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A
K p Interactions at 10 GeV/c

and

Polly - A Film Measuring lMachine,

John W.P. McCormick,B.Sc,

This thesis contains the work of the author on an experiment
to sfudy the interactions of positive K-mesons with protons
at an incident laboratory momentum of 10 GeV/c. It also includes
- a description of the author's work in implementing a computer
controlled bubble chamber film measuring device, Polly, at Glasgow
University. |

A brief survey of current theoretical ideas relevant to
the following work on high energy physicé is given in Chapter I.
Chapter II describes the experiment, which vas a Birminghan-
Glasgow-0xford collaboration using the C.E.R.N. Proton Synchrotron
and 2 metre hydrogen bubble chamber. The Glasgow bubble chamber
group system of analysis programmes is summarised, and the
measurement and analysis of the events in which six charged
pérticles were vroduced is described.

The results of a spin-varity analysis of the I=% low mass
baryon system formed in four prong events are shown in Chapter
ITI. These indicate that spin-parities 3/2 and 5/2 states are
present, but no evidence for 3”7 states with a-z&(1236)ﬂ'decay
mode was obtained.

Chapter IV is based on the observation of an I=3/2 baryon
resonance at 1.9 GeV/’c2 in the four and five body final states.



The branching ratiosz of this resonance are evalvated, and are
compared with results obtained from other experiments.

The theory of single particle momentum distributions has
received attention recently: the momentum distributions for negative
pions and neutral kaons produced in the experiment are presented in
Chaptef V, and compéred with published data at different beam
momenta, The results indicate that the scaling behaviour of the
centre-of-mass longitudinal momentum with centre-of-mass energy
is not observed in K+p interactions at around 10 GeV/c incident
momentum, although furthér data from other experiments will be
required before this can be definitely established,

The remaining two chapters deal with the aspects of the
computer controlled film measuring device, Polly, which have
concerned the author, The extraction of bubble density information
from the Polly data is treated in depth, and, although at the
time of writing Polly had not reached the production stage,
the predictions of the derived equations are shown to agree with
the Polly data available.

The appendix to this thesis explains the amplitude terms used

in the analysis in Chapter III.
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‘This thesis falls into two parts, the first of which
(Chapters I-V) conteins a description of the author's work
on inglastic interactions of positive kaons with protons at
an incident laboratory momentum of 10 GeV/c. The second paft
of the thesis (Chapters VI and VII) gives an account of the
author's work on the development of a computer controlied
film measuring machiné, Polly.

In Chapter 1 there is an outline of current theoretical
~ 1deas of relevaence to the analysis which follows.

Chapter II describes the film measuring, data handling,
and analysis, and also contains an account of the author's
work in measuring and analysing'the six prong events.

Thé I1=4% N* resonances which are observed in the four body |
final states are discussed in Chapter I1I. Details of a spin-
~ parity analysis carried oﬁt by the author are included-in this
chepter,

Chapter IV describes the I=73/2 A{1900) resonance which is
seen in four and five body final states. Branching ratios, and
mass and width are obtained for this resonance. |

| Recently, much interest has been shown by theorists in
single particle distributions. The éuthor carried out an
analysis of the momentum spectrum of particles in the common
10 GeV/c reactions, with from two to seven particles in the
finsl state, and of the single particle distributions of
negative pions and uncharged kaons. This work is included

in Chspter V., Comparisons with other experiments indicate



that more data will be required before the validity of

the limiting fragmentation ideas referred to in Chapter I
cen be establisﬁed. Chapters 11I, IV, and V are solely tihe
work of the author.

Chapﬁer VI consists of a brief description éf some
meésuring machines, including Polly, which is currently
comissioned at Glasgow, Those aspects of the Polly design
_ which were the responsibility of the author are described
in some detail.

Finally, in Chapter VII, the important subject of
A extfacting bubble density information from the Polly |
meaéurements is discussed, and a formula is derived by the

suthor, and is compared with data.
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Introduction

I.1l Introduction

vTo search for a theoretical understanding of strong
intefactions, two approaches can be adopted. In the first of
these reactionimechanisms can be investigated. Thp second
approach consists of studying resonance properties. The two
methods are complementarys any successful theory of strong
interactions would explain the nature of the forces between
elementary particles, as revealed by the first approach, and
would aécount for the existence of the known particles and
resonances. The theoretical models which have gained some
shécess in describing high energy phenomena are reviewed
briefly in this chapter.
1.2 SUy

The equivalence of neutrons and protons in strong :
interactions within nuclei led to the concept of these two
partiéies being different charge states within an isotepi¢-
'spin doublet. Other strongly interacting particles subsequently
found could also be grouped into isotopic spin multiplets,
each of these multiplets forming an 5U, group. The rules for
combining isotopic spin states are the same as these for
ordinary spin. The pred;ctions of isotopic spin invariance of
strong interactions:have been confirmed, for example in pion-
nucleon scattering and strong decay branching ratios of

rYesonancese.
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I1.% Saketa Model

The extension of the use of SUzto inciude strange
particles led origiﬁally to the Sakats model (ref. 1l.1).
All strongly interacting particles and resonances were postulated
to be combinaﬂions of A, p, n, and their antiparticles. Mesonic
states formed from pairs of the basic Sakatons occur in groups
of 9, and reasonable agreement with ‘the experiﬁental situation
was achieved. Difficulties arose in the description of the
baryon spectrum,., In the Sakata model, baryons consist of two
Sakatons and one anti-Sakaton. Thus each group of baryons should
consist of 27 states, including some for which there is no
experimental evidence, e.g. S=1, B=1 baryons. Another failing
of the model was that L andgi)articles were treated as composite
particles formed by combining the basic n, p,)\_states, yet
no apparent physical reason exiéted for choosing the X\ state
as basic, in preference to the Z or § . In addition, the JP
assignment for the 2 was incorrect(
i.4 SU3

E;II—Mann and Ne'eman (ref. 1.2) used the 8U5 algebra
(ref. 1.3) to obtain a scheme which successfulliy classifies
the %+'baryons into octet structures, and the mesons
‘into singlet and octet structures (figure l.l(a) illustretes
the 1~ mesons), with the 3/é+ baryons forming an SU3 decuplet.
The SU3 multiplet strﬁctures are characterised by the values
of 2T (twice the isotopic spin) corresponding to the isotopic
spin subset with highest hypercharge (ZTmmf:A , say),ff

gnd with lowest hypercharge (2Tyjn=M,say). Bach
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multiplet contains particles of & given spin, parity, and
A baryon number.

SU~ algebra generates structures which are symmetrical
under rotation through 120°. This leads to the concept of
u-spin and v-spin, which in SU3 are analogous to I-spin, with
thé relative orientation of the I, u, and v axes as shown in
figure 1.1(b). Particles lying perpendicular to the u-axis
have the same electric charge, Q. When one member of &
multiplet is found, SUy predicts that all other members of
.the multiplet should exist. The discovery of the Jjjhafter
its mass and other-properties had been predicted by the SU#
classification scheme was one of the major triumphs of the
scheme. The proliferation of non-strange baryon states found
from phase shift analysis has introduced multiplets which
have not been completely established. Work must be devoted
to finding strange baryon candidates which will fill the
vacancies in these multiplets.

1.5 Quark Model

The Quark model of Gell-Mann (ref 1.4) and Zweig gives a
physical basis for the SU3'classification scheme., All mesons
in the Quark model sare coﬁposed of quark-antiquark pairs, and
baryons are three quark syétems. The properties of the quarks
are shown in figure 1l.4. The Quark modei yields similar
results for the mesoné as the Sakata model, but for the
baryons, the combination of three guarks results in a singlet,

two octets, and one decuplet of possible states. This is in

much better agreement with the baryon spectrum than the



'27-plets® of the Sakata model. Bxotic states, with for
example B = 1, § = 1, or doubly charged mesons, which could
be accommddated in the SUgclassification scheme, cannot be
made up from three quarks, and therefore the quark model
pfedicts that such states should not exist. Much effort has
been devoted to searching for exotic states, but, although

there have been reports supporting the existence of Z*

's, it
. appears that at the moment insufficient evidence exists for
the rejection of the Quark model. The physical existence of
quarks has not yet been estublished. The quark mass does not
appear in any predictive equation, and so is indeterminate.
This fact makes the pxperimental Search for the quark more
difficult.
1.6 SUe

When the spin of the quarks was taken into account, by
' Sakita (ref, 1;6), he obtained a higher schéme, which classifics
together the SU» multiplets corresponding to different JP values.
Since the quarks have spin %, the qa meson states can have
spinsparity O or 1 . The qgq baryon states can have spin %
or 3/2. The basic baryon SU¢ representation contains 63, or
216, states, since each quark of the qqq trio may be p,n or A
band have spin up or down. The 216 states are composed of four
subsets which contain, respectively; 20, 56, 70 and 70 states.
(Higher spin baryons are also included in the SU6 scheme when
the orbital angular momentum of the quark system is considered).

The subset containing 56 states is shown in figure 1l.1l{c).
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Since the‘other subsets, containing.20, and 70 states, are
not in evidence, it is assumed that only states for which the
overall quark wave function is symmetric (ref. 1.7} (e.g. 56,
L=0) can exist (ref. 1,8), while states which are not
completely symmetrie (70, L=0, and 20, L=0) cannot. The
Roper resonance (N*(1470)), and its SU, partners which are
not yet well established, lie outside the main sequence. It
has been sﬁggested thaet a radially excited system of quarks
could account for these. |

1.7 Regge Theory and Regge Trajectory Exchange

The Regge Pole hypothesis (ref. 1.9) predicts that groups
of particles with identical quantum numbers (apart from spin)
should lie on smooth trajectories on a Chew-Frautséhi plot of
spin, J, against the square of the particle mass, M . Regge
studied the solutions of the Schroedinger equation, for
scattering in a Yukawa potential. The scattering amplitude
cen be expressed as: | ; .

F(g, ) = ;?E:.o (2n+1) P(wso) ¥, (€) (1.1)
where the coefficient of the n'th legendre Polynomial, Ph(COSGL
is a function of the energy, B, Regge expressed theAscattering

amplitude in terms of the integral over the complex l-plane:

(4 Q@+1) oy e |
7 ) S Res8) (s L) (1.2)

which has poles for integral velues of 'l’, giving the normal

scattering amplitude (1.1). The poles of f(®,1)also contribute

_ v B(=)
-F(t;'a)— ,?_—O((E)
where o/(B) is a Regge Pole trajectory. If at some energy Z_,

to the integral: f(E,1) can be expressed

Re ((E,) =n,
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_ : E,,
T(E~E)= — PLE) (1-3)
L (En)(En~-E) — L Imo(En)
where oL'(E) = g&j%%?!f}

Thus for ImCX(En)I>U, the scattering amplitude contains a
Breit-Wigner term with central energy E.

The resonance contribution to the scattering amplitude
(ignoring the 'background' from the ordinary partial waves)

can be expressed in terms of the residues:

o T Bu(e) D2eti(e)+ 1] '
F=,8) = % Sin{Tiol, (€)) R ie)Ce28) (1.4)

If it is assumed that the scattering amplitude can be aﬁalytically

continued from the s-channel (see figure 1.2) to the t-channel,
we obtain (letting t-—09 with s small, and substituting

cos@=1+ t/(s/2-2)<t) )
ol (S

e TROCLUE ) (- t) |
rr(:,t)-; e (T o)) (1.5)

Since we are considering 't° large; F(s,t) is dominated by

the trajectory with the highest 'value of o{((s). In the t-channel
the scattering amplitude is determined by the exchenge of the
complete Regge trajectories corresponding to the of,(E) of equation
(1L.4). For eéémple, the reaction
m —> T T°
which would proceed predominantly via p-ueson formation at low
energy (iow s), is connected to the corresponding t-channel reactior
T —> ﬂ°P
at high energy (high t),whefe the Regge trajectory conteining

the fﬁ A, etc. mesons, would be exchanged.




Although information on high mass, high spin resonances
is poor, sufficient data exists to constfuct several Regge
trajectories (see figure 1.3). Those trajectories which
include two or more resonant states are parailel straight
lines in the Chew~-Frautschi plot.

In order to explain the diffractive production in certain
reactions where the exchanged trajectory may have 'vacuum!
quantum numbers, the Pomeron Trajectory was introduced. It has
been known for some time that the total cross-section for
certain reactions, ec.g. Q;(K+p), is almost constant with
increasing energy, in the energy range where the Regge
exchange model is applicable., Using the optical theorem (ref.
1.10) which relates the total cross-section to the forwardk
part of the elastic scattering smplitude (t=0), it can be

shown that oAP(O)zil, since:

G o= 3 G (t=0)
O( S(&,,(O)fl)?.

¢£§O): 1 gives e constant cross-section as energy increases.
The Regge pole hypothesis has had considerable success in
describing two body interaptions at high energy: its
extension to three particle production processes (double
Regge exchange) also gives & reasonable description of the
data,,in the kinematic reéigns in which it isﬁapﬁlicable.-lt
fails, however, to reproduce resonant production of particles.
I1ts power as a classification scheme for particles will be

increased if future data on high spin, high mass resonances,




for example the S, T, and U mesons (ref. 1.8 ) provides more
reliable experimental points on the linear trajectories.

1.8 Other Models

(.12)
The Chan, Loskiewicz, and Allison Model is basically an

amplitude which gives multi-Regge behaviour at high energies,
and phase space distributions for particle systems with low
effective masses. However, at low energies, interactions are
known to be dominated by resonance production, and any model
consistent ﬁith duality (ref. 1.13) should give resonant
behaviour in the low energy region. Neither the C.L.A. model,
nor the Regge models have done this successfully.

Plahte and Roberts (ref. 1.14) modified the C.,L.A. model
to include two particle resonance information. Although these
models have given good fits to a wide variety of data, they
have been criticised for the large number of free parameters
" in the amplitudes, which reduce the predictive value of the
models.

| The Veneziano Model (ref. 1.15) uses the Euler Beta
function in the scattering amplitude. This function has
several desirable features, giving Regge behaviour at high
energy, and resonance behaviour at low energies. However, the
model does not describe diffraction dissociation processes.
Computational difficulties limit its applicablity to two or
three body final states.,

I.9 General Characteristics of High Energy Interactiors

A more general way of investigating many body final states
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is to compare resonance production, single particle momentum
distributions, and four-momentum transfers for different
multiplicity final states, and for different beam particles.

Peyrou plots of longitudinal against transverse momentun,
for different multiplicities end beam momenta, have shown ~
ghat the transverse momentum distribution i; independent of
multiplicity and of incident energy, while the longitudinal
momentum is very dependent on these qﬁantities (ref. 1.16).
It has been observed that the part of the reaction matrix
element which is responsible for the behaviour of leading
particles does not depend on multiplicity. For example, the
f(t) distribution, obtained by dividing the experimental
t(p/p) distribution by the phase space distribution, is
éimilar for all multiplicities up to 8 prongs in T p
interactions (ref. 1.16). The leading particle behaviour
which characterises high energy interactions has led theorists
.to propose several models,

The isobar model {(ref. 1.17) was applied originally to

Pp interactions at 0.8 to 3.0 GeV/c . In the production of

an isobar, a transfer of kinetic energy to the.nucleon :

from the other interacting particle may raise it to an

excited state, wﬁich does not interact further with the other
particles in the colliéion, and which subsequently decays.

The model, as~originally applied, gavé reasonable agreement with
data, assuming that all pion production was derived from the

decay of the [\(1236) isobar.

-
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The two fireball model (ref. 1.18), based on observation

of 1000 GeV/c2 cosmic ray protons in emulsions, visualises

two clouds of particles formed in the interaction, moving
rapidly apart in the overall centre<of-mass system in the

same direction as the primary particles., The particles:within.
each cloud have transverse momenta of the order of .5 GeV/c;

The Diffraction Dissociation model (ref. 1.19) explains

the qualitative similarity between the diffraction pesk
formed in elastic scattering, and the behaviour of certain
types of inelastic reaction. A probability exists for the
dissociation of the interacting particles into sets of
resonant states and particles, governed by the conservation
of relevant quantum numbers, but not by energy conservation.
In the interaétion, unequal absorption of the different sets
of constituents will produce in the finzl diffracted wave
states which were not present in the initial beam. Since the
probebility of the iﬁitial particles dissociating is
independent of the rest frame from which tﬁey are observed,
- the diffraction dissociation model provides an explanation
for the energy independence of cross-sections for inelastic
diffractive reactions,

The isobar model, the two fireball model, and the - .
diffraction dissociation model all give qualitatively similer
predictions for‘the behaviour of the secondary particles in

high energy interactions where diffractive processes dominate.
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I1.10 Limiting Fragmentaticn

Recently, Feynman (ref. 1.20) suggested that, for very
high energy strong interactions, where the transverse momentum
distributions are believed to be independent of the total
centre-of-mass energy, the most useful variables for describing
the single particle distributions are pqy (the transverse momentum)
and X (=2pLAf§).which is the ratio of the longitudinal momentum
to the maximum possible (where the rest masses have been
neglected compared with the energies). Feynman suggested that

if the percentage of energy going tc final particles of a given

EdN
type is constant, i.e. f.ti = const., A say
. E CoAnl = |
Le. j\ﬁ: F(s,p) P dpr = A | (1.6)

where F(s,p) is the numﬁef of particles (at total centre-of-mass

energy JE') of the given type with momentum p, Then, assuming

. that the dependence of F(s,p1,pp) on s and p;, can be expressed

as F(x,pp), (i.e. py scales with [s ), and putting
EF(s,p)=f(x,pg)

equation (1.6) becomes
f}f(x,pT) dx dp% - A

which will be valid if f(x,pp) is independent of energy.

