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PREFACE

This thesis gives an account of some of the work carried out
by the author whilst at the University of Durhem. The work has
been carried out by the High Energy Physics Group of Durham University
in collaboration with similar groups from the Universities of Bomn,
Nijmegen, Paris (E.P.), Turin and Strasbourg.

The work concerns the interactions of 5 Gev/ ¢ positive pions
in hydrogen and it has been divided as follows:-

(a) Six prong interactions
(b) Strange particle events
(¢) Four prong interactions
(d) Two prong interactions.

The author has teken part in the first three sections of this
work, in particular parts (b) and (c), and it is these parts which
are described in this thesis. The author has been concerned with
all stages of the analysis of the events and the investigation of
the resultse Specific contributions from his colleagues have been

indicateds
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1.

INTRODUCTION

Modern accelerators have provided high energy beams of particles
to produce collisions with nuclear matter. The detection of these
collisions in the bubble chamber and their analysis by advanced
computer techniques have made great contributions to the understanding
of strong interactions.

During the last few years the interactions of pi mesons with
protons in hydrogen bubble chambers have been studied in a number
of experiments, notably the I'P collisions at the incident pion
momenta of 4 GeV/c (A-B-B-B-H-L-M Collaboration, 1965) and 8 Gev/c
(A-B-C Collaboration, 1964). The aim of the present experiment
(5 GeV/c l'["P) has been to study the interactions more fully in an
experiment of high statisticse The study of the four-prong events
and the two-prong Vo events (with at least one visible VO decay)
which are the subject matter of this thesis is bag_ed. on a sample
of about 24000 and 1011 measured events.

In Chapter 1 a review is given of inelastic collisions with
particular reference to some previous experiments on pion-proton
interactions. The theoretical models which haye been proposed to
interpret the interaction mechanisms are discussed.

The second and third chapters contain a description of the beam
end the bubble chamber as used in this experiment and the methods

used to analyse the four-prong events.

A
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Results of the observation of resonances in the four-prong
channels are described in chapter 4.

Finglly, the analysis of the two-prong ' events are presented
in chapter 5.

There is & short conclusion.
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CHAPTER 1

A Review of Imelastic Collisions

l.l Interaction Cross-sections

T™e collisions between pions and protons at existing accelerator
energies often result in the production of a multiplicity of
secondary particles. Their numbers are usually in the range of 2-h
but these mey extend up to 8 at curremt energies. Despite the
increase in multiplicity (i.e. opening of new reaction channels)
with energy the total and elastic reaction cross-sections in IP
collisions tend to be constant as shown in figures 1 and 2.
Consequently the relative contribution of high multiplicity inter-
actions increases with energy. However at 5 Gev (this experiment)
this contribution is small.

The great majority of these secondary particles are pions. The
crossesection for the production of K mesons and hyperons in IP
collisions is only a small fraction of the total production cross-
section. In the 8 Gev/c II*P experiment (Brandt et al, 1966) it is
found that the total cross-section for the production of the various
strange particles is only about 12% of the total production cross-
section. In the present experiment the fraction of events with one
or two visible v° decays is about 2% of the total number of events.
Figure 3 shows a plot of the cross-sections for the production of

strange particles in IIP collisions at various incident momenta of

the pion.
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l.2 Resonances

A prominent feature in the final states of the interactions
is the presence of mesonic and baryonic resonances such as the
P, w, N, K*, N*, Y* and others. 'These are unstable with lifetimes
so short (~ 10722 sec) that they appear to decay at the point of
production.

Prior to the bubble chamber, nucleonic iscbars such as the
N*(1236) and N*(1686) were detected in total cross-section measure-
ments for IIP collisions. ILarge enhencements as seen in figure 1
were recognised as due to resonances. Besides giving the indication
of a structure (i.e. presence of resonances) the total cross-section
measurements for I'P and II'P collisions also allowed the determination
of the isospin of the nucleonic resonances. At high energies the
height of the enhancements above the background decreases and the
width increases (figure 2) so that in total cross-section measurements
the resonences tend to be lost in the'fba.ckgrmmd.

With the bubble chamber techniques resonances are detected by
the Kinematical correlations in their decay products which are the
observed secondary particles of the interactions. InrAhmea.jority of
the cases the reaction proceeds by the production of a resonance
in association with other secondary particles. However, sometimes
the entire reaction takes place through the production of two
resonances only, "quasi two body" which leads to simpler interpreta-

tion of the reaction mechanism.
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1.5 Quasi Two Body States

During the last few years it has been observed that the high
energy interactions frequently produce quasi two body states or
resonences vwhich then decay into the observed secondary particles.
The cross-section for the production of these quasi two body
states decreases with increasing energy due to the increasing
number of secondary particles. Thus in K+P interactions, the
fraction of quasi two body states which is very high at lower
energies decreases to about 25% of the total inelastic cross-section
vhen the incident K momentum rises to 5 GeV/c. Similarly in the
8 GeV/c I*P interactions the fraction of quasi two body states is
about 8% of the total inelastic events while in the 1l GeV/cIP
interactions, the fraction falls to about 5% (Morrison, 1966).

These estimates tend to be underestimated at higher energies due to
the difficulties of recognising new resonances.

However, if one looks at & certain reamction channel the fraction
of two-body states are found to be very high. For example, in the
8 GeV/c II*P interaction in the channel

rtp - primtr
vhere the production of N*H, P, fo, Al and A2 have been reported
(Aachen-Berlin-Cern Collaboration, 1964), the fraction of quasi two

body states is found to be as high as 50%
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1.4 Interaction models

The secondary particles of high energy collisions have given
rise to camplex theoretical problems regarding their production
mechanism and final state behaviour. High multiplicity interactions
with six or more particles in the final states suggest that a good
working model might be the statistical model. On the other hand,
since these particles are frequently produced through intermediste
resonances the quasi two body states might be equally important.

In fact, the production of quasi two body states has provided new
theoretical approaches on simpler lines to some aspects of high
energy interactions and techniques have been developed to interpret
these reactions in terms of a number of theoretical miodels. Nonp;e
of these models, however, can be said to satisfy completely every:
aspect of experimental observations, each model has its own area of
successs

In the following sections summaries are given of the several
models of interactions.

(i) The statistical model

The statistical model was first introduced by Fermi (1950) to
describe multipion production in nucleon-nucleon collisions. It
is a general description of the production mechanism in that the
two incident particles are assumed to interact strongly in a small

volume so as to form an intermediate state which decays into

particles of various kinds and depending on the available energy
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gives rise to a large number of final states. Each of the final
states can be arrived at in a large number of different ways in a
statistical manner. The cross-section ¢ for any final state f

from an initial state i is related to the matrix element Mfi by

o « [M,|% F

vhere F is the phase space integrals The matrix elements Mfi contain
all the unknown dynamical effects pertaining to the production process.
The simplest assumption made is that Mfi is a constant determined by
the total energy E of the system and is independent of the individual
momenta of the final state particles. Under this assumption, the
cross-section, the individual momenta of the particles and many
other features of the Interaction are determined by the phase space
factor F alone.

The statistical model which predicts isotropic angular distribu-
tions of the secondary particles gives a reliable description of
high multiplicity interactions and of ‘'central collision' processes
which are characterised by a large momentum tra.ns;{:‘er to the proton,
and it is observed that as the number of produced pions increases
the angular distributions approach more towards isotropy (Bartke,
1966). The model becames unrealistic in the description of periphemral

collision processes.
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(1i1) The Periphersl Model

An important feature of IIP and KP collisions in the energy range
1 to 8 Gev is the observation that the secondary particles produced
in an appreciable fraction of the events are emitted strongly forwards
or backwards in the centre of mass system« This feature is more
frequent in single pion production processes. In multipion production
processes this feature becomes less apparent as the pion multiplicity
increases and the forward-backward collimation of the secondary
particles is observed mostly through the production of quasi two
body states. All these production processes are characterised by
a low momentum transfer to the target nucleon and are described in
terms of a peripheral nature of the collision between the incident
meson and the pion cloud surrounding the nucleon. The process is
described by the Feymmen diagram shown in figure 4(A). Here, the
incident particles a and b interact with each oth7r by the exchange
of a virtual particle e in the Yukawa potential fJ:.eld.. Referring
to the above diagram, the square of the four-momentum transfer,

A% (= -t) between c and a or between d and b is given by

A2

~(p, - p )% = - (pg - B)?

*
2 2
-(mc + ma) +EE -2 isci!a. Cos 8

where Py -lgi, Ei and m, are the four-momentum, three momentum, energy

*
and mass of the particle or particle group i and 8 is the production

angle. The momentum transfer A% can be interpreted as the negative

square of the virtual mass of the exchenged particle e. In the
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physical region a2 is positive and the exchanged particle is 'off
the mass-shell’.
The matrix element for this type of production process is

given by
1

M=M_ (A%, m )
A2+m:

2
T e Myp (6%, my)

where MI and MII

and me is the mass of the exchanged particle. The structure of a

are the vertex functions at the vertices I and II,

vertex function depends on the coupling of the three particles'
meeting at the vertex. The square of the matrix element M gives the
differential cross-section. For example, the differential cross-
section for ane pion exchange (OPE) for the reaction IIP » pP is found

+to have the following form (Jackson, 1965),

ao _ - . 2 g2 Aal (mp- mn)g.iAal[(m“-l'mp)a+ A2]
;A; - 4 m°m®p? ﬁ. b’ - (A2 +m? )2
P n n

vhere m_ﬂ, mp’ mn are the masses of the pion, the p meson and the
nucleon respectively, p is the incident pion mamentum in the laboratory,
_gi and _G,;_ are the coupling constants for the mesonic and baryon

Lx b

vertices respectively. The dominance of small mamentum transfers in

peripheral ﬁrocesses comes largely from the propagator 1 .

