















































"I have nothing to offer but blood, toil, tears and sweat."

3ir Winston Churchill
Speech, House of Commons,
13th May, 1940



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 momentunm
greater than 3.5 Gev/c, SU(3) was still an exciting speculation?a
and quarks were still lit erary concoctions. it is therefore
interesting perhaps to consider some of the changes brought about
elther 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 i8 concerned with particular parts of the
experiment.

The<L~™ Particle

Unitary symmetry was suggested as a possible extension to
the idea of charge independence. liere, 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 S8 = strangeness quantum numbers).
The result would be that supermultiplets instead of multiplets
should occur. The presence of these depends upon the supposed
syametry of the strong interaction under unitary transformations
which belong to the group sU(3). 1In this way, several particles
are thought to be merely substates of one eigenstate of a
Hamiltonian symmetrical under these transformations, and fLe only
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reason that they are distinet 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 electronsiin
atoms to split.

In the case of strong interactions, the symmetry chosen is
known as 3U(3) and the perturbing force causing the mass split-
tings 1is assumed to have some definite symmetry of its own. Un
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 multiplets.
iny ‘“Sgome such well known “representations™ are illustrated in
Fig.1... It will be noticed that all these are either singlets,
octets or decuplets and that the spin-parities (i®) of a11
members within a multiplet are the same. Extensions have been
made to the SU(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 o~ at the time that the theory was produced. The

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

Moo= M°€1 + aY¥ + b [I(I + 1) - Y2/4]} cees(l)
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where Mo. a and b are constants. From the known masses of the
other particles, one can derive

a = -0.105, b - -7.2 x 10=9, ¥_ = 1.386 Gev
giving expected value of @n_at 1675 dev. The search for this
particle in the reaction:

K™ + poa” * K" + K° ceed(2)
in which the required centre of mass energy 18 at least 2.660 Gev
corresponding to beam momentum of 3.15 Gev/c was the maln reason
for using as high an energy K- beam as possible in this experi-
nent. However, it has become apparent that 3.5 tev/c was too
near the threshold required as no event has been found correspond-
ing to reaction (2) followed by any of the decays:

A 5% - KT
=° .77
="+

where the products were visible.

Thejl: was subsequently found at Brookhavenh using a
5 CGev/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. TPerhaps it is as a consequence

- 3 .



of this new found confidence in the idea of higher symmetry that
has led to the even more audaclous schemes that have been
54647

proposed.

Baryon Resonances

S>ome interest in this experiment has been centred around

the Y*{(1660) region. +he main reaction in which this resonance

was studied was: oy R ad dimw oy ¢ B
K'p= @&~ P77y 5= o0 o ceea(3)
Y{(IGGO)
vy iet 1o

The peak 1nq the S~ /7" /7 mass distributlion 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

s -t mass 1s 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 XK* with
isotopic spin 3., As a result of the foregoing, a reasonably pure
sample of Yi(1660) events was available, and after combining
these with similar events from the 3,0 Gev/c K™p experiaent

being analysed by the Saclay-Ecole ['olytechnique groups, an
analysis of the decay Dalltz plot was undertaken. The result

was that consistency with the spin-parity assignment 3/27 was
found. However, the situation regarding this resonance remains
one of the many unsolved mysteries of experimental elementary
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particle physics, for another group, pxrforming a similar

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

3/27, whilst later experiments alsc favour this assignment.

Y3(1645)

It was also found that, in the reaction:
K'p> = X r¥ o0

a further peak at about 1645 Mev was present in the =% N ¥ nase

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

singlet state with mass at 16485 Mev and width 40 Yev was
believed for several rensons:a

1. No corresponding enhancement was noticed in the charged 27
combinations in the K"p= = (2T) reactions. If it were
the Yi(1660) this would have benn surprising.

2. The centre of mass production angular distribution for the
resonance showed a forward peaking correspoinding 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 Kk* exchange how much neutral Y* ghould be
produced. Then from the known branching ratio ¥

Yi—=> 7T

Y;'_7 Sy

an estimate 0f the expected number of 1660 events in=< ﬁ?
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is obtained. The result is that, where 11 events would thus be
expected 42 exist,

Production Moclhianisms

In the stuly of the production and decay «f baryon and
boson resonances, a simple theoretical model which hag had a
limited success i3 the s0 called Peripheral ‘iodel and much work
has recently been done on the sophistication of it espocially

during the course of this experiuent and many reactions have been

¥

Ty

analysed by reference to it, .8 some of the results which are
presented in this thesis are discussed within the frazework of
the model, a brief account is given here.

Phenomeunologically, one can think of the taryet proton
being surrounded by a cloud of mesons. On the average, most L~
mesons in the beam strike the proton in this c¢loud with fairly
large impact parameter and scatter off the mesons therein. In
many of these instances, the K p interaction can be described in
terms of "one mesen exchange" leading to a quasi two body final
state. The scattering which takes place causes the emerging
1cson (sometimes a resonance) to ke polarized in general, in a
predictable way. The subsequent decay (of the rescaance)
therefore provides a check on the assumed exchance.

ieson-Jdeson ﬁcatter&g&

The only way that boson resonancee can be produced is by
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some such peripheral jscattering, as this is the nearest approxi-
mation that one can imagine to having meson target.
Consequently, the detafiled 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 . ¥.3,0,

The inclusion of ninth particles in the basic octets is
necessary in order to satisfy the Gell-Mann-Okubo mass formula ¢

within the octet.! The eighth member then becomes a "mixture™ of

two particles with nmixing angle 9 defined by:

v o, v 2 - MOZ
A ( )
Tan2 e = 8 g
1‘02 - M 2
8 1
wheret MS = physical mass of octet member with I = 0
rexcti. M§ = bare masc of oetet member with I = 0
Hetth “1 = physical mass of singlet
“a Then*using the values for the masses quoted in Ref. 10, we

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

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 ewen
been suggested by Gell-dann that they may merely be mathematical
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entities.‘t

Thus, just as the K*¥(800) is8 a pole in .the s-p
scattering amplitude, perhaps the K itself is an analogous
phenomenon in the quark-antiquark amplitude. However, whatever
the outcome of such theoretical 1nvestig;tions, the observation
and analysis of the _ roperties of these resonances and the
accumulation of data on meson-meson scatterings are essential to
progress. This may be one of the justifications for experiments
like the prosent one in which K~ megsons are aimed at protons in
such a way that the many neripheral interactions whicu result

provide such data.

The w*° (1400)

A notable faeature of the 3.5 Gev/c experiment was the
discovery ofesthis resonant state. It was first noticed in the
reaction:i® K= + p —> K° + j= + p
elther of the two body systems i ~p or iop were found to
resonate strongly, but the L%~ invariant mass 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 “fe¢v., and no acceptable fit
to the data could be made by dignoring it. Thé 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.



3 _
Almost at the same time, Hardy et al who studied T 7p

iateractions at 3.9 und 4.2 Gev/c observed tlhe anti-particle in
lie reactions:
W e—> =S °(&Y'm
VL o¢. " m-)
where they also werc troubled little by ianterference (or
competilion) from excited baryo: states.

That +“his phenomencn shou.d cccur in two such different
rcactions aust be conclusive evideuce for the existence o. the
particle, which has now been reported in several other experi-
ments.‘uﬂs

The original observationm permitted an analysis of the
decay correlations of the X** on the assuamption that the produc-
tion process:

E™ + p — K*7 «+ p
proceeded dominantly by one particle exchange. The result was
a closer adherence of the data to spin-parity 2t than to 1~ by

2 standard deviations. No conclusive estimate of the isotopic

spin (T) was available, but ilardy ¢t al expressed a weak

preference for 7 = % oa the basis of tic obscrved rates:
REr (& +) ImT= k© K+ DA T o0
oy o ~ 4 and e N
B (s //T i g0 T -

Their data was also .ore consistent witih a spin-parity of 2V

<.
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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 in the South Hall at C.Z.R.N. and was
used to provide separated beams of Kt 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 Deeember respectively -
over half a million photographs were produced: 100,000 K¥ at
3.0 Gev/c, 300,000 K~ at the same momentum and 310,000 K~ at
3.8 gev/c. The latter film was distributed among the members of
a British collaboration - Birmingham “niversity, Imperial
College London, National Institute - Rutherfors Laboratory
(N.I.R.N.8.,), Glasgow University and Oxford who took approx-
imately half thestotal 3.5 K~ film,. It is with the analysis of
this film that this thesis is primarily concerned.

The M2 Bean

The layout is shown schematically in Figs. .4(a) and
.4 (b) which make the optieal 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
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collimator collected the particles from a solid angle of

0.6 x 10'4 steradians and filtered them into the nomentun
defining stage which consisted of a bending magnet (BMl) -
whose current defined the momentum of the resulting beam -
and the momentum slit whose resolution was set at (,;%). The
purpose of the quadrupoles W1 ige W3 Wwas to produce a
horizontal focus on the momentum s8l1it 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
7 and K images of 3mm, The size of these was about 1.3mm at
the first mass s1it 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

and BM_, which

quadrupoles Q4, Qg and <g and bending magnets Buz 3

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 lmm and an expected beam of K's with about 10% Tt '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 L end of the image as possible, consistent
with obtaining a flux of approximately 10-20 K's (+7T's an |

/L's)
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per pulse. Two further quadrupoles were used to provide a
reasonable spre;d of bean tracks throughout the chamber.

The 8lcm Saclay Bubble Chanber (See Fig. .5)

The main part of this was a tank measuring 8lcm by about
30cm in depth vhiqh 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 a2llowed 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 ¢ontained diagonal engraved
crosses which served to define a co-ordinate system (discussed
in Chapter 1), On the side of the chamber remote from the
caneras were two flash tubes whose separate condensing systens
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
aain illumination,

The magnet coils were wound around the windows in such a
way that the axig of the field was parallel to the camera axes.
in order to obtain a uniform magnetic field of 20 X Gauss over
the whole volume of the chamber, a very large current was
required and kept at a stabillized level throughout the whole of

=12



each run. The compression and expansion of the chamber were
effected by a piston whose connection with the visible portion
of the }Jiquid hydrogen container was through a conical neck
which bhelped to reduce turbulence.

The [llumination System

The sources were 2 electronic flash tubes whose triggering
could be delayed by a variable amount relative to a syne pulse
generated by the P5. Each of these had its own condensing
system, and some uncertainty due to none~synchronisation of
the flashes occasionally arose. The bubble sizes were usually
about 0.20mm in the chamber which was comparable with the
resolving power of the camera lenses, though a little larger
(camera resolution corresponding to aperture of lcms at
wavelength of 5,000 K is about 0.07ma). 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 Farameters

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 Y3 struck
the copper target. Some variables werc:-
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1. The expansion delay

2. The compression ratio

3. Temperature

4. Flash:delay

S. 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 pieture 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 film which were snipped from the
end of each roll as it was taken off the chamber. 3Such things
as: 1. Number and type of interaction;

2.4 Nuaber of T decays;

3. General film quality including advance between fraaes

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 bean



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-
meson, or occasionally an unseen R Unfortunately, the presence
of7's in the beam resulted in some difficulty in distinguishing
final states with these simple topologies, and ambiguities
ramained in many events. In this connection, the possibility
of using an lonization measuring device was investigated, and
some description of it, and the conclusions regarding its
usefulness form Part I of the remainder of this dissertation.
Included in this section 1is an account of the methods adopted
which lead eventually to the separation of the final states:

K'p< K7p

K"p = K™py°

K p ™ Eopn‘

K'p~> K—rr*.n

K'p~ K"porm™

KT p—> K~pmrm—n°

RTp~> K™m ' n

art Il than describes the analysis of some o0f these.
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CiHAPTER I

2.3 Ye'It is an unfortunate characteristic of bubble chanber
experiments that, though the actual running time on the
accelerator may be a matter of a few weeks, the time required
to sift and analyse the thousands of photographs which result
may well be months or ewen years. The difficulties involved in
triggering 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 chaaber
sensitization must' be ensured for every incident beam pulse.
Further, the lack of particles emerging from the dense liquid
target of the chanher anyway maakes 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,

«wecanning {'rocedure

An estimate of the topologies required for the types of
interactions which were to be studied was first made.
For instance, 1f one wished to study final states involving



chargedég hyperons made by collisions between K~ and p at
3.5 sev/c (as in the present experiment) one realised that the
decay length of aég" 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 ﬁ;'s would be observed to decay.

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

K~ + p—>K~- + x*

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 1in pairs of opposite strangeness. It 18 true that the K~
meson could decay but the mean free path of a fast K~ meson
(3.8 Gev/c) is 1070cms., making the ratio of the number of
charged decays that were K's to those that wereigj's very small
for most observed amomenta.

Definition of Topology

A simple code has been used in this (and some subsequent)
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experirents to specify the topology of the various events. It
is of the form “l1an" where:
1l = number of charge prongs associated with the first

interaction (production vertex).

@ = 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. 1.1l.
From what has been said before,the events of principal
interest to the author were the 200 and 400 topologies.

Structure of the SHcans

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
auch. it was only with the subsequent discovery of the K**(1400)
resonance that any analysis of 2 pronge was envisaged.

After the common and rare rescans, those events which
vere given a different interpretation on two previous scans
were looked at agiin. Beveral factors could contribute to these

-]8a.



differences, for instance a 001 event could easily be mistaken
for a 200 1f 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 quallity,
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 s2cond run film were
analysed and later the 200s.

The latter events were taken only from this film as 1t
was decided by the collaboration that the beamn quality was the
most important factor. The actual figures for the latter are
given below (Table V., Chapter I1) calculated from the Oxford
film. These figures are discussed in more detall in Chapter 11
but it may be noted that the difference between the two runs 1is
quite small and the importance attached by the author to
making ionization measurements (see Chapter 1IV) 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, howewr, extracted from the second run filn,
where 1t enjoyed a special two prong scan. In the interests of

-19-
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haste only three out of the seventeen Oxford rolls were
rescanned to make some estimate of the efficiency of the main
scan., This was thought, in view of the large number of events
on throe rolls (about 500), to be a sufficiently good estimate.

Scanningfaox-s

In order to reduce erratic loss of events due to poor
1llumination near the edges of the chamber &« fiduclal region
was defined to cover the centre and upstream ends of the
chamber. The actual dimensions of this ssanning box are showa
in Fig. 1.2(a). The dimensions and fiducial positions are
1llustrated for a 10 x aagnified image 0of the filma for view
two. A8 seen, the box was divided into two regions (1 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 simaply more convenient at the time to confine
the four prong scecan to the same region, as there was certainly
no shortage of events with this tepology.

The lack of any systematic scanning bias when using these
boxes is i1llustrated in Figs. 1.2.(b) and (c) which show
respectively 200 and 400 x-distributions to be isotropic. The
z distribution in FPig. 1.3(a) and (b) should be representative
of the bean profile; so approximately ‘iaussian in form.
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Measuring the Film

In order to obtain a geometrical reconstruction of each
event, (x,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 measuriny
machines which provided thig information in the form of 6-hole
paper tape ready for direct input to a computer. These machines
have been well described elsewhere.‘ﬂﬂowever, it is probably
worthy of note here that all the aachines which were used had
well built measuring stages with Ferranti Moiré fringe digitizers.
The diffraoction 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 1in this is approximately 25/Mm5 Hence an r.m.s.
scatter of points of up to about 15/anas 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
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typed by the operator to signature the various parts of film
measured and at the end of each track chec!'s £or badly meaczured
points causing a REMEASURL direct've to be male 1f necessary.
It 48 cratifying to note that those tracks persistently
rejected hy the computer are often found to have a very elight
decay or scatter on them - a farct whicl encouruages the author
in the belief that no such events, measurel a8 four prongs, , g,
actually pass the rigorous scrutiny of the gconetry programme
about to be described.

The Reconstruction Programme

This was written by members of the Rutherford High Energy
Laboratory and has been descrihed in considercble detail else-
where.’ Consequently, only a brief account is given here
emphacsizing the 1ain points in the personal use nade c¢f it.

The programmne was nroteocted against varying lnput by the
requirement of a set format. To present such a format tc the
IBXY 7090 computerson which all the author's events were processed
(see Aclinowlecgements) a buffer in-ut translaticn process was

first used. This also checked the raw data froo the nrachinegs

for obvious miatales.

Some fixed dat. containing information on ecd-era positions;
position, thickness and refractive indices of windows: etc; was

also fed to the coaputer which carried out soae preliminary

.



transformations on the data to allow for film shrinkage

(fx in the x-direction and fy in the y-~direction) and for any
rotation (D) with respect to the measurement axes. In order
to do this, the measurenents of several fiduclal marks were
used. In carrying out the transformation, all measurements
2also 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 ehaaheri

3. That pinhole optics could be applied to the cameras

4. That the nmeasuring axes of the machines were

orthogona£.

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 obtainabile.
Assumption (3) at least could not be made, for ins tance, 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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a2 half that of the Saclay chamber) did not allow the neglect
cf lens imperfections.

The reconstruction of points in the chamber was obviovusly
overdetermined as Fig, 2.4. illustrates. The Point P (Fig.1.4.)
is assumed to have measurements on the two views indicated by
A and B at positions (x;', y;°) and (xz'. yz'). In fact these
positions were not necessarily correctly measured and a two
view reconstruction was pocssible 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. By hypothesizing
R helix of the form:

x = +Fcoae + €, (0)

y =03 +P sin 6 + ¢ (6) eeeel1)

z =0 +[J9 tan A
'here&awas a convenient parameter specifying the angle that the
track had turned through at position (x,y) relative to position
(<£.ﬁ ), the programme calculated the apparent trajectory
projects back onto a nominal film Plane construeted by ignoring

the front glass refraction. This is illustrated in Fi .\,.5.
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where the hypothetical track T has measured "rays'" such as
P'(' which pass near the helix such that their points of
nearest approach to it are represented by crosses. (uy*y
29"y w3’ ,.es). 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 parametarsdxye ./’ and
those involved in C in order to ainimize the quality:

M =Zd12
where d1 wag the distance between points P and P' corresponding
to the ends of "hypothetical'" and "real” rays PJ and P'Q', as
in Fig. 1.5, along a direction (PI'*') perpendicular to the
projected helix on the film plane. The quantities C, and Cy
represented the effect of slowing of the particle, and depended
upon the track curvature and pogition in the chamber. .s 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

<SJA » S%$> = Q’FZ EA/:I

N 24,2
where Hh,“— = 35 3 ié %
1=1 }&A on

and whereo; *'é>** were the best values for the }th and ,th

parameters; N = total number of points measured on each track
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and 6} = a standard measuring error.

In order to deteraine O use was made of the fact that,

r.

ol
for ndmally distributed measured variables, thej{z for the

helix fit had expectation value:

N
(X 2>: 0:1'2 Zﬂ'iz = 1.5

F 1=1 >

as there are 85 unknowns (¢+.ﬁ ,}}/o,’)) and N measurements.

WL
The distribution of the quantity:

N
Jpz - _:__];__ 2 J’i 2
1=1

e : N-5
shown ia Fig. 1.6. indicates a reasonmable value for U} of

@Am for the 400 and 7 p,tor the 200 measurements.

dass Dependent Helices ...,

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 i and also ap mass. This was because the slowing
down corrections became increasingly distinect for the three
cases. A8 the momentum lessened,the resulting errors calculated
2l80 became markedly different. This could be used to identify
slower tracks, espedally when their ionization became too large
to estimate at all accurately. However, a serious c;nsideration
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 caaera and the
liquid in the chamber.

The Magnetic Field

The magnetic field im the saclay 8lca. chamber had been
accurately surveyed. The resulting three Jdimensional lattiece
of values was fitted to an empirical polynomial expression &
vhic;y;as used in the geocmetry programme to calculate the
average value of the field along a track. The polynomials
described the variation of B/Bo where B was the value of the
z component of field, and B, taat 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, héwever, need to be accurately known.

A method suggested by 4. Derrick was implemsented by
J. G. Lokeus . At an early stage in the experiment, some rare
events having more than one V° assoctated with them were

A
Reasured. u7(2 fit was made, by varying the measured momenta

of the V° prongs suech that:

-21 +£2 = kP oooo(l)



Yhere p,; , By are the u?nenta of the prongs and P 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 . 2
SR I i SUR R
where m, = m, = @ = 0,1396 Mev if a K° -~ v and
al = mp, = 0.933 Mev
= = o .
mz mﬂ 0.1396 Mev 1f aJL v

A Gaussian Ideogram of these masses was made when the V°
was ldentified as being due to the decay of a K° meson. The
central value of the ideogranm turned out to be 494.9 “ev. The

value of Bo wﬁa therefore changed by 0.9% which, on repeating

the process gave the central value at 497.6 dieve The reason
for restricting the method to K°s was simply due to the fact
that variatioﬁa in magnetic fleld have a larger influence on
fhe mass of the,Ko than the A ° Vs.‘ This can be seen if one
considers the centre of méss of the V%,

Here, the mass 1s given by:

M :jpz + m12 + /pz + mzz

Where my and m, are the masses of the decay produets, and P

RN

their relative momentun,
In the.Avorest system:
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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
were determined and the Buck6 camera constant programme used.
This took the measured fiducial positions on the thee 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 ;ia di where di was the distance of the 1ith fiducial
from its calculated position.

In the casc of the February run, it was found that satis-
factory results could only be obtained by this procedure if two
fiducials were rejectsi (presumably having been incorrectly

surveyed).

Beam Tracks

In most cases, the beam tracks wre too short to have
accurately measurable curvature. As the beam momentum was, in
fact, held within fairly close limits, 1t 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 ideogrimmed. The

mean value, together with a standard error were then used
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CHAFTER I.I
In order that the resﬁlts of diffemt experiments =uay be
cbnpared it is important to eliminate effects due to differing
beam fluxss (both in squality and quantity),” bubble chamber
sizes aﬁd experimental blases as far as possible and to convert

nusbers of events into crossesections.

Overall Sgcanning and Geogytrz Logses
As previously mentioned in 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
bvere required to lie within a larger region thaam the four
prongs and the 1sotropie distribution in x - co-ordinatoc of

the vertices for 2 and 4 prongs, i1llustrated in Figs. 1. 2(b)
and (c) (Chapter !) relative to these 2 boxes can be taken as
evidence for the lack of depemdence of scanning efficlency upon
peition of the events in the chaamber. This i3 to be expected
for the more common topologies not requiring the observation
of visible secondary decay within the samne fiducial region.

