listed in Table V. It appears from thfe that the K ̂ TT 

decay mode is at least as important as that involving K* . 

The figures would probably have been subject to soae 

adjustment if the mass and width of the K**(1400) were 

allowed to vary. As pointed out in connection with the 

associated productions, however* such a variation would 

have required the subsequent re-calculation of the normaliza­ 

tion factor - a time consuming process - so that no such 

variation was undertaken. We notice that the number of 

events in the region A of Fig. 7. 30 in excess of the expecta­ 

tion from the population of the regions adjacent is 11 

(i.e. 3.25% of final state if an additional 30% of K**_;> K* 77 

events lie in the tails of the resonances). The estimate in 

Table V does not, therefore, appear to be too badly in error. 

The Reaction K"p ~=

Fig. 7. 31 shows a Dalitz plot of events having 

invariant mass between 1190 and 1200 Mev.Thls sample includes 

73% of events of the above reaction and 24% of K"p-^ K*°pr-~ 

as estimated from the Monte Carlo events. The plot is evenly 

populated within statistical accuracy and there appears to be 

no reason to suspect the presence of any resonances which 

would have shown up as bands.
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(b)

FIG.7-32_ N * "^Production
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It is of interest to investigate the reaction mechanism 

contributing to this final state.Some simple diagrams are 

illustrated in Figs.7.32(a) and (b) where it is observed that 

baryon exchange is forbidden as this requires the existence of 

a baryon with charge +3.The tendency in the 4-aomentum transfer 

distribution (Fig.7.33) to the prr+ system to assume low values 

in the region of the resonance is apparent* and consistent with 

this notion.Analysis of the decay of the N* ++ is,however, not 

so straightforward as Fig.7.34(a) suggests.This shows the 

distribution in Coa.rCwlth the- usual definition) for the 

resonance plus background * It is highly asymmetric as is the 

background itself (shaded events in Fig.7.34(a)).This appears 

to violate the conservation of parity at the strongly inter­ 

acting N* vertex in any of the diagrams of Fig.7.32.However, 

it is likely that the peaking towards cos^ = -1 is the result 

of the decay of the K*°.The peak corresponds to the forward 

motion of thefT in the overall centre of mass (assuming that 

the N*** is produced in the backward direction),and could 

well come from the K*.Removal of this by subtraction of 

events having 330 <^ M „. +<^ 950 Mev results in a somewhat 

purified N*++K-^T- sample (92%) .The cos- distribution of the N* 

appears, nevertheless,to be somewhat uninteresting and not 

characteristic of either pion exchange which would predict a

distribution of the form (l+2cos 2i?) or & vector CO exchange 
which would result in a distribution of the form (l-S/Scos2^). 

It appears,therefore, that N*++ production does not take
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place In a simple way as far as one can tell from present 

statistics. We are therefore unfortunately unable to analyse 

the data in terms of pure isospin (T = 3/2) K if scattering of a 

virtual exchanged pion at the K" vertex nor of the Stodolsky- 

Sakurai isobar production model. 

The Kappa Meson - K*(72S)

The existence of this particle is in considerable doubt

asowing to its appearance In few reactions. The distribution

shown in Fig.7,2 shows a slight departure from the Monte Carlo 

expectation in the region of the accepted mass for this particle 

The further selection of low momentum trasfer to the I*"*TT* 

( /1.0( :«v/c) 2 ) Is shown in Fig.7.27(a) and tends to enhance 

the effect. One may wonder whether this is caused by the 

ambiguous events in the sample, but their removal tends merely 

to make the effect even more noticeable * the shaded tvents in 

Fig. 7.27(01) are the unique ones. Various mechanisms have been

proposed to explain away the presence of this "particle" as a

27*28 triangle singularity. Of the 10 events in the K. "peal" in

this experiment, 7 have a p^ mass consistent with N*"*. This 

is surprising if the rescattering mechanism such as that of

i
Fig. 7.35 really takes place since the re-scattering of the 

pion would tend to redistribute the p.* mass out of the N* 

region. The fact is also surprising in a different way if the
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ma Jorltyc^eventa consisting of * supposed resonance are to have 

another Invariant mass within another resonance. The situation 

regarding this particle is certainly very obscure at the moment 

and TableVl gives a summary of some of the reactions in which 

it has been seen. The chief source of Ks appears to have been 

in the KN37Tfinal states produced by 3.0 Gev/eK* mesons. It 

is, therefore, interesting to observe the KfT spectra in the 

corresponding final states initiated by 3.6 ?CV/G K" particles. 

These are shown for the two reactions (2) and (3) in Figs.7.36<a 

and (d), and, except in the case of the zero charge state of 

reaction (2), no effect is noticed. In the former case,however, 

a slight enhancement appears, though somewhat broad. It has 

a width caaparable with the K*(890) which is also visible. 