The limiting fragmentation concept of Benecke et al, (ref. 1.21)
“hypothesises the existence of a limit
ua(Zf) — PR

E >0
i.e. the partial cross-section that a particle of mass 'm' is

emitted with laboratory momentum p, other emitted particles

being ignored, depends only on p and is independent of J;: the
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centre-~of-mass energy. The use of laberatory momentum arises
from the concept that the fragmentation products from the targét
separate rapidly frbm the broken up fragments of the projectile.
It can be shown that the limiting fragmentation hypothesig is
equivalent to the scaling law for the Feynman variable x, in
the limit of infinite beam momentum (see ref. 1.22). Mueller
(ref. 1.23) has proposed an analogy to the optical theorem
(relating the total cross-section to the imaginary part of the
forward elastic scattering amplitude) which could be applied
to single particlé distributions, This is shown diagrammatically
in figure 1.5. Although no model exists for three particle-
three particle scattering, theorists have assumed that the
basic principles which apply in two particle interactions, may
also apply in this casé.r In two particle interactions, reactions
in which the quantum numbérs ofvthe beém and target are exotic
approach the asymptotic cross-section limit predicted by the
Pomeranchuk theorem at lower energies than reactions in which
s-channel resonances can be formed. Similarly, in the three
particle interaction visualised by Mueller, reactions with
exotiz quantum numbers would be expected to reach the limiting
distributions at lower energies. However, there is some interest
in whether, in the reactibn

ab>c X
it is sufficient that abc should be exotic (ref, 1l.24), or
whether ab must also be exotic (ref. 1.25), as suggested by

Ellis et al,to give energy independent limiting distributione.
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Experimental analysis of reactions of the type:
a +b < c -+ anything

using bubble chamber data is complicated by the fact that
unfitted events must be used in order to include reactions in
which more than one neutral particle is produced. The single
particle distributions which can be investigated are,
therefore, restricted to particles which can be identified
without kinematic fitting. This thesis is mainly concerned
with K'p interactions. Negative pions, and uncharged
secondary mesons with visible charged decays, can be
identified in K'p interactions without fitting the event, and
with very little contamination. The single particle
distributions for 'ﬂ’.and K° mesons from the 10 GeV/c K+p
experimenﬁ are compared with published daté from other
experiments and with the Feynhan ideas mentioned above in

Chapter V.

o
e
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Figure Captions

1.1(a) 17 meson nonet
(b) I,U and V axes
(¢) A baryon octet and decuplet,
1.2 The Mandelstam variables: the shaded areas in
thé lower diagram represent the physical regions,
1,3 Two baryon Regge Trajectories
1.4 Quark properties,
1,5 Diagraﬁ illustrating thew"relation betwegn the‘

Optical Theorem applied to elastic scattering,

and the Mueller gnalogy for inclusive reactions,
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p = momentum 4 ~vector
S =(p, + pz)?‘
t=(p, + p,)°
u={p, + p,)°*
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Film Measurement and Data Analysis

I1.1 Introduction

The author joined the 1OVGeV/c K+p experiment in June
1969, by which time all the film had been taken. The beam
design has been described in defail in previous theses (refs.
2.1, 2.2, 2.3, 2.4). 510,000 exposures were taken with the
CERN 2m hydrogen bubble chamber, exposed to a radio frequency
separated beam consisting of positive K-mesons at a momentumn
of 10 GeV/c. The film was taken in 5 separate runs between
1966 and 1968, Film from runs 1 and 3 was measured only for
events with associated neutral decays: high proton - (.
contamination, due to trouble with the r.f. cavities, wade
this film unreliable for events without associated !'V's.

Runs 2, 4, and 5 were measured for four proﬁg events, and
rﬁns 4 sand 5 only, for six prong events.

Runs 1, 2, and 3 film was divided amongst Birmingham,
Glasgow, and Oxford film analysisAgroups, and runs 4 and 5
between Birmingham and Glasgow only.

II.2 Scanning of Film

Scanning was carried out for all primary interasctions of
the beam track. A restricted fiducial region 96cm..long
within the bubble chamber was used, and events with primary
vertex outside this region were rejected. This was to ensure
that high momentum secondary tracks from vertices lying near
the top of the fiducial region could be measured fbr a
sufficient length. Charged decays of neutral particles

which could possibly be assocliated with a primary vertex



were accepted if they lay within the larger fiducial region
165cm long.

Each event was given a scanning code, ABC, where A
represents the number of charged secondary tracks from the
interaction vertex, B is the number of secondary charged
tracks decaying (excluding TT-A -~ e decays), and C is the
number of neutrals from the interaction vertex which have a
visible decay within the fiducial region.

Cross~-section calculations in a subsequent section of
the chapter are based on data from 20 half-rolls of film
which was scanned three times.

I1.3 Measurement and Data Analysis

The author had special responsibility for the six prong
events, All the film from runs 4 and 5 was measured in three
views for six prong events, on the SMP machines. The output
from the SMP programme was written on magnetic tape, which
was then used as inﬁut for the R.H.E.L. system of programmes
consisting of:

(i) GBUMETRY programme (ref. 2.5) for the reconstruction of
events. The output from this programme consists of track
half-length, reciprocal of momentum, tangent of dip, and
azimuth for each measured track, and errors in these
quantities. The vertex co-ordinates are also included in the
GEOMETRY output tape.

(11) KINBMATICS programme (ref. 2.6). Using the data from the

GEOMETRY progremme, KINEMATICS tests various hypotheses
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against the experimental parameters for an event, making
small adjustments to the measurements, within the experimental

error, in order to minimise the a- function:

xt= 5 (<= xTY
= G*

Qhere N = number of measured track quantities
X, is adjusted value of the measurement of the i'th
track variable
x? is the measured value of the ijth track variable
g; 1is the calculated error on the 1'th track variable

A fit is attempted by varying the x? at the vertex until
energy and momentum are balanced for the hypothesis being
tested. In the case of V° events, the decay vertex is fitted
first, followed by the interaction vertex, and finally an
overall fit at both vertices is attempted. Fits having s
x%-probdbility less than 1% were rejected. For every event,
the KINEMATICS prégramme tries to fit each Hypothesis which
has the cofrect topology, for all possible particle-track
combinations.

The six prong hypotheses which wére attempted are listed
in Teble 2,1, The KINEMATICS processing time for events of
this type is very high, typically, on the IBM 360/44 computer,
around 40 secéhds per event. This is because the number of
particle-track combinations is high. For the kﬁ%ﬁ*ﬁ+WﬁTM
final state, for example, there are 12 different particle-
track permutations, while the K%K?KprfﬁT" final state

involves 24 permutations. This high number of permutations,
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coupled with the fairly highvsecondary track momentum
possible at 10 GeV/c, even with six prong events, leads to a
very high level of kinemetic ambiguities. |
/¢ 7053 of the measured events contained at least one fit
to one of the hypotheses: the number of fits to each
hypothesis is summarised in Tablé 2.1. It can be:seen that,
on average, there are over four kinematic fits to each event.
The KINEMATICS programme, in gddition to writing the
output tapé containing the results of the fitting, produces
paper output containing a summary of each event, including
the predicted ionisation for each track of each fit; The

bubble density of a track varies with the velocity of the
' !

particle as ?;19 where @::%F. Since
- S =
=

‘the bubble density of a track of given momentum depends on
the rest mass of the particle. The ionisation predicted by
KINEMATICS can be compared with a visual estimate of the B.D,cf
tracks, and fits which predict the wrong bubble densities

can then be rejected.

The level of kinematic ambiguities remaining after bubble
density scanning was still high, particularly in the one-
constraint fiis with a missing neutral particle. Because of
this, the one-constraint fits were not considered reliable
for physics enalysis. In 10 GeV/c K+p interactions, the

cross-section for production of:-three K-mesons 1is
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approximately 30 times less then the cross—section for the
same multiplicity reaction where only one K-meson is produced,

For example:

ey o - ‘
© 0&j>$"§}<:<'< P) = 0,032 (ref. 2.4)
0 (Kp—>KTp)

éince many of the 931 fits to the KTK?KTﬂmﬁ~pgreaction were
ambiguous with fits to the Kt p reaction, it was
decided to reject fits to the fo;mer reaction in cases where
such an ambiguity occurred,

To obtain an estimate of the proceésing efficiéncy of  the
méasurement;:geometrical reconstruction, and kinematic fitting
a portion of the film was measured tﬁice. The results;from
this indicated that the overall processing efficiency for
the reaction:

K*‘P —— k*ﬂ *Tr*'ﬂ"”rr"‘f: (1)
was 75%. 15% of the events were lost through failures in the
geometrical reconstruction programme, and the remaining 10%
loss was due to events of reaction (1) which were not fitted
as such by the KINEMATICS programme. (This figure was
.obtained using the scanning efficiency formula in section

I11.5).

(iii) The final stage in the chain of post-measurcment
programmes is JUDGE (ref. 2.7). For fits which have survived
the bubble densiﬁy scanning stage, JUDGE converts the deta
on the KINEMATICS tepe to a convenient form, and writes the

output on a data summary tape (DST).
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BEvents which contained more than one fit to a hypothesis
after bubble density scanning were given a weight equal to
the reciprocal of the total number of fits for that event,
using the programme GUDDLE (ref. 2.4). The chain of
programmes is shown in figure 2.1.

I1.4 Analysis Programmes

The most frequently used analysis programme was SUMX
(ref. 2.8). This brogrammc reads the DST and calculates
qﬁantities of physical interest, in CHARM subroutines which
can be written by the user. The output from SUMX consists
of histograms, or of a 'MINIDST' containing selected -
gquantities.

The programme MINUIT (fef.f2.9) was used to obtain fits
of various kinds to experimental data. Phase space
distributions (used in Chepters III and IV) were provided
by the programme FOWL (ref,. 2.105.

11.5 Cross Section Calculations

In the work contained in Chapter V on single particle
distributions, it was neceésary to calculate cross—sections
for each topology. Previdus work to obtain the kaon track
length for the 30 half-rolls of film used in the cross-section
calculations (see ref. 2.4) indicated that using the total
K+p cross~section (which is known accurately from counter >
experiments) and felating-this to the total number of events
seen, gave en estimate for the kaon track length which was

consistent with that obtained by other methods (beam count
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T -decey count, and §-ray momentum spectrum analysis). The
total number of events is affected by beam contamination by
pions and protons. However, information obtained when the
film was being taken, and subsequently in the analysis of the
elastic scattering data, shows that proton and pion
contamination of the beam was less than 0.54 for Run 2, and
less than this for Runs 4 and 5 (ref. 2.3)., When the film
was being teken, running with the r.f. off indicated that
the contamination consisted m&inly of non-interacting muons.
Muon contamination does no? affect the total number of events.
The proton contamination Waé estimated from counter checks
whqn the film was taken, and from running proton hypotheses
on the elastic scattering events.,

The topological cross-sections, for events with and
without K° production, were evaluated from the scanning data
from the 30 half-rolis mentioned previously. Scanning
efficiency is topology dependent. To correct for this as
fully as possible, the number of events for each topoiogy
was corrected individually for scanning efficiency, using
the formula: |

N = (4 + C)(B + ¢C)/C
where A= number of events found only by scan 1
B;=number of events found only by scen 2
C =number of events seen in both scans
N;=total number of events

This assumes that the events found by the scanners are a
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randon sample of the total number of events.
The KINEMATICS programme was used to attempt to fit a
K? at the decay vertex of each e#ent noted as a V°. Events
in which the neutral particle track obtained in this fit did
not pass through the interaction vertex were rejected, For
events where the neutral particle could be associated with
the interaction vertex, & 3-constraint fit (with the momentum
of the K° at the decay vertex the only unknown Quantity) was
attempted. Those events with miséing mass inconsistent with
the mass of the K° were rejected. Column 2 of table 2,2
contains the corrected numbers from column 1 indicated by
the results of the decay vertex fits for the 3u half-rolls.
 Events ih which the projection of the neuﬂral track length
on the front glass window of the bubble chamber is less than
25 cm, were not used in the anslyslis,since such events could
easily be misidentified. To compensate for this, end for the

charged deéays occurring outside the fiducial volume,each K’

event was given a weight

Corp (= £2M) — exp(- )]

where Lyiy = 0.25/cos N
hN = dip of track
M == mass of K* (GeV/c?)
P . = momentum of K (GeV/c)
T = mean lifetime of K
L = distance from production vertex to the

edge of‘the fiducial volume along the K° line of

flight direction.



The average weight was a function of topology,and these
weights are listed here: (it was assumed that the weight for

the 801 topclogy was the samz as the 601 weight)

Topology Weight
201 1,045
401 1.047
601 1.018
801 1.018

.n)

To take into account the invisible K° decay modes,another
factor of 2,915 (ref. 2,12) was required, (For the 17 two
prong events in which two K° 's fitted, the sqnare of these
factors is appropriate). The prbbability of observing K°'s
within the fiducial volume is summarised in table 2.3.

Column 3 of table 2.2 contains the number of events
corresponding to each topology after correcting for these
factors. Finally,the cross-sections for each topeclogy using
the 10 GeV/c K'p total cross;section figure of 17.% mb (¥.lmb)
(ref. 2.13) is shown in column 4, |

I1.6 The Reaction K'p=>K prm'n'nn,

The number of fits to the reaction
K'ps>K'pwromn” (1)

after bubble density scanning,was 1242, corresponding to
862 events. This represents a high level of ambiguities.
The cause of fhese ambiguities was studied. The KINEMATICS
programme line printer output revealgd that, in a sesmple of
32 half-rolls of film, 40 events occurred where more than
one fit to reaction (1) existed, after bubble density scanning.,

0f these 40 events, 30 of the ambiguities were caused by

positive tracks (usually high momentum tracks) ambiguous
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between a pion and a kaon. A scatter plot for the 27 events
which had only one pion-kaon smbiguity, in which the laboratory
momentum of the two ambiguous tracks are plotted against each
other (figure 2.2) shows that such smbiguities occur most often
in events where the two tracks have momenta which are similar.
in value. The single particle momentum spectra for the kaons
and pions (Chapter V) are therefore unlikely to be distorted by
ambiguities of this type. In the remaining ten ambiguous events
of the sample,the ambiguities followed no pattern.

The probability distribution for the fits to reactionv(l)
showed a pronounced peak below a prcbabilty of 10%,although,
above this value the distribution was reasonably flat. Events

with probabﬂﬁy below 10% were discarded.

11.7 Resonance Production

A previous attempt to study six-body final states in K+b
" interactions (at 5 GeV/c) observed only K*D(890) and AP71236)
production (ref. 2.14). The non-observation of higher mass
resonances was explained by these authors as being caused by the
high number of combinations of particles which can be grouped
to form resonances, In the present experiment, at 10 GeV/c,
K*°(890) and £§Rl236) are produced strongly. No statistically
significant enhancements were seen in the mass rlots corresponding
Cio the decay of other resonances. The I=% N*'s studied in
Chapter III in the reaction

Kp>Ktpntr”

could not be individually resolved in reaction (1). The mass

plot for the four pﬂﬁf_combinations for each event:(divided by

fqur) is shown in figure 2.3, The hatched ditribution
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corresponds to the pT T combination with the lowest Aip/pﬁ%ﬂﬁ),
(pTgﬂr,say), with the additional constraint that dﬁp/pﬁﬁ?ﬂm) is
less than 0.5 (GeV/c)?, and Méaihoes not lie in the K%?890)

band (O.84<:M(fﬁf)<0.94 GeV/cg). This selection should emphasise
péripherally produced N* s . As can be seen from the hatched
distribution, applying the éf"selection produces a distribution
which peaks in the 1.5-1.7 GeYch region,although statistics
preclude further conclusions. The smooth curve in figure 2.2
represents phase space generated using the programme POWL,

with events weighted peripherally to reproduce the correct
experimental Al(p/p) and &(KTIK") distributions. It can be secn
that the higher mass region above about:244 GeV/c2 is adequately
described by this curve., Bélow 1.8 GeV/c2 there is an excess

of events in the experimental distribution,compared with the
phase space curve,

A similar technique applied to the K(nil) effective mass'plots
produced no noteworthy results.