A2, 2)2

(4%4m )
Inyi-P and KP collisions where a single pion is produced, the OPE model’
has been extensively used to describe the observed peripheralism.

In such cases the process may be regarded as a collision between

two spinless particles. The angular distribution
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of scattering in the CeM. of the pair of mesons leads to conclusions
ebout JP of the di meson states involved in the collision. The
angular distribution uniquely determines the angular momentum
statess For pure states the angular distributions are isotropic

%s -l)2 for J = 2 vhere ©

for J = 0, Cos®8 for J = 1 and (3 Cos
is the angle between identical ingoing and outgoing mesons in the
centre of mass of the resonance. Parity is determined from the
relation P = (-1)J.

More recently the peripheral model has been applied to quasi
two body reactions in which more than one pion is produceds In
such processes, heavier exchange particles like the p, K and
are often introduced, called generelly as the One Meson Exchange
process (OsM.E. ). Because of the spins of these particles, the
assumptions entering into the analysis introduces complications
in that the numerator of the production cross-section has an
increasing function of A% vhich in most cases completely masks the
effect of the propagator, W:LTHT which favours small momentum
transfers, (Svensson, 1965). The result is that at high momentum
transfer the cross-se_ct;i.on d.oeqfnot fall to the level of experimental
distributions.

Attempts have been made to seek a way out of this defect by

introducing empirical form factors which are functions of A2 to

produce the necessary damping in the cross-section. For example

in & number of one-pion exchange reactions at different energies,



11.

the following form factor given by Amaldi and Sellari (1964) gives

good agreement between theory and experiment in A? distributions:

F(Aa) O. 72 + O. 28
1+ A% 1+ (A2+ p? )2
ke T3u2 32u°
W = pion mass, so that F(-p?) = 1.

At present there is a lack of reliable theory to celculate such
form factors and the paremeters are more or less determined by
comparison with experiment - a procedure which does not make

them energy independent.

(1ii) The Absorption Model

The draw-backs of the form factor approach in the simple
peripheral model have given rise to the Absorptive Peripheral Model
which may be regarded as a refinement of the former, to produce
the necessary collimation to small production angles.

The qualitative aspect of the model is that in the high energy
collision of the particles a and b there are many inelastic open
channels which compete with each other. As a result any particular
production process such as the quasi two body states is reduced in
frequency by the presence of other absorptive channels. The
absorptive effect takes place mainly through the suppression of
channels with lower angular momentum states, the suppression being

greater for smaller impect parameters, since

22 4(2 +1) = (Pv)?
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-

vhere . is the angular momentum, b is the impact parameter and P
is the CeM.S. momentum of the incident particles, This effect is
not taken into account in the simple peripheral model which thus
fails to account for the dbserved over-peripheralism in the
experimental distributiomms.

The theoretical approach towards the suppression of low partial
waves has been formulated in terms of the modified Feynmen diagrem
shown in figure 4(B ).

The absorptive effects are taken into account by the interactions
Ui and Uf which represent elastic scattering of the particles before
and after the exchange mechanism. The suppression of the low partiasl
waves in the cross-section is introduced by making a Distorted Wave

Born Approximation (DWBA) to the above diagram, i.e. by writing
_ 187 163
<A NITE A N> = eV <A, MBI A, N> e

In this equation T(J) is the transition matrix element, A;'s are the
helicities of the appropriate particles, B(J) is the Born term for
the J-th partial wave projection of the T matrix element. The
quantity <A, 7\d|B(J)| A, A,> is the partial wave amplitude as
calculated from the simple OME Model. '6; and B:T are the phase
shifts for the elastic scattering in the initial and finel states.
For small J the exponentials are small ;vhich glve the desired

suppression of the low partial waves.

For the determination of the phase shifts one assumes the

elastic scattering to be purely diffractive which is produced by a
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partially ebsorbing disc of radius R and absorptivity A. The
result of this mode of approach gives the following relations:

(Svensson, 1965)

do 2

el _ %ot exp ( Rat)
at . - T6ax PN
. i - i 2
and exp(218;) =1 - 2 A, exp(-7, (3-2)%)
(o]
vhere A= 2, 2 2
2nR? R2q2

Here q is the CeMsS. momentum of either of the particles and Oy ot
and Oe g are the total and elastic cross-sections. The parameters
R and A for the elastic scattering in the initial state can be
directly determined from experiment. However, the same parameters
for the final state elastic scattering which involves unstable
particles are not available and as such can mly be determined by
comparison with experimente In general, rough agreement has been
obtained by takingfche following values for the final state scattering
process: 2A ~1land R =~ 13 R, (Svensson, 1965 ).

The absorption model which brings about the necessary damping
in the %% distribution for large t, also retains the essential
features of the simple peripheral model for small t values. In the
energy range of a few Gev, the absorption model has given a remarkably

good description of many quasi two body reactions. One particular

aspect of its success has been in predicting the parameters of decay
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angular distributions (density matrices) for some of the resonances.
For example, in the 8 Gev/c I'*P interactions, the predictions of
the model were found to be in reasonable agreement for the channels
Itp - * ang Itp - N*++p° which can proceed by pion exchange
(Aachen-Berlin-CERN Collaboration, 1965).

But the usefulness of the model seems to depend on the type of
the particle that is allowed to be exchanged. For vector meson
exchange the absorption model displays the same energy dependence
as the uumodified peripheral model; +that is, the calculated cross-
section diverges with energy which is in contradiction to the
experimental. behaviour.

Suggestions have been made to bring further refinements in the
gbsorption model by including absorptive corrections in the inelastic
scattering as shown in figure 5.

The formalism of such a process has been developed (Lichtenberg
and Williams 1965) but its experimental applications are as yet

unknowne.

(iv) ‘T™e Regge Pole Model

The theoretical development of the Regge Pole Model started with
the observation at CERN by Cocconi et al., (1961) that in high energy
Proton-Proton elastic scattering the diffraction peak of the g—%

distributions narrowed logarithmically with incressing centre of

mess energy S. It was found that the experimental distributions

could be expressed in the form
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(1) (g% /<% = e’ vhere y is a function of energy only and not
of te From the Regge Pole theory the differential cross-section
was predicted to have the form -
(11) @% /(%% _ 2(0) (g_)ax(t)-a
o

comparing (i) and (ii) (t = constant).
(iii) 7 =b + ¢ In S where b and ¢ are constants. Equation (iii)
implies a logarithmic shrinking of the diffraction peak and the
experimental results were consistent with this behaviour within the
moderately large errors.

Now the original work of Regge was to regard the angular momentum
L as a complex variable and to introduce the idea of poles in the
complex engular momentum plane. In the scattering of two spinless
particles, the scattering amplitude T(E, Cos 6) which is written

in an expansion series
o

T(E, Cos® ) = Z (28 + 1) P, (Cos 0) A (8,E)
£=0
the partial wave amplitude A (£,E) which corresponds to physical values

of £ =0, 1, 2 etc., can according to the Regge theory, be interpolated
as a function which has poles at variable complex values of 4 called

a@(t), i.e. near a pole,

A(L,B) =~ —‘%

Lim £ - a(t) vhere B(t) is called

the residue. Near a pole the amplitude becomes very great unless B(t)
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is very small and makes a very great contribution to the scattering.
If now one plots the real part of Q(t) against t, the poles (called
Regge poles) become marked on this plot. If the assumption is made
that the appropriate poles can be joined by a trajectory, then it
is called a Regge trajectory. If the real part of a@(t) corresponds
to some physical values then it can be assumed that a particle wln‘.th
this particular value of a(t) has been exchanged provided other
conservation laws are not violated for the process. The mass of
the exchange particle is equal to the energy at which a(t) has the
particular physical value. All particles, resonances excited states
etc. are thus considered as poles in the Regge theory (Chew and
Freutschi, 1961). The scattering in general is described in terms
of the exchange of e or more trajectories. The greater the value
of the real part of Q(t) in the physical region (t = -ve), the
greater is the influence of that trajectory.

In a two-body reaction of the type

a+b-+c+d

the matrix element is given by the asymptotic expression (Maor, 1966):

-inai(t)

(s, t, u) :RZ(ES?E)G i(t) ﬁi(t) ']sit:ﬁ?'Ta—i'({)_

where the summation is performed over all the relevant trajectories
of corresponding quantum numbers and signature except spin; s, t and u
are the Mandelstam variables and Si is a normalisaetion mass which can

be chosen convenientlye.



170

In some recent analysis of the reactions II'P » nrn° (Phillips
and Rarita, 1965) and I'P - nI® (Hohler et al., 1966) the Regge
pole Model has given remaerkably good descriptions of g'—‘-: distributions.
However, the model in its present form camnot predict angular
correlations as the Absorption Model does. It seems there is now
a need for a unified model which can reproduce the successful features
of both the Absorption Model and the Reggq pole Model.

1.5 Slope of % Distributions

Apart from the predictions of the different models of interactions
it is found in general that in two-body reactions the dg distributions
: at
for small t values can be reasonably fitted by the simple exponential

do at
at = C e

vhere C is a constantse The constant a is called the slope since the
logarithm of do is plotted against a linear scale in t.

