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"ABSTRACT

This thesis describes an experiment to étudy the reactions
n+p > Kzt and w+p - ﬂ+p at 26 incident pion momenta between
1.27 GeV/c and 2.48 GeV/c. A total of approximately 17 million
events were collected by the experiment. In this thesis backward
elastic scattering differential cross sections are presented at
13 momenta at the top end of the momentum range. The angular
range of the data is =-0.97 < cos 6* £ -0.11. Comparisons are
made with the results of previous experiments and also with partial

wave analyses.
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CHAPTER 1

INTRODUCTION

1.1 Introductory Remarks

This thesis describes an experiment to study the interaction of
"elementary' particles. The experimeﬁt was performed at the Rutherford
Laboratory's Nimrod accelerator by a teém of approximately twenty
physicists from Edinburgh University, Wes;field College and the Rutherford
Laboratory. Two reactions were studied in the experiment - (w+p > w+p
and ﬂ+p.; K+Z%)' with the ultimate aim of studying the a** states which
can be formed in these reactions. Preliminary results on the
n+p > n+p reaction are presented in this thesis and compared with the
results of previous experiments and analyses.

The first chapter of the thesis contains a description of the
historical development of particle physics and gives an indication of
this experiment's position within the field. 1In the second chapter
the mass spectrum of the strongly interacting particles known as baryons
(of which the A*T  states are members) is discusséd. Both the experi-
mental determination of the spectrum and the theoretical model which
best describes the spectrum (as they apply to the a*tt states) are dis-
cussed. The chapter concludes with a justification of the experiment
described in the thesis. The third chapter deals with the experimental
set up used in the experiment and the fourth chapter deals with the
techniques used to reconstruct individual scatteriﬁg events from the
measured data. In the fifth chapter the selection of elastic scattering
events (i.e. events of the type n+p -> ﬂ+p) and the calculation of the
elastic scattering differential cross section are described. In Chapter

Six preliminary differential cross sections at 13 momenta are presented



and compared with the results of previous experiments and partial wave
analyses. Finally, in Chapter Seven, the conclusions which may be drawn

from these results are discussed and summarized.

1.2 Historical Perspective

Throughout man's history one feature of his character has set him
apart from other creatures. This is his desire to control the environ-
ment to suit his own specific needs. This desire 1ed'man to develop a
deeper understanding of his environment in order to gain control over it.
As he discovered more about nature the belief grew in him that the world
was basically simple and could be "explained'" by some underlying struc-
ture which awaited discovery. The search for this structure has so in-
trigued man through the ages that it has become an end in itself and
the control of the environment has, to some extent, become a by product
of the search(l). |

Perhaps the first important idea in this search was the concept of
small indivisible particles from which all matter was constructed.. This
idea was originally proposed by the Greeks who gave their "elementary"
particles the name atoms. The idea of étpms remained little more than
an idea for many centuries until the early 1800's when John Dalton began
to formulate a theory to explain the observation that chemical elements
combine in fixed ratios by weight. Dalton suggested that this could
be explained by supposing that each chemical element consisted of atoms.
He proposed that the atoms of a particular element were all identical |
and had a fixed mass characteristic of the element. He further proposed
that in the formation of a compound from the elements the atoms combined
in a fixed ratio to form molecules. Thus Dalton}s theory "explained"

the observed way in which the elements combined.
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As the number of known elements increased, it was noticed that some
of the elements had similar properties. .Dmitri Mendeleev arranged the
known elements in a table in order of increasing mass in such a way that
elements with similar properties occurred in the samé column. In order
to place some of the elements in their "cop?ect" coiumns'he had to leave
gaps in his table. He correctly interpreted these gaps as being due to
undiscovered elements. Thus an underlying symmetry of the elements had -
been discovered, although as yet there existed no explanation of this
symmetry.

In 1897 J.J. Thoméon discovered the electron as a constituent par-
ticle of the atom aﬁd with this.discovery the idea that atoms were in-
divisible elementary particles was shattered. The electron is negatively -
charged and thus to maintain the electrical neutrality of the atom
there also had to be positively charged constituents. In 1911 Ernest
Rutherford proposed a model for the atom in which the bulk of thé matter
was contained in a central positively charged nucleus around which the
electrons orbitted. This model was based upon the results of scattering
experiments performed by Rutﬂerford in which positively charged «
particles (helium nuclei) were scattered by a thin gold foil. Despite
the success of Rutherford's model in describing the results of the
scattering experiments a theoretical difficulty remained. From known
electromagnetic theory the orbitting electroms should have continuously
emitted energy and so spiralled down into the nucleus. Niels Bohr re-
solved this difficulty by suggesting that the electrons could only orbit
the nucleus in fixed energy states and.that when the electrons were in
such a state they did not emit energy. This idea provided an explanation
of the observed spectra of atoms, which consisted of discrete spectral
lines of fixed frequency, by supposing that energy was emittéd from atoms

in fixed amounts when electrons jumped from higher to lower energy states.
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Bohr's ideag were extended With the development of quantum mechanics
and the shell model of the atom and with these extensions Mendeleev's
" underlying symmetry of the elements was finally understood.

For many years after the discovery of the nucleus it seemed as
"elementary" as the atom had once been. - One éf the theoretical problems
with splitting the nucleus into component particles was the fact that
nuclei did not have a fixed mass to charge ratic., This fact was inex-
plicable t§ scientists in the early 1930's who believed tﬁat matter was
built from electriéally charged particles. However with the discovery
of the neutron by James Chadwick in 1932 this theoretical difficulty
was overcome and a model of the nucleus emerged in which it consisted
of two types of particle - the zero charge neutron and the positively
charged proton. .

Thus a fairly simple picture of nature had been constructed in
which matter was built from three "elementary'" particles - the proton,
neutron and electron. However a problem still rémained in this model.
Atoms consisted of a charged nucleus, consisting of protons and neutrons,
which was bound electromagneﬁically to a "cloud" of orbitting electronms.
The protons in the nucleus, by virtue of their positive electric charge,
repel gach other and the attr#ctiQe gravitational force between the
nucleons (a generic name for proténs and neutrons) is not strong enough
to overcome this repulsion. Thus the question arose as to why the nucleus
was stable. There had to exist some attractive force which could over-
coﬁe the electromagnetic repulsion of the protons and hold the nucleus
together. 1In 1935 Hideki Yukawa suggested that this strong interaction
which held the nucleons together in the nucleus could be mediated by the
exchange of a particle intermediate in mass between the electron and the

nucleons. Yukawa based his model on the succéssful theory of the
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electromagnetic interaction in which the interaction is mediated by the
exchange of photoné. He was able to estimate fhe mass of the_new'exf
change particle and subsequently a particle with approximately the csr-
rect mass was discovered. Unfortunately it soon became apparent that
this particle - which was named the muon (u) - could not be the par-
ticle predicted by Yukawa's theory since it interactgd weakly with matter
and thus could not be respénsible for the strong biédipg force between
nucleons. Yukawa's predicted particle was later discovered and named

the pion (m).

In the late 1940's and early 1950's several new strongly interacting
particles were discovered in cosmic ray experiments and, with the advent
of particle accelerators, many moré such particles were detected. Witﬁ
the discovery of these particles the number of "elementary" particles
had increased drastically and the simple picture of matter based on the
proton, neutron and electron had been lost. Physicists were unhappy
with tﬁe increasing number of "elementary" particles and in an effort
to simplify the situation Gell-Mann and Ne'eman suggested that thé
observed hadrons (strongly interacting particles) were composite. They
proposed the existence of a basic triplet of fractionally charged
particles which Gell-Mann named quarks. The three quark types were
denoted by u, d and s (up, doﬁn and strange). The observed hadrons
could then be accounted for by assuming that only 3 quark systems aﬁd
quark anti-quark pairs existed in nature. Subsequently the existence
of a fourth type of quark was predicted from symmetry considerations
and also to provide a mechanism for the suppression of unwanted strange-
ness - changing neutral currents in the theory of the weak interactionm.
This quark was named the charmed quark (c). The discovery in 1974 of the

J/y particle by Ting and Richter confirmed the presence of the ¢ quark
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énd provided striking confirmation of the quark model.

Once again the basic structure of matter was beginning to look
aesthetically pleasing with only a few "elementary'particles being
necessary to construct all known matter. The new "elementary" par-
ticles were of two types - the strongly interacting quarks and the
weakly interacting leptons. The quarks consisted of two quark doublets

v

(3) and (:) and the leptons consisted of two lepton doublets (ef)

v
and (uE) . The quark-lepton model has received further support

recently with the discovery of a new heavy lepton - the 7t particle
- and evidence for a fifth type of quark - the bottom quark b.
These particles are predicted to have associated particles - the =

neutrino Vo and the top quark t -~  which will form a third
_quérk and lepton doublet to maintain the overall symmetry of the
model.

The problem of constructing the basic force laws by which the
quarks and leptons interact has also made some progresé. The most.
successful theory of all the interactions is that of the electromagnetic
interaction - Quantum Electro—dynamics (QED). .Thug in an attempt to
explain the strong and weak interactions the theory of QED was used as

a guide. This has led to the development of a theory (by Weinberg,
Salam and Glashow) which combines the weak and electromagnetic inter-
actions into two aspects of a single interaction, the Electro-weak
interaction. In this theory the weak interaction is mediated by three
wector particles "~ the Wi and the 2z°. One great‘succésé¢of the
model was the prediction of weak neutral currents (i.e. weak scattering
. mocesses of the type ve =+ ve) mediated by z° exchange which were
subsequently observed experimentally. The masses of the z° and the
+

W~ were predicted by the Weinberg-Salam theory, provided the one free

parameter of the theory (the Weinberg angle) was known. Several



experiments have measured this angle and if their measurements are cor-
rect the W's and 2 should soon Be discovered in EbA collisions at
the CERN SPS. The observation of these particles will be a crucial
test of the Weinberg-Salam théory.

A candidate theory of the strong interactions has also been
deveioped. In this theory the strong interaction between quarks is
due to their having a property known as "colour". Colour is the strong
interaction's equivalent of the electromagnetic interaction's charge.
The theory is known as Quantum Chromo-dynamics (QCD). In QCD the strong
interaction between quarks occurs via the exchange of 8 massless vector
particles known as gluons. Unlike the electromagnetic case where the
particle which mediates the interaction is not electrically charged,
the gluons carry a colour charge. This means that gluons éan interact
with each other and this leads to QCD being a non-abelian theory unlike
QED.

The unification of the electromagnetic and weak interactions has
encouraged theorists to attempt to unify the new electro-weak theory
with QCD in what have become known as Grand Unified Theories (GUT's).
Although this work is very tentative one prediction has come from
several of these theories - that of proton decay - and several
experiments are being planned to try and observe this phenomenon:&

The unification of the gravitational interaction with the other inter-
actions is also an area of research which many theorists are actively
involved in. These theories are known as Supergravity theories.

As has been mentioned previously in this sectioﬁ the observation
of the intermediate vector bosons (the Wi"and the Zo) will be a
crucial test of the Weinberg-Salam theory of the electro-weak inter-

action. The situation in the strong interaction case is more complicated.

= .
Note that since the time of writing some of these experiments have
actually started running and four proton decay candidates were pre-~
sented at the XXI High Energy Physics Conference in Paris, 1982,
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One of the reasons for this.is the observation that quarks appear to be
permanently confined within hadrons. This has meant that the inter-
quark force can only be studied indirectly by studying the properties
of the hadronms. Despite this difficulty there has been'some indirect
evidence in support of QCD in high energy experimgnts (e.g. scaling
violations in deep inelastic séattering). Thé situation at lower
energies.is more confused since the perturbation theory‘approach to
QCD breaks down at such energies. This has meant that QCD cannot
(at present) Ee used to predict the hadron mass spectrum. In order
to gain further insight into the nature of the'strong interaction
phenomenological models of the hadrons (some of which are based upon
"~ ideas taken from QCD) have been constructed which can prediét the
spectrum. . To test the validity of these models the hadron spectrum must
be known. The experiment described in this thesis was designed to study
the mass spectrum of the A++ states (and thus provide more data oﬁ the
hadron spectrum) for this purpose.

The Grand UnifiedAtheories are considered by many physicists to be
highly speculative since the simpler theories of Weinberg—-Salam and
QcCD aré still awaiting rigorous experimental verification. However,
the observation of proton decay would greatly emhance the acceptance
of Grand Unified theories and the sdbsequent study of such decay pro-
cesses could help to select the correct Gran& Unified theory from the
many candidates. The Supergravity theories are considered to be even
more speculative than the Grand Unified theories and are not yet

amenable to experimental verification.



CHAPTER 2

THE BARYON SPECTRUM

2.1 Introduction

This chapter contains a description of the strongly intefacting
particles known as baryons. The discussion is limited to those par-
ticles which may be formed from the three lightest quarks (u, d and s)
since all of the particles involved in the experiment described iﬁ :
this thesis were of this type.

Section 2.2 contains a more detailed description of the quark

(2)

model and its motivation than that given in Chapter 1. Section

2,3 discusses the harmonic oscillator quark model and its extension

(3

by Nathan Isgur and Gabriel Karl . Section 2.4 describes the

experimental determination of the masses of resonance particles by

(4)

means of partial wave analysis and finally section 2.5 discusses

(5)

the motivation for the experiment described in this thesis .

2.2 The Quark Model

In the late 1940's and early 1950'3 several ﬁew strongly inter-—
acting particles were discovered. Initially these discoveries were
made in cosmic ray experiments. However, with the advent of particle
accelerators the experimenta} emphasis shifted towards accelerator
experiments.

Using accelerators it was possible to produce beams of particles of a
specific type with a precise energy. These beams could then be allowed to
impinge upon a fixed target and the resulting scéttering processes could

be studied. Two types of scattering processes were observed to occur in
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these experiments - elastic scattering and inelastic scattering. In
an elastic scattering process the final state pafticles are identical,
in type and number, to the initial state particles (e.g. w+p - w+p or .
pp - pp) whereas in an inelastic scattering process new particles are
produced in the final state which did not exist in the initial state
(e:g. n+p -> v+pw° or w+p - K+Z+). The analysis of these early
accelerator experiments led to the discovery of many new strongly inter-
acting particles with lifetimes several orders of magnitude smaller

than previously discovered particles (t n 10'-23

seconds). These par-
tiéies were named resonance particles.

Many of the resonance particles were discovered in formation experi-
ments. In these experiments.the'beam particle "combined" in some way
with the target particle to form a resonance particle. This particle
then decayed to p;oduce the final state particles of the scgttering
process. Such resonance particles were observed initially as "bumps"
in the total cross section when it was plotted as a function of centre
of mass energy. The mass of the resonance particle was.given by the
centre of mass energy’at which the "bump'" occurred. The development
of partial wave analysis allowed the separation of scattering pro-
cesses via differeﬁt angular momentum states and this has led to the
discovery of even moré resonance particles. The very short lifetimes
of these particles have proved impossible to measure. However, due
to Heiéenberg's Uncertainty Principle, a Qhort lifetime corresponds
to a large energy "width" and the widths of these particles could be
measured. Thus the resonance particles were assigned widths instead
of lifetimes.

The newly discovered strongly interacting particles were found
to exhibit several new properties and symmetries. These features were

superficially explained by the assignment of several new quantum numbers
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to the particles and the introduction of new conservation laws associated
‘with some of these quantum numbers. Three of these quantum numbers - baryon
number B, strangeness S and the third component of isotopic spin I3 -

were found to be related to the elegtric éharge of the particle Q (as a

multiple of the électric'charge on the proton) via equation (2.2.1)
Q = I,+ 1(s + B) . (2.2.1)

The rapid increase in the number of known "elementary'" particles and the
6bserved symmetries of the strongly interacting particles led Gell-Mann

and Ne'eman to suggest that the hadrons were composite. They proposed the
existence of a basic triplet of particles, which Gell-Mann named quarks,
based upon the matﬁematical group SU(3). The quantum number§ of the three
quark types (or flavours) u, d and s are shoﬁn in Table 2.2.1. The quark
model proposed that baryons consisted of 3 .quarks and mesons consisted of
. a quark anti-quark pair. The combination of quarks in this manner via the
underlying SU(3) group led to an extension of the idea of isospin multi-
plets to SU(3) multiplets. If SU(3) was an exact symmetry of the strong
interaction all particles within a particular multiplet would have the same

mass. However this is not the case since SU(3) is a broken symmetry.

Quark Type u d. 5
: by
S 0 0 -1
I % 3 0
1, + 2 -3 0
: S B

Table 2.2.1

The quantum Bumbers of the three lightest quarks.
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The fundamental representation of SU(3) is denoted by a {3} which
represents the basic quark triplet. For the baryon multiplets three

quarks are combined to obtain:

{3} x {3} x {3} = {10} + {8} + {8} + {1} (2.2.2)

1

and for the mesons a quark and an anti-quark are combined to obtain:
{3} x {3} = {8} + {1} . (2.2.3)

Thus the quark model predicts that mesons only exist in singlets
and octets whereas baryons exist in singlets, octets and decuplets. It
Qaé found that the low mass hadrons with identical spins and intrimsic
parities (JP) could in fact be aésigned to such multiplets. One of
the early sﬁccesses of this model was the pfediction of a particle with
S =-3 thch was necessary to complete the JP = _%f decuplet. Thié
particle ﬁas subsequently discovered and named the 9;. In the quark
model the higher mass hadrons were assumed to be excited states of the
lower mass g?ound state hadroms. |

In order to reproduce the correct spin for the observed hadrons quarks
were hypothesised to be spiﬁ 4 objects. This led to an inconsistency in
the quark model. The JP = %f ground state béryon decuplet contains a had-
ron made from 3 u quarks (the: KH). The quarks in this hadrén are totally
symmetric in space, spin and flavour; This contravenes the Pauli ex-
clusion principle which states that fermion wavefunctions must be totally
anti-symmetric. This problem was overcome by postulating that Quarksl
had an extra (hidden) degree of freedom in which the baryon'wavefunction
was anti-symmetric. This extra degree of freedom was named 'colour".
In order to construct anti-symmetric baryon wavefunctions quarks were

hypothesised to come in three colours - red, green and blue. It was

proposed that baryons contained a quark of each colour and hence the
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baryons were ''white" and the colour degree of freedom was hidden.
Similarly mesons were made from a colour anti-colour pair and were
also white. Further evidence for the existence of colour came from

measurements of the ratio R where:

o(ete” > HADRONS)

+ - + - . (2.2.4)
o(e'e > pu)
If it is assumed that the e’e” > HADRONS interaction occurs via the
. + - - . : . : —
mechanism e e -+ qq (i.e. a quark and an anti-quark) and the qq
pair then fragment into hadrons, it can be shown that:
) .
R = T Q.) ' (2.2.5)

all .
quarks

where Qi is the charge of the i-th quark. To obtain agreement between
experiment and theory a factqr of 3 must be included to take account of
the colour degree of freedom. |

The quark modél led fo a much deeper understanding of the observed
hadron spectrum. Howevér, it was not cléar initially whether quarks
actually existed as real hadron constituents or whether they were simply
a mathematical construction. Many experimehts were conducted to éearch
for free quarks in cosmic rays and high energy scattering experiments.
Despite this effort no evidence for fractionally charged particles wﬁs
found. One experiment which claimed to observe free fractionally charged

(6)

particles was that of Fairbank. et al. who performed a Millikan type
experiment using Niobium balls. The results of this experiment have,
however, been treated with some scepticism due to the difficulties of

interpreting the data. There is some theoretical indication from QCD

that quarks may be permanently confined within hadrons. This, coupled
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with the apparent experimental failure to observe free quarks, has given
much support to.the idea of quark confinement.