The main interest im the analysis of the six prong events
proved to be the single particle momentum distributions. These
are discussed and compared with other data from other reactions
in Chapter V.

I1.8 The Reaction K p3k®p T "I 117

The other four constraint channel with six-charged tracks
analysed by the author is the reaction
K'p ->K°p LASIAEEAN 1A 1 (2)
with the K° decay visible within the chamber. Since there can
be no ambiguities in this reaction between the kaon and any of

the pions; the data is comparatively free from ambiguities.
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203 fits to the reaction were obtained,corresponding to 194
events. (These figures include @ata from Runs 1,2 and B,Which
were measured for six prong V events,and also from the Birmingham
measurements of Runs 4 and 5), However,the background due to
the large number of combinations is higher than for reaction
(1),since we have to deal with three positive pions.

K*+(890) and £§?1236) are produced in this reaction but,
as in reaction (1), there is no statistically convincing evidence
for any higher mass resonance production. Data from reaction (2)

is also used in Chapter V,
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FINAL STATE  NUMBER OF
FITS
Krp i | 1862
K*’Pw*'ﬁ*‘rr“ﬁ"ﬁ" K : 16130
K T e | 5322
P () s
K*}<? K"Fﬂ»‘?'rr" ) 931
038 ke LR LKL - 108
- 385
[ LA (AL O
kA T 70
TOTAL FITS 29910
CORRESPONDING NUMBER OF EVENIS —  ,ocs

Fits to six prong hypothesés before

bubble~density scanning,

TABLE 2,1
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2,1
2,2

2,3

Figure Captions

Data processing system

Scatter plot of 7" momentum against Kt momentum,

for K 'pW ™ final state fits involving a pion-kaon
ambiguity.,

pT T~ effective mass distribution from Kfp ot
final state, There are four combinations of pTrim ™

per event, and the tctal number of entries in each bin
is shown divided by four, The smooth curve shows the
prediction of weighted phase space, The hatched
distribution shows the p’lT’,f’ﬂ’,- effective mass, where
piT, T, is the cdmbination with the lowest A (p/pm T )
In addition, events for which &(p/pﬁ;fr;_)>0.5 (GG’V/C)2

or for which O.84<M(K+TT.')<‘O.94 GeV/cz, are excluded,
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Chapter 1II

Study of the I=4 pTTT gSystem

in 10 GeV/c K'p Interactions

111.1 Introduction

Evidence for several 1 =4 non-strange baryon resonances
has been obtained from phase shift analyses of pion-proton
scattering data. The spins, masses, and estimated widths of -
these resonences are shown in Table 3.1 (ref. 3.1).

In production experiments, enhancements have been
observed around 1500 MeV/c*, and 1700 MeV/c*. Some experiments
have identified the enhancement in the 1500 MeV/c” region
with the £+ Roper resonance, althouéh unique identification
of the enhancements as either the N¥(1470) Roper resonance
(ref.3.2), or the 3/2_ N*(l520) from mass distributions
alone, is difficult. The published experimentel data relies
mainly on TN and NN interactions where separation of the
leading particles from the other fingl state particles
complicates the analysis. More information on the Roper
resonance production, and its branching ratios, would be
of considerable interest. The branching ratios of theﬁﬁ?l?UO)
have aroused interest, with various production experiments
giviﬁg values for the branching ratio:

N (1700) ———> A(nsg)n'/Pﬁﬁ'
ranging between 0 and 75% (ref. 3.3). Results from some of
these production experiments are summarised in Table 3.2.
Recently, speculation on the néture of the I =1/2 '

resonances produced in reactions where diffraction
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dissociation is possible e.g.
mEp — wEN |

has raised the possibility that the resonances produced in
diffraction dissociation processes may not be the same as
those seen in phase shift analyses (ref. 3.4), and it has.
been suggested that the N¥(1700) of production experiments
may be formed in a dissoclation process involving the
Nm(1470) Roper resonance, and a pien. (See figure 3.1).

We have carried out a study of the low mass peripherally

produced pTTTU system produced in 4 body final states from

the reaction:
k'p —> KpmimT (1)

In the Birmingham-Glasgow-Oxford 10 GeV/c experiment,
there are 14,265 events with at least one fit to this
reaction. (The total number of fits to thé.reaction is
16,229). Most of the following analysis is restricted to
those events which have the effective mass of the pTT T
system beléw 1.75 GeV/c , and the four-momentum-transfer-
squared from the target to the p T system below 0.5(cev/c),
The level of kinematic ambiguities for such events is less
than 1.5%. Peripheral p'WﬁT' production corresponds to low
lab&ratory momentum tracks which can be fitted more easily
by the programme KINEMATICS (ref. 2.6 ), and also can be
identified at the bubble density scanning stage.

III.2 I-Spin of pT'TT_ System

The effective mass distribution of the pTT'TT  system,

which is a mixture of 1 =1/2 and I =3/2 states, from reaction



(1) is shown in figure 3%.2. Applying a cut on C&(p/prf“ﬁ*)
at 0.5 (GeV/c)” gives the hatched distribution. An
enhancement aroﬁnd 1.7 GeV/c2 is prominent, with another
less pronounced peak at 1.5 GeV/c*. The reaction:

Kp —> Kprtre (2)
where the p‘ﬁ*ﬁo system produced is pure I =73/2, exhibits
no low mass enhancements in the plT+ﬂj.effective mass plot
(shown in figure 3.3, with the hatched distribution
corresponding to events with [f(p/p?T“W° ) < 0.5 (GeV/cf').
To obtain a very rough estimate of the I=73/2
~contribution to the p1T+”~ mass.séectrum, one can assume
that the 1::3/2 pTTHT” system decays via A(1236)T only.
(For the low mass p7Tﬁf_ system below about 1.8 GeV/c?,
most of the events have pTT+ mass lying in the /\(12736) ﬁand.
Since phase space is restricted at this pIT' 1T mass, an
accurate determination of the branching ratio via [ (123617
is difficult.) The ratio of K'pmM to K'pM'M" for the
I =3/2 state for tﬁe sequential processes shown in figure
3.4, evaluated from the I-spin Clebsch-Gordan coefficients,
is 9/2. Taking the number of events with pTiIT mass below
1.8 GeV/c* from reactions (1) and (2), and correcting fbr
the unseen K°'s from feaction (2), and for the différent
subsamples of film from which data for reactions (1) and (2)
was obtained, gives an estimate of 6% (% 2%) for the I=3/2
contribution to the p‘ﬁ+ﬂ- system from reaction (1) below
1.8 Gev/c”.

The remainder of the snalysis will be concerned with the
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P mhm system formed in reaction {1). Only events with
N{p/pTfn™) < 0.5 \GeV/cf‘ will be considered, and the

p TN~ system will be taken to be I=1/2 in the Dalitz Plot

analysis. | |

I1I.3 Four-Momentum—Trangger;Squared Distribution

The four-momentum-transfer-squared distribution from the
target proton to the pﬂ“*‘ﬁ~ low mass system for thelevents
of reaction (1) is sharply peaked. Figure 3.5 shows
exponential fits of the form Ae“b!t'to the C?—distribution
below 0.4 (GeV/c)z. The slope of the /¥ ~distributions shows
that the low mass pﬂ”Tféystem is éroduced peripherally, with
the sharpness of the peak decreasing with increasing mass.
These /N -distributions are consistent with diffractive
production, where spin-parities 1/é+, 3/2~; and 5/2+ etc.
are expected to dominate (ref. 3.5). The diagrammatic

representation of the process is shown in figure 3.6.

I11.4 Angular Distributions

The Berman-Jacob angular distributions can give (ref;&é)
information on the spin of the three body prWféystem, and
also on the spin of the exchanged particle, using the normal
to the pT'N decay plane as analyser (see figure 3.7); The
z-axis is teken along the target proton direction‘in the pﬂ”ﬁ“
centre of mass, and the y-axis is the normal to the
production plane. The angular distributions for the normal

can be written as:

. R
Z, Gup Y, (5,8)
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where the maximum value of 1=2j and j is the spin of the
pITWfsystem. Moments of the spherical harmonics, normalised
to <Yg>: Wo =1, were evaluated across the (©,¢ )
distributions, for 100 Mev@wide intervals across the pﬂ+ﬂ-
mass spectrum., Events with Kfna effective mass lying in the
K*(890) band (0.84 << M{(K'T") 0.94 GeV/c*) were omitted.
(This K'T" effective mass cut is discussed later).
™ N m
VVQ = ;tf g;.\Q (9L>Qﬁ) v

The error estimate on the moments (ref. 3.6) is:

x

o= [ W
N

where N is the number of”eyents. None of the moments WK
for m# 0, had values significantly different from zero,

" which is consistent with a spinless exchange particle in
figure 3.6.

The moments of spherical harmonics with m =0 are shown
in figure 3.8. Yz hes significently negative values
throughout the distribution, suggesting the presence of spin
3/2 contributions even at the lowest 97T+ﬂ" masgs region
1.35 - 1.45 GeV/c™. Yi increases from 1.55 GeV/cz, beconing
significant above 1.65 GeV/cl, where spin 5/2 or higher is
indicated. Y:-is small in all mass regions below 1..85 GeV/c”
and there is little evidence for a spin of 7/2 contribution
below this mass. None of the odd moments shoﬁ significant
deviations from zero. This suggests that the pTTﬁT”system
we are studying is predominately of elither natursl or

unnatural spin parity, but not a mixture.
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III.5 Branching Ratios of pﬂ*ﬂ~Systems

Previous attempts to evaluate the brenching ratios of
the pﬁ*ﬁ—enhancement at 1700 MeV/cl in production experiments
have assumed dominant decays via A (1236)V and pTTT .

The suggestion that the production of the 1700 MeV/c™ peak
is associated in some way with the N*(1470) Roper resonance,
may also imply that the N%(1700) can decay via N*(l470)

To investigate this, we have assumed possible decays via
N¥(1470)W'and A (1236)7 , as well as three body decay.
Inspection of the Dalitz plot for the 1700 to 1750 MeV/c2
pﬁﬁf‘mass region shows ihat the A (1236)T and N¥(1470)TT
bands overlap considerably, and so simple background
subtraction techniques cannot be used to estimate the
branching ratios. A Dalitz plot analysis is required,

An indication that the branching ratio via Z§-+(Zl.23(t'>)’ﬁ‘—~
in the 1700 MeV/c* enhancement is lower than the percentage
of &?1236) formed from the prﬁTnbackground can be
obtained from figure 3.9. In this figure, the percentage
of events with pTl mass in the [A(12%6) band (1.16 to 1.28
GeV/c*) is shown for 100 MeV/c" wide intervals across the
pTTﬁf'mass spectrum, This percentage apparently falls off
almost linearly as the plfﬁf-mass and the available pTT+
phase space are increased. However, around 1600 to 1750 Mev/c*
there is an indication of a dip in the percentage of events

+
lying in the A(1236) band.
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A Dalitz plot and decay angular distribution analysis,
based on a model suggested by Bowler (ref. 3.7), has been
carried out by fhe author, with a view to investigating
the branching ratios and séin of the pM'M system.

I11.6 Model IDependent lecay Angle and Dalitz Plot

Distribution Analysis

Section 1II.4 above suggests that the:production angulér
distributions of the plT'N system are consistent with spin
zero exchange. We assume that spin zero exchange is in fact
the dominant mechanism, and that the pﬂ*ﬂr: system is I1=1/2
end has Jﬂ=Values 1/2+, 3/2  and 5/2+ only (see sections
I111.% and 111.4). For each of these spin-parity assignments,
and for a target proton helicity A, say, transition
amplitudes for the decay of the three body pTTT system via
two body resonance decay schemes can be formulated. The
total amplitude for each target proton helicity, and final
proton spin projection, can be written as & sum of such
individual amplitudes with relative phase factors and
coefficients as free parameters. The final expression for
the angular and Dalitz ploﬂ distributions is then obtained
by averaging the squared modulus of each total amplitude
over the initiel proton helicity states, and summing over
the final proton spin projections. The parameters contained
in this expression are varied until the best agreement
between the desired distribution and the experimentsl

distribution is obtained.



The main two body decay of the p7f?féystem considered
is via Q{1236)IT, with the relative amounts of AM(1236)
and [§(1236) determined by X-spin. An incoherent three
body phase space decay is included. In the highest mass
region, 1.7 - 1.75 GeV/c*, an additional term for decay via
N*(l470)ﬂﬁ is allowed.

The coordinate system employed in the analysis is showﬁ
in figure 3.10. In the pT N centre-of-mass éystem, the
z-axls is chosen along the target proton direction, so that
the initial helicity of the target proton in the pT'm”
centre.of-mass is the z-component of spin of the pIt 1T~
system formed (assuming spin zero exchange). {(See ref 3.8}.
The y-axis is taken as P X Boyr where‘g‘N and p . are the
incoming and outgoing proton directions. The coordinate
system used in the two body centre-of-masé systems to
describe the two body resonance deceys are chosen parallel
to the three body centre-of-mass axes. All vectors in the
two bodyvcentre-of-mass are obtained by a Lorentz g
transformation direct from the p7T+ﬂ’ centre-of-mass system

(ref. 3.9). The amplitude terms, and intensity expression,
are included»in the Appendix., A maximum likelihood fit was
carried out. Due to the complicated transition amplitudes
and cocrdinate system in use, the normalisation terms in the
likelihood function were obtained by Monte Carlo integration
over phase space, using the programme FOWL (ref. 2.10).
Details of the fitting procedure are also included in the

Appendix.,
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It was found that‘K¥289@) production contributes a
spike to the angular distributions which cannot be fitted
using this model., All events with 0.84 << M(K'177) 2 0.94 GeV/c*
were, therefore, excluded from the analysis. This removes
most of this spike, although a small narrow forward peak
can still be seen in some of the angular distributions. This
may be due to the effect of resonant production of K¥(1420).
Such effects are small and we have not impoéed further cuts
to exclude K*(1420) events., Figures 3.11 - 3.17 are the fits
to the angular and effective mass distributions. The
distributions vary with increasing plT?ﬁ_ effective mass,
and are closely followed by the fits. In all the pIT'IT mass
regions, the data was fitted well using only A(123%6) 1T
and three body phase space deceys. The relative contributions
of 1/2%, 3/27, and 5/27 pTT systems decaying via A(1236)TT
end also of three body non-resonant decay of the pTl IV system,
are shown in figure 3.18 normalised to the total number of
events in each.pTFW-mass region.

There are no rapid fluctuations in these contributions
from one pT N mass interval to the next, 3/2 seems to
dominate at low pTi'M masses (below 1.55 GeV/c2),while 5/2+
" dominates the high mass regions. We see no evidence for
l/é+1n the lower mass region,and do not therefore interpret‘”
the 1500 MeV/c2 enhancement in the prWfblot as the Roper
resonance, The large 5/é+contribution in the upper region
suggests that the pTﬁﬂ—enhancement at 1700 MeV/c2 observed

# ] +
in our data can be identified with the N(1688),JP=:5J2,seen



in phase shift analysis. The comparatively large amount
of non-resonant three body decay in the 165@ ~ 1750 MeV/c¢™
p T mass region.confirms the conclusion reached in section
5 that the branching ratio of the 1700 MeV/c” enhancement
via A (1236)7T is lower than the background pﬂﬁT-branching
ratio via A(123¢)7T,

The fits to the pﬂﬂ_ and pTT_ mass spectrum in the
1700 MeV/cl pT T region using decays via A(1236)T and
phase space only, reproduce the features of the data well,
without the inclusion of Nﬂil470)Tr+decay terms. When these
terms are included, no improvement in the likelihood functicn
is obtained, snd the highest likelihood corresponds to a
negligible amount of N (1470) T*

II1.7 Conclusions

The pTT'TT” system from the reaction:

K'p —> K'p e
shows enhancements at 1.5 GeV/c™ and 1.7 GeV/c™. These are
absent in the reaction

kﬁ‘P ___% kOP .n.'t‘n-o

and we therefore assume that they are I:=% structures.
| By considering the angular distributions of the normal
to the pffﬁ-decay plane,and also from a model-dependent
analysis of the Dalitz Plot and decay angular distributions,
we conclude that the pﬂhﬁ—region below 1,5 GeV/c2 is
predominantly JP=.3/éuwhile above 1.6 GeV/c2 Pxﬁ5/é+is

dominant. We see no evidence for the 1500 MeV/c?
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enhancement in our dala being the Roper resonance, snd
no evidence that the N (1700) decays via the Roper
resonance, If %+ states do occur, they do not decay
predominantly through A(I’L.Zé) 17,

If we take the number of events corresponding to
the decay of the 5/2% system via A(1236)Tr relative

to the non-resonant decay, we find a branching ratio

of 50% for decay via A(1236)TT,
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Figure Captions

5.1 Diffraction Dissociation diagram for production of
N¥(1700)
3.2)Effective mass pfi Y from reactions K}»K}ﬁ"n‘; and K}»;»%ﬁqu“-g‘T‘o
3.3) The hatched distribution shows events with |
A(p/pTrTr ) < 0.5 (GeV/c)®
¢4 I-spin Clebsch-Gordan coefficients for I=3/2 N
production in K+p interactions
3,5 Bxponential fitsto &ip/ﬁTfWT') distributions for four
| 'prWT' mass intervals
3.6 Diagrammatic representation of peripheral pT'm~ =
production in K'pT™m~ final state
3.7 Go-ordinate system defining Berman-Jacob & and # angles
3.8 Moments of spherical harmoniés across the Berman-Jacob
» 6 and # angular distributions, for six pT™” mass
intervals, A
"%.9 Percentage of events with 1,16 < M(p?F)<: 1.28 GeV/c
for pTT™T~ mass intervals 50 MeV/c:L wide .
3,10 Co-ordinate system used in Dalitz plot and angular
Gistribution analysis of pT' T system ‘
3,11 - 3.17 For seven 50 MeV/c wide pTr” maés intervals:
| (Top and centre) Fits to the azimuth ahgles of
figure 3.11 for the pTr (left) and pTr (right)
two body systems.