Upper limits for the production cross-section of this particle - 

if it exists - may be estimated by counting events and <*r<3- riven 

in Table VI. 

Other Rare Decay Modes of the K**(1400)

In reaction (3), the most noticeable resonance productions 

are that of the N***^ p n- ) and U> °( fT "Wr°>. The three pion 

invariant mass distribution is shown in Fig.7.37. The three

events occurring at thei) mass may be taken as indicative ofw

its production owing to the combination of factors - small 

phase space expectation and the accumulation of events within



1 Events / 4O McV

20
Lorentz invariant (a) 
phase space.

IO

7OO 9OO IIOO I3OO

20
t Events/4OMeV

Kj>-> Kptr*irV

(b)

TOO 900 IIOO I3OO

T Events/ 4O MeV

20-

IO-- (c)

7OO 9OO IIOO I3OO 

FIG 7. 36



on* 40 Mev bin. Branching ratios for decay of the K**(1400) into

" " 9Ku and K-^have been theoretically predicted by Iqshaw and

Socolow using SU(3) and a search for these aodes ha» been 

made using these events. Not one of the^ events has a ^&\ 

invariant mass anywhere near to 1400 Mev so that only an upper 

limit has b«n determined for this decay. The Ko3 spectrum la 

illustrated in Fig. 7. 38. The presence of K**(1400) is not 

expected to be very significant as only 32 events exist ia the 

whole mass region. However, the peak in the vicinity of the 

S**(1400) aass is a little more than a one standard deviation 

effect. Tho cross-section for decay of this resonance:

K-p -=) K**-p

was determined by fitting a curve to the <*>K taas spectrua

consisting of a sum of the Lorentz invariant phase space and a

siaple Brelt-^Figner form multiplied by the phase space factor.

The fraction of resonance with fixed nass of 1430 Hev and fixed

width of 100 Mev was adjusted to give a cross-section of

36 — 29A/-& *or this decay.

K** Resonances with Isospin (T ~ 3/2)

The absence of any noticeable enhancements in the J»""JT"" 

spectrum of reaction (1) has already been noted. A similar 

situation is found in the corresponding distributions for the
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five body final states. The report of a resonance in the

(T = 3/2) doubly charged K/r (T spectrum from the reaction

«a 
fT + p-^>K + Y+277 by Wangler et al followed by other reports

i* 
fro* Miller et al and Walker et al leads us to inspect the

K'^-fl 0 iaass spectrum of reaction (2). This is shown in Fig.7.39

where it is seen that no noticeable enhancement in the region

of 1179 Mev is found.
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CHAPTER VIII

Conclusions

lonization Measurements in Hydrogen Bubble Chambers 

As a result of an Investigation of the use of 

ionization measurements on film derived from an exposure 

of the Saclay 81cm Hydrogen Bubble Chamber at CERN to a beam 

of separated iC~ mesons, the following conclusions may be 

drawn:-

(i) The gap-length distribution is exponential down to a 

certain minimum length. It is likely - Judging from 

the results of Morrison et al (Ref.7 Chapter III) that 

the mean gap length is a reasonable estimator of the

particle velocity A . The measurements carried out by
/

the author using a microscope appear to favour the 

view that the first moment of the blob length distribu­ 

tion is also representative of the same quantity, since 

the minimum gap length cut off (^ in the text of 

Chapter III) appears to match both the value that can

be inferred from the mean blob length

r _ e^ g-l (i)Q ;z ' "" • « • • \ A. / 

g

(g =ionization)

or from the gap length distribution itself. This tends 

to indicate that both mean blob length and mean gap
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length are what might be expected from a truly 

exponential distribution of bubble nucleation centres, 

though it has also been seen that counting bubbles 

gives an answer lower than might otherwise be inferred, 

so that bubble counting is an unreliable measurement, 

(ii) Though, from the statistical point of view, the

lacunarity method of ionization estimation is a good 

one, the dependence of the measurements made by a 

device as simple as the one described in this thesis 

upon bubble diameter precludes its use. Perhaps the 

incorporation of a separate scanning sjakem to measure 

the average track width over a finite length of track 

would increase the meaning of the readings. An attempt 

to perform such a measurement using the one scanning 

aperture which covered only a short track length (""ess 

than a bubble diameter) met with little success 

largely owing to the fact that the device was driven 

along the track at variable speed.

(iii) The measurement of mean gap length was found possible. 

However, detailed investigation indicated that the 

device appeared to have a response to the gaps to which 

it assigned a length of (typically) about one bubble 

diameter, which was somewhat variable. The shadow
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(often found in such gaps) is a likely explanation for 

this. It was not found possible to reduce the sensitivity 

of the measurements to this effect without the necessity 

of readjusting the "blob-gap detection threshold" to suit 

each measured track section. The only safe way of 

overcoming the effects of the smaller gaps would be 

to completely ignore than. In order to estimate the 

lowest value of gap length to accept, it would be 

desirable to measure the distribution in order to 

detect at which point it ceased to be exponential. 