[

However, the negative requirement that such a decay be not

E.
4

observed represents the necessity for some further overal
correction to be-applied to events involving, for instance, a
noutgil K meson. Thiza will be discussed later.

Scanning Efficiency

Some estimate of the loss o0f events due to genuine



omission may be obtained from a repeated scan. The u=v21 way
of calculating the overall efficiency of two scans is as
follows:-!

Let E; and £, be the efficliencies of the two 3scans

separately estimated from the number of eventsc seen (N1 and “2

respectively) by the relations:

; E, = 2 ceoo(l)

()

T,
zl 2

st

where N 1s the gupposed total number which could have been =een.
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 alszn ceesl2)

Then, 1if NTUT 1s the number seen altogether, A, the number seen

on the first but not the second scan, Az the corresponding
number on the second but not the first,

Ngor = NE; + NE, - NEjE; = NE

where E 18 the overall efficlency;

i

E E, +E, - B

1 2 172
A2 L ‘
'here- El - l - Nz » L2 - 1 and Nl ooto(3)

Application td 4tg;oqgg

The whole of the four prong sample of film was scanned
twice. Formulae (3) were used to estimate an overall efficiency
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01‘99.5%‘giv1ng a possible total number of events of 1433.
Altogethér, 1427 events were measured three times where .accessary
yielding a totalréeogetry 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
l1ine 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 nomalized to the same quantity
of film. This gives the result that, assuming they all appear
among the fbur prongs that falled geometry,80.5%0f pure 400s
withtké decay passed geometry. Thus the factor 1400 = 1.25

must be applied to allow for scanaing and mezasuring losses.

Two Pro@gg

1n this case only 3 out of 17 of the rolls of film were
rescannéd. The large number of events thus rescanned was
thought to Justify this procedure. The values Nl = 419;N2 = 411;
Ay = 92; A, = 84 were substituted in (3) to give the overall
efficiency 95.5% for two scans and 79.5% for E . Thus, the
estimated total number of events 1s2303/E, = 2900 and a further
470:cou1d have been observed by a complete rescan.

A SImIE;r calculation of geomotry 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 200 1.65.

LIF2Y S a

B e ——

3 Progﬁjnecgzg

.
T:»}{_:;vn:"mr af tiAcd oaen
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It 1s important that the number of 7~ decays (characteristic

only of Kemesons) should be carefully measured in order to
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\ o o mem Sy ———— —

1 t

eltimate the beam purity. Consenuently, as glready meﬂtioned,

’ + o e—— e o - 1‘” S ..+_ s on—_— i 5 s s At

tour ._scans were carried out on the rirst run of filmﬁ- corresp-
. ‘ K s R [ 14
i [}

onding Eo the source of four prongs -~ and two on the two prong
o - n .:‘, (¥ SLoas v
sanple,gwith the finding of such decays in m?nd.

D o= In the analysia of the scanning efficlency for the former
J e

case of rouriscans it 13 posslble to use formula (3) by first
}

i
combining the scans 1n pairs as follows:-2 i
! !

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

o | i - l . j
~44 given in Table I where for lnstééce AB denotesrfhéJnumhef
i
4 £ 6" i N o i =
of events seen on both A and B but not on any other<combination
e L)

- e,

—— -~

of scans. Thus, it 1s easy to calculate that.‘fre;1in§”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

"AB = Total - MCD where Men is defined analogously to MAB‘

By ealculating M.y, NAB and Nop 1n this way, the two

pairs may be combined by use of (3) where Al = gy Ay = Mg

N, = N

1 N2 = NCD to give overall efficiency = 97.3%.

AB?
The similar results of 99.0% and 98,.9% were obtained

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



TABLE 1

T's-Number of times seen

1 2 3 4
A = 30 AB = 29 ABC = 22 ABCD = 91
B * 4 AC = 20 ABD = 10
cC = 9 AD = 7 ACD = 22
b = 1 BC = 3 BCD = 7
BD = 4
¢b = 3
TOTAL TOTAL TOTAL TOTAL
Nl = 44 Nz = 66 N4 = 81 N4 = 91




average value of 98.4% may be taken to give a total number of
T 8 of 266.2. In the two prong case the simple result of 102
T 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 1is probably only 4di fferent in such cases.
Another assumption 1is that the efficiencles of each scan are
truly represented by the actual number of events seen., That
different scans are subject to differing efficliencies 1is
undoubted but the generallization to, for instance, the four
scan case where one would need to define four efficiencies:

E, = N,/%, E, = HN,/N, etc.

is somewhat cumbersome whereas the simplified procedure adopted
above lacks both symmetry and accuracy.

A sglightly more symmetrical treatment of four scans can
be made as follows:-
Instead 0f differing efficiencies, we define the probability

for seeing an event as p where:

p=ht n'
- n



where n' 18 the number of times it 1s tceen after loocking at 1t
n times. The p replaces both E, and Z, in the two scan case,
for instance, s6 that the fact that the numbers of events
seen (N1 and Nz) are different, may be regarded as a statistical
fl;ctuation. Then p represents the value that the Es would attair
1f the scanning were repeatsd an infinite number of times.

On this basis, 1f 5 scans were performed on the film, it
1s 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 Nijs» Noy veoi; may easily

be calculated. It is:~

s N s(i=n)

& -
xTW(cy *©
r=1

s r s
P(N,p) = X (1-p) X rgl p (1-p) N,

(where n = f%iﬂ 15 the number seen at all and N 138 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
factor rﬁi ?Cr)Nr 1s to allow for the identity of the scans.

It 15 then reasonable to suppose that the best values of
N and p describing these results are those which maximize the
probability FZ Using the more convenient logarithmic probability:

[T (N-n) r=1

_ I ANSD) _n)3 - 2
W=1n.P = lnenlZl + s(N-n)ln.(1-p) + é{N} rin.p+(s-r)in.(1-p)

+ CONST,

-3



where the 'jamma functions replace the factorials of the

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

solving: R W - 3y = 0
dN dp
n
1f we approximate In.--[:-s-ﬂ) by é In(N-m) we
[ (N-n) 1=0
n
obtain < 1 + sln.(1-p) = 0
m= (Ne-q)
....(4)

& I -f(Emp) _ sWen) o
Z1r P (1-p) | (1-p)

Furthermore the errors on these quantities may be estimated
from the second derivatives of W in the usual way.’

Equations (4) have been solved numerically for the case
of the 47 scans giving the result 0f263,7decays instead of the
previousiy calculated value of 266.2.

It 1s 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 1s clear that the method described is as incorreet as the
first one. However, its sole virtue 1s the applicability to
any number of scans. Strictly, if one were to have a large
number of 1ndependent scans, it would be better to attempt to
infer some detail of the distribution of detection efficiency
for 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:-

L 2
1. Events involving a charged K-meson are lost from the two and

AA;Aur prong samples 1f the meson decays within the chamber
fiducial volume. No analysis of these was undertaken as
it was considered better to correct for them.
2. Events 1nvolving a KO or A° require corresponding correction.
However, as no channels involving a J.° were of interest
to this analygis only the former case will be considered.
3. The presence of Dalitz pairs corresponding to the decay of
a N° could produce some contamination.

4. B8Some short proton tracks may be lost.

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 :ﬂere the differentials
have the usual significance.? If the particle his a proper
lifetime (in its own rest frame) of 7", then only a fraction
e‘I/)‘ (p) will actually survive the full length L without

decay. Here,?‘(p) 1s the decay length given by:-

-39~



’ (p) = BE ~p-
Y4 *
o
where p = momentum
- 10 -1
¢ = 3 x 10°"cm. sec (= velocity of 1ight)
M,= particle rest mass
Consequently, 1f one expects to see any tracks of
length L where K~ has this momentum, one will only see a
i ' ( ' - -Lﬁ\(p)
fraction £'(p,L)dpdL of the events where £'(p,L)=f(p,L)e
Hence, the corrected number will be Y given by:

pmax - Lmax
Y ;’ : A I.: »
N/Nseen #’ ! £ (p,L)e #‘(p)dde

£

o o
where Ngeen 18 the number seen.
For each eﬁent, the momentum p and length L were noted
for the track of interest for a given hypothesis. This
event was given the weight eL»\(p). The corrected number of

events satisfying that hypothesis was then computed to be:

Nseen

-, Pand {. L - -\J
M exp( 1Ai1"(pi)) Rigeen
1=1

Most events had welghting factors of unity and only
five in all reactions requirala weight of more than 2.0.1t
is clear,. therefore, that the value of R prodwed by
summing these s not strongly influenced by statistical
fluctuations in the small number having large weight.
Further, it is apparent that the welghting 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 all other final states involving a K™.

Neutral Decays

Only one case needs to be considered, that is the two
prong reaction K'p-% K®p /7. The correction is slightly
different from the case of the charged decays since only one

third of the kK%'s are expected to give a visible decay.

Nseen
Thus, we need to compute g where l/g = =, exp(L/AK (pi))
1

- i=1
(where L is taken as the average distance from production vertex
to the end of the scanning box.) Then g is the fracgtion of

events having the K1° l1ifetime which do not decay.

If the correct number of K°'s is N, it is given by:

! = %N +4gN
qseen se
3N een
1080 N = = GN
(2+1/g) seen
It 1s noted that N___ . refers to the numher of unobserved K®

decays.

Dalitz Pairs

Some estimate of the seriousness of these as a potential
source of contamination may be arrived at in the following way.

Congider the four prongs.

The reactions K p-> K'p - (1)

K_.p'_‘+’.r-’_ro (11)

may well be contaminated by the two prong reactions

~4]1 -



K'p—> K7p no (111)

= K7p n_o"o (iv)

5 K pm® % ,° (v)
where oner,o decays in the Dalitz mode. Using the cross-sections
estimated for reactions (i), (ii) and (iii) amd assuming that
those for (i) and (iv) are alike, and also for (ii) and (v) it
is apparent that (1ii), (iv) and (v) collectively may contribute
up to 36% to reaction (1) or £?% to reaction (11). In order
to obtaigwtheae estimates, the branching ratio rr°~>¥e+e“/n-°.9XX
of about 1/80 has been used. However, it is clear that many of
the Dalitz pajr events, though simulating four prongs, would be
removedagt the scanning stage since the electron pair is usually
unmistakable by 1ts characteristics of zero 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.

S8low FProtons

In order to determine the loss 0of 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 wmfNNSﬁyned
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ir 4, . for all events involving a proton. It is clear that

any such loss is only important in the case of the lowest
momentum trasfers to the proton (which occur in the elastic
events -‘an@ﬁkﬂﬁhx@&ﬁéafﬁwﬂ ). In all other cases, a
noticeable depletion of events commences at about 1.5 cms (easily

e o p—e

visible). In this thesis, no analysis of elastic events 1is

eran

given so that this loss 18 ignored.

Estimation of Total K Flux

Three Prong Decays

= T
It 18 expected that a considerable negative pion and /A-

- 1/ 3G sy

meson contamination exists in the beam. However, decay rates

for these;particles producing tlme charged tracks are negligibly

L.

small, whereas several are summarized hln Table IIX for the
-

K-mesons, In practice, 1t 18 difficult to distinguish these

y Rl V TT\.

different decays, 80 no attempt was made. Using the K™ lifetime

of 1.220 + 0.008 x 10-%sec., the K length corresponding to the

observation of N3 three prong decays 1is L where:

:r = N x 2 5 (1.22¢ & 0.008)x 10-® . cape
3 m, (0.0593 + 0.009)
where p = 3.46 sev/c, m, = 0.494 Gev, c = 3 x 1010cm . sec—1

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

g =M X 4
NOPL
where M = molecular weight of hydrogen = 1
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TABLE 111

3 Prong Decays of K™ -‘lesons

Mode

K S rn°
Ls ete ¥

K= >p"n°x°

w3 L>(eTe"Y)
L
— e

- - o
K - vy
/"3 /L L§e+n_v
- - o
Kes4>¢a AVAR
l

—~ e+e"Y

Total 3 prong

1/80

2/80

1/80

1/80

0.213

0.017

0.034

0.049

Rate

i

i

0.0027

0.0004

0.0004

0.006

0.0593 + 0.0009



"

W N = Ayogadro's number 6.02 x 1023

and P = density of hydrogen = 00,0614 + 0,004 gms.cn‘s
vasing f = geometry and scanning factor

tota In this way, the results obtained are summarised in

Table IV., where the errors include uncertainties in the desity

of hyrogen, the aumber of "~ 's and the K~ lifetimes., The largest

of these 18 in the numbery of 7~ s. The error in f 18 neglected.

Pion Contasaination in the bean

It 13 supposed that the only particles in the beam are
negative Ks, irs and'p 8. The latter are no cause for concern
since their interaction cross-mection is negligibly small.
However, the pions have a total cross-section at this energy
(®n = 30mb) comparable with that of the Ks (5, = 30mb) .

on estimate of the plon fraction can be obtained by
measuring the total cross-section of the beam with hydrogen «TTOT)

This 18 done by measuring: (a) total number of interactions

= N

“TOT

(b) total number of beam tracks
= n (on the number of frames

scanned)

I1f the scanning box has length 1, the total beam length 1is

LTOT = nl., One may then express(j%OT in two ways:

_ N . g = ke’ +T0L + MO
S pop = TOT TOT K n tMAT

NolPloor
wddqd-



where k,ﬂ‘,/w are respectively fmctions of K ¢ and/u,in the bean,
and the subscripts refer to the relevant total cross-sections.

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

A3

total crosa-sections assuming thatGu = 0 one obtains thc figures

guoted in Table V.

Summary of Cross-Sections

In Table IV are ziven the various microbarn equivalents
of events taken to represent the reactions studied in this thesis.
3l1ight 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 1V

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

Final State | No.of Nuaber Correction rb/event Total
Events | Ambiguous Factors Cross-Section
(Pb)
- O
. . +177*
X”p 105 17 f,00% 11.8+1.2 | 1250+17
-0 -
.3+1, 5+205*
K py 129 20 12006 17.5+1 8 1535+2 5
K™r' n 209 25 f,00" 11.9+41.2 | 2430+295*
-l + -
7 .38+0, 59+ * »
K pnr ™ 276 4 1400R 5.38+0.4] 13 +136
K™ py ' 169 87 £ ,00R 5.38+0,4] 909+99~
K 'm0 04 52 £ ook 5.38+0,4] 506+65*

* These figures ignore ambiguities, so represent upper limits
** In this case the only serious ambiguity is with the corresponding
Tr -induced reaction »"p #>w:pnfﬁ- so that such events are

given a weight of .

TABLE V

Beam Purity

Run ! %K ; T Total K Length in Film Sample

Feb. 1963| 60+1 | 26+8 62.2+5 km

et rarras e st T st cnimn e oD

Oct. 1963| 57+1 | 23+7 39.2+4 km
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CHAPTER 111

The E . :timation of Ionization

Introduction

Although copsiderable 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 objectlive information.
3uch 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 18 devoted
to a discussion of the methods whiéh were considered by which
this quantitfgcould have been extracted from the film with the
special requirements of;a machine in mind. The machine buillt
by the author, its calibration and its applimtion to the four
prong events are descr;bed in the following chapter.

Velocity Dependence of Ionization

As all estimates of ionization are basically of the

number of bubble nuecleation centres in track

quantity: g =
length of track

we will adopt this as the definition.

A siaple model for the formation of bubbles in a bubble
chamber regards the actual formation as the result not of
ionization but of a ftermal process brought about by the heat

given out by a stopping f ray. Some calculations of the effect

Sy s P



have been made"z and indicate that an energy of a few hundred
electron volta is sufficlent for thef ray corresponding to a
range 6f a few microns in hydrogen, comparable with observed
scattering of bubble centres about a smootk trajectory.The
cross~-sections(’) for coulomb scattering of free electrons

by other charged particles may be expressed as a function

of the velocity of the particle Q3= v/c) and the final

energy of the ray (w) in the form:’

2, 2,2,2 9
:,f‘f(f’i' .w)dw = 2na Fo m-e (1- '(l.ﬁ—)) dw
P ame we
where B 3 electron mass; r°= electron radius
Z = chargec number of moving particle

The liquid of the bukble chamber then behaves as a
detector with energy dependent efficimcy E(w)..: simple fora
tor E(w) aesumes that rays with energy less than w, or
greater than v, do not cause bhubbles to form on a recogniz-
able trajectory at all, whilst I assuzses the value of unity
between these values for w. Consequently, the number of
bubbles formed only depends upon the dumber of useful [ rays.
enoting the bubble density by 3?1) therefore:

-
i

g(l) = a} E(w)f?g.w)dw (n= density of electrons per unit
o

length) which becownes:
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g:..uts.(@d ~tri/p 2y Lian o +u temt v i

wesl <This istonly approximately'true in liquid-bydrogen since
the integration over w éxtends, effectively, over the range v,
to v, It wl'in at¥all comparable with the dbinding emergy of
the elestron, thensthe exupression used tor-d(@ »W) A8 no-lomger
valtd.criIn’ tacs, wl 18702 order a few humrdred ev whilst the
ground ;tate bindingtenergy:fer:hydrogen..is only about 13 ev.
#1th  As ean be seen,:the measurement of ienization could be ae
sensitive-meansrot dnteruiningervhon itois not toe close to
unity.auThe'precise irangecof its usefulness will, it is hoped,
become clearer in the following chapter where the application

to the 4°"prong.events is deparibed.

The Sgatistieal Nature of Bubbdgc¥prmstions ( 7o) < : 1.! traek

An analogy may be made between the traversal of a charged
particle throng§ a superheated liquid and a molecule in a gas.
The gas kinetic theory prevides a predietion of the fres path
distributieon of such molecules:in the gas.> Thesanalogy here is
batveen a molecule - molesulelcollisiom andia charged particle
interaction;causing a bubble to form and so one expects an
sxpohential distribution of gap lengths bhetween bubble centres.

Thus the pro};ﬁ;nity for a gap of length at least x is
given by:s {4 ' P(x) = Ae~8X veo (1)

1t 8 shown in ;p;cndixﬁkﬁthat the constant g can be

‘R &
!
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1dentified with the ionization and that it is also the inverse
mean gap length of gaps >, any arbitrary lengthd\.

Gap Geometry of an Ideal Track

An 1deal track is consideréd to consist of round bubbles
wvhose separations obey the distribution law (1). In Appendin A
some formulae are derived which relate various physical aspects
0of such tracks with the quantities g andcA where A1s identified
with the effective bubble diameter. Each relatioanship could be
used to estimate g and we number these estimates with a subscript,
The quantities o0f interest are:-
¥ = mean gap length
H(X) = density of gaps > ok
L(?X) = lacunarity = total length of gaps ( 70 %'total track
length |
P = mean blob length
2ll of which provide a clue to the value of g. The problem is
to decide which (if any) 1is the most reliable for the tracks we
have to deal with. The formulae of Appendix A may then be

adapted to give:

Bubble density = g, A.l'
y = gl'l A.2°
L(A ) = e"B20~ A3°
5, = 1nH(A) - 1nH(A) ALq®
(ﬁ - )

-40-



1€ Old

(A140undD7 =y

6
(6 Ayiyuonb jJo 2>uDliDA= abv amw

= (1) ¥

S’



» = & A5

Ahother method of determining g is from the slope of the gap
length distribution (which may be fitted by maximum likelihood 4
to the form (1)) and we call this gg.

Statistical Accuracy of ¢

In Appendix » expressions are also derived for the errors
on the estimates g,, Eoe B30 and g4« It is pointed out that
the number of bubbles in a given length of track is a Foisson

variable having a distribution function:-

m_-n
P(m) = 'u"‘" 0000(2)
°

n

which gives the probability for there actually being m when n
were expected. Thus the variance of g, is = ggq, and represents
the ultimate statistical accuracy which can be achieved. Usually,
however, one is extracting information from the visible gaps
(greater than®) and this 1s less than the number of bubbles by
a factor L = e"8 A, Hence, the expressions for the variance of
g(‘ygz) for unit track length are all of the form:-

G et N g ool (D)
Curves of JZ(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 € alone.
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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 inecreased 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 are 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 (szgum 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
imposaible in most cases, Plate I 15 a reproduction of an
actual minimum ionizing track image. It can be appreciited
from this that, were the bubble density mueh 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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when asked to guess how many bubbles there were in a blob., A
consequence of this blurring is that the track i1s 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, 1L is much smaller than in
the former to facilitate scanning and 1s usually less than 0.5
even on relativisticec tracks. Thus, the number of cells is
always less than one half of the number of bubbles and a decrease
in statistical accumey results.

The Distribution Law on Real Tracks

In order to check the validity of the formulae A(1°*-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 -ol) the distribution law (1) should
still hold with A replaced by Ae"°(. The resulting plot of
log.(number of gaps\7y) 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.



TABLE I

‘ilcroscope Measurements

Track Measured: g(cm;i) A i
Number Length : —
, ! . ; |
§(cms. in’ o gl gz i gq. gg ;gﬁ,n)
~chamber) ;
1 8.1 173 | 280+30 | 278 |274 | 271+25 20+2
]
11 8.1 190 | 340+36 |337 |333| 275+44 32+3
11 8.1 192 | 252432 |254 [286 | 300430 | 33+3
1v 8.1 | 165 | 266430 |256 | 246 | 273+27 | 35+3
v o 8. 183 | 282+35 | 282 | 282 | 270+25 30+3
| |
VI i 8.1 190 | 309440 |300 | 2¢1 | 2£5+30 33+3
s i ! é
' VII ] 8.1 | 105 | 340450 1335 330 | 300+35 32+3
: i : ; ; : .