(Bottoh) Fits to the pTr, pT" and " effective

mass spectra.




3.18 Number of events with J°= 5/27, 3/2 and 1727 decaying
via A(1236)77, end (bottom) via three body phase space,

for the pTT mass intervals of figures 3.11 -~ 3,17
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CHAPTELR IV

s G e e e . o s S P

o+
A (1900) Production.

IV.1 Introduction

Several doubly charged baryon resonances with masses
higher than the well established A (1236) have been
inferred from phase shift analyses, including two with
masses in the 1670 MeV/c2 region, and three resonances
of mass around 1900 MeV/c*. The masses and widths of these
resonances are not precisely knowﬁ. The spins, masses,
widths, and branching ratios of these resonances from
formation experiments are summarised in Table 4.1, which
is derived from ref, 4.1.

Production experiment data for the I=34 region around
1900 MeV/c* suffers from the inability to distinguish
between the three resonances in this region. However,
investigation of the reactions in which an enhancement
is formed at 1900 MeV/c*, and the determination of the
relative branching ratios via inelastic channels, gives
information which is not easily obtainable from phase
shift analysis. Enhancements at 1900 MeV/c”, attributed
to 1=3, resonances, have been seen in Tp, MMp, and pp
bubﬁle chamber experiments. (See refs. 4.2, 4.3, and 4.4).
In the Birmingham-Glasgow-Oxford 10 GeV/c experiment, the
suthor has studied the channels: |

K'p —> KpT'm™ | (1)

K'p —> KpTmTTe ' (2)
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K+P —> KT (3)

K'p —3 Kpmirtnm (4)
for evidence of the process:

K'e —> KA (1900) (5)
with subsequent decay of the &+via two body, threé body,

or four body modes.

The channels: ’ kﬁ:-«» Kq3ﬁ+ ((6)
Kp — Kprime (1)
K'p — K"Fn“"ﬂ*n" (8)

where the reaction:
s .
K'p —>K A (1909) (9)
could occur, have also been investigated,

: ' ++
I1V.2 Evidence for Existence of 4 (1900)

The prkmass spectrum for reaction (1) is shown in
figures 4.1(a) and 4.1(b), where only events for which
£ (p/pT) < 0.5 (GeV/c)’ are included. Z§+(1236) production
dominates this mass épectrum. There is also strong evidence
for an enhancement at 1.9 GeV/c® pT effective mass.

The pT'T° end nT'" mass spectra from reactions (2)
and (3) are combined in figure 4.2. In addition to imposing
the condition Zf(p/(Nnnfﬂ')‘< 0.5 (GeV/cf‘, events from
reaction (2) which have M(T*1T°M") within the W (780) band
(0.74 - 0.82 GeV/c*), or M(K¥TT°) within the K'(890) bend
(0.84 - 0.94 GeV/c*) have been omitted here, and in

subsequent sections of this chapter. An enhancement at

1.9 GeV/c* is prominent.



The pIVIT'T mass plots were investigated in the six
prong events of reaction (4). No clear enhancement was
visible in the 1.9 GeV/c2 region,B which places an upper
limit on the cross-section for decay of the A (1900)
via pTT*rf¥f" .

No evidence for a doubly charged baryon resonance at
1.9 GeV/c2 was obtained from reactions (6), (7), and (8).

The production of the A(1236) in the reaction (1)
includes a high proportion of events formed in the quasi-
two-body reaction: (See ref. 4.5)

tp — > He* (+:.), I1 %)

An estimate for the proportion of events from reaction
(1), proceeding via the (corresponding quasi-two-body)
reaction (1*) can be gained from figure 4.3. This shows a
K*7T~effective mass plot obtained by subtracting the xVT"
mass distribution for two p.TI'@guard bands from the KIT
mass distribution for events in the AM}1900) peak.

(The pTf mass region corresponding to the A (1900) peak
was taken here as a 300 MeV/c2 wide band centred on a pTr*
mass of 1.915 GeV/c”. The guard bands were each 150 MeV/c2

wide.) The percentage of events in figure 4.3 in which

* The probabilty of observing the A (1900) in the pT plots

of reaction (4) is reduced by the iollowing factors:

a) the subsample of film from which the data of reaction (4)
was obtained is smaller than for the other reactions.

b) there are two combinations of pH' for each event.
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K¥(890) is formed is around 58% (¥ 5%), compared with 7%
(f.5%) in the pr+ guard bands.

d A background subtraction, similar to the method outlined
above, but for the K" nmass distribution of reaction (1),

o
has shown that the A (1900) peak is not a kinematic .. :

reflection of a K"~ resonance.

1V.3 Mass and Width of & (1900)

The number‘of events in the prfmass distribution of
figure 4.l(b), from reaction (l), decreases. rapidly with
increasing pr'effective mass. The pTﬁ'effective mass
distribution between 1.4 GeV/c2 énd 2.76 GéV/cz was Titted
satigfactorily by a linear background term, plus simplel .
Breit-Wiigners to represent the [;KIQOO), and the influence
of the /(1236) on the background.

F= (a+bM)I + Bw (8™ (1900) + BW (8" (1234)))

2
where BW = X (%E)

(P (5

The results of this fit were:

MASS = 1.915 GeV/c’“ (¥16 MeV/c*)

WIUTH = 190 MeV/c? (X35 Mev/?)
The fit is shown superimposed on the;pﬁ+effective mass
distribution iﬁ figure 4.4. |

A similar type of polynomial fit to the 54(1900)
enhancement formed in reactions (2) and (3) would have been
of doubtful value, due to the shape of the background -~ a
visual estimate of the central mass of the peak in figure
4.2 gives a value of 1.88 GeV/c". The width is difficult

to estimate, again due to the behaviour of the backgroundg,
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but appears slightly less than the value obtained for
reaction (1).

IV.4 Cross-Sections and Decay Branching Ratios

The production processes for the /N (1900) are

identical  in reactions (1), (2), (3), and (4), viz:
o —> k" A (1900)

The pranching ratios of the AHK19OO) which are
observable in reactions (1) to (4) can thus be obtained
directly by comparing the cross—séctions in Table 4.2.

The number of events in the 6H11900) peak in reaction (1)
was obtained by integrating the Breit-Wigner multiplied
by the linear function used to parameterise the [§71900).
The number of 57\1900) events above backgroﬁnd in figure
4.2 was obtained by subtracting guard bands 80 MeV/c* wide
from either side of the peak (1.84 -~ 1.96 GeV/c™) of the

(Nﬂﬁf*' mass distribution,

From Table 4.2, the branching ratio
(NITTT)++
(NW)++

with an error of the order 15%.

A s00) —> ~ LO %

A\
& (1300) —> %ﬂ < 10%

The three body decay AY(1900) —> pTM° seen in

reaction (2) includes the following possible decay processes:

rll-!--i-(nu,)ﬁo ___} P.n--hl—ro (a)

A (3Tt —> premT (b)

D) ‘—9<F’P+(7"°) e ()

(d)

\Pﬂ+ﬁ°
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In figure 4.5(a), the percentage of events from
reaction (2), with pTT" mass lying in the [Y?l236) band,
is plotted for eleven 100 MeV/c1 wide bands across the pﬂﬁTo
mass distribution. The smooth variation of this percentage
below 2,1 GeV/c? suggests .that, in evaluating the branching
ratio of the Dr11900) peak via [§21236)7Tﬁ a background
subtractionlis unnecessary, since the background and peak
behave similarly. The percentage of events with I 1T° mass
in the pP(765) region shows a peék for M(pT'1T°) around
1820 MeV/c” (see figure 4.5(b)): this will be discussed
later.

We used the programme FOWL (ref. 2.10) to generate phase
'space events for the isotropic decay to plll of a system of
mass 1.9 GeV/d", and width 200 MeV/c*. (FOWL run 'A'). We
also generated events for the sequential decay: |

| A(!900> - PP —> PTT - ( FOWL run 'B.':)
For tﬁis restricted region of pTIT mass, the pTT effective
ﬁass distributions from run fA' and run 'B' did not differ
appreciably, indicating that the kinematic reflections of
€(765)1produc£ion can be ignored when assessing the /\(1236)
contribution to the pTl mass distribution.

FOWL run 'C*® corresponded to the sequential decay:

A (1300) —> Afinag)m, —> PR,
in which the pTr, mass distribution was a Breit-Wigner
representing the {(1226), while thehpTﬂgméss distribution
was the kinematic reflection of the (5(1236), (The T4,

spectrum was almost ijdentical to the [TTT pure phase space




spectrum from FOWL run -'A': thus, conversely, [\ (1236)
reflections can be ignored when calculating the f9(765)
cross~-section from the TIT mass spectrum).

Finally, the programme FOWL was used for the fourth

time (run 'b!) to simulate the coherent decay:

B(1900) —> [E AT (236) T — [{= A (n3e)Tr
pTT Ly prre

+
where the A (1236) and [f(1236) terms are related by

I-spin. (The I-spin Clebsch-Gordpﬁ coefficients for the

process are:

X T
A (1900) [:/

s a3y

8(23) e -'-} PTT*n‘"
pT'(T+ ,
ﬁ\) nartrt ).
The two one~dimensional pr any pT°® exponential mass
distributions, for the events from reaction (2) in the
AH(1900) region (l.8<u(pmrtr® )<2.0 Ge\(/c’*), were fitted
simultaneously, to the function §, given by:

S(M, 1) = N(X Ry, My) + (1= %) § (M,M,))
where M , Mz'are piwt, pIr® effective masses respectively
N is the number of events
F  is the pT" & pTT° mass distributions from FOWL
run 'D!
FA is the pTlT - pT7© phase space distribution from
FOWL run ‘A
X isﬁthe fraction of [A(1236)1.
The % fit, over 18 bins of the p7 and pTI°® effective

mass histograms, is shown by the dotted curves in figure 4.6,

The fit to the p 77t mass histogram is good, but the amount



b

o, X
of [§(1256) in the p 11° mass plot is overestimated. A
. F L . 44 .
second X - fit, in which the relative amounts of [\ (1236)7°
+ +
and /1 (1236) T were allowed to vary independently, is
shown as the dashed curve, The function S, fitted to the

experimental histograms can be written:

Su(MuMy) = N (G Fe(i, Mo) X Fe (My, M) (1=X,= Xq ) By (4, M)

where F. is 'the p1l, -~ p 1, mass distribution from FOWL
run 'C*' '
X, is the fraction of  A(1236)T°
il is the fraction of A'(1236)TrY

The second curve is a better fit to the data. The
percentage of events going via A(123%6)T to p7W'w® is
37% by the first estimate, and 28% by the second method.
Thé overestimate of A (1236)T" production produced by the
coherent decay model perhaps may be caused by the crudeness
of applying pure three body phase space as a background
term to describe a pT*m°® system formed in 10 GeV/c - ..
interactions. The lower value of 28% via [(1236)T gives
the bettgr fit.

The percentage of events from the [Til900) peak
which have IT71° effective mass in the f#(765) region
Avariés‘rapidly gbove P threshold (see figure 4.5). A
simple background subtraction method to obtain the
branching ratio of the £7(1900) would not be reliable.
Instéad, phase space T effective mass distributions,

formed in the three body isotropic decay of a pIrIT system
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were simulated using the programme FOWL. Three such
distributions were used: one corresponded to the [f+(1900}
region (1.8 <ZM(pTTW ) < 2.0 GeV/cl),‘while the other two
were for 100 MeV/c™ wide gﬁard bands on either side. These
phase space distributions, normalised appropriately, were
compared with the experimental T'IN°® effective mass
histograms for the same pTT*TT° mass regions (see figure 4;I)e
An estimate of P(765) production was obtained for each of
the three regions. The guard band figure Wére then subtracted
from the central region, and this gave an estimate of less
than 16% for the percentage of events in the ﬂr+(1900)
peak.gbing via F¢(765)p. |

~ Table 4.3 contains a summary of the information on
branching ratios evaluated in this section.

The differentialAcross~section for production of the pf™
combination in reaction (1) was also ihvestigated. The
four-ﬁomentum-transfer—squared distribution from the-target
to the pT" system, for 100 MeV/c® wide pT" mass regions,
using events from reaction (1), was fitted to an exponential
of the form A exp(-b &" ) over the range 0.1 < N (p/pTtt )€ 0.5
(GeV/c)* . The exponent, as a function of pTtt effective
mass, is plotted in figure 4.8. The [f?l?}ﬁ) is produced
peripherally. The 1.9 GeV/c® differential cross-section

falls as exp(-2.5 &)
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IV.5 Conclusions

A doubly charged baryon enhancement occurs at 1.9 Gev/c™

in the final states kﬁﬁ*Tfﬁp and k'™ (Nmr)tt
corresponding to the reaction:
K*"P —> ket AN (1900)
There is good evidence for the quasi-two-body reaction:
K = K*(290) A" (1300)

The enhancement at 1,9 GeV/c* has not been identified in

1

reactions of the type:
K's  —> k° 0" (1900)
This may suggest thét the enhancement is formed in & pion
exchange process. Pion exchange is forbidden at the kaon
vértex of this last reaction. Branching ratios for the
A++(1900) show that the elasticity of the resonance is not

higher than 60%. Roughly 30% of the three body decay to

p T+11® proceeds via the A(1236)T intermediate state.

The pfﬁ‘ branching ratio is small if it exists. Uni@ue

jdentification of the resonance is impossible, since the

background is much too high for the resonance spin to be

determined,
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Figure Captions

4.1(a) The pTT" effective mass spectrum from the

final state. Events with A(p/pT* ) > 0.5 (GeV/c)

omitted.

4.1(b) The same as figure 4.1(a), with a different vertical

4,2

4.3

4.4

4.5

4.6

4.7

4.8

scale.

The plT*ITo effective mass spectrum from the !{?{Wfﬂ"ﬁ°
final state (events with 0.74.< M(T" 1" ) < 0.82 GeV/c?*,
and 0.84 < M(TT°1") < 0.94 GeV/c* antiselected), added
to the nTI'M*  spectrum from the Kk T ™M™  final
state. Events with A(p/ (N7 )™ )> 0.5 (GeV/c)" omitted.

K™ effective mass spectrum for Df?l900) peak, with
background subtracted.
The polynomizal fit to the pTT+ effective mass spectrum,
between 1.4 GeV/c” and 2.76 GeV/c*.
Percentage of events for K*F>W+N-7T° final state,
with (a) p 1" effectivevmass within 4[??1236) band

(o) T'® effective mass within FR765) band.

Fits to (a) the pU™, and (b) the pT° mass distributions
from the decay of the 5Hfl900) into pTUTT® , via
N(1236)TT or thrée body phase space.
Phase space TTIT distributions, compared Wiﬁh experiment,
for the central E+(1900) region (1.8 <M(pm'm®)<2.0
GeV/c*) and two 100 MeV/c™ wide adjacent guard bands.
Four-momentun-~transfer-squared from target to pTT+

system in kﬁ)WTﬂ"‘ final state.
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Chapter Vv
Single Particle Distributions

V.1l Introduction

in this chapter, single particle distributions in the
10 Gev/e K+p experiment are investigated. K+p experiments
provide useful data for the study of momeﬁtum distributions,
since each 'leading particle' can be identified after the
reaction.