In the if:f:emedia.te energy range from about 2 Gev to about 8 Gev
it is observed that in general, the slope increases as the energy
increases.

However, at a fixed energy the slopes of the different channels
of inelaestic two-body reactions vary considerably towards higher and

lower values than the value obtained for elastic scatterings This is

shown in Table 1 for the NP collision at 8 Gev/c (Morrison, 1966).
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TABLE 1

Slope of Differentisl Cross-sections (Morrison, 1966)

Reaction (Gzi}’i’j-a

8 Gev/c

P - N TT(1236) 5
' » N TH(12%6) 5
I'p » ppt 9
e - N TH(12%6) 1P 9
' » P (elastic) 10
' - N T (1236) p° 14
TP -+ N TT(1236) £° 14

The values of the slopes in the Table are given without the small
statistical errors which do not effect the general features in

the Teble. The values of the slopes were taken over the t-range

from the Kinematic limit to about 0«3 to Ok (Grev/c)2 except for

the two reactions involving 1 or @ meson production when the t-range
from 0«2 to 0u5 (G'rev/c)2 was takens It will be seen that the values
of the slepes for the channels N*++p° and N*++u> at the lower energy

of the present experiment i.e. at 5 Gev/c P is smaller (c.f. Chapter
) than those given in the Table. There is as yet no theoretical
explanation for the values of the slopes as observed in the different

channels at the same energy.
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CHAPTER 2

¢. Experimental Setg‘g

2.1 The Exposure

During February, 1965, the 150 cme British National Hydrogen
Bubble Chamber was exposed to a beam of positive pi mesons of
momentum 5 GeV/ ¢ at the Proton Synchrotron at CeE.ReN., Geneva.

About 150,000 pictures were taken over a period of three weeks.

The film was initially divided between five collaborating laeboratories

- Bonn - Durham - Ecole Polytechnique (Paris) - Nijmegen and Turin

for analysis of six-prong events. Iater, for four-prong analysis

the film of Ecole Polytechnique was shared by Strasbourg and the

measurements were carried out simultaneously by the six laboratories.
Descriptions of the beam and the chamber are given in the

following sections.

2.2 The Beam

The beam used in this experiment, called the 02 beam, was
primarily designed to produce reasonably well separated beams of
kaons, protons, antiprotons and pions with momenta up to 15 GeV/ Ce
The beam was constructed in the East Experimental area of C.E.R.N.
and combined in a single channel both electrostatic and radio
frequency separatione In the present experiment, however, for the
production of ‘It+ beam at 5 GeV/ c only the electrostatic separators
were used because radio frequency separation was found to be more

efficient at higher mamentas A description of the beam and an
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estimate of its performance has been given by Keil and Neale (1963).
Below is a short description of the beam as it was in this
experiment.

Figure 6 shows the schematic layout of the beam which is about
180 metres long between the target and the bubble chamber. The
rarticles are confined to about 5 cms of the beam axis and to avoid
multiple scattering all the collimators are in vacuum boxes. The
circulating proton beam of the proton synchrotron had an energy of
25 GeV and an intens:.i.ty of 5. 101l protons per pulses The 02 beam
received about 10% of the intensity in short bursts lasting about
one milliseconds 'The internal target used to produce the secondary
particles was Beryllium with dimensions : height 0.5 mm, width 2 mm,
and length 80 mm.

The external beem was extracted at an angle of 5. 1° with respect
to the internal proton beams After Jleaving the target the secondary
particles pass through an iron pipe which shields them from the
fringing effects of the magnetic field of the neighbouring P.S.
magnet unit.

The large number of beam transport elements such as the quadrupoles,
bending magnets end the collimators can be regarded as combination of
lenses and prisms. The beam may be conveniently regarded as made up
of three partse In the first part the phase space acceptance which

is the product of target area and the solid angle acceptance is

determined. Here also the momentum bite is selecteds In the second
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part mass analysis is carried outs In the final section the phase
space acceptance and the momentum bite are again re-defined and the
beam is shaped for entry into the bubble chamber.

Angular acceptance from thetarget is determined in the vertical
and horizontal planes by the two collimators Cl and C2 respectively.
The quadrupole lens triplet Q1l, Q2 and Q5 focusses the beam at the
centres of Collimators C3 and C4 in the horizontal and vertical planes.
The bending magnets M1, M2 produce dispersion in the horizontal image
at C3 and the momentum bite is defined at this stages The horizontal
and vertical images are kept separated in order to decrease the
background of muons and scattered particles. After passing through
the lens Q4 the beam is again made dispersion free by the bending
magnets M1 and M2,

Mass analysis is carried out fram the Collimator Cl4 onwards up
to the Collimator C6. The lens triplets @5, Q6 and Q7 produces a
parallel beam in the vertical plane, and an intermediate horizontal
focus inside the electrostatic separatorse BEach of the separators
had a plate length 9 m, plate gap 10 cm. and an electric field of
50 Kv/ cme The series of quadrupoles produces a vertical focus at
C6 which is the final stage in the mass analysis.

The lens triplet Ql3, Ql4, Q15 refocusses the beam onto the
collimators C7 and C8 and the angular acceptance is redefined at
the collimator C9.. The horizontal bending magnets M5, M6 and the

lens doublet Q16, QLT produces a dispersed horizontal, image at the
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Collimator Cll. The momentum bite is redefined at this point. To
obtain a vertical spread in the chamber, the lenses Ql6 and Q1T
produce a vertical focus which is swept across the bubble chamber.
The beam is steered into the chember by the vertical bending magnets

2¢3 Beam Momentum and Width

To check the values of the beam momentum and besm width an
analysis was made with a sample of Y-prong events by one of the
collaborating groups (Schotanus, Nijmegen Group). The events
selected were unambiguous four constraint fits obtained without
beam editing. From a plotted distribution of the fitted values of
the beam momenta, the average value was calculated to be 4.990%,006
GeV/ c, after correcting for the magnetic field in the chamber. A
distribution of the measured values of the beam momenta gave an
average value of 4.959+.007 Gev/c and a standard deviation of 100 Mev/c.
The reason for the significant difference between the fitted and
measured mean values was not clear. The cbserved width of 100 MeV/c
was due to -

(a) multiple scattering

(b) measurement error.
The multiple scattering gives an uncertainty of about 1% in the
sagitta measurement, so that the best value of the measured momentum
will be uncertain by at least this amount. However, in the kinematic

fitting program, Grind, a weighted aversge is taken of the measured
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and the known mean value of the beam moamentum so that the effects

of measuring error are considerably reduceda.

2.4 Contamination in the beam

Contamination in the beam is considered to be mainly due to
muons from pion decays. As the last stage of mass analysis is
carried out at the collimator C6, it is assumed that only pions
decaying anywhere after C6 will have soame probability of getting
into the chamber; those decaying between C6 and the last collimator
Cll meke a negligible contribution, while the main contribution to
contamination comes from decays after Cll. A total of 3% is
estimated to be muon contamination in the beam tracks inside the
chamber. A fraction of these muons will be slower than the pions
and thus diverge by more than 2 cms over the length of the chamber.
Since in counting beam tracks, these diverging mes can be sorted

out, a final estimate gives (2 * 1)% as muon contemination in the beam.

2.5 The British National Hydrogen Bubble Chamber (B.N.H.B.C.)

The first experimentel run with the chamber took place at CeEesR.Ne
in November, 1963. The chamber has been described in several papers,
e.gs Welford, 1963 and CERN/TC/NBC 64-1. A short.description is
given below:-

Figure T shows a plan view of the chamber and its surrounding
magnet. It has a useful volume, 150 cm. along the beam direction,

by 45 cm. wide and 50 cme high. The effective volume of liquid
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hydrogen as seen by the three cameras is about 300 litres. The
chamber body is machined from a single aluminium forging and is
closed on either side by parallel glass windows 15 cm. thicke.
The windows are protected by hydrogen shields. The whole unit is
hung inside a stainless steel vacuum tank to avoid thermal losses.
The optical system is the 'direct'! or 'through i1llumination'
types Circular flash tubes are used to illuminate the chamber and
are made to form ring images around the camers lenses by means
of condenser lens systems. Only the light scattered by the bubbles
can then enter the camera lenses. The chamber was photographed by
an array of three cameras with parallel axes, perpendicular to the
front glasse The film used was unperforated 35 mm £ilm in 300
metre lengthse The cameras were mounted at the corners of an
isoseeles triangle of which the height (= base) is 480 t .0l mm.

The Operating Cycle

The fully automstic operation of the chamber took place under

the following conditions:

27%

6.3 Kg/cm2

2 milliseconds

Operating temperature

Upper Operating Pressure

Sensitive Time

Repetition Cycle

30 per minute

Bubble diameter

200 microns (approx. )

Bubble density for minimum
+ 10-12 bubbles per nm.
ionising tracks eege 5 GeV/e:ﬂ '



About 30 milliseconds before the particles of the beam arrived at the
chamber, a signel from the proton synchrotron caused the pilot valves
of the chamber to open and these in turn opened the main expansion
valves, allowing the hydrogen to enter the expansion tanke The
hydrogen took about 8 milliseconds to expand fully and reach the
desired superheated state and at that point the beam particles
arrived in the chamber. The arrival of the particles was detected
by a scintillation counter which sent a secondary signal, causing
the flash tubes to be pulsed l% ms. afterwards. This allowed the
right amount of growth of the bubbles which were then photographed
before turbulence developeds Immediately after the flesh the
expansion valves were closed and the recompression valves were
openeds The hydrogen returned to its initial state in about 10 ms.
The £ilm in the camera was also wound forward one frame and the

whole cycle repeated.