The agreementowith relation (1) is a eonclusion drawa by several
autyp;g.iﬁ The tetal length of track (ltot) was measured and
the.bubbles,counted. sus By uesing the normalization cendition
thet theynumber . of gaps)’zero length should he.ggle,¢sva value
for< yas determined;simul taneously. Ucing thiscin equation . I
A.B'¢a:value for Bq Was alsoiobtained. Results of seven suech
tracks,are;displayed in T.ble I.,. It is ncticed how persistently
lowzthegvalue of €, 18y, and how consistent the other estimates.
The low_value of €, could be the result of finite bubble size.
Wher two,bubble nucleation .centres are produced very close
together, it is possible,that.the bubbles._coalesce toiform only
one aRdyln some cases actually-form;separately but expand
themselvesjat the, expense ofga,slight displacement from their:
original positien.¢ . Thisynovement will affect theysmaller gaps
mainly:but the,larvrger ones to aclemser extemt. The overall
-ffgcttwould ‘b9.a decraanme 19}%ean gap ;fngth and alse in the
aumber.ofitbubbles({two opposing,effects):which eould explainon -
the digq:ggan?y observ%qn#-%ﬁmorerextensive investtgation byt
Morriaon;pttal'Tahavod that the relative ionization (go/go’)
where g, = was the bubble density for a standard track, showed

QuSErve -
Thmf”‘u (- . P
a dramatic departure from the 1/@ law expected and indeed

found ;from their,mean gap;length measurements., g .o <» om0
st o, That this effect 18 due to finite bubble size is made

plausihle in the following .way. To take a simple case, .suppose

~33-



that no bubble centre-to-centre gaps greater than the minimun
visible (A ) are affected by the bubble size and that within a
blob, all gaps are equal toA., It is likely, in fact, that
this is very near reality, for actual bubble images have a
diffraction halo causing some genuine gaps to be obscured. If
one excludes this halo from the Qefinition of A it is probable
that only very few visible gaps will Le alterced 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 lese than a bubble diameter apart
do not all prodwe bubbles, then - to a good approximation -
all gaps within a blob are nearly equal tool.

On this simple interpr;tation. an estimate of the effect
can be made. The density of bubbles per umit length with

a

separations less thaen ®instead of belng ¢ “expected where

= g(l=l) will be d = b 4 B(X ) where b = mean

d
observed oA

expected

blob length and H(A) = blob density. Thus, the observed bubble

- L oe— KB
density gopgerved 18 €observed dobservad + ge the last
term being the number of gaps/unit length
gobaorVed 1-L
Mﬁm R(: )= +L 0000(4)

g «L g
It will be noticed that as g0, R->1, and as g->= , R-> 0

as expected.

The effect is illustrated in Fig. 3.3. (a) where the ratio
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80/805(803= bubble density on standard track) 1s plotted
against the value calculated from equation (4) for a variety
of typlcal values of £g+The curves are compared with those
found experimentally by Morrison7 and at least show the
correct kind of behaviour.

It would seem, therefore, that bubble counting is not
only very difficult and subjective, but alnecst certainly
mi$leading. The distribution of gap lengths, the man blob
and gap lengths are, however, probably faithful estimators
of the intended ionization, and this 1is the assumption that
is hercafter made. A further basis for this arises from the
result of ‘Morrison that the nmean gap length varles 1n the
expected 1/,2 manner., A similar conclusion regarding the
mean gap length has also been reached by other \m::r'kers.s"s"'c
We therefore assume that real tracks can be regarded as ideal
so long as we do not enquire too closely into the hehaviour
of the distribution law within the blobs.

Machine measurcment 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(e)
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Measurement of (a) is 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:

(1) the provision of a preset threshold with
whieh the film transparency may be compared;
(11) wumse of a more complex system in whieh 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 1f a value for quantity (c¢) is required, as
discovered in practice, and one is therefore left with a
choice of the following methods of ionizatlion measurement:
(1) mean gap length;

(11) 1lacunarity;
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(111) gap-length distribution,.

Lacunarity measurement is the simplest to perform as
it does not depend critically upon the unanbiguous identifica-
tion of the blobegap 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 redurd 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 foref which is then used, together with the mean
blob length, to estimate the ionization., Reasons are
prosented in the analysis of the results obtained from the
machine for a preference for this method.

The machine 18 now described.
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CHAPTER IV

The Gap Length Machine

Introduction

Though, as has been pointed out, the nmeasureaent of

lacunarity (L = £3p length, was an unsuccessful way of
all length

estimating fonization, the method by which the maeasurements

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 (ltot) and the integratcd gap length (lgap)'
Then the ionization should be proportional to Y where:

1
Y = ln(‘i-t-?‘z) = kg « v s 0 (1)
gap

Two points should be noticed about (1), The first is
that the constant of proportionality (k) contains two factors:
one 1s* (see previous chapter) and the other depends on the
chanber operating conditions. As neither of these quantities
i8 measured, the rcsults rely upon their constancy. Therefore
measurenents have to be standardized to beam tracks on the
same frame (assuming that all bean particles are mintaum
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ionizing) when the two factors should cancel. The second

point concerns.i . One may regardX as the apparent bubble
diameter; in other words, 1f a gap can only just be seen
between adjacent bubble circumferences, the distance between
the centres of those bubbles is¢, . Further disregard &f any gw
of physical length xo(distance between bubble centres =j\+xo)
necessitates the subtraction of a length x, from all the other

gaps when computing lga in order to preserve the validity of

p
(1). The effective value of: is then really. +x,. In the
case of a machine, no such problea should arise since, it is
hoped, the "eye" of the device should have to pass a distance
x°/2 from the nearest bubble ciréumferenee before recognizing
the beginning of a gap at all, and the value of x, should
depend entirely upon the resalution between bubbles and gaps.
It 18 therefore expected that (1) is relevant. It may also
be noted that, it ngap is the numbher of gaps comprising lg‘p.
an alternative cstimate of ionization is:

n
g::m L (2)

183?

This 48 also only true with the above restrictions on -
but should hold good for a machine.

The iLayout of the Machine

Fig. 4.1 1llustrates in block form the operation of
the device set up to measure lgap and l¢4ot OB1y. A scanning
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head is driven along the projected image of the track on a
digitized carriage. The digltizer generates a sine wave
signal which 1s squared and provides the source of length
seasurement when pulses are stored in the counters. The
scanning head scans the track approximately every millisencond,
independently of the motion of the stage on which 1t 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 18 only allowed to accept signals when
the information received from the head indicates that gap
is being observed. Plate I illustrates the physical arrange-
ment of the projection system where an image of the film -
magnified about 25 times - is focused on a horizontal table.
The machine is mounted at the centre of this table and 1is
capable of rotation about a fixed vertical axis such that the
digitized motion passes through it in any desired direction.
In order that the ables may be pessed from the machine to the
electronic racks, rotation is restricted to 365°.

To drive the machine along a selected section of track, 1t
18 necessary to adjust the image position until the track
passes through the axis of rotation at the beginning of the

section. Rotation of the machine about its fhed axis now






enables the operator to drive the scanning head along the
required direction, slight adjustments being necessary to
allow for the curvature of the track. This is 1llustrated

in Pig.4.2 where it will be apparent that the resulting
smeasurements are effectively along a chord of track. The
difference between arc and chord length is, hoever, not
appreclable compared with the statistical error in one amachine
length of track (A 18%). Movement of the film image is made
possible through an electrically driven lead screw by aoving
the projector asseambly bodily relative to the scanning table.
AdJjustment in the perpendicular direction is provided by a
lateral movement of the projection lenses relative to the film.

The Digitized Drive

Plate Il shows the digitigser (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 (i) whose speed

is varied by a footpedal which controls (through a potentio-
meter) a D.C. voltage applied aftet a current gain stage of
amplification, to it. Through an Oldhaa flexible coupling,
the motor drives a worma and the digitizer. The worm, 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 21b.wt. produce? by
the tensator spring motor (D).

The Digitizer

This consists of a pair of circular dural discs
approximately 10cms,., in diameter, placed concentrically and
a few mns. apart. One contains 75 radial slots of equal
area (about 3mm x 1lmm 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 (B) -~ see Plate 11, 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 alot whilst the other lies exactly between two
further ones. It should be mentioned that the area of the
slots is such that the "aark space” rafio on the rotating
disc is approximately equal to unity. ILight (produced by 6V
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 aaount.
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The worm and wheel referres to has a ratio of 50:1
which together with the fact that one rotation cof the drun
(attached to the wheel) gives the stage its full movement of
15¢cms. means that a digit length of about Zme is available
1f peaks and troughs of the sine wave are counted - as is
the case. This corresponds to aprroximately 25 counts per
bubble diameter giving ample resolution. In view of the
size of gap to be measured (about zipm on the film) and
in order tc 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 room on a concrete floor.

The Scanning Head

In order to dotect the presence of a bubble image in
the scanning table, a mechanisama capable of conparing the
iliumination on the track trajectory with that heside it 1is
required. A possible means of doing this is to use two
photosensitive devices placed in sultable positions.
However, ia order to reduce the effect of varying {lluaina-
tion and particularly to reduce the sensitivity of the machine
to the accuracy of setting on the track, an A.C. scanﬁing
method has been adopted.it first a sambatron was used to
sweep (by refraction) the focused image of the track across

Ved
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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 sbout 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 he used. The
necessary indireet drive (through a rubber belt) also proved
to be an inconvenience at this speed!

To overcome these difficulties, a rotating slit method
was used; Fir.4.3 1llustrates this. A disc (A) having 12
slots equal in width (0.020 + 0.005" - comparable with a
track diameter) cut in the circumnference 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 (3) was used to Arive the disc at 6,000 r.p.m,.
moviding a scanning rate of ahout 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 1llustrated in Fig.4.4 for the maxiaua
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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
dinmensions that was drawn across the iaage of the track for
a distance defined by a course aperture cut in a thin dural
rlate situated just above the scanning disec but still
approximately in the focal plane. This served both to
render the inage visible (as it foraed 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 i1llustrated in Fig.4.3 and shown
in Plate I (with the scanning surface removed) where (F)
i1s the scanning disec. A photomultiplier (housed in the box
(C)» which allewed light in only through the fixed slit
analysed the light coming throuch trhe "pinhole".

The Photomultiplier Siznal

Typical signals which resulted from this system are
shown in Fle.s 4.5(a) and (b). The first is the kind
resulting from a bubble and the second from a gap. In order
to detect the presence of a bubble or otherwise, the vcltage
wavefora from the photomultiplier collector is compared with
A preset D.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 se underestimated. The

main contribution to unevenness came from the shape of the
fixed 8lit whose width needed to be constant to within a

few percent of 2 thousanths of an inch. ‘fcchanical slits
were abandoned as was one photo~etched in coprer sheet 0.002"
thick; but siaple photographic reduction of a straight line
of thickness 1/64" onto a fine enulsion with glass plate
backing, proved to be quite successful.

Optical Arrangement

Fig. 4.8 2hows the simple geometrical optics of the
nachine. Twoc main features should be noticed. It wae
important to channel as auch light as possible into the
photomultiplier since the small pinhole size meant that
shot noise was a considerable problea. Consequently, the
lens system C],Cz,C3 was used to produce an image of the
filament of the Aldis projector 500w ktulb near to the
principal) plane of the projection lens Y. This lmage was
then refocus: gy onto the photocathode by a small perspex
converging lens C4 turned down to fit into the photomultiplier
housing. The result of this was that, to & zood approximation,
the position of the pinhole with resject to the photocathode
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made little difference to the usigna: current, and

variations in sensitivity across the photosurface were
unimportant. 1In order that the electronic scanning should
be effective,lens » (focal length 208 cas. at £ 5.¢ )produced
a focused image of the film in the slit plane (i.e. the
scanning table).

Careful adjustment was made to ensure that the plane
of I was exactly parallel to the film; for any slight tilt
would be magnified 20 times (the linear magnification of
the system). The photomultiplier used was type ¢524% wmade
by E.M.I.Limited and was chosen for its very small dark
current. It was an end window tube which, for phyelcal
reasons, had to be placed horizontally in the machine
necessituting tlhe insertion of a small 45° priem between CQ
and the cathode. Cillcone grease was used to form an optical
Junction between the tube and prism, and adjustment of the
position and angle of it (illustrated in Flg.4.6(b) were

found to be desirable.

The Electronic System

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” desgigu

~-33-
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similar to those used on the conventional measuring mnachines.
The readout systen did, however, have soae original features
which are omitted for brevity.

Fig.4.1 indicates the various electronic opeations
that were performed on the basic signal from the vhotomul-

iplier. 7'n the early stages, careful handling was required
as the collector of the tube hehaved as a source of very
high impedance. A fter preanplification, the stages immed-
lately following were aimed directly at "cleaning up" the
signal by squaring with a Schmidt squarer having very low
backlash so that even a small bubble signal would cause
triggering.

In order to achieve this, considerable aaplification
was required. Overall variation of light intensity was
appreciable in practice and so presented a uroblem. This
was overcome by the crude kind of automatic gain control
1llustrated 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. level resulting was fed
back in a negative sense onto the base of a transistor which
formed one arm of a potential divider at the input to the
amplifier. In practice, two such stages were employed in
seriles, and the resulting gain control is demonstrated in
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Pig.4.7(b) where the input voltage amplitude versus output
is shown. Typical finput signals varied in voltage frona
about 0.3 to 1.5V amplitude for ontimum E.H.T. setting on
the photomultiplier, so 1t is seen that the output was
easily kept constant at 0.5V anplitude. For input signals
above about 2.5V, however, considerable distortion of the
higher voltage part of the waveform became apparent.

Bubble Discrimination

Flg. 4.8 11lustrates the further means by which the
bistable circuit (C of Pig. 4.1) was set or reset according
to the presence or not of a bubble in the scan, after the
final aamplification and squaring of the raw sienal. An
explanation of the Boolean symbols used in Pig.4.8 is
required. The product of two signals (e.z. A.B) implies
the lagical AHP and the addition implies CR. Negative
logic 13 assumed, 1n other words a signal havin~o a low
potentlal 15 assumed to be nresent. A tilde above a synbol
indicates 1its A.C. leading cdge, and a bar and tilde the
falling (4.e. rising potential) edge. A contrast may bhe
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 renerated as a
aynehronization pulse and therefore simulated only the gross
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features of the signal. Its sole purpose was to provide

a gating signa) E which focus g3 further attention upon the
expected bubble region of the scan. As D and E which
defined this region were produced hy monostahle circuits
with a preset time constant, the nmachine was, to some
extent, at the mercy of variations of scanning frequency.
However, modulation of as much as 207 could be borne without
serious consequences, where 107 was the largest that was
ever noticed in practice.

Measuraements of Lacunarity

In order to test the machine's performance, use was
nade of the fact that the ilonizations of all heam tracks on
one frame should be equal within statistical expectation.
Any deviation would be due to either a variation in chamber
conditions of teaperature and pressure, or in a3 systemnatic
unreliability in the sensitivity of the detoction apparatus.
Fluetuations in bubble density were to be expected from
frame to frame, so0 measurements of beam tracks were all
normalized to the average for the frame. It may be remenmbered
that the 1llumination of the chamber occurred in two halves
with one flash tube serving each. As a result, thercfore,
£11m exposure usually was less for the region furthest froa
the camera. Thus, four machine sections of heam were measured
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in each half separately in order to attempt to ascertain

the effect of any such variation. 1In all 68 frames were
measured and the resultiang distributions resented in Figs.4.9.
in F1g.4.0(a) the"dowmstrean” and "upstream” tracke are drawn
sepavately fer each of views 1 and 2.

Measureaent ofcs

From thie,:and from the faet that aany odd results
for secondary tracks (relative ionizations of 0.6 or less)
were often obtained - notably for tracks near the edges of
the flluminated region - it became clear that measurement of
lacunarity was insufficient without some estimate of the
parsmeter™. It was thoug) possible to do this by measuring
the track width as illustrated tn Filg.4.8 (sfignals H and I).
A Miller operational integration amplifier was driven by
the squared up bubble dignal to produce a wavefors whose
height was proportional to its duration, and therefore to
the effective track width, The D. C. level (I) measuring
this height was displayed on a voltmeter and allowed to
vary with time constant determined by a resistance and
capaciter. Hewever, two maln difficulties arose:

:(1) The introduction of such a time constant was
inconsistent with the philesophy of variable speed of stage
drive

-T2



(41) 1In order to utilize the information provided, an
analogue to digital conversion would be necessary.

Some atteapt to overcome varying track width was made
by feeding the 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 liaits. This did not overcome the fundamental
difficulty famplieit in (1) whose effect was particularly
noticeable on short sections of track containing mostly
gap. In view o0f this, hope of measuringx directly was
abandoned. A @method of deteraining ionigzation independently
ofX1is by mean gap length as discussed in the previous
chapter and was the method finally accepted.

Counting Gaps

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 I in Fig.4.7. Thias was set or
reset on every scan (i.e. up to 1,200 times per second)
independently of movement along the track of the scannling
head and at the edges of blobs, therefore, any hesitatlion
between conflicting decisions was bound to cause nany
changes of state. In order to measure mean gap length, it

-73-
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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 gsimul-
taneously, but thelr 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 Btates were pushed along one place. If n consecutive
"ones" occurred, coincidence (all stages set) resuled in
the setting of the output bistable D in Fig.4.10,

With this arrangement, the digitiger signal behzm ved as
a sampling pulse generator which also formed the basic drive
for the whole electronic system,. Thus, at a movement of one
digit (2%Mm) the state of the track was inspected, and the
result s8tored 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 he noted that a
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bubble diameter was approximately 30 counts.)

The present layout of the machine is shown in Fig.4.11
where 1t 18 seen that counter .\ siamply registers the nuaber
of changes of state of bistable D (giving n ap 10 Ad.

gap
Calibration of internal enors

A simple way of testing the consistency of the readings
obtained from the device was to make several measurements of
the same ®ection 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 ecounts had a standard
deviation of + 2 counts which is satisfactory when one
conslders that four counts are required to identify both
beginning and end of each gap. The nuamber of gaps was 45.

A further test of the accuracy of the measurements was
carried out as follows: cach section of frack was neasured
when the machine was driven in each direction. Two answers
(xland xz) for the mean gap length resulted along any one
section. The plot of i(xlnxz) is shown in Fig.4.12 where
the .aussian curve superimposed has a width of 2 counts.
This 18 in agreement with the previous result, and it 1is
seen from the distribution that most measurements agree
within six counts. As an average value for the mean gap

length is at least 50 counts, the error is less than 47
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The symmetrical nature of the distribution in Fig.4.12
1s evidence that no significant hysteresis exists in the
stage drive.

The most serlous source of error was in the fnconsiat-
ency 1n the number of gaps. The origin of this was investi-
gated by measuring a sectlon of track gap by gap. 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 18 quite reproducible in most cases. Lapses
asaounting to 28 counts in a gap occasionally arose and
gsometimes resulted in the complete loss of gaps as short as
this. Such inconsistencles 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 shortér gaps aay account for this loss since
the positions at which the track is saspled vary fron
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 mneasuring
one section of track, since - provided chamber conditions of

-T78=
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teaperature and pressure do not vary with position - the
expectation value for this quantity i{s the same oan all
tracks. Tracks were selected froa hoth ends of the chanber
and their measurements - normalized to the average value

for the whololframe - plotted separately. The distributions
are shown in Fig.4.9(b) where they may be compared with the
lacunarity measurements of 4.9Ca). The width is noticeably
raduced and this is probably a consequence of the absence of
the, effect of a spread inX., 1t is further noticed that the
measuresents from either end of the chambaer peak at the same
value whiah suggeats that the effect of varying 1llumination
is insignificant.

Errors were calculated from the observed spread in the
repeated nmeasurement of sections of track and froma the number
of gaps. The average value for bosam tracks estinated in
this way was about 18%. This figure appears to agree quite
well with the observed spread of Pig.4.9(h).

Neasuremsent of €he Four IProng Lvents

Heasuring I'rocedure

Fig.4.13 1llustrates the order in which the various
track sections were measured on a typical event. The circle
represents the centre o0f the rotatable part 0f the machine
and the bar 1is the far end of the #age drive. Each section

. & P



was measured twice, and the process always coammenced at the
centre (cirele end). 1In this way, any hysteregis effect
resulting elther from 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. This was
purely a matter of convenience, though the iaput programnme
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 hest vicw (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 c¢rossing 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, ete,

and the processing programne checked the format of each
event carefully sco that no misidentification of tracks was
possible. Momentum aneasuremnents had taken place at a
previous time so that the correct matching of the ionization
rneasurements with these was of paramount impertance. The
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former had taken place in an order which d~rended upon the
presence of stops, scatters, etc. on the various tracks.

Por 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 best view
(1.e. the first measured). Appendix C deseribes the method

0f sterco sorting which was adopted as well as the corrections
that were suhsequently employed to allow for track dip,
foreshortoning and depth in the chandber.

Crossing Tracks

The selection of bean tracks was usually quite simple
a3 there were usually nmore than the required ainiaum number
of 10 good clear sections. The sames situation 41 not
exiast for the secondary tracks, of course, where one had to
use as mauch of them as possible in order to maintain stat-
igtical accuracy. It was therefore necessary to be able to
suspend measurenent whilst traversing erossing tracks,
dirty narks, flash gaps, etc. This wss achlieved by a pushe
hutton held in the hand which would impose an inhibit upon

the digitizer circuitry when pressed as 1llustrated in

Fig.4.10.

Faint Tracks

The photomultiplier signa? was on display to the
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the operator throughout the measurements..ross maalfunction
of the apparatus was occasionally indicated by its behaviour.
Some check on performance was also provided by the state of
the counter display after measuring a2 section of beam track.
However,the estimation of whether a given section of track
was too faint for the machine was somewhat arbitrary.

The effeat vf faintness would be to cause a drastic
decrease in the appareat nuamber 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 amade
was formed in the computer by the data processing programme.
It 858 shown in Fig.4.14.The ;haded area represents the
secondary tracks which are,as expected blasscd very slightly
toward the smaller average gap length end.it 1is noticed,
however, that a very long tail in the distrlibution is present
and populated by a minority of measurements amsongst which the
more outrageous results (projected relative ionizations 0.85)
were more prominent. More satisfactory results were obtained
when a cut-off of 80 ms applied to this ratio.This meant
that a few tiacks were unmeasurable, but most of the rejects
occurred at the ends 0of tracks and coansiderably more

confidence in the results was felt.