Experiments to observe the effects of constituent particles withiﬁ
hadrons have met with a much greater degree of success. The main
evidence for the existence of point-like constituents within hadrons
has come from deep inelastic scattering experiments in which non-strongly
interacting particles (leptomns), such as electrons, muons and neutrinos,
collide with protons. If the energy of the colliding particles is high
enough the incident lepton can probe the interpal structure of the proton
and scatter froﬁ an individual proton constituent rather than from the
proton as a whole. This leads to an.increased probability of observing
scatters in which a large amount of momentum is transferred from the
lepton. The observation of such collisions supports the proposition
that protons contain discrete scattering centres. These scattering centres‘
have become known as partons. The question still remained as to whether
these partons could be identified as quarks. Further scattering experi-
ments have shown that the partons within the proton appear to be of two
types - spiﬁ 3 particles which have been identified with quarks and
spin 1 particles which have been identified with the vector gluons of
QCD. These conclusions have also received éupport from the observed

. . + - .
"jet" structure of the hadrons produced in e e collisions.

2.3 Baryon Models

Curreﬁt theory and experimental data suggest that the baryons are
bound states of three quarks. The interaction which binds the quarks
together in such a systém is believed to be described by the theory of
Quantum Chromo-dynamics (QCD). Due to the difficulty of performing

calculations using QCD it has so far proved impossible to calculate
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rigorously the energies (masses) of such systems. Thus QCD cannot pre-
dict the mass spectrum of the baryons. 1In an effort to gain further -
insight into the nature of the strong interaction, attempts have been
made to construct phenomenological models of the baryons (under the
assumption that they consist of quarks) which‘can be used to predict
baryon masses.

In the standard quark model baryons consist of three coloured
spin | quarks. The wavefunction for such é system can bg split into
4 distinct component wavefunctions as shown in equation (2.3.1).

x f

la9a> = Vgpac * ‘Xgpry X ®FravOUR COLOUR ° (2.3.1)

0(3) SU(Z)‘ Su(3) SU(3)é

The group structure of these component wavefunctions is indicated below
them. As mentioned in section 2.2 the colour wavefunction for baryonms
is hypothesised to be anti-symmetric. Thus the remaining componentv
wavefunctions must combine to give a symmetric wavefunction to maintain
the required total anti-symmetry of the system. The spin and flavour
components may be coﬁbined to giﬁe an SU(6) structure. The fundamental
representation of SU(6) is denoted by a{6} which represents the basic
quark triplet in each of its two possible spin states. For the baryon

multiplets three of these basic representations are combined to obtain:

{6} x {6} x {6} = {56} + {70} + {70} + {20} . (2.3.2)

The SU(6) wavefunction is then combined with the spatial wave-
function to obtain a wavefunction which is totally symmetric in spin,
space and flavour leading to SU(6) x O(3)lsupermu1tip1ets. Thus, for
example, if we comnsider the ground state spatial wavefunction which is

symmetric and has L = 0 (where L 1is the orbital angular momentum



-16-

of the system) only combinafions of the spin and flavour wavefunctions
which give a symmetric SU(6) wavefunction will be allowed. This leads
to a -[56,0f] SU(6) x 0(3) supermultiplet (where the 56 1is the
SU(6) dimensionality and the 0" means L =0 and positive parity)
3+

. . . . . P
which can be identified with the well known lpw lying J =3 decuplet

P 1+
and the J =3 octet of SU(3).

To proceed further it is necessary to choose a particular form for
the potential confiningvthe'q;arks in the baryon. A common choice for
this potential is>a spin independent, flavour independent, two body
harmonic potential(7). With such a potential the three quark system
can be treated as two independent harmonic oscillators (the_So called
P and ) oscillators - see Figure 2;3;1). The Haﬁiltonian for such
a system can be solved exactly to obtain the expected energy levels.
1f the three quarks are assumed to have equal masses this leads to a
spectrum which consists of a series of equally spaced levels to which
the SU(6) x Q(3) supermultiplets are assigned. Each of these levels
is characterised by the value of a single quantum number. N thch is
just the total number of excitations of the p and A oscillators.
The supermultiplet structure for the first 3 levels is shown in Figure
2.3.2. |

This .spectrum is not observed experimentally on two counts. Firs;ly
the supermultiplets at the N = 2 level are not degenerate in mass
and secondly the particles within a supermultiplet are not degenerate
in mass. Thus the harmonic oscillator model cannot, by itself, des-
cribe the observed baryon spectrﬁm. There have been several attémpts
to extend this model to obtain better agreement with experiment; I
shall only discuss the most successful of these models, which is that

(3)

due to Nathan Isgur and Gabriel Karl .
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Isgur and Karl assumed that the confining potential was not exactly
harmonic. They added an arbitrary central potential (U, say) which was
spin and flavour independent and which comprised pairwise interactioﬁs
only (i.e. no three body interactions) to the harmonic potential. They
then proceeded to perform first order perturbation theory in this
potential using the harmonic oscillator states as basis states. This
procedure split the degeneracy of the N = 2 suﬁermultiplets and
furthermore the pattern of splitting was found to be independent of the
specific form of the potential U (8>.

Although this solved part of the degeneracy problem, states within
a supermultiplet were still degenerate in mass in this model. In order
to resolve this difficulty Isgur and Karl introduced a spin dependent
short range force which would be expected to érise from one gluon
éxchange. This interaction is a colour magnetic dipole-colour magnetic
dipole (or hyperfing) interaction which is the QCD analogue of ordinary
magnetic dipole-magnetic dipole interactions in QED. The addition of
this extra term to the Hamiltonian not only split the degeneracy
within supermuitiplets, it also produced mixing between the super-
multiplets to produce the observed physical states. The results of
this model for the S = 0 positive parity excited baryons are.shown in
Figure 2.3.3. The open boxes show the regions in which the experi-
mentally observed resonances 1ie. These boxes contain the "star"
rating of the resonances as defined by reference (9). The resonances
predicted by Isgur and Karl are denoted by solid bars whose lengths
indicate their predicted visibility. The results of the model are
seen to be in good agreement with experiment.

Isgur and Karl have also carried through their analysis in the
strange sector where the quarks have unequal masses and again found

good agreement with the experimentally observed states.
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2.4 Experimental-Determination of Resonance Parameters

in this section the experimental determination of resonance'
parameters(a) as it relates to ﬂ+p elastic scattering is described.

For simplicity consider firstly the scattering of two spin zero
particles. In this case the scattering process can be described by
a single complex scattering amplitude, £(6,k), which is a function
of the .scattering angle 6 and the centre of mass momentum k. This
amplitude is related to the differential cross section, %% s by
equation 2;&.1.

. do

f*f ' .2 4.1
= . (2.4.1)

The scattering amplitude f may be expanded in an infinite series

of "partial waves", {T 2 =0,1,2, ...}, of definite angular momentum

g"

2 as shown in equation 2.4.2.

-}

£(6,k) ='112 I (2e+D)T, ()P, (cose) 2.4.2)
2=0 - -

where the Pl are Legendre functions.

The scattering of a spin zero particlé-by a spin { particle is more
complicated. In this case the scattering amplitude f of the spin zero
case is replaced b& two amplitudes f and g (the so-called spin non-

flip and spin flip amplitudes, respectively). The partial wave ampli-

tudes Tz are also replaced by two amplitudes - ,T; corresponding
to J = 2+4 and T; corresponding to J = £-i. Formulae for f

and g 1in terms of the partial wave amplitudes are quoted in equations

2.4.3 and 2.4.4.

f(6,k) = % io [(z+1)'r;(k) + ZT; (k):l Pl(,cose) (2.4.3)
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©

+ - 1
zil-[%z(k).— Tz(ki] Pz (cos®) (2.4.4)

b ] ‘

g(e’k) =

where the P- are associated Legendre functions. The differential

J'A
. do . .
cross section == 1is now given by:
do _ * *
T = ff + gg . (2.4.5)

The introduction of spin also leads to three new measurable
quantities (the polarisation P and the spin rotation parameters A

and R), which, like » are bilinear functions of the amplitudes

do
dQ
f and g. The experimental determination of these new quantities

in pion nucleon elastic scattering is extremely difficult, requiring

a polarised target to measure P and the combination of a polarised
target with a double scattering experiment to measure A and R.

To determine resonance parameters it is necessary to. extract the
complex partial wave amplitudes '{Téi}> from the measured physical
quaﬁtities. This extraction process is known as partial wave analysis.
Due to the experimental difficulties of measuring P, A and R in
pion-nucleon elastic scattering few such measurements have been made.
This leads to ambiguities in the partial wave analysis. That is to
say that there exists more than one set of ’{Tzi} which describe the
measured data. If the partial wave expansion is infinite there is in
fact a continuum ambiguity (i.e. there exists an infinite set of ‘{th}
all of which describe the data equally well). By truncating the partial
wave expansion, at some £ = QMAX say, the continuum ambiguity can be
reduced to a set of discrete ambiguities. Two distinct types of partial
wave anaiyses may be performed — energy independent partial wave

analysis or energy dependent partial wave analysis-

In energy independent partial wave analyses data at each energy
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’is analysed independently. Usually each partial wave amplitude is
allowed to vary freely (subjecf-only to unitarityvconstraints)'over
a wide range to find the best fits to the data. At the end of this
analysis a choice is then made between the discrete solutions which
have been found, usually on the basis of energy continuity.

In energy dependent partial wave analyses data at different
energies are fitted simultaneously by assuming some particular energy
dependent parameterisation fér the amplitudes. Several such para-
meterisations have been attempted. One of the eérly'such attempts was
the parameterisation of the amplitﬁdes by a slowly varying polynomial
background with or without some Breit-Wigner resonance terms. Another
approach is to use dispersion relatioms to provide constraints be-
tween the real and imaginary parts of the-amplitudes.

Hg&ing found the '"true" solution the problem still remains of
deciding.whether particular partial waves are resonant or not and of
extracting resonance pagamefers from those waves ﬁhich are believed
to Ee resonant. A criterion for resonance within a partial wave is
that the complex amplitude Tzi should be described by the Breit-
Wigner resonance formula (2.4.6)

' ry/2. .

T = = ) (2.4.6)
M-E - 1ir/2)

where Fe and I are the elastic and total resonance widths respectively,
M 1is the resonance mass and E is the centre of mass energy. The

resonance elasticity X, is defined as:

r
= =
X, = T . 2.4.7)

The Breit-Wigner formula describes a circle in the complex T plane

X
which is centred on (O,Xe/2) and is of radius €/2. 1In practice this
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formula is modified in many ways (e.g. the widths may vary with energy,
it may be necessary to include a slowly varying background term, etc.)
to'obtain a good fit to the observed amplitudes. Many different forms
have been used to parameterise the amplitudes, based essentially on

the simple Breit-Wigner formulaf This has led to the discovery of many
resonances (with varying degrees of certainty) and to the prediction of

resonance parameters (T, X, and M) for these resonances.

2.5 Justification for this Experiment

The experiment described in this thesis was designed to study the

following two reactionms:

1) w+p > K's* where the 1 subsequently decayed into a proton
. + (o)
and a neutral pion (I =+ pm ).
2) ﬁ+p > n+p elastic scattering in the 'backward' direction

% A .
(i.e. cosd < 0.2).

From the data collected in the experiment %%- could be extracted
for both reactions and the polarisation P could be extracted for the
KI reaction (by observation of the proton from the gt decéy). These
quantities could then be used to obtain information on the formation of
A*"  resonances (via the processes w+p > 2" > kst and
w+p >t s W+p) in the masévrange from 1.8 to 2.4 GeV/c2.

The experiment was designed primarily to study the KI reaction.
This channel is the only two body inelastic final state channel in n+p
scattering. By performing a partial wave analysis of the channel an
independent measurement of the A++ resonances could be carried out.
In addition, the data could be used to study the phases of partial

wave amplitudes in a pure isospin (I = %9 inelastic channel.

It was realised at an early stage of the experiment that backward
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elastic scattering data could be collected simultaneously with the

K data, with no loss in the KI signal. 1In principle forward
elastic scattering data could aiso be collected. However, due to the
lafge forward elastic peak and the limited beam time available to
perform the experiment, the collection of this &ata would have seriously
reﬁuced the KI reaction statistics. For this reason a large down-
stream threshold Cerenkov counter was used to veto forward elastic
events. Despite the large amount of data collected by previous experi-
ments in the elastic channel the analysis of the elastic data was felt
to be worthwhile for several reasons. Firstly; the elastic scattering
events could be used to check the analysis programs. The KI data

was not as suitable for this purpose, since there is only one previous
high statistics KI experiment to compare with and it only made
measurements at one momentum. Secondly, many of the previous elastic
experiments were old low statistics bubble chamber experiments.
Thirdly, the more recent hiéher statistics counter experiments were in
diségreement with each other (especially in the backward scattering
region). Fourthly, the vast majority of the high statistics data from
previous experiments was at beam momenta below 2.3 GeV/c and thus this
experiment could provide new high statistics data in the momentum range
from 2.3 to 2.5 GeV/c. Thus it was hoped that the analysis of the
elastic scattering data collected in this experiment would help to
resolve some of the discrepancies betweert previous‘experiments in the
low energy region and would also provide new high statistics data in

the region above 2.3 GeV/c.
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"CHAPTER~ 3

EXPERIMENTAL SET UP

3.1 Introduction

This chapter contains a description.of the apparatus used in
this experiment. A more detailed deécription may be found in
Dr. L.R. Scotland's doctoral theéis(lo).

Section 3.2 outlineé the experimental method used in the ex~
periment and gives a brief overview ofrtﬁe apparatus. Sections.
3.3 to 3.6 give a more detailed discussion of individual components
of the apparatus. 1In particular section 3.3 discusses the Beam;
3.4 the target, 3.5 the trigger and 3.6 the measuremerit system.

The funning conditions of the experiment‘are discussed in section

3.7 and finally, in section 3.8, the data collected by the experi-

ment is described.

3.2 Experimental Method and Apparatus

The initial aim of this experiment was the extraction of polarisa-
tion and differential cross section measurements for the reaction
+ + + . . . .
mp +>KZI and differential cross section measurements (in the back-

. . . + + . . ‘

ward direction) for the reaction w p -+ 7 p. This process required
the observation and measurement of many individual scattering events
of each reaction type.

In the experiment a beam of particles, containing positively
charged pions, impinged upon a stationary hydrogen target of known

. + . . s

length and density. The number of = 's in the beam, incident on

the target, was measured by a system of scintillation counters and a
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Cerenkov counter. Many interactions occurred between the beam w 's-
and the protons in the hydrogen térget. A set of scintillation and
Cerenkov counters was used to preferentially select KI and back-
ward elastic scattering events. This was done by combining the
signals from these counters to define a trigger signal. For events
which "passed" the trigger measurements of event pérameters vere
made. The trajectories of the gharged barticles involved in the
interaction were measured, using multi?wire proportional chambers
(MWPC's) and wire spark chambers. The-majoriéy of these chambers
were situated inside a large volume open spectrometer magnet to
enable the measurement of particle momenta from the curvature of
trajectories. In addition to these measurements some of the
trigger couﬁters provided time of flight information which could
be uséd to aid particle identification.

The apparatus used in the experiment was known collectively
as the Rutherford Multi-particle Spectroﬁeter (or RMS for short).
A plan view of the apparatus (not to scale) is shown in Figureb3.2.i;
The RMS reference frame, which is used throughout this thesis, is
also illustrated on this diagram. Four types of farticle detector

are shown in the diagram.

1) Scintillation Counters

These counters were used to define a trigger and also to provide

time of flight information.

C3, C2, CO, A2 and A0

C3, C2 and CO were small circular counters which were situated in
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.the beam. A2 and A0 were annular counters surrounding C2 and CO
respectively. These counters were used in the trigger and, in addition,

C3 and C2 provided time of flight information.

€6, C7, A3 and A4

C6 and C7 wére counters which lay on either side of the target
and curved round to meet iﬁ front of the target. C6 was 20 mm high
and C7 was 50 mm high. A3 and A4 were flat counters which lay
above and below the target and which abutted the str;ight sections

of C6 and C7 (Note that A3 and A4 are not shown in Figure

3.2.1). These counters were used in the trigger.

VO

This was a small (100 mm) square counter, inserted just in front

of the large downstream Cerenkov counter V2, for use in the trigger.

a1
This was a large downstream hodoscope. It consisted of three
separate scintillation counters, each 2.3 metres long by 0.25 metres

high, with a photomultiplier tube at each end. J1 was used in the

trigger and also to provide time of flight information.

J2

This was a large hodoscope situated to one side of the target.
It consisted of four scintillation counters, each 1.2 metres long by
0.15 metres high, with a photomultiplier tube at one end. J2 was

used solely to provide time of flight information.
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2) Cerenkov Counters

There were two Cerenkov counters used in this experiment, both

o

of which formed part of the trigger.

c5

This was a medium pressure threshold Cerenkov counter which was

situated in the beam.

V2

A

This was a large downstream threshold Cerenkov counter which
had 18 photo-tubes and was filled with Freon 12 to a pressure of 7.8

atmospheres.

3) Multi Wire Proportional Chambers

There was a total of six MWPC modules used in this experiment.
Each module consisted of two chambers - one to provide horizontal
information and one to provide'vertical information. These chambers
were situated in the beam to measure tﬁe beam particles' momenta and

trajectories. All the MWPC's had a wire spacing of 1 mm.

4) Spark Chambérs

The wire spark chambers used in this experiment measured the
outgoing particles' momenta and trajectories. The chamber$s, which
were equipped with capacitative read out on both the high and low

voltage planes, were arranged in three groups:-

a) Seven concentric cylindrical chambers (CYLS) which had their

axis in the vertical (Z) direction. These chambers were closest to
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the target and were 1 metre high with radii from 0.17 to 0.48 metres.

b) Four double gap flat chambers (FLATS) in the region between the
CYLS and the hodoscope Jl. These chambers were 2 metres wide by

1 metre high.

c) Two double gap flat chambers (SIDES) in the region between the
CYLS and the hodoscope J2. These chambers were 1 metre high by

1 metre wide.

The CYLS and SIDES had a wire spacing of 1 mm and 1.5 mm,

respectively, with the high voltage planes vertical and the low

o

voltage planes inclined at (+ or =) 14 to the vertical. The

FLATSAhad a wire spaciqg of 1 mm with the high and low voltage
planes inclined at % 15° to the. vertical.

All 6f the spark'chambers and four of the six MWPC modules
lay within the fiducial volume of the spectrometer magnet which had

a useful volume of approximately 4 m x 2 m x 1 m.

3.3 The Beam

The experiment used the w13 beam line at the Rutherford
Laboratory's proton synchrotron accelerator (NIMROD). This was
a conventional three stage beam line, transporting positive par-

ticles, which produced an unseparated beam with a small momentum

. A ' . . . . es
bite ( E? v 0,47). Pions in the beam were identified by two

different techniques. Above 1.9 GeV/c beam momentum the beam

' + +
Cerenkov C5 was used to veto K 's and protons and accept w 's,

+ +, +'S

u's and e '

. . : +
S. The small contamination from u 's and e

+ . .o
was measured and corrected for. Below 1.9 GeV/c 7 's were identified
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by their time of flight between the two beam scintillation counters
C3 and C2. In this mode the beam Cerenkov C5 was used to veto
+'

+ .
e 's. The method used to count the number of w 's in the beam,

incident on the target, is described in section 3.5.

3.4 The Target

The target used in the experiment was a cylinder 150 mm long,
of diameter 25 mm, which was filled with liquid hydrogen. Tﬁe
liquid hydrogen used in the target was boiling at a vapour.pressure
between 16.2 and 16.6 pounds per square inch. This.corresponded to
a temperature in the range 20.59K to 20.67K gnd a.density‘of

(7.067 £.0.005) x 1072 gm. em 3.