2,6 Reference System in the Chamber

A set of fiduciary crosses ruled on the inner surfaces of the
two windows provide the necessary reference system in the chamber.
The fiduciary crosses on the light-side window have one arm longer
than the c;ther three, the crosses on the camera-side window have
four equal armse The coordinate system in the chamber is defined
as a right-handed rectangular system in which the Z = O plane is

the imner surface of the camera-side window, Z-axis pointing towards
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the cameras, X-axis along the beam directions The origin of the

coordinate axes may be taken anywhere in this plane.

2.7 Optical Distortions

Optical distortions in the chambér were not negligible. In
order to make reliable reconstruction of events possible, it was
found necessary to take into account distortions due to lens, film
tilt and film stretchs Kellner (1965) made a study of these effects
and obtained a set of distortion coasefficients for correcting film
measurements. The method used by Kellner was to fit the distortions

with a general polynomial of the form

Cfi) = G‘) 1+0 2va Lia &ia 12-+ ﬁ+a i—l-n)—x'?QE
( AT TRETB ETATBIEE TR T )

vhere xl, yl represent co-ordinate values on the "ideal film plane"

that would have been expected if the lens acted like a simple pin-

hole camera. The varlables x,y are the co-ordinates on the

"physical film plane" - the actual image on the film when the effect

of f£ilm stretch has been removed. The polynomial contains terms

to account for the distortions caused by the following:-

(1) tilt of the film plane eesees "1:]—; + aa%

(ii) spherical lens distortion sese o), ?_‘E + a5 y_2
2 2

f f

2,2

and (x2 +
%
hig

(iii) other non-identified causes .. 03 {xy)
2
i if
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The values of the co-efficients were determined by Kellner and

these were incorporated in the geometry program Thresh.

2.8 Magnetic field in the chamber

The magnetic field at different points in the chamber speace
was accurately mapped out by the proton magnetic resocnance
probe method (CERN/TC/NBC 63-2). For this purpose two values
of excitation current at 8,000 and 10,000 amps were used and in
each case the percentage deviations of the field values with respect
to the central value were determined at the intersections of a
5 cm cubic matrix. The deviations were found to be the same for
both values of excitation current, the maximum being 3% at the
sides of the chamber.

The magnetic field, H, at a point is given by

where Hc is the central value and D is the percentage deviation
at that pointe The values of D were tabulated and incorporated

in the fitting program in matrix form.
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The central value of the magnetic field was checked by an
analysis of a sample of Klo and A° eventss Using a central field
value 13.54 K. Gauss, the grind computed messes of A% and Klo's
were compared with their naminal values. The observed disagreement
could be removed by reducing the central field value to 13.46 .03
Kilogauss which was subsequently used in the analysis of 6 and 4

prong eventse

2.9 Scanning
Durham's share in the collaboration was to analyse about 30,000

pictures of 25 triads of films including one triad of no field tracks.
Five of these films were rejected after a preliminary inspection on
the scanning tablese The reasons for rejection were - poor quality
of the pictures in one or more views due to too many tracks, faintness
and fogging. Two films were partially rejected for the same reasons.
Each roll had about 1,250 frames and a total of about 20,000 pictures
were scanmmedes The no field film taken in the absence of a magnetic
field in the chember was used to test the straightness of the beam
tracks against multiple scattering in the chamber. Results of
measurements on no-field beam tracks have been described in section
3e 90

Scanning was done throughout by a physicist and a scanner.

Figure 8 shows the fiducial volume chosen for the purpose of scanning.

The volume corresponds to view 2 as seen by the camera 2, which is



Fi1G.e

DIAGRAM OF FIDUCIAL VOLUME

—+

e - - —

e — -

Nl

—t
I

s



the most symmetric of all the three views. In choosing the fiducial
volume, the following considerations were given; minimum loss of
events, provision for good observations in all the three views,
possibilities for accurate reconstruction of events by making use

of the correction coefficients for optical distortion, maximum length
of secondary tracks measureable for events near the boundary of the
fiducial volume and facilities to observe y’s and v°1s decaying
inside the chamber. The fiducial volume thus chosen was approximately
54% of the volume as seen by camera 2. From a preliminary scan it
was found that about 5% of the events were outside the fiducial
volume.

The projected fiducial volume was divided into six vertical and
six horizontsl zones. The zone numbers of each event recorded during
scanning indicated the location of the interaction; the first number
gave the vertical position of the beam track at the beginning of the
chamber and the second number gave the position of the interaction
along the axis of the chamber,

An event was accepted if it was in the fiducial volume, provided
that the beam track entered somewhere through the bottom edge of the
fiducial volume. The films were scanned in views 1 and 2 while the
third view could always be projected for checking in case of doubt.
Scamning was done for all types of interactions, 2, 4, 6, 8 prongs.

Information recorded on the scanning sheets were; frame number of

the film, the event number in the particular frame, the zone numbers
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of the event, the prong size and any secondary interaction. In
addition, the following cases of interest were looked for and
entries made in corresponding columns of scanning sheets:

Stopping tracks

Associated y's and voig

Charged decays (V:, T-p-e)

Associated electron pair.
Besides cases of flipping of tracks of an event from one view to
another or an event which was not measureable because it was
either too feint or had & secondary track which was too short and
straight, were also noted in the remarks. Proton tracks were
identified wherever possible by visual examination of ionisation

density up to a momentum of about 1300 MeV/ Ce

210 Scanning Efficiency

A complete scan of all the films gave 5795 four prong events.
Nine of these films were rescanned. Any discrepancy about the
topology of an event in scan and rescan was resolved by a check
scane An estimate of scanning efficiency was made from the

following information in Table 2.
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Table 2

Scan Results of 4 Prong Events

(9 Films with double scan)

No. found in No. found in No. Common to
first scan second scan both scans

3553 3542 3432
Average scaming efficiency = 96.9%

Estimated number of 4 prong events in the whole

lot of films = 5980

In the above estimation it has been assumed that the events
are missed randomly (Burhop, 1962). It is further assumed that the
efficiency of a given observer 1ls a constant quantity. These
assumptions are well justified in this case because a four prong
interaction is much easier to observe than a low multiplicity
interaction or special type of interactions such as charged or

neutral decays.
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2.11 Iabelling
The topology of a four prong event is described by the code

03010 which implies no V+, three positive secondary tracks, no v )
one negative secondary track and no v° for the event. On each view
the items of measurement are the fiducial marks, points and tracks.
The measurement of each item consists of its label followed by one
or more coordinate sequencess The labels are conveniently chosen
in keeping with the requirements of the camputer programs.

For the four prong events it was not found necessary to do any
previous labelling on the scan tables. The events were labelled
as they were measured by the operators. Care was taken to keep the
identity of the tracks from one view to anothers Information from

scan tables was consulted for stopping or identified tracks.

2.12 Measurement

General

For every 4 prong event an average of 45-50 coordinate pairs
(x,y) were measured in each of the three views. The coordinates
were those of - four fiducial crosses, the interaction vertex and
8-9 evenly spaced points along the length of each tracke In some
cases, the curvature along the track of a slow particle could be
seen to change significantly due to multiple scattering. For these
cases care was taken to measure only that part of the track near the
apex where the curvature was essentially constante This was because

the geometry progrem Thresh, which was used, does not take energy
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loss into account, consequently accurate reconstruction of a track
which is measured through an angle greater then 150o is not possible.
For stopping tracks of very short range only the coordinates of the
end-points were measureds The momentum of these tracks was
determined in the kinematics program Grind, after a mass assignment
had been made, by meking use of known range-momentum data which are
supplied in the title of the programe In the case of a stopping
track with measuresble curvature, both the end-point as well as a
number of points along the track were measured. This provided two
calculations to be made for the momentum, one from the curvature
and the other from the range. After a check for compatibility of
the two independent values, a weighted average was taken for use

in the analysis programs.

2,13 Machines

Three machines were used for measuring the events. Two of the
machines used the well-known techhique of counting Moire fringes
for digitising x and y motion. These two were designed and built
within the department. The third machine was a Coventry Gauge and
Tool Instrument fitted with Hilger and Watts mechanicel digitiser.
The machines have been described in two theses from this group
(Briggs, 1966; Kitchen, 1967)s The least count of each machine
was 2.5 microns. A 4 prong event took, on an average, 12-15 minutes

to measure in the machines.
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CHAPTER 3

Analysis of the Events

3«1 Introduction

In this chapter a description is given of the processes of
data analysis, identification and classification of the four
prong eventse In the process of date analysis the paper tape
output from the measuring machines serve as the basic data for the
geometrical reconstruction and kinematical fitting of the events.
A chain of computer programs, Reep-Thresh-Grind-Slice-Sumx is used
in the analysis. Figure 9 shows the scheme of analysis in & block
diagram. Except for Reap the rest of the programs are the well-
known CERN librery programs which were used by each of the
collaborating groups. In the analysis performed by the Durham
group all computing except for Reap and Sumx was mede by the IBM
TO4h computer at the University of Glasgow. A short description

about the main purpose of each of the programs is given below:-

3. 2 Rea.g

The main purpose of Reap is to process the raw measurements
coming from the measuring tables and prepare the input for the next
program Thresh. For each event, the program reads, decodes and
sorts the date relevant to it. The Reap program used in the present

work was written by H. Halliwell for the Elliott 803 computer of

the University of Durham. The program has the following provisions:-
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(1) The operator needs to punch the full length of the event
title only once at the beginning of the first event; the
program retains the parts of the title which are common to
all other eventss In this way, usually the frame number only
has to be punched fram event to event.

