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ABSTRACT

of the Thesis
"Production of Resonances by Pions"

presented by Ce A. KITCHEN

for the degree of Doctor of Philosophy

January, 1967.




This thesis contains a description of investigations that have
been undertaken to examine the inelastic interactions of positively
charged pi-mésons with protonse The experiment was carried out at
the European Centre for Nuclear Research in Geneva using a separated
beam of 5 GeV/c pions produced by the 27 GeV Proton Synchrotron.
Pictures were taken of the interactions of the pions with the protons
of the 150 cme British National Hydrogen Bubble Chamber.

To analyse the interactions recorded on the films of the chamber
a digitized measuring apparatus was constructed. The machine provided
data about the Interactions encoded in a suitable manner for automatic
processing. The numerical and statistical methods used in the
computation of the most probable dynamical interpretation of each
interaction are given.

In the sample of these high multiplicity interactions that have
- 8ix or seven particles in the final state of the reaction, evidence
was found for the production of intermediate particles or resonances.

The statistical analysis carried out was consistent with a large
production of the well-known resonances N*B/E,jf,wo which decay in
to two or three particlese Apart from a small number of x° particles,
no evidence was found for a large production of any other resonances
including those of which the N 3/2, 90, and @° constitute one of the
decay products. The production of resonances in high multiplicity
interactions therefore does not proceed by the quasi two-body mode

which has been shown to be a dominant feature of the lower multiplicity

interaction.



It was found that the mechanism of resonance production in L,
5 and 6 body intermediate states could not be described adequately
by the statistical model. The distributions of dynamical parameters
showed similar effects to those observed for the peripheral production

of resonance in the quasi two-body mode of lower multiplicity

interactionse.




Preface

This thesis is an account of the worlk carried out by the
author whilst at Durham University and contains a description
of the investigations wade intc various aspects of the interactions
of pi-mesons with the protons of a liquidé hydrogen bubble chamber,
The work on the analysis of the six-pronged events forms the
first part of a general experiment on the interactions of 5 GeV/c
posilive pions with protons undertaken by the High Energy Physics
Group of Durham University in collaboration with similar groups
from tne Universities of Bonn, Nijmegen, Paris (E.P.) and Turin.

The author was concerned with all stages of the experiment,
the exposure at C.E.R,N,, tue analysis of the events in Durham
and the investigation of the results undertaken in Bonn, Durham
and Paris., Specific contributions by his collaboratcrs are

clearly indicated.
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demonstrated that there do exist meaningful relationships of
one with respect to another. These relationships are provided
by a Group Theoretical approach to the quantum numbers of the
resonant states.

In Chapter 1 a review is given of the Symmetry schemes
that have been applied to the particles and rescnances together
with a description of the theoretical models proposed to
exrlain the dynemical mechanism of their production in the lower
multiplicity events. This is then compared with the situation
for higher multiplicity interactions.

The second and third chapters contain a survey of the
exposure undertaken at C,.E.B, N, and the methods used to analyse
the interactions recorded on the film of the chamber.

The results obtained from the experiment are éresented in
Chapter L and discussed in the light of the topics reviewed in

the first chapter.
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CHAFTER 1

REVIEW OF INELASTIC INTERACTIONS

1.0 Resonances

& natural consequence of the discovery of so many new
resconances having well defined quantum numbers has been the
attempts to arrange the particles into groups or multiplets
according to their properties. This work has now been extended
from the familiar representations of spin and isotopic spin
with the SU2 group to higher symmetry schemes such as SU3 and

SUG which conserve both isotopic spin and hypercharge.

SU,,
3

The eight charged states of the well known baryons p, n,
N, ¥ and = were for a long time considered as obvious
candidates to occupy some higher symmetry multiplet. Gell-Mann
(1961) and Ne'eman (1961) were able to derive a representation
for them in the simplest generalization of isotopic spin viaz.
the unitary, unimodular 3x3 matrices of the SU3 group. In this
formulation there arises an 8 component unitary spin which, with
symmetry breaking, reduces to conservation of isotopic spin and
hypercharge,

As well as the octet for the baryons, this group alsc gives

other representations for the pseudo-scalar and vector mesons in

terms of singlets and octets and & decuplet for the baryon isobars



- -

The applications of the SU3 group have met with some
remarkable successes which include the accurate prediction
of the mass assignments within the multiplets by the Gell-Mann
- Okubo Mass Formula (1962) and the subsequent discovery of
the Q~ (Barnes et al. 1964).

SUg

The SU3 symmetry of the known elementary particles has
been interpreted (Gursey, Radicati and Zweig 196L) in terms of
bound states of more fundamental systems of unknown, fractionally-
charged particles - the "quarks'., This approach has led to an
extension of the symmetry to that of the SU6 group by assuming
that the quarks possess spin which gives rise to the observed
scheme of spin assignments for the SU3 multiplets.

Yor the mesons, considered as bound states of quark and
anti-quark, the SU6 group for the 's" state interaction gives
rise to a singlet of spin, parity assignment J'p - 0 and a
35-f0ld multiplet which comprises a 0" octet and a 1  nonet.
Higher orbital angular momentum states of the quark - anti-quark
system give the higher mesons multiplets in this scheme.

In this model, the baryons are considered to be the bound
states of three quarks and the totally symmetric "s" state of
these three gives rise to a 56-fold multiplet which decomposes

into the 1/2% octet and the 3/2* decuplet.



Particle Classification

The process of assigning particles and resonances to
particular multiplets has lead to a consistent scheme for many
of the well known resonances e.g. the 0 nonet containing the
m X%, o and K, the 1” nonet containing the w, @, ¢ and K
(891) and the 2" nonet with the £° (1253), £' (1500) A, and K
(1405). There exists, however, considerable doubt as to the
correct assignments for the less firmly established resonances,
whiclh should be resolved with the availability of more experi-
mental data,

The present knowledge of the nucleonic isobars is more
extensive due to the availability of accurate wlN total cross-
sections obtained from formation experiments as well as the usual
data obtained with production experiments in track chambers.
Recent advances in phase shift analysis (Donnachie and Lea 1965,
and Bransden et al. 1965) have revealed new rescnances that may
be assigned, according to their spins, to the various octets and
decuplets for the baryons. There are still however gaps in these
multiplets with respect to undiscovered strange baryons.

Although SU6 has achieved good results for particle masses
and magnetic moments, it suffers from the inherent failing of
being non-relativistic. Attempts to remedy this fault by

extending the system to an even higher, but extensively broken
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symmetry e.g. the U12 group proposed by Salam (1965) have not
yet been successful. These symmetries require the existence of
very large or possibly infinite multiplets of high spins and
perhaps also higher isotopic spins depending upon the nature of
the interaction forces between the quarks.,

‘There is good experimental evidence for the existence of
some multiparticle resonances that may be considered as excited
states of the well established two and three particle resonances
such as the wo, ¢ and | etc, It is to be expected therefore
that if there are other such states that are still undiscovered,
they too will have multi-particle decay schemes in a manner
similar to that observed for the A1, A2, Xo and B resonances.
Conseguently it will become necessary to investigate the high
multiplicity interactions more fully than hitherto in order to

find them.,



1.1 Production ilechanisms

General
esonic and baryonic resonances are produced in a large

proportion of the inelastic eventis as for example in the reaction

.

+ o ‘
K" p=> K 77 p.even..  at 3 GeVie

studied by Ferro-Luzzi et al. (1964) where the K= (892) resonant

7’
S o I 5 o 24 :
state of the ¥ 7~ system and the N (1236) resonant state of the
'p system, occur in 80.. of all events.

In four and five body particle final states this effect of
guasi tweo body interactions is still quite marked witn combined
production of two resonances in the intermediate state being a
prominent feature. For example in the reaction

= - + -

mtp e 't ot e p..... at 3.65 GeV/e
investigated by Goldhaber et al. (196L), it was found that the
production of the resonant states of the Qm system, the A1 and

.AQ, occurred in 10 of the events, Furthermore there was 2lsc

. T . . o (- O/ pne
some 34" of combined production of either g (763) or of £ (1250)

. E L, - . .. .
topether with an W (1236) giving 2 quasi two body reaction in hhS

of all events by the reacticns



-
wop = P

Lo
= o
+ R 3 + 0 HEri
and ™ p =g [ N or 7" p = £ N
+ +
>7 P > P
> w' o > o W

These estimates of resonance production at present constitute
only a lower 1limit because of the inability of resolving the
many small contrivutions of known and unlmown resonances.

One of the first models proposed to describe high energy

=N

inelastic collisions of tne hadrons was the 2tatistical model
of Fermi (1950) which reguired the nroduction of a single short-
lived composite state that decayed to give a symmetrical
distribution of its decay wroducts in the overall centre of
mass system.

The study of the production mechanism of the resonances in

these quasi two-body reactions sooun revealed a prefarence for

W)

small four-momentw: transfers between the primary and target
particles. This effect is strikingly demonstrated by the angular
distributions of the secondary resonances in the overall centre
of mass system. The reaction products apnear to be strongly
collimated with the secondary psriticles maintaining the same

generzl direction as those of the intial beam and target particles.

5 =
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The predominance of small four-momentum transfers implies
the existence of long range forces that may be attributed to the
scattering of the incident particle by the mesic cloud surrcunding
the baryon. The interzction takes place with the exchange of a
virtual particle and the production eémplitude is dominanted by
the nearby singularity in the invariant mass distribution of the
exchange particle,

The Peripheral Model

The Peripheral Model was introduced by Geobel (1958) and
Chew and Low (1959) to give a simple explanation of the observed
preference for low four-mcmentum transfers in the quasi two-body
inelastic interactions of the type

a+b=>c4+d

This process is illustrated in the Feynmann diagram given in
Pig, 1 where ¢ and d may be resonances.

As shown by Pilkhun {1965), the amplitude for such an interac-
tion may be described in terms of the sum of all the different

one particle exchange amnplitudes

T=T +T 4T 4 evvuveo

where TD is the amplitude for the exchange of a pseudo-scalar

o

meson, Tv, that for a vector meson and Tb is the amplitude for
baryon exchange. In each specific reaction the contributions

to this amplitude will only come from those particles that satisfy



‘UoJPDI2W| 2P0 -eMY- BN 4O woi6D)(] uuDWUA24
| Big
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the strong interaction conservation laws at both vertices. The
individval amplitudes for such particles may be expressed, with the
aid of the Feymmann Rules, in lowest order Perturbation Theory as
the product of three terms; a term "V" for each vertex and a
tern for the propagator of the exchange particle. Thus

(s.t) = V. (t) . E(s.t) \' e (1)

aec (m2 - 1) " “bed
e

with the well known Mandelstam variables s,t and u defined in

terms of the four-momenta a, o,c and d of the particles as

s = (24 b)z = (¢« d)z
t o= (b-a)? = (c-a)
ane u = (a - d)2 = (¢ - b)2

The differential cross-section, do, is then given by

do” = const.

P ‘2 . af, e (2)

where ¢; is the Lorentz invariant phase space.

At first the form of the vertex functiocns could only be
approximeted by the appropriate scattering amplitudes and the effect
of the propagator on the differential cross-section for production
do/dt, was studied, This term has a pole in the unphysical
region at t = -mi. Extrapolation inte the physical region,
therefore, should yield distributions more sharply peaked for the
exchange of particles of lower mass in the region of low t where

T >> iv >> Tb
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Such distinctions in the distributions of do/dt are apparent
in those reactions where both a and ¢ are pseudc-scalar mesons
and pion exchange is forbidden, and also in pp reactions where
the main contribution comes from baryon exchange.

Form Pactors

It was found, however, that the distributions of do/dt for
resonance production were much more sharply peaked at lower
values of t than would be expected from the propagator term alone.

With the discovery of more resonances and the determination
of their ¢uantun numbers, it bscame possible to calculate the
form of the vertex functions. For example in the combined pro-
duction of baryon isobars and vector mesons it has been shown
(Jackson 1964) that for the exchange of a pseudo-scalar meson

the vertex functions are given by

. _oa) A
Vieo = 1.gaec.(a e).€
Vhea = Cpea’s

where g and G are coupling constants that may be evaluated from
the experimentally determined decay widths of the resonances and
R :

€ represents the polarization of the vector meson. The

amplitude for the process then becomes:

. - F (%)
Tp = i.gaec.Gbed.(a-e).E u (d).YB.uj(b) fﬁg:zj oo (3)

As discussed by Huff (196l4) the angular distributions for the
decay of ¢ may be suitably described by the angle between the

incoming particle and one of the out-going particles in the rest
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system of the resonance. The polarisztion vector e(A) can then
be replaced by a unit vector in the direction of this decay
particle,

In such & system as illustrated in Fig. 2 the decay distribu-~
tions are described in terms of the two angles 8 and 4 where
the laitx is related to the Treimann-Yang angle. The spin-density
coefficients,f:ij, are dependent upon the nature of the exchange
particle so that in the general distribution 'W(e,$ ) for a J = 1
particle
W(o,d) = ‘E S)ooc:oszg - 9,”5'1:12@ - 91,_1sin29.cos§;zf

- 2Re ¢, sin20,cos @ ceee (4)

The decay of a (1 =0 0 ) produced by pseudo-scalar exchange
requires that only the 950 coefficient be non-zero. The
resulting amplitude obtained by averaging over the spin of the

baryon and decay of the vector meson is

do 2 A2 F(t)|?2
—2 _ T & & . fxly o, g2 -m )2 2
itda = "2 lm I 2 ag |(m,mmg)*t) cos®
54 my, vees (5)

If, however, the baryon vertex produces a spin 3/2 resonance such

as the Nx(1236) then the vertex is modified to become

*
G
Vbed = o . e“
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the corresponding amplitude is

. F (1)
1, = sed om0 U@ o) I e ®
: b

The evaluation of the cross-section is performed by summing over

the isobaric spins giving

do 2 #2 F (%) 2 822
#5853 S e
3sq (mr)_t) m_
+ P LRCRC N (7)
where
2 1 2 2
ac = Tz . (t - (ma_mc) )-(t - (ma_mc) )
Lm
c
and
2 1 2 2
bd = —"é' . (t - (mb—md) ).(t - (ma'f'md) )
Lumd

The term Fp(t) is a form factor introduced initially by
Ferrari and Selleri (1962) who assumed that the vertex and pro-
pagator functions have renormalizations effects that involve
unknown functions of t.