Velocity Variation of the Measuremeuts

The results of the ionization measurements are
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summarized in Fig.4.15(a)-(d). Thesge 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 abscigsae not shown, one cannot fail
to observe that the results do not show the expected 1452
diatribution (indicated by the continuous curves on the
various plots). The piemeson curve of Fig.4.15(a) seems to
be more closely adhere? to than the others, but this is
probably hecause the majority of these nparticles travel at
relativistic speeds and so have nean gap lengths similar to
the beam tracks. The heavier particles, however, which have
characteristically lower speeds, seen to exhibit measured
fonizations systematically below exncctation. 't is likely
that thie i3 the result of the inabillity of the machine to
reglater the smaller gaps reliably,

Pigtribution of Gap lLencths

Fiz. 4.18 shows the distribution of gar lengths along
several sections of bheam tracks measured by the nachine,
In Fig.4.16(a) the distribution for one of these sections
measured by a microscope is superimposed (dotted line)
and indicateé that much smaller gaps arc visible by 1its use.
It 18 further noticed that the distribution ceascs to be

exponential below about 30 counts (~ 23mm cn the film)
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which corresponds to about one bubble dismeter clear gap
between bubbled circumferences. In such gaps
shading of the negative was annarent, and the
fallure of the machine to recognize then unanbiguouo.y
probably the result of the fact that the eye was capable of
more intelligent interpretation.

With the fallure to follow the exponential distribution,
it 18 not surprising that the mean length of the gaps was
not proportional to 1462. The smallest gap length consistent
with the exponential distribution appears to be about 25-35
counts for most tracks (20-?§am on the film or~ 1 bubble
diameter). This may be compared with the result of Morrisson
et alt who found that by wing a microscope, the mean gap
length provided an estimate of 1%62 for mean gar length down
to about ?Mm 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 Morrisson, though coming frow the
same chamber, had two main differences, The chief one was
that the beam tracks had a slightly longer mean jap length.
The other was that the bubble diameter was smaller (19um

-8



"suojold anbiu  (d) SI'Y Old

000z Qos! 00Ol OO
| . ] T
H % M 117 . T 10-i
/ i vr
ﬁ # § | T
- A
1 4
. r 1S-I
L]
10:C
(2/A2NW)d
-t 1s°¢C




instead of 20-2?Vm).

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 filnm
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 [ '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 org hypothesis for a track)
and where the difference 1in 1/’&2 was less than or equal to
a ratio of 1:1.4. Under such conditions, the 1/¢-2 law was
not expected to be too badly violated as the mean gap
lengths were all fairly large. Consequently, the following
rules were adopted in deciding which hypothesis to take.
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A measured value!

(a)

within one standard deviation of 1@’2 for one hypothesis
and more than one standard deviation from the other was

taken as resolved in favour of the former (31 examples);

(b) more than one but less than two standard deviations
from one hypothesis but more than twn from the other
was also taken as decided (4 examples);

(e) more than one but less than two standard deviations
from 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 lndTT

aomentum ) 500 Mev/c indicated that 8 out of 16 K's would thus

be wrongly assigned though all but 3 ( out of 48)r's would

be correctly identified.

Discussion

The results presented indicate that ionization

measurements a¥e possible on the film from the Saclay 8lem.
bubble chamsber using the mean gap length method, and an
automatic scanning device. A velocity dependence of 1/‘52
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 adjustaent of
the sensitivity of the device to make the recognitinn of
smaller gaps more reliable. Failling this, a larger mean gap
length would have been desirable as the relative importance
of the smaller gaps would have heen reduced. Vaximunm
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, m in the chamber).
The average value for the present film was about 40an. Though
this i3 not far from optinum, the necessary rejection of
gaps(_sogym would have lead to an average number of gaps of
.~ 38 in one machine section of bheam track and a similar number
f#6r one of relative ionization 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 have
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 monentum 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 - Dby

an iterative process - of the quantity:

Y = € X T a X0 ceee (D)

subject to the conditions of energy and momentum balance.

In equation (1)YX is a vector containing the measured values
(p = momentum,h = angle of dip and + = angle of azimuth)

for all of the tracks in the fit.?.is the vector containing
the set of values nearest to theX which satisfy the kinematic
constraint equations and G 1s the inverse of the error

matrix for the measured quantities. Basically, minimiza-
tion of (1) is equivalent to variation of the measured values
ofR in order to satisfy the constraint equations and the
hypotheses requiring the smallest variation has the smallest

~¥\2. Therefore, the use of kinematic fitting was two-fold:
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(a) to test one hypothesis against another (through the
value achieved for X 2)

(b) to obtain a set of variables which satisfied the condi-
tions of energy and momentun conservation.
For a correct hypothesis, the probability (P) thatR 2

will be greater than a given amount (xo) may be calculated

on the assumption that the variables are noraally distributed.

e’

It is:

L 1 j (n/2-=1) .x/3
YT a(/241) A (n) . % e dx
‘ o

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
avallable meant that n wae never larger than 4. This was
the case for events where the presence of no uissing particles
was assumed so that all the varlables were measured. <+Jhen,
however, the presence of a neutral particle was assumed, the
introduction of 3 unmeasured quantities corresponding to
the f{nvisible track momentum components became inevitable,
and n was therefore redued to 1. Finally, those events
where one of the tracks was either steeply dipping, short or
in any way of uncertain curvature, such that its momentum
remained unmeasured whilst its direction was known, contributed



TABLE

Hypothesis Name Reaction
20001 K™p 5 K™p (clastic scattering)
20002 -mpf-p?o
20003 —7 pK° (x° not seen)
20004 1T n
20005 T 0 (A®° unseen)
200086 ’:7;7-77+g° (io unseen)
20007 P KpK®
20008 — 71 P
2000¢ = 57ir°

20010 S n



to hypotheses involving n = 0 and 3. It is usual to refer
to an 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 more than one missing

particle were underconstrained and were, therefore, unable to

be kinematically 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 ajff-M ~e
or K =" w.."we” decay was given at the scanning stage, and one
had to depend upon the kinematic fitting programme to a large
extent., A8 a result, considerable ambiguity betwcen the
various hypotheses was found.

The main object 0f 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 hdving 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 (occaaionally 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 1onization estimates made by eye. The prediction
made for comparison with this estimate was sec?{gz where A\
1s the track dip angle an%& the relativistic velocity
which depends upon the hypothesis. A8 a result, the follow-
ing criteria were decided upon by the collaboration for the
separation of final states.

l. All 4-C fits (elastic events) were given priority, and

" accepted if the probablility for the fit was greater
than 1%.

2., 1=-C fits withf > probabillty(ﬁ% were rejected. This
removed mny ambiguities,.

3. Events fitting with probability 5§ times (or more) fhat
0f the next most likely fit could safely be regarded
as unique. Only fits having prcbabilityf>1/5th 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



TABLE II

Two Prong Ambiguities

! Ambiguous #1ith
Hypothesis | : - : : : Unique
, 20001, 20002, 20003, 20004, Two of | o _o
i ‘é ; 2,3 & 4 N .2
K™p K7p | | k
‘ i
2K prd | 16 1 0 7] * 81
_ -é i i
>m "pkf 18 | 4 0 12 97
ot i '
LK S R R L

e ey o




the hypotheses 20002, 20003, 20004.

On this basis, the number of final fits for Oxford
events 1s summarized in Table II.

A few events were ambiguous with one or more of the
wanted hypotheses, whilst those which fitted more than three
before the imposition of condition (3) were remeasured.

" The rather arbitrary decision to ignore incoming ™
and \°, < © production channels requires some comment.

Sone 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 prograame
and scanning for ilonization (both whilst ignoring the
presence of the V%) the results in Table III were obtained.

From this it 1s seen that the nost highly contaainated
final state was K™ T'n which received the majority of its
misidentified events from the reaction:

K-P;74aof%ﬂﬁﬁ°
whilst, apart from geanuine hypothesis 20003 events, the
remaining hypothoées were virtually unaffected by;k° or K°
reactiong. However, of the 26A{°%T events, only 3 also
fitted the 3 body channel: il ps . z‘tf— so that they
appear to represent an entiely 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:

K°p — \, 0’ 462 + 30,b

; o1‘.~+ -0

= A o"n 7 1216 + 40,,,b

oy, .

T 0t -
2, nT ~, 600 ub

= K% ° 1130 +igyb
—_— 4 -

-3 Kon-q'n 1250 iﬁﬁb

one may estimate that a contamination of as much as 50%
in reaction (4) (26% of which could come from the ;, 3;7 final
state) and 8-9% in reaction (3) (from the hypothesis having
an extra 1r°) could have resulted from the present criteria.

In the case otjhﬁ+w“, an independent check on the
contamination was available. This reaction is known to
proceed dominantly via the production of Y;(1385)

K-p—= Y**(1385)4~ (3.5 Gev/c)

i%APﬁf

Taking for instance, the ambiguous 20004 events suspected
of harbouring such contaminats, inspection of the nT;
tnvariant mass distribution Fig.5.1 shows the presence of
N*t with a bmwad width, but little, if any, concrete

evidence for the expected Y; events which should show up

-91-



as a somewhat narrower peak antred at a 1ittle below 1385 iev.
This serves to show that the previous contamination figure
can be, at worat, 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 Bean

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
mase 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 serims. 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 Haﬁing,Multiple slissing Neutrals

It may be regarded as significant that the figures in
Table 111 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



TABLE 1V

Missing ‘ass Cut-offs

Hypothesis

Missing Mass Range

Misgling System
20002 n° 0 - 300 Nev
20003 K° 350 - 650 Mev
20004 n 800 ~ 1100 Mev
TABLE V
“"Faked” Multiple Missing © Events
Number having no Number of Fits!{ Number of
Fits to Hypothesis| To Hypothesis Fits with
Identity 20002 20002 Missing
Mass within
0-300 Mev
K™p _y K™pp'yr™ 84 12 2
K™p =\ h7prr ' ri® 8¢ : 5 1
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reaction (3) was only fitted by one out of nine events known
to represent the same reaction with one extraj®. The
missing mass plots of F1g.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 7° hypotheses affecting
the final states, cuts were applied to the missing masses
as listed in Table IV. 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"p71®5°, so that a test of the
effectiveness of these cut-offs was made as follows. Soﬁo
four prong events whose identity was known to be one of
the following: K~p =K-pr 7~

> K~pr
were selected, and some two prong events "faked"” by selecting
the K~ and 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 ﬁf“ sunmarized in Table V., It would appear fron
this that the missing mass selctions were very efficient,
and that one might have expected a very small contamination
from multiple/T° events.



fiypothesi
Naae

Keinduced

T-induced

40001
40003
40007
40011
40021
40031
4

40051
40052
40053
40054
40055
!

jaoose
{40061

40062

40071

40081

U = Unique

A = Ambiguous
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Separation of the Four Prong Events

Table Vi contains the 1ist 0f hypotheses against
which the four prongs were tested. Column three contains
the number of ecvents having at least one fit to one of the
reactions of interest. A large san;le of cvents were
inspected on the scanning table for consistency with ionization
estimates in a similar way to the two prongs. 48 a result
of this it was found justifiable to reject any fits to a "1-."
hypothesis havingz:z probability of less than 8%

Innization Scanniqg

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 Been fron thevfigures 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-
1ity had - by permuting proton and positive pion mass
assignments - produced a very good fit to hypothesis 40003
or sometimes 40053. The difference was usually obvious in
such cases.



Use 0f the Ionization Yachine

The method of guessing lonizations as above was quite
successful on the present film. It was cften 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 minimum (1.0) as in those
cases, a guess of 1.25 say, for a track which was for
example efither a K- (1.28) or a m- (1.18), could temptingly
be accepted as the former. [t would really be desirable to

have an ionization estimate with error for every track.

In those cases where the predicted projected ionization
was elther in the range (1.20 - 1.40) or minimun depending
on the hypothesis, the assistance of the gap length device
described in the previous chapter ws invoked. in most
cases, this meant that a distinction between a7?“ 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. 3ome uniquely identified events from
the better quality film 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 VY where 1t 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 experimeatal
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 less
significant). Fig.85.3 shows the missing mass distributions
for hypotheses 40001 and 40003 where the resolution of the
o

(1 peak appears to be satisfactory.

Remalning Amblguities

A few ambiguities rcmained in the 40001 sample. The
93 events still not resolved had the Kfﬁ+ invariant mass
distribution shown in Fig.5.4. The presence of K*x®(890) 1is
observed and indicatesd 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 aabiguities were resoived in
favour of 40001.

Judging by the saall number of cases in which an
ionization estimate led to an assignment to one of the
incoming plon associated production reactions any four prong

events ambiguous only with these were included in the unique

sample.

Low ’robability Events

The probability distributions for all the reactions
discussed in this chapter are presented in Figs.5.3(a)-(2).
The peak in the distribution at the low probability and for
the 4-C events (K7p_ E"p~r ") 18 striking.To investigate
this, various quantities of physical interest have been
examined, and it 1s seen from Fig.5.5(d) that the spike was
correlated with events having a small "smsisaiang momentua”
entirely in the z-direction. it was found, in fact that there
was no prefereance for positive (or negative) values in this
direction, and it appeared likely that the anomaly;was the
result of inaccurate measureaent.Fig.5.6 illustrates that -
among the low probabllity events -~ an excess of events having
steeply dipping missing amomentum was present. The events of
low probability were therefore fotained as they appeared to
satisfy the ionigation requirements reasonably well.
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A correction of 8% was applied to other final states in
the estimation of cross~sections to allow for the removal of
events fitting with probabllity below this.

Four Prong Collaboration

Only two groups measured four prong events at 3.5 'ev/c -
N.I.R.N.S8. and Oxford. Ag different criteria were used in

their separation, only the 4-C fits have been conbined.
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CHAFTER V1

The Analysis of the Two Prong Events

The discovery of the K**(1400; occurred in the isotopic
spin substate T, = -} in the reaction
K"p—?gop‘n'” (Eo visible) eees (1)
80 that no clue to 1ts isotopic spin (which could be 3 or
2

3/2) was given. The subsequent confirmation of its existmce

was also accompanied by a weak preference for T = 3 based on

the absence of K»»* production in any but the zero charge
state. For exchange of an isospin § particle (iaplying a

peripheral production mechanism) the relative production

- 4t -
mp—> 3 mx°
0O e +

™ 234 Tk

cross-sections in the two states would

be 27. Consequently, the study of the two prong reactions

K™p ~» K~pm® ceel (2)
-> Eop‘ﬂ" eese (3) (unseen X°)
~> K™ n )

was of interest. During the analysis of these states, other
3ok
determinations of the K** isotopic spin becane avallable,
80 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).3nd K*(890).
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Mass Distributions

Figs.6.1-3(a) show the Dalitz plots and projections onto
Mﬁ; and M;T axes for reactions (2)-(4) respectively, whilst
1-3(b) show the KN invariant mass squared distributions for
the same reactions.

As found previously in the 20l1s, no strong resonance
production oecurs in either the Eop or pnp~ systems,whilst the
Eﬂ masses show marked peaks at the mass of the K*(8v0) 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 nn*
mass values in reaction (4) 1s due to elastic events and is
discussed below.Other minor features that are noticeable are
the Y~(1520) in the K™p spectrua of Fig.6.1(b) and n*t(1238)->
ant in reaction (4) Fig.6.3(c)).The corresponding decay of
the N*' into ppr° in reaction (2) is somewhat less noticeable.
This surprising result also is probably attributable to the

elastic contamination present in the low mass mn+ 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

-100~
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(1.e. probability$0.1% orX 2¢18.0)

(2 Investigation of the effect of any remaining

contamination,

The events removed by (1) are shown shaded in the mass
plot: of Figs. 6. 3,! where it is seen that the low mass peak
in the nw' system remains, though to a much redurd extent.
It 18 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 i¥s.

One may understand the strong contamination of
reaction (4) from the fact that in this case one needs to
wrongly identify the proton track which 1s well measured.
That this is s0 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 GCev/c. It was mentioned in Chapter (I that three
helices are fitted to the measurement of slower tracks - one
for cach of the masses of the p, K and® particles.Consequently
the assumption of the plon wunass 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 introdwed allows the satisfaction of
the kinematie constraints of energy and momentum balance by
the introduction of a neutron having a directicn almost
coincident with the Wﬂ+". Further, the small laboratory
momentum of both these particles leads to a small relative
momentur 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 (H“,n,ﬂ*) have to he
approximately coplanar, but the scattering angile (ex*) is
peaked at very low values (since this is really the i~
scattering angle of an elastic event). Consequently, one
expects a clustering of points about the region coaaxﬂ = +1
and ¢Kﬂ'= 0 (or +w). The corresponding effect of elastic
contanination upon the other reactions is less obvious. An
idea of its nature may be obtained from a faked sazaple 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

(cos em , f&:n’) scatter plots for these ecvents (Fi;.6.5(a)
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and (b)) show a marked assymmetry. That the fallure of these
events to satiafy energy conservation may have caused sueh

2 bilas is uncertain. However, it is observed that a

similarly faked sample of reaction (4) events exhibited the
(cos6 .+, ¢, +) distribution shown in Fig. 6.5(c) which 1s
Just what one would have expected from the previous considera-

tions,

Conclusions Regarding Elastic Contamination

It is clear that reaction (4) is most hiyhly 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 9,#) plots most affected.

The Isotopic Spin of the K**¥(1400)

A direct comparison of the two reactions:

K p=>K'*(1400) p (reaction (2)) .... (5)
R

K p =»Kk**(1400)7p (reaction (3)) .... (8)
e
K

\

should yield a value for the K**(1400) isoto;ic spin.

The relative rates for these two decays (ﬁ‘ﬂp:KQﬂ’)

should be either } for isotopic spin (T=}) or 2 1f 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 ambiguity 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 clasgses: -

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) -~ 4¢0 events
3. Ambiguous betwecn (2) and (3) - 143 events.
An attenpt to remove the elastic events was made in
the manner described in the previous section by removing
those with certain values of coaeandﬂ. As pointed out

in Appendix E, this should not bilas the distribution of

9 and¢

1!2

, 2
points on the Dalitz plot as the variables e ywt

should all be independent.

Determination of the Resonant PFmctions

&
A method similar to that used by Ferro Luzzi et al
in the analysis of the reaction K+p—ﬁ>K°pﬂ+ has been used
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to deternine the resonance production cross-sections.

In this method one fits the density of points on the
D.11tz plot for each reaction. in order to derive an
expression for this density one assumes that the amplitude

for production of a resoaance can be written as:

b
(P ® :
T(:2) = —— ceee (D)
M2 Lo 2 g oy
] o

which, when its square modulus is taken, is the well<known
relativistic Breit-i/igner distribution. It is thus assumed
that the amplitude depends only upon the invariant mass Ml
of the system forming the resonance, the resonant mass uo

and width 7. The latter is connected with the resonance

1
decay amplitude V by: P = 3;“.3 23 1[“”2 a2
J +

integration being over the deccay angles of the regsonance.

8

Expreasiomafor‘qara given by Jackson™ and relevant ones are:

21 3 . 2 2 2

N*(1238)-q>NTr:‘ = rl(£~) , Mgt ) - ag” 2,

o “hw2 (uﬁw*mﬂ)z'“ﬂ?
- - 3 '

° e ceee (3)
X - . Ue e . 4
K*-(1400)=> On: [ = FO(L,ﬁ (Zhety

po ({K“)

In thege exr-resgssiong the relative nomentums cf the 2

decay products in the resonance rest frame 18 p whilst ooy

mey and m, are, respectively, the nucleon, pion, and kaon

K
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masses, and the exprcsslions naralized such thatr‘=’ﬂ° at

the resonant mass. Pq 1s 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 noints on the Nalitx plot to obtain the best
values for a!l resonant masses, widths and fractions. The
method 18 discussed in aqore detatil in the following chajpter
where the apinlication to the many body final states s
discussed but 1t is noted here that the density function may

be written as:-

k f 2:1
s g‘tz :" \ — —-l
R D S o e L A ceee (9)
J=1 J J
vhere%is the phase space density of points, tj the fraction
of the jth process (of which there are k) present, TJ its

amplitude with the invariant mass M, as argument as well

J
as the resonant nass ﬁg and widthfkﬂj). The denominator
Qj is the relative momentum of the system j and the odd
particle in the overall centre of mass.
The processes considered in the rextions (2) and (3)
- -2 o
were: L p=» K ptm
—> K*(890) p
—> K**(1400) p
—> 8+5(1238) 'kS
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The effect of the Y*®(1520) was neglected as its production

was relatively weak. The normalization integrals:

M
_ ﬁl"&ra—j o, 2,

H¢ am, ? au 2

are very simple in this case since we assume that:-

N

3

1. ¢ = constant
2. T is a function of only one mass _

Consequently, integration over one of the masses leads to

the expression for N :

A
f’rﬁz :’i& %ﬂ dMAz
N = a T ceee (10
Jm au 2
M.‘l "

where p 18 the relative momentum of the particles forming

system A in their own rest frame, HA 18 thelr invartant mass,

and q the relative momentum of system A and the third

particle in the overall CM8, Equation (10) ensures that G

is normalized such that: lTT dMK2 dMNZ = ¢ = constant
The method camployed 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
T
L= ¥, 1n(Gy) cee. 1D)
i=1

where the summation was over the NT events.

A1l variables (masses, widths and fractions) were
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allowed to vary and the method of maximization is described
in Appendix D. The values obtained are shown in Tables !
and I! and are in good agreement with those of other

L 2
workers. Flgs. 8. and ¥ show the inveriant masses
with the fitted curves (solid lines) superimposed for
reactions (2) and (3) respectively. The dotted lines
11lustrate the background (non-resonant) curves and
indicate that the K*(8¢0) is very pure in the mass region
0.83‘:MK< 0.98 “ev whilst the h**(1400) has a considerable
proportion of background events having ' Wnass in 1ts
vicinity. This background includes genuine non-resonant
K~induced jprocesses, other resonant processes and sone
W -indueced rcactions which are agsumed to contribute a
uniform density of poeints on the Dalitz plot. The curves
were estimated by generating 'onte Carlo events having a
production cross-section &« |T12 for each rrocess.

The effect of intexrference bwtweén any processes was
ignored or, more precisely, the phase angleskﬂ which
appears in the extra term necessary to equation (9) to
account for interference between a palr of such processes
A and B:

2y fﬁ s r:mrBTiTB

N, .
o

0%

. L0S

ADB
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was assuzsed to be 20%. o noticeable enhancement or
depopulation of events in the N*K* crossover region in
the Dalitz plot of remétion (2) was noticed, for instance,
and it apprears unnecessary to assume any marked interforonce
botween any of the other proc~sses.