(ii) Any fault in measurement of a point or a track either due to
an operator's mistake or failure_ in the counting system can be
rectified simply by remeasuring the point or the tracke This
is allowed even after the campletion of a view as long as the
character signifying the end of the event is not punched. Also
any mistake in typing the labels can be corrected by typing
again; the program recognises only the last two characters as
a legal label.

(iii) The program also keeps a check on the number of points measured.
Thus a view is rejected if less than three fidii¢ials have heen
measured. An optiomal check can &lso be made about the quality
of measurements. This is done by calculating the deviations of
the measured points on a track from a fitted parabola. This
allows badly measured events to be detected at the earliest stage
and so can be remeasured before a particular film leaves the
measuring table.

The output from Reap consists of a paper tape in Ferranti code

with the ordered Thresh input data end a second tape which gives a

summery of the measurements.
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3«3 Thresh: Reconstruction of events.
The output from Reap is processed through the geometry program
Threshe A detailed description of Thresh is given by F. Bruyant
(T.Ce Program Library, CeE.R.N.).
All points measured on the film have corresponding points
in the chamber space. The purpose of Thresh is to find the coordinates
of those points relative to the chamber reference system and to
describe the whole event in spaces« The program is supplied with
same experiment dependent quantities such as the coordinates of
standard fiducial system and the cameras, characteristics of the
optical media and tolerances for measurements etc. This information
is entered in the title blocks of the program. The title blocks
used in the present work were the same as those in the 6 prong
analysis.
Spatial reconstruction of an event is done in the following way:-
The film measurements are transformed to the chamber reference
system through the following stages -
(xi,yi) film measurements in fringes
(Xi,Yi) Transformed coordinates in the z=0
reference plane in the optic axis system
and in chamber units - corrected for
linear distortion due to film stretch and
non-orthogonality of the axis of the

measuring machines.
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(%, Y) In the z=0 plane, corrected for

distortions due to lens and film tilt.

X, ¥, z) Coordinates in chamber space.

After reconstruction, for each track Thresh gives curvature,
dip angle and azimuth angle and their associated errors. The
uncertainty of the track variables is due to errors of the measuring
mechines and contributions from Coulcomb scattering. The uncertainty
of coordinates measured by Durham machines is about 5 microns. This
constant error was propagated through all the space reconstruction
and gave the uncertainties of the derived guantities. The uncertainties
due to Coulomb scattering depend on the mass of the particle. As
Thresh is mass independent, the multiple scattering effects were
included at a later stage.

The output from Thresh is a binary tape which served as the

input for the next analysis program, Grind.

3¢L4 Xinematic Analysis : Grind

The geometry output fram Thresh goes next into the Kinematic
program Grinds. The main purpose of Grind is to test the different
hypotheses for possible explanation of an event by a statistical fit
to the given data.

As in Thresh, a Grind Title containing information about
experimental-dependent quantities was prepared by the collaboration.

The Title had a number of blocks containing information about
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characteristics of the incident particle beam, magnetic field matrix,
the labelling scheme used, the mass hypotheses to be tested at a
vertex, convergence criteria in the iterations to be performed by
the program.

In its original form, Grind was too big for the IBM TO4L
computer used at Glasgow. It was split into two parts, C Grind
and D Grind. C Grind mainly computes the momenta for each track
with the help of the magnetic field matrix given in the title and
outputs a binary tape containing momenta, dip, azimuth and projected
length of each track with their associated errors as well as a copy
of the program titles. This binary tape 1s used as input to the
hypothesis testing part of the program, D Grind.

The purpose of D Grind is to meke mass assigmments for each
track according to the hypotheses list as given in the Title and
to output the results of such assignments.

To describe an event completely, the momentum vector and the
mass of each track at each vertex have to be known. The momentum
vectors are measured for all seen tracks. If a track is too short
its momentum vectors may not be completely known while for neutral
particles decaying outside the chamber, these are completely
unknown. The masses are not measured but usually there is only
a limited number of possible values for each track.

An event must satisfy the conservation of momentum and energy.

At an interaction vertex, for n outgoing particles, four constraint
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equations can be written as

z A 0 Acos @ = O
pr=2pi cos A, cos &, - p cos A cos =
' n
pr:i.ipicoskisintbi-pcos?\smtb:O

n )
pr=£pism7\i - psinA=0

IF =EJ_p§_+_{n§ - (m+M>=O

where p, A, ® and m are the momentum, dip, azimuth end mass the
incident particle (in units C = l), P;» ?\i, <I>i and mi are those of
the ocutgoing particles and M is the mass of the target particle.
As the distributions of the errors om p is not Gaussian, values
of 1/p are used instead in the computations.

The raw measurements of the momentum vectors will not fulfill
these constraints exactly. Slight adjustments of the measured
quantities must be made for this purpose. The‘oest values of the
variables are found by an iterative procedure for a least squares
fite

The fitted values must necessarily be small. The extent to
which the measured variables are adjusted is given by the well-
known expression:

_ U (fitted variable - measured variable) 2

2
X variance of measured variable

Obviously, the fitted values are those which satisfy the constraint

equations and also minimise the expression for X2.



For no neutral particle in the final state, there is no unknown
quantity and all the variables are constrained through all the four
equations. One has four degrees of freedom and the fit obtained is
called a 'four constraint fit'.

If one neutral particle with an assigned mass is assumed to
be present in the final state, then the first three equations are
used to solve for the three unknown parameters, (p, A and ® ) of
of this particle, leaving the fourth equation for a constraint fit.
One hes only one degree of freedom in this case and the fit obtained
is called a ‘'one constraint fit's Obviously for two or more neutral
particles in the final state, the number of unknowns becomes more
than the number of constraint equationse No fit can be obtained in
such casese.

As the number of hypotheses to be treated per event can be very
large (16 in the present case), D Grind makes an early check on the
hypotheses which are tenable and abandons those which are untenable
on the basis of some non-convergence criteria. This is done to save
Computer time as the arithmetic involved per hypothesis is very
large.

For each event processed, D Grind gives a complete copy of the
event parameters and the geometry input to the programs For each
hypotheses which has been succe'ssfully fitted, it gives the masses

involved in the hypothesis, the fitted and unfitted values of the

momenta, dip and azimuthal angle. Also output are the errors on
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the fitted and unfitted quantities and the number of iterations
performed to obtain the fite For each fit, the value of X2 and
the number of degrees of freedom are also printed so that the
goodness of a fit mey be Jjudged.

Finally, at the end of calculations on an event, a summary
bank is printed which gives the details of all fits attempted,
whether successful or not and the reason for failure otherwise.

The summary bank also gives for each hypothesis attempted, the
momentum vectors of a missing track, the missing energy and the
missing mass squared with their associated errors.

In addition to the paper print output, the D Grind results
are written on a binary tape. For each successful hypothesis,

D Grind produces a slice card which keeps a record of the event
number and the hypothesis number. These slice cards and the binary
tape are subsequently used for further processing in the next
program SLICE. However, before going over to Slice, a Grind library

tape is progressively built up with more and more events.

3s5 BSlice : Pre-statistical Analysis

The result of Kinematic analysis in Grind is generally one or
more interpretations of an event and for each interpretation, the
mass and the track parameters of each of the outgoing particles are

given with their errors and correlations.



L2,

After an interpretation of an event has been accepted on the
basis of track ionisation and X? cuts » the corresponding Slice card
is chosen. At this stage the program SLICE is called upon to
perform same physical analysis on a single event basis. The object
of the program is to process the output tape from Grind and to
produce a data summary tape (DST) for the next statistical program
Sumx.

The DST contains the general infomation sbout an event (i.e.
momenta, energies and angles) together with, for example, any
effective mass values called for by the programmer.

Also SLICE will include NOFIT events on the DST if this is
required provided the identities of the charged particles are known.
These are supplied through the lonisation estimates made at the
scanning table in conjunction with the measured momenta. Then
missing masses, effective masses etc. can be determined and

included for the NO FIT events.

3.6 Sumx : Statistical Amalysis

The last stage in the analysis program is to extract statistical
information fram the large number of events processed through the
earlier programs. Sumx is & computer program for analysing statistical
data. ‘The purpose of the program is to digest the information about

the large number of events contained in the Data Summary Tepes and

to compile this information into histograms, two-dimensional scatter
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plots, lists and ordered lists or to find mean values and
variances. The program has the facility to select subsets of
events according to same criteria defined in control cards.
Facilities are also provided for adding routines fram the user

when quantities not immediately available need to be camputed.

3«7 Error Estimation in Thresh and Grind

Each track that is reconstructed in space has three independent
variables, 1/p (curvature), ¢ (azimuth) and A (dip angle). The
variables are conveniently chosen as the errors on these are
Gaussian. After finding these track parameters for the fitted
helix, thresh also calculates the errors associated with each of
thems The magnitude of these errors, known as internal errors, is
calculated according to the experimental lack of smoothness with
which the reconstructed points define a given track.