In order to achieve reasonable fits with the experimental
data on the differential cross-sections quite steeply varying
function are required for the form factors. The effect of these
empirical factors is to mask the original t dependence of the
propagator which reflects the inadeguacy of the simple peripheral
model.

Absorption Model

In an attempt to explain the reason for this discrepancy

Sopokovich (1962) postulated that the one particle exchange
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interactions are modified by elastic scattering in the initial
and final states as illustrated in Fig. 3. The exchange particle
amplitudes are multiplied by the S-matrix elements for the
scattering in the initial and final states for each total angular

momentum channel.

-' :
i.e. TJ = Sab(J)'Scd(J)'TJ

Various derivations of these S-matrix elements have been put
forward by Sopokovich, Omnes (1965) and Ball and Frazer (1965),
all of which give rise to a suppression of the lower angular
momentum channels. This model has been used (Svensson 1964)
with additional form factors for the vertices developed from angular
momentum barrier considerations to simulate the data of the
Anglo-German collaboration on the differential cross-section for

production of the resonances in the reaction

wtp > N e® ... at L GeV/e
Similar studies have been undertaken (Morrison et al, 1966) for
double resonance production in 8 GeV/c i p interactions. The
density matrixz elements evaluated from the decay angular correlations
of the two resonances compare well with the predictions of the
Absorption Model. TFor those reactions, however, where the exchange
of a ¢ meson is postulated and not a pion as in

+ ¥4r O
m p > N W
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the agreement with the experimental distributions of the differential
cross-section is not very good. Much better agreement to the
distributions of those reactions requiring vector meson exchange

has been obtained with the Regge pole model.

Regge Pole Model

In this model the reactions are considered in terms of the
exchange of the Regge trajectory on which the particle lies.
For reactions requiring the exchange of apseudo-scalar meson
or a vector meson then the corresponding R oF ¢ trajectories
dominate., In the region of low t 4 it is believed that the R and

¢ trajectories tend to be parallel. Therefore similar

differential cross-sections are expected for both reactions
despite the large disparity in the masses of the two particles.

Detailed calculations (Thews 1966) have yielded good agreement
with the experimental data on the reaction

tp > NV 2% L....... at 2.75, 3.54, 4.0 and

8.0 GeV/c
and

K+ p - N k% ......... at 3.0, 3.5 and 5.0 GeV/c
Further support for this model is provided by the data on the
variation of cross-section of inelastic quasi two body reactions
with the incident momentum. An analysis of available data

(Morrison 1966) has shown that the distributions may be well

represented by an empirical function of the form



o = const.(%—)—n
0

where the constant is universal, depending only on a common
normalization of Pb, and the exponent may be related to the
Regge trajectory that is dominant in the exchange process. As
the differential cross-section do/dt in Regge theory is

related to the trajectory o (t) by

2 +)-
do/dt = const, s“’u(“) 2

then, for small values of t where most of the reaction takes
place, the integrated differential cross-section ¢ should be
approximately equal to s72 Q(O)-z. Thus for high primary
momenta when s is directly proportional to P the exponent "u®
should be approximately equal to 2. &(t) - 2. These relations
are found to be correct for reactions in which only one resonance
is produced but agreement is not so close for those reactions
where two resonances are produced. This discrepancy is thought
to arise from the difficulty of estimating the proportion of
combined resonance production.,

At present, unfortunately, no one has been able to reconcile
the successful features of the Absorption Model in predicting
angular correlations and the Regge pole model in describing

differential cross-sections in to one unified model.
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1.2 Higher liultiplicity Interactions

Experimental situation

At the present time very little work has been published on
interactions with a high multiplicity of secondary particles
i,e. those interactions producing six or more particles in the
final state, Although the cross-section for these is small
for incident pions with energies below 3 GeV, it appezrs to
rise rapidly above this energy as illustrated in Fig. 4 where
some of the available data on the six-prong cross-section of
positive pions is plotted. Furthermore, at 11.7 GeV/c
preliminary scanning statistics obtained in this laboratory
indicate that the six-pronged events have a cross-section
o =3,6 mb and that eight-pronged events are quite common
(0= 0.8 mb) and some ten-pronged events have been cbserved.

In the energy region above 1 GeV it is found that the total
reaction cross-section and elastic cross-section for the
interactions of pions and protons with nucleons is almost
constant as shown in Fig. 5. Therefore the contribution to
the inelastic cross-section of higher multiplicity interactions
is increasing with primary ensrgy. This trend is supported by
the data available from cosmic ray experiment® where large
multiplicity interactions are observed (Peters 1966). Thus

it would seem reasonable to assume that events of large
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multiplicites are the dominant feature of inelastic interactions
at the higher energies.

The previous experiments in this field have been carried
out at 4.0 GeV/c (ABBHM Collaboration 1966) and 8.0 GeV/c
(Bardidin et al. 1966 and Bartke et al. 1966) for w'p, 10.0 GeV/c
(Bardidin et al. 1966) for w p and pp at 3.25 GeV/c (Ferbel 1963)
and 5.7 GeV/c (French et al. 1966). These experiments all find
strong production of the well known two and three particle resonances
such as the Nx(1236) and the 90 and w°. Apart from a few
examples of X (950) production and a small percentage of N (3.68)
reported for the eight-pronged events at 8.0 GeV/c, no new multi-
pion or higher baryon resonances have been found. Although such
states may still be undiscovered as the statistics in all these
experiments is small, it now seems clear that quasi two-body
production does not form a major process in these collisions.

Production Processes

In an attempt to try and explain the production of multi-
particle final states in inelastic interactions Amati and
Fubini and Stanghellini (1962) introduced the Multi-Peripheral
Model. In this model the concept of peripheral production was
extended in to the realm of multiple particle production by
processes involving a large number of vertices. Assuming the

feasibility of such complex processes as that illustrated in
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Fig. 6(a) they derive ~eneral conclusions about the dominant
multi-vertex graph at each energy and also the behaviour of
the total amplitude in the limit of high energies,

This principle has been used by Joseph and Pilkhun (196L)
in & "Double-Peripheral Model® which envisages a three vertex
graph, Fig. 6(b), with two particles being exchanged. Their
model contains assumptions on the nature of the vertex at
which the two exchange particles are joined to the real particle,
By using the vacuum, pi and the rho as three possible exchange
particles, together with the appropriate form factors, tiney were
ahle to derive differential cro:s-sections that compare
favourably with the data of the Anglo-German collaboration
for the inelastic interactions at L GeV/c:

™ p atn’ P
In the orevious experiment there does indeed appear to be some
degree of forward-backward collimation of the secondary
particles in these high multinlicity interactions. For the
comparatively low energies, however, at which inachine experiments
are nerformed the resulting assymetries are not always sharply
definsd, This feature has lead Bartke and Cyszewski (1966) to
postulate that high multiplicity eventis can be divided between
central (i.e. statistical) and perivheral collisions, with no
sharp limit separating the two types. In the limit of low

energy and hign multiplicity an extranolation frow. the available
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data reveals a total lack of any observable assymetries. Further
support for this view of a high degree of "central®™ collisions is
provided by their investigations in to the distributions of final
states in pure isospin space. For the data already available
these distributions are approximately equal to the predictions
of the statistical model.

The purpose of the present e2xperiment has been to make
more complete study of nigh multi-licity interactions with
increased statistics compared with previous experiments, in
order to clarify the position concerning the contribution of

resonances and their production mechanisms.
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CHAFTER 2

THE EXPERTMENLAL CONDITIQNS OF THE FXPOSURE

2.0 Introduction

The film of the interactions of 5 GeV/c vositive pions
with protons was ottained in three separate expvosures at the
C.E R N. Preton Synchroton. The O2 beam and the British
National Hydrogen Bubble Chamber, (B.i.H.B.C.), were used
for this exveriment. Throughout each run the beam was
operated by members of the collaboration and the author was
one of the representatives of the Durham group.

The collaboration members alsc investigated the "test-
strips® from the films taken of the chember (c.f. Section 2.3).
The information obtained from these test-strips was used to
optimise the operating conditions for the beam and the chamber.

Secondary tests were nerformed on the complete films
which indicated that instabilities due to camera maifunctions
existed in the films taken during October and liovember of
1964 which rendered them useless for analysis. The instabil-
ities were not found to be present in the film taken during
February of 1965 and hence only these 150,000 pictures were
analysed.

An estimate of the magnitude of the errors due to the

chamber was made by measuring beam tracks in a film taken with
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no (i.e. < 4 gauss) magnetic field present.
2.1 ggg_pz Beam
General

The O2 beam was constructed in the Hast Experimental
area of the C.E.R.N. Proton Synchrotron in order to supply
the B.N,H, B,C, with reasonably pure beams of pions, kaons,
protons and anti-protons at many different momenta up to
15 GeV/c. The complex beam designed by E. Keil and W. Neale
(1963) to fulfill this difficult role contained many separate
components including both electrostatic and radio-frequency
separators, Either of these two types of separator could
be used to cover a wide range of momenta; the radio-frequency
separators being more effective at the higher particle energies.

For ease of operation, all the collimators of the beam
were remotely adjustable and in order to reduce the contamina-
tion due to scattered particles, all the vertical and
horizontal images were separated.

The beam consists of three separate stages of analysis.
Initially those particles lying within the correct momentum
interval were selected. The second stage of mass analysis
used the electrostatic separators which were more suited to
the lower momentum of 5 GeV/c for the pions in this exveriment.
In the final stage the momentum selection was redefined and

the beam shaped for entry in to the chamber.



Beam Layout

The layout of the various components of the 180 m
long beam is jillustrated in Fig.?. When the circulating
protons in the synchrotron had attained an energy of 19.6 GeV,
the beryllium target was placed in their path for a period
of approximetely 1 millisecond. The secondary particles
produced were shielded by ean iron pipe, B.Y., from the effects
of' the fringing field of the following magnet in the
synchrotron ring.
The angular acceptance for secondary particles was defined
by the product of the target area snd the vertical and horizontal

apertures of collimators C1 and C2. The guadrupole lens

triplet Ny Q? and 93 produced horizontal and vertical

images at the centers of collimators C, and Cl respectively
F

3

while the bending magnets M1 and M, produced dispersion in

2

the horizontal ima;e at C_, where momentum selection took

3

place.

The nuadrupole magnet &

<, together with the bending magnets
t

M3 and H} subsequently removed the dispersion from the beam.
. 2%

The lens trinlet Qb’ %6 and Q7 produced an intermediate
horizontal focus within the slectrostatic separators and the

triplet i

o Q11 and Q12 produced a vertiecal focus at the

collimator C6 where mass analysis was performed.

The triplet { and refocussed the beam on to the

137 4 00 5
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collimators C‘7 and C,d in the horizontal and vertical planes
respectively. The angular accentance was redefined in the
vertical plane by C9 and in tne horizontal plane by the gapn
of the vertical bpending magnet M7. The momentum acceptance
was redefined by the production of a dispersed horizontal

image at C11 by the bending magnets H5 and ¥, together with

the lens doubl=t _ , and 7

o

Bending waginets F7 and !i, steerad the beam into the

o
<

a A

chambar and the doublet t16 and L17 produced a slipht
divergence.

The number of narticles entering the chanber was limited
by the action of the pulsed magnet .7, whose cgeration cculd
be delayed with resnect to the beam arrival tiwme in order te

allovi sufficient —articles to 2nter the chanbsr.

Tuning tne Beam
£

411 the magnat currents and the electrostatic separ-tors

termined with the baam

snaliysis nrogram THAP.,  The cre.tion of tas bean vas
monitored bty three countvrs., The fHirst of these was an

d
"aporitsus® tyne couater, (., Lositioned ne.
rive a eecure of nuaber of secondar; rarticles rroduced.

“he other tvwo were = Cerenlov counier iich was ,ozitisaed

nzar the Seam-stor sr, B.3., and 2 colncidence counter (CL

Lo

J-Y

consisting of tve =zcintillators, onc located nert to the


http://ieL~.cu.re
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Cerenlov counter ané tha othur just before the cha=bar,

The number reristerad by the Cereniov counter for each bean
~ulse was displayed in a wirnary form on the films of the
bubble-chamber and for stable operating conditions this
aumber bears 2 linear rslationshin with the number of

particles entering the chamber.