(iv) After deciding the gap length cut off in the way

suggested in (iii), it would be possible to use the 

method of Appendix B to extract the maximum information 

from a track by measuring the quantities:-

(a) Total 'lap Length;

(b) jap-Length Distribution;

also Cc) Total length of track measured.

The neces'sary modifications to the present device to 

do this have been designed and built from SOS 

Fairchild nicro-logic (solid state) elements and only 

require testing. The system is represented in Fig.8.1

(v) It would appear that the minimum gap length visible to 

a simple scanning system like the present one is
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approximately two bubble diameters (bubble centre to 

centre)• It is not unreasonable to suppose that this 

is so for any bubble diameter, so that the smaller this 

quantity (consistent with having a good film contrast) 

the better. The statistical accuracy of ionizattion 

measurements depends upon:-

(a) the number of buttles;

(b) the number of visible gaps (i.e. track "cells"). 

The latter quantity is a maximum when the mean gap 

length is equal to the minimum gap visible (for a 

fixed ionization). In the medium energy experiments 

such as the present one where the resolution of lower 

relative ionizations (e.g.:- 1.6 relative to minimum) is 

often sought, it would therefore be reasonable to aim 

at a bubble dianeter of about 160^m in the chamber 

(comparable with that used by Morriason et al) and a 

primary msan gap length of about 300^m (representing an
/

average vertex measurement error). This would provide

relativiatic tracks with lacunarity 0.6 -quite easy to

scan. 

Production of K*(890)

In all reactions discussed in this thesis, strong 

evidence for this resonance has been found. When made in
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TABLE I

t
Decay Mode

K77

K.r

Kp

KO

K >->

7 
Cross- Sect ion

( b)

289+80

61 + 43

20

3e±2E:
11

189+50

Reference

3

1 . 0+0 . 2 8

0.48+0.33

0.3

0 . 1 2+^0 . 1 0

0.15

0.65+0.20

4

1 . 0+0 . 5

1 . 10+_0 . 35

0.36+0.11

0.18^0.10

0 .05^+0 .05

-

1 
5

1

i±»

1/12

1

-

SU 
3

Prediction

1

0.62

o.ie

0.00

o .03

1

All rates are relative to K]fT and corrected for unobservable 

decays.



association with a nucleon, the following features appear 

evident : -

(a) Negative iv*<890) is made in a manner characteristic of 

single particle (Natural larity) exchange. This is in

agreement with the findings from 3.0 "ev/c h.*p or K~p

1 *> reactions . ' *"

(b) Zero charged K*°(890) appears to be made largely by

single pion exchange. 

. Production of K*(800) in the three body reaction:

also api ears to proceed by single pion exchange. Qualitatively 

the reaction seems to occur in a nanner characteristic of 

the Drell process. 

K**(1400)

An isotopic spin assignment of 2 for this resonance 

appears to be confirmed. The spin and parity 2 are also 

confirmed. Similar conclusions regarding the production 

mechanism for this particle in association with a single 

nucleon appear to hold as for the X*(890).

It has been found possible to observe a variety of 

decay nodes for the negatively charged resonance produced in 

the reaction: K~p ̂ > K**~ < 1400) p

In Table I art collected the branching ratios for these

decays. They are also compared with the findings of other
et 

workers, and with the predictions of SU 3 .
-173-
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APPENDIX A

t r y^ oj__Ld e a

We define an ideal bubble track to consist of identical, 

spherical bubbles of diameteroJ., and to have an exponential 

distribution of distances (x) between bubble centres. Thus,

although the bubbles have finite size, there is no restriction
.---** upon the distance b^twer-n their centres,

The distribution law may be writtm as: 

dn(x) - Ap***d:x

* " , • • = . ' , . .giving the nu Tiber of ^aps from x to x 4- r!*, where A ^nd te ^rr 

constants, and nay be used to connect physically measurable 

track quantities with the bubble density (number of bubble 

centres/unit track length).

If this quantity is g/unit length:

dn
- k .... A 1

The first moment (or mean) of gnps J=\ in length Is:

1
<*>-> -

J adn

Therefore, the average l^agth of gap brtwe^n bubble
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circumferences <y-x-dO is ^y^ = l/g .... A2 

and i« independent o

L(nO = total gap length of gaps between bubble circumferences
total track lengthrJ (x-o<)dn
_ .... A3

xdn

It follows from the distribution law that <o r 

the relationship between the logarithm of the number of gaps 

> d (some distance) and d itself is a linear one. The slope 

of the line connecting the two is g. In other words:

InHCd,) - lnH(d 0 ) g = —————±——————————d .... A4

where H(d) is the density of gaps\ d.