Momentum distributions fqr kaons, protons, and pions are
investigated using data from events which have been
kinematically fitted. Single particle distributions for
neutral K-mesons and negative pions are obtained from the
data from events in which the interaction vertex has not been
fitted. These distributions correspond to the reactions:

| Kp —> kX (1)
" where the system X™ has the quentum numbers of an I= 3/2
baryon system, and: v

Kﬁp — T K (2)

The single particle data is parameterised in terms of the
four-momentum-transfer-squared from the incident kaon to the
particle, and the effective‘mass of the system X, fqllowing
the methbd of Beaupre et al. (ref. 5.1) which was applied
to K° production in Kfp interéctions at 5 GeV/c and 8 GeV/c.

The X° results obtained at 10 GeV/c are compared with those

of reference 5.1. The negative pion distributions are

compared with published K'p data at 12 GeV/c (ref. 5.2).

L)
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V.2 Fitted Momentum Distributions

The Peyrou plots of transverse momentum agsainst
longitudinal momentum in the overall centre~of-mass, shown

in figure 5.1(a), contain data from the four-constraint

reactions:
- +
K P — ,k?F -
—_ k¢FTT ™
___) ‘ K.'?‘P ﬂ.éuﬂ.'l'ﬂ—’r\.-

while figure 5.1(b) shows the data for the'reacfions with a
visible K :
: PCtP — k(?:TT*
— KOFW‘YTV*TT_
—> KT
The kaon &nd proton centre-of-mass longitudinal moments
aré peaked in the same direction as the incident particles, as
' expected., The pions have low centre-offmass longitudinal
momentum, There is a forward £endency of the TI' in figure
5.1(b) for K° production (where K?7890) production involving
the 17 is possible) relative to the isotropic distribution
in figure.5.l(a).
The average transverse momentum for the protonsiand kaons
(both chérged and uncharggd) is independent of multiplicity,
but is greater than the average transverse momentum of the

pions (which is also independent of multiplicity). The

s re:
transverse momenta, averaged over the reactions above a
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PARTICLE TRANSVERSE
MOMEN TUM
(Gev/c)
Proton 0.44
Kaon ' 0.43
Pion( -ve) | 0.34
Pion( +ve) 0.33

The variation with multiplicity of the longitidunal centre-

of-mass momentum for kaons and protons is pronounced, and is
shown in figureiﬁ&Z, The proton momentum decreases linearly
with increasing multiplicity, independently of whether K+'or
K® is proauced in the reaction. This linear decrease of proton
longitudinal momentum with increasing multiplicity (from two to
seven prongs) has not been previously observed.

V.3 The Reaction K'p > x°x**

The data on this reaction uses the V° eVents'in which the
decay vertex fits a K° decay hypothesis. No attempt at fitting
the interaction vertex was made, The data, therefore, includes
events in which unseen neutral particles are produced. The
chamber weighting, described in Chapter 1I, was used to
correct for K°'s decaying outside the fiducial volume.

Table 5.1 shows the cross-section for K° proquction along
with two, four, six, and eight charged particles, and an
undetermined number of unseen neutrals. The data at 10 GeViec:
is from Chepter II, and the other data is from ref. 5.1.

o .
indivi - ons
The individual two, four, and six prong K~ cross secti
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vary considerably between 5 and 10 GeV/c, but the total cross-
section for K° production, which is the sum of these, remains
remarkably constant'around 5.7 mb, which is 1/3 of the total
K+p cross-section.

V.4 The Reaction K'p->m xt++

The negative particles produced in a K*p experiment yield
a comparatively pure sample of negative pions. The
contamination can be estimated by considering the cross-
section for production of pairs of strange particles,
relative to the cross-section for producing pion pairs,
e.g8. the reactions:
K‘”F — K*PW"W'
HP —> k"PK*K'
have cross-sections of 1317Ab and 43AMb (ref.2.4). Using
data from negative tracks from unfitted events should give
a sample of negative pions containing iess than 5%
contamination from negative kaons.
The total cross-section for negative pion production in
10 GeV/c K¥p interactions is 11.41 mb (¥ 0.9 ). Data from
four and six prong events was available. The cross-section
for negative pion production from eight prong events is only
5.5¢ of the total cross-section (see Table 2.2), and so the
omission of eight prong data from the distributions should

not have an appreciable effect.

V.5 Parameterisation of Single Particle Data

The value of parsmeterising the deta is that comparisons
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between experiments at different energies can then easily be
made, in order to investigate scaling behaviour of the variables
,involved., It is important that standard methods are used.
Published dataralready exists for Ko distributions in K+p
experiments at 5GeV/c and 8.2 GeV/c (ref. 5.1) end for negative
pion distributions in a K'p experiment at 11.8 GeV/c (ref. 5.2)
To describe single particle production completely, two
independent variables are required. The four-momentum-transfer-
squared (t) from the incident particle to the single partiéle
considered, and the effective mass (M) of the recoil system, is
one such pair of>variables. Alternatively, the longitudinal and
transverse momentam(pl and pT) of the particle caﬁ be used.

V.6 Mass Distributions

The mass spectra for system X from the reactions (1) and
(2) are illustrated in figure 5.3. Over most of the kinematically
"allowed region above about 2 GeV/cZ, the cross-section rises

exponentially to its peak value., Fitting an exponential of the

form: ao
ay 0 exp(kM) (5.1)

to the range of the mass spectrum shown in figure 5.3 gives
the curves of Tigures 5.4(a) and 5.5(a). Table 5.2 shows the
fitted parameter values and errors, and the effect on the
distributions of applying a cut on p' (t'=jt-tyn|) where

t = the four-momentum-transfer-squared from the incident kaon,

and t is the minimum possible |tbvalue for the effective mass

MIN
M. The values from reference 5.1 are included in Table 5.2 for

compearison.
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While the sharpness of the exponential peak of the mass
distribution for reaction (1) decreases substantially between
beam momenta of 5 GeV/; and 8,2 GeV/c, the values at 8.2 GeV/c
and 1V GeV/c are, within experimental error, identical. The
mass distribution for reaction (2) is more peaked than for
reaction (1): in reaction (2), fragmentation of either the

e

target proton or the incident kaon into the system X (which

has quantum numbers B = 1,8 = 1) is suppressed (ref. 5.3).
X++* is therefore most likely to contain fragmentation products
“of both target and beam, which will be moving rapidly apart in
the overall centre-of-mass system, and therefore the effective
mass distributions will be peaked towards high values. In reaction
(§), the system x* (B=1,8=0) is a favoured fragmentation
product of the target proton, and it is possible therefore that
this systeh will sometimes contain fragmentation products of

" the proton only, which will tend to have lower effective mass.
The same qualitative behaviour of the mass spectra wouid also
be expected from a multi-Regge picture.

V.7 Four-Momentum-Transfer-Squared listributions

The t' distributions (t'z {t. - ty,,}) from the incident
kaon to the K® and T of reactions {1) and (2) are shown in
figure 5.6. Figure 5.7 shows the t' distributions for three
500 MeV/c wide bands of X** mass in reaction (1). The
straight line represents an exponential fit, from t'=0 to

)1 to each distribution, It can be seen that

t'=1 (GeV/c

»

these fits also describe the data reasonably well out to
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2
tt=2.0 (GeV/c) . The t' distributions for events lying in
narrow mass bands 100 MeV/c* wide over the range

.{. -.

2.1<M(X" ) < 4.0 GeV/c® {(reaction (1)) and 3.0<u(x**" )< 4.1

2 .
GeV/c™ (reaction (2)) were fitted to exponential functions

of the form:

clO"') A ( v

&2 = 07 (m) exp(- At')

N t (502)
dt M= const P

For reaction {1), the t' distribution out to t'=1 (GeV/c)*
was fitted, but for reaction (2), where the t' distribution
is less sharply peaked, the fitted range extended to tt'= 2

(GeV/c)*. The slope parameter, A, is shown, as a function of

mess, M, in figure 5.8, for both reactions. A function of

the form:

Af = CP’\_M (5.3)

was fitted to the slope parameter values for each reaction,
as in reference 5.1. The experimental distribution from
reaction (1) appears to have some structure, and so the fit
represenﬁs only the average behaviour over the range. fhe
values obtained for C and o\ are:

K —> kX' =32 o= 2§

< o c=73860 ob= bl
The values for the K° reaction agree with those quoted in
reference 5.1, (C=26,0{= 2.3), which were obtained from
the combined data from the K'p experiment at 8.2 GeV/c, and
e K'p exﬁeriment at 10.1 GeV/c. |

éhe full parameterisation is obtained by combining

expressions (5.2) and (5.3), which give the differential




The full parameterisation of the data in terms

of M and t' can now be expressed as:

.4:.9:‘ = gC [\/“‘& QKEB'\‘T{] - Cmﬂdt,]
dt' M v [ — QKPGCTM"O

where T=1 (GeV/c)? for reaction (1)

(5.4)

T=2 (GeV/c)2 for reaction (2)
M is the récoil effective mass
t' is the difference between the four-momentum-transfer
~-squared from the incident kaon to the particle,
and the minimum possible four-momentum-transfer-
squared for effective mass M.
The other parameters have been defined and evaluated
previously,
This parameterisation is obtained by combining expressions
(5.2) and (5.3), which give the differential t' cross-section

for each mass value, with expression (5.l1) containing the
differential effective mass cross-section,

Formula (5.4) is valid over the ranges:

0<t'< 1 (GeV/c)?

(reaction 1)
2.1<H(x) < 4.0 Gev/c?
0<tr< 2 (GeV/c)?
3 < M(xTH) <4.2 GeV/c2 (reaction 2)

The mejority of events is contained within these ranges.

V.8 lLongitudinal Momentum

The Feynman x veriable ( x=2P.) distribution for
' NS




reactions (1) and (2) is shown in figure 5,9. ‘“the
distribution is peaked at x=0, as observed in other experiments.
Exponential functions, exp (-B x ),fit this distribution well,
on ei@her side of x=0. The distribution is asymmetric,
with a sharper.fall towards negative values of x than
towards positive values. The negative side of the
distribution,»from p;,= -1.0 to p,=0 (i.es x=-0.448 to x=0)
gave the parameters: | .

41 wb {(*+0.9), B=9.30 (*0.16)
This compares with the values |

| ~ 40 mb, B=10.6 (*0.7)

from the fit to the backward T spectrum in K'p data at 11.8
GeV/c (ref. 5.2). The corresponding fits for the forward
part of the distribution (fitted from x=0.0 to x=0.448) are:

40 mb (*0.8), B=6.09 (£0.1)
compared with: ~40 mb B=@¢0-(f0.5) at 11.8 GeV/c
Comparing the numbers at 10 GeV/c (centre-of-mass energy 4.46
GeV) and at 11.8 GeV/c (centre-of-mass energy 4.8 GeV)
indicates a trend towérds stronger peaking of the W x-distribution
about x=0 as beam momentum inéreases. Por reaction (1), the
K° disﬁribution peaks at around x=0.2, and has a rounded
maximum, rather than the sharp péak of the distribution in
reaction (2). The sides of the K° distribution ( over the

ranges -le<pL< 0, and 0.5 CpL< 2.0, or -0.448<x<0.0,
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0.224<x<0.896) fitted to the exponentials gave the values:

7.95 (£0.25)mb, B=6.65 (+0.18) for x<0 and

19.3 (f0.68)mb, B=3,32 (£0.07) for x >0. The authors
of reference (5.1) have not performed a similar fit to their
data. However, supcrimposing a curve to represent the 10 GeV/c
K¥p data on figure‘4 of reference (5.1) gives an approximate
comparison. The slight trend towards steeper exponential slopes
which is discernable in figure 5.10 for the K'p data at 8.2 GeV/c,
compared with the 5 GeV/c daﬁa, continues when the beam momentum
is increased to 10 GeV/c. The energy imdepéndencé=for dF/dx
mentioned in references 5.1 and 5.2 does not, therefore, seen
to hold accurately, at least in K+p iﬁteractions between 5
and 11.8 GeV/c , for ‘T and K° distributions. Compérison with
- data fromrthe 16 GeV/c K+p (ref. 5.4) experiment, when this
becomes av‘&ilable‘, should help to clarify this.

The Feynmen variable, f(x, p;), (seé Chapter I) was &lso
investigated. It was found that, as in referenceAi5.2),§§CIsF§)
was not independent of p. (i.e. f(x,p;) cannot be factor:sed
into g(x) = h(p,) for T or K° distributions. The f(x,py)
distributions for K° and T from reactions (1) and (2) are
shown in figure 5. 11, integrated over P.. It was found that
an exponential function of X did not fit these dlstrlbutlons
satisfactorily.. Confirmation of the SCaling behaviour of x
for the f(x,p;) distribution will depend on data at other

beam momenta (in a suitable form for comparison) becoming

available.
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V.9 Conclusions

Momentum spectra from events which have been kinematically
fitted, show that ﬁhe 'leading particle! behaviour which is
observed in longitudinal momentum distributions may also be
exhibited, though in a much less pronounced way, in the
transverse momentum distributions,

Inclusive data for T~ and X° production in K*p interactions

at 10 GeV/c, when compared with T data at 11.8 GeV/c, and
K° data at 5 and 8.2 GeV/c, suggests that the distribution
in the Feynman variable x is not energy independent at these
>energies.

The cross-seetion for K° prqduction in K+p intefactioﬁs
is, however, constant within experimental error between beam
momenta of 5 and 10 GeV/c, and equal to 1/3 of the total K*b
cross~secti§n.

To establish the validity of Feynman's ideas mentioned

in Chapter I; data at different beam momenta relating to the
Feynman ’F' variable is needed,,presented in a manner which

allows comparisons between different experiments.
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5.1

5.2

In the following figure captions, reaction (1) refers to the

5.3

5.4

5.7

5.8

Figure Captions

Peyrou Plots (transverse momentum against centre-
of-mass longitudinal momentum) for: |
(a) Kg, p,ﬂd} and W from two, four and six prong
events without V°

(v) As (a), but for events with associated K’ decay.
Average centre-of-mass longitudinal momentum for kaons %
and protons'for two,four and six prong four-constraint
fits (with and without VO)’ plotted against the number

of secondary particles

reaction: K+p > xo%%*
and reaction (2) is: - K+p-$TfX**+

Recoil effective mass for (above) reaction (1)

(below) reaction (2) %

BExponential fits to recoil effective mass for reaction(l)

(above) for all events

(below) for events with 't'(K/KO)<1,o (Ge‘/’/c)2

As for figure 5,4, but for reaction (2). | |
t’(KyKo) distribution for reaction (1) (above), ;
and tMK'/10) distribution for reaction (2) (below), ?
Exponential fits to t'(K/K°) distribution (reaction (1));?
for three 500 MeV/c2 wide recoil mass intervals, f

Slope parameter from exponential fits to t' distributions

for reactions (1) and (2), shown as functions of recoil 3@
effective mass, The straight lines represent the fits

of equation (5.3) to the distributions.




5.9 Feynman 'x!' (=2pL/fEU distributions for reactions
(1) and (2), The straight lines represent exponent-
ial fits to the data

5.10 The Feynman 'x' distribution from the Glasgow 10 GeV/c
experiment (reaction (1)), shown as a smooth curve,
superimposed on the data contained in figure 4 of
reference 5,1. The right-hand diagram contains
data from K'p interactions at 5GeV/c, 8.2 GeV/c and
10‘GeV/c, while the diagram on the left shows data
from the K+p experiments at 8 GeV/c and 10 GeV/c,
and K™p data at 10,1 GeV/c.

5,11 Feynman 'f! distribution for reactions (1) and (2)
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Polly at Glasgow

Vi.1l Introduction

The vast increasé in the amount of film from bubble chambers
in the last decade has necessitated a matching increase in
automation of the data handling systems. Several on—liné
film measuring systems have been developed. Some of these are
computer controlled,requiring operator intervention only in
certain cirduﬁstances, while othérs are operator guided and
use the on-line computer to record and check the measurements.

VI.2 S.M.P., System

The Scenning and Measuring Projector (S.M.P.} was devised
in 1960. These machines require an operator,who guides a
rotating periscope system (see figure 6.1) along track images
érojected onto a flexible opague white blind. The moving track
image is detected by a photomultiplier below the bench mark |
plate, and the position of the track segment obtained by adding
the periscope co-ordinates (R,0) vectorially to the bench mark
position. The measuring rate attainable with an S.M.P. machine
is of the order of 12 or 13 events per hour. The overall
accuracy of the S.M.P. system is of the order of 2 microns on
f£ilm (ref. 6.1). The 'least countt accuracy for one individual
digitising is around 5 microns,

The main disadvantage of the S.M.P. system is the lack of
bubble density information., Also,the area of film which can be

ﬁeasured js limited by the area of the bench mark plate.
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The digitising periscope is guided by hand,and so the pattern
recognition problems in, for example, finding associated
charged decays of neutral particles do not occur to the same
extent as with computer guided machines.