3.5 The Trigger

The purpose of the trigger was to reject, at an early stage, events
which did not satisfy certain topological constraints satisfied by the
reactions under study. Such events came from many sources (e.g.
interactions outside the target, competing reaction channels -
n+p > n+pw°,. n+p > artnt etc.). Figure 3.5.1 shows a plan view
of the trigger counters used in the experiment illustratgng their
position relative to a "typical' elastic event.

In this experiment the trigger imposed fiﬁe constraints on the

events.
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Constraint 1

. . +
This constraint was that a beam 7 had to enter the hydrogen

*1s were identified by the technique described in

target; Beam T
section 3.3. These particles were constrained to enter the hydrogen
target by demanding a "hit" in the two small circular scintillation
counters (C2 and CO) and no hit in the annular counters (A2 and
A0) which were situated immediately in front of the target to form
a beam "telescope'. The comhination of all these conditions was used
to_define a ""good" beam at and a counter (known as R3) was incre-
mented whenever all these conditions were met to count the number of

+

m 's 1incident on the target.

Constraint 2

This constraint was that no outgoing beam particle should be
observed. This condition was met by demanding no signal from the
Cerenkov counter V2 and no signal from the scintillation counter
Vo. V2 had a threshold for pions of about 1.0 GeV/c and an
efficiency of greater than 957 above 1.3 GeV/c. Events with non-
interacting beam tracks which did not "fire" V2 (due to its small

inefficiency) were vetoed by VO.

Constraint 3

This constraint was that two, and only two, outgoing, charged
particles should be observed and these particles should be approxi-
mately coplanar with the beam. In addition, the event plane was
constrained to lie approximately in the horizontal plane.

The elastic scattering reactioﬁ obviously has two outgoing

charged particles. These particles must be coplanar with the beam
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in order to conserve momentum. The KI reaction also has two out-
. . + y +
going charged particles - the K and the proton from the I

decay (7 + pr°). Due to the éroidh_mass Eé}ng_a large fraction of thé
Z+ mass the laboratory opening angle between the Z+ and the
proton is generally small and thus the K+ and the éroton are
approximately coplanar with the beam. The condition that events
should lie approximately in the horizontal plane ensured the best
momentum measurement accuracy since the major ‘magnetic field com-
ponent was in the vertical direction.
This constraint was met by demanding a count in both the scintillation

counters C6 and C7 (on either side of the target) and no count

in A3 and A4 (above and below the target).

Constraint 4

This constraint was that one of the outgoing particles should
travel in the forward direction in the laboratory. This ensured
that at least one of‘the observed final state particles would be .
well measured since most of the outgoing track measurement chambers

were "downstream" of the target. The constraint was met by demanding

a hit in the downstream hodoscope Jl.

Constraint 5

This constraint was that the event should not be a forward
elastic event (for the reason discussed in section 2.5). The con-
straint was automatically met by previous demands. In particular,

+ .
the fast forward =« from such events fired the downstream

Cerenkov V2, thus causing the events to be vetoed.
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One further feature of the trigger was a'SO nanosecond -past and
X
future protection on (A2 + C2).(AO + CO). This prevented any
mis-calculation of the beam flux due to beam tracks being very

close together in time.

3.6 The Measurement System

For those events which '"passed" the trigger, some means of
meaéuring the particle momenta and trajectories was necessary. -

Particle momenta could be calculated froﬁ the observed curva-
ture of trajectories within the magnetic field of the spectro-
meter magnet, provided the field was well known. The current through
the spectrometer magnet coils was varied with the beam momentum to
produce similar event topologies at each momentum. The current
varied from 1541 amps at the lowest momentug to 4400 amps at the
highest momentum, giving a field at the target centre of between
6-10 K. gauss. The magnetic field within the useful volume of the
magnet was measured at three current values throughout the range
and magnetic field maps were constructed at all current values by

(10). Thus the problem of momentum measurement was

interpolation
reduced to the measurement of particle trajectories.

The beam particle trajectories were measured by the MWPC's
and the outgoing particle trajectories were measured by the wire
spark chambers. The MWPC's could be continuously read out,
ﬁowever the spark chamﬂers had to be pulsed. The spark chambers
were "fired" by the trigger pulse. After firing and reading out

a D.C. clearing field removed the remaining ionisation and the

read-out capacitors were discharged. This resulted in the chambers

being "dead" for approximately 10 milliseconds after recording an

* ' 6 .
Note that the peak instantaneous beam rate was ~10  particles
per second.
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event. During this time no new events could be recorded and hence
the trigger was inhibited. The chamber dead time was the limiting

factor in the data taking rate.

3.7 Running Conditions

During data taking the following conditions were maintained as

closely as possible:-

a) The_beam'flux was maintained at an approximately constant level
(&-SOK beam pions/Nimrod burst) by adjustment of collimator

settings.

b) The spark chamber efficiencies were maintained at approximately
857 with cluster sizes ~ 6 on the low vdltage planes and A
on the high voltage planes.‘ This was achieved by adjustment of

the high tension voltages applied to the chambers.

c) The MWPC efficiencies were maintained at approximately 997 by 4
adjustment of their applied voltages. In practice, these chambers

required very little adjustment.

In addition, the gas mixtures to the chambers, the two Cerenkovs'
operating conditions and the currents through the beamline elements

were monitored at least once per eight hour shift.

3.8 Data Collected

Approximately 17 million triggers were recorded at 26 beam momenta
in the range from 1.25 GeV/c to 2.50 GeV/c at a spacing of approxi-

mately 0.05 GeV/c. The data collected at each momentum is shown in
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figure 3.8.1. The hatched region shows the momenta for which results
are presented in this thesis.

In addition to data taken with the ''standard" trigger and under
normal running conditions, several specialised data tapes were also

collected:-

" a) A "target empty" run was collected at every second momentum.
In these runs the target was filled with gaseous hydrogen.
These runs were collected to allow a determination of the

interaction rate from the experimental apparatus.

b) A "Cerenkov off" run was collected at 4 momenta throughout the
range. In these runs the large downstream Cerenkov (V2) was
removed from the trigger. These runs enabled the efficiency

of the Cerenkov and its random veto rate to be calculated.

c) Several "Straight Track' tapes were collected at momenta through-
out the range. For these tapes the spectrometer maghet was
switched off. This data was used by the Survey Program to

accurately determine the chamber positions.

d) A "beam track" tape was collected at every momentum. These
tapes had a '"mon interacting beam track trigger" and they were

used in the beam momentum calibration process (see section 4.4).
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CHAPTER 4

EVENT RECONSTRUCTION

4.1 - Introduction

)

.The data pollected in this experiment consisted of events which
passed the trigger. Each event was represented by the data acquisition
system (DAS) information which was divided into four sections. The
first section was a "header" section which contained thevdate, run
number, évent number and trigger codef The second section recorded
the scaler information for the event. This information fell into three

_categories - TDC's and ADC's (for time of flight measurement),

. trigger logic scalefs per event (e.g. R3's per event) and cumulative
trigger logic scalers. The third section contained MWPC information
which cbnsisted of a list of MWPC wire numbers which recorded a

signal for the event., The fourth section contained spark chamber
information which cqnsisted of a list of spark chamber Wiré numbers

(in coded form) which recorded a signal for the event. B

The aim of event reconstruction was to calculate, from the DAS
information, all relevant event parameters. The wire numbers were
translated into 3-D coordinate points (and errors). These points

were systematically éearched for particle tracks. Points which lay

on tracks were then used to determine particle momenta aﬁd subse-
quently an interaction vertex. The ADC and TDC information was
combined to produce times of flight which could be used to identify
particle types. All of this information was then combined to identify
particular types of events (e.g. elastic scattering events).

A description of the event reconstruction techniques used in

this experimeht is given in sections 4.2 to 4.6. (A more detailed



description/may be found in Dr. L.R. Scot;and's doctoral thesis(lo)).
In section 4.2'the organisation of the RMS event reconstrucfion
program is described. Section 4.3 describes the track finding tech-
nique and section 4.4 describes the track fitting procedure. 1In
section 4.5 the time of flight information is discussed. Section
4.6 describes the event'fitting procedure and finally in section -

4.7 the quality of the reconstructed events is discussed.

4.2 The Reconstruction Program

The RMS event reconstruction program was split into three main

sections:-

1) REAP which found particle tracks.

2) STRIP which fitted these tracks td obtain particle momenta and
trajectories.

3) GKIN which carried out a geometrical ana kinematic fit to the

event as a whole.

'The program, which was known as RSG, was run on the Rutherford

laboratory's dual IBM 360/195 computers.

RSG used the nypra (11

memory management system which was written
at CERN. In this system the program was split into self contained
sets of subroutines, known as processérs, which performed specific
 tasks. The calling of these processors was controlled by a steering
program (STEER) which was split into three stages. Each requested
processor was called during each stage. Stage 1 contained all the
initialisation necessary to prepare the program for event processing.
Stage 2 contained the event processing loop. This stage of each

requested processor was called once per event. Stage 3 terminated

the program and produced a summary of the analysed event{ characteristics.
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The HYDRA system used blank common as a storage space. Thé in-
formation required by the proceésors to analyse events was:stored here
as was the processed event data. The information was stored in a
"tree structure" of data blocks which were known as banks. These
| bankslwere linked to each other to enable easy access to the stored

information.

The techniques used by the analysié program to reconstruct events

will now be discussed.

4.3  Track Finding

The first stage of the track finding process was the translation

of the digital spark chamber and MWPC re#dout into a set of 3-D spatial
.coordinates with corresponding erfors.

Each chamber in the system was represented by a surface. In the
case of thé spark chambers, this surface corresponded to the mid-point
of the spark gap (i.e. mid-way between the high and low voltage wire
planes). For the MWPC's the surface corresponded to the plane of the
anode sense wires. There were two types of surface - planar and
cylindrical.

The information from the spark chambers and the MWPC's was
different. The spark chambers gave positional information from two
planes (high and low voltage) whereas the MWPC's only gave information
from the anode sense planes. Also in the spark chambers clusters of
wires gave a signal when a charged particle traversed the chamber (with
a typical cluster size 4:5 wires), whereas in the MWPC's only one (or
occasionally two) wire(s) gave a signal. In the spark chambers all

cluster intersections (from both planes) corresponded to possible spark
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positions. This could lead to '"ghost images" of reél sparks as
illustrated in Figure 4.3.1. These ghost sparks did not; in general,
line up throughout the chambers and hence '"ghost tracks'" were not a
problem. Knowledge of the chamber positions and construction allowed
the 3-D spatial coordinates of hits to be calculated from the DAS
information.

The next stage in the track finding procéss was to search
systematically through the set of reconstructed 3-D coordinate points
to find which of these points lay on particle tracks. The method
used differed for the spark chambers (which measured the outgoing
particle tracks) and the MWPC's (which measured the beam tracks).

The technique used in the beam track case combined track fitting
and track finding into one process and henée it will be discussed
in section 4.4 on track fitting.

The general approach used in the outgoing track case was to
searéh for track segments in the CYLS, FLATS and SIDES independently.
Segments of the.same'track were then merged. Any track segments
remainiﬁg unmatched were then extrapolated to search for more sparks
lying on the track.A

Track segment sea;ches were carried out by means of linear extra-
polation from the last two sparks on the segment into the next chamber.
(Initially the linear extrapolation was from the target centre and a
spark on the first chamber into the second chamber). If no spark was
found on the next chamber closgkto the intersection point of the line
with the chamber the candidate track segment was rejected. All track
segments found by this process were fitted using a '"pseudo helix" fit
(i.e. a circle in the x~y plane and a line in the R-Z plane). Segments
were then selected, based on the mean squared residuals of this fit,

and all sparks on selected segments were flagged to exclude from further

*
The road width within which sparks were accepted depended
upon the extrapolation distance and was typically ~ 5 mm.
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track finding. The segment search was then repeated, looking for
segments Witb one, two, three and four sparks missing for the CYLS
and FLATS and with one spark missing for the SIDES. At the end of
this process track segments with four or more sparks in the CYLS
and FLATS and with three or more sparks in the SIDES had been found.
An attempt was then made to merge track segments from each of
the three chamber groups. Each track segment was extrapolated, using
the pseudo helix fit to a reference cylinder just outsidé the last
cylinder. The positions, directions and curvatures of the segments
at this cylinder were then calculated; A wefghted sum of the squared
residuals in these five parameters was then férmed for all track

segment combinations (within limits). Mutually exclusive combina-

~_tions were then accepted in order of increasing residual. '_Any_m L

remaining unmatched tréck segments were extrapolated into the other
chambers to search for more sparks which lay on the ﬁrack. At the
end of this process a set of tracks had been defined.

The efficiency of the track finding portion of the analysis
program was estimated by the visual scanning of events and found to

be ~967.

4.4 Track Fitting

A4

In this section the calculation of track parameters by fitting
. . . (12) .
to the measured track points is discussed . This process was

carried out for both the outgoing and the beam tracks.

Outgoing Track Fitting

The outgoing'particles travelled through a magnetic field.  The

equation of motion for such a particle is given by:
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d?r

4 (4.4.1)
dt? ym :

a oA
et {R
X
|

where r 1is the position vector (x, y, 2z)
t 1is time
is the particle mass

and

lw B

is the magnetic field vector.

This equation may be rewritten (in component form) in terms of

the particle momentum p and the derivatives
2y 25
;'=.§Z , 1 ___ u_'dy ,,=dZ .
v'( ix)? ? (= 4 (fya§z) and " ( E;g) as shown in
equations (4.4.2) and (4.4.3).

1
py" = q(l + y'2 + z'2)2(_z'13x + y'z'By -1+ y'Z)Bz) = Y(x)
(4.4.2)
1
(4.4.3)

If y' and z' are known then the right hand sides of these
equations can be calculated and the resulting functions Y(x) and
. . . . . X .
Z(x) may be described by a cubic spline approximation. This may then

be integrated twice analytically so that the track model becomes:

y(x) Yo ¥ VX %-f [ Y (x)dx2 . (4.4.4)

7/

z(x)

cx+ L[ 2
z, +z 'x + b J J Z(x)dx . ‘ : (4.4.5)

The trajectory is described by the five parameters ¥o» Yo', Zgy>
.z-'

o and %u In this model the cubic spline description of Y(x)

*Note that, before performing track fitting, the coordinate
axes were rotated to ensure that Y(x) and Z(x) were single
valued functions of X.
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and Z(x) 1is essentially being used to describe the magnetic field.

in an analytically convenient form. The fit is a quintic spline

fit to the trajectory since it has discontinuities at the fifth deriva-
tive.

' being known (at least

The method relies upon y' and Z
approximately). These quantities were obtained from an initial
prefit to the trajectory using a cubic spline model. The five
pafameters of the model were fitted, using a least squares fit.
The fit was then iterated .using the previous iteration toAgive
better estimates of ¥' and zZ' at the measured points. The fit
converged typically within 3 to 4 iteratioms.

The charged particles lost energy as they traQersed the detection
chambers. This effect was taken into account in the.fit by replacing
p by ’po(l - e(s)) where e(s) is the fractional momentum loss as

ta function of arc length, s. ’Thé basic algorithm was changed to:

y(x) = ¥, * yo' x + gL [ J (1 + e(s))Y(x)dx? . (4.4.6)
)

and similarly for z(x). The fit then proceeded as described previously.

Beam Track Fitting

The techniques used in finding and fitting the beam tracks were
different from those used for the outgoing tracks.

Using non-interacting beam track daté the momentum (as caiculated
by the outgoing track technique) was parameterised as a function of
the Y positions on some of the beam MWPC's. Since information was
not always available from all the MWPC's, several parameterisations

were constructed and a hierarchical order of preference for beam
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momentum reconstruction was set up.

The reconstruction of beam track trajectories in '"normally"
triggered events was carried out as follows. A list -of all "hits"
in the Y MWPC's was constructed and each possible combination of
these hits was used to try and reconstruct a beam track. The
momentum of the track was ;alculéted using the bestvpossible para-
meterisation in the hierarchical structure and an "ideai" trajec-—
tory was then calculafed, using this momentum. The ideal trajectory
was subtracted from the observed points and a straight line was then
fitted to the points. Tracks were rejected if their residuals were
too large. Fo¥ tracks which were not rejected, a full quintic spline
fit to the trajectory was performed. Tracks were.then rejected if

the fit probability was too low or if the track did not pass through

[

CO and C2. Only events in which Eﬂé beam track was identified

unambiguously were considered further.

4,5 Time of Flight Information

Time of flight information could be obtained from the scintillation
counters C3, C2, J1 and J2. The positions of these counters in

relation to a typical event are illustrated in Figure 4.5.1. The

following times of flight were measured, using these counters:

1) C3 -» C2
2) c2 -» J1
3) c2 > J2 .

Each of the photomultipliers joined to these counters was con-

nected to a TDC (time to digital converter). The start pulse for all

the TDC's was the trigger pulse and the stop pulse was the appropriate
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FIGURE 4.5.1: Time of flight counters in relation to a

typical event.
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counter pulse suitably delayed.
The time of flight from some reference counter, R, say, to

a generic counter G 1is given by :

= - I
TOFR+G = TDCG GG TDCR op v K (4.5.1)

where TDC. = the TDC reading for counter i

@, = the conversion factor from TDC counts to time for TDCi

2 = the distance travelled by the light in the generic

counter G

v = the velocity of the light in the generic counter G

and K = the delay due to cables and electronics of G's

signal relative to R's.

In RMS C2 was used as the reference counter. The term %
in equation (4.5.1) was negligible in the C3 -+ C2 time of flight and
hence it was ignored in this case. In the C2 -+ J1 measurements two
expressions for the time of flight could be obtained since there were
two photomultipliers joined to each element of Jl. These expressions
could be combined to eliminate the dependence on the hit position in
the hodoscope (2' in Figure 4.5.1) or alternatively, they could be
used to predict &' by elimination of the unknown time of flight.

To calculate times of flight the unknown parameters a, K and
v had to be determined for all scintillation counters involved in
time of flight measurement. This calibration process was carried out
using elastic scattering events (which had been selected on kinematic
grounds) in which the particles associated with all tracks were known.

The measured times of flight from an event were used to try and .

identify particle types. This process was carried out by forming a

chi-squared (XZ) where:-



- 2
(TOFm TOFC)

x2 = ~ (4.5.2)
0'2
m
with TOF_ = the measured time of flight
TOFc = the calculated time of flight assuming a particular
particle type (w, K or p)
and o, = the counter resolution.

Three such x2's were formed for each outgoing track for the
three particles w, K and p. The xz's were then converted to
probabilities.

At high momenta no separation,between.pa£tic1e types was poésible
using TOF information, since the differences between the times of
flight for the three particle types were smaller»than the counter
resolution (e.g. a 1.9 GeV/c forward particle had a TOF of 9.03 ns
if it was a 7 and 10,04 ns if it was a p whereas the counter
reéolution was 6,1.7 ns (FWHM)). At lower momenta some usefﬁl in-
formation could be obtained (e.g. a 1.25 GeV/c forward particle

had a TOF of 9.06 ns if it was a 7 and 11.3 ns if it was a p).

4.6 Event Fitting ‘

The final stage of event reconstruction is to combine the re-
constructed information for each observed track to try and identify
the event type and its parameters. Each event had a "primary" vertex
where the interaction of the beam =@ with the target proton
occurred. Events could also have '"secondary' vertices if any of the
outgoing particles decayed. To reconstruct an event fully the position
of these vertices, the momenta of the particles at the vertices and

the type of particle associated with each track had to be determined.
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One method of reconstructing events is to perform a full geo-
metrical and kinematic fit to the event. The parameters to be deter-

mined by this technique (Po, say) are:-

1) The primary vertex coordinates
2) Any intermediate track lengths (to decay vertices)

%*
3) The track parameters (Px’ Py’ PZ or P, tanA, ) at the vertices.