The first moment of the blob length distribution is

v 1-L0-)by —
/ H(ak)

.... AS
g 

Theoretical Variances of Jome quantities

The number of bubbles (IB) in a unit track length obeys

a Poisson distribution law. The probability of -n being the
m — n n enumber of bubbles found when n are expected is: PCaO^ ————
m!

Consequently, the variance of m is - m .... A6

The evaluation of the second moment of the gap length 

(y) distribution leads to an estimate of the variance of a 

single gap length from:

_ / y y> _ 1/g 2 (independent of^)
.... A 7~:\ 2 -



Consequently, the'qu«ntity f(L) - see equation (3) of
\

Chapter III - for the estimate of g obtained fro* the roean

gap length is J
/ " ( « )

= 1 .... ASn

n = number of gaps*>ot in unit length = gB~ got =: gL) 

The second moment of the blob length distribution may 

be calculated as follows:-

Suppose a blob consists of "gap lengths" (i.e. distances 

between bubble centres) of lengths # , , x 0 , ..... »„. Then-*. «s n

the blob length is ( <? + x- + . . . . + x ) .

Using the fact that the probability for a gap to be •'Cc^ is

(l-e~^ ) the required moment is:
'

since there is no restriction on the number (n) of bubbles in 

the blob.
oO

-/•, — °>. ?? v n

- GL

n=0

where the x's are all^o^ »nd^"(x) = 

The moments of x

g
1-e
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g (l-e~ "-") 

so that ^"^(b) = Yb 2 } - ^b} °

(L In L) 
( using L - e~" g )

Araed with the variances of the "le^n gap length (f?.aps/ei )
i . h t • . •' --

and the mean blob length, all other variances or<° obtainable.-. ... .. . _
For instance the lacunarity:

fdr the lacun^rity fSti«»tert from a mlntHLs track c<»ll ( 

blob and one

For a unit length of track (containing pL c^lls) 
L - - in I + Ik' '- 2
8 1-1

Consequently, the function f(L) for the value of g estimated 

from lacunarlty is:

f(L) -= ^l-lll - -i- * -JL' 4-lfl ilrJtll2r L ler (1-L) liT~L L(ln <.y^ ....A 10
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AP1-ENTDIX D 

The Combination of Blobs and 'Japs

An important fact was pointed out by Barkas^concerning 

the estimation of ionization - g. It is that as much informa­ 

tion resides in the blobs as in the gaps in a track and that 

the two sets of information are clearly independent. Thus, 

measuring the mean length of either blobs or gaps separately. 

one can coapletely ignore the other. If both are measured, 

therefore, the two estimates g and g (see equations A.2 and 

A.5 of Chapter III) may be linearly combined to form an average 

which will be defined as g g where g Q = wgj + Cl-w)g 4 where w 

is a function of lacunarity. That this is so is clear when 

one considers that the relative information content in blobs 

and gaps varies with L.

In order to calculate the form of w, Barkas used the 

method of maximum likelihood. The result obtained was:-

(1-w) (l-L+lnL)^ <^

where V - standard deviation of blob length, b

Further, the width of the likelihood function can be

2 estimated from its second derivatives in the usual way, and

the result is that fg (L) = w/L (see equation (3)). The func­ 

tion fg is plotted with those corresponding to the other 

ionization estimates in Fig. 3.1. (Chapter III). It will be
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noticed that it is more uniform over the whole range of I. than 

the others. This is because g g is an estimate that combines 

the information from blobs and gaps in a way which automatically 

gives the most significance to the most informative. All other 

estimates described so far are very dependent upon the type of 

track considered, in particular, on its value of L. 

Maximum likelihood Estimation of lonization

The fundamental difficulty with the Barkas' method of 

obtaining g is that the value of g 4 may be made as close to g g 

as desired simply by making slight alterations tojL , On a 

typical beam track, a variation in <^ of 10% gives a 40% change 

in g for fixed mean blob length. The best way to determine <X 

la the use of the emulsion technique is by observing the blob 

density along a track. As the particle causing the track slows 

down, the mean gap length decreases until it is equal to <>> . 

At this point, the blob density is at a maximum. :io equivalent 

method is available in bubble chamber analysis since the slowing 

down is more gradual, and the lack of statistics completely 

prohibitive. Unless one can find a better way to determine this 

quantity, therefore, the Dartes* estimation is reduced to a good 

procedure wasted on a bad measurement, and measuring mean blob 

length at all is futile.