[}

¥

=
(4]
b-_-_.
K

and C counters were used in both stages of the
orocess of "tuning" the beanm wnich required the pulsed magnet
to be switched off. The mass analysis »art of the beam was
tuned by obtaining the maximum of the pealr due to the nions
in the distribution of coincidence counts per 1,000 A counts
as 2 function of the currvent in the magnet of E,S,3. The
momentun redefinition was also optiwmissd to corrvespond with
the initial selcction by deternining the maximum value of

the same distribution but this time as a function of the currents

L=t

15 and

[
=
—t

4+ ]
agnets 16'

Punning

The beam intensity of tne synchrotron, A counts and
C counters were monitored continuously in order to detect any
large-scale changes in the operating conditions. The fluctua-
tione observed wers due mzinly to the variations of the beanm
intenszity, 5. Some ndjuctnents of the crertures of the

ccllimators and the delay of the mulsed marnet vere required

to maintain an average nuwaber of about 12 besa nmarticles centering



the chamber,

Furthermore, the currents in the beonding marsnets and

he voltsges across the elesctro-static

separztors were

cnecked 2t regular intervals., The magnet currencs vers

found to be sxtremely stable te vithin ~ J.1f'and required

very little resestting. Iowever, sonz &

the voltages of the separators. These

frequsnt retuning of the mass =znrlysis

cut during conveniznt delays in the ope

X

such as the periods of film changing.

rift was obssrved on

drifis necessitated
steie vhich was carried

<

mtion of the chamber,
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2 The B, .3.0,

The Chanber

m

The 1lirnid hydroren chamber of the 3.7,.%.B.C. consists

of a single machined 2luminiun casting with 2 large annular
clear section of iniernal dimensions 152 x 50 x L6 cms, “his

annular section is closed at either szide by two 155 -m thick,
plane-parallel, gluss vindovs of’ hiph ontical quality

(vifelford 1963). Zach mindow is rrotected by a hydrosen shield,
, as shown in Fig, C, and the whole syster is enclossd in a

steinlers steel vacuum tank, V, to reduce thermal losses,

The chamber contains some 500 litres of lisuid nydrogen

,_O r Z Vv /
at a tenperature of 27 K and an absolute prezsure of 6.3 Kgs.,
2 S

cme o The surface of the liquid hydrogen is in the vertical
expansion-pipes going from the top of the chamver to the
expansion valves. lhen the valves are opsnsd the nressure
at the surface of the 1li.uid hydrogen falls rapidly to

2 .
2.8 Fgs./en”. causing the liguid to become superheated so

that boiling will occur in areas of high charge density within

the volume of the liguid cauced by the nassage of a charrged

petitively with a cycle time
of 2 seconds, In order to achievz synchronous operstion with

the arrival of the beam rarticles the expansion of tne chamber



Beam Entraonce
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FIG. 8

PLAN VIEW OF B.N.H.B.C. SHOWING
OPTICAL SYSTEM AND MAGNET,



is initiated by a sirmal from the accelerator. Some 30
milliseconds are required for the complete expansion and to
attain the superheated conditions whicii is maintained for

2 milliseconds before recompression starts. Recomvrression
lasts approximately 10 milliseconds but a much longer time
interval of about 100 millissconds is reguired before the
liquid level stabilises and the turbulence within the chamber
has subsided.

The iagncetic Fisld

Surrounding the vacuum tank is a large electromagnet
vieighing 30 tons which gives a nearly uniform magnetic field
over the volume of the chamber liguid. This field has been

mapned (%, Blum 1964) and shows a deviation of 3. over the

mm

complete volume. This effect is talten in to account in the
reconstruction of the events.

The magnitude of the magnetic field is variable up to 14.0
K.gauss ané could be kept constan® to within 0, 1:.

Photographic System

The B.N,H.B.C. uses the "through-illumination® light system
with three condensers each of which are supplied oy three
circular neon flash tuves., Uhe directions of the convergent
light beams of the condensers are sucn that the cameras only

record images due to light scattering centers within the chamber




9 -

[

such as the bubbles within the liguid or fiducial marks
etched upon the surfaces of tae windows. The geometry

of this layout is designed to give a lower limit for the
scattering angle of 2% with respect to the median wvlane of
the chamber (Velford 1964).

The objective lenses of the camerazs are mounted on to
the same baseplate in a triangular array as shown in Fig. 9
and the inages recorded by these three cameras are referred
to as Views I, IT and TIIT.

The flasn tubes were triggered by a pulse from the C
counter of the beam. Their operation was delayed to the
latter part of the 2 millisecond period during which the
chaqver was sensitive in order to give the bubbles sufficient
time to grow. The films were automatically wound on after
each expansion.

Picture Lavout

In addition to the picture of the chamver thsre was
flashed on to each fil.a an image of the illuminated "data-
board® containing numeric data specifying the serial nuwber
of the expansion, the date and time when the picture was taken,
the magnet current and the Cerenkov counter reading.

Furthermore, images of a2 set of four tfiducial crosses were
produced by illum. nating etched glass olugzs set into the

meta’ surface of the camera gates. These Pcamera-based
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fiducials® were essential for

of the cameras objectiver as

system on the films thet was

determining the lens distortions
they nrovided the only co-ordinate

independent of the lenses.



2.5 Honitoring the Film
General

The cassettes of the cameras could hold 300 m of film
which is sufficient for 2,500 pictures. It was necessary to
cut this film in the middle to give two separate films of
1250 pietures whicn could be accommnodated on the normal
I.E.P. spools. Approzimately 20 frames from the end of each
film were removed and developed immediately after exposure.
These test strips were used to provide a rapid check on the
behaviour of the various comwonents so that any faults could
be corrected as quickly as possible.

Picture Guality

The three views were required to have good, clear
images of the chamber ané the data-board,which are correctly
spaced so that no images were overlaid.

A lack of contrast in any region of the image of the
chamber indicated that the appropriate flash tube was not

working. Throughout all the films taken an area of dirt

o

g

was observed to be accumulating near the bottom of one of
the chamber windows but this never spread sufficiently to
interfere with the subsequent anslysis of the film,
Beam

The behaviour of the beam com.onents was investigated

by observations on the beam tracks within the chamber, The



number of tracks in each frame was counted 2nd comoared vith
the number registered by the Cerenkov counter which was
displayed on the data-board., If the correlation between the
two numbers had changed it indicated that there had been a
change in the operating conditions of the beam.
vhe vertical spresd and the denth distribution of the
beam were investligated to see if the quadrupole magnets Y6
and 317 were shaping trne oneam correctly and whether it was
being steered in to the chamber in a direction parallel with
the windows.
Chamber

The oubble density of the beam tracks was investigated
by a gap-couanting tecihmnique using a low-powered microscope.
The values of the density obtained weirs compared with those
from a "standard" frame of good ‘uality. Any significant
deviations from this standard were corrected by adjusting the
2 milliseconds sensitive period of the chamner with respect to
the a:rival time of the bean.

The size of the buboles was also examined to see if' the
nulsing of the flash tubes had veen delayed sufficiently to
give the bubbles enough time to grow. Furthermore, slight changes
in the operw’ing conditions of temperature and pressure for
the chamber were rossible to optimise the size z2nd density of

the bubbles.




It was found possible to utilise some of the films with
tracks that would normally have been considered too faint

for measurement, by overdeveloping them.



2.4 Secondary Tests

General

Two further tests were made on the cowmolete films to
ensure that there existed no large random errors that would
prohibit their use for analysis. In the film taken in October
and November of 1964, instabilities in the configuration
of the fiducial crosses were detected by P. Fleury (1965),
who investigated the distributions of the squares of the
ratios of the measured distances between fiducial crosses
in different frames. The distributions obtained fell in to
two quite distinct groups; many of the values for the frames
subsequently considered as normal are contained within a
narrow peak whose width was consistent with the measuring
error and & large background of widely scattered values of the
ratios in any of' the anomalous frames were in error the cause
of the instabilities could not be attributed to shrinkage of
the film and was thought to be due to the film gates.

The film gates operated by sucking the film against a
flat metal surface but the suction was applied only around the
edges of the film, This could lsad tc the film assuming a
convex form at the centre of the iinage and consecuently these
film gates were replaced in January 1965, The new film gates

had suction holes all over the metal suriace. In order to
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est the quality of the film obtained with these new film
gates, a statistical analysis was made on the geometrical
configuration of the fiducial crosses using an Algol program
FIDO written for the Elliott 803 computer in Durham.

¥IDQ

This program processes the existing co-ordinate measure-
ments of the fiducial crosses and determines from them the
values of two ratios of the squares of the lengths between
four specific fiducial crosses. The ratios are then checked
to ensure that they lie within a pair of closely defined limits
corresponding to the correct geomtrical configuration. 4
statistical analysis is made of the acceptable values within
each film.

For each view a single number, X,,is derived from the
two ratios and the mean of a sample of these numbers is
determined together with its standard deviation. The sample
is subsequently refined by applying a three standard deviation
cut-off.

A total of 18 films were investigated and a total of 50
frames in each film was measured. The mean values, it,of the
refined samples from these measurements on each of the three
views of a frame were determined together with the associated
standard deviation o;i. The distributions of these mean values

X

and their errors are given in Fig. 10. Out of the original
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DISTRIBUTIONS OF THE MEAN VALUES OF CROSS RATIOCS IN

EACH FILM AND THEIR ERRORS,

(QLVIEW !

I8 entries 1 IBentries
I ¢ilm _ a 1¢iim
-60 -40-20 O 20 40 60 O 20 40 60 80
(?:.-I-O)xlo —_— a's:|xIO4—o
(DVIEW 2 =
IBentries I8 entries
g film : alfilm
0.0 10,
=60 40 20 O 20 40 60 O 20 40 60 80
(&;1.0)x10% — 02, % 104 —o
(c)VIEW 3
18 entries I8 entries
| film I {lim
E_L ﬂ e [ X n A A . .
50 40 20 O 20 40 60 O 20 40 60 80
(%ﬂ-O)x 104 — Uzﬂloé—e |




2700 sets of measurements 2352 were accepted for the analysis
with 355 of those rejected being definitely identified as
wrongly measured and the remaining 93 ambiguous.

Although some of the values of X are significantly
different from the means of the distributions for views II
and III, the corresponding standard deviations are guite
comparable with those obtained with the other films. This
systematic effect was ascribed to distortion of some films
during the development process,

As the mean values of the distributions are constant to
within 1% it was considered reasonable to plot the Ty values
for aifferent views on the same graph viz, Fig, 11, Because
of the high degree of overlap in the error function for the X
values in order to compare the characteristics of this
distribution with the errors expected from measurement, it
was necessary to simulate the analysis by a Monte-Carlo method
using the FIDO-SIMULATOR program written for the K.D.F.9
computer,

FIDQ STIMULATOR

This program gensrates the "i{" values as used in FIDO
by taking co-ordinate positions for the fiducial crosses which
have the same geometrical configuration as tnose on the film.

"he positwns of the crosses are then adjusted by small amounts
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to simulate the measurement errors, The distribution of the
adjust_ments is Gaussian with a full width at half height that
may bes varied.

The generation of these Gaussian errors is performed by
using the properties of a uniform distribution of random
numbers within the limits of O and 1. As shown by A. Yerbrouck
(196)) any variable, v say, defined for W such random numbers

|‘_"

v = 12, B oo 1/2)

2.
]

as

N

will have a mean values of zero and a standard deviation of unity.
The adjustments were generated by using sets of 12 random

numbers so that

i=1

and subsegquently normalised to a given measuring error.

Sets of single numbers zpecifiying the ratio of the
lengths betwsen the fiducial crosses were generated for
simulated I,E, P, errors of different magnitudes. They were
processed in a manner similar to that used in ¥IDC to determine
the mean of each set and the corresponding standard devietion.
Trne distribution of the standard deviation of the X values
with the I.E.F error was parametrized by performing a lcast

souares Tit of various polynomials to all the points excluding
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siucies fits of the purabolic functicn

were made to the 30 poiants of sach track =nd to ths subsets of
20 szoints:- the first 20, the aiddle 20 and tae last 20. TFor

the measurements made on one track ir each of 95 frames, the

i)

dirtribution of the a, cosfficients, Fig. 12, shows only a

mall but sigrificant difference from zero, The mean of this
=5

diztribution wae datermined to be (A.? . 1,2)316 cme.

[ s 11/2.31,) = 107 =.

<

whieh corresponcs te 2 radius of curveture in the chamber of

1970 =. as the demzsnification from the filw flanz to the

-

centre of the chanber times,
I . 0 - . . o~ ' v/
The corressonding sffective magnetic field for 5 GeV/ce

tracks is 35 . 21 gauss which is sisnificantly different fron

ths recidunl opaonctic field of L L2 gouns,  This 2ffect ves
attributed to diztortion of the body of the liquid aydrogen

during th2 panzion »rocess.

The dictortion, which is equivalent to a maxirun
detwctable momentun of some 300 GeV/e. rives  systemctic ervor
of 0.67 in the momentunm bsam tracks, Its effscts were talen
into zccount in the determination of the parameters necessary

- b

for the conpubation of the dvnamical quantities of the cvents.
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The widths of all the dictributions obtained were
compatikls vith the random errors itc oe expected from measure-
ments =znd multi-le scattering., Turthermore, the mean values
of the distributions of the three subsets did not show any
significant deviation from the genaral curveture, Thus it
was concluded that nc variaticns of distortion existed within

"

the liguid thut could be assccizted with regions of turbulence,

ES
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CHAPTER 3

THE ANALYSIS OF THE KVEN1S

3.0 Introduction

In this chapter a description is given of the processes
of scanning, labelling, measurement and computation that are
necessary to locate and analyse the interactions that have
vaken place within the bubble-chamber, The class of interactions
considered are those with six charged secondary particles; four
positive and two negative.

The different stages of the system of analysis are shown
in Pig., 15. This system is quite standard througnout all
Bubble-chamber Groups and consequently only brief descriptions
of each stage are given. Ixtra emphasis is however placed on
those pxrts which constitute innovations by the group or modi-
fications of the system required by the different conditions
pertaining to this experiment.