Vi.> H.P.D. System

The H.P.D. is a fast high precision digitiser. The flying
spot,which is produced mechanically from a fixed light source
(see figure 6.2), is around 10 to 15 microns in diameter - much
smaller than can be obtained from a C.R.T. spot without de-
magnification, The film is digitised by moving the film stage
perpendicular to the spot trajectory, and measuring the position
of the stage after each flying spot line, ¥

The small spot gives high accuracy digitisings, correct to
less than 2 microns on film, The overall accuracy of H.P.D.

measurenents is about one micron. The measuring rate is much

higher than for operator dependent machines like the S.M.P.'s -

100 events per hour being the order of magnitude (ref. 6.2).
The main disadvantage is that the tracks must be pre-

digitised fairly accurately before measurement, in order that

the large number of digitisings obtained from each view may be

reduced to those points lying within “roads" which are around
400 microns wide along the tracks of interest. Several

scanners snd scan tables are devoted to providing pre-digitisings
for one H.P.D, and the processing rate for each scan table |

(roughly ten events per hour) is comparable with the measurement

rate of the S.M.P.
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The amount of information obtained from digitising one view
isvlarge, and therefore a large amount of computer storage is
needed to hold this data before the filter programme can reduce
it. This problem is particularly acute with the DAPR system,
in which all the information from each view from the H.P.D.
is sfored as input for the pattern recognition programme,

VI.4 P.E.P.R.

The Precision Encoder and Pattern Recognition Device (PEPR)
utilises & high precision C.R.T. in which the spot is defocused
to form a line segment up to 2mm long. Both the position and
direction of tracks can be obtained from P.E.P.R. data.

The measurement rate for P.E.P.R. is roughly of the same
order of magnitude as the H.P.D. rate, although as many as 400
events ﬁer hour have been measured (on film containing two prong
events with vertices pre-digitised, ref. 6.3). |

One disadvantage of the line segment sweep in the P,E.P.R.
system is the impossibility of extracting ionisation information
from the data. A separate scan, in which the C.R.T. spot is
focused on the film, is necessary to obtain the bubble density.
Vi.5 Polly

Polly is, in concept, similar to P.E.P.R., except that the
foéused CRT spot is used to scan the film, instead of the line
segment used in P.E.P.R. A high precision CRT produces a
circular spot which can be deflected to any of 4096 X 4096
major deflection spots on the CRT screen, The spot performs

tslice scans', consisting of up to 128 parallel scan lines, in
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any of 32 directions, Digitisings from these scans give the
position and width of the track images on film. The Polly

- software uses the information from previous scans to follow
tracks across the film until a vertex is found. The region
around the vertex is then searched for tracks radieting out
from that point. Secondary tracks are then followed outwards
from the vertex. The origional Polly machine (ref. 6.4) at

- Argonne used pre-scanned film, with vertices pre-digitised
to 1lmm accuracy. Polly II at Argonne has successfully
measured unscanned film (pp 2.3 GeV/c film, measuring 2, 4,
6, and 8 prongs) at a rate of between 70 and 100 events per
hour (ref. 6.5). The Glasgow Polly will also measure -
unscanned film, requiring operator assistance only for
difficult events. The operation of Polly is slower than
P,E.P.,R., or H.P,D., due in part to slower hardware. On the
other hand, the elimination of pre-~scanning and digitising
of the film is an important advantage.

Distortions introduced by the use of a C.R,T. must be
corrected as far as possible in Polly. This is done in Polly
by pincushion correction in the deflection logic, and
residual distortion is corrected for by scanning a rectangular
grid‘and fitting a fifth order polynomial correction factor

to the measurements of the grid.

The accuracy is estimated at around 2 microns on film

for the Argonne Polly machines.
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VI.6 Polly at Glasgow

The Polly measuring machine at Glasgow is based on the
Polly 11 device at Argonne, with some alterations. These

Were necessitated by the following factors:
(a) Pictures from the CERN 2m HBC are 1arger than the film
belng measured at Argonne, \
(b) At CERN, the three views of the bubble chamber necessary
for geometrical reconstruction of the tracks are mounted on
separate rolls of film, while in Argonne the views are
mounted sequentially on one roll.
" (c) Argonne Polly is linked to a Sigma 7 computer, while the
Glasgow Polly shares an IBM 360/44 machine, and an IBM 2250
display unit. |

A brief account of the following topics, which are
'reievént to the woerk done by the author, is included below:
' (e) Optical System
(b) Messuring System

{¢) CRT Spot Deflection;Logic

(d) Operator - COmputer'Communication
(e) Filtering of Output Signal

Vi.7 Optical System

A diagram of the Glasgoﬁ Polly is shown in figure 6.3.
. There are two main optical systems using common components.
The»light from the CRT spot passes through the CERN 3 lens
and is divided into two rays by the splitting prism. One ray

" jg imeged onto the film (with a magnification of 0.68
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approximately ) » passes through the condenser lens, and is
reflected into the signal phofomultiplier. The‘other‘ray
passes from the splitting prism along an identical light path
(but without film), to the reference photomultiplier. The
pulses from the signal photomultiplier are measured relative
to the reference photomultiplier level, and are therefore
independent of variations in phosphor response across the
C.R.T. surface,

The other optical system produces an enlarged picture
(X’8.9) of the film view for the operator. When the rotating
mirror (see figure 6.3) is in the alternative position, light
from a quartz iodine lamp passes through the splitting prism,
and one ray is focused by the optical projection lens onto &
translucent screen in front of the operator. The two systems
are’interlockedvto switch the photomultipliers off while the
optical picture is displayed.

Vi.8 Measurement System

The Glasgow Polly has two measuring modes - a slice scan
mode, and a raster scan mode, which can be called to digitise
a larger area of the film in order to produce a computer
re-constructed view on the IBM 2250 display unit., The raster
scan‘mode is normally used only for difficult events, although
it could also be used as a substitute for pre-scanning if, for
example, only events of a certain topology are to be measured.

Vi.9 C.R.T. Spot Deflection Logic

The method of measuring the film consists of deflecting

the C.R.T. spot to the desired major deflection point, which
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can be any point on a square array of 4096x4096 points across
the C.R.T. face. (The array of major deflection points measures
128x128 mm. on the film,with the major deflection divisions

measuring 31.25 microns.) The spot then can scan‘along a short

line from the major deflection point (or scan line ‘'master point!)

in any one of 32 directions. The x- and y- deflection currents
to produce these short scan lines consist of ramp currents

which rise with constant speed. PFor directions which make

45° or less with the x (or y) deflection direction, the projection

~of the spot on the x ( or y) axis moves with the constant speed
of 8 microns per microsecond. The velocity of the spot (the
vector sum of the x and y motions) therefore varies as V/cose ,
where & is the angle between the direction of motion and the
X~ Or y-axis direction (whichever gives the smaller value of
|o}). after completion of one scan line, the spot is moved to
‘the major deflection point nearest to the first scan line
méster point ( in a direction orthogonal to the scan line
direction), so as to be positioned to move along a second
scan line, parallel to the first line. Up to 127 parallel
scan lines,covering a rectangular area on film, constitutes
a 'slize scan! (see figure 6.4).

The Argonne hardware logic to generate the slice scans

was found to be unnecessarily complicated. The author redesigned

this logic completely, using a less expensive series of logic

modules.
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This hardware logic consists of two sections:
(a) Slice Scan Direction logic, and
(b) Edge Count Logic

(2) Slice Scan Direction Logic'

The binary codes for the 32 possible slice scaﬁ directions
are illustrated in figure 6.5 The sequence of master points
for a series of scan lines is generated in the X- and y-
master point position counters. For scan lines in the first half
of the first quadrant, the x- and y- master point posifion counters
work by adding one to the x-counter, and advancing the y-counter
by a fraction'appropriate to the slice direction, For example,
the 'l in 4' direction ( directioh code 00001) is generated as
in figure 6.6 for an initial master point at (70,100), say.

For slice directions in the other quadrants where subtracting
4,3 or ¢ to one of the counters is involved, the fractional bits
"are subtracted from the position counters, but the position counf
is not decremented until the fractional bit equals one., The
t -1 in 2 ' line (direction 11110), for example, is illustrated
in figure 6.7

A five bit register specifies the direction of the slice
‘scan., The slice direction decoding logic is designed to enable
the oorreét sequence of master points to be generated from the
direction register, using & pulse from the computer which signifies
the beginning of @ new line. logic circuits, using DEC ‘'M' Series
Modules (ref 6,6), were designed by the,author to generate the

maester points. These have now been built and tested (ref, 6.7)
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and perform successfully in Polly.

(b) Edge Count Logic

The position of the C.R.T. spot, relative to the master point
for each scan line, is measured at any time by counting the
number of oscillator clock pulses which have elapsed since the
spot left the master point ( the t'ecge count').(The least.count
from this oscillator is equivalent to 4 of the time taken to
move the spot between two adjacent major deflection points. It
is convenient to ap§roximate the major deflection division size
on film, 31.25 microns, to 32 microns, One micron then equals
1.023 'Polly microns', and the least count from the oscillator
corresponds to between 8 and &/§'Eollybmicrons, dependiné on the
scan line direction). However, the master points for the scan
lines in one slice scan are not usually colinear (see figufes
6.5 and 6.6). To simplify the calculation of position on the film
" the edge counter is designed to modify the number of pulses
recorded, to compensate for this non-colinearity, so that
effectively the position of the spot is measured from the side
of the slice scan, rather than from the non-colinear master
points. The exact edge count modification for each scan line
in a block of four is, generally, a non-integral number of clock
pulsés (fhe relative position of the edge of the slice scan, and
the scan line master points,for slice scan directions in the
1st quadrant, are shown in figure 6.8). Using the nearest
integral value of clock pulses to the required exact modification

integers is considered in Table 6.1 From symmetry, only the
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five slice scan directions '0000U' to '00100' require to
be considered, and since directions '00000' and '00100'

need no correction, only 3 slice scan directions are

included in Table 6.1. Choosing the edge count modification

as the integral value nearest to the exact desired
modification gives the lowest error for directions '0000L!
and '0011°', while for direction '00010' the alternative
set of integers (third column in table 6.1) reduces the
residual error. The effect of increasing the clock pulse
frequéncy so that 8 or 16 clock pulses elapse while the spot
crosses one major deflection divisioh was also investigated
and is illustrated in Table 6.1. Doubling the clock pulse
frequency does not change the residual error sppreciably,
while four times the frequency gives a decrease in error
’(averaged over the three directions) from 0.51 microns to
0.17 microns. However, multiplying ghe clock frequency by
four would mean increasing the edge coﬁnter from seven to
nine bits: this would not then conveniently fit into the byte
structure of the computer, which has an 8 bit byte.
Alternatively, one could increase'the edge counter to eight
bits and half the width of a slice. The increase in accuraéy
would not make either of these possibilities worthwhile. The
residual error can be corrected in the programme.

Figure 6.9(a) is a truth table for edge count
modification. NLO5 and NLO6 aré the two least significant
bits of the 'number of lines' counter. These are used to

determine wﬁether a particular line is the first, second,
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third, or fourth of & block of four. The sequence recycles
after four lines; so only these two bits need be examined, "An
example of the finai logic drawings is illustrated in figure
6.10 ., This is the edge couhtér control derived from the truth
table of figure 6.9,. .

VI.1l0 Operator - CoMputer Communication

In the original Argonne Polly 1 system, a T,V. scan of
the film on a monitor oscilloscope was provided by a systém
which was separate from the precision measuring system and a
curéor on the monitor could be positioned by the operator to
indicate to the compufer regions of the‘film which were to be
measured., In Polly 11 at Argonne, a computer position?d
optical cursor on an optical projection of the film féplaces
the monitor oscilloscope and cursor, allowing the operator to
" see which region of the film is being measured. An I.D.I.
display C.R.T. displays the slice scan information to the
operator, and allows operator communication with the computer
whenéver necessary.

The Glasgow Polly does not have the optical cursor
facility on the optical projection of the picture because
early tests on the Argonne Polly indicated that for most
events the optical marker was not essential. (Initial
experience with the machine has, however, led us to believe
that with'ﬁore agifficult £ilm the optical marker will be of
such advantage that we intend to add this facility to our
machine). An alternative facility included in the Glasgow

Polly is the raster scan. This is produced by the same C.R.T.
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end electronics as the precision measuring slice scan mode,
and can be used, when necessary, to digitise one view in six
Or seven seconds., The spacing between the lines of the raster
scan is eight times larger thaﬁ the slice scan lines, and the
scan line length is also longer. The data from the raster scan
consisfing of the line number and centre co-ordinate of each
'signal pulse, is reconstructed on the I1.B.M. 2250 visual
display unit by a programme written by £he author.

The raster scan programme allows the operator to
communicate with the computer via the '2250' display keyboard
and track ball to indicate, for‘example, where the vertex
lies. This is done by positioning a cross on any point on the
picture, using the track ball. The '2250' picture can also be
enlarged by the operator about any point of interest, by
selecting an option on the programme function keyboard.

The number of points which can be displayed on‘the 12250
screen is limited by the size of the '2250' buffer. For a
typical frame,::only about one quarter of the raster scan
digitisings can be reconstructed on the screen.

VIi.11l Filtering of the Photomultiplier Output Signal

The photomultiplier output voltage is passed through &
filter, to reduce high frequency noise. .As mentioned
previously, Glasgow Polly is designed to measure film from
the 2m CERN H.B.C., which, with an image size of 128mm X 50mm
is approximately double the length of theAfilm dimension
specification for the Argonne Polly machines. The Glasgow
Polly design involved doubling the scale of the Argonne

machines. Thus the scan speed, deflection currents, and
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optical components are twice the size at Glasgow, and so the
filter likewise requitred modification to deal with the higher
frequency signals produced by the 8m/sec C.R.T. spot speed.
The filter used in the Argonne circuitry is a sine-squared
filter. To obtain the desired doubling of frequency éut-off, it
was decided to decrease the capacitors and decrease.the
inductances by a factor of epproximately two(the actual factor
being dependent on the values commercially available) from the
Argonne values. The author simulated the frequencj
characteristics of the new filter by using the programmé ECAP
(electronic circuit eanalysis programme - ref 6,8). The ECAP
prediction of the filter output (fdr a sine wave input) is
compared with the actual output obtained iﬁ figure 6,12. The
frequency characteristics (from ECAP calculations), end filter
design are illustratedyin figure 6,11, The phase lag varies
linearly with frequency ( @ = kT ,say, where k= ﬁ/@,axlc")). The
attenuation can be described fairly accurately below 400kc/s by
the function: ,
0.5(cos (f/F)+ 1), where F= 4 x10°/1T
| and £ = frequency.
The simplicity of’thesé analytic forms for the f?equency
charactefistics moke possible in the next chapter an
investigation of the output pulse sheape ahd duration obtained

from Polly hardware for various film and C.R.T. spot

conditions,.
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TABLE 6,1 - Edge Count Modification
Number of 4 clock 8 clock 16 clock
clock pulses pulses pulses pulses
per major
deflection .
division a b ¢ a b c a b c
Line 1 §0,94] 1 -~ 11,88 2 2 3.76 4 -
1An 4 pine 2 |1.88 2| -f3.76] 4] 4 {7.52] 8] -
Line 3 {2,83% 3| -l5,66f 6} 5 n1.,32f 11 1 -
Sum of
errors¥* 0,35 - 0,70{-,30 10,401 -
Mean
error* - 0'70% - 0,30 0,20} -
Tine 1 11.6] 24 23,2 1 51 - 16,41 61 6
2in 4 146210 |0 olo ol -1o olo
Line % 1,6 2 15,2 3 - 604 6 7
Sum of
errors* 0,8 0,2 0.41 - -0,8i0,2
Mean -
error* 2 004 004 - 011
Line 1 (1,9 2 - 13,84 4 - T 7T 8 8
5An 4 yine 2 11,28 1) -{2.5¢ 3] - Is.1 1 515
Line 3 (0,64 1 - 11,28 1 - 2,6 3 2
Sum of
errors¥* 0,16 0.3 0.6i~.4
. Mean
error¥* 0,39 D, 39 0.22
Column 'a' : Edge count modification (in clock pulses)
indicated from figure 6.8
Column 'b' : Nearest integral value to required modification, ‘
Column 'c' : Alternative set of integral wvalues to those
shown in column 'b', which give a lower average
error than those of column 'he,
H* .

The mean error is the average error (in microns) over

The sum bf errors for lines 1,2 and 3 is in clock pulses,

the set of four scan lines in the sequence. In cases

|

where sn alternative set of integers exist, it corresponds

to the lewer erron

|




6,4

6.5
6.6
6.7

6,8

6.9

6,10

Figure Captions

S.M.,P, periscope and photomultiplier system,

H.?.D, spotAgenerator.