Before an event is passed into the fitting program, severity
of the internal errors is judged by comparing the}n against another
set of errors, the external errors. These are the errors expected
on a track of length L when the average measuring error on a

projected sagitta is rfo. They are ég.ven by
1 (o]
& 3 )me = 2
P (I cosh)

(AN ixep = 6‘/(00527\ + .01) fo/L
L f
0

(M)EXT = T Cospa
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where fo is related to 0, the standard error on measurement of a
point and is given by fo =fl.5 0. As the setting accuracy on a
point with the IEP machines was about 2 to 3 fringes, ¢ was taken
to be about 5 microns. Taking the magnification froam the

chamber to film which was of the order of %, the value of fo wa.s
set at 100 microns in the analysis programs.

If the internal errors are found to be greater than 3 times
the external errors, an appropriate error word is flagged against
the tracke For example, error words 100, 40, 20 would indicate
these situations in respect of the internal errors on l/p, A and @
respectively. Besldes the error word 200 would indicate that three
times the external error on l/p was greater than l/p itself, which
is likely to happen in case of a badly measured tracke Other
error words, 1000 and 4000 are flagged in cases of non-convergence
in Thresh or fault in Thresh respectively.

The external errors (rather than interna.l) are used in Grind.
Furthermore in the fitting procedure because of the overall

constraints that are imposed, these errors are somewvhat reduced.

3.8 Rejection of events

Looking at these error words one can Jjudge the goodness of
measurement for every individual event and decide whether the event
is to be considered for the given interpretations or to reject it
for re-measurement. In the present work, the events were sorted

out for re-measurement on the basis of the following criterie which



were decided in the collaboration:

(a) Error words 20,40 or 100

(b) "

(C) 1

(d.) n

120(=

140(=
160(=

200

1000

>1000

100 + 20)

100 + 40)

100+40420)

e St s NV st N ot

LI'5.

: not serious unless on more

than one track.

not serious if momentum
<400 MeV/c

or dip >|60°|; otherwise,

remegsure.

not serious on beam track or

short stopping track; others

re-measure.

same condition as at (b)

re=neasure.

About 40% of the events failed in the first measurement according

to the above criteria and were measured again.

3.9 The no-field film

The determination of curvature of a track is subject to errors

due to measurement and multiple scattering.

The errors due to these

two effects are taken into account in the analysis program. In

order to investigate any other unknown sources of error, measurements

were made on a no-field filme On this film exposures were taken

when there was no magnetic field in the chamber except for a small

residual field of L4 * 2 Gauss.

The film had about 200 frames which were scamned for any



interactions in the horizontal zones 5 and 6 (c.f. figure 8) of
the fiducial volume. This provided 62 interaction vertices for
which the average proJjected length of the beam tracks was about
40 cms To obtain more statistics 69 additional beam tracks in
different frames were selected. Each of these additional tracks
had an associasted delta ray which made a sharp intersection with
the beam track somewhere in the said scaming zones. This point
of intersection could be measured as a labelled point as an
interaction vertex. Measurements were then made on both sets of
the tracks as zero-prong events in all the three views. The
events were reconstructed by the geometry programme Thresh. 93
of the tracks were successfully reconstructed the rest were rejected
due to bad measurements.

Figure 10 shows the distribution of the curvature of the no-
field beam tracks. The distribution, though campatible with
errors due to measurement and multiple scattering, has a mean value
significantly different from zero. This is

1/p = +(0.7 * 0.2) x 10~° cm™!

which is in an opposite sense to the curvature, - 80.T76 x 10~%cm™3,
of the 5 GeV/c beam tracks in the magnetic field of 13.46 Kilo Gauss
in the chamber. The maximum detectable momentum is therefore about
560 GeV/c. The expected curvature of the no-field 5 GeV/c beam
tracks due to the residual magnetic field of the chamber is
-(2.4 * 1.2) x 1077em™ which is only 0.02% of the curvature of

the field tracks and is negligible.
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The observed curvature of the no-field tracks is a systematic
error and may perhaps be attributed to the distortion of the liquid
hydrogen during the expansion process in the chamber. In order to
investigate any particular region of the chamber which could
possibly be associated with the distortion, the chamber space was
divided into three regions each of width about 8 cm along the Y
direction and the tracks were grouped accordingly. The distribution
of curvature (figure 11) for each group does not show any significant
change from the overall mean value. It was thus concluded that there
was no particular region of turbulence.

The distortion tended to reduce the curvature of the in-field
beam tracks by about 0.8% which produced an over-estimation in the
measured momenta of these tracks by the same amount. Grind however,
used a weighted average of the beam momenta in its fitting procedure
so that the effect of the distortion on the incident momentum was
insignificante In the case of the secondary tracks of a typical
four-prong event, where the average mamentum of a track is 1 GeV/ c,
the small effect of the distortion is covered up in the X2 fitting
process, though this effect might have been reflected in the X

distributions of the fitted hypotheses.

3,10 The X° fit of hypotheses

Bach time Grind made a successful fit the goodness of fit was

indicated by chi square (X®). The magnitude of X? depended on how

big the differences between the fitted and the measured values were
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(cefe section 3.4). The value of x2 corresponding to a given number
of degrees of freedom is converted into a probability by using the

theoretical X? distribution which is given by
n

£(X®) a X2 = S_:S%_E e-x"’/2 ax2
2% “p(n/2)
where n is the number of degrees of freedom and I' is the Gamma function.

The X? values of 6 and 24 which were the upper limits chosen as
criteria for selection of 1C and UC fits correspond to probabilities
of ,0143 and .00005 and respectively. The X2 distribution for a set of
events of a given constraint type should follow the corresponding
theoretical distribution and deviations from this distribution would
indicate wrong assigmment of the errors of the input parameters.

In Figures 12 and 13 are shown the experimental X2 distributions
for 4C and 1C fits. Both the distributions are biased towards higher
values. The PC X® distribution has a mean velue §.§] instead of the
expected value of 1, the deviation between the two values here, is
smaller than in the case of the 4C distribution. The8e higher mean
values in both the cases indicated that the errors of the input
parameters were systematically small. Distributions showing the same
high mean values of X? were obtained by other members of the collabora-
tion in the present analysis, and is probably due to an underestimate
of the error fo’ on the projected sagitta which has been set at 100p.
A more realistic estimate is 125 u. However, the use of the lower

value does not introduce any significant biases.
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3+11 Event Identification : 4 Prong Events

The possible reaction channels for four prong events are:

a¥p o prcten e (1)
»  prr et ea® (2)
- Vet (3)
- pt et (4)
- p + nhxtac (5)
- p+ w et e, ne2 (6)
-+ sttt @, >l (7)

Another channel of the type 1(+'|"p - p+n++n++rr'-Iw° was later rejected
from consideration as the missing mass spectra did not show any
significant peak at the mass of the a’.

Events of type (6) and (7) with more than one neutral particle
are classed as no fit events.

Events of type (1) and (5) are of the four constraint type and
those of types (2), (3) and (4) are of the one constraint type. For
these events, there were 16 possible hypotheses corresponding to
proton and keon mass assignments for the different tracks, as shown
in table 3.

For each event, the printed output from Grind contained the
following information:

(&) The output from C Grind which gave the coordinates of stopping
points and the primary vertex as also the momentum, dip and

azimuth of each track with their associated errors.



TABLE 3.

Scheme of Hypotheses for the L-prong events

50e

Topology g‘;ﬂ:i;ﬁ s :zg?énzinrtnas 8 Hypothesis Number
x"':t"'pn' 1
wpnte 2
prtrte 3
Le a KoK 5
Kok 6
KK T
Kprt 8
prK K 9
pK"'n"K' 10
03010
1 ¥ tpa—n® 101
et a® 102
prtat—r® 103
bt N 104
iC P 111
wprt P 112
p:t+1r+1t'11° 113
nFrtpon P 11k
ﬂ+p1t+1t"'w° 115
pic Tt 116
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(b) For each hypothesis tried, the fitted and unfitted values of
momentum, dip and azimuth of each track with their errors,
the X2 of the fit and the corresponding probability, the
square of the missing mass and its error and also a summary
bank of all the fits attempted whether successful or not.

For each event, Grind usually produced results for more than
one fit, the number depended on the magnitude of the errors of
measurement. Before making a final choice of the interpretations,
the output from grind was compared with the f£ilm. projected on the
scanning table. There were two considerations to make in an event
identification. One was the bubble density of the tracks and the
other was the kinematical information as mentioned in (b) above.

Bubble density

Bubble density, D is defined as the number of bubbles per unit
length of track normalised to minimum ionising tracks. The 5 GeV/ c ot
beam tracks ionise at minimum. Bubble density is a function of the
velocity of a particle BC. For low velocities the normalised bubble
density can be written as D = %z (Peyrou, 1960). For any mass

assignment, the bubble density of a track is given by
2

m
D=1+
-
where p = momentum and m is the assigned mass

A is the angle of dip of the track.

For each track Grind computes the projected bubble density which

is - D and offers a means of testing the correctness of a fit by
Cos
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checking the camputed density in the actual picture.

From a sample of fitted events, bubble densities of proton, kaon
and positive pion trecks dipping at small angles (< 30°), have been
plotted against the fitted values of moments (Figure 14). The graphs
show that at about 1300 Mev/c of momentum, the proton ionisation is
about l.4 against the pilon ionisation of 1. It was thus found
possible to distinguish between the proton and pion tracks up to
1300 Mev/c. Between 1300 and 1500 Mev/c, the proton ionisation
decreases to about 1.3 and depending on the picture quality it was
sametimes possible to identify a proton track up to 1500 Mev/c.