The resulting resonance fractions are suanarized in
Table . The significance of the smethod just descrihed is
that aecount is autonatically taken of any background
reactions contributing unifornly to the Nalitz plot. 't
appears reasonable, theraofore, to accept the cross-sections
in the last column of Tahle ! ag ahsolute, since it is
unlikely that any events other than those correspondiag
to reactions (5) or (6) would contribute to enhancem«nta in
the invariant mnass 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 LK*(860) decays into K™ @°
to those into qun is almoat correct (1:2) within just a
1ittle more than one standard deviation, yhlch encourages
this point of view. Lxtending the argument to the E*¥(1400)
1t is geen that the observed decay rates into the two
charge combinations are certainly (within error) in the
same ratio and not the other way round(2:1) as required by
an iscspin of 3/2. It is scen that the ambiguous events
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cannot significantly affect the conclusion that the
1sotopic srnin of the E**(1400) is not 3/2 since, even 1f
all of them wer~ considered to belong to reaction (2),
the maximum number of K**(1400)=» Zr° that could be
collected would be (4¢.8 + 11.8) + (10.92 + 3.4) = 75;9
to be compared with the smallest number of K**(1400)-
KT~ of (71.8 - 22.1; = 49.7 giving a ratio of 1.52.

Decay of the K* Resonances

Synnetries in the Degay Jistributions

Fig. 6.9, iilustrates the three boly final state in
the KT rest frane. The notation employed is the same 1s
that used in the discussion of the kinematics. (Appendix E)

.18 a consequence of parity conservation, some sim:le
results follow which have been used in the analysis.
Applying the parity oseration to the decay, one scgs in
Pig. 6.9(a) that the vectors g: and;?change nlaces. Th~
resulting situation (Fig. 6.9(b)) is therefore expected to
occur Jjust as frequently as that in Fig. 6.9(a). Consequently
the decay distribution i1s expeated to be symmetric about
= T/ a, A gimilar result may be ohtained by the
simultaneous change of @ to ~ 6 and¢ to f + T so that
symmetry with respect to such a aeahanze is also expectad.

A further result follows froam the fact that in a

two body production process involving only strong interactions
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1f thesinitial state is one of randos polarization, both
initial and final states arec symmetric under the operation
D:"(‘ﬁ')?‘:7 where P 15 the parity operator and HJ(%) causes
& rotation through angqu about the y~axis. Applying these
two operations to Fig. 6.9(a) leads to(9(c) where the
small arrows indicate the spins. It is observed that these
have all changed sign whilst the momenta re=main unchanzed.
Furthermore, the sign ot¢has reversed. Thus, in such a
process, one expects no polarization 0f the X*¥ in the
production plane and a further condition on the decay
distribution is that it is syametric about }“-"— 0. If£T
denotes the decay di#tribution then we may summarize the
results ag follows:

T(cos® ,9‘ ,0080t ) = T(-cosf , ¢+ ,ucos k)

= T(eos @, -»ﬂ,-eosd) cee. (12)

The “ensity Matiix

ther The method empleyed to determine the spin of the K**
:

was to exanmine the decay distributicn to test whether 17

or 2* provided the better description for the observed

(cos.9, ¢) distributions. Elgher spina werc neglectéd
apd unnatural spin arities forbidden by the fact'}hat fue
ﬂi ‘ .‘,'
KT decay is observed. It is usual to define the density

¥ ad, -

matrix/o am’ by: 7 £Q> = ’l‘r(/o R) where ¢ 18 some physical
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observable. Other properties of this spin-gpace matrix

include: -~

1. It is Hermitian =
fo an' /0 a'm”

2. Osfmmsl and/omﬂ i3 real

3. Trgol) = Trgo) =1 (I is the unit operator)

4, ,0 = (~1)m-m' which follows from

mm’ - /onm,—m'
parity conservation.

in the magnetic quantum state representationvp for
a particle of spin J requires 2¢2J+1)2 real quantities in
1te 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 J¥ into

two spinless particles, the amplitude can be expanded in

m

orbital angular momentum states ’J,m) = YJ

Using the definition of the density matrix it can
therefore be shown that the distribution for such a state

decaying into 2 spinliess particles may be written as:

3
a o J > Jx =
W,(cos 6 ) = = Z,Y (&) Y_,() 5
J '¢ a(COS 9 )3¢ mm' m 2 /o ma

® o 2 (13)
where the Y; are spherical harmonics and the unit vector

.’
% has the azimuthal and polar angles 9.¢ defined above.
Explicitly: for spin 1~ =070
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. - 02¢c 3
ﬁl(cos 0, 9’) = m = E?._(/Ooocosi’g T/ollsin G-fl lsin%cosz

-2 Re 0. ,81n26 cosg )
s o s 6 (1‘)
and for spin 2*-9'0—0~

15
W,(cost,¢) = ‘1"6%[3/%0 (cos?d —-;-) 2+4/)1151n29c0829 +P,,8in16

- 2cos¢{sinzeae/alain2€+ Mg'n7fo(c0529~%)}

+ zuefﬁnlcosafainae81n29+f;“2c084f51n45

- aeoazfsinzﬁ{z/ol_lcosze- & Re,ozo(co;sza..%)i)

. o 0o (15)

The factors 3/4wand 15/16Tnormalize the integration
J*

J ,
of the product Y Y _ over 0and¢to unity.
m m

K*(890) " Decay

Selecting all events in reactions (2) and (3)
having a KTinvariant mass between 830 and 950 dev, we have
chosen a sample containing 8% K*(890) with some background.
Choosging, alsc a sample having KT masses between 770-830 Mev
or 950-1010 Mev we have 0% X*(890) and 9% background.

10

Using the method suggested, for instance, in reference -
to deteraine the components of the density matrix by
background subtraction, the former cvents werec given a

weight of one and the latter the weight of minusocnein

analysing the decay distribution. In this way it was
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hoped that the effrct of incoherent background would have

been removed. The mcthod of maximunm likelihood involves

the coanastruction of the likelihood finection:

N
L) 212'1 wiln i, (cosb, ¢, ) ceee (18)

where v, is the weight of the 1ith event (of which there
are N) and 0 the density matrix with .vl(cosei,¢i,/0) being
the value of the distribution (equation (14)) for the ith
event. This method was adopted, and the simultaneous
variation of the three parancters/’oovﬂl_l aid R%ﬂlo was
carried out again by the procedure outlined in Appendix D
in order to aaxinize I.. it should be observed that W 1is
already normalized to unity. However, removal of rvents
from the (cose.f) plot as suggested to remove elastic
contamination invalidates tuis normalization since one must
now ensure that

+1 +17 k1 -'r/e
J(cosG,ﬁ)dcosﬁd¢ - N(cose,¢)dcosad¢
b ] —Tl’ o _‘5

-y

where‘xanq5 are defined in Fig. 6.10,

is unity. The normalization factor therefore decpmds upnn
the density natrix values. A way of overcoming this 1s
1l1lustrated in Fig.6.10. After remova! of events fro=n
region A, the plot may be repopulated by events from regions
3 and €. This follows fron the symnretry principles

established earlier. Consequently, region A events were
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TABLE III

The Reaction K~ p== RN

S Unadorned
: Feripheral Model

1
(

S Absorption
Element R Experimental Pseudo Model
Vector Scalar Best Fit
Exchange |Exchange
£ oo K*9(890) 0.45+0.06 0 i 0.58
7;1_1 -0.,04+0.07 0.5 o 0.09
Rercqq -0.04+0.04 0 o -0.09
7 oo K*~(890) 0.24+0.06 o 1 0.20
Re ;o 0.05+0 04 0 0 -0.04
P oo K*~°(1400) 0 65+0.08 0 1 0.7¢
p1-1 ~-0.18+0 04 0.5 o -0.02
geglo 0.09+0.08 g g' -
[ - -
21
Refzo 0.04+:0.01 0 0 -
-P11 ~0,1¢+0.05 0.8 0 -
Re? - 0 0 -
2-1
9.2 -0.10+0.10 0 0 -
F°° n%*7 (1400) 0.3:+0.07 0 1 0.45
1-1 0.30+0.03 0.5 0 0.253
zeflo -0.02+0.086 g g -
e - -
21
Regzc 0.06+0.089 0 o -
Pll 0.33+r0.18 0.5 o -
2-1
f 0.10+0.11 0 0 -




TABLE IfI (Cont.)

Resonance TLog-—Likalihood Ratio (2% : 1™)

R -.«MMN--...—T oy 1y
H
R

k¥ T(1400) 14.3 + 18.4
£*~%(1400) 22.1 + 14.4

{

T A &-3:'- ~ Prwvale Communication .

TABLE IIl1 a

K*“(1400) Density Matrix

e et s o A - 2

“atrix Element Spin 1 | Spin 2

L et T T TS ¢ e

e e e et

"o 0.71 + 0.14
711 0.06 - 0.09 See Table III
Re 0.09 + 0.0% \

10 -




rejected and those in B and C were counted twice.

The values found for the density matrix elements
are susmarized in Table 1I! for future reference. Curves
calculted 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 KT are 1imited to the natural values:
0+.1-.2+.3-, etc. However, the observed decays into R*w 11012
and KT are prohibited to a 0% particle. spins higher
than 2 were negleected. 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 zmaxiaum
l1ikelihood 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 IIla

for both cases and the two values for the likelihood function
| - +

compared. Denoting these by LIand szior 17 and 2

respectively, the probability ratio R is given by:
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R=1L,6 -1 =14.3
where R 18 greater than unity if spin 2% 1s preferred.

Though this represents a large factor in probability
the result is not so impressive when one considers the
results presented in the form of Fig.6.12 where the cos®&
and¢1distr1butions are shown separately, each with the
fitted curves obtained by integration of ¥, (solid lines)
and ¥, (dotted 1ines) 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**
reglon is considerable and subtraction by the method
indicated in the previous section to give the distributions
of Fig.8.12 leaves only few events. It is further noted
that the 2% case is allowed 5 more degrees of freedom than
the 1~ 8o 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 vaiue for the likelihood ratio 1is:

W
(R)z = Njf ln(-i-:;-‘-)wz(cose,ﬂ)dcosédy

for N events assuming that the spin is two. The correspond-

ing expectation value 1if spin 1 18 true 1is:
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W
(B?l = :1r1n(?f)w1(cosﬂ;¢)dcos€d¢

The error on the ratio may be calculated from:

(R), = NCKR%), - <R32

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 simi;ar expression may be calculated for
spin 1 and the results are summarized in Table III, It is
apparent that spin 2 1s preferred.

The FPeripheral Model

So far, attention has been concentrated upon the four
variables MNZ.MKz,ng and ¢Kwnhich are necessary to the
specification of an event. However, a slightly different
aspect of the data 1s revealed by an investigation of the
distribution in tN (defined in Aprendix E). Pig. 6.13 shows
the t, distribution for all events K™ p d?ﬁxﬂ'constltuting
reactions (2), (3) and (4) and indicate that the majority
0f interactions occur within the meson e¢loud surrounding

14
the target proton, Chew and Low suggested the
peripheral model descriptlon»ot such interactions as a
possible means of investigating scattering reactions where
both of the participants are unstable. For instance,

neutron-neutron acattering could be studied by the

investigation .of neutron-deuteron reactions. They pointed
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out that reactions such as (see Fig.6.14)

A+B(C +b+e+ ,.,)~>(1 +m+Db + e - ool

15
. ! 1
involve a term: V;(i+te-DC-1+m) e’ Vi (Bteybtet ...)

> & ¢ 0 (17)

in the matrix element where e is the exchanged systea
indicated in Fig.6.14 and ® its mass. In this, t is

the momentum transfer to the resonance C and Vi and V;, are
the amplitudes for the two vertices ! and Ii including

spin factors. In the 1imit that e 18 a real particle,
these become the actual cross-sections for the real processes
indicated within the brackets. However, the expression for
t: t = (mAg*mcz) - 2E E. + 2p,p; cosf*

where a,E,p refer, respectively, to the mass, energy and
3-momentum of the particle denoted by the subscript, 1is
bounded by the physical restriction on cosf* (where:@* =

the centre of mass scattering angle) - that it lies between

+1, Consequently, the lower and upper values of

t a@ given by:-

.1n=EnC2-nA2>~<m32~mB2ﬂ?4§32+mc2-n92)—4ﬁznc235

* §(E2+mA2—nBz)2-nA23 ilz

4E2¢

where E 18 the total CMS energy and D 1s the particle
system b + ¢ +.. as indicated in Fig.6.14. The corresponding

diagram for the reactions:
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K=p ~» K*=*N
-> K*N

has m, = 0.494; m, = 0.938; m. = M _and - = m, and is
shown in Fig. 6.15(a). The Chew~lLow plot of Fig.6.16
demonstrates the physical bounds on t, (aomentun transfer
to the proton) as a function of 'C(zukn) and 1llustrates
the fact that"it 1s never allowed to go positive. (The
plot actually shows13H2 = -ti a8 ordinate). THowever, the
distribution does show a marked tendency towards low tN
values especially in the regions of the K* resonances, and
leads us to accept that the single particle exchange tera
might well dominate their produetion amplitude.

The assumption that this 1s so leads to considerable
siaplif!cntions)under certain conditions, to the form of
Wl and wz (equations (15) and (16)), since the natue of

the particle exchanged imposes restrictions upon the

allowed magnetie 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 ot for production of
either K*(890) or K**(1400) since they both have natural
parity. This can be seen by referring to Fig.6.15(b)

which shows the incoming beam (K™) and exchanged systea e in
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the resonance rest frame. We now classify the spin-parities

of the exchanged particle (denoted by J Fe with

b: | e

similar notation for other particles) in order to estimate

the cffect on the decay distributions in the following
three cases:

Pe

“sser (@) pseudo-scalar exchange Jg = 0
(b) natural parity exchange P, = (-1)7e
(¢) unnatural parity exchange ' = (—l)Je: 1

(a) If one considers Fig.6.15(b) 1t 18 apparent that
whatever the spin (J) of the resonance C, the orbital
angular momentum of A and e will be J with J, = O (z is
the direction of A and e in this frame). Consequently,
the z-component of the resonance spin 1s zero and the
density matrix isall zero except for/Ooo(required to be
unity by the trace condition).
({b) Yatural parity cxchange leads to a coupling between
L and Je such that fhe resultant has angular momentua J.
Consequently, the allowed values of . are Je_Jg Lg:Je+J
Conservation of parity requires that P,k . (-1)J9(~1)U = (=1)Y
cees (18)
(for resonance of natural parity) As P& = -1 for an

- inecoming K meson, this means that Je+L aust be odd if J 1is

even and vice versa. Now consider the amplitude contribut-
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ing to zero z-component of the resonance-'!., This will be
propertional to the vector coupling coefficient (Je'ﬂeolJM>’
since the z-component of °. must be zero with Ve T M = 0.
This 1s zero unless J,+L+J 1s even, But this has already
been shown to be not possible if parity is to be cnnserved.
Consequently, we expect a deponulation eof the ¥ — 0 states
and the density matrix elements /go = 0 in both (15) and (16).
(c) Unnatural parity exchange allows, by exactly similar
argument with an extra (-3) 4in equation (18), only even
values for J_+1+J. Consequently, no restrictions on the
values arise from this source.

Possible candidates for exchange ara‘ﬂ',fl,xo,w./O,fo. ’
A2 anongst the known mesons, and since all but the pseudo
scalarse are of natural parity, the only component of the
density matrix having one index seroc is expected to he/ﬁzo.
This 18 in quaiitative agréement with the results in Table II1.
FPurther, the consistency of the/zz values with zero in the
case of the [[* (1400) can be taken as evidence for the

—

lack of any spin 2 exchange, since % = + 2 for the

H

2 as .., = 0. This lack

resonance can only arise from J, z

can be ap;reciated when one considers the masses of the
possible candidates for spin 2 exchange (fo,Az). 'n both

cases the physical regloa is very distant fron the pole,
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and their pole contributions to the scattering cross-section

are not expected to be large.

The absorption Model '°’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—3c + 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.

a2 _ g2 g? M 2c?[Cay-ng)i-t]

d 2
dt 4T 1n ) 8q (mez_t)2

\r(t)i

for production of a 1~ particle.uns For the exchange of a

vector particle the corresponding expression: is:-

2 -
2 (f.iv+k‘T) .
2 T i Fy(t) \ y 3 2 o 2
doc _ g° ; g a, a (m, -my)” -t
at 4w’ 2nczsq2i m 2-¢ t 4 ¢ c { b—"d j

~ J}Vz GT2 % ! l'

+ 28\ —— - — 2\
|7 " Capy+mg) ) )

for 1~ production.

In these expressions

3 = eoupling constant at the baryon vertex
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g€ = coupling constant at the vertex involving the mesons
8 = total centre of mass energy
¢ = centre of mass momeﬂum

N

0

: . 2 2
22 = 1 [t-(mc+ma) ] . [t-cmc..ma)]
4mc

3 = sqzq'asinzﬁ
where 9==centre of mass production angle and

q'= final centre of mass amomentum.

vV = 2.y

These curves are drawn on the experimental K;YSQO)
t-distributions of Fig.6.17 and illustrate one of the
fundamental difficulties of the peripheral model - that
the calculated slope of thies distribution is not nearly
sharp enough. Various attempts have been made to modify
the calculations to overconme this?0'21’22 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
conpeting 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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FIG. 6.18 The absorption model tor K* production.

P u
FIG. 6.21 (a) Y* production by baryon exchange.

FI1G.6. 2l (b) Y* production by _strange
partical exchange.




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 statcs which nevertheless contribute to
tle same initial)l and final states. It 18, furthermore, to
be expected that the lower partial waves will be more
depleted by inelastic processes than the higher onee 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
Df. A. Segar of the Rutherford Laboratory and variationsof
the parametersgandq’ were carried out to provide the best
agreement possible with both production and decay angular

distributions. The values of§ andulare:

VoL T
£ = fexrv Svp5tivep’
2gK«K*Qﬂ§p
.T
N = frxxvOvEp
g G _
Knk®* wpp

where V denotes the vector particle exchanged, K* refers
to either of the K¥s and f,g and C are coupling constants

for the vertices indicated by subscripts. Superscripts V
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TABLE 1V

Reaction § i 1 4

K=p - K*~(890)p 0.8 + 0.2| 0.6 + 0.2
5 K*++7(1400)p[0.5 + 0.3{-1.5 + 0.5
~=K*°(850)n 10.10 0.04
~K**%(1400)n}0.¢ 1.9

i The errors on these quantities have little
meaning as they are strongly correlated.
In particular the values for K*%(1400)
production are consistent with pseudo-scalar
exchange (2 = ., =0) through the fact that the
likelihhod contours in the% - Lplane indicate

a constraint of the form. = 2:¢

W i



and T refer respectively to vector and tensor coupling.

The method of fitting was one of maximumi.likelihood.
The calculated distribution of t and of the angles @ and ¢
were compared with experiment to form a likelihood function
which was a product of the t distribution and that of thef
and § values.In this way, the effect of t upon the density
matrix which 18 a cormquence of the absorption was
neglected. The calculated production angular distributions
which result are shown in Figs 6.15 where they are coapared
with experiment, and the predicted density natrix values
are included in Table III. The best values of§ and nare

sunmarized in Table 1V,

Production and Decay of the zero Charged K*s

A similar analysis has been carried out on reaction
(d). The decay density matrices and produetion cross-
sections for the two K*s have been found in a manner
{dentical 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 nnj
Bass Values). However, some difficulty would have arisen
by doing this as the anglef would suffer some bias.

That this should he 80 is not obvious since%only depends
upon the nnf invariant mass because the momentum transfer
tN is preferentially small. This makes g and ™ (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 cospi such that the nn*
mass 1s small, and repopulate with events having the
opposite sign of cosodl. iUnfortunately, however, this

would make the density of points on the plot somewhat

complicated unless one removed the whole N*., Consequently,

the 9,4 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*°g,

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 Frocess

. Cross Seetion (+b)

K"p - K*(880)7p
~LE*+(1400) p

-~ K*°(800)n

~3K*2(1400)n

i

730

289

563

316

I+

I+ 1+

1+

79

80

24

8l

AT o It s e < e -




K"p~ K™r'n
- K*9(890)n
> K**0(1400)n
= w*¥(1238)k"
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 II1I. A striking difference s observed
in this case. The negative K*'s appear tco be produced by
almost pure vector exchange (more precisely-natural parity
exchange). The zero charged K*s, however, seem to prefer
a pseuvdo-scalar exchange production mechanism. This tends
to indicate that@Wexchange is an important part of the
production of the K* since its isospin is zero. It further
indicates that thefK*K; coupling is weak.

The relative rates of K*~ and K*® production in the
cases of both the 890 and 1400 resonances yield information
on the isotopic spin of the exchanged eystem, The ratio
of 4:1 expected for E*°:K*‘ for simple isovector exchange
follows if we assume a value of ! for either K* 1isospin.
The observed rates are summarized in Table V where 1t is

clear that pure isovector exchange does not account for the
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whole cross-section. Instead, an admixture of some 307
of 1sosinglet exchange i3 required in the case of K*(890)
and 72% in the K**(1400) production. The decay of the
K*(860) into either & K orlzh is energetically impossible,

but 1t appears that we amight expect to see K*¥(1400) decaying

into these Bystems.

Y¥*¥ Production in the Two I'rongs

The presence of Y*(1520) in reaction (2) has heen
previously acknowledged and has an estimated production
cross-section in the reaction K p —» Y¥(1520)° of 1682 30/ub
after correcting for the unobserved K®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 (Flg.21(aj)
or a strange particle (Fig.21(b)) must be exchanged. It
appears that ecither such mechanisms are forbidden or at
least highly damped, or that the prolific K* producetions
swanmp any such effectas. Baryon exchange was noticed in
the reaction:

K“p-—>¥;(1815>°1r°(3.5 Gev/c) ce.. (22)
L7 -
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 reactiom {Q)

K™p_ Y*(1818)p;°

La K=p

No noticeable enhancement appears in the K™ p mass spectrunm
Fig.6.1(b) 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 1s 71 if the branching ratio

Y1815 3T
Y*(1815) ~ KN

= 0.12

1s assumed as the:isotopic spin of the Y; is zero and
A \ 23
the cross section for reaction (22) 1is 40 + 19Vb.