The track reconstruction procedure gave the momenta and positions
of the observed tracks aﬁ pre-determined reference surfaces. For beam
tracks‘this surface was chosen to be at x = -125 mm and for the out-
going tracks it was chosen to be a cylinder j;st inside the first CYL
which recorded a hit. The momenta and positions at these surfaces are
the "measured" quantities (Pm, say). A x2 may-ﬁe formed as shown

below:-

2 @ - Pm)T G(P - P) (4.6.1)

>
]

where the P are the track parameters to be compared with the measured
quantities P and G 1is the inverse error matrix.

The quantities P are functions of the quantifies to be deter-
mined (Po). Initial values for the quantities Po were estimated

(12)

from the fitted tracks and,by Runge Kutta tracking to the reference

planes,the quantities P were determined. Using the method of Lagrange

multipliers x2

was minimised subject to energy-momentum conservation
at the interaction vertices to obtain the best fit to the event.

‘In using this technique‘a specific event type had to be assumed
initially and then, if the event was topologically compatible with the

assumed event type, a fit could be attempted. This procedure led to

some events fitting as more than one event type and for such events a

choice had to be made based on the probabilities of the fits or on some

"See FIGURE 5.2.9.
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external ihformaﬁion (such as time of flight information).

This method of event fitting was not used in the reéonstruction
of elastic scattering events. There were several feésbns for this.
Firstly elastic scattering events are relatively uncomplicated events
in that they have only one vertex (the n  lifetime is relatively
long and hence n decays were not a problem in this experiment)
and only two outgoing particles. This means that such events are
highly constrained and thus they can be identified fairly easily
without recourse to full geometrical and kinematic fitting. This
was not the case with the KI reactionbdue_to the unobservable
¥ and ° particles and thus the geometrical and kinematic fitting
technique was used for such events. Secondly, the'geometrical apd
kinematic fitting technique was very time consuming (approﬁimately
250 milliseconds CPU time per good event) and since an alternative
method was available for the elastic events it was used.

In the reconstruction of‘elastic scattering events each outgoing
track was independently intersected with the beam track. This was
done by an iterative procedure which used the measured track para-
meters at the reference surfaces. ,IP each'iteration the distances
from the track positions on the reference surfaces-to the "best"
previous vertex position were calculated. (Note that the initial
"best" vertex position was taken to be the tafget centre.) Using
fourth order Runge Kutta tracking the tracks were stepped through
these distances and then linearly extrapolated to find the point at
which the distance between the two tracks was a minimum. This point
was then taken as the "best" vertex position and the process was re-
peated until it converged. When this happened the vertex position
énd the momenta at the vertex were given by the Runge Kutta aléorithm.

These quantities were used in the identification of elastic scattering
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events by the calculation of elastic scattering angular correlations
and missing masses. The details of this selection process are dis-

cussed in section 5.2.

"4,7 Reconstruction Quality

The quality of the reconstructed momenta and trajectories de-
pended ultimately upon the measurement of the positions at which par-
ticle trajectories intersected the detection chambers (i.e. upon the
measured point precision). This point precision was influenced by
several factors, some of which were track dependent and some of which

were track independent.

The three main track independent effects were:-
1) Wire spacing
2) The address boundary effect (CYLS 1-4 only)

3) Chambef distortion (CYLS only).

Effect 1) defines the best possible point precision that can be
obtained by any given chamber. If it is assumed that particleé
'traversed the chambers normal to the chamber gap then the distribution
of hits about the true hit position will be a rectangular distribution
6rthogonal to the wire direction and of full width d, where d is
the wire spacing. The variance of this distribution is given by:-

2
g2 = ‘:—2 ) (4.7.1)

Knowledge of the wire spacings and angles for all chambers allowed
'oﬁ and cvz (the horizontal and vertical variances) to be calculated
for each chamber type. The results of these calculations are shown in

Table 4.7.1.

Effect 2) is due to the fact that, for the CYLS, it was noticed
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Chamber Type. d (rm) . Wire Angles oH(mm) o, (mm)

- CYLS 1.0 (0°, +14°) 0.29 1.63
SIDES - 1.5 0°, *14°) 0.43 2.45
FLATS 1.0 (-15°, +15%) 0.20 0.82
MWPCS 1.0 0% or 90° 0.29 0.29

TABLE 4.7.1: Point variances due to chamber construction.

that certain regions of the chambers were inefficient. The spark
chambers were read out in groups of 32 wifes (known as addresses)

and the inefficient regions were at the edges of addresses (hence

thé name "address boundary effect'). The problem was solved

during setting up for the outer cylinders by additional screening

éf the readout cables. However, CYLS 1-4 could not be reached

without dismantling the whole system. Thus for the first four CYLS
the problem had to be solved at the analysis stage. Although this

was an efficiency problem its effect was to shift sparks near the
address bOuﬁdary rather than lose them altdgether. This was due to the
fact that a spark set off a cluster of wires and the inefficiency near
the address boundary led to the "loss'" of wires from one side of the
cluster, thus leading to a displacement of the cluster centre. This
problem was resolved by finding out how much, on average, the central
positions of clusters were shifted as a function of spark position,
using straight track data. The shift near the boundary was found

to be ~0.5 mm. A correction wés applied to cluster positions to

correct for this effect based on the results obtained from the straight



track data.

Effect 3) was noticed when straight tracks were being used to
determine the chamber positions. Large discrepancies were found in
the cylindrical chambers as a function of angle around the chambers.
These discrepancies were consistent at several momenta and this
supported the theory tﬁat ﬁhey were inherent in the chamber con-
struction. This effect was also corrected for by moving cluster
positions using the discrepancies measured by the straight tfack
data.

The four main track dependent effects were:-

1) The track angle effect.

2) The E x B effect.

3) The cluster size effect.

4) Multiple Coulomb scattering.

The track angle effect was due to the fact that tracks did not,
in general, traverse the detection chambers normally to the chamber
plane. This meant that, in the spark chambers, some of the ionisation
from the track was swept away by the clearing field before the
chambers fired and this resulted in a dispiacement of the sparks as
illustrated in Figure 4.7.1,

The E x B effect was a similar type of effect to ;he track
angle effect. The track ionisation moved perpendicular to the wire
planes under the influence of the clearing field initially and then
in the opposite direction as the chamber HT's began to build up.
Due to the vertical magnetic field, a Lorentz force was induced which
caused the ionisation to acquire a velocity component parallel to the
wire planes and hence produced a spark displacement. The Lorentz

force was in opposite directions under the influence of the clearing
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field and the chamber HT and thus some cancellation occurred. The
E x E effect and the track angle effect were dependent upon many
factors (e.g. timing, chamber HT's, HT pulse shapes, clearing fields,
etc.) and hence it wés impossible to calculate them exactly at all
stages of the experiment. These effects were parameteriéed empirical-
ly and fitted to. The fitting process was re-calculated every 25,000
revents. This gave a good set of cbnsténts proviaed conditions were
slowly varying. These constants were used to shift the observed.
spark positiﬁns to correct for the track angle and E x B effects.

The cluster size effect stemmed from the fact that very large
and very small cluster sizes gave larger residuals than medium sized
clusters. This was believed to be due to variations’in pulse shape
with cluster size coupled with variations in the thresholds on the
spark chamber wires. The effect was taken into account bf increasing
the point_error on very large and very small clusters.

The multiple scattering of particles by many independent small
angle Coulomb scatters with the nuclei in the detection chambers
also affected the point precision. This was taken account of by
adding a term to the error matrix, based upon the expected multiple
scattering from "previous' chambers, before performing the track
fitting procedure.

Thus the final point variance was calculated-by combining three
components:-‘
1) The intrinsic error due to chamber conétruétion.
2) The multiple scattering error.

3) "Jitter" in the E x B’ and related effects.

Typically the horizontal point error was ~ 0.8 mm and the vertical
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point error was V2.9 mm for the spark chambers. The point errors
on the beam MWPC's were dominated by multiple Coulbmb scattering due
to the wide spacing of the MWPC's and the presence of the beam
scintillation counters. Typically the horizontal and vertical point
errors for these chambers vere'$2 mm. .

The track fitting procedures transformed the point errors to
errors on the fitted quantities - the momentum p, the track
direction parameters tan A and ¢ and the position at the reference

planes Z and 6 or Y. Typical values for these errors for forward

tracks, sideways tracks and beam tracks are shown in Table 4.7.2.

Track Type Ap/p Atan) Y] AZ (mm) A8 AY (mm)
BEAM 0.002 0.001 0.001 0.45 - 0.4 mm
FORWARD 0.01 0.003 0.003 1.2 0.002° -
SIDEWAYS 0.03 0.007 0.006 1.6 0.002 -
TABLE 4.7.2: Typical errors on the fitted track parameters.

It can be seen from this table that the be;m tracks were more accurately
measured than the outgoing tracks. This arose mainly from the fact that
the beam momentum was measured very accurately by the Y hit position
on the furthest upstream MWPC module. It can also be seen that the
forward tracks were more accurately measured than £he sideway tracks.
Thig was due to the fact that there were more detection chambers spread
over a larger distance in the forward direction as compared to the
sideways direction. |

The fitted quantities were used to calculate interaction vertices
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and momenta at these vertices. Missing masses, at the vertices,

were then calculated and used, as the primary selection procedure,
-in the selection of elastic scaftering events. Typically the

errors on the missing masses were ~0.03 (GeV/c2)2 on the missing
mass squared to the forward track and nO.1 (GeV/c2)2 on the missing

mass squared to the sideways track.
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CHAPTER 5

CALCULATION OF DIFFERENTIAL CROSS SECTIONS

5.1 Introduction

In this chapter the method used to calculate the elastic scattering
differential cross section, at each beam momentum, is described. This
process required the selection of elastic events and the construction
of a cose* distribution for these events. The selected events were
arranged into cose* bins and the cross secéion in each bin was

calculated independently using formula (5.1.1).

do Di
1 1

where {%%]‘ is the differential cross section in the i-th cose*
bin.
N is an overall normalisation factor which is independent
of cose*.
D, is the number of selected data events in the i-th cose* bin.
and Ai is the experimental acceptance in the i-th cose* bin.
Thus the calculation of differential cross sections split naturally
into three parts -
1) Event selection and cose* distribution calculation
2) Acceptance calcﬁlation
3) Normalisation calculation.
These three processes are described in sections 5.2, 5.3 and 5.4
respectively. Section 5.5 discusses the calculation of errors on the

differential cross sections.
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* . . . .
5.2 'Event Selection and cos® Distribution Calculation

Introduction

The reconstructed data consisted of events from the various kine-
matically allowed channels (e.g. ﬂ+p - n+p; n+p -> K+Z+;
ﬂ+p > w+p 7°; w+p ; n_w+n¥) and background eventsvwhich occurred from
various sources (e.g. interactions in the targetvwalls, interactions \
in the particle detectors, stray cosmic rays etc.). The first étep in
the construction of a differential cross section was the isolation of
ﬂ+p elastic scattering events and the construction of their cose*
distribution. A set of cuts were developed to isolate elastic scattering
evénts. These cuts were largely momentum independent since the mag-
netic field was scaled with beam momentum to give similar event topologies

at all momenta. The plots shown in this chapter were taken from a

sample beam momentum (2.10 GeV/c) unless otherwise indicated.

Elastic Event Configuration

Every elastic scattering event can be characterised by two angles -
cos 9* (the cosine of the centre of mass scattering angle) and ¢
.(the azimuthal angle which is a measure of.the orientation of the
scattering plane around the beam direction). These angles are illug-
trated, relative to the RMS coordinate system, in Figure 5.2.1. Elastic
events occur over the full angular range (i.e. from cose* = -1.0 to
cose* = +1.0. and from ¢ = -1 to ¢ = +7w). However the elastic
scattering events observed in this experiment were confined to a limited
angular range by the experfmental apparatus. Figure 5.2.2 shows the angular
regions in which elastic events were detected by this experiment at a

beam momentum of 2.29 GeV/c. The four regions shown in this figure were
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observed at all momenta although their limits were momentum dependent.
Figure 5.2.3 shows the approximate configuration of the events (in each
angulér region of Figure 5.2.2) relative to the RMS coordinate system.
The' angular regions within which elastic events were detected in this
experiment were defined. by the trigger chambers. 1In particular the
scintillation counters C6, C7 and Jl defined the angular ranges.
The ¢ ranges were defined by the heights of the scintillation
counters C6, C7 and Jl. Two ¢ ranges were "picked out" by these

counters corresponding to the proton going to positive Y(4 < 0.0)

_..._and_the n going to positive Y(¢ > 0.0). Each of the two ¢ regions

o » . * . 3 L . 3 O‘
was subdivided into two cos8 regions with limits again defined by

the counters C6, C7 and Jl. The configuration of events, at the
extremes of each cose* region, in relation to these counters is shown
in Figure 5.2.4.

Cpnfiguration (1) type events were limited in cose* by the
forward proton missing Jl to give an upper cose* limit and by the
sideways n missing C6 to give a lower cose* limit.

Configuration (2) type events were limited in cosQ* "by the
forward m' missing Jl to give a lower limit and by the sideways
proton missing C7 to give an upper limit. Many configuration (2)
type events were vetoed by. the downstream Cerenkov counter V2 (Note that
the effect of V2 1is not shown in Figure 5.2.2). An appreciable number
of configuration (2) type elastic events were observed only at the extreme
cose* limits of region (2). At the high cose* limit this was due to
the large forward peak in the elastic cross section coupled with the
fact that V2 was not 100% efficient. At the low cose* limit this was
due to the fact that the forward = was absorbed by the iron magnet
yoke (see Figure 5.2.43 and thus did not reach V2 to provide a veto

signal.
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Note that, for the purposes of clarity, many detection chambers have
been omitted from this figuré and tﬁe relative dimensions of the
counters which are shown have.been greatly distorted (in particular
the dimensions of C6 and C7 have been greatly exaggerated relative
to J1).
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Configuration (3) type events were limited in cose* by the
forward pfoton missing Jl1 to give an upper limit and by the sideways
at missing C7 to give a lower limit.

Configuration (4) type events were limited in cose* by the forward
n missing J1 to give a lower limit and by the sideways proton
missing C6 to give an upper limit. As in the case of configuration.
(2) type events many configuration (4) type events were vetoed by the
Cerenkov counter V2. An appreciable number of configuration (4)
type events were observed only at the uppér cose* limit of region
(4) due to the large forward elastic peak and' the inefficiency of V2.

' *
Configuration (1) and (4) type events covered rather limited cos6

“ranges. In addition the calculation of a differential cross-section for
—...—events--of-type (2) and (4) was very difficult since the effect of the
Cerenkov counter V2 would have had to be known to a high degree of
accuracy. For these reasons it was decided to reconstruct the elastic

differential cross section only for configuration (3) type events.

Outline of Selection Method

The aim of the event selection procedgre was to isolate those
elastic scattering events . in which the proton travelled to positive Y
and hit the hodoscope J1 and the " travelled to negative Y
(i.e. configuration (3) type events). Such events have two outgoing
charged particles. Over most of the angular range both of the out-
going particles passed through sufficient detection chambers for track
reconstruction to be possible. However in the extreme backward region
the slow sideways ‘n+ did not pass'through the spark chambers and only
‘the fast forward proton track could be reconstructed. Also forward

tracks were more accurately measured than sideway tracks (see section
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4.7). For these reasons it was decided to try and isolate configuration
(3) type events by searching for the forward proton track and only using
sideway tracks to reject events which were definitely incomnsistent with

the "backward" elastic hypothesis.

Event Pre-~Selection

Backward elastic scattering candidates were selected from the
full data sample using the-missing mass technique.

The incéming beam particle wés taken to be a 7 ' and the scatter
was assumed to be off a free proton. Then, under the hypothesis that
the outgoing forward parficle was a proton, the.miésing energy and
momentum, which must have been carried away from the interaction by
other particles, could be calculated. These quantities were then used
to calculate an effective missing mass for the "unobserved'" particles.

Due to details of the processing technique a saving in computing
time could be achieved by making.an initial pre-selection of backward
elastic scattering events based on these missing masses. Only events
with a forward track (i.e. a track with a "hit" in one of the two
furthest downstream FLATS) whose missing mass squared, when assumed
to be a proton, was within 6 standard deviations of the n  mass
squared were selected. To reduce the number of events satisfying
this condition due to poor event measurement a cut was also applied
to the error on the missing mass squared. Events with an error on
the missing mass squared to the forward track greater than 0.25
(GeV/c2)2 were fejected. This cut was safe since the width of

the . elastic missing mass squared peak was N 0.04 (Gev/c2)2,
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Time of Flight Weight

In the electronic logic of the downstream hodoscope (J1) a time
of flight cut was applied to reject forward tracks with very long times
of flight. This was thought to have no effect on real elastic events,
however it was later discovered that this cut did reject some backward
elastic events at the high end of the cose* range (cos *R -0.3).
This occurred because the Jl - R3 coincidence had been set up using
beam pions which had much shorter times of flight than the protons
from high cose* elastic events.

In order to correct for this effect a time of flight weight was
calcﬁlated for Monte Cgrlo events and a correction applied in the
acceptance calculation. To calculate the weight real elastic events
were used to obtain the distrisution of the measured time of élight
minus the calculated (from the tracks mémentum and length) time of
flight. For events whose calculated time of flight (Tc) was close

to the cut value (T _ ) the origin of this distribution was re-

cut
centred 6n Tc' The probability (p) of the gvents measuréd time
of flight exceeding the cut value Tcut (thus leading to the loss of
the event) could then be cglculated by taking the ratio of the

hatched area in Figure 5.2.5 to the total érea under the distribution.

‘The time of flight weight was then defined as the inverse of the pro-

bability of observing the event -

1.0
TOFweight ' (1.0 - p) :

(5.2.1)

Time of flight weights were calculated for real data events and
also for the Monte Carlo events used in the acceptance calculation. A

correction factor (of 1.0/TOF ) was applied only to the Monte

welght
Carlo events since the real data already had the effect applied by the
J1 electronics.

Events with very high time of flight weights (corresponding to very
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low probabilities of being observed) could have caused the introduction
of large errors into the aéceptance calculation. To prevent this events
with a time of flight weight greater than 4.0 (correéponding to a pro-
bability of being observed less than 0.25) were rejected. In order to
maintain comparabilify between the data and the Monte Carlo this cut

was applied to both.

’

Missing Mass Technique

Figure 5.2.6 shows the missing mass squared to the forward track

treated as a proton for all forward tracks in a raw data sample. There

is a peak in this plot in the region of the m' mass squared due ﬁo-;he pféﬂ
sence of backward elastic scatteriﬁg events. This peak is shifted slightly
from the a mass sqdared due to small systematic erroré in the missing
mass calculation (due to such things as systematics in the vertex recon-
struction and magnetic field reconstruction). Another, somewhat larger
peak is also visiBle at a higher missing mass squared. This peak is due
to the presence of forward elastic events which the downstream Cerenkov
V2 did not veto. For these events the forward particle was a " and
by treating it as a proton when calculating the missing mass.squared
the second peak was obtained. This peakAh;s a long tail which extends
under the backward elastic peak. The nature of this '"contamination" was
confirmed by plotting the missing mass squared to the forward particle
under the assumption that it was a n+. When this was.done a peak was
obtained in the region of the proton mass squared (see Figure 5.2.7).
In both these missing mass squared plots there is also a background from
other types of event.