Above 1500 Mev/ ¢, the proton ionisation approaches the pion ionisation
and becomes indistinguishables A pion track ionises at minimum fram
about 400 Mev/c while for a kaon the corresponding momentum is 700

Mev/ c. The effect of dip is to meke an apparent increase in ionisation
and this fact was taken into consideration in deciding ebout tracks
with apprecisble dip.

About 1% of the 4 prong events were found to be KK events,
that is of type (5)s Most of these XK'K~ events were identified by
the fact that the negative track had to be denser than would be the
case with & negative pi meson, provided that the momentum was less
than T00 Mev/c. For very slow tracks (momentum < 100 Mev/c)
distinction between different particles by ionisaetion is not possible.
These cases were decided by kinematics and the Observed range of

the tracke The following procedure was adopted in making an event

identification.
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Looking at the picture of an event, each of the three positive
tracks was weighted as either 2, 1 or O to make up a 'proton code'
for the event; 2 for a definite proton, 1 for a possible proton
and O for definitely not a proton. This weighting was done by
visually examining the densities of the tracks against the momenta
and dip angles as given in the geometry record (C Grind output
passed on to D Grind). The weight 2 could be given for a sufficiently
dark track if its momentum did not exceed 1300 Mev/c and provided
that its dip was not too high. With the weight 2 given for any one
track, the other two tracks are weighted as 0,0 In events where
no definite proton could be identified by ionisation, the tracks
were weighted as 1 or O according as the mamentum was greater or
less than 1300 Mev/c. Some tracks had large dip angles and this
fact was taken into consideration in deciding about a proton code.
Once & proton code for an event was determined only fits consistent
with the code were considered and accepted if the fits also fell
within the limits of Chi square. Events in which none of the
attempted hypotheses agreed with the proton code were rejected as
no fit events.

The percentage of events in the 4C and 1C channels selected

on the basis of different codes is shown in the Table U
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TABLE 4

Percentage of Events (according to Proton Code)

1C 1C .
Code ke (without neutron) | (neutron) no-fit

Definite proton | 20.2 27«3 - 10.2
Possible proton 5.6 9.8 2.2 1.2
No proton - - %e 2 10.3

It can be seen that in the UC channel there were about 4 times
as many events in the 'definite proton' code as there were in the
'possible proton' code while in the 1C channel this factor was
about 3« In the neutron channel sbout 60 per cent events were in
the 'no proton' codes. No-fits were approximately in the same
proportion in all the three codes. The above statistics have been
taken from a sample of about 2000 events and it shows the use of
a proton code in an event interpretations The proton code can also
be used with the no-fit events (c.f. Section 3.5).

The second criterion considered in selecting a hypothesis for
an event was the value of chi square of the fit corresponding to
the hypothesis. For the 4C fits the criterion was X® < 25 and for
the 1C fits the criterion was X® < 6. These criteria were the same
as used in the analysis of the 6 prong events in this experiment and

also in the analysis of the L4 GeV/ c rt"'p interactions by the ABBHM
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collaboration, 1966. No criterion for 'missing mass' was
introduced at this stage of checking the Grind output on the scan
table until later when the missing mass spectra were examined and
appropriate cuts were applied to make a final classification of
the events in the various 4C and 1C channels (c.f. Section 3.12).
In case of ambiguity between a 4C fit and a 1C f£it, the L4C fit
was preferentially chosen as suggested by Fake calculations (Iynch,
1962). The fraction of events in the 4C sample, chosen in this

wey in preference to 1C (n°) fits, was about 15%

3,12 Missing Mass Spectra

For each hypothesis Grind computed the square of the missing

mass MM® which is given by (in units C= 1)
M = (aE)? - (ap)?

vhere E and p are the missing energy and the missing momentum. For
a 1C fit MM? is expected to correspond, within errors, to the square
of the mass of the neutral particle (no, n, T|°) entering into a
hypothesis while for the 4C fits, the distribution of MM? should
have a sharp peak centred around zero.

4WC Fits

. The L4C fits constituted about 23% of the total events including

about 1% of the K'K events, i.e. of type (5)s Figure 15(a) shows
the distribution of the square of the missing mass corresponding to

these eventss The distribution shows a small shift from zero which
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was not considered to have any significant effect on the dynamical
parameters of the events. At SLICE level, the criterion on MM2 for
a UC fit was
MM2 - 2 AMM? < 0.0 <MM? + 2 AMM® Gev?

As the error AM? was large for the events near the edges of the
distribution, the above condition retained all the 4C fits in the
Durham sample in the final classification. Only 6 events gave
double fits with respect to the hypotheses 1, 2 and 3 while one
event was ambiguous between the hypetheses 2 and 8. These few
ambiguities were resolved by taking the hypothesis with the smaller
X2 value.

As the error on missing mass is sometimes very large (~ 0.3 GeV)

it becomes difficult to determine whether an extra =°

is possible in
a 4C fit. Since a fraction of 15% of the 4C fits was chosen in
preference to 1C 7° Ffits on the predictios of Fake calculations, an
attempt was made to test the purity of the U4C sample from a study of
the transverse momentum unbalance in an event. This was based on
the following considerations.

High energy tracks (momentum > 1 GeV/c) are emitted at small
anglese A high energy missing track is certain to be observed in
the fitting procedure. The average momentum of the 7°'s produced

was ~ 1 GeV/c. The 7°'s which are produced at mamenta lower than

the average value are emitted at larger angles, so that the error

on the longitudinal momentum (X-momentum) will be camparatively
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larger than the error on the transverse momentum. The transverse
momentum has two components, the Y-component which is parallel to
the windows and the Z-component which is parallel to the camera
axise Due to stereo reconstruction one would expect the Y-component
to be more reliable than the Z-component.

Figure 16(a) shows a distribution of the momentum unbalance in
the Z direction and Figure 16(b) shows the distribution of the
momentum unbalance in the Y direction for a sample of the LUC fits.
The momentum unbaelance |Py| is mostly limited to 50 Mev/c and is
better than the |Pz| unbalance.

The momentum unbalance |Py| of the 4C fits may be compered with
Figure 16(c) which shows a distribution of the Y-momentum of the
fitted n°'s in a sample of unambiguous events. The distribution is
feirly smooth and is fitted by a normal distribution curve with a
X2 probability ~51%. The average Py of the n°'s is (90 * 12) Mev/c.
As can be seen, a fraction of only 15% of the n°'s produced have |Py|
< 50 Mev/ Ce Besides the absence of any significant deviation from
the smooth distribution in the region |Py| < 50 Mev/c suggests that

there is very little contamination of 1© events in the iC sample.

1C(x°) fits

The fraction of events initially selected in this channel il.e.
without applying any criterion for MM? was about 29% including a
fraction of 4% which were ambiguous with either a neutron or an W

fite The events which were ambiguous between 1° and 1 fits were
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mostly unambiguous in the assignment of the proton track. Figure
15(b) shows the distribution of MM? corresponding to the 1© fits
including the ambiguous events. The distribution shows a peak
at about 0.02 GeV which corresponds to the square of the © mess.
The distribution is, however, broad and considering the ambiguities
present, not all these events are genuine ° events , particularly
those with large MM%. As the errors associated with MM2 were large,
the criterion chosen to get a purer sample of ° events was
- 0.12 < MM? < 0.12 Gev?®

Under this criterion about 85% of the events in the above plot
were classified as =° events. The use of the above criterion was
Justified by the fact that of the events rejected by the criterion
only 1% gave rise to an w signal while of those retained by it the
fraction which contributed to the @ signal was about 20%. It was
further estimated that not more than 5% events were lost in this

way and those finally classified as 1° events did not have a contamina-

tion of more than 5% from other channels.

1C (neutron) fits

Figure 15(c) shows the distribution of the square of the missing
mass for events with & neutron fite The events were selected on the
basis of ionisation and the kinematical fit criterion, X2 < 6. About

60% of the events in this distribution belonged to the ‘no proton'

ionisation code (c.f. Toble L4). About a third of the events which
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were ambiguous, mostly with 1]° fits and a few with n© fits, were
selected on the highest X? probability. The distribution of M
is broad and does not show any sharp peak in the region of the
neutron mass because of the errors of measurements To reduce

contamination, the following criterion for M2 was used

0.66 < MM® < 1.20 GeV?®

Under this criterion, 85% of the events, which fitted the
neutron hypothesis, were classified as neutron events. The fraction
of events thus classified constituted about 9% of the total 4 prong
events. If a more severe cut at X < 4 is applied, the distribution
of MM? peeks at the neutron mass and under the above criterion for
MM? about 8% of the 4 prong events are classified in the neutron
channel. The cross-section for this channel has been calculated
on both these estimates.

1¢ (9?) fits

A fraction of 13% of the 4 prong events gave fits to the 7°

hypotheses on the basis of ionisation and X2 < 6. About 5% of these
events were ambiguous with neutron or n° hypotheses. About a third

of the ambiguous events were classified in the neutron and x° channels,
on the basis of highest X2 probability. On the overall MM? spectrum
the 1° fits produced a weak peak. Because of the large measurement
errors it was difficult to separate the 1° from the 7°+ n(:®}(n > 1)
events and considering that the 1° has an experimental width, the

fits obtained were contaminated by spurious fits to a large and
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uncertain extent. Any estimate of the cross-section for this channel
was considered to be unreliable at this stage.