Glasgow Polly optical system ( from 'Progress on
Polly at Glasgow!, see list of.PublicationS)

Diagram of the slice scan concept, The parallel
lines represent the C.R.T. spot path crossing a
series of bubbles (shown dotted).

The 32 possible slice scan difections, with corfesp—
onding binary cbdes.

C.R.T. spot path for successive‘scan lines for

'l in 4' slice scan, The master poiht generation

for thé slice scan lines is shown in figure 6,6(b).
As figure 6,6, but showing -1 in 21 direction,
Relation between the master points for four'slice
scan dire'ctions, and the 'edge' of the slice sdan.
The correction required for each line is the distance
between the master point, and the 'edge!?,

The edge count modification, The left-hand column

contains the binary code for the slice scan direction,

The ecentre columns show the modifications required
for lines 2,3 and 4 of each sequence of four lines,

and the right-hand column shows the fractional count

(4,4 or 2 ) by which the X- (or Y-) counter is increm-

ented after each scan line,

Logic diagram to generate the edge count modification

shown in figure 6,9 . QC, HC and TQC are the fractional




" 6,11

6.12

counts (as above), NLO5 and NLO6 are the line count
least significant bits, and CDO2 is the third most
significant bit of the slice scan direcfion counter
(i.e, CDO2 is FALSE for slice scans in the first half
of each gquadrant, and TRUE for the second half), IEC1,
DEC1 etec, denote‘the number of counts to be added to
(or subtracted from) the edge count,

Frequency characteristics of Glasgow Polly photo-
multiplier output signal filtef, calculated from‘ECAP
(ref, 6.8), The filter design is shown (inset),
Squarebwave input bulse response from filter;(below)
photographed on a CRT screen, and (above), as predicted

by ECAP,

b
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COUNTS ADDED

coa&:sqo:www‘
DIRN |05 O@(NubNLow(Nubnmmagéﬁﬁyo AL
00001 -1 -2 | -3 QC
00010 -2 0 -1 HC
00011 -2 -1 1 TQC
00100 0 0 0 -
00101 +2 +1 + 1 TQC
00110 +2 0 o+ HC
00111 +1 +2 +3 Q.C
01000 0 0 .0 -
01001 -1 =2 -3 QC
01010 -2 0 -1 HC
01011 -2 -1 -1 TQC
01100 | 0o 0 0 | - ]
01101 +2 +1 +1 TQC ﬁ
01110 +2 0 1 HC | |
01111 1 42 +3 QC b
10001 -1 -2 -3 oc |
10010 -2 0 -1 HC i
10011 -2 -1 -1 TQC |
10100 0 0 -0 - i
10101 +2 o+ +1 TQC i
10110 +2 0 +1 HC b
10111 +1 +2 +3 | QC 1
11000 0 -0 0 - I
noor| -1 -2 -3 |ac |
11010 -2 0 -1 - | HC i
11011 -2 -1 -1 TQC i
11100 0 0 0 |- H
11101 +2 +1 +1 TQC £
11110 +2 | 0 + 1 HC Al
11111 +1 +2 +3 QC Hl

EDGE COUNT MODIFICATION

FIGURE 6.9
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CHAPTER VII

ITonisation Information from Polly

VII.l Introduction

The provision of reliable ionisation information is
a most important consiueration for any film measuring
device. The ionisation along a track of given momentum
depends on the pérticle mass, and in maﬁy cases this
resolves kinematic ambiguities in the post measufement
analysis of an event., The information obtained from Polly
is particularly suitable for ionisation calculations. In

addition to the usual 'hit or miss' information,the width
of each track crossing is also measured.

The Argonne Polly softwére uses a semi-empirical
formula for the bubble density(ref 7}1). The Argonne
formula uses the number of misses (M), the number of
hits (H),and the average track width (W) for a track,

The ionisation (b} is given‘by:
b = %%-LoevH;:A | (7.1)

where 'k' is a constant for one view. (A glossary of

the symbols used freguently in this chapter is inciuded
at the end of the chapter). The basis for this formula
is the theory of gap length distributions in a bubble
chamber track(ref 7.2). The distribution of gaps of
length '2' in a track of bubble density 'b' is:

Gr('..f;) = o cx;:(— b(a+.,§;)) (7.2)

The constant 'a' is the minimum resolution distance, which

is the smallest distance between adjacent bubble centres
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for which a gap between the bubbles:can be discerned. The
lacunarity(L) is the average fraction of track consisting
of gaps, and, from (7.2), this is:
L= exp(-ba) (7.3)
For the Polly measurements,the lacunarity L,and the

average track width W are given by: ' | S
L-=5;£§%T W= ~T

where T is the average pulse length,and '"w' is the velocity

of the C.R.T. spot image on the film, The formula (7.1) then

follows directly from (7.3) if it is assumed that the average

pulse leﬁgth (T) multiplied by the spot image velocity (wv)

is proportional to the mean resolution distance (a),with

the same constant of proportionality throughout one view.

"In the following sectidns,the validity of relation (7.1)

is investigated,and it is shown that better agreement with

the data can be achieved using a modified formula.

VI1.2 Photomultiplier Output Signal

The light .input to the photomultiplier is reduced as
the image.of the C.R.T. spot,travelling across the film,
crosses a bubble image. The shape and duration of the light
variation is determined by: .

(i)bubble image size,and distribation of silver grains on

the film within the bubble image.
(1ii)the size and velocity of the image on film of the C.R.T.

spot,and the distribution of light intensity in the image.
s

(1ii)the opacity of the bubble image,and of the surrounding

film.
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The filtered output signal depends also on the frequency
responce of the filter. The output pulse length is counted
from whenever the output signal falls below & certain
voltage (the discrimination level).

Bubble Image _and Size

Two bubble images, chosen from a minimum ionising
. beam track, were examined using an oil objective mibréscope
with overall power 900. The silver grain densify at
different points along a cenﬁral éection across the bubble
was estimated: histograms of the results are shown (figure
7.1). It can be seen that, rather precisely, the grain
density follows a Gaussian distribution across the bubble.
image. b

Since the bubble image has no abrupt edges, any measure
of bubble diaméter depends on judging when the visual
contrast falls below a certain level. To relate the
‘diameter' of a bubble image (as measured from the optical
projection of the fiim in & conventional measuring wachine)
to the standard deviation of the silver grain Gaussian
distribution, a paper model was constructed. The model
was made of suspended layers of translucent paper: the
‘number of layers at any point on the XY plane was
approximately proportional to the Gaussian function,
exp(—(x‘+y€V&¢})- Phis was illuminated from various
positions, and a paper screen positioned so that the
shadow cast by the model fellion the screen. Measurement

of the estimated 'diameter' of this shadow was made by



several people. The mean value of these estimates
indicated that the 'diameter' of the Gaussian was roughly
three times the standard deviation. The following arguments
do not depend critically on this relation.

Iwo methods were used to measure bubble diameters on
a beam track(a 10GeV/c K' beam track from the 2m Cern
.HBC was measured), In the first, the positions of éach
end of each bubble were méasured as accurately as possible.’
A histogram of bubble radii obtained from these measurements
is shown in figure 7.2. The main peak of the histogram
occurs at bubble radius of around 14 microns, with the
'standérd’ deviation' of the distribution around 4 microns.
A second smaller peak at around 25 microns could have
been caused by double bubble images: when two images
coalesce, ihe measured diameter of the composite image
iwill be equal to or less than the sum of the diameters
of the two individual bubbles.

Bubble centre separation also provides a method of
assessing bubble image diameter. The distributibn of
bubble centre separations greater than x, say, is nexp(-9x)
where n is the total number of bubbles. (See reference7.2).

A graph of the variation of the logarithm of the
number of bubble centre separations greater than x, as a
function of x, should be linear. However if the distance
between the two bubble centres is less than the sum of

their fadii, these bubbles will not be resolveq, andr.

the graph should deviate from linearity when 'x' equals
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twice the bubble radius. Figure 7.3, which contains data

from the same track as figure 7.2, gives an estimate of

5ubble‘radius by this method in the range 7.5 to 15 microns.
Using the approximate relation between bubble 'diameter!

and standard deviation mentioned previously, the standard

. deviation of the bubbles in the bean track measured range

between 6 and 12 microns. |

CRT Spot Size

The author measured the CRT spot size in pPolly by
constructing a series of square wave gratings of different
waveléngths, which were photographed and measured. The
technique uéed is outlined in reference 7.3. By measuring
the modulation of the signal obtained by scanning the
spot across several different wavelength gfatings, the
standard deviation of the spot (which is assumedito have
a Gaussian distribution of intensity on the CRT face)
was obtained. The value for the Poily spot was 16 microns
scanning slong the O directioq.

| The spot size was also estimated travelling in the 450
direction, when the velocity is higher. The standard
deviation iﬁ this case was 19 microns. The values- ofithe
spot standard deviation will depend on the precise focus
conditions, ahd the porticn of the cathode ray tube face.
We can, however, conclude from the figures that the spot

size is of the same order of magnitude as the bubble size.

VII.? Filtered Qutput Signal

An analytic expression for the output signal for the

Gaussian spot crossing a Gaussian bubble is obteinable
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using the frequency chearacteristics of the filtér listed
in the previous chapter.

The intensity of light, 1, reaching the point (x,y)
on film when the spot image is centred at point (D,E),

say, is:

‘ 207
where ¢ is the standard deviation of the spot.

v
= pie exp- (oD (y L/] (7.4)
The fraction of light transmitted,T, when a bubble
image of standard deviation({ is centred at the origin,

ana (1 - A) is the transmission factor at the centre of

the bubble, is:

= _ - > ta 1:} : ’
T2 - Rexpl- —wb’—m_z (7.5)
The light reachlng the photomultlplier is:
JIT - [ D+E* ‘
7.
where B= f (_G_.:.%-cml)

For the spot moving in the y-direction, with velocity
v and passing through point (D,0), the photomultiplier
‘light input, V., say, is:

\

V, (t) = I- B exp ('- —2%;) exp(———D-x—x) (7.7)

25
where t is the time and s = 5”?‘+-V§*/k/

The input signal can be expressed in terms of its frequency

(w) components:

Vo (t) = 1= SBO-L f€>0 t - (1.8)
putting 4 = Cxp D"/(gg"wvl)

The filtered output voltage is (using the frequency

characteristics of the filter):

\ (8= - i%%— [+ cos-gjj)__;ewfﬁ‘i 57 Jcos w(t-k) dw
e

(7.9)
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where 'wk' is the phase delay introcuced by the filter

for a signal of frequencylu

Thus V(’c+k (ewp[ 25]+ exP[ C%‘?)}‘ (7.10)
+'z" exP[ )

where g=1,25 microsec.

The pulse consists of three superimposed Gaussianiecs
functions of equal standard deviation, but displaced in
" time from each other by 1.25 microseconds.

To simplify the following calculations, the author
aﬁpfoximated the above expression to a function of the
.fo?m: Vof(f+k)= dCexP(—-i%;) . (7.11)
with C and u functions of g end 0, , valid for all values
of t, and for a range of spot and bubble standard deviations.

To obtain functional forms for C and u, sensible
conditions to impose appeared to be thaf
(a) \4%0) must equal V(0)

(b) the integral under the two curves \/(t+k) and %ﬁt~+k)
over the more important central region of the pulse

(t+k=- 2s to t+k = 2s, say) must be equal i.e.

A=2S X=1S

[ Vo) dx —~jv () dkx

==25
Applying criterion (a ) gives

S epe s
- and (b) gives

3 oerf(Ey) = (eF (@) +5 r [erf (i3 + g J(Es) + exF (- g/(as)] (7:3\
J (1+ exp(-9*/(25%) |

where y = s/u. |

For the useful range of spot and bubble stendard
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deviations considered (from 9 to 30 microns) the right
side of equation 7.1% was nearly constant (varying from
1.04 for s::i.75 to 0.97 for s=5.15). Choosing y= 0.95
gives equality in equation 7.1%. The approximation for

the voltage pulse is: o

N 1

v, (Mk)* B U + ex (*:Z—%zlfexp(— ﬂﬁ&gfl) (7.14)
The accuracy of approximation of equation 7.14 to eqﬁation
7.10 is better than 3% fo;fvalues of time, and for all
bubble and spot deviations between 9 .and %0 microns. Curves
representing these voltage pulse equations for one value

of spot and bubble standard deviation are shown in fig. 7.5.

Vil.4 Average Discriminated Pulse Length

If the discrimination level is 'Z!' volts below clear

film level, then the discriminated pulse length ('T') will Dbe:

7 = CG’F( (T“/z) _ D ) | (7.15)

2ut 2 51,\/1-
The maximum pulse length,which occurs for the spot crossing

a bubble centre,is: 7EHK:=2\/2tJZLOG(C/Z) (7.16)
end the maximum distance of closest approach of the spot to

the bubble &hich will give a pulse below the discrimination .

level is: D{vmx = /\/\/2_51 LOC-T(C/Z) (7.17)

The average»Value of pulse length is obtained using the fact

that all values of 'D' are equally probable.
T = 2 ]'”""\[“w[wa C/“)) — )Ll/ 2.5 fvl)J dx
; Duar
j dx

= " Dypx UT/(25v) - (7.18)
i.e. VI = Dysx

since the ratio'u/s' is constant,from the previous section.

D can be tsken as a measure of the minimum resolution
MAX



distance,and so,according to (7.18),the bubble density is given

correctly by the Argonne formula (7.1). This result is

independent of discrimination level,film transmission factor,
and the spot and bubble sizes of the section of track.

The main factors which have been omitted in the above
calculations are:

(1) Phosphor rise and fall time., It is assumed that the
spot shape is Gaussisn.However,the spot shape (and size)
may vary with scanﬁing vélocity.'

(1i) There is a cut-off on pulse length accepted by the Polly
softwaré,to reduce noise, Pulses below this cut-off are
ignored,

(ii4) It is assumed that bubbles are a uniform size,whereas
there is a spread of bubble radii (see figure 7.2)

(iv) Bubbles on dense tracks coalesce to form clusters,;in

which the individual bubbles cannot be resolved.

VI1.5 Agreement with Data

To check the validity of (7.l) experimentally,the author
took readings of average track width (W) and lacunarity (L)
. for several slice scans along a segment of track,at different
discriminator settings and CRT focus currents (F). Ffom
(7.1)-and (7.18), the graphs of logl against W shown in fig.
7.5 should be straight lines,passing through the point
L=1, W=0. #or each focus current,the experimental points
lie on straight lines,but the lines have intercepts on the

W axis varying between 10 and 25 microns, This suggests that
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we must consider the effects of points (i) to (iv) above,
since formulae 7.1 and 7.14 are clearly not accurate. {The
Argonne Polly softwere divides the bubble density given

by (7.1) by a purely empirical factor, cos @, which increases
the bubblie density of a track inclined at '@' to the x-

{or y-) axis of the Polly coordinate system.)

VII.6 Corrections to the Bubble Density Expression,

In this section we will consider the effects 0f>factors
(i) to (iv), mentioned previously, on the bubble density
expression (7.1).

" {i) Phosphor Rise and Fall Time

The finite time of response of the CRT phosphor may
change the shape of the output voltage signal. An equation
which describes the behaviour of the phosphor layer on
the CRT face is:

%“E‘i = I(X{t’) -~ AN o S (7.19)
where N(x,t) is proportional to the number of excited
phosphor molecules at time t; position.x, and N\ is a
decay constant associated with the phosphor. I(x,t,) is
the intensity of current hitting the phosphor layer.

For a square wave pulse of incident current, this
equa#ion predicts an exponential rise and fall of light
.output, as is observed experimentally. This gives confidence
that it is reasonable to apply equation (7.19) to a more
complex current distribution. |

For a moving Gaussian current distribution, equation

(7.19) becomes:

N o <_” (x=vE) _ SN (7.20).
At T Jama 2070
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The solution at t =7 to this equation is:

oy XD ‘7’ L :
N(;{ C)= gm-,--_‘_“ = fe\ b\ )E‘\D/( (-t /(?0“"))01.‘5 (7.21)
")7) (1"‘ _,
-
and the lightoutput at t--T for the film transmission
factor given in (7.5) is:

- \E P exp(«,ix’[’) erdc (gA= 'Z'/('l%)) | (7.22)
with q=S/T and p=3 %SBGRP(M

The signal output from the filter is: .
VEr=h = B (n(e) £ [h (- g)en(e-s ]) )
~where h(t) = @‘P<">‘ t) erfc(q_}\- 'Z"/(Q@) V
The value of A for the phosphor used, with the normal
' rahge of CRT cathode current of between 2 and 4 /1a, and
a circular spot of standard deviation 154, is A= 5.5 .4scc”
The curve represented by equsation (7.23) was computed as
a function of time, with different values of spct and
bubble diameter. The results obtained show that the phosphor
rise and fall time introduces & time lag of order half a
microsecond to the voltage pulse, relative to the pulse
expression obtained by neglecting the effect. The shape
of the pulse, however, is elmost the same (see fig 7.7)

and so the previous results are not invalidated by this

effect.