The film was scanned twice, and each interaction found was
fully documented. %The measurements were made on the film in
a:cordance with a specific set of instructions, using a L.E. P,
constructed in the departmental workshops to the design of
the author and his collaborators. The co-ordinate measurements
were checked and ordered with the REAP program on the Elliott £03
computer at Durham,

The subseguent computation necessary for each event was
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performed with the THRESH-GRI.D-SLICE system of programs which
required the use of a large, high-speed computer. Reconstruc-
tion of the events in 3-dimensional space was performed with

the THRESH program and the different possible interpretations
of the topology of the events were found by using GRIND, The
most probable interpretation of each event was then selected
and a full suanary of the dynamics for each of the events was
prepared with SLICE,

The total cross-section for inelastic interactions of this

type was determined using information from the previous stages.
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3.1 Scanning

Scanning Tables

The 35 mm. film was scanned on two tables assembled in
the departmental workshops. The filam transport systems were
purchased from Prevost of riilan. The tables were designed to
project an image of the chanber on to a horizontal white
surface with a magnification of = 14 times. This gave an image
about ¥ x life-cize for the pictures of the B,N.H.B.C.

The image was viewed by observers seated at one end of
the table, looking along the direction of the veam tracks. This
position was considered the most suitable for the detection
of all types of events, especially small angle, elastic
interactions.

The surface of the table was big enough to allow the
projection of two of the three films at the same time. It was
decided that Views I and IIT should be coincident and View II
separate.

The Fiducial Volume

The initial scan was performed by a physicist and o
scanner looking for interactions on ViewsI and II, with View
IIT used for checliing. Those events with six charged secondaries
were recorded if the vertex of the interaction was within the
fidueial volume. This volume was defined on View II with respect

to the fiducial crosses in that view. (Fig. 14).
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For the six-pronged events the primary track was required
to cross in to zone 2 within the vertical intervals 3, &4, 5,
and 6 and to have its interaction vertex in the longitudinal
zones 2, 3, 4, 5 or 6, and within the bounds of the projection
of the vertical intervals along the length of the picture.
Although this small fiducial volume contained only & 50% of
the useful volume of the chamber, it did ensure that the
primary and secondary tracks were of sufficient length to
allow accurate determination of their momenta. It was also
unnecessary with most tracks to measure as far as the ends of
the chamber where the lens distortions were greatest.

A template was constructed with the fiducial crosses,
fiducial volume and its sub-divisions, to correspond with
the projected image of View II. The position of the vertex
was determined by aligning this template with respect to the
fiducial crosses.

Characteristics of the Events

Bach six-prong found in the fiducial volume was carefully
inspected and the following characteristics recorded:-
(1) ... the total number of charged tracks and interaction
or decay vertices
(ii) ... charged secondary tracks

(iii) ... didentified charged strange particles
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(iv) eoo VO particles that connect with the vertex
(v) ..., protons identified by inspectiondof their ioniza-

tion and curvature

(vi) ... stopping tracks
(vii) .». electron-pairs that connect with the vertex

e . . o
(viii) ... V' 's that have one track identified as a proton
Addjitional statistical information on the detection of

the e vent was also retained:

(ix) ... the serial number of the frame
(x) ... the zone within which the interaction occurrsd
(xi) «e. the identification code-numoers of the scanners

and the laboratory

Statistics

Of the 25 films available, 1 was taken without the magnetic
field and 5 were rejected because of poor picture quality or
because they had too many beam tracks., All six-pronged events
found in the remaining 19 films were codified according to the
so-called GRIND-type classification number which is a five digit
number specifying in the following order, the number of

(a) positive, strange secondaries

(b) positive, non-strange secondaries

(c) negutive, strange secondaries

(d) negative, non-strange secondaries

(e) neutral, strange secondaries
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The events with no identified strange particles, i.e. those with
a classification nwnber of 04020, vere investigated further.

A total of 70k events of this type were found in the first
scan, All the filws were scanned a second time by two scanners.
The additional 37 evsnts found in this scan were added to the
sample to give a total of 741 events, TFrom a knowledge of the
numver of evenis found in the second scan and not the first,
and the numnbser found in the first but not the second, 24, the
efficiency of detection of the events with the two scans was
determined to be 99.8 i;ifl- It was assumed that the probability

of observing all types of 6 pronged events remained constant,

which is guite reasonzble for these highly visible events.
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six-prong
in the cyeclic

ferent views. To reduce the time wasted

different views, this vor!. was done oun the scanning table by
2 paysicist who consulted all views simultaneously.
Sheets were nrepared for each event that srecified by

a fixed format tit

library information® on the exoeriment

number, frame number and GRIND-tyre elassification for the
event, Agpproyriate spaces were left for the measurers to
insert their ovwn identification cede-nuaber and the nunber of
the mzchine. Tiesc sheets also contalned lists of the labsls

of the points and

starting

)

T2 .
L1870

tracks to obe us

correct seqguance

d by tane checking program IPeAP
The order of the labels in the

P
4

& vins or anti-clockwisce, trac ¥-
track measurement in each view,

The oprortunity was taken to use Tspecial labels" to
snecify thz nature of any identificd trecks, These restrict
the number of hypothsces usod by GRIND and mistakes in their
usege cotld cause failures in tost part of the anslyses, lloreover,
incorrect interrretations of the ssnuunce of the tracis in any
view can causc feilures in THITLLEH,  Therefere, with the avents
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that had to be remeasursd, the relabellins vias done vilhout
recourse to the first meazsuremcnt shects and this time no

special 1abels were used.

o
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The fine contrel is :=rovided by 400 c.n.s. servomotors

fmte

waich

s
o]

re zize 11 with 1,03:1 reducticen gearhesads. Thay drive
small precision leadscrews through 2 fire flexible courling,

The fins motors and the leadscrews are mounted on the X and Vv

substages., The cursors of tnesz leadscrews ore rigidly clamped
to the phosphor-bronze tape.

The motors are controlled by a joysticls whic:o has two axes
of rotation., The two rotating shafts of the joysbhick are
coupled to the armatures of two precision votentiometers which
supply the input signal to the servomeotor amplifiers. The change-~
over from cozrse to fine operation or vice-versa is effected by
hing these potentiometers from one circuit to the other.

A complete limit system is provided for each direction of
motion. Vhen a limit has bsen exceed=d the motors are automatically
swiltched off and the condition is indicated on the appropriate
lamp in an arrsy surrounding the joystick.

The Film Trensport System

The three films are held firmly in -osition on a 17 glass
plate set intec the X-substage, by & soring loaded clamping
device, They are pressed flat by three smaller glass plates and
clamped by three rubber tipped plungers placed beyond the ends

of these rlates, The clamping device is lifted by powerful

soleznoids to allow movem:nt ol the films.
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The unvound filn between the spools and the film clamp
is threaded through a systen of rollers. Each roller
consists of three independent nulleygmounted on a common shaft,
This allows any one of the three films to be moved without
disturbing the others.

There are three sets of rollers on either side of the X-
substage. One is mounted on the noving stagze and another on
the structure supporting the central section. The middle
rollers are supported by a system of spring-loaded pylons which
ensures that the length of film threaded through the rollers
is constant whatever the position of the stage.

The film spools are driven by a single a.c. reversgible
motor. This is coupled to the splined shafts supporting the
spools through electrical clutches and mechanical slip-clutches.
An electrical brake is provided for each splined shaft. The
control circuit for the electrical components is designed %o
actuate the solenoids of the film-clamp and move any one or
all three of the films at a time,

Digitization

The movements of the stages in the two orthogonal directions
of motion are digitized with a Moiré fringe system, For each
direction of motion there are <iwo linear diffraction gratings
of 8 um pitch, one as long as the traverse of the stage and
the other a small circular index grating: their surfaces being

separated by only 75 um., They are illuminated by a condenser
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~nd the rringe —-itterm -roduced is subdivid:d by a sunecisal
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& senna-detecteor which is courled to 2 bi-directional bhinary

counizr, e

ending vron the direction of motion of' the stage,
numbers are added to or subtracted irom ths contents of the
17-bit binary registers of the counters. For cach fringe the
counter receives four -ulses, giving a measurement accuracy
of two microns.

The contentz of the two binary registers are transferred

on to paser tape in 2 format thot can be decoded by a sub-

routine of EREAP, The co-ordinates are transferred by a

lenrth of 6 bits, ¥Hxtra "1's" are added in to the corresnonding
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The first location of the cycls store is scanned for
non-zero contents. A positive condition causess the contents
of the first locatioa of the buffer store to ve punched
together with sn extra digit sup.lisd by an even parity logic
circuit.

The punca orovides a shif't -ulse at the end of its

A

punciting operation which causes the numbers in both stores
to be advanced by one location and clears the last one. 'This

cycle is repeated until a zZero number reaches the first
location of the cycle store.

The punching out segyuence is initiated by a signal from
the typewriter which nrints the character *-'" on the
measurement sheet tco indicate that a pair of co-ordinates

have been punched. It always preceeded by the character
'/® which calls the decodings subroutine in REAF

Optical Systenm

The film is projected on to 2 flat screen comprised of
a sheet of "ethulon' compressed between two pieces of plate-
glass, This material has a very fine grain and produces a
high quality picture. Co-ordinate measurements on the film
are performed with respect to co-incidences of the appropriate
part of the image and a reference noint consisting of a small
dot® set in the middle of the screen, The dot is of the

same order of size as the projected imnage of 3 bubble of 2
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mininum ionizine tracic,

The magnification of the ovtical system is 15.1 times.

o
(2%

The light falls on to a mirror underneath the table which

reflects it on to the screen. 1Movemnents of the top stage

in the O_ direction give a nominally direct measure of distance

in this direction but all values in the Oy direction are

subject to a2 constant demsenification because the optical

system moves. Iurther constant demagnifications in the

readings for both directions of motion may be introduced

incorrect attitude of the axes of the mirror. All

Tan

such constant demapgnitications are dealt with in tae geometry

Operation
The operator measured the events in accordance with

the instructions given on the 1lsbelling shzet, In each view

. . 16 ..
the binary registers were reset at 2 when some easily

recognisable part of the picture, e.g. the vertex or a

fiducial mariz, was set on the reference point, PFour fiducial

points, the interaction vertex and six or seven points

per

track were measured. As the version of THRESH used in the

reconstruction made no allowance for energy loss, care was

taken to bias the measured points towards the vert=x for those

tracks with an aopreciable curvature.
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A visual display of the contents of the two binary
registers is nrovided on the front of thes console of the
machine so that the operator could chec’ that no deviation
had occurred witih respect to tne original setting. These
checks were usually carried out both during and after comple-
tion of the measurements in 2 view. IT some shift was found
on realisnment with the zero position the counters were reset
and the whole view or part of it was remeasured.

tith cons.ant development the performance and reliability
of the machine has improved progressively over the period
of about ons yesr that it has been in operation. In this
time some 5,000 events have veen measured with a rate of
measurement of betw.en 3 to 5 events per hour, depending on

the topology of the events.
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3.4 REAP
General

The measurements of the six-pronged events were checked
and rearranged in the special formwat reguired by the next
program THRESH, This was done with the REAP program written
for the Elliott 803 computer by H. Hailiwell., Thc program
processes the data-tapes from the I.E.F.s5 and gives two
output tapes; one is a summary of the checking and the other
is the event data in the new format.

Tae summary contains the title of the event and the
results of the checks on the fiducial and track msasurements
made in eacn of the three views.

Tests

Specific ratios of the squares of the lengths between
the fiducial crosses were evaluatezd in a manner similar to
that used in FIDO (c.f. Section 2.4). For each view these
numbers are constant to within 0.2% and are a good, quick
test that the right fiducial crosses have been measured.

The number of points measured on each track was checked
and if this number was less than three the track was considered
to be unmeasured and correspondingly designated with an "0F,

Two methods were employed to test the measﬁrements made

on the tracks. If the track failed the first simple test
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then it was examined with a more accureate one.

Tne first test consisted of a check on the constancy of
curvature of different sections of the measured track. The
simple algebraic conditions involved which are derived in
Appendix I, allowed a more efficient use of the limited
computer time available.