This figures is 1inconsistent with the observed
rate and the production angle of the X"p system, though
not obviously biased in the backward direction, certainly
shows no forward peaking. The lack of Y;(lsls) in
reaction (2) perhaps indicates the presence of final

state interaction in the reaction K“p43 Y;°ﬁ° when

the KN decay mode occurs.
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CHAPTER VII

Analyeis of the Four ifrong Events

The reactions under sudy in this chapter are:

K—p - K-p‘n‘i_ﬂ'- L I Y (1)
K pyr i n® cene (2)
K-ﬂ+n+ﬂ-n aec a > (3)

though a comparison of reaction (1) with the reactions:
- "0 0 -
K™p = K 1 pp7 cese (1)a
-0 - +
KnTrT‘ P I K ) (1)b
is also made when relevant. It is proposed to deal with
reaction (1) first.

Two Body Invariant Yass Distributions

These are shown in Figs.7.1-.6 where 1t is apparent that
enhancements in all but the Ky 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
system of particles., It is clear that the following single

resonance production processes are present:-

K'p Koo PH vees ()
?f538¢+lcvf cees (5)
@fésaflfﬂ* ceee (8)
1*520)°1r"1r+ rere (D)
K7pL° (750) cere (8)






and that the presence of Yi(1705) or Y2(1818) in the K~p
spectrum 1s dquwttsignificant.

A notable exception from the two body resonances is the
k**?(1400) whose observed decay into K'n* might have been
expected since it has isotopic spini. However, a similar

1
absence was noted in the other four body reactions at this energy

K”p—= E°n9p"f
K%ty

and in the corresponding Kt reactions at similar energieefu,The
suggestion of Goldhaber et alhfroa their K¥p data at 4.8 Gev/c
that a strong K**(1400) N*(1238) production meehanism is favoured
is possidbly an explanation for this as the threshold for this
reaction is only Just exceeded at 3.5 Gev/c. However, the
asbsence of events (See Fig. :7.2.) with .any above 1320 Mev
oexcept for a brief reappearance at 1360 - 1480 Mev may be

regarded as significant.

Possibility of Interferenge

The strong produetion of both K*°(800) and N***(1238) each
of which requires the only;n* in the reaction leads one to
expeat interference between the two resonances. In order to
demonstrate the lack of this to a serious extent, one may inspect
+

the Dalitx plots of Fig.7.7. In these, the K™7 invariant mass

squared is plotted against that of the pﬂi. for various K~py
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mass selections.’n all cases the K*° ang N**+ bands are clearly
defined, though the intensity of points within the crossover
regions 1is not vastly different from that expected from an
incoherent sum of the intensities elsewhere within the bands.
The background density of points on these plots ig difficult to
calculate,however,owing to the spread in " momentum (which,
alters the boundary of the :;lot) and is not likely to be
uniform except perhaps at the highest K_p:; mass selection
(Fig.7.7b) where such a spread is least significant.In this
case the absence of either strong constructive or marked
destructive interference between the K*° and the N*** 15

apparent.

Three Bogz Invariant Yasses

These four distributions are 1llustrated in Pigs.7.8-11.
The K-pﬂj and h'pﬁf spectra are interestingly different,
though the more peaked appearance of the lattor can be
explained in terms of 4*'T production.Se ecting the events
having pjvr mass between 1190 and 1290 Mev yields the shaded
distribution 1illustrated in Fig.7.6.It is clear that for low
backwar pﬂf masses the K':I system travels fast in the
forward direction in the overall ccentre of mass giving the

observed high L~ mass enhamement. apart from this, however,

P
the only noticeable anomaly in these spectra 1s the broad

+ -

hump centred at about 1400 Mev in the K™ 7 systen.

onoma
T
¥y

Evidence that this corresponds to the rrocess
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K™p~> K*-(1400)~p

is offered later, but the suggestion is taken for granted in

the following section.

Estimation of Resonance Production Crosas-sections

It is apparent that this final state is somewhat corplex
28 resonance production clearly accounts for a large part of 1t.
The previously discussed 3 body states could be quite well
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 (ewing to the presence of one further particle) and
it is clear that the resulting multi-dimensional representation
would be interlaced by resonancse bands in a very coaplicated
way. In order to determine the fraction of each resonant
process e¢ontributing to the overall final state, therefore, one
may project thias distribhution onto any one invariant mass axis
by integrating over all the other masses and determine the best
nixture 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 multi<dimensional phase space.

Such 2 method was first used by Friedaman & Ross 1in the analysis
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of tho.Aaﬁ'tinal state produced by the K™p interaction at 2.45 ievyd

incident momentum,and is now described.

Consider an n-body final state produced by the scattering
of a K p system, and let R, be the total phase space available

for such a reaction. If this is Lorentz invariant it may be

written as

]
3
Rn(g) = :E_}_ 1}1_2_ .Q-ao:j_?_ﬂ x S (2 :11 e P)
n
*x £ 231 - E)
1=1

where P 18 the CM3 momentum and E 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 may write

the eross section (0 ) as a function of the invariant mass of

7
that systenm (-K) as
pY.4 . 1 qu(MK) R
Ju: g2 - 32+ u 2P 2(n) n- ce.. (8)

where l° {8 the resonant central mass andrﬂthe mass dependent
width., This is the familiar relativistic Breit-Wigner funetion.
The factor nn-K+1(E) 18 the total phase space available to the
n-K+1 particles in the final state one of which is the resonance
having mass 'K'

It is possible to show that the differential mass spectrum

of the systeam lx in the absence of a resonance can be written
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where R .., 18 the factor referred to above, and R, (M) 1is the

total phase space available to the K particles in their own
centre of mass systen. In the case K = 2 this is proportional

to p/MK where p 18 the relative momentum of the two particles

in their own CMS.

Therefore, for a two body resonance (8) may be written as:

- [1 Mo [T Cig) . o Ry (81
2 — a—— . - A aT— ¢ & wv ’,
l“-"e- 2 X 2 2. ’ 2 2 4 - 2
J " T (Mo - ) Rl PAO P ("‘K) P J adK

One may differentlate this cross-section with respect to as many

further independent invariant masses as desired to yield the

factor: ésnn

\/o; éulgguzz....émgz
aultiplying the term in square brackets above. If 8 is the
maximum number of degrees of freedom allowed (depending upoen n)d
then f is a simple product of momenta and is i{llustrated 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 Py (for the ith pair) in their centre of mass of the
pair. Then the cross section for one process may he written
ak Jrlzf » 8say. Making the assumption that all processes are
independent, the cross-section as a function of the invariant

masses (M,) for the ith event can be expressed as a sum of the
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partial cross-sectionsas follows:-
e s f 1 |
U“"ia) ‘ = % -‘-g-ﬁ—-(:— J‘+ '(non-resonant term) ceoo (9)
A 4 d A

The subsoript (1) oﬁ (Olndlcaten the dependence of this quantity
upon the total centre of mass energy which in turn depends upon
the beam momentus.This is assumed to be the same for all events
in the present analysis so that { may be dropped.Subsaript (J)
Qpecifiei the process under consideration which is assumed to

agontribute a fraction fj'to the final state, and the normslization
lei' given by: S x
=5\TJ\ Zfdaiiﬁ

-
(gifhc:e inategration is over all invariant aasses. It is therefore

the single integral

‘ s & & @ (lo)
J['r | 2 é_.... o 4&:13

it HJ is the 1nvar1:nt mass used 1in the amplitude TJ . }g§
1 t
p -1‘3 . ) . - Yt;’"'” A.'.. ¥y . .

mee The applicttion of this sinyla mode] to the events ‘under

study involved the construction of the log-likelihood function

§:lno éf ' Jr + (non resonant tern\)g sse. (11)
SRR 7 et | ~
and we see that thc factor(’vas uninportant as it was a constant.
ar : a1 | '
Tha non-resonant process has amplitude \Tolz = 1 and contributes

a !raetion f =] - 3 ‘J to the final state. and the normalization

(10) is seen to ensure that O’(ﬂ 2)dh! 2 over all masses was equal
. 1»;‘.
Ctr n

to unity. The expressions used for the resonant widths were:
¥e

for and k+°(890) : fr [70(?“)(- y3

1
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for N+*+**(1238) & N#°(1238):

2 2 |
- + @ ) - 3 “ 2
f‘~(§ prr” %o 17 I— N* ¢§)3

. *® * H =
and for Y$(1620) & K+*(1400): [' = [V
where p was the momentum 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

(x**‘a’xﬁnfﬂ‘) the overall factor I/RS(HK"") replaced the M/p

6
:factors used in the 2-body resonances. This was calculated fron:
i Puax p 24
- p
o
2EK

£ e

o : : |
,giﬂxmng+!§f-zﬂxnngﬁ-(ﬂ¢*~%‘_)E]Lﬁxmmf*ﬂzz—uﬁgnnﬁﬁ—(mf+*QF_)g)i ©

2, . 2

kB ) .

where = = total energy and m = mass of the particle whose

subs¢ript is used, and

Paax =§tMKlTﬂ'2 - (m_ln:‘* M MK)R] [ﬁkﬁ"n’z - (nr‘*’ et 'K)z]'$%

M
4 Kir

The method used to peaform the maximization of L (equation (1B
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~caleulation of the relevant normalization ﬂj (equation (10))
s0o that the resulting maximization process was very time
consuaing. In order to fit masses, widthes and fractions to

each resonant process, sixteen parameters were varisd (the N*©
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TABLE I

Hdaximum Likelibhood Resonance Parameters

N E {axi=zum Likelihood Accepted Values 8
N
Resonance Mass Width Mass Width
K*°(890) 396.0+3 49.0+2 891+1 50+2
¥ onxtt(1238) )
) | 1209,9+8 167.4+7 1236+0.4 120+1.5
N+C(1238) )
K**'k14oo> 1428 ,.3+18 135.1+11 1410+10 100+20
E°(750) 722.7+24 131.1+12 769+3 112+4
¥+°(1520) 1519,8+11 27.3+14 1518.98+1.5 16+2

¥ Constrained to have same values




and N*** yLere constrained to have the same mass and width).
Variation of the masses was therefore carried out first and the
widths and percentages allowed to vary subsequently (keeping
the masses fixed). Overall varfation 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 TablesIxT
with experiment in order to investigate the presence of any
sinor resonant channels. One possible way of obtaining the
shape of a particular invariant mass combination would have been
to integrate the density function (eqation (8)) over all but
the required mass. This would have heen somewhat tedious as
the evaluation of the limits of eﬁoh integration would have been
difficult and the many~fold integration very time consuming. A
more convenient way was the use of an exiasting computer
prograsme 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
Pigs. 7. 1-6 and 8-11 and suggest that all the major resonant

ehannels have probably been included.
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Assocated I'roductions

It is of interest to consider the possibility of double
resonance production among the two body resonances, This may
be conveniently investigated by an inaspection of the triangle
plots which show the scatter of events when the invariant maas
of one palr of particles is plotted against the invariant mass
of the remaining pair. As is demonstrated subsequently, the
distribution of points i1g expected to be fairly uniform over
the central portion of such a plot, but to vanish al the edges.
As no K™y resonance 1is observed, it 18 only of interest to
consider the (2-body) triingle plot with Mphz and MK,"* forming

rectangular axes (Fig. 7.14) and that having ¥ and M

et TK7p
as axes (Fig. 7.15). The kinematic boundary (drawn in these
figures) is simple to understand since, for fixed piy  1mass,
for instance, the K'nf system is allowed to take any value from
KT threshold (=mK + nn) up to E - Mpﬂ’ (where E 158 the total

centre of mass energy).

K" pe—>K*0(890) ->N*9(1238)

From Fig. 7.14 it 1a observed that little, if any, N*%(py~)
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 Mpﬂ‘ distribution (Fig. 7.14(b)). The further

selection of events having low momentum transfer to the (pg~)
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systen (<:I.O(Gav/c)z) does not lessen the effect. The peri-
pheral production process K p—> K*(8980)4*¥(1238) has been
noticed previously at 3.9 ﬁev/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 naay
estimate the number of events corregsponding to the assocliated
production of K*° and N*® from Pig. 7.160in the following way:-

InAwe expect events representing the associated production process

88 well as the following reactions:

K‘p-éax*oph? coess (a)
o =4t

_7N*Kt1 > o0 0 (b)

—7 other processes .... (ec)

We may use regions B and C to estimate the number of such

events :incq B contains examples of reactions (&) and (c),
whilst C contains (‘) and (¢c). HKowever, 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 aach of these has an
area of one quarter of A, the total number of events in D must
be added. Ferforming this crude calétulation one obtains the
total number of K*ON*O gvents of |4 . 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 19.6 events.This small
number of events makes the analysis of the decay distribution
0f 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 plon exchange.

K~p—>7 K*°N*2(1633)

Fig.7.14(b) illustrates the ;7 — 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*®)™ whieh forms 807 of the final state in this region and
is noramalized to the number of events in the plot.The N*°(1238)
1s evident as a two standard deviation enhancement.The small
peak at about 16888 Mev is,however,far less significant (little
more than one standard deviation). One might have expected
to find stronger production of N*®(1688) in this statec as 1t
was obhserved (at this energy)g to be produced with a positive
charge in assocliation with K*.This is interesting from the
point of view of the production mechanism.The distribution of
the four momentum transfer to the pgz’shows a somewhat
enhanced N*(1238),though no bump at 1688 at all (see F1g.7.5).7

7=

i 4 .
The plot of momentum transfer to the p7n~vs the pn~ mass

(Fig.7.17) also demonstrates this.If the latter resonance

were produced by one pion exchange -~ 1in analogy with the
ljower N* -~ one might expect to observe a preference for low

~-141-~
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somentum transfer. PFurther, the diagrams illustrating this
process in Fig. 7.17 (a) 7. {* 4{indicates- by charge inde-
pendence at the strongly interating vertices I and II - that
the production of N*(1688)°K*(890)° might occur four times as
often as N*(16838)*k*(800)~. However, preferred exchange of an
isosinglet (Wl.ao.etc) might account for the lack of this
process in the four prongs.

An upper 1limit to the cross-section might be obtained in
a similar way to the estimation of the K*a(890)3;21238) rate.
In this case, hoever, region D4 (see Fig. 7.16) occurs off the
edge of the triangle plot. Consequently, Dg 18 used twice in
order to estimate the background contribution. The resulting
number of events (8%3) indicates an upper limit of about 0.16 ab,
after correcting for the other possible decay modes of the N;°
and the Ez" and for the Breit-wWwigner tails, to be compared
with the figuwe of 0.2010.09 mb which can be inferred from the

9
N*+(1683) production.

Assoclated Production of Y*° and p°

>

Turnig to Fig. 7.15 which i35 the triangle plot having

thofrﬁf and K“p masses as x & y-axes respectively, the presence of
tha()° is apparent. The only band in the perpendicular direction

corresponding to a known resonance is at the mass of about

1520 Mev, and this 1s seen to be rather weak (see Table I1),
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No clear evidence for the production of Y*(1765) or Y*(1818)
is offered By Pig. 7.18, and the associstion of Y*°(1520) and

€'° is aleo dertainly noet strong. Though Fig.7.15(h) indicates

the presence of %L° in the W:ﬁ‘ mass spectrum whem the latter Y*
\_ .92 ' / 3 s , ;

il -clectad the‘eoupting of events in the manner just indicated

[

yields a result of a possible four events eonsistent with

Y*(lsz)F»° associated production. A similar crude aﬁalysis
\ ) .

provides 2 ncgative result for the nunber of Y*(1765?o or Y+(1815)

’\3 R . 3 -rii‘

events. No improvement in those numbers results from a selection
B X SR2 i A ) . : . . .

on low momentum transfer, though the removal of X* froam the

e : Jl [ . . - il PRI \! . i
sample tends to enhance the mass poak associated with the Y*(lszo)
: ae- - ) AV . : 3
q .
as shown in FPig. 7.4. s
rtor Y S LR Law@?-kﬂqg; v o T g wh

The method used to cstiaate the asséciated production
- ay he o LT S ‘ L

eross-gegtions was certainly very crude, and made no allowance,
E \

for inatance, tor the expected &ensity of points on the triangle
‘} )
plot mentioned previously. ,Purther. the triangle plot itself

18 Just a projection of the vholevphlce 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
1:.‘:;¢i thgvprcﬂtqtion of N***), A more consistent analysis

\( : \\ 3

can be achieved by including these double resonant processes 1n

the maxiwum ‘1{kelihood function already described.
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Reverting to equation (8) it is apparent that the
production eross-gection for a pair of resonances

will be. given by -

r 1.1 1 )

LA Vo o Melpton, ) o ,

1,2 2,2 T 1,2 1,2)2 1,2 2
(M)A (M- . : - . ~ - ,
duly 2 )u?): ] .{(uo Eoam )] +au1) ({-h

2.2
1 M ' (sz )
X o X ReneX1-K2+2)

m Sog 2y2_ 2,2) 2 242, 2,2
i(,..xo 2.0y, >3 1,22 (g
1d

(vhoreithp superseripts refer to the first and second rescmnances)
F B . '
since it 1s only necessary to replace R K+l(E) in equation (8)

[l

hy the vhole of the expression for)g/ )l(

TR h e

A e s

The factor R K +2 represents the available phase space

-Kl

for the. remaining (n-KI—K2+3) particles which include the
by )

resonances which decay respeetively into Kl and K2 particles. and

uay be calculated from the equation 8(:) since

& I

:>2R - :

- — | R (u1) 2R (E)
)(u’-)z}ml)z (u?)?2 131 -k11 ]

T S uly '
= R, (4 x B el R ek oy 42 ()

Subafituting this inte the above expression for the douhble

¢l
resenant ceross-section we obtain:-
N 5

40/ 1l 2 1 ) Rﬂ

- = P(MT)IF(%) —_—
N\NM DT N2y 2 R, (MR, (MD) G2 N (n2) 2
2 3 ‘ K3 Ky 43 s

cee0s (8¢

where the rs replace the square brackets.
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W#e may once more differentiate with respect to as many
masses as possible in order to obtain the factorr multiplying
the intensity function \Tij)z which describes the production
of 1th and jth resonances. In this case, therefore, the \TU‘Z
1s just a product of two single resonant amplitudes:

Iti5)2 =\, )2 Kk

The normalization integral Nij is given by:

Y1y [Ti\z \TJ\ 2(’ au? = leif ‘TJ\Q s__.___zngsu \ au, 2au 2
¥, 5

In the present case of two particle resonances, the differential

factor is simple to evaluate as it is:

3 %
24._ - >2 ‘p“lxR3 = Py Py B ceee (12)
QY B‘"‘J My My Wy e

where By is8 the relative momentum in their CMS of the particles
of resonance 1{, M1 is8 their invariant mass and i i the relative
momentum of the two resonances in the overall centre of mass.

It 18 seen that at the boundaries of the triangle plot, one

of the momenta will vanish, and so account for the zero density

2
Rd

J ’12)“5

of “13 extends over the relevant triangle plot and the addition

of points ( ) expected in this region. The integration

of the ternm:

t, |7y \"s\ ?

Nij

into the likelihood function can be seen to have the effect of
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TABLE 11

Resonance Fractions in the Reaction

K'p > K7p-*-~
Production Process Beam % Of 'Cross-Sectiong Ref.
Energy § Final State (Fb) E
(sev/e) ‘
- - o -
K'p — K* P 2.0 3+2 21+11 27
2.24 20 89+22 28e
3.5 47+4 637450 Ibid
| = N*HHg- - 2.0 44+2 276+15
| 2.24 20 89+22
‘ 3.5 31+4 418+54
~> N*¥OKk—p* 2.0 6+2 36+11
3.5 7+3 ¢3+38
—=Y*0 15200 2.0 13+2 82+13
2,24 8 38+5
3.5 2+1 26+17
£ oK™p 3.5 7+3 90+37
, b *=(1400)p 3.5 14.+4 193+50
— k*°N*°(1238) 2.0 20+2 125+11
2,24 <3 -
3.5 1+1 14+12
—yKk*«ON*xC(1638) 3.5 {2.4 < 32
~f5Y*°(1520)f° 3.5 2+3 33+40
’ —= N*©(1688)K~ 2.0 10+3 83+19
‘ =K pnty- 2.0 <4 <28
2.24 52 248+30
3.5 10+12 136+163
; TOTAL 2.0 830+30
; 2.24 476+88
: 3.5 1359+136




giving events within region A of the plot (See Fig. 7.16) a
large weight. In this way, the estimation of the fraection of
the final state (tij) that corresponds to assodated production
automatically takes account of the tatls of the Breit-wigner
curves ( )Tl\z and‘lez), as well as the reflection from other
processes. The big assuaption 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 integra), "1j' the fitting to these
processes consisted only of the variation of the fractions fij°
The two processes considered were:

K™p—> K*%(890)N*2(1238)
> y*°(1520) °(730)
as these are the only tvo 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*Ocross-section may
9

be compared with those found for other charge states at 3.3 Gev/c,

for the production of K*N=* requires the initial K p system to be

l. Starting froa this fact,

in the pure imotepic spin state T
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all possible K*N* modes may be calculated fronm charge
independence as in Table III.The other 3.5 _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 statec is pure T=1 and the

11
production of K*N* dominates the whole four body reaction:

K¥p—» uNr 77
at all energies from threshold to at least 4.6wev/c.4'11 In
fact, the most favourable observation of this quasl two body
statc 1s in the four prong events.In the K case,however, ii*Nx*
in four prongs is a relatively unimportant channel.
It is clear,therefore,that the present state is dominated

by production of K*°© anga N*TT

s but that each of these
resonances has a weak partner (77 and K~") for formation

cf an asséclated resonance.The reaction therefore proceeds
almost entirely via the quasi three body states some of which

are discussed in the next sections.

K7p—2 K*Op7—

Selecting events with an invariant mass O.BSQﬁK_:gégs vev.
Yields a sample containing approximately 80% K*Cpp—
(estimated from the Monte Carlo events).It also contains
approximately 7% N***K—,.= ¢ {5 reasonable to estimate the
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expected invartiant mass distributions from the ¥onte C.rlo
events for those two processes alone, normalizing the curves
to the observed number of events. Fig. 7.18(a) shows the
K*oer Dalitz plot with a boundary calculated corresponding to
a K** mass of 892 Mev. Figs.7.18 (b) and (c) show the projec-
tions onto K*7] and K*p axes, respectively. The experimental
distribution of the K*]| system is markedly different from the
Monte Carlo prediction and shows two apparently distinct,
broad enhancemaents 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. standard deviation effect, respectively. #hen the distribu-
tion is normalized to the events under the solid curve the
dotted line results.