It would have been possible to select backward elastic scattering
events simply by placing a cut on the missing mass squared to the forward

particle treated as a proton. However the sample of events selected
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by this means would have contained not only real backward elastic events
but also background contamination. Thus other cuts were developed to
reduce this contamination to a minimum before applying a missing mass

squared cut.

Target Position Cut

One of the first criteria for an elastic sc;ttering event is that
the incident beam 7 must sc#tter off a free proton. In this ex-
periment this essentially meant that the interaction vertex had to lie
within -the hydrogen target which was positioned be;ween x = -80 mm

and x = + 70 mm with a radius of 12.5 mm.

The intersection point of the forward track with the beam track
was téken as a measure of the interaction vertex position. The x-
coordinate of th{s'point and its radial distance from the target axis,
R, are shown in Figure 5.2.8 for both real data and Monte Carlo events.
It can be seen from this figure that most real data vertices lie
radially in or near the target. However the real data x distribution
shows the presence of two clusters of interaction vertices downstream
from the target at x A 85 mm and x N +120 mm. The small cluster at
x ~ +85 mm is due to interactions in the thin mylar window at the down-
stream end of the target vessel and the larger cluster at x N +120 mm
is due to interactions in the scintillation counters C6V and C7
which surrounded the target. It can also be seen- that the events in
the target region overflow the absolute edges of the target to some
extent. There are two reasons for this. Firstly there is the effect
of interactions within the target walls and secondly there is the

effect of the.vertex position resolution.. s
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A target position cut was applied to the data. This cut only
retained events which had a forward track whose x and R variables

satisfied -
=95 mm < x < 90 mm
R < 17.5 mm
This cut had a negligible effect on the Monte Carlo events and it re-

jected real data events with interactions in the scintillation counters

C6 and C7.

Proton Direction Cut

~ The spherical polar angles of the forward track at the interaction

vertex (relative to the RMS coordinate system) were calculated by the
analysis program. These angles are illustrated in Figure 5.2.9. Figure
5.2.10 shows tan A versus ¢ for real data events and for triggered
Monte Carlo evenﬁs. It can be seen from these plots that the data
events cover a wider range in w. than would be expected for backward
elastic scattering events. This suggested that a ¢ cut could be
applied to remove some of the background events. A cut was also applied
on tan A although its effect was much sméller than the ¢ cut. These

cuts rejected events which had no track satisfying -
|tan A| < 0.18 and |y - 0.4]| < 0.36

This rejected configuration (1) and configuration (4) type events.

Second Track Cuts

To reduce the background further the sideways track information was

used.



TRACK DIRECTION AT VERTEX

V

x(BEAM DIRECTION)

" 'FIGURE 5.2.9: Track angle parameters A and ¢

relative to the RMS coordinate system.



HPLOT

4

(a)

! 1 S | |
-400 -300 -200 -100 0 100 200

!
300

4890 >

tan X

(B)

1

-2

FIGURE 5.2.10:

Track angle parameters - taniA versus Y

1 ] 1. 1
-400  -300 -200 -100 O 100 200

]
300

for real

data events (plot (A)) and for Monte Carlo events

(plot (B)).

4890 -

tan )



_6]:_

The fifst stage in this process was to split the data into events
with a second track which was associated with the forward track and
those with n§‘associated second track. This was achieved by com-
parison of the intersection points of both tracks with the beam and
also their closing distancesfrom the beam. This ensured that bb;h
tracks came from the same interaction point and also that this inter-
action point was close to the incident beam trajectory;

GKIN fitted backward elastic events were used to help define a
quantity V to cut on as follows -

|Xp = Byl ¥y - Byl

V = —TA———-—— + ———K——— + -——A——-— (5.2.2)
X y z

'“wherénﬂﬁb, YD’ Z, = the differences in x, y and 2z coordinates

between the intersection points of the forward and sideway tracks with
the beam track and the A's and B's were constants determined from

the widths and central positions of the X_, Y. and ZD distributions

A D’ D
plotted for GKIN fitted backward elastics.

Thus Ay = 9% (5.2.3)

and BX = XD . (5.2.4)

and analogously for AY’ BY and AZ, BZ' The values of these constants

are shown in Table (5.2.1).

V and %- (where %- is the closing distance to the beam track)
for forward and sideway tracks are shown for both real data and Monte

Carlo events in Figures 5.2.11 and 5.2.12. Events were defined as

having an associated second track if V £ 10.0 and %—s 7.5 mm for

both tracks.
For those events with an associated second track two quantities -
coplanarity C and opening angle difference A8 - were defined as

follows. Firstly a set of axes was defined using the momentum of the
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A + 3.84 mm
X

B - 2.52 mm
X

A + 0.33 mm
y

B + 0.07 mm
y

A + 1.86 mm
z .

B + 0.74 mm
Z.

TABLE 5.2.1

Values of the constants used in the definition

of the vertex parameter V.

forward track, PF’ and the momentum of the sideways track,

the interaction vertex as shown below -

. P
E 1 ————
2
- Fs ¥ r
.
PSXP[
y = zxX

The coplanarity C was then defined aé follows -

where PB was the beam momentum at the interaction vertex.

PS, at

(5.2.5)

(5.2.6)

(5.2.7)

(5.2.8)

The

coplanarity C is a measure of how closely the beam and the two
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outgoing tracks are to being coplanar. The opening angle 6 is
the angle between the forward and sideways tracks. It was defined
as follows -

y

) = arctan (5.2.9)

o> &n"tb

¢ X

If the event was assumed to be an elastic scattering event the
"expected" opening angle 0z could be calculated by using the beam
and forward track momenta and momentum conservation to calculate the

8. was then defined by -

"expected" sideways track momentum Pope E
sg " ¥ ‘ |
9 = arctan |—m——m——= |- (5.2.10)
E P * X
SE -
and A0 was defined by -
A6 = 6 - 6 . (5.2.11)

For real elastic scattering events both the coplanarity C and
the oéening angle difference A8 should equal zero (within measurement
errors). Figure 5.2.13 shows plots of coplanarity versus opening
angle difference for both real data and Monte Carlo events. Cuts were
placed on these quantities as illustrated in this figure.

The "2-prong" events which survived the coplanarity and opening
angle difference cuts were subjected to a 2-prong missing mass squared
chi-squared (x2) cut to reject forward elastic events (i.e. configura-
tion (2) and configuration (4) type events). Two x2's were defined

as follows -
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( 2 . 2y2 _(mmZ - m 2)2
Xpg = mmF"z : * SPz 2 (5.2.12)
(A(mmFﬂ)) (A(mmSB))
2 _ 2 . 2 2y2
2 = (o - @) + (g~ mp7) 5.2.13
BE ( )
(A(mmFPZ))2 ('A_(mmSTrz))2

where X%E is the x2 for the event being a forward elastic event

2 is the x2 for the event being a backward elastic event
. +

m_ 1is the 7  mass

m_ is the proton mass

and mm%J is defined as the missing mass squared'to the forward

F) or sideways (I = g) track assumed to be a proton

m)

(1

(J=P) ora m@

From thesé x2's probabilities were then calculated. These pro-—
babilities are shown in Figure 5.2.14 for both real data and Monte Carlo
events. Events were rejected only if the forward elastic probability
was greater than 0.04 and, for the same event, the backward élastic

probability was less than 0.02.

Single Track Missing Mass Squared x2 Cut

For those events with no associated second track the coplanarity
and opening angle difference variables could not be calculated. However
single track missing mass squared x2's could be calculated using the
forward track only. Thus xgE and XgE for these events were defined

as follows -

2
( - 2)2
X2y i A (5.2.14)
(A(mmFﬂz))2
: 2 2.2
x2 = ("rp ~ 7 ) (5.2
BE .2.15)

(A(mmF;))2
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where the notatién is the same as that used in the definition of the
two prong missing mass squared x2's. The probabilities calculated
from these x2's are shown in Figure 5.2.15 for both real data and
Monte Carlo events. Events were rejected only if the forward elastic
probability was greater than 0.04 and the backward elastic probability

was less than 0.02 for the same event.

Y at J1l Cut

A cut was placed on the Y position of the forward track at
the hodoscope Jl.

In the Monte Ca?lo events were vetoed if the forward track hit
a plane at Y = + 1260 mm before reaching Jl. This provided a quick
and easy means of vetoing events in which the forward track left the
fiducial volume oflthe spectrometer. To ensure that the real data
and the Monte Carlo were being treated in an identical manner a cut
was placed on Y at Jl, in both cases, such that events whose

forward track had Y > 1250 mm were rejected.

Background

Figure 5.2.16 shows the missing mass squared to the forward track
treated as a.proton_for real data and Monte Carlo events which survived
all the cuts described in previous sections. It can be seen from this
figure that, despite all efforts, some background still remains in the
real data distribugion.

The data distributién at every second momentum was fitted (over a
limited region around the Packward elastic peak) using the Monte Carlo

distribution plus a linear background term (for details of this fit see
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Appendix 1). This provided a good fit to the data at all momenta
with x2's per degree of freedom in the range 0.75 to 1.09 thus
sugéesting that the background was.linear to a good approximation.
The background was believed to consist mainly of w+p - n+p n°
events in which the 7° was slow moving in the laboratory. The
‘ expected background from this source, adjacent to the backward
elastic missing mass squared peék, was estimated at three beam
momenta using Monte\Carlo generated ﬂ+p -+ w+p 7° events. The
main elastic selection cuts were applied to these events to estimate
the number which woula survive the elastic selection process. The
observed and expected (from w+p > nfp ﬁo events) backgrounds were
found to be in reasonable agreement (see Table 5.2.2). In addition ;

* . . .
. the cos’ 6 distribution of the observed background events was
. . . * . . . + + o
similar in shape to the cos 0 distribution of the wp>nwp
events which survived the elastic selection cuts. Both of these

*
distributions had a large backward peak at cos 8 2 -0.9.

Momentum (GeV/c) Observed Background expected from
: Background w+p > 7tp 79 events
2,48 8.67 11.07
2.20 7.47 10.07
1.91 3.77% 5.37%

TABLE 5.2.2

Observed and expected (from ﬂ+p > n+p 7°  events) backgrounds.

This was due to the loss of the "sideways" track information at such
scattering angles resulting in an inability to apply coplanarity and

opening angle difference cuts. The missing mass squared distribution
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of the n+p > n+p no_ events which survived the elastic selection
cuts was not linear and it did not extend completely under the back-
ward elastic peak. In contrast the observed background was well
fitted by a linear approximation which extended completely under the
backward elastic peak. This suggested that, while n+p - ﬂ+p-ﬂo
events were probably the major component of the background (based

upon the results shown in-Table'5.2.2) they were not the only source
of background events.

It was decided to correct for the béckground contamination by-
performing a linear background subtraction (détails of which are given
later). Possible deviations of the background from linearity were
estimated, based upon the deviation of the w+p - ﬂ+p n° background,
and used to increase the errors on the data cos 6* distribution
(see section 5.5). The possible deviations of the background from
linearity had a negligible effect on the final cross sections over
most of the cos 6* range with an appreciable effect only being

. \ *
observed in the extreme backward region (cos 6 < -0.9) where the

background was higher.

Missing Mass Squared Cut

A cut was applied to the missing mass squared to the forward track
treated as a proton. This cut varied with beam momentum since the
central positions and widths of the missing mass distributions varied

slightly with beam momentum. The cut rejected events which satisfied -
|lmm2 - ¢c| > w

2

where mm“ is the missing mass squared and C and W are constants

defining the position and width of the cut respectively. The values
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of the constants C and W at each beam momentum are shown in
Table 5.2.3.
This cut isolated a sample of events which consisted of backward

elastic scattering events and also some background events.

Momentum (GeV/c) C (GeV/c?2)2 W (GeV/c?2)?
1.91 - 0.034 0.108
1.99 0.026 0.110
2.01 0.024 i 0.112
2.08 0.048 0.113
2.10 0.020 0.115
2.16 0.022 0.117
2.20 0.018 0.118
2.25 ‘ 0.030 0.120
2.29 0.032 | 0.122 L
2.34 0.030 0.123
2.38 0.028 0.125
2.43 0.036 0.127
2.48 0.036 0.128

TABLE 5.2.3

Missing mass squared cut parameters

The Kinematic Ambiguity

At each beam momentum there exists an event configuration for which
it is kinematically impossible to identify which of the outgoing par-
ticles is the proton and which is the n+.‘ Such events have the con-
figuration shown in Figure 5.2.17. For these events the missing mass
to particle 1 treated as a n equals the .proton mass and simultaneously

. . . +
the missing mass to particle 1 treated as a proton equals the T mass
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FIGURE 5.2.17: Configuration of kinematically ambiguous‘

elastic events.
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(and similarly for particle 2). These events are ambiguous in that
there is no kinematic way of deciding whether particle 1 is a proton
ora m. Ata particular beam momentum the kinematic ambiguity
occurs at a fixed cose* value. Figure 5.2.18 shows how the am-
biguity moves in cose* as a function of beam momentum. For the
higher momenta analysed in this experiment (i.e. the ones presented
in this thesis) the kinematic ambiguity occurred in or near the
cose* ranges of configuration (2) and configuration (3) type events
(as defined in Figure 5.2.4). Furthermore the ambiguity wﬁs in such
a position that configuration (2) type events‘near the ambiguity
were not vetoed by the déwnstream Cerenkov V2 due to the presence
of the iron magnet yoke. Due to measurement error configuration

3

(2) type events which lay near the kinematic ambiguity in cose*

could not be distinguished kinematically from configuration (3)

type events. The time of flight information could in principle be

used to resolQe this ambiguity however in practice the time of flight
resolution was not good enough to distinguish between the two event
types. Similarly the mass dependent featufes of the track fitting
process (i.e. energy loss and multiple Coulomb scattering) were too
weak to resolve the ambiguity. Thus it was impossible to isolate
totally configuration (3) type events in the region of the ambiguity
without also selecting some configuration (2) type events. In an
effort to correct for this effect Monte Carlo events of configuration
type (2) were generated in the region of the ambiguity to simulate the
effect of such events in the real data. It was discovered that the recon-—
structed cross sections in this region were strongly dependent upon the
missing mass squared and the missing mass squared x2 cuts which were
applied. This was believed to be due to slight differences between the

Monte Carlo and real data missing mass squared distributions which led
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to large differences in the number of configuration (2) type eveﬁts
which passed the cuts in each case. Even when the Monte Carlo dis-
tributions were transformed to make them look more like the data |
(see Appendix 1) the cross sections in this region were still very
sensitive to the missing mass squared and the missing mass squared

x?* cuts. Thus the Monte Carlo configuration (2) type events were
simply used to determine the cosG* region where the cross sections
were unstable and the Monte Carlo and data cos8” distributions were

truncated to cut out this region.

k. . . .
Cos6 Distribution Calculation

For those events which passed all the cuts preceding the missing
' *
mass squared cut cos@ was calculated under the assumption that the

+
forward track was a proton. The momenta of the beam = and the

’ PB,
. forward proton, PF’ at the interaction vertex were transformed to the

. . * * . *
centre of mass system giving PB and PF respectively. cosf was

then defined as -

cos 8 (5.2.16)

cose* distributions were built up for each Af the three hodoscope
elements of Jl. This allowed three cross sections to be calculated
at each momentum, thus providing a useful internal-consistency check
on the data. The cross sections obtained for each hodoscope element
at the sample momentum (2.10 GeV/c) are shown in Figure 5.2.19.
These cross sections were found to be in reasonable agreement at all
momenta.

* . . .
Two cos © distributions were constructed for each hodoscope



do '
3 ¢e/so) ~ B T

@ {H J[HHHHHH(T.

120
80

40

1T 17 17T T 17T

120

{
bttt

1 1 ' L : I
-1 -0.8 -0.6 -0.4 -0.2 0
' . _ _Cose*
"FIGURE 5.2.19: Differential cross sections at 2.10 GeV/c for the T

three elements of hodoscope J1. Plot (A) corresponds to
the top element, (B) to the middle element and (C) to

the bottom element,



# EVENTS

HPLOT 11

450

400

350

300

200

150

100

0 1 1 1 ]
-1 -0.8 -0.6 -0.4 -0.2 0

*
Cos ©

*
FIGURE 5.2.20: Final data cos 6 distribution at 2.10 GeV/c.




-71-

elément - a "signal" distribution and a "background” distribution.
The missing mass squared to the forward track treated as a proton,
mm? say, was used to assign events to these distributions. Thus if
the missing mass squared cut was defined by a central value C and
a half width W events were placed in the "signél" distribution

if |mm? - Cc| s W and iﬁ the "background" distribution if

W <|mm? - C| s 2W. Events which lay outwith both these ranges
were rejected.

A final cose* distribution was obtained'by the following
method. Firstly events in the region of the kinematic ambiguity
were rejected by applying a cose* cut (at cose* = -0.1). The
"background" distributions were then subtracted from the "signal"
distributions to correct for the effect of the linear background.
Finally the distributions for each element of Jl1 were added to-
gether to obtain an overall cose* distribution for the experiment.
This distribution was the one used in the calculatiqn of differential
cross sections. A typical final cose* distribution for this ex-

periment is shown in Figure 5.2.20.

5.3 Acceptance Calculation

The. cose* distribution obtained in the previous section is not
the true distribution of elastic scattering events. It has been dis-
. torted by the imperfect measurement dnd recoﬁstruction processes. In
order to determine tﬁe true distribution from the observed one it was
necessary to calculate the efficiency of the detection system as a
function of cose*. This efficiency is known as the acceptance.

The problem of acceptance calculation is essentially the calcula-

L . 3 * . N
tion of the fraction of elastic events 1n each cos® bin which were
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detected by the apparatus and identified by the analysis programs.
There were three main factors which determined the overall acceptance

of this experiment -

1) The geometric acceptance
2) The chamber efficiencies
3) The software efficiency.

The geometric acceptance takes account of the fact that the ex-—
perimental apparatus only detected events within specific cose* and
¢ - ranges. The chamber efficiency factor takes account of the fact
that the detection chambers were not 1007 efficient and this led to
the loss of some elastic scattering events. The software efficiency
factor takes account of the imperfect event reconstruction algorithms.

The three components of tﬁe acceptance were ﬁot calculated
separately. Instead Monte Carlo techniques were used to calculate the
overall acceptance of the experiment for elastic scattering events.

In this process random number generators were used to generate elastic

's and ¢'s and a random vertex

scatteriqg events with r;ndom cose*

‘position within the hydrogen target. The generated vertex and beam

parameters distributions were based upon tbe_observed data distributions.
The true distribution of elastic scattering events as a function

of the azimuthal angle ¢ will be flat sincé there is nothing to

define a preferential orientation around the beam direction. Thus a

flat ¢ distribution was generated in the Monte Carlo. A realistic

cose* distribution was generated based upon the differential cross

sections obtained from the partial wave analysis amplitudes of the

Helsinki-Karlsruhe group(13). This reduced the distortion, caused

[ [ * I3
by events being reconstructed in the wrong cos® bin (due to

measurement errors), to a minimum. Events were not generated over the
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full cose* and ¢ ranges since it was known that the experimental
appafatus had a zero acceptance over much of these ranges. Since the
¢ distribution was.flat the generation of events over a limited ¢
range, within a particular cose* bin, could be corrected for by
weighting events in that bin by a ¢ weight, ¢, say, defined by -

i

¢ = - (5.3.1)

where ¢i is the generated ¢ range in the i'th cose* bin. The
limited cose* range of the data siﬁply meant that differential cross
sections could not be calculated over the full cose* range and thus
it was not necessary to generate4Monte Carlo events over the full
range. Events were generated in two (cose*, ¢) ranges corresponding
to region (3) type events (in Figure 5.2.2) and also to region (2)
type events in the vicinity of the‘kinematic ambiguity.