Though, as pointed out by Barkas, the mean gap length is

-BP-



a sufficient estimator for the distribution of gaps, it is here 

observed that more Information, in the form of a value for^L , 

is actually obtained from measuring the distribution. As 

already shown (Chapter III), the gap lengths greater than a 

bubble diameter do show an approximately exponential character 

in their distribution, and an extrapolation to zero gap is quite 

well constrained for instance, in the tracks* illustrated in 

Fig. 3.2, as in most others measured by the author. The 

method suggested, therefore, consists of measuring the distribu­ 

tion of gap lengths - subject to the normalization condition 

that the total number of gaps greater than zero in length will 

be equal to the bubble density multiplied by the track length -

in order to obtained . Its value can then be used to obtain g4

from the mean blob length which is an independent determination

of g. In fact, the procedure suggested is to perform both 

parts simultaneously by maximizing the likelihood function:-

N!

(N-m)
x e

k
x tr 1=1 . . . .(2)

(b ~exp
b

with respect to g and ^ . In equation (2)

N = total number of bubbles in track length (=

-B3-



m SB total number of gaps observed

N = number of gaps of visible length ch

k = number of such intervals

b = mean blob length (independent of the gaps) 

and ^b= standard deviation of b 

and for consistency, we replace g by g ? .

The expression -nay be divided into three parts. The last 

of these is the Gaussian term:

and describes the probability for obtaining the value b for mean 

blob length when the expectation value is:

Zn order to avoid having to measure the variance on this quantity,
n

the expectation value^y-. ^ derived in Appendix A is used.

The second part of expression (2) describes the probability 

for having the observed distribution of gap lengths. M is the 

number greater than J +• / for instance, whilst there are 

supposedly N-m less than^.

The multinomial expression simply allows for the permuta­ 

tions possible amongst the gaps.

The measured quantities may be obtained with a microscope 

by writing down the length (in eyepiece divisions, say) of each

-B4-



No. of gaps >d

2 '

Track I

Rt from equn2

d (divisions)

Track

Fit from 
eqlm.2
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FIG B.I -Maximum Likelihood Pits.
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visible gap and also the total length of track measured. A 

computer programme for the Oxford KDF0 has been written by the 

author to perform the maximization which has been carried out 

on seven measured beam tracks.

The results of the fits to the measured tracks are given 

in Table I and the distribution fit in Fig. B,i and appear 

satisfactory. The errors are calculated from the width and 

second derivatives of W - In.F at the maximum and agree quite 

well with the observed spread of values. It should be pointed 

out that all the tracks were on the same fraise, so had the 

sane expectation value for g (but not necessarily0O.

The sane procedure, omitting the mean blob length informa­ 

tion (by leaving out the Gaussian term) provides a maximum 

likelihood fit to the gap length distribution alone. This was 

again performed on the measurements to estimate the accuracy of 

cA, determined in this way. The results indicated an error of 

about 6% to be compared with up to 15% by direct measurement.

The result of fitting the slope^in this manner has already been*•
shown in Fig. 3.2. of Chapter III. 

Monte Carlo Investigation

Ideally, in order to test the various ways of estimating 

g, one would like to make measurements of a large number of 

tracks and observe the spreads of the quantities gQ - g ? (see
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(Direct counting) .
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No. of 
Tracks.

50

25

J
in

t/Ur1 *
LTL

12
I/Io-t-2

i
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FIG B2 Monte Carlo Tracks with <q>«I5cm" 1



Chapter III). The practical difficulty of obtaining a large 

nuaber of tracks with the same expectation value of g, however, 

and the tedium of making the measurements are inhibitive. 

Consequently, a Monte Carlo technique has been uaed to generate 

sonae ideal tracks (essentially generating a large number of gaps 

whose distribution followed the form of equation (1)) which had 

a fixed length comparable with that measured by the machine. 

To illustrate the usefulness of ionization measurements froii 

the statistical point of view, tracks with values of(^ and g 

typical of actual bears tracks C = 0.030 cms; g = 20 cm ) 

were generated. The resulting spreads are illustrated In Fig.B.2 

where the ability for g. _ to distinguish relative ionizations
JL ** /

of 1.0 and 1.2 for instance, may be assessed. Experimental 

spreads would be greater owing to systematic effects already 

described (Chapter III), but it is usually possible (on the 

3aelay 61ca chamber film) to measure at least 2 or 3, and usually 

4 ; eections as large as those illustrated. On this basis, it 

would appear that the mean gap length method for instance, 

would be capable of distinguishing 1.0 from 1.2 in about S"O %

of cases.