If the conditions imposed by this test on the measured
points failed at any time the computation was immediately
transferred to the second test. This was a least squares
fit of the parabolic function

y = ax2+bx +C
in an orthogonal system with ths x-axis along the line joining
the first and last points of the track., The fitted values
of y,'viz. yi were then compared with the measured values, Vi
in the condition
40 > (y! -¥.) cee. (1)
i = 1,400

If the measurements of the track fulfilled either of the
two conditions then it was designated with an asterisk "="
if neither it was designated with a question mark "?°9,

Any wrongly measured fiducial cross or an unmeasured track
were considered sufficient cause for remeasurement. Error
conditions on the fitting of the tracks were interpreted more
liberally as they were often indicative of such tracks as stop-

ping pions.
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3.5 THRESH
General

THRESH is the mass-independent geometry program of
the T.C. program library of C.E. R.N. Its function is to
reconstruct the tracks and points of the interaction in the
co~ordinate system of the chamber using the two-dimensional
measurements made on three films. In doing this, it assumes
that the magnetic field is uniform and consequently the
tracks may be described by helices.
Distortions

The FORTRAN IT version of THRESE was used on the
I.B,M, 7090 computer at Bonn University. This program contained
the necessary modifications, viz. subroutine CORREC, to allow
for the distortions known to exist in the cameras of the
B.N.H.B.C., The system used was devised by G. Kellner (1965)
who fitted the distortions with a general polynomial of the

form

(X') = (Y) (1 + a0/ +ay/f 4 a3(xy)/f2 . azfcz/fz

/o p 252 2
+ a5y?/f2 + 36(x2 * y_)z/fﬁ)

&

where x', y' represent co-ordinate values on the "ideal
film »lane" that would nave been expected if the lens acted
like a simple nrin-hole camera, "“he variables x, y are the

co-ordinates on the "paysical film plane” - the actual image
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on the film vhen tne effoct of film shrinkare has been remcved,
The rolimomial contains terms to account for thne

distortions caused by the followine:-

N
e
~

tilt of the film wlane  .... a,%/f + a,y/f

—~~
B
-

~_

soherical lens distortion .... a x?/f2 + a5y2/fé
2
and 2, (x" . yz)z/f'L
(iii) other non-identified causes ,.. aB(xy)/fd

Frogram

The v

¥

lues of the "reference fiducial mari:s" which are

Q

P

located on the beck of the Front glass {c,f. Fipg, 19) and

the fitted values of the coefficients of the »olimomial for

gaci: camere d2termined by Kellner and checled by .cubers of

the collubor:tion were uvsed in THESSE, The —~osiftions of the
refereace fiducisl marlks =re necessary in ordsr to uerfora
the linear transform:zticn
' I‘l* = oL'1 ;o(’z::i : 0(3y1
o= oy wedgE o+ Xy
which iransforms thz ccoordinanlte measuwremsnts into the hysiecal

fil» ~1lane sirotem,

non-orthonorn~lity of tha T,0.7, 2ice (c.f. “action 3,3).
The disteitices ar2 remaved bty ousing thae calowenial

trongfort Yion vhiclh trearforvas fron tha 7. redinsl £i10 <long”
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FiG, 19

SGHEMATIC DIAGRAM OF CHAMBER QPTICS
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oner :ting conditions,
The topologiwzs avallale for each GRIND-ty-e classiiication

were also included. Yor the siu-pronsed sventz, with a

Hy

classification number of 04020, these are ziver in Tible 1
below:

Table 1

Topologics available for events of GRIND tyne 0LO20

No, of constraints Topology Hypothesis no.
o 4 - -
T pomor 1
- “ - -
T P T AT 2

+ + 4 = -
™ p mT T

N

A
p T W N
- [ R - -0
T p mrrw 21
oo _.‘_ _.I_ — - O "
T P il 1 22
1
+ s s = =9
TP wmWE T 23
4 4 4 = = 0
p T T oW 2l
1 w0 25

It was nscessary also tu specify the identification labels

used in reasurement (e.f. 3.2 Tabelling) and the energies and

i

(D

s of the beam and target rarticles and tnz megnitudes of

)]



the treecl- errors cxwected within thez chawber, Because thz

(1)

fractional error doe to liguic distortion is -maller for the
tracks of lower momentum, the sean momentun was evaluatad
from the distribution of the fitted momentum of a nure sample

The mean of this distribution was L.206 . 1,006

The sourcssa of randon srror considered were those arisine
from measurenant, wltiple scrtiering and turbulence of tne

cnamper liouid., the messurement error was sct =t 75 pa; about

-3

1/5 of ths diametar of a bubbls wi:thin the chamnber.
mlti~le scaticring constant was derived azccordin. to the
formula quoted by -. Bradner (1960}, using o value of 0,0605
gﬂ/cmj for the density «»f liouid nydrorpen at 27°7 and 70 n. 5. 1.
The random error due to liruid turbulence was nerlectied on

he evidenca of the measurenments of the "no-~field? tracka,

-

ion of 1he events is perforned in

74

usine the lazbellins scheas riven in the titles, Uezts ars made

on the wuzlity of the mzssurements on each trockh

c+
5
i
j
ot
W
e
o
©
e
[
2]
L}
o]
H
o
(%]
W
(]
Q
}:_.I
0
o
[y
fol]
T
3
c*
vl
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3
O
R
3
I

1ot

ield aatrir i wused to convert the curvztures
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o

of the triclzs in to aomenta vihich are then corrected o the

are uted -f the daitisl valuszs

JF S, . R
vertcy, oz ovaloes o

in the iterative fittine ~rocsdure to cobiaisw

;0 the2 Tour constra:

OV gy~ L o Aoy - oy - R .

Threx Trus of outut vere roncrated by "ITTD:-

- ., N . . D4, DA R 3 | IR A N .
(1) ees thr sumnry of the 2vent with inform-ticn on

1, . ER N - .
thon e oy o plleres

4 41 b -n Ty oniea S AT s 3 oy am -
(33) .., the "ERIND dats boaR® viich ooctiio o gomrlele

Al m Repmegnd R T SIS SRR T B e 2
Ehe dymomie quontitics of tho ounlitiend
1 i s o P4 .- L -~
cha Zitted L oUeses,

—~
(20
|-
fee

e
.
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3.7 Clsgeificatlion o the Zyonic
2rpcelts of tThe anslvais

The numpsie ¢f 23venie :o-eiac eael stuog of the srsten
¢f analysis nre given belew in Table 2.

Table 2
Dats cn the znalyvsis of events

o ~
“can and | .. . . .
s rsasure 1 GRI'D 1 deasure 2 GRLD 2 Tetal
FELEye LTS 3

41 698 £59 187 131 590

Initially, 43 of the total of 7L1 =vents wcre not
mecsured because of the poor visibility of the svent or the
naturz of their secondarv tracks., During remessursment, an
additional 50 evenis werz discarded as they had a low
probability of being reconstructed, In all, some 807 of the

7h1 events were reconstructed satisfactorily.

Hypothesis selectior

The *'GOCD FIT" hyprotheses were selected from the 590
reconstructzd events. &L hynothesis was accerted as a possibls
erpretation 2f that evant under the fellowin~ cenditions

. 2
oM TM%)L' of the fit, the missing mass souared, 1777, and the

error on the wmioci

-ty

he

1
¥

> 2 2 o
1t X7 < 2.5 and 137 - 20(1T7) < 0,0 ¢ THT . 2p (i
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Hy
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ot

b
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T
(4]
[e]
e
l..l.

' . . . - - . . +-
btz pe ureful in the analysis of six- ronpged gvonts in o' ;

irt-ractions at ) GeV/e {LBAY collzhorstion 1966), They 2re

o

table vers comparsd with the =pccted hubble densities for th

~
-

traclie as piven on the summgry of CRIMD in a fora which ie cor-

It wse

reanained

L LA 2

iy cothesis was nreferred

the
i
e tre levect T was tali=n., In the coses

vhere there ver:c ne he fite t.en the 1¢ it 7il.: the lowest
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Jhe Adriributions of )C" znd T for svent~ nceonted

in vach of the adifferen channaols are stowr L9 Ties, 20 and 21,
<
TPor the e evinia the dad-tribution of +the mfitted 77 sghows
2 snall but siomificant shifh of 1, 00235 Ge fros “ero. Yhis
devigtion vas attributbtad 1n ths rrstewotic srror dus ic
tortior ~nicn terds to reducs thr curvoture of ositive
troatts ‘e comperyencs of thiz +he §-1iti 1 yalass o

momentus for Bhe }s T tittinge croczdure of GIIVD were subizct

itted evonss var bissed to the hicker valuss bocause

ot

;_1.

libvegral dintsryretation of' ths X, g condition for fits in this
channgl znd coreful reswamination vas necessary to en
that ne

Tor zvenls vitlh @u extrz nsutr2l rarticls e.g. th
and 1c{n) channels, tne averags momenta of the secendaries was

less with & corrvesponding reduction in the fractional error

on the curveturs dus to thirs systematic effect, I was fonnd
. \ . 2 .
that the rean values of t=e 777 distributions were not

g
masce

Percent channels

is given uelow:
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Hittogromo of X' for Diffrent Chonnals  (Durhom Datd)

(o) 2¢ gvonts 60

40
105 entries

() 1 (evame noj

245 emtnes

5 38883 3383

(e) 1c (n) everts -‘




Histograms of Missing Mass Squared for Different Channels.
(Durham Dcta)

(a) 4¢ Evants.

i8S entries

D S evants

MM2 o (F0-00292 0-0008) Gev2

(b)) 1cT®) gvants.

243 entries

D 8 gvents

e = (0-0202£0-003) Gev?

[} $31978531133579 138579138791
-02 -0 [ *O 02 (e ]
-ye e
mm? (Ged) —
{e) 1c (n) Events,
8! eniries
D 8 events

w2 =(0.05920020)Gev?

b

00 2 O4 6 O0 1O 2 M4 1|6

Mu? (Gev) —
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Table 3

Distrivution of events within chsnnels

ke 1e(m®) 1¢0(n) HO-FTY
185 243 51 111
Cross-sections

An estimate of the total cross-section, T WRS made for
six-pronsed events using the Durhan data only as given in
Table 3. The cross-section per event, Ous with resnect to

-

the fiducial volume was computed from a knowledge of the

S

distribution of beam tracks ner frame, the total number of
franes scanns=d and the geomebtry of the fiducial volume.
Corrections were made for the estimated muon contamination,

the dip and curvature of the beam tracks and for particle

o

interactions. The cross-section rer avent was determined to

o, = 1.86 40,92 b.

<

giving a total cross-section for the corrected total of 743

No corrszction for scaznning loss was made because of the
high efficiency for detecting events of this high multiplicity.

(c.f. ssction 3.1).
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The Data Summary

Complete summaries of the dynamical fguantities of the
selected hypotheses were nrepared for the four different
channels. As a consecusnce of the lower statistics for thes
high multinlicity events the summaries could be made extremely
comprehensive and contained over 2,000 items of information
for each event, Information on the fitting process wvas retained
together with data on the geometry, ensrgiss and momenta of
the individual varticles and all the possible particle
combinations, both in the laboratory and centre of mass systens.

The swmmeriss wers preparsed with the SLICE computer vnrogram
of the T.C. library. The vrogram, acting on the information
furnished by the apnropriate SLICE card for the selected
hyoothesis, read the relevant quantities for that magnetic
tape containing the GRIND data banks. These guantities were
processed to give the appropriate data summary which was written

on to another magnetic tape, the ®Data Summary Tape' (D.S.T.).




SRR

oY Introduction

In this chapter the methods vred fe analyse the resultbs
are described and informmtion is prerented on the physical

he two most mo-ulous
chananels of the six-tronged events; the Lec channel and the
1c{sr") channel. This vori: was undertaken with tne combinsd
samule of data froa the five collaborating lavoratories

using the stutistical analysis progrzm SUKMX of the T,0, nrogram

library, The experiumental distribtutions obtained were compared

S
ot
e
ot
2%
D
o+
>
D
o
5
[47]
[
}J
Q
w

al phase space curves calculated with the
onte-Carlo prosram FOUL, The many deviations betwesn these
two distributions were investipszted further in order to
2rmine the underlying phrsical nnenomensz present in fthese
tynes of interaction,

ata Congistency

Before the analynis of tihc combined data coula procesed it
vz2s necessary te undertelie preliminary tests to easure
compatability between the dilferent subsets presented by the

individuel rrours. In preference to ths widesnread custom of

all grouns analysing the same small sample of film in order
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to examine the viases due to differing technigues of anslysis,
it was decidad to investipate the effect of any possible
biases on physical paenonena.

The distribution of eventrs within the four channels was

£ s v

compared with that of tie total sample and no significaent de-
viation was found for any subset, Wor wers the:e found any
differences betweea the different momentum distributions of
the individual »erticles., Furthermore, the position aad
. . 13 o -0 . :

width of the peak in the wtnr e erfective mass spectrum dus

o} . i . s s L /0\
to the v~ resonance which is strongly »roduced in the 1ci{r )
channel vas investigated. The contribution and position of

this peak as seen in the various subsets were compared with

that of the combinzd samnle, All the 1ta were found

Statistics

The disposition of the total samule of 3467 reconstructed

siv-pronged events within the four channels was
he T > W ouvwmww 1052  events
1e (71'0) - ot D e 1595  events
1¢c(m) > i wwr e 279  svents
No-IrIT - gt p‘ﬂiW?TUr- mors 51 events

R R Tt (o]
m N W aTw NI

wherem > 2 and n > 1

¥
4
v

e total cross-section for the six-pronged events is

= (1.32 5 0.04)mb,
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and the partial cross-sactions for the different channels ars

~iven in Table L below:

Partial Cross-sections of Different Channels

Channel Partial cross-section(ub. )

l 1C l;.OO

N
(]

1e () 500

(=]

ic{nm) 110 . 10

HC-TIT 210 & 10

2 2 .. o as . ,
The X~ and M~ distributions for the events in the

first two of thess channels are illustrated in Tigs. 22 =nd 23.
2 2
The distributions of L ° and 17 exhibit the same feature

. 2 .. -
of shifting of the centre of the peak of the /e 1T distribu-

. . 2 .
tion and high values of 25 for the fits, that were found

3

vith the subeset of the Durham data, These effects were not

concidered significant for the :

H

easons aentioned »reviously.




FIG.22

HISTOGRAM OF 7(,2 FOR DIFFERENT CHANNELS
(COMBINED DATA)
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HISTOGRAM OF MM2 FOR DIFFERENT CHANNELS
(COMBINED DATA)
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I, 1 The l=thods of Analvsis

The nev: version of NI T-SU Ty
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oy
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to roduce the histograns, scat
Dalitz nlots and ordered lists of etfective masses, =zagles
c¢te, rezcuired for analysis, Tae »nrogran reads the D, ¢, 7T,
event by event and abstracts from each record the desired
guantitics for comuiletion according to the instructions
spscified on the control cards, By the ucz of additional
tests on the data it is possible to conpile lists of conditional
data which are extremely useful for improving the sirnal to
nolse ratio for investisating small scale effectz. at the
end of each physical run the abstracted data is printed out
in the form of annotated diagrams.

The new versicn cof this program has also the additional

5

R subroutines, of allowing the

Iy
(4]
)
ot
[
2]
(0]
ot
P
]
Q
[#

=
'.J
d.
]
&
i
4
5

computation and subseguent compilation of extra parameters

from the varisbles specified for each event on tne D, .T.

This facility nas been usec in the calculation of the velocity

distributions and also the radial density function for the

ropulation of the Dalitz plot which was us~ad in the estimotion
- ST ¢ ] ; . O )

of the contribution of tae w  resonance in the ic(mr ) channel.