For each generated event ﬁhe beam and outgoing particles were
tracked through the magnetic field to determine whether the event
passed the trigger conditions. For those events which passed the
trigger "hits' were recorded on the detection chambers, where the
tracks traverseﬁAthem, based upon the measured chamber efficiencies.

- The events were then passed through the same reconstruction and
selection programs as the real data events.

There were two main differences between the Monte Carlo and real
data analyses. Firstly there was no measured time of flight infor-
mation in the Monte Carlo case. This meant that the final Monte
Carlo cose* distribution had to be weighted, with the time of
flight weights described in section 5.2, to correct for the time of
flight cut on the Jl electronics. Secondly it _was noticed that the

Monte Carlo missing mass distributions had slightly different widths
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and central positions from the data distributionms. This was believed
to be due to magnetic field measurement errors in the beam region._
Using the missing mass squared to the forward track treated as a proton
distribution (before the missing mass squared cut) the data distri-
bution was fitted by a linear background plus a transformed Monte

Carlo distribution. The basic equation used in the fit was -

D(m?) = p + qm? + rM(s(m? + t)) (5.3.2)

where m? is the missing mass squared to the: forward track treated as

a proton
D 1is the real data distribution
M 1is the Monte Carlo distrib&tion
p and q are linear background parameters
T ‘is a relati§e normalisation factor bgtween the real data
.and the Mon£e Carlo;
s 1is a parameter describing the relative widths of the
two distributions
and t is a parémeter describing the relative displacement

of the two distributions.

The fit was linearised and using s =1, t=p=q =0 as starting
values it was iterated until it converged. Details of the fif can be
found in Appendix 1. The results of the fit for the 7 momenta where
Monte Carlo data existed are shown in Table 5.3.1. The parametefs s
and t were used to transform the Monte Carlo missing masses in an
appropriate manner before applying missing mass squared and missing
mass squared x2 cuts. This procedufe ensured that equivalent cuts
were applied to the data and the Monte Carlo. The differential cross

sections were insensitive to small changes in the parameters s and t
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‘Momentum (GeV/c) s t (Gev/c2)? x2 /NDF
1.91 0.996 0.0008 0.98
2.01 1.000 0.0103 0.75
2.10 " 1.058 0.0126 0.77
2.20 0.968 0.0145 1.01
2.29 1.004 0.0018 1.09¢
2.38 ’ 1.053 0.0072. 0.87
2.48 1.036 -0.0008 0.88

TABLE 5.3.1

Results of the missing mass squared fitting procedure.

except in the region of the kinematic ambiguity. Since events in this
region were ultimately rejected this sensitivity did not matter.

The acceptance was calculated by taking the ratio of the final
Monte Carlo reconstrﬁcted ‘cose* distribution to the ¢ weighted

generated distribution -

A, = - (5.3.3)

3 L L3 * -
where Ai is the acceptance in-the i'th cosf bin

L 3 * N
o, is the ¢ weight in the i'th cos® bin
i
G, is the number of generated events in the i'th generated
%

cos®  bin
W. is the number of (time of flight weighted) reconstructed
events which passed all cuts in the i'th reconstructed

* .
cosb bin.
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A detailed derivation of this formula for the acceptance can be
found in Appenﬂix 2.

Monte Carlo data was only generated at evéry second momentum since
the acceptance was expected to vary smoothly with momentum thus enabling
interpolation to intermediate momenta. It was discovered that the
integrated (over cose*) acceptance did not vary smoothly with momentum
but fluctuated slightly due to the sensitivity of the experiment to the
beaﬁ position. This introduced an overall normalisation error into the
acceptance (and subsequently into the differential cross section) which
was estimated to be +37. Despite these flucéuations a good fit to the
acceptance, as a function of momentum, was obtained by assuming a smooth
variation. The acceptance in each cose* bin was assumed to vary
linearly with momentum and a least squares fit was performed. This fit
was used to estimate the acceptance at each momentum. A typical acceptance

(at the sample momentum of 2.10 GeV/c) is shown in Figure 5.3.1.

5.4 . Normalisation Calculation

Introduction

To calculate the differential cross section, at a particular beam
. . * .
momentum, it only remained to calculate the cos6 indepéndent nor-
malisation factor, N, in equation (5.1.1). This factor has four main

components as shown in equation (5.4.1) -

N = GE(N}—)(EL> - (5.4.1)
p nwt

where G is a geometric factor
E 1is an efficiency and random veto factor
N_ is the number of proton scattering centres in the target

p

(per unit area)
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and N+ is the number of beam w*'s which passed through the

target.

Geometric Factor

This factor is simply the element of inverse solid angle defined

*
by each cos® bin. It is given by -

G = ?Tr—g ] (5.4.2)

*
where & 1is the cosé binwidth (8§ = 0.02).

o

Efficiency and Random Veto Factor

This factor consists of several components. The majority of these
components take account of the fact that the trigger elements were not
100% efficient and also those elements used to veto events sometimes

gave random signals(14).

D) C6/C7 efficiency

These efficiengies were not directly measured, however the plateau
curves of both photomultipliers looked good and indicated an efficiency
of greater than 997 each. The efficiency of both combined was estimated

to be 0.99 + 0.01.

2) J1 efficiency

This was measured using beam triggers in which J1 was not

part of the trigger. Its efficiency was found to be 0.98 % 0.0l.
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3) A3 + A4 random veto

This correction factor was estimated from the fraction of the beam
seen by these counters, the data taking rate and the veto pulse width

to be 0.99 % 0.01.

4) VO random veto

This correction factor was measured to be 0.992 + 0.010.

5) V2 random veto

This factor was measured using '"Cerenkov off' data tapes in which
the Cerenkov, V2, was not part of the trigger. By selecting a sample
of backward elastic events in which the proton entered the Cerenkov
and looking at the number of such events for which the Cerenkov gave a
"count" the V2 random veto correction factor was estimated to be

0.994 + 0.001.

6) Outgoing track finding efficiency

The loss of outgoing tracks due to chamber inefficiency was
simulated in the Monte Carlo. Tracks could also be lost if random
noise produced sparks which "coﬁfused" the track finding program. This
random noise was simulated crudely in the Monte Carlo. Visual scanning
of data and Monte Carlo events gave comparable track finding efficiencies
for both (957 for real data and 97.5%7 for Monte Carlo data) and hence a

correction factor of 1.0 * 0.03 was estimated.

7) Loss of events due to secondary interactions

Due to the method of event selection the secondary interactions

. + . . .
of the sideways 7 were unimportant since the loss of this track
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simply meant that the event was treated as a one—proﬁg. The secondary
interaction of the forward proton could have one of three effects.
Either the interaction could cause the event to fail the trigger and
be lost or the event could pass the trigger but fail to be identified
as an elastic event or it could pass the trigger and, despite the
secondary interaction still be correctly identified as an elastic event.
The fraction of protons which would be expected to underfo a secondary
interaction was estimated using a selected sample of backward elastic
events., The mean effective length of liquid hydrogen traversed by the
forward track was estimated and then, using a total pp cross section
of 47 mb}) (which remained fairly constant in our momentum region),
the fraction of secondary interactions, f, was calculéted using

equatibn (5.4.3) -

£ = gplL NA/A (5.4.3)

where o 1is the pp total cross section
p 1s the density of liquid hydrogen
L 1is the effective length of liquid hydrogen traversed by the
forward proton
N, 1is Avogadro's number

and A 1is the atomic weight of hydrogen.

7

Thus £ = 47 x10°27 x 0.07065 x 10.3 x 6.022 x 1023/1.007

0.0205.
Not all of the events which underwent a secondary interaction were

lost and hence a correction factor of 0.99 + 0.0l was applied.

8) Interactions in the target walls

+ . .
Some of the beam = 's interacted in the walls of the target



thne row

length was calculated for several different samples of events (a beam
track tape, a Monte Carlo tape, a raw data tape and a tape of selected

elastic events). The effective target length used was that calculated

T T D |

en. Some fraction of these
[c to pass all the selection

Q for this effect since it

"~ i | subtraction would, to some

: the Target (Per Unit Area)

centres in the target per unit

(5.4.4)

}quid hydrogen target

length

f hydrogen.

lculated to be 0.07067 * 0.00005

.ength was calculated by intersecting

target and calculating the mean dis-

. A straight line approximation was

qnce the curvature of the track within

ligible effect. The effective target

using the beam track tape'and the spread of lengths for the various

data samples was used to estimate the error on the effective target

length. This gave L = 146 * 2 mm. Thus-



-81-

0.07067 x 14.6 x 6.02 x 102>

P 1.007

(6.17 + 0.08) x 10°% en™? .

+y

Number of Beam w 's Which Passed Through the Target

+ . ,
. The number of = 's which passed through the target was counted

by the scaler R3 -which recorded the number of beam s satisfying

the beam telescope trigger logic. This number had to be corrected to

take into account several effects(la).

1) Beam reconstruction failures

Since. R3 was part of the trigger logic every recorded event should
have had a good beam track. A small fraction (v 5 - 10%Z) of events
failed in the reconstruction of a beam track. These failures were
caused by either missing or extra hits in the beam MWPC's which causéd
the program to be unable to find one unambiguous beam track. Such events
were impossible to analyse since the beam momentum and trajectory weré
unknown. This loss was uncofrelated in cose* and hence an overall
correction factor was applied.‘ The correction factors at each momentum.

are shown in Table 5.%.1.

+ o+ . .
2) e , u contamination at C5

There was some e  and u+ contamination in the beam which led
to an overestimate of the number of T 's in the beam. The magnitude
of this effect was measured by taking data at various C5 pressures.
This data was used'to calculate correction factors ét five standard
momenta. The correction factors were then quadratically interpolated
to intermediate momenta. The correction factors at each momentum

are shown in Table 5.4.1.



Momentum
(GeV/c)

1.91 1.99 2,01 2.08 2.10 2.16 2.20 2.25 2,29 2,34 2.38 2.43 2.48 Errors
Effect
Beam
Reconstruction
Failures 0.899 0.885 0.899 0.873 0.847 0.911 0.918 0.932 0.929 0.940 0.943 0.946 0.945 -
ot u+
Contamination 0.926 0.932 0.937 0.942 0.947 0.951 0.955 0.959 0.962 0.966 0.968 0.971 0.973 + 0.010
at C5 : S . ..
nt Decay , &
Between 0.985 0.985 0.986 0.986 0.986 0.986 0.987 0.987 0.987 0.987 0.988 0.988 0.988 + 0,005 iy
C5and CO
w+ Deca 'b
After Cg : 0.997 0.997 0.997 0.997 0.997 0.997 0.997 0.997 0.997 0.997 0.997 0.997 0.998 * 0.001
Interaction
Loss After CO 0.987 0.987 0.987 0.987 0.987 0.987 0.987 0.986 0.986 0.986 0.986 0.986 0.986 + 0.005

TABLE 5.4.1

Momentum dependent normalisation factors.
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3) u+ contamination from " decays between C5 and CO

Some of the beam s decayed after passing through the beam
Cerenkov, C5, and before reaching the scintillation counter CO. which
was situated just in front of the target. These events could still
satisfy the beam trigger logic if the u+ from the decay passed through
C2 and CO. Correction factors for this effect.were calculated at
Jseveral momenta using the distance between C5 and CO, the measured beam
characteristics and the size of the scintillation counter CO. The

correction factor was found to vary slowly with beam momentum and

the correction factor at each momentum is shown in Table 5.4.1.

4) mr decay after CO

} +
This factor corrects for the loss of beam 7 's due to decay after

the scintillation counter CO. It was computed explicitly at each

momentum using the beam momentum and the distance from CO to the target

centre. The results of these calculations are shown in Table 5.4.1.

5) 'Interaction loss from CO to the target centre

Some of the beam w+'

s 1interacted inelastically after passing

through CO and were lost. Correction factors for this effect were
. . . +

calculated at each momentum using the total inelastic = p cross

section and the amount of material between CO and the target centre.

The results of these calculations are shown in Table 5.4.1.

6) Protons in the beam satisfying the time of flight cut

This effect was negligible and a correction factor of unity was

applied.
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7 Dead time losses

+ . . .
's in the beam could be miscalculated if two

The number of
passed through the beam scintillation counters very close together

in time.and were not resolved as two separate particles. This effect

was negligible and a correction factor of unity wassapgliea.

5.5 Error Calculation

The calculation of the differential cross sections was subjecf to
two types of error - cose* independent errors and cose* dependent
errors.

The cose* independent errors came from two main sources. Firstly
there was a systematic error in the calculation of the normalisation
factor N. This error was calculated by combining the measurement
errors, from each factor which made up N, in quadrature. Secondly
there was a systematic error in the acceptance due to uncértainties
in the beam position. The magnitude of this error was estimated from
the fluctuatiéns in the integrated acceptance as a function of momentum.
These two errors were combined in quadrature to give a total normalisa-
tion error of * 67 at all momenta. |

The cose* dependent errors came from four main sources, two of
which contributed to the errors on the data cose* distribution (ADi)
and two of which contributed to the errors on the accé;tance (AAi)'

The errors on the data cose* distribution were dﬁe to a statistical
error associated with the finite number of data events and a systematic
error associated with uncertainties in the background subtraction pro-

* . .
cedure. The number of data events in the i'th cos8 bin was given by -

D. = Ei - Fi (5.5.1)



bl @ I Ly

where 4Ei was the number of selected data events in the i'th cose*
bin before the background subtraction and Fi was the number of
selected data events in the background in the i'th cose* bin. The
error in Di’ (Abi), was'given by adding the errors in Ei and Fi

in quadrature -

(ADi)z = (AEi)2+(AFi)2 . (5.5.2)

The error in Ei was statistical and it was given by -
I (5.5.3)

The error in Fi consisted of a statistical part (Fi%) and a
systematic part due to possible deviations of the background from
linearity. This systematic error was estimated, from the deviation. of
the Monte Carlo generated w+p >a P n° background from linearity,

to be n Fi/3. Thus the total error in F. was given by -
ty2 2y}
AF, = ((Fiz) + (Fi/3) ) . (5.5.4)

The errors on the acceptance were due to a statistical error
associated with the finite number of Monte Carlo events which were
generated and to the errors in the time of flight weights (which were
also statistical in nature). The calculation of the acceptance errors,
(AAi)’ was much more complicated than the data cose* ‘distribution
error calculation. Details of this calculation are shown in Appendix 2.

The cose* dependenf error on:the differential cross section was

given by combining (ADi) and (AAi) as in equation (5.5.5) -

N + —— (A A;)?2 - (5.5.5)
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The cose* independent normalisation error is not included in
the errors shown on the differential cross section ploté of Chapter
Six. The errors shown on these plots represent the cosé* dependent
errors whi;h give a measure of the errors on the cross section "shape"

independent of the overall normalisation.
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CHAPTER 6
"RESULTS

6.1 Introduction

In this chapter the differential cross sections at the 13
momenta analysed in this thesis are presented. These cross sections
are compared with the results of previous experiments and also with
the two main partial wave analyses of the channel. The number of
selecﬁed elastic events observed at each momentum is shown in

Table 6.1.1.

Momentum (GeV/c) Number of Selected
o ‘Elastic Events

1.91 20880
1.99 o 29890
2.01 7401
2.08 6881
2.10 , 11630
2.16 9261
2.20 7864
2.25 . 11050
2.29 5528
2.34 11330
2.38 6558
2.43 ' 11760
2.48 6695

TABLE 6.1.1 )

Number of selected elastic events.

Section 6.2 gives a brief deseription of the previous

+ + . . .
T p > T p experiments which can be compared with the results quoted
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in this thesis and section 6.3 gives a brief description of the partial
wave analyses in this channel. In section 6.4 the differential cross
sections are presented and comparisons with other experiments and

with partial wave analyses are made.

6.2 Previous Experiments

The results presented in this thesis are compared with the results

. + . : .
of four previous m p elastic scattering experiments.

1) Abe et al.(16)

This is a counter experiment which was performed at the Argonne
ZGS (zero gradient synchrotron). Data was collected at 16 beam
momenta between 1.2 and 2.3 GeV/c. Typically 50,000 events were col-
lected at each momentum in the centre of mass angular range
-0.9 < cos 6* < 0.9. This experiment had no magnet and hence it could
not measure particle momenta. Thus the selection of elastic scattering
events was achieved solely by the scattering angle correlation between
the two outgoiﬁg particles. Loose cuts were made on vertex quantities
and on the coplanarity of thé event. For. events which survived these
cuts the centre of mass scattering angles were calculated for both
assumptions as to particle identities. The deviations of the experi-
mentally determined scattering angles f;bm elastic kinematics, A6,
were then calculated for each cos e* bin. The A6 distributions
were characterised by two peaks = one corresponding to the correct
assumption as to particlg identities and the other .corresponding to

the incorrect assumption. These distributions were fitted using two

Gaussians and a flat background. The true number of elastic scattering
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A e * . - . -
events in a cos 0 bin was then determined by subtracting the fitted
background and incorrectly interpreted events in a restricted region

centred on the correctly interpreted events.

2) Bardsley et al.(;7)

This is a counteffgi?éyipqﬁtﬁWhich was performed at the Ru;herford'
laboratory!s Nimrod accelerator. It measured nip elastic scattering
at 51 beam momenta in the range 0.4 to 2.15 GeV/c. Approximately
15,000 to 20,000 elastic events were collected in each channel at each
momentum. The angular region covered was -0.99 < cos 6* < 0.99. Only
preliminary results from this experiment are available for comparison.
The experimenﬁ ran in two distinct modes - a spectrometef mode and
a correlation modg. In the spectrometer mode a magnet was used to
measure the momentum of the fast forward particle. This mode was used
to measure scattering in the extreme backward and extreme forward
regions. In the correlation mode no magnet was used and hence elastic
events could only be'recognised by the angular correlation between
the two outgoing tracks. The method of se;ecting elastic events was
different in the two modes. In the correlation mode events were
selected based upon their vertex parameters.and the correlation of
the directions of the two outgoing tracks. For events which passed
these cuts the triple scalar product of the unit vectors along the
three track directions was formed. This quantity was plotted for
each COS‘e* bin and a well defined elastic peak was observed above
a low background.-vA small linear background subtraction was then made
in each bin to correct for the background. In the spectrometer mode
the correlation between momentum and angle of the forward track was

used to select elastic events.
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3) ott et al.(ls)

This is a counter experiment which was performed at the Berkeley
Bevatron. It measured backward differential cross sections for W+p
elastic scattering at 16 beam momenta in the range 1.25 to 1.92
GeV/c. The angular region covered was =-0.97 < cos 6* < -0.46. The
experiment used a double arm telescope of scintillation counters with
a magnet in one arm to provide rough momentum measurement. Three
main criteria were used to select elastic scattering events. The
first was the angular correlatién between the: two outgoing tracks
which showed elastic peaks on top of a smooth background. Secondly,
due to the configuration of the scintillation counters used in the
experiment (with phototubes mounted on top of the proton counters
and on the bottom of the pion counters), time of flight measurementsv
could be used to impose approximate coplanarity . Finally the in-
elastic background was examined to ensure that it could be subtracted

from the elastic data without bias.

4) Busza et al.(lg)

This is a "magnetless" counter experiment which was performed
at the Rutherford laboratory’'s Nimrod accelerator. It measured ntp
elastic scattering at 10 beam momenta in the range 1.72 to 2.80 GeV/c.
The angular region covered was -0.94 < cos 6* < 0.95. This is an
older experiment than the three previous experiments and its statistics
are much lower. Elastic events were selected by imposing severe
coplanarity and kinematic constraints. The data was then corrected
to take account of the inelastic and target empty backgrounds.