In conclusion it appears that, could one obtain an 

accurate measurement of^, the Barkas method of estimating g 

would be most satisfactory. A possible way of doing this 

involving only a few measurements (gap length distribution, etc.)
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i» suggested and shown to provide reasonable results. Monte 

Carlo analysis shows that one might hope to obtain a separation 

of l.O and 1.2 in relative ionization (i.e. Ka from TT s up to 

about 1.25 '^rv/c) in favourable cases.
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A.'PLNDIX C

Dip Correction Applied to lonization Measurements 

That a projection of a track onto any plane raay be 

regarded (from the point of view of gap geometry) as an 

equivalent track with a higher bubble density (g) may be 

shown as follows:-

Fig. C.I. represents an "ideal" track. Th© gap 

length x is reduced to x sin t* when projected onto a plane 

whose norraal makes the angle § with the track an shown in the 

figure. The projected visible gap length y* is x sin £ -c^ 

instead of x --\- The distribution of y f is the same as 

that of y except that th© gaps are shorter and the minimum 

visible has a v&ue of x ofxcosec & instead of^ . Consequently 

the effect of the dip is to reduce the number of visible 

gaps and increase the apparent bubble density of g', say. 

The distribution law may be written as:-

n'(x) = Ae"*8 x where n(x) is the number of projected 

gaps"7 * • This is the number of actual gaps/ x cosec & so 

that n'(x) = Ae-S** = Ae-«* eosec^ .

Therefore, any value of g* derived by use of the 

distribution law i« identified with g cosecf-^, and the dip 

correction required ie just the average value of sin "*" 

along the measured length of track.
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Track Shuffling

As the ionization measurements were performed at a 

different time to those of the azimuth, dip and aomentu-a, 

some confusion occasionally arose as to which track was 

which on the four prong events. A rule was made in the 

measurement of the ionization that all tracks were to be 

taken in strict clockwise order on the best view. /hen the 

output from the machine was compared with the azimuth, dip 

and moaentuta measurements for each track, therefore, the 

first step was actually to shuffle the measured values so 

that they were in the same order in both cases. The 

apparent track order on any view was the same as that in 

which they appeared on a plane (whose normal was parallel to 

the line Joining the vertex to the camera lens) illustrated 

in Fig. C.4. The angle (Is between the beam track and a 

secondary track was calculated: 

Cos <K =
Si I l-i

where m. = a . + kr ; ra . r rt = 0 — j —j —o ~"*J °

Measured quantities (g f )and the error /(g') which 

were calculated for the projected tracks ware put into the 

order of the r>. 4 and the dip correction was applied. 

c Iculation of Pip Correction

The assumptions made were tliat:-
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(a) The tack was straight;

(b) Pinhole optics could be applied;

Cc) The angle of view was small;

(d) The whole track of known length 1 was measured 

starting at the vertex.

The effect of (c) was that the front glass of the 

chamber could be neglected except that it adjusted the 

effective distance of the camera lens from its front surface 

This is illustrated in Fig.C.2.

Fig. C.3. shows a straight track VE coming frosa a 

vertex CCx^, y^, Zj) . The diagram is drawn in the plane 

defined by the camera pinhole P (x o , y o , Z D ) and VE , and the 

correction to be applied to the ionization measurement was 

s/1 (both defined in the figure).

The first stop in the calculation was to rotate and 

translate the co-ordinate system so that the angle of 

azimuth (\) for the track was zero, and the origin was at 

the camera lens. The unit vector _a then had components 

(cosh, 0, sin/) where the track dip angle was , and the

vectors r and r were also simple to calculate as the track — o —1

length (1) was known. Calculation of the unit vector £ wa 

made from use of the fact that it lay in the plane i VE and 

was perpendicular to _b which also lay in the plane.
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The equations used w* rr t

; b « 0 • b.U » r ) =• 0^ —— — —— Q

It was tte«n «i apl« to calculate (/ and C and *e a

• = v(tan \V . tan U ) 

where v was tb« distance of thr fila fro-a th^ lens divided

by c . 
3

The correction was applied to th-» ?n«»a surc-nent perforned 

on each vii»w separately, and then a weighted aean was taken 

over the vi^ws for each track.
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-C T>

A l»r«>r pnrt of thr F»na?ysls? of oxper

In hiph enorry physics consists of * statistical in-agEt i«ra t ion 

of th^or^t lea 1 1 y prfdict^^ pff^cts. A" th^s*> *»ffrcts 

-nnre ^l^ficult to dotrct, th^ a«»ef1 for r» -inr^ «?onhiBt 

statistical analysis bpco-npf* anoar^nt. ^, conv^ni«>nt 

of obtaining th^ latter is thnt of -nnxi^un livelihood, en<1 

consi^tp roufrhl y of two tyors*-

(o) ^h^t in which r» tr«t of t h ̂  r r 1 « t i v «= -nprits of

several well defined theories in describing the 

experimental results is to be made; 

(b) that which provides a quantitative result for the

best values of some parameters - which characterize 

the theory - for describing the experiment. 

In this thesis, both types have been used, and in one 

case - that of the K**(1400) spin determination - (b) was 

first applied to find the best values for the density matrix 

elements for each of two hypotheses, and then (a) was used to 

estimate which hypothesis provided the better description.