E‘ T‘x '|,

FOuL is a numerical integration program which uses the
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tlonte-Carlo method to calcuvlates the phese snace distributions
of the dynamiczl cuzntities according to the statistical model.
It contains tne basic subrouviine GENEV 1 hicn generates tne
required aunmber of randow events by using the invariant macsses
of combinations of the particles in the final state. Each

event is subsequently weighted according to the distribution of

of Lorentz-invariant phase space viz,

n dEnP' 3 n 1n
(v 5 b —_—— M- P 1 =
I"n\--:l’.:"ﬂcnl = ﬂ PR . 6 (Z\ R P)S(Z ‘l‘i - ‘-‘)
1 i 1 i
vee (1)

vhere

Z = Total energv of the system

P = Total momentum of the system

%.o2nd p.o= Energy and momentum of tie i'th of the
n particles.

me

Tre individual particles are then spatially re-oriented
to give a sywmetric distriobution for the total production
spectrum in tue centre of mass systenm.

The dynamical paramsters whose phase swvace distributions
are reguired e,g. effective masses, moacnta, momentunm transfers
production angles ete., are spzeciified in a separate subroutine.

After the generation of the specified number of svents, these

distrioutions are

loed

inted out as normalised, annotzted nistograms;

the accuracy of the distributions being dependent upon the
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the total number of events senerated.

The weight with whic1 =acn event is rlott:d on the
histosrams may bz modified by any function of the interactics
variables to sinulales a specific intersctimm mechaniasm sucn

vs the nrodauction of intermediate rezcnant states and

jan]

The original nregram was sulitably modified by the author
to accom.odate tne higher number of warticle combinations
obtained for events witn six and seven particles in the final
state, Iurther developnment was also recuired to allow the
inclosion of arpitrary cut-offs with respzct to the dynamical
naramneters toc allow a full simulation of the techniques

available din SUiA.

Fitting Techniques

1 .

The contribution of resonmances in ihe different reaction

N

chammels was estimated by fitting the anpropriate effective

mass snectra with thecoretical distributions coantainiag different
: 1 . . - 2 Lo

proportions of resonance and determining tne minimum of the

fit, farning mniques wviere smploy in order to avoid ;
fit, Mawmpning tecnniques wer ployed rder to avoid any

the fit in

N

false minima and also to determins the goodness of

each case,

[&

\ihen genzrating @ rescnance of r particles in the

theorstical distributions prepared with ¥0.L, care was taken to
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use the a,propriazte (n - r) body nhase space., This is esnecially
imvortant in the case of the o (1236) which has such a low
—value of 1¢0 :'eV that the value of the momeata of the

two secondary particles in their own centre of mass has a

large variation of some 40% within the mass region of the
resonance between 1130 and 1300 kLeV,

In order to be able to =stimate the contribution of the
conbined production of two resonances simultansous fits were
made to the two effective mass distributions to determine the
mininum of the product of the two individua1.7(?. The
theoretical distributions used were a linecar andition of the
individual nhase space distributions for single production of
the first resonance, p (R1), single production of the s=cond

e}

resonance, ¢ (R,), and compined nroduction of these v

.

resonances, ¢ (R1 .;.R9>, together with pure punase space ¢ (s).

If the decay schemes of R, and R, produce r, and r,
1 P4 =

1

individual particles then for an awnarently 'n' body final
state the resulting distribution will be a sum of the n,

n-r n-r, and n-(r1+r ) boGy phase spaces., Yne best fit
Z -

1’ ?/
solution is obtained for that livear combination of the phase

space curves that give a minisum of the function

2 21 2
;(1 ° 2

1“1



where
L2 - Qo - ficsa, i e, o,

cledy -y ) §i0) e (2)

and siwilarly for the other mass aistribution.
Yhen these narameters have been determinsd it is possible
te rreduce the amnronriate theoretical curves to simulate the

ectiv g5 distributions of otrer

Hy

baclprounds of the ef

@
v
3]

particle combin: ticns and so 2stimate tho small cnhancessnts

of wea'ly sroduced recscnances

bR
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roduction in the Le Channel

i ecoinlete rurver woe made of the effective masr spoctra

distributions for tae dynanic »arameters £ %‘ and cos @ for
2ll the individusl rarticles and the particle ceubinations.
s~ectra the wresgnce of cuite large amounts

wee not fornd, aouvevsr, cvidence for oz reronce of

1wsonic or baryonic resonances

guasi two-body roduction.

ne pro‘uction moechznien of the resonsnees was investissted
end the results oLtained stronegl: favour:d a non-statistical
~roduction. ALttenptc were made to simulate this
mechanis by a »lying a perinheral method for their production
using the vell establisned "one plon exchanse model® that has

)

achisved a larrse =easure of success in low multirlicity

& - I ' - . - . . . E
7  and w7 combinaticrne off jzrticies oo illustrat:d in Figs, 24
and 25, 4 gnnancement in the 7 3 speetrum

itlhin the taz 7 (1723€) recoavnce ukicll is
from ¥z o o ocloetrar. She sorition of this rercnancs is

riifhcA dover wede by oroce 20 eV, from the rencrall oecested
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9 vii0.® weor elstrihutics voried ccecordins to the comnlex

functicn

Tre fi% to ths ~hole narcs

he best fit obtaincd of the @ n2ss ruegion corres
novever to 2 wen inersased contrivution of g mesong in
69 6 of the interactions, The aporopriste curves are

iilustrated on the oxvevinontal distril

The curve correspondins to 697 § production gives a

reacsonatbtles fit in the ~ass

. 30 : ; o
o evideuce was found for tne production of the € (720)

which has been ohserved in a =indilar distribution in the

P, N S 5y P = mende e dlio A Y N 2 mem
axperiment at 4 GeV carried ouv by the ADDIR collaberation,

The Tulti-pion #ffective liass Spectra

The 7''w ond w'w 7 effective mass distributions, Migs.

27 wndé 28, have besn examined for evidsnce of Llhe £, and A
3 1 2

1, ]

aed

-,‘J

nesons, coth of which now appear to Le firmly establic
resonances,

The effective mass plols show no significant enhancements
in either distrivvtion 21ftiough tlere is a narled disagresment

of the background with the phase space curves, This effect
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. . e E 8
has been attributed to the larre sroduction of U and_S’ andg.

tac oroduction of these resorances,

cowbinztions by immosings the sonditions that the three »ion

at least 1 di-nion combinaticn

and also that the coffective nanz of tne remaining positive ldicn

5 . R . - - . ~ PSSR
and the >roten should be in the I rorien, (1120 < il < 1320).

e distritbution obtuined, Mg, 29, shovs 2 3 standard
deviation enhanc3ment in the 4, regicn but only a non-significant,
[
broad eiucers in the region of tne 31. The i2 peall corresronds
to at mest scme 3 1+ 1 of thess ~arfticl<s in this channel.
o
) el s

Thus the larce prosortvion of j?‘ mesons observed connot be
attributsd tc the decay of the kneowr 7w f resnsnences vhich are
not cowilously produced in this channzl.

The L-nicn Aifective ilass Npectrun

B .
The effective mass distribution of the w'ww w particle

combinationr is illustreted in Pip. 30. 4ltaough the agresment

of ths beckrround with the -hase spaco curves for the reasons

axnlainzd ~reviously, there is no obvious narrov enhencemsnt in

Oy

. . Of 4o ) )
the mass regions of either the £ (1250), the £ ' (1500) or

g

3 . . \
in +he wide mass rision of the recently renorted p(1670)

(Goldbers el al, 1965) which hzs sincs besn resclved into thres

-



No, of entries

Fig. 2 @
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900 1000 1I0O 1200 1300 1400 1500

M (r} w7 w3) Mev
EFFECTIVE MASS ot 1T, W, Wy FOR
1120 < M(pn}) < 1320 Mev.

670 < M(T T1;) <850 Mav.

and
(@) -iccos @ pnw! <«-0.75.

(b) -075 <cos @ pw; < ©.
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cevarate peaks (Taglic et al, 1966).

Thus i1 wovld apnear thzat there is no strone nroduction

ive, together with the T an

O
th
R
s}
o
H
)
[e]
=
H
CE-
S
=
g
o
(6]
[z
[»]
™

4

appreciable prozortion of quasi-two body interactioans in a
manner simila: Lo that observed in the lower ~ultiplicity
interactions.

In order to confirm this investigations were made into
the effective mass spectro of those combinations of sccondary
particlses that contain a proton. A search was made for copious

procuction of a higher baryon resonance which could decay in

T : .
to an ¥ and two pions,

Higher Baryon Resonances

3
©
o
Q
®
3
@

ent of the effective mass spectrum of combinations
of pr'm , Fig. 31, with thre vhase space curve is gquite close
excenting for a slight broad enhancement in the region of low

£

effective masses, There is no indicaticn of isobar production
in this distribution. In the case of the corresnponding
distribution for prim’ combinations, Fig.32, a narrow enhancement
is cobserved in the region of 1590 eV which corresponds to a
similar pea.. observed by Goldnaber et al. (1965) for = 'p
interactions at 3.65 GeV/c.

To estimate the number of events in this peal: the m'm p

spectrun ves used as background and fitted to the w'n p distribu-

tion in the hirher me.ss repgion avey from the enhancement. The



<— 2o (B.2d)IR2N ]
6l

Lz 9z Sz ve €z Tr iz Or e & A 91 & W € _gq
(o1
‘W22 J2d g :62113U2 ZIEQ (eJoXi
(o]
B, 1d 10 SSDNDA[12}T:61L0AT O
0o
{E b4



3420 e (depesTMIO'N
LR ¥-Z z't o0 8 91

T Rl T

d_B o 2gp-Q —----

4y o8 —0

SNOILVNIGNOD d+8.,2 40 SISSVIN 3BAILDI443 40 WYHOOLSIH

SIN3IAI ¢

Nm ‘Otd

ot

of

o9

108

(o]l




~r

- 25 -
.

- oAl -~ : - . o e RN N N

best 4 v broac =ice s of ©7'n eovhiactions

avar .12 backrvournd in - 1ot

hee been
rafloien in

tice in tho

»E . sartial. ol T For L voopene for

. RS - . 2. L. .
T B M [P o 3 T DU i
- EN -

-t —-
p;'oiuc tion

a
PR b
SOOIV

A4

R L BT TIT TOR T I SN O

he ooy dasarinzd Ao

G e



http://c-.-_.ot
http://rijvj.fic.-_r
http://hi~tcf.r_.if

- 85 -

Mo true mini-unim was found, novever, for the resultant
three-dimensional surface; the lowest noint registered

corresnonding to the condition of minimal combined production.

This effect wes internreted as an inability of tne small

]

eflexions of the statistically onroduced resonances to simulate

iy

ully the larese distortions of the exmerimental histosrams,
esrecially those of tine di-pion compin-.tions., 1t was therefore
concluded that there existed some additional, non-statistical
mechanis. which was accsntuating the aistortion for the back-
fround for these combinations of particles not in a resonance.
It was found nos:zible to obtain a somewhat inaccurate estimate
of the degree of corrslation from the triangle plot of the
effective masses of the w'n and 7w p combinations. A fit was
made to the density of points in the wide, overlapping bands
of the m'm and w'p combinations for the @ and N mess regions
respectively. The best fit obtained by different proportions
of the four possible phase space conflgurations corresponded
to resonance contributions of':

' = 19 & LS

N [ = 50 3 11¢
8,k

-
(o]
1l

which are in agreemeat within the rather large statistical
errors with the previous estimate of resonance nroduction.
Fyr thermore, the fit obtained is not significantly different from

the normal statistical estimate of 36 for correlated production,
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therefore it is not nossible to imply any mechanisa of
.. o - tne NF and ti o

comvined production of tne N and the 9 .

Investigations were also carried out to determine whether

- i - o . .
any double nroduction of 9 mesons occurred. The correlations
for resonance production in the overlapping bands of the
appropriate triangle plot were found to be quite consistent

with single j?production.
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4{¢ EVENTS : ANGULAR DISTRICUTIONS OF THE INDVIDUAL PARTICLES

IN THE CENTRE OF MASS SYSTEM
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o lnreg hoc'nnrd falft cnd soomreeiabla Leecodoaiee
vigrgzne tho o AloSeihulion rhous oo f1dghl zarrouing and,.
J
Lindler 2ffocle 2ars to e ogeen in blhe distoirutions
of the negutive dcns out the effact ir not ro maried in
the covres,cndirg distrimvticnr for the  ozitive pionc,
"™ase effoctn nave vosn swmardis=d in torae of elonral

paramaters of _ and o _ for the
bl M
the ecintve of nass syvstem, & i=
; ¥
-/
X_. = o./~
p T/ stut,
wiere
i
r" —_ - Py
hes = NPy

Q

fiaaed S
-~ %4
-
>

standard distrisubion

of . about its uean
tX
of tne distrivution

dividual partic

are ~iven ir Tthle & below:
Table &
Lo Ivente:
Zlongation Parameters,of, for the Individual rarticles

- 1.09,40.02
e 1,44 .0,02

-Iﬂ'-c

2T
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my e
Uhe statisticalt;

diztrioutions .o siovm
the inpression given by the previous arppular distrivations tiet
there does sxist sons collirmation of the seceondary rarticles
along the x-axis, the axisc of the colliding rrinariss in tue
overzll c3nt e of nass system.

Correlation Lffects

Tha correlaticn eifactes hetwoca the tronsverse momenta
of pairs of marticles were investizatzd in the manner surpested

Bertocchi and Zalewski (1966). TFor each event the particles
were arranged ia order of the marnitude of their lonpitudinal
momentun and then distrioutions of the angle ?i" hetresn the

treznsverse meomenta P, of the narticles were pleotted with 5).