The K1t 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

1A 15 16
masses - 1218 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

-
. ~~~2,‘:P —*‘

[
HE

except thet we here observe the decay into i%; Fig.7.19 shows
the square four-momentum transfer distribution to the systenm
with background subtracted.The corresponding two prong plot is
also shown for comparison.Within the limited statistics a
gimlilarity is seen.Fig.7.20 1illustrates the variation in the
squared four-momentum transfer with the K™ mass,and the
greater peaking at the 1400 mass 18 noticeable - supporting

the view that this represente peripheral resonance production.
The distribution of this quantity {s of intereast in a consider-
ation of the commonly known '"Deck Effect” about to he discussed.

reck Mechanisna

It 18 interesting to inveastigate 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

nence in connection with the observation of the Al"phenomenon".
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14 x
The Drell proceasswas invoked by Deck and later by iaor and

O'Halloranz' as a possible means of explaining the A, as
a kinematic enhancement in the7ﬁo mass spectrum. The opinions
on the significance of the model in this respect are varied 17,18
but it appears to be generally agreed that the mechanism exists
in practice and at lesst contributes to a high background under
the A;. The details of the calculations performed to estimate
the effect on theﬂk spectrum appear to make significant
differences to the predicted positions and widths of the kinematiec
17
enhancement and 1t appears that the dDest calculation performed
by ﬂolfz2 fails to account for the whole peak in the CERN
data at least. The relevance of this to the K (7T system ts
apparent, as an analogous process with thef;replaced by the
K*(890) 1is thought by some'1to be a posasible explanation for
the K**(1320). 1In the data of Fig. 7.13(b) the 1400 peak
extends down to below 1320 ‘lev. and the possible indication of
the presence of this resonance cannot be ruled out. An atteampt
has therefore been made to ascertain the relative importance
and the role played by the Drell process in this final state.
The Feynman diagrams of Fig. 7.21 sum up the uncertainty
that exists as to whether the K**(!320) is a genuine resonance
or not. The Deck mechanism (Fig. 7.21(#))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 elastically off the proton
which {3 travelling in the opposite direction. The resulting
K*h gystem has small relative momentum and therefore preferen-
tially low invariant mass. The situation is represented more
realistically in Fig. 7.21(c). The model is amenable to
several tests as follows:-

1. In the pmM “centre of mass system, one expects the scattering
anglcepp. (defined by CO:GPP, = Pyin‘Bout WYhere these vectors
are shown im 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 phN~ mass, and it is interesting to see that

the 1 + 3eco0s20 distribution 1s a reasonable description

PP

for masses between 1190 - 1290 Mev. corresponding to single

pion exchange to produce an N*© which subsequently decays into
PIW . As the mass increases, haever, the expected peaking toward
cos® pp" = +]1 ecorresponding to diffraction scattering is
noticeable. The curves drawn on these distributions are taken
from ref. 17 and are normalized to the numbers of events in

the plots. They represent elastici7T p scattering on the mass
shell.

It is interesting to investigate the variation of the

eoaB"!atstribution with K ;7 (T mass also, since we expect to fiad
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the most strongly peaked diffraction type of scattering for
the lowest uxﬂﬂ 1¢ the diagram of Fi1g.7.21(b) is an important
part of the reaction mechanism. The plots shown in Fig.7.23
fl1lustrate this variation, and 1t is certainly found that cos&
is quite strongly peaked in the lowest N ., (£ 1300Mev.) range
whilst having a fairly isotropic background at the higher mass
end. An interesting comparison may be made between the two
middle mass reglilons since they correspond to the "K**(1320)"
and K**(1400) regions. The difference between the two is,
perhaps, not statistically significant, though we notice that
the K* spectrum is modified by the selection of coaepp,<0
(éorresponding to the removal of all diffraction scattering) in
such 2 way that the K**(1400) peak remains (see Fig.7.24) and
now appears at a slightly higher mass.

2. The scattering angleg;pp, is almost equivalent to the squared
four-momentum transfer to the KTl system as may be realized
from Fig. 7.21(ec), 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 snall
proton scattering angle 1in either case. However, a d;rect
comparison between thel momentumr tranafer to the KT and KT

systems might be more informative. This is made in Fig.7 20

where the distributions of these quantities are shown for a
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variety of Knwr masses. It is clear that the %=°(890) is
formed peripherally at all such masees, but the Krrsystea
appears to be more peripheral in the region of K**(1400).

3. The asiauthal angle(}(defined analogously with that in the
previous chapter) in the pr - systea 1is expected to be
distributed isotropically if,events corresponding to the
diagram of FPig. %.21(b) are present. Any lack of isotropy
might be regarded as a consequence of the decay of the KT
resonance of Fig. 7.21(a) or of some other process. The
distribution ot{>is shown in Fig.7.28(a) for all K*°p,~ events,
and appears to be neariy isotropic. 1If, however, one eanquires
more closely into the distribution as a function of KT
invariant mass, in order to test, for instance, the relative
merits of K¥*(1320) as a kineaatic enhancement or as a resonance
by making a comparison with K**(1400), a comaplication arises
as 1llustrated by Fi1gs.7.25(b) - (e). The lowest and highest
KN7 {tnvariant 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 pJi~ vertex, by peaking respectively, at angles
of 0 and :-r.

One may possibly understand this, however, as the result

of a kinematic constraint as suggested by the appearance of
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Fi1g.7.26(a) which 1s a scatter plot of # against lxgﬁ.
Fig.7.26(b) shows the three body system viewed from the centre
of mass of the pyr~ particles.The angle% is defined as that
between the plane formed by the incoming and outgoeing proton,
and that formed by the K~ and the K*°.The K*T mass is
determined by the angle - (hbetween the i* and theq{) and the
PIv invariant mass.The selection of a fixed value for the
former quantity may well,therefore, impose limits upon the
value otl . Three special cases are of interest:-

(a) at the lowest K imasses the three particles are aligned
and 1t 18 clear that the angle% ia 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*7" spectrum the value of¢ is
restricted to +yr

(c¢) the Belection of events in the "diffraction peak"” of the
pp scattering is equivalent to the choice of those
events aligned in the direction of the incident K~ . In
such a case, the angle&»is no longer defined.One might,
therefore, expect an isotropic distribution of& for

events close to this limiting case.

One way to test that the anisotropic% distributions are a
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result of a geguine kinematic effect would be to examine the
effect of K* mass selection upon the K*ON¥® cyents which
slbbuld form a particular part of the Nrell mechanism where the
P scattering corresponds to N*° formation.Unfortunately, the
wekness of this channel in the present case does not permit

a sonsible investigation of this kind.

4. The existence of the Drell process in the K*%°pm~ events
implies the presence of pion exchange in the production of the
K*%(390). A direct check upon this is available froam 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 distributiocns, no mass cuts
woere employed at all. It 1is evident from Fig.7.27(a) that

the selection of small 4d-momentum transfer (ilz'é.l.O(ﬁev/c)g)
to the K~ system yields a very highly purified sample of
K*©(390), and that the contamination from N*'1(1238) 1s

greatly reduced (as seen in Fig.7.27(b) which shows the piTt

mass distribution). In the estimation of resonance fractions

the quantities:




Necay Density Matrix for K*° (890)

TABLE 1V

Events HavingA 2R~7"< 1.0 (iev/e)?

3

_assumed Fraction of

Expected Value

Element K*© 4n Final 5tate Pseudo
7 Scalar Vector
47% { 87% 80% Exchange | Exchange
/ﬁoo 0.882 0.837 0.792 1.0 0.0
+0,073 | +0.068 | +0,080
(1-1 -0.011 | -0.004 0.004 0.0 0.5
+0.,055 +0.049 +0.044
Ref’lg -0.192 -0.131 -0.171 0.0 0.0
+0.208 | +0.200 ! +0.185
411 Events
1 Assuned Fraction of
Element K*© 4n Final State Pseudo
; S:alar Vector
47% 87% 81% Exchange | Exchange
(}oo 0,672 0.642 0.606 1.0 0.0
+0.078 | +0.073 | +0.059
| +0.055 | +0.080 | +0.042
Ref 10 -0 80 -0.082 -0,074 0.0 0,0
f +0.150 | +0.093 | +0.090

!




2
and B = fK‘\TK*\

NK*

were computed for each event. A represents the part of the
density function (equation (¢)) corresponding to all processes
other than K* production which is represented by B. We may
therefore, write the K* decay likelihood funotiougan:

L = éi, 111[:’;1 + 4B, W(cos ¢ ,, ¢1)\l cees (13)
where i refers to the ith event, and (9..¢) are the wual K*°
decay angles. The function W is that corresponding to the decay
of a pseudo-vector particle into two pseudo-scalers and is
given by equation (14) of the previous chapter. On the assumption
that all non-K* events contribute an isotropic background to
the 0, *distributionn, 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 1is large. 1f, however, it also has a p"f

mass close to that of the Hr**tt

, for instance, then a large
igotropic background term (A) will tend to swamp its effect upon
W. Purther, the integration of the function which foras the
argument of the log in equation (13) over all invariant masses
and 21l values of & andé is unity, (provided one includes the
factor 4 T), 8o that normalization 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 from pseudo-~-scaler exchange. One should, rerhaps,
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have determined the resonant fractions separately for this
sub-set of events dep”_<\1.6 (Gev/e)2) in order to obtain
correct values for A and B. The effeet of varying the K*°
fraction, however, has been investigated, and the values of the
density matrix elements summarized in Table IV indigcate that
sughi:a variation does not significantly alter the conclusion
that pseudo-scalgy exchange is important. The further require-
ments that the exchanged particle aust have strangeness zero
and isospin>1 lead to the interpretation of single pion
exchange. The coaé*and4fdistributionn are shown in Filg. 7.28
for events withAZSI.G (Gev/e)?2) and MK_"+ from 830 -~ 930 Mev,
5. A calculation of the Drell process for the reaction K p—>
K*°pn’(3.5 ev/e) has been carried out by Drs.P.M.D.Gra;'and
J.H.Field and has yielded a prediction for the K*;7 {nvartiant
mass distribution for events with Hprr.> 1260 Mev. The curve
i3 shown superimposed on the experimental distribution of
Fig.7.18(b) where the effect of the P~ mass selection has

been ignored. The reason for this is that the N¢° is comparatively
weak and formas a relatively small part of the total Nn scattering
’eroas—noction 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 ph - masses,

but the calculation serves a purpose here in qualitatively
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accounting for the general shape of the mass distridbution.

In pasrticular, it appears, the enhancement at 1200 dev., loses
its significance entirely, and the K**(1400) remains as the
only significant peak.

It appears, therefore, that the data show no marked
inconsistencies with the Drell proceas, and that 1t may forna
an important part of the production mechanism. This is not
unlikely when one considers that the two factors - strong K*KrT

L "4\ :ﬁ
coupling and large pn? elastic scattering cross-section - which’

SN——
largely determine the relative rate of the process. it further
appears that produetion of K**(1400) is important, though the

presenge of a state a2t 1320 Hev. 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
KT

may be made -~ the density matrix values should be similar in
both cases.

Before analysing the decay into K*[T, it i3 well to check
one point.

In one other four-body reaction cited previously (reaction

1(b)) this resonance was observed and it appeared to be

correlated with the presence of not only K*(880), but also with
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TABLE V

K**~(1400) =, K Decay

T
g
1
<

Mode Cross~-Section (fb)g Density Matrix
g 5
-t - f(0.39+0.07) 4‘-(G.at‘)-ﬁv(}.OS)
L s 189+89 ! - -

i

U Values obtained from K1l decay




Y*(1768) 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 mass between (1700-2000Mev)

is shown in Fig.7.2%where it is apparent that there is no
significant assocliation with the enhancement at 1400 Mev.

The decay of a 2* meson into a 07 and 17 pair of particles

leads to a distribution 2
W(cos O , *) =
s1n20(1+ 2 6 2 2 n 2
fzz cos +r11 1+c08°0(1-481n2Q) +3[0091n“@cos o
-fh._zsin‘6°°34¢“fl'_181n%9(1'45952@)0053f‘4R@r§.10058651n9°°3'%
-43103,_1sin%9coq9c083¢,2S&Reca.ocos%Qsinqycosa‘*
-Saaﬂol.asinze(1-200929)cos¢ cese(l14)
In the application of equation (14) the only non-zero elements
of the density matrix were taken to befo andf corresponding
00 l1-1
to the peripheral. productions by exchange of either pseudo~-
scaler particles or ones of natural parity. Thenf)ll was
given by the trace condition (vith("22 = 0)

611 = %(17000)

The background subtracted was from events in the side ..bands
(Hx‘ﬁ.fron 1260 - 1330 or 1470 - 1540 Mev) of the L* (T resonance.
The maximum likelihood values torf’oo and(ol._l are given in
Table V together with the values found for the corresponding

K*+(1400) decay into Rff for cemparison.
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It i8 also of interest to look for -the decay of this
resonance into either K/Tor Kp . The Dalitz plot of Fig.7.29 )
shows the invariant mass squared of the K‘ﬂ* versus that of the

n"nT tor events having 1330{ M, {1470 Mev. The projection onto

Kmnr
the latter axis with removal of the K*(890) shows no noticeable
preference for[’masses.(700 - 800 Mev). A slight background
is, however, observable and could correspond to the former (Kw‘r)
decay. In order to test this, 1t is worth inspecting the
tdangle plot of Fig.7.30, The K*°(S90) band is eclearly visible,
though the presence of such a band in the KMt mass 1s not
distinct. A considerable accumulation of points within the
eross-over region is,however, observed, and probably corresponds
to the decay
K**(1400)Z> K*°(890)~

A gquantitative estimate of the ratio of this decay to that
into fﬁ%’uny bhe made in the following way.

Cons e the three body decay of the resonance in
the centre of mass of the K~ system. 1If the relative
momentum of these two particles in this frame is P; thelr rela-
tive orbital angular nomentum is 1; their overall momentun
relative to tha,T' 15‘3; and the relative orbital angular

momentum of the 7~ in the KJ/Ir rest system 1s L, then the

asplitude for the decay K*i;D Kprmw is proportional to the produoct
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of 'hﬂ“‘ﬁlld hanlnniclnf v3 ‘3 alread,
|
\

If we restrict the discussion to the decay into K*p-, then

L

1 =1 and L = 2, Tho numm:tion over m and a' (whlch aust add

to give M - restricted to the values ‘iz; 11;0) and subsequent

integration over bhoth the spaces implied by-;'and—: gives a
tera proportional fo pqu The faet that the h‘hf form a
resonance in the 1 = 1 state may be described by a Breit-wigner(3w)

amplitude. The partial amplitude for decay into K*fT is

therefore given by:

2

T 2
Pq

:.yJ;:EX‘ ? = uxth ifr;%ul*

Using \7)? as the partial width for this cecay %o be put in the

7
deneminster of the Breit-Wigner term desgribing the L**(1400)

decay and inelyding the phase space factors p and q, the

density of poeimte on the Krp/En triangle plot may be written as

SX- e 2 [?.wx‘x B.W. .. |x (p¥q %y 2 (pq@) cene (16)
?x&>uktrn

where Q.49 .6he relative momantum of -the K and preton in the
ovexall : eentire of uass systen. The last texa describes the
phage ppage expectation of points on the plat Y"...}.i!hr B |
)“X m;}ul w
whilst paqgia included for the reasons atatad-igov;.4:;n fact,

it Bé;, 18 the K*(800) 2 K™;v" Brelt-wWigner distribution used

-]16)~



before, the factor of p3 is already included in the
expression for its total width. It 1a strictly necessary to
take a coherent sum of amplitudes such as (15) over different
values of L. »and 1 subject to the condition that th:e K/ T
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 assunption that the K*rT and L™
decay modes are 1ﬁdependent leads to a simplification since
we then only require two numbers - the fraction of decay into

Kfifand that into K*Tr[fl,L) = (1,2)| . The latter course

PN

was adopted.

The inclusion of (16) into the likelihood function
(equation (11)) required the replacement of (pq:) by /
(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 assoclated productions
apart from the inclusion of the p5 term in the matrix element.
The normalization factor in this case was the double
integral of (16) over all K77 and K777 nasses with limits as

indicated by the triang'e plot (Fi.g7.30). Variations of the
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fractions of K**.5 K7 and that of K**_= K*J contributing

to the whole of reaction ()) were allowed and gave the
resu’ts listed in Table V. It appears from this that the K777
decay mode is at least as important as that involving K*.

The figures would probably have been subject to sone
adjustment 1f 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 numher of
events in the regién A of Fig.7.30 in excess of the expecta-
tion from the population of the regions adjacent 1sg 11

(i.e. 3.25% of final state if an additional 30% of K¥~_ o K*IT
events Jie 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 — N*ttKep-

Fig.7.31 shows a Dalitz plot of events having pp’
invariant mass between 1150 and 1200 Mev.This sample includes
73% of events of the above reaction and 24% of K~p~7 K*Opw-
as estimated from the Monte Carlo events. The plot is evenly
popul;ted within statistical asscuracy and there appears to be
no reason to suspect the presence of any reaonances which

would have shown up as bands.
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It 18 of interest to investigate the reaction mechanism
contributing to this final state.3ome simple diagrams are
1llustrated in Figs.7.32(a) and (b) where it is observed that
baryon exchange 1is forbidden as this requires the existence of
a baryon with charge +3.The tendency in the 4-momentum transfer
distribution (Fig.7.33) to the pr' system to assume low values
in the region of the resonance is aprarent, and consistent with
this notion.Analysis of the decay of the N*'" 1s, however, not
80 stralghtforward as Fig.7.34(a) suggests.This shows the
distribution in Cos. - (with the: usual definition) for the
resonance plus background.It is highly asymmetric as is the
background 1tself (shaded events in Fig.7.34(a)).This appears
to viclate 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> =4 1s the result
0f the decay of the K*°.The peak corresponds to the forward
motion of theﬂ'+ in the overall centre of mass (assuming that
the N**t 1g produced in the backward direction),and ecould
well come from the K* Removal of this by subtraction of
events having 830<:MK-”+<:%50 Mev results in a somewhat
purified N*++K77‘ sample (£2%) .The cosg distribution of the N*
appears, nevertheless,toc be somewhat uninteresting and not
characteristic of either pilon exchange which would predict a

. .25
distribution of the form (1+2cos?%) or ¥, vector (r? exchange
which would result in a distribution of the form (1-3/3cos%).

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 scattering of a

virtual exchanged pion at the i~ vertex nor of the Stodolsky-

Sakural tsobar production model.

The Kappa Memon - K*(728)

The existence of this particle 13 in considerable doubt
owing to its appearance in few reactions.“'l‘he 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 nomentum trasfer to the L™p"
(4(1.0(ﬁev/c)2) is shown in Fig.7.27(a) and tends to enhance
the effect. One may wanéer 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 cvents in
Fig. 7.27(d) are the unique ones. Various mechanisms have been
proposed to explailn away the presence 0f this "rarticle” as a
triangle singularity.aha%f the 10 events in the K "peal” 4in
thie experiment, 7 have a pnf mass consistant with N**%,  Tuis
is surprising 1f the rescattering mechanism such as that of
Fig. 7.35 really takes place since the re-scattering of the

pion would tend to redistribute the p"f mass out of the N*

region. The fact is also surprising in a different way if the
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najorityJ.vgnt. consisting of a 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 whieh

it has been ncan?‘ The chief source of Ks appears to have been
in the KN37 final states produced by 3.0 Gev/ck' mesons. It

18, therefore, interesting to observe the K/ spectra in the
corresponding final states initiated by 3.5 “ev/ec K~ particles.
These are shown for the two reactions (2) and (3) in Figs.7.36(a¥b)
and (a), and, except in the case of the zero charge state of
reaction (2), no effoct is noticed. In the former case, however,
a slight enhancement appears, though somewhat broadi Tt has

a8 width camparable with the K*(890) whiech is also visible.

Upper liaits for the production cross-section of thisg particle -
if it exists -~ may be estinated by counting events and &M niven
in Table VI, |

Other Rare Decay Modes of the L**(1400)

In reaction (3), the most noticeable resonance productions
are that of the N““H'(-jpn—"‘) and w°(1-r “*n®). The three pion
1avariant mass distribution 1s shown in Fi1g.7.37., The three
events occurring at thek/ mass may be taken as indicative of
its production owing to the combination of factors -~ small

phase space expectation and the accumulation of events within
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one 40 Mev bin. Branching ratios for decay of the K~ *(1400) into
Kw and if)L have been theoretically pran:!ic:teda by :lashow and
3ocolow using SU(3) and a search for these naodes has bheen
made using these events. Not one of theﬁ’events has a iTl
invariant @mass anywhere near to 1400 Mev so that only an upper
1izit has bem determined for this decay. The K( spectrum 1is
fllustrated in Fi1g.7.38. The presence of K**(1400) is not
expected to bhe very significant as only 32 events exist in the
whole =mass region. IlHowever, the peak in the vicinity of the
K**(1400) mass is a little more than a one standard deviation
effect. Tho cross-section for decay of this resonance:

K=p - K**~p

Lv KW

was determined by fitting a curve to the wK 1ass8 spectrun
consisting of a suam of the Lorentz invariant phase space and a
simple Brelt-¥igner form multiplied by the phase space factor.
The fraction of resonance with fixed mass of 1430 lev and fixed
width of 100 YMev was adjusted to give a cross-section of

s X 29”,b for this decay.