In both (a) and (b), a likelihood function is constructed 

which either describes the exact (. "direct") probability for 

a aet of results or is constructed as follows. If fCpC ,x) 

is a function describing the expected distribution of the
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quantities x whose form is fixed but whose exact "shape" 

depends upon the values of the parameters^., then the 

likelihood function is a product of this distribution

over all N measured values of x.
N

fC.x ) .... (Dl)

It is more usual, for numerical reasons, to refer

to the log likelihood function tfCd^) = ln.F(^.) since 

this is a monotonic function of F. To find the values of

the<Sj which maximize the value of F Cor W) forms the
— * 

major part of type (b) maximum likelihood calculations.

^ s One alght first think of making a computer evaluate 

tf for several values of each parameter and then decide 

which was the maximum. However, to take a specific case, 

if the function had ten variables (&* . ) and one calculated 

its value for 10 values of each, that would entail working 

it out 10 10 times. t,ven at one microsecond a time (a 

gross under-estimate) this would take three hours. 

Consequently, in the examples in this thesis (the worst 

case was 16 parameters when the function required 6 seconds 

of Atlas time to evaluate)the method about to be described 

was applied. The assumptions:-

(a) that the function had only one stationary value

in the vicinity of the current values of , and
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that this was a maximum; 

(b) that the function was continuous in the same

vicinity ;

led to the requirement that the solution lay in that of solving 

the n equations:

=0 . . . . D2

for the n parameters^ .

A Taylor expansion of the first derivatives (D2) about 

the current values of«4(^°) led to the equations:

("• ) + ) Ac^ = 0 . ...D3 
o J

linear in the ̂ ^L which were the first order corrections to
J

be applied to eJ» . It was then simple to solve for the
«l

£*J~ . which (when added to cA .) led to slightly better values. 
J J

The process usually converged after about six or seven such 

iterations with the requirement that two successive values 

for the complete set of A/ were less than a required 

small amount ( $ ol ).

The evaluation of the derivatives was a numerical one - 

very simply stepping theo^ by a fraction of &£ and observing 

the change in W. It was only necessary to evaluate one half 

of the second derivative matrix as it was symmetrical
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dw r starting value
z value after first 

iteration, etc,
T| , T2 , etc. are tangents

FIG. D.2.-Ill-conditioned derivative.



It is noted that a quadratic surface (to which a

likelihood function approximates as the number of events -
t each of which provides a value for x - becomes larger) has

a maximum determined exactly by solution of the equations D3 

Difficulties Occasionally Encountered

tPig. D.I. illustrates graphically the nature of the 

method. It shows a derived curve ( < ••j-) as a function of 

one of the parameters - <* . FigjD,2. shows a difficult 

ease where one parameter becomes thrown right outside the 

required region by following the method exactly. It is 

realized that this can only happen if the derivative changes 

sign between iterations, so that a check was made that this 

did not happen unless the final derivative was smaller than 

•onte preset amount. If such a change of sign occurred, a

note was made of the initial and final values of^ (A
i

and B on FigJX 2.) and the quantity^, was stepped back to

a position between these two limits by a weighted amount

so that it was nearer to the point where the derivative

had been smallest. At this point, evaluation of the derivative

was repeated, and the above procedure again adopted - anyt*- 
new limits A and B being noted. The fact that the solution

lay somewhere between A and B was slightly
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modified by correlations with other parameters* but a sub­ 

sequent iteration was not allowed to throw the parameter^ 

outside the1* range AB by more than a preset percentage.

of Another difficulty which rarely arose*- was that one
> 

iteration slightly overestimated one of th«Ao^» so that a

step to the unphysical region oecured (requiring the
-» k ~r

evalution of the log. of about -10"" 12 , say). For such a 

case, all theAeJ- were divided by two and the next iteration 

rest acted. This was repeated as often' as necessary. 

Evaluation of Errors

Two methods were used to calculate the errors. The 

first relied upon the approximately Gaussion nature of the 

lilce 11 heed surface and lead to the result that the standard 

deviation etc*, should be H where:

«. t w
(H A > a . ^ ——— a , . . . . D4

J 
1 t * r i, t * . *as h^r • '

Another method which was more applicable to those cases

where the number N of measurements of the quantity x (see 

equation Dl) was small relied upon the theorem that a 

suitable transformation for the parameter^ would lead to
J%

the distribution of the likelihood function F becoming 

uausslan. The standard deviation of this new parameter then 

corresponded to the points where the log likelihood obtained

the value of numerically one half less than its maximum (W )
WAX
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Therefore, adjustment of each parameter In turn in increasing 

and decreasing directions such that the value of W became 

^MAX ~ °- 6 ) led to the £$% confidence limits. The values 

of Hkk were used to estimate a starting position foro*^, 

and the change in its value in order to reach this point was

(W <°V - "MAX* °' 6)

Even though this method was a lot quicker than many 

others which could have been used, the time consumed in the 

case of the evaluation of resonance production cross-sections 

(see Chapter VII) was still very great. In order to evaluate 

one half of the second derivative matrix and all the first 

derivatives, over half an hour of computing time was required 

on a powerful computer. An approximate method In which the 

second derivatives were only calculated after every fifth 

iteration was therefore adopted in the more time consuming 

cases. Even so, the case just cited was not really feasible. 