13 L.
T4 ik

defincd by

(B,

P\
1Tk

Of the fifteen distrivutions obtained the largest

.

11

-k

‘ferences from rure phase srace nrediction vere found in
the distrioutions of QI - and 9 o5 which are illustrated in
Yig., 37{a) and (bv). The diiferences, Lowever, do not appear
to be statistically significant.

Significant devistions from tne statistical model vere

found, 1owever, in the distributions of tune centrs of mass

zngles between pairs of pions, Tais phenomenon corresponds to
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similar effects observzd for high multinlicity interactions by
Goldhaber et al. (1960) in 5; antihilations and 3artlke et al.
(1964) in 8 6eV/¢c w'p interactions.

It was found that the distributions of, cos 9 the cosines
of the angles betuween rairs of pions (nw )(w ") and (w'r )
as illustrated in Tpe. 33 (a), (b) and (c), snov large
devintions fron the statistical modetl curve. The values of

the forw

o

rd-bac.oerd rotio ]y for these distributions are ~iven
in Table 7 below,
Table 7

o

he svents:
g e e Mp—— c——

Forward-Backward Ratio, ¥ , for Di-pion Combinaztions

FParticle combination Y = 3F
b
' 1,194 0,02
i 1,71 0.01
| T 0. 994 0,02

~hen these values are compared with the value of Y = 1.40
for wure statistical producticn it may be sezn that although
the assymetry is more pronounczd for pairs of particles
with opposite charges, significant effects are still observed
for pairs of nions of like charge.

Further investigations were made in tc the distributions

for the article comb-nations to discover vhether these



swo
(2.2 =?

SAMIUIZIEY

* mco_uo._zgu.h.h

\ole]|

101

ANU2ZS0l

0s

1001

1©)] “SuoNPUWOs_B _B

)

W
5. 2) >
(2)
| 13 o) -
SN QSIE
10s
\ole]]
™~
OSi
oot
SUONOUKWOd B B o)

SHivd NOid N3I3ML39 319NV 20 3NISOD 3O NOILNEIMLSIA :SLN3A3 Ov

gg b4




- 92 -

observed assymetrics are a2 natural conseguence of some
nroduction mechanisn for vhe resonances found in this channel.

Dynamics of Resona:nce Production

The angular distribotion of neutrsl di-nions in tne centre
of mass syste:, illustrated in F¥ig., 39, shows a marked
avsymetry which becomes more anparent for these particle combina-
tions lying within the ¢ mass repion; (0.67 <1, _< 0.85)

shovm in ®ip. 40(a). Similar control distributions were rlotted

for » and = - combinations. Fig.LO(b) and (¢) and the

gr T 7o

assymetry parameters are summarised in Table & below:

Table 8

Assymetry parvameters, R, for di-nions in @ mass_region

Particle combination R —(F - AF + B)
o 0.19 4 0.03
o 0.184 0,07
i’ 0.17 4 0. Ok

a2

There is no significant ditfference between the values
obtained for the three different combinstions and the only
distinguishing f'zature is that the pealking at the higher

. . .
values of cos 9 1is more pronounced in the case of the neutral

di-pions.
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Fig- 4 O

Angular Distribution of Di-Pion Combinations in p° Mass Region,
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Tae correspornding distrioutions for the combinations of
a proton and one pion, Tig. 41, exhibit 2 similar effect with
very little difference between the two assymztry parameters

m

given in Tnble 9 below:

Assymetry warameter, R, for the combinations of the proton

and a pion

Particle Combination R=@ -3 + B)
p ~0.37 1. 0,03
T p. -0.32 4 0,03

These values aire of the same order as the assymetry
parameter of the proton (Table 5) although the same feature
observed with the di-pion distributions is present here visz,
that the backward pealing for the rescnance combination is
more pronounced.

The longitudinal velocity of the backward-going protons
has been shown to be larger than that expected from statistical
rroduction. That this effect may be attributed to an
enhanced velocity for ths W* resonance is seen in Fig. L2 where
the normalized velocity, px’ of the W’Lp combinations is

. . . . E:
nlotted. There is a broad excess in the region of high ?; .



Fig 4

o
Angular Distribution of combinations of a Proton and a Pion n N3l

] 2
Mass Region.
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Although the arparent paucity of the isobars with high
velocity may bpe interpreted in terms of seccondary collisions
and scatterings within the interaction volume the directional
properties of hackward-going N and forward-going ¢ must be
derendent upon some non-statistical mechanism dominating the pro-
duction of the resonances. The recuired mechanism has similar
effects to the perivheral wvnroduction of resonances in low
multiplicity interactions and consequently investigations were
carried out in to the four momentum transfers to the w'p and
w'm combinations from the primary particles.

Peripheral Prcduction Fodel

, 2
The overall distributions of A”, the four-momentum transfer
. ! s 2
fron the incident proton to the v combinztion and the A
from the primary pion to the neutral di-pion combinations
are shown in Figs, L35 and Lk, 1In both histograms there are
large deviations from the pure phase spacc curves with largs
. . 2
enchancements in the regions of low &
To test the hypothesis of peripheral production, Xonte-
. . 3 . 0
Carlc calculations were made to simulate the N and [
production using a one pion exchange mechanism as described in
Chapter 1. To obtain a correspondence with ,roduction distribu-
tions tnat had been successful with gquasi two-body interactions

a form factor (Goldhaber 196)4) was used visz.

’

o 2 2., 2
Ft) = (a” + mp)/(a‘ + t)
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The dinteractions were envisn a multi-veripneral

tyre snd ths baryonic and mesonic vertices were considercd
seiarately, The rodu:tion of a resonance at one vertex was

consicered as a statisticel state with no internal dvnamics

exce £ twi of awvins the a-arosriate cuancu nuaoers fer the

plicnan’ e ul ¢ 101,
i . ‘A . . e s o
Jith s osixm pariicle final stnie, thersfore, vhie normal

L™ aistribution, 80/dt, is modifiszd by the tive article -

‘hare,

e

d¢ . , appropriste to the reactions

or

ao that

o
0

e curves ontained for the contricutions of ¥ and

-

imned fro the mas: rlots are shown on the a-nrooriate

2
distribu.ions of A7, The agreement vith the exmarimental histo-
erams is auch imroved and alse in the momentun daistributions of
the individuai particlss, the cbserved trands are well simulated

Figs. 34, 35 and 36).


file:///iass

It has been found, however, that the A2 distrioution for
eone vertex is not indepsndent of the nroduction process on the
other vertex. TFurthermore, the sxtrancletion of the differential
cross section in to the repion of larser momenta transfers may

dae

=
o
c+
o
D
<!
}.—-
H
o
=
=
[$]
o+
]
Q
pu
13
|-
o
=

w0

cribed therefore nas no rigeorous

exact formulation of the differential production cross-ssction

for these high multiplicity interaction is not known it is indeed
likely that it exhibits a preference f'or low four-momentum
transfers in s similar manner to the low multiplicity interactions.

Angular Decayv Schemes

The distributions of the decay angles of the resonances

wers alsco examingd in order to detsct characteristic distribu-
tions that would indicate the existence and nature of an

f]

exchange particles. The ang

(1]

5 investigated were 8 which is

.

defined in section 1.1, and Qh the angle vetwezn the direction of
the outgoing ' 2nd the direction of motion of the resonance in
the rest system of' the resonance. TFor an exchange mechanism

sucit 2s that described previou=zly where there are mcre than two
sarticles emitted from the top vertsex (c.f. Tig. 2) no unique

definition of the angle # is rossible.

Tha only distribution found to exhibit a.significant
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vas that of cos Qh for the 7

(g}

stributicn Fip. 45 a maried cos” o,

1.4

1 98 ennanced by restrictinge the

inations vhich have 2t least one

of the 7™ coambin tions containing the remainine nositive

" mass region., Tne apnlication of

2
this condition increased the nrobability of the X~ for the

measure of gyin alirmme

[

v

This pHhenomenon would suggest that there is a large

N L i 1l -
of tne 9 mesons and that the

-

an isobar is relsted to this rroperty.

or th2 neighbouring '

mzas resions were +1so-calculated and found to be consictent

s R .
as vas the distribution for 7 7 and
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; . . . i O\ ;
L.4 EKesonance rroductio.n in tne ic(r") Cnannel

vany of the pnysical effects tnat .ave peen observea in the
Lec channel are also found to occur in the sampie of 1595 events
available in the 1c(s°) chananel, an. consecuently the resultls
were analysed in a similar manner. . comprenensive survey of
all the possiole distrivutionsz of eifective masses of narticle
comoin-tions was uads.

. ¥ . ) 0 7 9oz9 . . .

spart from tne o (1236) and Llhe w (783), tne only other
resonance that could be resolved was the X°(959) of which a
simall number of exumples was found. Some of thesejxo particles
were found to te producad peripnerally with an Nﬁ/q isobar

2

to give the only evidence of guasi~two body production discovered
in thie six-prongec events.

T'ne “'wo Farticle Iiffective liass Spectlra

The effective mass spectra of the combinations of the

proton and a positive pion is illustrated in Fig. 47 and exiibits

a large ennancement in tne xass region of the i, The central

value of this pea.. ir shiftod cownwards by scme 30 .eV.

“he corresonding Y, = —& and +5 states are ubsent frow the

5

.0 . . . . . . . -
# pond w p efiective mases distributions illustrzted in Figs. 43
and 49. DBecause of tae cistortion of the peak the fit fto tne

7 p distribution was uade by varying the admixture of seven-body

. - ; . .. #
pure phace =zpace zand six-body phase space containiig an M.,
3 i 3/

particle wnose mass distribution is described vy the function
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Py

given in bLection L.h. The uvest it to t.e overwll spectrunm

~ =

corresyonded to only 354+ 6 of .. wiun a low probability of

g s ~~h - . .

fitting of only soze 10 7., vhicn was atirivuted to a large
deviatlion of the background from the pure phase space curve the
estimate of isobar production was increased in a it performed

over the restricted ne s region of tne resonance viz, (1320 > 2
- [}

+ p 3 1120) to b+ 6. bul tne provability of this fit rose to
only 2.03 .

Thus it vould apopear tuat the description of Lhe shape of
3. ‘1( " Led 3 H -y o .
tne 3 /0 pea.. was not sufiiciently accurate to allow Titting to

e
take place, It wais tnerefore necessary to vary the parameters
of tiie central mass value ms and Lhe widtn in tne Sreit-signer
function,[‘o. #urtaernore ihe normalize.tion condition was
relaxed to allow for the inclusion of an unknown distribution
of the distortion of the bacsground in tne area away f'rom tne
rezonance. The vest vaiue obtained for the {it was with my = 1215
o - w - 3
..ev, [‘o = 140 lieV¥ and correspondea to a much larger .I
contribution of scue 754 7., The probability of this it
2 2 .. - “ ar

P(A° X fitted) was 0.95,

The distortion of the background, is also evident in the
ar v spectrum out no such distinciion is possible in the nistogram
of the n r compinations wnere the numoer of entries is much

smaller,
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Tne distrivutions of tue effcctiive marses of tne neutral

and churged di-pions, Iig. 50, exnibvit ne peaking i.. tiue macs

. (o . o .0 , 0
regions of eilner the @, the f or the £,

Tne Three-particle lass Spectra

The histograms of the erffective masses of neutrul tri-pion
combinations is illusirated in Fig. 51. There are two peaks
visible in this dist. ibution; a large enhancement in ithe 2°
region and a smaller shoulder in the mass region of the ﬂl
meson, The apparent width of the peak duc to the ©° meson is
muchh larger tnan that expected from the decay of such a long-
lived particle. Tnis efiect nas been atbributed tc the dominance
of sxperimental error in tihe estimation of the effective masses
snd. ccnsequently the it to tais distribution was mude witn a
Gaussian function instead of tne normal Breit-uigner, A4s is
explained later in inis section, there was _ound in tne whwin T Tw
effective mass scectrum a small enhancement corresponding to the
production of a few Xo events whicu nas 3‘27”( decay mode.
Furtheruore, tae other two possible neutral tri-sion combinations
that may be formed from the deczy products of this resonance
are dynanica.ly constraired to fall witiin the a mass region
Lk 5_;%,%:310 < 680 which contains the Qf band. Therefore the

les

[¢]

X . . ; ot s o} "
fit carricd out to estimate the contrivution of w  rarti
was nerformed with a reduced sample of events with tl.ose events

s o . A . . .
containing an X varticle excluded. Tns best fit obtained



FIG SO

1c.(e®) EVENTS: HISTOGRAM OF EFFECTIVE MASS OF DI-PION COMBINATIONS.
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corresponded tc a preduction of ©° resonances in 404+ 57 of all
evenls although tne contribution of 120 particles in the reducad
sample was not statistically significant,

A further indevendenti method was used to confirm the estimate
of w° production viz. the investigation of the density of entries
in the Dalitz plot of the »*, 7 and n° particles. Unlike
the uniform density distribution expected for non-resonant
combinations, for the decay of a 1~ narticle such as the mo,
the matrixz element of the decay causes a cenirally symmetric
distortion of tae censity of points.which is peaked at the
centre,

The radius of each neutral tri-pion combination was
computed by using & special CilaRy subroutine of SUMA. The
histogrun subsequently obtained Tor all tne evenis in tne 1c(ﬁ°)
channel was compared with the pure phase space distributions
generated with FOiL. The best fit to the observed excess was
obtained with a groduction of «©° resonances in 454+ 5 of the
eventis,

171

Higher narticle resonsnces

A search for all the appropriate histograms of the effective
masses of combinations of mesons with the proton failed to
elucidate any significant enhancements due to known or
unknown isobars. The proton, 2w distributions are illustrated
in Fig., 52,

i l..- " '-’.'."
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e {TNEVENTS . HISTOGRAM OF EFFECTIVE MASSES OF COMBINATIONS OF THE PROTON AND TWO PIONS

(@) M.eft. (Py=y*)
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A ginilar puenomenon was anparent in sne effective mass
distrivations ol tue aesonz. No evidence was found in the
7' and o n wC mass spectra, fig. 55, for the B nmeson
so tnat tne copious production of tne »’'s could noi be described
to the wecay of an wrr resonance,

There was, howev:r, found some cviuence for tue jrodu:ticn
of X° (959) resonances. & small enhanc ment of some 17 events
is observed at the leading edpe of the «'n'n w w° effeciive
mass distrioution, ¥ig., 54, vetwoen 930 and 990 eV where the

phase snace orediction for sroduction in tnis nass region is
So= 0
only 1.1 event. Of these events, 15 have at least one w'n «

- . .  ys \ . 0 . .
combination lying within the restricted % mass region of

63 ‘eV as seen in Fig. 55.