K** Resonances with Isospin (T = 3/2)

The absence of any noticeable enhancesments in the L-W-
spectrum of reaction (1) has already been noted. A similar

situation 1s found in the corresnonding distributions for the
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five hody final states. The report of a resonance in the
(T = 3/2) doubly charged Kir7Tspectrum from the reaction

- . 12
T + p-=oK + Y + 277 by Wangler et al followed by other reports

; i
from Miller et al and Walker et al leads us to inspect the
K 9"y ® mase speetrum of reaction (2). This is shown in Fig.7.39

where it is seen that no noticeable enhancement in the region

of 11785 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 8lcm Hydrogen Bubble Chamber at CERN to a beam
of separated XT mesons, the following conclusions may be
drawn:~
(i) The gap-length distribution is exponential down to a
certain minimum length,. It 18 1likely - Judging from
the results of Morrison et al (Ref.7 Chapter III) that
the mean gap length 13 a reasonableestimator of the
particle velocitys . The measurements carried out by
f
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

- ~ &_
b e 1 (1)

——
——— ¢ o ——————
—— o @ 0 o

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 1t has also been seen that counting bubbles
gives an answer lower than might otherwise be inferred,
so that bubble counting is an unreliable measurement.
(11) 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 1ts use. Perhaps the
incorporation of a separate scanning sygtem 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.

(1411) 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 redwe the sensitivity
of the measurenents 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 thm. 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 1t ceased to be exponential.

(iv) After deciding the gap length cut off in the way

also

"(v)

suggested in (1ii), 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 ap Length;

(b) Jap=-Length Distribution;

(¢) Total length of track measured.

The necessary modifications to the present device to

do this have heen designed and built from S5:8

Fairchild aicro-logic (solid state) clements and only

require testing. The system 1s represented in Fig.8.1

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
1s so for any bubble diameter, so that the smaller this
quantity (consistent with having a good film contrast)
the better. The statistical accuracy of ioni=ztion
measurements depends upon:=

(a) the number of bullles;

(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). 1In the medium energy experiments
such as the present one where the resoluti&n of lower
relative ionizations (e.g.ﬁfl.e relative to minimum) is
often sought, it would therefore be reasonable to ain
at a bubble dianeter of about 160ﬁm in the chamber
(comparable with that used by Morrisson et al) and a
primary mman gap length of about 300, m (representing an
average vertex measurement error). This would provide

relativistic tracks with lacunarity 0.6 - quite easy to

scan.

Production of K*(880)

In all reactions discussed in this thesis, strong
evidence for this resonance has been found. When made in
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TABLE 1

-t.
7

Decay Mode | Cross-Section Reference SU3

(,b)

f 3 4 5 Prediction
KTv 2896+80 1.0+0,28 1.0+0.5 1 1
K*rr 61+43 0.48+0.33] 1.10+0.35 | [+% |0.82
Kp 20 0.3 0.36+0.11 1/120.1¢
Kl 36+2¢ 0.12+0.10| 0,18+0,10 4 0.06
K 11 0.15 0.05+0.05 3 Jo.03

-+ -

K v u | 180+59 0.65+0.20 - -
4 All rates are relative to KJi and corrected for unobservable

decays.




association with a nucleon, the following features appear

evident: -

(a) Negative L*(890) is made in a manner characteristic of
8ingle particle (Natural iarity) exchange. This 18 in
agreement with the findings from 3.0 “ev/c h+p or L™ p
reactions.l'2

(b) Zero charged K*C(800) appears to be made largely by
single pion exchance.

. Production of K*(890) in the three body reaction:
ETp ) K*¥Op, -

also apjears to proceed by single plon exchange. yualitatively

the reaction seems to occur in a manner characteristic of

the Drell process.

K**(1400)

An isotopic spin assignment of : for this resonance
appears to be confirmed. The 8pin and parity 2+ are also
confirmed. S3imilar conclusions regarding the production
mechanism for this particle in association with a single
nucleon appear to hold as for the K*(890) .,

It has been found possible to observe a variety of
decay nodes for the negatively charged resonance produced in
the reaction: KTp oy *¥* (1400)p

in Table I are collected the branching ratios for these

decays.They are also compared with the findings of other

workers, and with the predictions of SU3.6
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AFFENDIX A

-

Ugan-ﬁponetry of Ideal Tracks

We define an 1deal_bubble track to consist of idrntical,
Spherical bubbles of diameterol, and to have an exponential
dlstribufion of distanees (x) between bubble centr~s, Thus,
althoush the bubbles have finite size, there is no rrstriction
upon the distance brtwern their centr-s,

The distribution law may be written as:

dn(x) = Ae KXgy
givigé the nunber df ﬁapé‘frcm x to x + Ax, where A and k »sre
constants, and may &e“used,to connect physically measurable
track quantities wifh the bubble density (number of bubble

centres/unit track length),

If this quantity is g/unit length:

l ian

gy oo XTO o k ) e 0 o e A]

b o
Xxdn

x=0

The first moment (or mean) of Zaps :kiinklength is:

- Lxyad = 2z . 5

[

r=-

]

Théreforé, the average lnngth'of gap bretween bubble

~Al-



circumferences (y=x-a) 1is <¥> = 1/g ceee A2

and is independent or&‘.

L) = total gap length of gaps between bubble circumferences
total track length

-,

>
)[‘(x-u)dn

- X:* — e—gd ¢ » o @® A3
LA
xdn
x=0
It follows from the distribution law th:t L e

the relationship between the logarithm of the number of gaps
>¢i (some distance) and d itself is a linear one. The slope
of the line connecting the two is g. In other words:

1nH(d1) - 1nH(d2)
g : s & ¢ & A4

d2 ~d1

where H(d) is the density of gaps> d.

The first moment of the blob length distribution is

X g
-L - 1
{v) = 1-L@) _ e~ -1 ce.. A5
H(a) g

Theoretical Variances of Jome uantities

The number of bubbles (m) in a unit track length obeys

a Poisson distribution law. The probability of = being the

m -n

n e
nunber of bubbles found when n are expected is: P(m)= —

m?
Consequently, the variance of m is = m vese NO

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:

0’2(5’) = <y2>- <y“"/‘~"')’ = 1/g2 (independent of™)
) o 0 o 0 !\7
~n2

-



Consequently, thelquantity f(L) - gee equation (3) of

A

Chapter III - for the estimate of g obtained from the mean

gap length 1339
7 (g)
f(L)r=

o
=

H
i

% o tes. AB

S ke

(where n = number of gaps 1>loL in unit length = gB"gd: gl)
The second moment of the blob length distribution 1Ay yy

be calculated as follows:-

Suppose a blob consists of "gap lengghs” (1.e. distances

between bubble centres) of 1engths/ii. Xos cecee X,¢ Then

I

the blob length is (ak4~xl Feeer +x ),

Using the fact that the probability for a gap to be <ok is

(l-e'gak)'the required moment 1is:

0 . n .
S w2l -g ok ' ; 2 -l g n
) éb > = et (ks gxm”k)~~ D (1-e”%F)

since there is no restriction on the number (n) of bubbles in

LR

the blob.
o
(b8>w 50L2+(20(<x> + @ 2(x))e~t = nc l-e'xg)n
y n=0

-

- - :
+ 2D TeTET S n?(yem F Eyn
=0

where the x's are allsog and d’?'(x) =<x2> - <x7 0’.

The moments of x are:

- 1 .
(&) = (1 - e )



 "(B) = 1-12 +. 9L1n.L A
A ? 2
v (L 1n L)
(using L = e 8%,

, Qrmed with the variances of the mean yap length (gaps)d-)

and the mean blob length, all other variances nre obtainable,
S e e

- Sy2.

2
For instance the lacunarity: = S +<<b>

e 2 2
J?(L) = (1 +._<._b_2. )'4(_,9;1_;) + <b> r (y‘) )
| AR € ) AR SO RIS O

for the lacunarity estimated from a singl~ track cell (one

W &
.

‘blob and one gap).

For a unit length of track (containing oL eells)

2
1-1

'"0’2(!&) = -z-( (1-7)(2-L) + 2L 1n

Consequently, the funection f(L) for the value of g ocstimated

from lacunarityv 1s:

o
(L) - €g) - L -, 2 ,¢(1-L)(2-L)
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APIEDIX B

The Combination of Blobs and :aps

An important fact was pointed out hy Barkas ¥concerning
the estimation of ionigzation - g, It is that as much informa-
tion resides in the blobs as in the gaps 1in 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 completely ignore the other. If both are measured,

therefore, the two estimates g and g  (see equations A.2 and

%
A.5 of Chapter IIl) may be linearly combined to form an average
which will be defined as €g Where gg = wgy, t (l-v)g4 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:-

w — (LlnL)z db 2 (1)
hane 2( ) * s 00
(1-w) (1-L+1nlL) N~
where ¢ = standard deviation of blob length,

b
Further, the width of the likelihood function can be

2
esatimated from 1its second derivatives in the usual way, and
the result is that f5(L) = w/l. (see equation (3)). The func-
tion fei 1s 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 . than
the others. This is because €g 18 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, 1in particular, on its value of 1.

Maximum ! ikelihood Estimation of Ionization

The fundamental difficulty with the Barkas' method of
obtaining €5 is that the value of 64 may be made as close to €o
ag desired simply by making slight alterations to}-. On a
typical beam track, a variation in > ot 107 gives a 40% change
in g for fixed mean blob length. The best way to determine X
in the use of the emulsion technique 1is by observing the blob
density along a track. As the partide causing the track slows
down, the mean gap length decreases until it is equal to OL.

At this point, the blob density is at a aaximum. o equivalent
method is availlable 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 Barls' 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 g£ap length 1is

P2



a sufficient estimator for the distribution of gaps, it is here
observed that more information, in the form of a value forgl ,
i1s actually obtained from measuring the distribution. As
already shown (Chapter III), the gap lengths greater than a
bubble dia?eter do show an approximately exponential character
in their distribution, andan extrapolation to zero gap is quite
well constrained for instance, in the tracksillustrated 1in

Fig. 3.2. as 1in 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 otainesf Its value can then be used to obtain Bgq
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?$
Flg,o )= (N-m) }FrN ' Q
i=3 1

_e=B Oy N-m e..nog(el + o g)

N
x T e 8% (e-gdki-l ~e~8h g )i

1:1 -000(2)
- 2
1 (b =<b>)
% 2 €exp T de 2
o
b 20,

with respect to g and o - In equation (2):
N = total number of bubbles in track length (= gLTOT)
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m = total number of gaps observed

Ni: number of gaps of visible 1ength<+1 y tuzigl.1
k = number of such intervals
b = mean blob length (iadependent of the gaps)

1l

and V; standard deviation of B
and for consistency, we replace g by 8y
The expression may be divided into three parts. The last

of these is the Gaussian tera:

L, (3 - <pY)?
exp | -
oy 2"12

and describes the probability for obtaining the value b for mean

blob length when the expectation value is:

<b> - Bdg—l

4

In order to avoid having to measure the variance on this quantity,
the expectation value(b—b2;> derived in Appendix A 1is used.

The second part of expression (2) describes the probability
for having the observed distribution of gap lengths. No is the
number greater thand\ﬁ¥~k for instance, whilst there are

supposedly N-m less than .

The multinomial expression simply allows for the peramuta-
tions pomible amongst the gaps.

The measured quantities may be obtained with a microscope
by writing down the length (in eyepiece divisions, say) of ech

B4
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vigible gap and also the total length of track measured. A
Computer programme for the Oxford KDFO 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. BJiand appear
Balsfactory. The errors are calculafed from the width and
second derivatives of W = 1n.P 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 frame, so had the
same expectation value for g (but not necessarilyd).

The same procedure, omitting the mean blob length informa-
tion (by leaving out the Gaussian term) provides a maxiaun
likelihood fit to the gap length distribution alcne. This was
again performed on the measurements to estimate the accuracy of
oA 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 sloge,;n this manner has already been

shown in Fig. 3.2, of Chapter 11I,

Monte Carlo Investigation

Ideally, in order to test the various ways of estinating
g, one would like to make measurements of s large number of

tracks and observe the spreads of the quantities 8o - &g (see
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Chapter 1I11). The practical difficulty of obtaining a large
number 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 used to genecrate
some 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 froa
the statistical point of view, tracks with values ofyl and g
typical of actual beam tracks ( = 0,030 cas; g = 20 cm-l)
wvere generated. The resulting spraadg\are 1illustrated in Fig.B.2.
where the ability for g1_7 to distinguish relative ionizations
of 1.0 and 1.2 for instance, may be assessed. Experimental
spreads would be greater owng to systematic effects already
described (Chapter I[II), but it i1s usuallv possible (on the
3aelay 8lcm chamber film) to measure at least 2 or 3, and usually
4,sections as large as those 1l1lustrated. On this basis, 1t
would appear that the mean gap length method for instance,
would be capable of distinguishing 1.0 from 1.2 in about <O%
of cases.

In conclusion it appears that, could one obtain an
accurate measurement of\, the Barkas method of estinating g

would be most satisfactory. A possible way of doing this

involving only a few measurements (gap length distribution, etec.)

i} G



1s suggested and shown to provide reasonable results. Monte

Carlo analysis shows that one might hope to obtain a separation

©f 1.0 and 1.2 in relative fonization (i.e. Ks from T s up to

about 1.25 “ev/e) 4in favoursble cases.,
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AJPUNDIX O

Dip Correction Applied to lonization Measurements

That a projection of a track onto any plane may 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.1. represents an "ideal" track. The gap
length x is reduced to x sin® when projected onto a plane
whoe normal nakes the anglel with the track as shown in the
figure. The projected visible gap length y' is x sinf —o~
instead of x ~ . The distributien of y' 18 the same as
that of y except that the gaps are shorter and the minimum
visible has a wjlue of x of < cosec ™ inatead of/A . Consequently
the effect of the dip is to reduce the number of visibl?
gaps and lacrcase the sapparent bubble demgity of g', say.

The distribution law may be written as:-

n'(x) = Ae"8'* ghere n(x) is the number of projected

gaps ) x. This is the number of actua: gaps?x cosec B so

L4

LR A ~'l.' - :::’
that n'(x) = Ae™® ® = po—8X cosec?’

Therefore, any value of g' derived by use of the
distribution law 18 identified with g coseci~, and the dip
correction required is just the average vaiue of sin =
along the measured length of track.

~Cle



Traek Shuffling

As the lonization measurements were performed at a
different time to those of the azimuth, dip and momentun,
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 besf view., Jhen the
output from the machine was compared with the azimuth, dip
and momentum 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 1ine Joining the vertex to the camera lens) i1llustrated
in Fig. C.4. The angled bLetween the beam track and a

secondary track was calculated:

a, . @
-1 —0
Cos & = ————
2l lﬂo
where By = 33 + kzo ; EJ - £, =0

Measured quantities (g'land the error 7 (g') which
were calculated for the projected tracks ware put into the
order of the@‘J and the dip correction was applied.

C.-lculation of Dip torrection

The assumptions made werec that:-
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(a) The tmck was straight;

(b) Pinhole optics could be applied;

(e) The angle of view was small;

(@) 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 1s illustrated in Fig.C.2.

Fig. C.3. shows a straight track VE coming from a
vertex C(xl, Yqr zl). The diagram 1s drawn in the plane
defined by the camera pinhele P (x,, y,, z,) and VE, and the
correction to be applied to the ionization measurement was
s8/1 (both defined in the figue).

The first step 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
(coiﬁ, 0, sin/) where the track dip angle was}, and the
vectors r, and 51 were also simple to calculate as the track
length (1) was known. Calculation of the unit vector ¢ was

made from use of the fact that 1t lay in the plane FVE and

was perpendicular to b which also lay in the plane.
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The equations uged were?
r/_‘;,’:l;bzzo;
feb =1 ; bic =0 ; ekaxrx) =0

It was then siaple to caleulate Y, and ¢1 and o s.

8 = v(tan - tan )
S Y 1 . !(o | | .
where v was the distance of the fila fro= the lens divided
by ¢ .
3
The correction was applied to the neasuremnent perforaed

on each view separately, and then a weichted aean was taken

over the views for each track.
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quantities x whose form is fixed but whose exact '"shape"
depends upon the values of the parametersa.i. then the
likelihood function is a product of this distribution
over all N measured values of x.
N
F(d‘i.)‘) = rr f(“’*~1'x3) s 8 s 0 (Dl)
J=1
It is more usual, for numerical reasons, to refer
to the log likelihood function W(&i) = ln.F(ai) since
this is a monotonic function of F. To find the values of
-‘i,

thedsi which maximize the value of F (or W) forms the

-

ma jor part of type (b) maximum likelihood calculations,
- 3¢

“" one alght firft thinl: of making a computer evaluate

B
{ o

W for several values of each parameter and then decide
wvhich was the maximum. However, to take a specific case,
if the funetion had ten variables G”i) and one calculated
its value for 10 values of each, that would entail working
it out 1010 times. +tven at one microsecond a time (a
gross under-estimate) this would take three hours.
Consequently, in the exanples 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

viecinity;

led to the requirement that the solution lay in that of solvinj

the n equations:

dw

— = 0

b Y

for the n paramctersoﬁi.

o e s ¢ DZ

A Taylor expansion of the first derivatives (D2) about

the current values otck(olio) led to the equations:

2 .
X, . 2.&—'—'—- )y Ak, = O .e..D3
o1 o 3 dA 21 o J

linear 4n theZh}J which were the first order corrections to
be applied to <+J. It was then simple to solve for the

ZX}J which (when added to:#J) led to slightly hetter values.
The process usually converged after about six or seven such
iterations with the requirement that two successive values
for the complete set ot Ad 4 vere less than a required

small amount (Sui).

The evaluation of the derivatives was a numerical one -
very simply stepping theo‘\i by a fraction o:'§41 and observing
the change in W. [t was only necessary to evaluate one half
of the second derivative matrix as it was symmetrical

‘§ 2F \BQF

éJiéJJ—}¢J§*1 .

(

D3



X,z starting value

? dx x~- value after first
iteratlion, etc,

Ty, To , etc, are tangents.

B

selutio

FIG, D.2. =1ll- conditioned derivatlive.




It is noted that a quadratic surface (to which a
likelihood function approximates as the number of events -
1
each of which provides a value for x - becomes larger) has

a maximum determined exactly by solution of the equations D3.

Difficulties Occasionally Encountered

tFig. D.1., illusrates graphically the nature of the
3y
3o g

one of the parameters -tﬁi. FlgD. 2. shows a difficult

method. It shows a derived curve ( ) as a function of
Case where one parameter becomes thrown right outside the
required region by following the method exactly. It is
realized that this can only happen 1f the derivative changes
sign between iterations, so that a check was made that this
did not happen unless the final derivative was smaller than
some preset amount. If suech a change of sign occurred, a
note was made of the initial and final values ofaﬂi (A
and B on Figb.2.) and the quantitya(i 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 - any

1%

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 parametera‘\1
outside the' range AB by more than a preset percentage.

of . Another difficulty which rarely aroselwas that one
iteration slightly overestimated one of the‘AcL,a s0 that a
step to the unphysical regiqg oecured (requiring the
evalut;;i o; the log. of abput -10"12, say). For such a
case, all the NJ were divided by two and the next iteration

restated. This was repeated as often’  as necessary.

ggaluation of Errors

(Be Two methods were used to ealculate the errors, The
first relied upon the approximately Gaussion nature of the
l1ikelihoed gsurface and lead to the result that the standard

deviation efcxk shouléd be H where:

kk
-1 P 29 .
(ﬁ ) T2 an  Weeheneveds . %, L D4
Lrarst? L% | e .

Another method which was more applicable to those cases
+X. B ¥ NiIN R i M SR
where the number N of measurements of the quantity x (see

equation D1) was small relied upon the theorem that a

luit;ble transformation for the parameterﬁkk would lead to

the distribution of the likelihood function F becoming
saussian. 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 (Wy_q).

AN

D=



Therefore, adjustment of each parameter in turn in increasing
and decreasing directions such that the value of W became
(Wyax =~ 0.6) led to the 88% confidence limits. The values

of Hy, were used to estimate a starting position f°r°kk'

and the change in its value in order to reach this point was

(W’(ak) - W + 0.5)

MAX

" w/b&.)

gd‘k =

Even though this mefhod 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 éonsuming
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.






APPENDIX E

Definition of Kinematic juantities

It is necessary to define some quantities that are
later referred to, and in this connection it is instructive
to consider hw many independent quantities are required
in the specification of a three body final state.
Starting with the two body reaction:

A+ B—>C + D ce.. EI
where the masses of all particles are known, and the
initial state is one of well defined momentun (e.g. K‘+p
with stationary proton and %~ 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 varliables)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 inc usion of an extra particle in the final state
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introduces the ned for the specification of a further
three quantitics. One may consider two of the particles
a8 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 (QC

and ic) and are defined below.

Decay Angles

Referring to the centre of mass system of the partices
in C we may define a co-ordinate system as follows:J
Fig.1(a) shows the final 3 particle systm in the rest
frame of the K andTT. 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 systen.
Thus 1f ?}[35:?3 are unit vectors in the direction of the

X,¥,2 axes respectively, using the notation implied by

the reaction K + P—=K' + N + Ti:
N

-
K P X -5 = > E
e = - ; e = e —ny M e - e X e e ¢ 0o @ ) 2
3 g‘x & 2 anx N ; 1 2 3

“ §_



]
and the azimuthal and polar angles Qc and " o in this

system are:

= - iy ) -=7 -
. K.K?* KxK* % Kxi.' E3
-~ = - M = . M ;, = e o o »
cos T = -~ * cosi,=e, 5 ’Fin'c enX \
1K & Kl ‘'K x K" 'k x K'!

The angle nin Fiz.1(a) is loosely referred to as the
—F T3

K.N

decay angle.It is defined by cosAA = When this

SR
angle is referred to it will be identified specifically
as .

The Four-momentum Trasfer (A*=-&)

Another quantity occasionally referred to is the
so~-called square of the 4-momentum transfer (momentum
transfer). This 18, for instance, the difference 1in
4-momentum between A and D or B and C, etc, in the two

A+ B 7C + D represented in Fig.1(b).

body reaction:
Thgf this is Lorentz invariant may be seen as follows.

If a,b,c and d are the 4-momenta of the four respective
particles, the conservation of energy-momentum may be
written as: a + b =¢ + d c.e. EA4
Equation L4 may be represented as in Fig. 1(e¢) 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 1s also so if C has the invariant

-k 3-



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 = (e=a)? = (a-b)2
are also invariant.

The first of these is the square of the total centre
cf mass energy, and the second the squared four momentum
transfer to the particle ¢ or d. The most usual! case
considered (for the reaction K p - KNT) is that of the
momentum transfer to the nucleon

t, = (pN—pp)g— (EN-Ep)z
where the & andT are combined to make particle C and p

is the 3-momentum and E the total energy of the incoming

proton (or outgoing nucleon)
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