There are several other experiments with which it would have been



possible to compare the results of this experiment. The two main re-

maining high statistics experiments with which comparisons could be

(20) and Albrow et al.(21). No com-

made are those of Jenkins et al.
parison was made with these experiments since in the Jenkins case the
cos 6* overlap with this experiment was very small (v 2 bins at all
momenta) and in the Albrow case the differential cross sections were

normalised to previous experiments. In addition to these two experi-

ments there exist several older experiments (e.g. Carroll et al.(zz)

(23)y,

and Cook et al. The errors quoted by these experiments are

rather large and hence no comparison was made with them.

6.3 Partial Wave Analyses

There are two main up to date partial wave analyses of the pion
nucleon system. These are the analyses of the Helsinki-Karlsruhe

group(13) and the Carnegie-Mellon University - Lawrence Berkeley

Laboratory (CMU - LBL) group(za). Both of these groups use as input
an amalgamation of the world data on pion-nucleon scattering. As
mentioned in Chapter 2 few measurements of the spin rotation para-
meters (A and R) and the polarisation (P) have been made. This means
that partial wave analyses can only find a unique solution if
additional theoretical constraints on the partial wave amplitudes
are provided. Some of these constraints are common to both the main
analyses (e.g. Lorentz invariance, unitarity and isospin invariance).
however some are not and this is the main difference between the
analyses.

The CMU—LBL group performed single energy fits to the scattering

data as the first stage of their analysis. In addition to the scattering

data itself unitarity and predictions from forward dispersion relations
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were used to constrain the amplitudes in these fits. At each energy
the single‘energ§ fits obtained several solutions which'wefe'then used
as input to an energy dependent analysis. This analysis employed
dispersion relations along hyperbolic curves‘in the Mandelstam plane
(hyperbolic dispersion relations) to constrain the amplitudes. The
hyperbolic dispersion relation constraints were then incorporated
into the single energy fits and the twé fit types (single energy and
energy dependent) were then alternated to arrive at a unique set of
amplitudes which fitted the scattering data throughout the energy
region studied.

The Helsinki-Karlsruhe group used an energy dependent partial
wave analysis. In this case analyses using fixed t, fixed centre
of mass angle, forward and backward dispersion relations were con-
strained together with an ordinary partial wave analysis andlperformed
simultaneously. This led to a unique solution which had the approxi-
mate anaiyticity properties of the individual analyses.

In the case of béth these analyses resonance parameters were
extracted from the partial waves by fitting them using paraméterisations

based upon the Breit-Wigner resonance formula.

6.4 Comparison of Differential Cross Sections

Introduction

This section contains a comparison of the differential cross
sections obtained in this thesis with the results of the four experi-
ments described in section 6.2 and the two part%al wave analyses des-
cribed in section 6.3.

These experiments and partial wave analyses did not have data at
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the same momenta as the RMS ex?eriment and hence, to make meaningful
comparisons, their data was interpolated to tﬁe RMS momenta. The
partial wave analyses scattering amplitudes were interpolated using

an algorithm provided by the Helsinki-Karlsruhe group and differential
cross sections were then reconstructed from the interpolated amplitudes.
In the case of the experimental data the differential cross sections
were linearly interpolated between the two closest momenta on either
side of the RMS data. The linear interpolation procedure could in-
troduce a systematic error into the interpolated differential cfoss
sections. The magnitude of this error was esfimated from a plot of
the integrated cross section (-0.85 g cos e* £ -0.11) versus momentum
(see Figure 6.4.7) for three of the four experiments. The error in-
troduced to the data of Bardsley et al. was estimated to be v 6% énd
the error introduced to_the data of Abe et al. to be n 47. The error
introduced to the data of Busza et al. was somewhat larger (v~ 10-157),

v

however this was not believed to be important since the error was
comparable with the large statistical errors quoted by the experiment.
The error introduced to the data of Ott et al. was believed to be
negligible in comparison to the large normalisation uncertainties
associated with this experiment. The interpolated differential

cross sections for eaéh experiment and for the two partial wave
analyses are shown superimposed on the RMS differential cross sections
in figures 6.4.1 to 6.4.6} In these figures the RMS data points are
represented by solid squares,.those of Abe et al. by open squares,
Bardsley et‘al. by triangles, Ott et al. by diamonds and Busza et al.
by circles. The partial wave analyses cross sections are represented

by solid curves. The error bars on the RMS data points, shown in

*
these plots, represent the cos 6 dependent errors only (as described



in section 5.5) and do not include the cos 6* independent normalisa-
tion errors. Similarly the error bars on the data points of the other
experiments represent only the statistical errors on the points. The
normalisation and interpolation errors are not shown in these plots
but ére discussed separately in the text.

In addition to the direct comparison of differential cross sections
the two partial wave analyses.and all of the experimental data samples,
with the exception of the Ott data, were fitted by a Legendre series
over a limited cos e* range (—-0.85 £ cos 6* £ -0.11). 1In this fit
the zero'th order coefficient, Qo’ (which is directly proportional
to the integrated cross seqtibn over the limited cos 6* - range) was
not fitted to but was calculated explicitly using the trapezoidal
rule. The higher order coefficients (R2 = QQ/Qo with 2 = 1,2,...,
Lmax) were then fitted to by performing a least squares fit. A good
fit to all the data samples and to the two partial wave analyses was
obtained with Lmax = 6, The first few of these coefficients are
plotted as a function of momentum, for all the'data.samples, in
Figures 6.4.7 to 6.4.9. 1In these figures the RMS coefficients are
represented by solid squares, the Abe coefficients by open squares,
the Busza data by circles and the Bardsley data by triangles. The
Helsinki-Karlsruhe coefficients are rgpresented by a solid curve and
the CMU-LBL coefficients by a dashed curve. As in Figures 6.4.1 to
6.4.6 the error bars in these figures do not include any contribution
from the cos 9* independent normalisation errors. Such errors only
affect the zero'th order coefficients, Qo’ and their effect is dis-
cussed in the text. The higher order coefficients obtained from the
experimental data (2 > 2) had large errors and hence a compafison

of these coefficients was not thought to be very meaningful.

The comparison of the RMS data with each of the four experiments
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and with the two partial wave analyses will now be discussed.

Comparison with Abe et al.(ls)

The data of Abe et al. extended to an upper beam momentum of
2.30 GeV/c and hence a éomparison with the data presented in this
thesis could only be made at the lowesﬁ nine momentum settings. Tﬁe
linearly interpolated differential cross sections of Abe et al. are
shown superimposed on the RMS cross sections at these nine momentum
settings in Figure 6.4.1. It can be seen from this figufe that
there are significant differences between the two data samples at
all momentum settings with the exception of the 1.99 GeV/c data.
In particular there is a large discrepancy in normalisation between

the two data samples which also shows up clearly in the plot of Qo
as a function of momentum (Figure 6.4.7). This discrepancy is

greatest at the high end of the momentum range where Abe's data is

as much as 907 higher than tﬁe RMS data and even at the lower end of

the range discrepancies of the order of 307 exist (with the exception

of thel1.99 GeV/c data whicﬁ is only 87 higher than the RMS data).
Considering the magnitude of the normalisation errors quoted by the

two experiments (2-37 for the Abe experiment and 6% for the RMS
experiment) and the es?imated linear interpolation error on the Abe

data (v 47%) the differences between the two data samples represent

a significant discrepancy over most of the momentum range. One possible
source of this discrepancy is a systematic error in the measurement of
beam momentum in one of the experiments. To obtain agreement between
the two data samples requires a shift in momentum of N 0.2 GeV/c at

the higher end of the momentum range and of n 0.1 GeV/c at the lower end.

The possible systematic shift in beam momentum of the RMS data was estimated,



FIGURE 6.4.1: Comparison of the RMS differential

cross sections with those of Abe et al.
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from the possible systematic error in the magnetic field measurement
(estimated to be n 0.57) and the effect of possible syséematic errors
in the position; of the beam MWPC's (estimated to be v 0.2%), to be
v 0.015 GeV/c which is much smaller than the required shift. The
error in the central beam momentum quoted by the Abe experiment was
n 0.007 GeV/c which is also much smaller than the required shift.
In addition a shift in the RMS data of the order required to obtain
agreement with the Abe daté would destroy the good agreement with the
data of Busza et al. and Bardsley et al. (still to be discussed).

Not only was a difference in normalisation observed between these
two data samples but a significant shape difference was also observed

in the first order fit coefficients Ry (see Figure 6.4.8) with the

Abe coefficients being consistently lower than the RMS coefficients.

Higher order coefficients were found to agree fairly well (within

errors) .

AAAAAA (17)

The data of Bardsley et al. ex;énded to an upper beam momentum
of 2.13 GeV/c thus enabling a comparison with the differential cross
sections obtained at the lowest five RMS momentum settings presented
in this thesis. The linearly interpolated cross sections of Bardsley
et al. at these five momenta are shown superimposed on the RMS cross
sections in Figure.6.4.2. This figure shows that the two data samples
are in reasonable agreement at all momenta although the Bardsley data
contains several points at the two highest momenta which look
"spuriously” high (at cos o™ N -0.5). These points will distort the

comparison of the Legendre coefficients in Figure 6.4.7 to 6.4.9 to



FIGURE 6.4.2: Comparison of the RMS differential

cross sections with those of Bardsley et al.
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some extent. This distortion is most marked in the plot of Q,
(Figure 6.4.7) in which Bardsley's top two momentum poiﬁts are sig-
nificantly higher than the RMS data points. By linearly interpolating
Bardsley's QO coefficients the daéa of Bardsley et al. was found to
be ~ 157 higher than the RMS data at 2.08 GeV/c and ~ 34% higher than
the RMS data at 2.10 GeV/c. If the effect of the "spuriously" high
points was taken into account in the calculation of Qo the data of
Bardsley et al. was found to agree with the RMS data to within 112

at all momenta except 2.10 GeV/c where Bardsley's data was still

some 267 higher than the RMS data. Due to thé preliminary nature

of the Bardsley data no estimate of the normalisation error on this
data or of the error on the beam momentum can be given. Despite this
the normalisation discrepancies between the two data samples can be
accounted for fairly adequately at all momenta except 2.10 GeV/c by
the normalisation errors of the RMS experiment (& 6%) and by the
estimated linear interpolation errors on the Bardsley data (v 67).

In addition at 2.10 GeV/c the statistical errors on the Bardsley

data were-comparable with the observed normalisation discrepancy
between the two data samples and hence care shoﬁld be taken not to
read too much into this discrepancy.

In addition to the good agreement in normalisation between the
Bardsley and the RMS data the shapes were also found to be in
reasonable agreement as can be seen from Figures 6.4.8 to 6.4.9.

The only serious discrepancy in these figures is in the first order
coefficient, Rl’ (Figure 6.4.8) at Bardsley's highest momentum
where the Bardsley coefficient is somewhat lower than the RMS data.
It is, however, difficult to assess whether this discrepancy is

significant or is a distortion caused by the '"spuriously" high points.
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(18)

Comparison with Ott et al.

The data of Ott et al. extended to an upper beam momentum of
1.917 GeV/c and hence a comparisén could only be made with this ex-
periment at the lowest RMS momentum setting presented in this thesis
(1.91 GeV/c). Also, due to the limited cos 6* range of the Ott
experiment, no fit was performed to this data and hence no comparison
of fit coefficients could be made. The linearly interpolated dif-
ferential cross section of Ott et al. at 1.91 GeV/c is shown super-
imposed on the RMS cross section in Figure 6.%.3. It can be seen
from this figure that there is a large normalisation difference be-~
tween the two experiments with the Ott data being some 407 lower than
the RMS data. Tﬁis discrepancy is perhaps not too serious since the
Ott experiment had difficulty in distinguishing beam pions from beam
protons at the upper end of their momentum range and large corrections
to the number of beam pions used in normalising the data had to be
applied. These corrections were not well known and hence any sys-

tematic error in them could seriously affect the Ott normalisation.

(19)

Comparison with Busza et al.

The data of Busza et al. extended from 1.72 GeV/c to 2.80 GeV/c
and hence a comparison with the data presented in this thesis could
be made at all thirteen momentum settings. The linearly interpolated
Aifferential cross sections of Busza et al. at these thirteen momentum
settings are shown superimposed on the RMS cross sections in Figure
6.4.4. As can be seen from these plots the data of Busza et al. is
subject to large statistical errors and thus care must be taken not
to read too much into the comparison of this data with the RMS data.

Despite this difficulty (or perhaps because of it) the Busza data is



FIGURE 6.4.3: Comparison of the RMS differential

cross sections with those of Ott et al.
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FIGURE 6.4.4: Comparison of the RMS differential

cross sections with those of Busza et al.
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seen to be in good agreement with the RMS data at all thirteen ﬁomenta.
Due to the large statistical errors it is almost impossible to make .
any statement about the relative shapes of the two data samples
especially at the higher momenta where the errors are larger and the
differential cross sections are fairly flat over a large part of the
RMS cos 6* range. This difficulty is reflected in the large errors
on the fitted R1 and R2 coefficients shown in Figures 6.4.8 and
6.4.9. The zero'th order coefficients, Qo’ which measure the rela-
;ive normalisation betweén the two data samples are seen (in Figure

6.4.7) to be in good agreement throughout the momentum range.

(13)

Comparison with the Helsinki-Karlsruhe Partial Wave Analysis

The interpolated differential cross sections, obtained from the
amplitudes of the Helsinki-Karlsruhe partial wave analysis, are shown
suberimposed on the thirteen RMS cross sections presented in this
thesis in Figure 6.4.5. It can be seen from this figure that there
are significant differences betweén the RMS data and the partial wave
analysis. The major discrepancy lies in the region above
cos 6* R -0.8 wﬁere the RMS cross sections are consistently lower
than, and have a different gradient from the Helsinki-Karlsruhe
cross sections. This discrepancy is observed at all momenta with
the exception of 1.99 GeV/c. Tﬁe differences between the RMS data
and the analysis sﬁowt up in the Legendre coefficient plots in two
ways. Firstly the RMS Q, coefficients are consistently lower
than those of the partial wave analysis by approximately 20Z (see
Figure 6.4.7). Despite this discrepancy it can be seen from this
plot that the smooth variation of Qo with momentum predicted by

the Helsinki-Karlsruhe analysis is observed by the RMS experiment.



FIGURE 6.4.5: Comparison of the RMS differential cross

sections with those of the Helsinki-

KRarlsruhe partial wave analysis.
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(Note that the RMS data points have a % 67 normalisation error
associated with them which is not shown in Figﬁre 6.4.7.) Ségondly
the first order coefficients, Rl’ (which are a measure of the gradients
of the linear components of the fits) show consistent differences be-—
tween the RMS experiment and the analysis.

Despite these discrepancies the RMS data is closer to the
Helsinki-Karlsruhe partial wave analysis than the data of Abe et al.
is. This is perhaps a little surprising since the analysis uses the
Abe data as part of its input and, éince the Abe experiment is the
highest statistics ﬂ+p experiment in this ehergy region, would be
expected to be highly constrained by it. The deviation of the
analysis from the data of Abe et al. indicates that theoretical con--
siderations and/or data from otﬁer channels are constraining the
analysis.

In addition to the discrepancies previously discussed there is
also a discrepancy betweeéen tﬁe RMS data and tﬁe partial wave analysis
in the extreme backward region (cos 6* P 0.9) where the RMS cross
sections are consistently lower than tﬁe partial wave analysis cross
sections; This discrepancy is probably not significant due to the
large uncertainties in the RMS cross sections in this region caused

by the linear background subtraction procedure.

Comparison with the CMU-LBL Partial Wave Analysis (24)

The interpolated differential cross sections of the CMU-LBL
partial wave analysis are shown superimposed on the thirteen RMS
cross sections presented in this thesis in Figure 6.4.6. This
figure shows that there are significant differences between the

RMS data and the partial wave analysis especially in terms of overall



FIGURE 6.4.6:

Comparison of the RMS differential cross
sections with those of the CMU-LBL partial

wave analysis.
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normalisation. These discrepancies are seen to be most serious at
the lower momenta.

The normalisation differences show up clearly in the plot of the
zero'th order Legendre fit coefficients, Qo’ versus momentum
(Figure 6.4.7). It can be seen from this figure that the CMU-LBL
cross sections are consistently higher than the RMS cross sections
with discrepancies as large as 667 (at 2.16 GeV/c). This figure
also shows that the CMU-LBL analysis follows the data of Abe et al.
more closely than the Helsinki-Karlsruhe analysis does, thus pro-
viding an sxplanation for the discrepancies with the RMS data.

In addition to the normaliéation differences between the RMS
data and the CMU~LBL analysis a shape difference was observed in
the first order Legendre coefficients, R, (Figure 6.4.8). The
main difference in the R1 (oefficients was the large dip in the
CMU-LBL coefficients at approximately 2.18 GeV/c which was not
observed in the RMS data. As in tﬁe case of the normalisation
differences this discrepancy seems to be caused by the CMU-LBL
analysis following the data of Abe et al. more closely than the
Helsinki-Karlsruhe analysis does. A similar dip was observed in
both the Busza and Bardsley experiments, however these observations
should, perhaps, be treated with some caution due to the large
statistical errors on the Busza data and the possible effect of
the "spuriously" high points in the Bardsley data.

In the extreme backward direction (cos 6* < -0.9) the RMS
data seems to be in better agreement with the CMU-LBL analysis in
terms of shape than with the Helsinki-Karlsruhe analysis (Figure
-6.4.6). In particular the dip in the extreme backward cross sectionm,

in the region of 2.10 GeV/c, seen by the CMU-LBL analysis is in



~102~

better agreement with the RMS datva than is the Helsinki-Karlsruhe
analysis. As mentioned préviously, however, the uncert-:ainties in
the RMS cross sections in this Iregion are rather large due to the
linear background subtraction procedure and hence the discrepancy

with the Helsinki-Karlsruhe analysis is probably not significant.



FIGURE 6.4.7: "The zero'th order Legendre fit coefficients,

Qo’ as a function of momentum.
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FIGURE 6.4.8: The first order Legendre fit coefficients,

Rl’ as a function of momentum.
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FIGURE 6.4.9:  The second order Legendre fit coefficients,
Y .

R2, as a function of momentum.
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CHAPTER 7 .

SUMMARY AND CONCLUSIONS

The avowed intent of this experiment was. to study the mass spectrum

of the A++ resonance particles, which can be formed in the reactionms.
ﬂ+p > K'z" and ﬂ+p -> n+p, and to resolve some of the discrepancies
iﬁ the differential cross section measurements of the élastic channel.
It is apparent, from the data presented in. this thesis, that the RMS
experiment will provide a high statistics elastic scattering data set
capable of making a major contribution to the existing world data in

the eléstic channel. This data set will provide new high statistics
data in the momentum region from 2.3 to 2.5 GeV/c where no such pre-

vious high statistics data exists. It will also provide additional

high statistics data in the region from 1.25 to 2.3 GeV/c to help

resolve some of the discrepancies between previous experiments in
this region. The ﬁigh quality of the RMS elastic scattering data
also lends weight to the belief that the n+p > K+Z+ data collected
in the experiment will be of a -similar high quality and will provide
an important contribution to the world data in the KI channel.

At the present stage of analysis the elastic data from this
experiment has not been incorporated into either of the two major
partial wave analyses of the channel and no attempt has yet been made
to extract a** resonance parameters from the data. Thus the -con-
clusions, which may be drawn from the results presented in this
thesis, are limited to the direct comparison of the elastic scattering
differential cross sections with the results of other experiments
and with the partial wave analyses. An attempt has been made to

extract a set of partial wave amplitudes which are consistent with
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the cross sections presented in this thesis. Details of this analysis
are given in Appendix 3 and some preliminary results. of the analysis
are presénted later in this chapter.’