It was certainly found that the higher derivatives only 

changed slightly in the neighbourhood of the maximum.
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APPENDIX £ 

Definition of Kinematic Quantities

It is necessary to define some quantities that are 

later referred to, and in this connection it is instructive 

to consider hew many independent quantities are required 

in the specification of a three body final state. 

Starting with the two body reaction:

A + B -~> C + D ....El 

where the masses of all particles are known, and the 

initial state is one of well defined momentum (e.g. K~ p 

with stationary proton and K~ having 3.5 Gev/c momentum) 

one sees that -six components of momentum (those of C & D 

are unknown. The conservation of four-momentum (impos­ 

ing four constraints upon these variables)leads to a 

reduction in the number of independent variables to two 

which may be regarded, for instance, as the polar and 

azimuthal angles defining the final direction of the

particles C and D in the overall centre of mass system 

(CMS). In our case, however, as the target was unpolarized, 

one of these angles was of no interest, so that a two 

body reaction could be completely specified by one 

scattering angle.

The inclusion of an extra particle in the final state
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introduces the nead for the specification of a further 

three quantities. One may consider two of the particles 

as forming a system (C for instance) and their invariant 

mass may be regarded as one of the extra independent 

quantities. The other two may be taken as the azimuthal 

and polar angles describing the final direction of the 

two decay products of C in the CMS of C. These angles

are usually referred to as the decay angles of C (£
c

and (i ) and are defined below. I c

Decay Angles

Referring to the centre of mass system of the particles 

in C we may define a co-ordinate system as follows:- 

Fig.l(a) shows the final 3 particle system in the rest 

frame of the K and-rr . The incoming particles K™ and p 

are drawn as dotted lines whilst the outgoing particles 

are drawn solid. The z-axis is taken along the incident 

K direction and the x-axis normal to this in the produc­ 

tion plane. The y-axis parallel to the normal to the 

production plane then completes the right-handed system. 

Thus if e i* e 2' e 3 are unit vectors in the direction of the 

x,y,z axes respectively, using the notation implied by

reaction K + P —? K • + N +77:
K"

3 = *-~ - ' e o ~ -» -* '• e i =e o xe o . . . . E 2 d ^ t 2 |p-^ x N 1 2 3
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and the azimuthal and polar angles v7_ and -* in thisc _ c

system are:

->r W -^ —7 -=? -->
K.K* KxK* j Kxll*.. c =e 2- . — :« in1c =e 2* — i •••• E3

\K \\ K'i rK x K'i U x KM

The angle :Kin Fig.l(a) is loosely referred to as the
— > „_-?
K N decay angle. It is defined by cos£k= — ~ * V/hen this
UHs

angle is referred to it will be identified specifically

a s <X; .

The Four-momentum Transfer C £?~ - - t )

Another quantity occasionally referred to is the 

so-called square of the 4-momentum transfer (momentum 

transfer). This is, for instance, the difference in 

4-momentura between A and D or B and C, etc, in the two 

body reaction: A + B ""^C + D represented in Fig.l(b). 

Th.cu this is Lorentz invariant may be seen as follows. 

If a,b,c and d are the 4-moraenta of the four respective 

particles, the conservation of energy-momentum may be 

written as: a + b = c + d .... E4 

Equation L4 tiay be represented as in Fig. l(c) by a 

closed hypertetrahedron in four-space whose sides have 

lengths a,b,c and d. These lengths have magnitudes equal 

to the masses of the four particles and are therefore 

Lorentz invariant. This is also so if C has the invariant

-E3-



mass of a pair of particles in the three body final state 

Therefore the lengths of the diagonals of the tetrahedron 

whose squares are:

s = (a+b) 2 ; t = (c-a) 2 - (d-b) 2 

are also invariant.

The first of those is the square of the total centre 

of mass energy, and the second the squared four momentum 

transfer to the particle c or d. The most usual case 

considered (for the reaction K~p -J* KN^) is that of the 

momentum transfer to the nucleon

t = ( p -p ) 2 - (E -E ) 2M ^N p N p

where the K andTTare combined to make particle C and p 

is the 3-ffiomentum and E the total energy of the incoming 

proton Cor outgoing nucleon}
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