Ui

<2< .
< o 4 = 0 <
235 = o =
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le (¢S EVENTS * USTOGRAM OF EFFECTIVE MASSES OF
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Fig SS

Ic (ﬂ°) Events: Histogram of Effective Mass of
Neutrai Tri-pion Combinations from X° Events
22

]
20

[68 entries:
4 per X° combination]
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M. eft. Gev/e —
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One particle distributions

n.

he anguler distributicns

illustrated in Fig. 56 and the

ey . . . . . Oy
Uynamics oi Mesonance rroduction in the 1c{w:l.gggpnqé

of the individual

Ky
H
4

corresponding assymetry para-

meters are given in Table 10 below:

Table 10

1c(wo) Lvents:

Assynetry Pavameters, R, for the Individual Farticles

&
oo
L}
ct
H-
Q
.._l
0]

k= (F-2)/(F+B)

w

=0.30 . 0,02
2,06 4 0.01
0.15 . 0,02
0.19 .+ 0.03

is found with the 4c events there is a

for toe rroton to b

1]

travelling in the same general

system as that of the incident

observed for the negutive anc neutral pilouns walch apwears

produced in the bpaclwiard directim

direction in tiac centre of mass

proton, is

Forward peaking

U

to

1
iz

be absent from the corresponding distribution for the positive

mion.

The effects of assymeirical production are also visible

in the distrivutions of the coxponents of momentum, ¥

and ¥ ,
}.‘

rarticles are

signit'icant tendency
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tc (#°) EVENTS : ANGULAR DISTRIBUTION OF INDIVIDUAL PARTICLES

IN CENTRE OF MASS SYSTEM

(a) Protons {b) Neuiral Pions
300 150}
200 1595 entries 100} 1595 entries
100 50
[o] (o]
- - - ) -1 -5 o] 5
: 59 A cos 6°
(c) Negative Pions (d) Poaitive Plons
300 300
3190 entries 4785 entries
200 200
100 . 100
-1 -5 (o) 5 1 -1 -5 [o] 5
a8’ cor 8°®



for the individual yarticles 2g shown in Figs. 57, 58, 59 and 60,
The valuss of the elongation parameters o(,.x and ¢:Ly are given
in Yabtle 11 velow:

Table 11

oy .
ic{rn~) Zvents:

tlongation Parameters,o, for the Individual Farticles

rarticle ol . oly
D +1.11 L J.03 2.25 4+ 0.03
" 1.02 + 0.01 0.95 3 0,01
7 1.02 & 0.02 0,92 4+ 0.02
7o .05 & 0.03 2.92 & 0,02

Tnere is a significant distortion of the distribution
of the proton in a similar manner to that observed with the Lo
events, [he elongations effects for the other particles are

not so marked as wos the case with the six body stote,

The angular distributions of those combinations of particles

whic:. show appreciable resonance oroduction; viz. the ﬂ'p(ai,n)
T

- o . . . an
and 77 w”(w®) are illustrated in Figs. 61 and 62. The shaded
areas represent the contributions of those combinations of

particles 1lring within the mass regions of the resonances as

1120 eV < M(r"5) < 1320 eV
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Fic, 61

le(v°)EVENTS :ANGULAR DISTRIBUTION OF wp
COMBINATIOH5 IN THE CENTRE OF MASS SYSTEM.

OO
[4785 Entrics:3 per event]
900
7/ represents combination
a in N“%mass region
700{ ]

500;

- af

W\XX&N

300,

r
-8 + 4 8

cos @
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lc (w’) EVENTS: ANGULAR DISTRIBUTION OF NEUTRAL TRI-PION
COMBINATION IN THE CENTRE OF MASS SYSTEM

1100
1000
[9570 enTRiES

900 . 6 PER EVENT]

800 REPRESENTS COMBINATION

N WO MASS REGIONS

700
600
500
400
300
200 .

[Xele}
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and
. L =0

Table 12

Pansads b=toar AP

1c(wo) dvents:

Assymetry Parameters, R, for Particle Combinations

Combination R = ETE)
(F+B)
7D =0.31 4 0.1
EN R . . _
w " p(, ., region) ~Je33 -~ 0,09
32 -
W =0
TR 40.22 .. 0,02
wm (@ region) .30 0,02
I-.T;—:

o 1y
The value for the samvle of m'p combinzticns in the

region iz almost equal to thut of the individual nroton which

is =0.34 +0,02. The slight enhancement is the values of the

) . . - o] o
paraneters for the rastricted mass regions of 1T and w™ lends
csome sup.ort tc the intoerpretation that the overall assymetry

is due to the collimated production of tne resonances in the

centre of mass systen.

Velocity Listributions

¥ . - .
that the my/q isobars are produced with
2 <

velocities greater thun those predicted by tne statistical model.

There is evidence
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In the normalized veloeity districution of the m'p combinations
which is illustrated irn Fig. 63 a broad excess of events is
onserved in the region of high velocities, This excess can oe
well simulated if the N isobars are produced in 79 of the
interactioas by a perinherzl mechanism at the nucleon vartex,

4+

as aescribed previously. It cannct ve simulated if this numnber

of isobars are c¢nly produced statistically in which casg the
resulting districution is almost identical with the pure paas

space curve,

Perdircheral Production

The aistrioution of tne four-momenium transfer From the

. . - . L e e i . . PR . .
incident vroton teo the 7 o combination is illustr:ted in Fig. 64

4 large excess of sntries over e pure phase space prediction

. . . \ 2 . .
is observed in the region of low A . This excess can be

9

[ Sd

accounted for if tne N sobar is produced by a& one pion

exchange procsss at tne nucleon vertex as descriced for the Le
events. The expected 4” distrioutiou for such an interactiion
shovs quite good agreecment with the sxperimental nislogram.

L

-

llo peripheral calculation was possible in the case of the
distribution of four-momentum transfer from the inecident nion
to the neutral tri-pion combinations as pions exchange to the
my vertex iz forbidaen by conservation of g-parity. Furthermore

the correspouding distriouvtion for"f excuange has been shown

. o R
to be of doubiful significance. An excers at low values of' A
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. Q .
is unowever to be noticed in the nistosra. of 27 (r /e wm ) shown

in M. 65,

tngular Decay Distributions

ALlthough the decay distribution of tne #™p combinations

"

in tizeir own rest syste- did not show significant assymetries,
an effect was obsorved in tue cosd distribution for the wh w°
combinations in the w® mass region (Fig. 66(a)). This assymetry
iz enhanced by censidering a further refined sample of forward

going neutral tri-pion combinations Fig. 66(b).

wuadsi Two-Body Interacticns

. . . o . s
The production of the X (959) events exnibits sonme
characteristic features., In the Feyrou plot of those neutral

. - g \ 0 .
five-pion coumbinstions that fall witnin the X~ mass region

.

(930 KeV E_fxwﬂh+ﬁ'ﬂiﬁo) < 990 MeV), Fig. 67, there is an
accunulation of -3 events produced vith low momentum transfer
values, The effictive mass of the remaining combination of
positive pion with the proton all have effective masses lying
witnin the mass region of the N§/? isobar (1120 < (a7 p) < 1320).
This small sample of eight events is the only evidence of

gussi-two-body vroduction in the total of 2647 events in tne two

reaction channels tnat have been considered.
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CunCLULION

4n experiment nas been reported on the high multiplicity
interactions of 5 Gei/c positive pions witn the proions of
& liguid hydrogen bubble chamber. The total and partial cross-
sections that have been established al this energy give support
to the observed trend of tne increasing importance of the hign
multiplicity interactions at the higher energies.

The extensive investigations that have been carrizsd out
wilh t.is comparatively large sample of these types of
interactions, nave revealed a coplous production of tne well-
known resonances: the H*(1236), [ w” and also a few X°
particles. Mo evidence was found for a corresponding production
of" the heavier rescnances the 31, A2 and the B of which the
and the w° form one of the decay products. Xurthermore, no .
significant evidence was if'ound for the productioa of any other
resonynces.

Only 2 smell fraction of the events in the seven body
final state could be attrioutea to the simultaneous production
of an xc’and an Nﬁ. It would therefore appear that cuasi
two-body interacticns are absent from thzse types of interaction
in contrast to the situation for the lower multiplicity interac-
tion vhere they nuve veen shown to be the dominant mode of

resonance production.

v

st

ie absence of any multi-particle intermediate state implies

that the observed resonances are produced directly in 4, 5 and
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&€ body reactions. There is, however, strong evidence of a non-
statistical moce of production., Tne dynawmical mechonism of
the production of tne resonances nas beea suaown te exhibit
similar charucteristics to those observed in lower multiplicity
interactions. There is a significant effect of the forviard-
baciward collimation of the resonances in the centre of mass
system, The isobar appears to be produced in tane same general
direction as that of tne incident proton and the mesonic
resonance is produced predominantly in the forward dipection.
Purthermore the velocities of the rescnances are nigher than
would be expected from a purely statistical mode of production,
The dynamical efflects of the production of the resonance
have caused significant aeparturesof the experimental backgrounds
of the histogram of the effective masses from tas predictions of
the statistical model. Such effects are extremely important in
these types of interaction as the ratio of signal to background
must alweys remain small because ol tne high number of particle
combinations., It is thersiore suggested that an adequate
description of these dynamical processes is a necessary pre-
recuisite to the full exploitation of' tnese high multiplicity
interactioas for the (iscovery of new many-particle resonances,
A limited success nas been acihieved with the peripheral
mocel calculutions based upon tne differential production cross-

sections that have been used for tne lower multiplicity iateractiions.
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such functions appear to simulate the general features of tae
gxperimental distributions of momentum transfer and tne
momentum coumponeats, The evidence froa tae decay aistriovutions
of' tne resonances is inconelusive as significant assymetries
are only observed Tror tne ceceys of tae mesonic resonances.

Ine observed non-statistical mode of production of the
resonances in reactions that are not of the quasi two-body
type would suggest the existence of a more complex interaction
mechanism, and it may become necessary to consider the
aultiparipheral type of interaction,

It is only recently that the subject of high multiplicity
interactions nas berun to pne of interest to theoretical
physicists and worlk begun to try and develop a model to describs
tnese types of interaction, The results obtained in this
experinent therefore snould ve of use in testing any theory

that may ve developed.
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Appendix T

Constancy of Curvature Test

Derivation of Curvature Relation

A circle can always be fitted to any three points, let
it have radius ?.
Then for a configuration as illustrated in Fig. 68

2

N

2

L; = L1 + L2 - 2L1L2 COS 4]
or

2 2 2

Cos & = (L1 + Ly - LB)/2L1L2 eee (1)
also Eé

sine = Sin@ = 7o oo (2)
i.e. j’ ) Ei 2

= L4 Sin e

or

1, 2 A - 2

h/§ = 2 (1 - Cos“8) eee (3)

3

Substitute in (3) for Cos © from (1) to give

1 1 (Lf + Lg i Lg)z
—3 =3 = (1- 2 2 )
b g L b L] Ly
2 .2 .2 2.2 .2
1 ) (2L1 L, - Ly - L, + Lj)(2L1L2+L1+L2 - LB)
2 = 2 2 -2 '
P Ly I If
1 ) (L}—L14L2XL5+L1-L2)(L1+L2+L3)(L1+L2—L3)
2 = 2 2 .2
g Ly I, ILg

eee (4)



Fig. 68
DIAGRAM OF FITTED CIRCLE
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Arplicotion ia RIAE

dach trzcl: was investigated for coastancy of curvature

.

by takine tri:lets of cons2cutively weasursd joints x,¥y

P

K. . Y. \ . and evaluvating thes neth
10171447 F10¥i.00 luating the lengths 11i’ 150 1

wvhere

1,1 7 YYVTi i Y3 i
. ’ 1/’2
) = (=, =2 )y o = )
2,1 i i1/ WA vl
2 2.1/2

A parameter Ki vas aetermined frou thess lengths where

11’ 1 -1

i
1, 51, L

Tais is the first order a-rroxination to the square of the

curvature of the cirela which may be fitted to the threc

i
Q
}.J
W
o
[x
Py
Q
by
™
I$)
o
()
ct
I.J .
O
&
U
g

¥ron the co-crdinates of the first triplst two extra

parometers U and

- 1, Tere calenlated by ~uttine the x values

at 10 in equations (6) and (7) so that

and

—~
0
R

/o
= oy YT (W 3
c. = ._-—,' 7 . (l(.J (l_' ,il,;: s/ LA

9

Thize correznond to the mamirwn errors in ¥ for an err

(o]
=

of measurenint of some 4O fring:sc in the two cases of o stra:
and a curvea trucs, If thoe curvature of the tracl: is apnreciatle

this made 1, > 1., The largsr of th2se two rarameters was
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subrecguent velues of Fi used ia the conditiom

13 ... (10)
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