From the comparisons drawn in Chapter Six it is evident that the
cross sections presented in this thesis are in fairly good agreement
with the data of Busza et al. and Bardsley et al. but disagree sig-
nificantly with the data of Abe et al. This disagreement is mainly
in overall normalisation with the Abe data being considerably higher
than the RMS data over most of the momentum range. Such a discrepancy
could come from several sources. One possiblé source is the existence
of a systematic error ig one of the normalisation factors used in
either the Abe or .the RMS experiment. Such an error would cause a
discrepancy to exist in the forward elastic cross section also. By
making use of the limited amount of RMS data collected with the
downstream Cerenkov counter (V2) switched off, an RMS elastic dif-
ferential cross section (based on N 9400 elastic scattering events)
was calculated at 2.10 GeV/c over the full cose* range. This dif-
ferential cross section is shown in Figure 7.1 with a linearly in-
terpolated Abe cross section superimposed. These cross sections were
integrated over two cose* ranges (-0.85 s'cose* £ -0.11 and
0.6 ¢ cose* < O.é) as was the data of Busza et al. The RMS
"Cerenkov on" cross section was also integrated over the "backward"
cose” range (-0.85_§ cos © € =0.11). The data of Bardsley et al.
was not included in this comparison since at this particular momentum
Bardsley et al. had very few data points in.the "forward" cose*'
range (0.6 ¢ cose* < 0.9)._ The results of this comparison are shown
in Table 7.1. It can be seen from this table that all the data

samples are in good agreement in the forward direction thus suggesting



FIGURE 7.1: Comparison of the RMS "Cerenkov off"
differential cross section at 2.10 GeV/c

with the data of Abe et al.
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Integrated Cross Sections (ub)

Data Backward Region ' Forward Region
* *
‘Sample (-0.85 g cosb g -0.11) (0.6 s cos6 < 0.9)
Cross Statistical Normalisation Cross ‘Statistical Normalisation
Section Error Error Section Error Error
RMS (Cerenkov Off) 476 +18 +29 2785 +33 +164
RMS (Cerenkov on) 415 4 125 - - -
Abe et al. 618 7 £19 2832 - +12 | + 85
Busza et al. 463 +19 Not quoted 2845 145 Not quoted
TABLE 7.1

Integrated Cross Sections in the "forward"

and "backward" Regions at 2.10 GeV/c.

 mNT
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that the discrepancy between the RMS and the Abe_data in thevbackward
direction is not caused by an error in a normalisation factor. In
addition a comparison can be made between the RMS '"'Cerenkov off" and
Cerenkov on" data, in the backward cos e* range, to check that the
RMS data is internally consistent. In this comparison the normalisa-
tion errors should not be taken fully into account since many (although
not all) of the factors which contribute to these errors will have the
same effect on both data samples. From Table.7.1 itncaﬁ be seen that
the agreement between the '"Cerenkov off" and '"Cerenkov on" cross
sections is only fair (at approximately'the 2 standard aeviation 1evei).
In the analysis of the "Cerenkov off' data the observed background was
somewhat higher than the "Cerenkov on" data background (especial%y in
the backward direction). This background was not studied as inten-
sively as the "Cerenkov on" background had been and thus the back-
ground subtraction procedure could have introduced a systematic error
into the "Cerenkov off" cross sections which would account for the
observed (small) disagreemenﬁ between the '"Cerenkov off" and the
"Cerenkov on" cross sections. Thus the disagreement between these two
data samples was not thought to be significant. 1In addition, even if
this were not the case, the disagreement waé not great enough to
explain the discrepancy between the RMS data and the data of Abe et al.
Another possible source of the discrepancy between the RMS and the

Abe data in the backward direction is a mis;calculation of the
acceptance of either of_the experiments. This possibility was thought
to be unlikely since the acceptances quoted by both experiments seemed
to be consistent with their experimental set ups. .The mis-identification
of scattering events from another channel as elastic scattering events

could lead to contamination in the Abe cross sections thus providing a
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possible explanation for the observed discrepancy. The most. likely
source of such a contamination is expected to be from the

n+p - W+p 7° channel. Events from this channel férmed the major
component of the RMS "background" and, since the Abe experiment used
an intrinsically inferior measurement method (with no spectrometer.
magnet to provide momentum measurement), this channel might be expected
to cause problems in the Abe experiment. This possible source of
contamination was investigated by generating Monte Carlo

ﬂ+p > w+p 7° events and applying the Abe elastic selection criteria
to these events. This investigatiop showed that, while n+p - n+?ﬁn°
events probably formed a major component of the Abe background, the
background subtraction procedure employed by Abe et al. seemed to
correct for such events to a high degree of accurécy. The disagree-
ment between the RMS experiment and the Abe experiment could also be
.caused by a loss of elastic scattering events in the RMS experiment.
No evidence for such a loss could be found. In addition, the good
agreement between the RMS data and the Busza and Bardsley data

sgemed to disfavéur this possibility. This was especially true since
the method of event selection used in both these experiments was
different to that used in-the RMS experiment thus making it unlikely
that the same error could be made in all three experiments.

The comparison of the RMS differential cross sections presented
in this thesis with the two major partial wave analyses of the
channel also showed major discrepancies. These discrepancies were,
once again, mainly in overall normalisation with the analyses being
consistently higher . than the RMS data. This effect was to be expected
since both of the analyses used the data of Abe et al. as part of

their input and were strongly constrained by this data due to the high
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statistics of the Abe experiment. An attempt was made to extract
partial wave amplitudes from the RMS data which were consistent with
both the RMS data and the CMU-LBL analysis (as described iﬁ Appendix
3). The real and imaginary parts of thé amplitudes obtained from
this fitting procedure are shown és a function of centre of mass
energy in Figure 7.2. The solid lines in this figure represent

the fitted amplitudes and the points with error bars represent the
original (interpolated) CMU-LBL amplitudes. The nomenclature used
to identify the amplitudes in this figure is A 2I 2J where A 1is
the spectroscopic notation symbolArepresenting the orbital angular
momentum (A = S for L=0, P for 2 =1, D for 2 =2, F for

2 =3, etec.), I 1is the isotopic spin (always %- f;r ghe W+p
system) and J 1is the total angular momentum. It can be seen

from Figure 7.2 that the RMS data seems to have had little effect

on the partial wave amplitudes. This is due to the fact that the
fitting procedure has allowed the differences between the data and
the partial wave analysis to be absorbed in the renormalisation
factors, R, described in Appendix 3. Consequently the partial
wave amplitudes have not changed significantly and the fitted ampli-
tudes do not describe the RMS data very weli. The renormalisation
factors, R, are a measure of how much the RMS data had to be
_renormalised by to be consistent with the crosé sections obtained
from the fitted amplitudes. These factors are plotted as a

function of beam momentum in Figure 7.3. This figure illustrates

. the effect of the Abe data on the CMU-LBL partial wave analysis with
large renormalisation factors only being necessary, in general,
below 2.3 GeV/c where Abe's data has constrained the analysis.

In the energy region of the data presented in this thesis the



FIGURE 7.2: Comparison of the partial wave amplitudes
extracted from the RMS data with the

CMU~LBL amplitudes.
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(

Particle Data Group 25) list the presence of several A resonances -
the A(2160) (which is a three star resonance whose angular momentum
is not well known), the A(2300) (which is a one star resonance in
the H39 partial wave) and the A(2420) (which isra three star
resonance in the H311 partial wave). The detailed effect of the
data preéented in this thesis on these resonances has not yet been
studied, however, the high quality and fine momentum.binning of the
RMS data suggest that this data should help to clarify the status
and resonance parameters of these resonances.

To summarize then it appears that major discrepancies exist
between the backward ﬂ+p elastic scattering differential cross
sections of the vérious experiments which have made measurements
in the centre of mass energy range from 2.1 to 2.4 GeV. The data
of Busza et al. and Bardsley et al. is in fairly good agreement
with the RMS data, however there exist discrepancies between these
data sets and the data of Abe et al. This seems to cast some doubt
upon the Abe data, however the source of the discrepancies is not
known and until such time as a convincing explanation is found the
data in this region must remain somewhat uncertain. The magnitude
of these discrepancies is rather surprising, since the pion-nucleon
system is probably one of the best studied systems in High Energy
Physics, and their existence underlines the difficulties in per-

forming even a supposedly "simple" High Energy Physics experiment.
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APPENDIX 1

MISSING MASS SQUARED FIT

The data missing mass squared (to the forward track treated as
a proton) distribution was fitted using a modified Monte Carlo missing
mass squared distribution plus.a linear background.

Let the measured data and Monte Carlo distributions be denoted
by d(xi) and- m(yi) respectively where d(xi) is the number of
data events in the bin centred on missing mass squared X; and
-m(yi) is the number of Monte Carlo events in'the bin centred on Y-

If the true data and Monte Carlo distributions are D(x) and M(y)

respectively then:

x.+ §
i
d(x;) = I D(x)dx ¢))
x.— §
i
yi+ S
and m(yi) = J M(y)dy (2)
yi© ¢
where 6 1is half the bin width.
Assume the true data distribution D(x) is given by:
D(x) = p + gx + rM(y). (3

where p and q are linear background parameters

r 1is a relative normalisation factor between the data and
thé Monte Carlo distributions
and y 1is some function of x.

Let y = s(x+t), thenr
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xi+6 s(x;+8+t)
d(x;) = J (p + qx)dx + r M(y)dy . ' (4)
xi-G s(xi-6+t)

To calculate the relative normalisation factor r equation (3)

was integrated over all x and y to give:

J [D(x) - (p +qx)]dx

o . (5
[ M(y)dy
)

=00

Since the true distributions D and M were unknown equation

(5) was approximated by:

?(d(xi) - (p + qxi)26)
r = — . , (6)

I m(y,)
p J

Initially p and q were taken to be zero. Equation (4) may

be rewritten as:

d(xi) = p(268) + q(2¢8 xi) + rU(xi:s,t) @)
s (xi+6+t)

where U(xi:s,t) = J M(y)dy . (8)
s(xi-6+t)

Since s, t and M are unknown U is also unknown. Let
s = 5, * As and t = t, * At where (so, to) are "'guesses'" for

(s,t) and (4s, At) are "small" corrections to the initial guesses.

Taylor expands U as follows:
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BU(xi:s,t)
U(Xi:S,t) = U(xi:SO’tO) + R vea— As

aU(xi:s,t)

+ — 3 At ¢))

Using equation (8) U(xi:so,to) is given by:

S, (xi+6+to)

J M(y)dy : (10)

S (xi-6+to)

U(xi:so,to)

To calculate U(xi:so,to) its dependence upon the true Monte
Carlo distribution M must be translated into a dependence on the

measured Monte Carlo distribution m. From the set '{YJ} of Monte

Carlo central bin values YMIN and Ymax T8Y be found which satisfy:
Yy - 8 § So(x; 8+ £) AND y ..+ 8> so(x; = 8 + t) an
Yyax * s > so(xi +8+ to) AND  yyux § < So(xi + 6 + to) . (12)

These quantities can then be used to approximate U(xi:so,to) by:

Oy + 8~ solxp — 8+t

Ulxgispsty)) = (m(ygy) 78 -1
L=MAX s (x. +§ +t ) - (y - 8)

s my)| * ) [ - 1| a3
L=MIN |

In this equation the integral in equation (10) has been replaced
by a summation over the measured Monte Carlo distribution bins. Using
equation (13) with (So’ to) replaced by (s, t) approximations for

the two derivative terms in equation (9) were obtained:
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2u = DGy B S N LICAN T A
®ls ,t 26 ' 28
o’ o
3t T (15)
s ,t_ 28
o’ o .
Using equation (9) equation (7) may be rewritten as:
' : aU(xi:s,t)
d(xi) = p[26] + q[:26xi 1+ as |r ———
ds
s ,t
' o’ o
dU(x;:s,t)
+ At [P——— + rU(x.:s ,t . (16) -
i*7o’ 0
ot so,t°

Given values for the parameters p, q, S, and to all quantities .,
in the square brackets in equation (16) can be calculated. A least
squares fit to the data can then be performed which gives estimates
for the_quantities P> 4, As and At. These can then be used to give
better values for the barameters Ps 95 S and to and the fit cén
be iterated until it converges.

This fitting.procedure was carried out for all momenta where
Monte Carlo data was available. The parameters s and t which were
obtained were used to transform the Monte Carlo missing masses as

follows:~

2 .
> . ™pp

S

-t (17)

MMep

where mmFP2 is the missing mass squared to the forward track treated

as a proton.

.. +
The missing masssquared to the forward track treated as a g ,

manz, is related to ‘mmFPZ by :
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- = mm%.P + C (18)

with
i
- 2 297 _ (g 2 244 2 -2
o 2(E5 + mp)((pF o, ) (pp” +m 9)%) + m m,
(19)
where Eq is the beam energy
mp is the proton mass
m is the 7' mass
and Pp is the momentum of the forward track.
2

was transformed as shown below:

Tp

2
Fm 1
manz . -t+ CcQ - ) . (20)

The missing mass squared distributions used in the fitting pro-
cedure were those obtained after all cuts excluding the missing mass
squared cut. Thus these distributions were already distorted by the
missing mass squared x? - cuts which had been applied with s = 1.0,

t = 0.0 effectively. To correct for this the Monte Carlo distribution
was reselected using the new values of s and t obtained from the
fit and the fit was performed again. This process was iterated until

s and t converged.
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APPENDIX:2

DETAILS OF THE ACCEPTANCE CALCULATION

. . . *
The acceptance for this experiment as a function of cosf was

calculated on a bin by bin basis using Monte Carlo generated events.

Before outlining the acceptance calculation in detail it is con-

venient to define some relevant quantities:-

1)

2)

3)
4)
5)
65
7)

8)

events this equation must be solved for D

Gi is the number of generated Monte Carlo events in the i'th

* .
generated cos 8 bin.

Hi is the ¢ weighted number of generated events in the i'th

*
generated cos 6 bin (i.e. Hi = I Gi)‘

| 1
Ni is the number of selected reconstructed Monte Carlo events
. . X, ‘
in the i'th reconstructed cos 6 bin.
Wi is the TOF weighted number of selected reconstructed Monte

. » * »
Carlo events in the i'th reconstructed cos 9 bin.

W

i7 W, for events generated in the J'th bin only.

N

i N, for events generated in the J'th bin only.

Mi is the number of selected reconstructed data events in the
. * .

i'th reconstructed cos 9 bin.

Di is the number of acceptance corrected data events in the

* .
i'th reconstructed cos 8 bin.

In general Mi is related to D, as shown below:

M., = z R..D, . (1)

To obtain the true angular distribution of elastic scattering

I° Now RiJ may be

approximated by:



R, = g (2)

* 3 .
and since the cos 6 resolution of this experiment is comparable

*
to the -cos © binwidth equation (1) can be reduced to:

n
M % Ry o1 Dgg YRy 5Dy Ry iy Diuy - (3)
The acceptance Ai is defined as:-
My
Ai = BT' ° (4)
i

Using equation (3) Ai may be rewritten as:-

D, ' - (b,
_ i-1 i+l
Ay = Riyisn o | Y oRi,i t Riie | : ()
. e i .
From equation (5) (AAi)2 is given by:-
2 2 Di-l 2 Di+1 2
2 - 2 —
(8A)° (ARi,i) * R i1 (A(C B, ))’ * Ryl (a¢ Di.))
. . D. 2 .
i-1,2 2 i+l 2 _
+ ( D, ) (ARi,i—l) + D, ) (ARi,i+1) . (6)

Since Di is unknown it must be replaced in (5) and (6) by the
equivalent Monte Carlo distribution, Hi’ to enable Ai and (AAi)

to be calculated. This gives:-

Ao Maa o M Miia =
i H. H. H.
i i i
which implies w .
v i
Ai Y ﬁ; (8)

and
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. H. H. 2
2 N 2 2 1-1,.2 2 i+1
H. 2 H. 2
1-1 2 i+l 2
FD R P ) Ry g )? 9

The acceptance, Ai’ was calculated using equation (8) and its

statistical error was calculated using equation (9). To evaluate

H, 2
+
equation (9) the quantities (ARi J)2 and (A( ;"1)) had to be

i
calculated.
Now w' = C-N- (10)
1 11
_ 1:.0
where i =  STor weight >i : (11)
. W. ¢ C.N.
1J J Uividg
Thus R. = — - —_ (12)
1,J HJ’ 27 GJ
and Nig (- i3
¢ G G N.. 2
J 2 J J iJ
2 = N 2 ~iJ. 2
(8R;,5) Gr (€ S -t (GJ ) (acy) (13)

The error on the TOF weight was estimated to be 107 of the cor-
rection applied by the weight. Thus if t. is the mean TOF weight

in the i'th bin then:-

Ati = (ti - 1.0)/10.0 . (14)
Since C. = — this leads to:
i t;
- 2.1.0 _ .
AC, C; ( ; 1.0)/10.0 . (15)

Combining equations (13) and (15) with J = i, i*l the

quantities (AR,

2 2
1’]._) and (ARi,ii1> may be calculated. Thus to

calculate (AAi)2 via equation (9) it only remains to calculate
H. ., 2

B
1




H.
1+l _
Now T =
i
and hence

H, 2

+1
(A (=)

1
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% CGin
) G
1+1 1
1+1 i+l
v 2 « i
(¢' )
Pi1 G.

(16)

(17)
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APPENDIX 3

EXTRACTION OF PARTIAL WAVE AMPLITUDES

Due to the limited angular range of the elastic scattering dif-
ferential cross sections measured in the RMS experiment and the non-
measurement of the polarisation a full partial wave analysis could
not be performed based on this data alone. In order to extract
partial wave amplitudes from the data it was assumed that the
amplitudes of the CMU-LBL analysis were approximately correct and
an attempt was made to extract amplitudes whi;h were consistent
with both the CMU-LBL analysis and the RMS experiment. Note that
the CMU-LBL analysis was. used in preference to the Helsinki-Karlsruhe
analysis since the CMU-LBL group provided an error matrix on their
amplitudes. Before describing the extraction procedure in detail
it 1s convenient to define some relevant quantities:

1) Di is the RMS elastic differential cross section in tﬁe i'th

cos ¢” bin.

2) ADi is the cos 9* dependent'e?ror on .the RMS elastic differen-
tial cross section in the i'th cos e* bin.

3) N is the RMS normalisation error (0.66).

{ i — V + .
4) ATy = Vi * 3V,

wave amplitudes.

L =0, 2 } 1is the CMU-LBL partial

2+1+1 ° MAX

5 G is the error matrix on the CMU-LBL amplitudes.

+ _ . .
6) {SR = W + iW 2 =0, 2 } 1is the parameter

41 4e+1+1 ° MAX

amplitudes (to be determined).
*
7) Xi is the differential cross section in the i'th cos 6 bin
+
as reconstructed from the parameter amplitudes {S;} .

8) R .is a renormalisation factor (to be determined).
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These quantities were used to define a x2 as follows:

2 2 | ;2
X = Xpata * Xpwa (1)
where:
. ) . - 2
2 R2 ((1.0 + R)Di Xi)
Xpara = 5z * I 2)
N Data. (1.0 + R)2(AD.)?
* 1
Cosb
bins
) 2+4£MAX 2+4£MAX o
Xpwa - 2 Jil Wy = V650 =V (3

The first 14 parameter amplitudes were allowed to vary (with the
CMU-LBL amplitudes being used as starting values) as was the renor-
malisation parameter R and x2 was then minimized at each beam
momentum independently. This produced a set of partial wave amplitudes
at each RMS momentum setting which gave the best combined fit to the

RMS data and the CMU-LBL analysis.
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