(11) Cut-off on Pulse Length

Equation (7.18) wasAderivéd assuming that all pulses
could be detécted. However, pulses of one clock pulse
duration or less are rejected by the Polly sbftware, to
reduce noise. This corresponds to a lower limit of between

12 ana 17 microns, depending on spot velocity, and on the
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track width . (The prograwme which was used to obtain the
results for figure 7.6 rejected all pulses of two clock
pulses or less.) Denoting the cut-off pulse length by Teor

the maximum value of D (c¢f 7.17) becomes:

Dpr = V25" (Log u:/z.) T /(3w  (7.24)
C= Y x.‘) (]“ )n mmv /')
where m = [ . f Mnx

The average pulse length is now: Vz Dwr
2] \/}"FLD 06 (¢/2) = Yol ’\25 'v‘)j //f
e [vn(lwml) - Cos ’(m),j/(Z(’l-m“)/’*) (7.25)
A 'corrected' pulse length, T', can be defined such

that W=vT! glves the correct bubble density in (7.1):

= f(m)T o (7.26)
Vi o
where ‘F(w)) - [(l"" )’Wm, e+ €0S l:lw{} N “é,i (7°27)
2(1~ m*) U

The correction T-T' is graphed in figure 7.8C as a function

~of

- =3l

(1ii) Distribution of Bubble Sizes

We have assumed that the bubble density for data
from a series of slice scans will be given correctly by
considering all the bubbles to be of equal radius. Figure
7.2'111ustrétes that the distribution of bubble radii
gbout the mean radius (~14.4) has a 'standard deviation'

of around 4M, giving a ratio:

Yo ~ 3 | (7.28)

Taking the distribution of bubble radii as approximately

Gaussian,

Nl = Ceyp [~ (T2 ) (7.29)

N(rjz === X exp |11 grj, 24} .
20t Lo g

where r = bubble standard deviation

r = most probable value of bubble standard deviation
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and where the error function is to ensure normalisation
over the physical region of bubble radii from r=0 to r={C
The dependence of ¢ (equn. 7.12) on the bubble and spot
sizes means that small bubbles (for:which ¢<Z, equn. 7.15)
cannot be detected. This results in the bubble density
being underestimated by an amount which depends on the
discrimination level. If the smallest bubble detectable

is r,, , the number of bubbles lost is:

MiN
Crane

NLos-r = N(Y) dr

Y=o

N ' /|r '
" erf(le 2+ 1) ,’.erf(JZ*") * erf\ Y ) (7.30)

the £ depending on whether T

% r,

The average bubble standard deviation T, will then

be (for r >, ):

00 ' '
= "‘M.NY N(Y>CLV" \l::T; exp( Mzma—l )+ Yo erf(_.__mw)-c-l)

: — N
j N()dr I = Noos
The bubble standard deviation r must be related to pulse

(7.31)

lengths for use to be made of the gbove relations. The
general relation between maximum pulse length and standard
deviation (eQun. 7.16) involves discriminator level and
spot size, but if we take a first order linear relation
between bubﬁle standard deviation and pulse length, for
a given discriminator level:

- = £(2) %

formulae 7.29 and 7.20 can be expressed direqtly in terms

. . ‘T“
of T, (the pulse length corresponding to r,), the ratio —&

F
and the cut-off pulse length T .
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Using a''corrected' pulse length, T', as in section (ii)
above, the correction factor T -~ T' is graphed in figure 7.10
‘as a function of T. The central curve corresponds to ;g% =3
(as ih 7.28) and the upper ‘error bar' shows the effect
. of this ratio reaching 3.8, while the lower error bar
cbrresponas to 2.2. It is clear that the correction varies
fapidly when the ratio tzkes larger values. This dependence
of the correction on the ratio, and alsb tne non-vigour
of the linear approximation between bubble radius and pulse .
length, means that accurate correction for this factor by
this method is not possible in Polly. Fortunately the
correction necessary in the normal operating region of Poily
is very small (less than 5% at 5 clock pulses), and so a
very approximate correction is sufficient.

(iv) Cluster Formation

So far we have derived formulae which apply to the CRT
spot image crossing isolated bubbles. We must take account
of bubble images merging to form continuous clusters. The
effect of cluster formation on equn. 7.1l can be calculated
only if some assumption is made about the behaviour of bubble
images in this situation. A sensible assumption appears to
be tﬁat a cluster of bubbles, which cannot be individually
resolved by Polly, gives rise to a string of pulses which,
away from the ends of the cluster, are each of length T
(the maximum pulse length obtained by scanning across the

centre of an isolated bubble). {See figure T7.4).
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The average number of gaps da (the resolution distance)
is l) exP(—-—ba) = blL (7-32}
So the number of clusters is blL. The total blob is 1 ~ L.
Thus the average measured pulse length, taking cluster

formation into account, is :

T, o= bleT+x (I-L-bla)Tm (1.3)
I— L : '
Using b ==%:Loat, (7.23) becomes:
—-_T-; _ - L.(LOG, L) T + (l"‘L+ LLDC»L)'T;AHX
l-')lo‘o - |.._L .
= [l + (1I- ) LK$GL;’£Lxﬁ’
‘ =L g

Moy » Lrom 7.16,7.17, and 7.18).

(since T = T
A
This correction factor is graphed, as a function of
lacunerity, in figure 7.9. As expected, the correction
predominates at low lacunarities (cense tracks).

VII.7 Agreement of Corrected Bubble Density Expression

with Data

The corrections discussed above are shown superimposed
on the data in figure 7.9. For the spot in focus{(focus
current, F, around 4.75 or 4.95units), the cdrrected points
lie on straight lines which do approximately pass through
the éoint (L:=l.0,ﬁk:0) as desired. The corrected points
which correspénd to low track widths (where the approximate
_ correction from section (iii) becomes appreciable) tend to

deviate from the straight line. (Points with uncorrected

W less than 25 microns have been omitted from the corrected
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graphs, since the correction from section (iii) is large
fbr these). When the spot is badly defocused (F=4.25) the
corrections do not improve the results appreciably, and
the points no longer lie on a straight line., Some of the
formulae (e.g. 7.14) depend on the bubble~ spot size ratio
lying within a certain range. If the spot becomes very
large, through defocusing, the formulae will become less
accurate,

Figﬁre 7.1k, which includes ail the corrected and
uncorrected points from figure 7.6 (with the exception of
the defocused region, F=4,25) illustrates that using
different discrimination levels and spot sizes gives a
spread of points about a straight line which, for the
corrected points, passes near the point (L=1,W=0). The
~ spread of average track width on either side of the line,
for a fixed lacunarity, is about 5 microns in the lower
half of the curve (W greater than 30A), where Polly will
normally operate. This gives confidence that bubble densities
obtained for a section of track with different discriminator
settings and focus conditions will be reliable to within 15%.

No production data from the Glasgow Polly has, at the
time'of writing, passed through the chain of post-measurement
anslysis programmes, and so the bubble density from Polly
cannot be compared with the momentum of tracks which have
been unambiguously icdentified by the KINEMATICS programme.
However, the author measured a two prong event which had

been previously measurec on the SMP system, The corrections
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were applied to the Pdlly measurements, and the bubble
density estimate from Polly compared with the predictions
from the KINEMATICS programme, (based on the SMP méasurement@
and also from direct measurements of the bubble density
using & microscope (see Table 7.1). From table 7.1, it
is clear that equn. 7.1 seriously underestimates the bubble
density of the secondary tracks: the corrected bubble
densities agree much better with the bubble density values
from the KINEMATICS programme, and the microscope estimates.
VII.8 Conclusion |

Despite the assumptions which had to be made in the
pfevious sections to obtain the corrections to the bubble
density formulae,nthese corrections appear to agree
sufficiently well with data from Polly. For normal Polly
production running, with the cuf-off on pulse lengths of
one clock pulse duration, & formula for bubble density of

the form:
b = _____E_____. X -1
Vv (T - 0.375) [a'n + (=) L7

should give the corrected bubble density. (Here we have
used the fact that, above a pulse length of around 4 clock
pulses, the combined correction from figures 7.8 and 7,10

is abproximately constant, at around § of a clock pulse.)



Freouently Used Symbols

A : Fraction of light absorbed by film,
. U-.-‘L
. I
B : A=)
. B oY ——. _,,3:.
¢ B[+ exp(=#3)]

Distance of closest approach of CRT spot to bubble,

3 -

DMAX: Maximum distance between CRT spot, and bubble, for

which bubble is still detected.

CRT focus current.
¢ Number of 'hits?'.
lLacunarity.

Number of 'misses'.

(3}

H R v m 4

MAX: Pulse length when CKT spot‘crosses centre of bubble.

: Average pulse length,

r3i

T Minimum'pulse length accepted by Polly software.

cur *

<

Voltage.

Average track width ( =vT).

=

Z : Discriminator level.

a : Minimum resolution distance,.

o

Bubble density.

kS

D
exp (~3oryn) |
Filter dependent constant (= 1.25Msec).

o,

®

Time delay introduced by filter.

~

Tc VT

TMRX

v -+ Standard deviation of bubble.

=]

N L
ov

t : Time.

u : Standard deviation of Gaussian output pulse from



filter, for a Gaussian input pulse of standard
deviztion r.

v : Velocity of spot image on film,

w ;‘Frequency.

0y : CRT spot standard deviation,

q: ¢+ Bubble standard deviation.

Track (1) (2) (3)

KINEMATICS PROGRAMME BUBBLE DENSITY 1.35| 1.78 | 2.18
POLLY BUBBLE DENSITY (CORRECTED) 1.75] 1.59 | 2.07

POLLY BUBBLE DENSITY (UNCORRECTED) 1.35( 1.45 | 1.67

MICROSCOPE GAP COUKT BUBBLE DENSITY 1.5 1.9 2.14

- (1) Beam Track
(2) secondary track

(3) Secondary track

The ionisations are in each case normalised to a beam track

bubble density of 1.35,which was the KINEMATICS programme

estimate.

TABLE 7.1



References

Argonne Nation2l ILeboratory Report ANL/HEP 7007
7.2 W,Barkas, Phyéical Review 124(3),897 (1961)
7.3 P.E.P.R. Engineering Note Number 24

(M.I.T. Internal Report) |

LREL CF



Tel

Te3

Ted

Te5

T.6

7T

7.8

Te9
7.10

7.11

Figure Captions

Density of silver grains across image of two‘bubbles
on film,

Histogram showing the distribution of bubble radii
along a beam track,

Bubble centre separations, obtained from the sameé

data as figure 7.2, N(x) is the number of separations
greater than 'x°¢,

Diagrammatic representation of a cluster of unresolved
bubbles used in the derivation of equation 7,33,
Comparison of predicted photomultiplier output (after
passing through filter) from equations 7,10 (solid
line) and 7,14 (crosses), '

Lacunarity plotted against average track width for
data points corresponding to six C.R.T focus currents,
The straight lines are visual fits to the data points,
In the case of the corrected points, shown as crosses,

points corresponding to low average track widths

are not included in the fits (see Chapter VII, section

7)
Effect of phosphor rise and fall time on filtered

photomultiplier output pulse,

Correctioﬁ to average pulse length, due to low pulse
cut-off,

As 7,8, but showing clﬁster formation correction, i
As 7.8, but showing correction for non-uniformity

of bubble sizes, The 'error bars' correspond to the
vncertainty in the spread of radii along a track,.

Scatter plot of lacunarity against average track

width. This shows all the data points from fig. 7.6,

except those for which the CRT focus current =4.25 Units,
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Appendix

Delitz Plot and Angular Distribution

The transition amplitude from an initial state of pTr' 1T~
spin |J, X\, to a final state of proton spin Tl/2,m$>
(T;"ms say) can be derived by considering the two-step decay:
N* —— A™(236)T0” (A.1)
A(1236) > preT - (A;g)

and the isospin related processes:

. N —— A% (23T (a.1r)

D°(1234) = pTT” o (4.21)
The orbital angular momentum for the decay of an N* of

spin-parity 7" via [(1236)T is, for a parity consefving

decay, given in the table below.

gk Possible Decay Angulaf Momenta
1/2" 1 |
3/2 7 0,2
5/2% 1,3

For JP=» 3/2— and 5/2+; it is assumed in the analysis
that the lower: angular momentum is dominant in the decay.

{
For the decay of the A(1236) via pTT, £ = 1 is the

: -
only orbital angular momentum state possible for the p -~ T

system after decay. For decay (1), the appropriate decay

factors are of the form:
C (T3 Llm, m£>\/ (s, ) fP.P

v a
where ]2 ,mL> is the orbital angular momentum of N(1236) ~T
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system after decay of N¥: ma(::)\- mgj is the z-component of
spin of A(1236): P is the A(1236) momentum in the piTIT
centre-of-mass system, and {gjﬁ is an angular momentum
barrier factor for the decay of the N:: (6,5 ) are the
angles describing the A(1236) line of flight direction in
the N centre~of-mass (see figure 3,10).

For decay (2), we have factors of the form:

C<Hh Y mg wmy ) Y;‘.'(@-',f 8') BW (D)

where I£',m C> (with m@ = ?Q - ms) is orbital angular
momentum of p - T system after decay of A(1236). (6, ¢’)
‘are the angles describing the proton line of flight direction
in the [/ (1236) centre-of-mass (see figure 3.10). BW([\.‘)
is the form of Breit-Wigner (from refs, 3,10 and 3,11)
appropriate for the decay of (\(1236).

The Breit-Wigner function for the decay of the A in the

analysis is:

=T /2 -2 N
BW o E[\/Eor‘_‘maeao) G J

(E=EN+(E.1 ()" (B*-B2)'+ E,(e)

where E = energy of &\'. ., in {/\.¢) centre-of-mass system

q_: momentum of proton in /(1236) centre-of-mass system

The energy dependence for the width:

‘ 20+ . 2%
= 9. £, (035 +q3)
r(e) = n(¥) T

~is the empirical form: (reference 3.10). The mass and width

2

for the A(1236) were taken as E = 1.236 Gevj-?f;’ = .12:GeV.
+ L ad
For the N*(1470) terms included in the highest p Tl 1l mass

interval, a simple Breit-Wigner of mass 1.4 GeV/c™ and

width 100 MeV/c;awas,employed. The mass value was based on
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the data in reference 3.12, rather than on phase shift
values which tend to indicate a higher mass. Since we used
a simple Breit»W}gner for the Roper resonance, the.mass
values from production experiments (as reference 3.12) are
more appropriate here than phase shift values; |
The relation between processes (1,2) and (1',2') are

obtained from the isospin {lebsch-Gordan coefficients for

the processes: YL S +
P 5 p TR = pT
X ) ! m
N (= ", 1'3:“/5,) ———3 TTA° ey p
7 - ?,;\) nrr®
probability of decay via A T”+ -1
giving the ratio —ccemmm - T
probability of decay via A i 9

The transition amplitude via & " (where q is the charge
of the [(1236)) can be written:

Tj,, @) =3y = C<"J 30 mym> C<34 % ,Q']m_mw\'
§ 'm m '/

SETYLIVIN J(@,é) m,(@ ") Bw (AY)

The overall transition amplitude from an initial N state

of spin J is: -
W,U
T = (a“)-+~t-mm<aﬂ

A T“ h 3

and the amplitude expression,sumning over N spin states,is
— PRI T
lkms = Z-RT CXPLUL P/ T:ms

where the R. are real numbers,the square of which represent

J
B .
the relative proportion of different N spin states,and the

§; are the relative phases.

The Dalitz Piot intensity expression in this case 1is:

- 2
T= +3% Tl *+ S (A3)
At
end sum

where we average over the initial proton helicity
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over the final proton spin z-component m . The constant'S'
represents the non-interfering three body phase space decay,
which gives s uniform Dalitz plot density.

Fitting the intensity expression to the data was carried

out by maximising the log likelihoed function:

‘ - I‘Z.‘(R)QS)
L(R, @) TN )

with respect to the sets of variables R and gﬂ, I is the
intensity expression (ezﬁg A.3) evaluated for the 'i' event.
N is a normaiisation factor, obtained by phase space
integration of the_intensity\expreséion using the programmé'
FOWL (ref. 2.,10).?01" the pT\"+T\"spin values which were fitted
to the data (JP:: l/é*, 3/2 , 5/2+), there correspond five
paraméters (one of the rélatiVe phase faciors can be -
arbitrarily fixed). Maximising the fﬁhction L with respect

to these parameters was performed by the programme MINUIT

(ref. 2.9)-