NO-FIT EVENTS

The unambiguous no-fit events consistent with more than one
missing neutral particle were initially classified to be about 29%
of the total sample of the 4 prong events. By including the events
rejected from the 7° and neutron fits under the criteria chosen for
these channels, the fraction of the no-fit events rises to about 35%e
The cross-section for the no-fit chamnel has been calculated on this

last estimate which does not include the uncertain fraction of events

which give rise to the spurious no fits.

3.13 Cross-Sections and Statistics

DURHAM DATA

A total of 3307 four prong events were processed and recorded on
the Date Sumary Tape (DST) as Durham's contribution to the combined
date of the collaboration. This sample constituted about 54% of
the total b4 prong events found in scan. An estimate has been made
of the total and partial cross-sections by using the Durham data which
is then compared with the combined data. The cross-section per event
has been computed from a knowledge of the total number of frames
scanned, the geometry of the fiducial volume and the distribution
of the number of beam tracks per frame. By counting tracks in every
tenth frame of all the films, the mean number of beam tracks per

frame was found to be 11l.8. Corrections were made for an estimated
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muon contamination of (2 * 1)% and an absorption of 3% of the beam
tracks. The cross-section per event on the DST was calculated to be
(3432 * 0.15) wbse The sources of error were:
(i) the Density of Hydrogen - This was due to the uncertainty
in the temperature of ligquid hydrogen which was taken as
(27 = 0.5)%K for which the density was(0.0611 * 0.0006) gm.
per c.Ce, 50 that the uncertainty was sbout 1%
(ii) The mean number of tracks per frame: A statistical error
of 5% was taken into account.
(iii) Number of events: A statistical error of 1% was taken into
account on the total number of events after correcting
for scanning loss.
Table 5 shows the number of events and the total and partial
cross-sections for the different channels. The cross-section for the
no-fit channel has been calculated by excluding the spurious n° events

due to uncerteinty in the estimation of those events.

Comb ined Data

Before combining the data of the six collaborating laboratories
checks were made to test the consistency in the date presented by
each group. The total and partial cross-sections computed individuelly
did not show any significant deviation from each other. The fractions
of events in the different 1C and 4C channels for each subset of
data were found to be consistent with each other. An investigation

of the n*i~r® mass spectrum in each subset of data showed consistency
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Total and Partial Cross-sections of 4-prong events

(Durham Deta )

Number of events

Cross-section

analysed (mb)

Total 4 prongs 3307 10.97 £ 0.5
I'p - prtrto 768 2.55 £ 0.15
T'p - prfrhrme 82l 2.7h = 0.13
Irp - artrhrtr 297 0.99 £ 0.04 X*< 6

0.87 + 0.0k X3< 4

rtp - prixtx- 40 0.13 * 0.006

NO FIT 1155 3,83 + 0.17

(more than one

missing neutral
particle)




TABLE 6

} Prong Cross-sections (Combined Data)
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Number of events Cross-section
analysed (mb )
Total It prongs 23489 10.5 * 0.5
Yp - prtrhr 600k 2.69 * 0.1T
tp - prirtrme 6287 2.81t 0.18
ity » nrtrhrhr 1911 0.8k * 0.11




Pp ol

i
[




6"".

in the position, width and the contribution of the w resonance.
Table 6 shows the total and partial cross-section which have
been calculated by using a cambined sample of 2489 events. The
partial cross section for the channel 1r+p-vP1t"K"K' has been discussed
in Chepter 5 and the value of the cross-section has been listed in
Table 10 along with the cross-sections for the v° eventse The
cross-section per plot event was calculated to be (0.4l * 0.02)ub.
The sources of error considered were the same as in the case of
the Durham data. Figure 17 shows & plot of the partial cross-
sections in relation to some other available data at different
energies (Maris et al., 1963, A-B-C Collaboration, 1964 and

A-B-B-B-H-L-M Collaboration, 1965).

3«14 Phase Space and FOWL

A final state interaction between two or more particles such
as a resonance has to be recognised against a background of randomly
assocliated particless To estimate the fraction of interactions
resulting in resonance production, ‘'phase space! calculations are
made of the distribution of effective masses, four-momentum transfer,
production angles etc. expected for various mixturesof resonance
and background. By comparison with the experimental distributions,
the proportion of resonance can be estimated.

Phase space is the total volume available in the momentum-

space for an interaction to take place and is determined by energy-
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momentum conservation. The Lorentz invarient phase space for n
particles in the final state is given by
n

n
R(Qy qeeeeq) = [II [dhqi S(qf - mf)]B‘Q q - Q>

vhere Q is the energy-momentum four-vector of the system and Qy» m,
are the energy-momentum four-vector and mass of the i-th particle.
The differential distribution of R with respect to effective masses,
momenta and other dynemical quantities gives the phase space

prediction for these dquantities.

FOWL

Instead of using the analytic method, the phase space distributions
in the analysis of the v° events (Chapter 5) were obtained by using
the program FOWL. FOWL uses the Monte Carlo method to generate the
required number of random events of a given type, as specifiled by
the user. Each event 1s given a statistical weight according to
the phase space distribution. The distribution of the dynamical
quantities such as the effective masses, square of the four-momentum
transfer from the target to any other particle or group of particles
etcs as specified in the subroutine USER are printed as normalised
histograms. The total weight (WEIGHT-SUM) of the generated events
is also printeds The program allows any production mechanism such as
the peripheral process to be included in the calculation and produces
any control distribution of the dynamical quantities as may be

required. Resonances can be introduced by a Breit-Wigner function
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which increases the weight of those events which lie within the width
of the resonance. The increase in WEIGHT-SUM can be varied to
produce the required percentage of resonance production in a given
samples

The program is suitable for estimating the background under a
resonance peek if the distributions outside the resonance band do
not show deviations from the predictions of phase spaces In
multiparticle final states often more than one resonance is produced
and the effective masg distributions outside the resonance band
show deviations fram phase space because of reflections from other
resonances, kinematic effects and production mechanisms whose effects
are largely uncertain and so cannot be simulated by the program.
For these reasons the program was not found useful in estimating
the background under the various resonances which are ocbserved in
the four-prong channels described in chapter 4s In fact eye
estimations based on the distributions in the nearby bands of a
rescnance have heen made in most cases. An approach can be made by
expressing the background as a polynomial in effective mmss, where
the constants of the equation are determined empirically. This
method works well vhere the resonance of interest is seated in the
middle of the background. However, for example, the N*H is
situated at the lower mass end of the effective mass distribution,

where the lower edge of the phase space is nearly vertical. This

edge is difficult to reproduce accurately by a polynomial and it is
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necessary to rely on estimatesby eye.

In the analysis of the VO events (c.f. Chapter 5) however,
the Fowl program was found suitable in estimating the background under
the observed resonance peaks as the distributions outside the
peak regions did now show any significant devietions from the smooth
phase space. This was because of the fewer number of resonances
which are dbserved in any particular channel and the fact that the
number of carbinations per event in an effective mass distribution
is only one in most of the strange particle channels.

The smoothness of the distributions produced by FOWL depends
on the total number of events generated. In the present analysis
60,000 events were generated in each case and a fairly smooth

distribution of the effective mass was obta inede.
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CHAPTER L

Observation of Resonances in the Four-prong Channels

4.0 Introduction

In this chapter the two populous channels of the four prong
events
(a) 1P - i
and (b) wre - priwirn®
are investigated and the resonances observed in the various effective
ma.ss plots are described. In both-channels there is abundant
production of resonances.

In chamnel (a) a strong production of N*H(1236) and po is
observed. Besides these two resonances appreciable amounts of the
£° and the A; mesons are also observed. Evidence is found for an
N*+(-' PIY) resonance at about 1720 MeV.

In channel (b) the dominant features are the production of
N*++(1256) and the w®. Besides these two resonances, the p meson in
its three charged modes (p¥, p°, p~), the 1°, Ag, Ag and the Bt
mesons are also observed. (The N*H(l236) will be denoted as N*'H-).

The production of the A, meson in channels (a) and (b) is
discussed with the production in the KK channels (Chapter 5) and
the neutron channel (I*p - amimimhr).

The important features of the two channels (a) and (b) are:
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*
(i) +the production of the resonances N ++, p%, «° and 1°

preferentially at low values of Itl ; the squared four
momentum transfer and
( ii) the production of the double resonance states; the reactions
e - N*++p° and TP -+ N T¥£° contribute to about 22% and
*++ o

4% of chennel (a), the reactions P> N = «° and

*
e - N ++1]° contribute to about 6% and 0.5% of channel (b).

4,10 Resconance Production in chamnel (a).

%
b1l N ' and p°

The two dimensional mass plot M(PIY) versus M(tm) with two

points for event is shown in figure 18. A considerable accumulation
*
of events is observed in the N H and p bandse Figure 19 shows the
K ope
projection on the M(PII.‘" ) axis. A strong production of the N is
*
observeds It is seen that the ratio of N i production to the
¥t . ¥4

background under the N peak is about 2.5 to 1. The N
distribution is not symmetrical but is skewed to the higher mass
side and the peak is shifted downwards by about 10 Mev from the
generally accepted central mass value (1236 Mev). The solid line in
the figure has been drawn as an eye estimation of the background under

*
the N A enhancement. This has been done by considering the smooth
distribution in the nearby bands on either side of the peak regions.

The excess of events above this background is estimated to be (53%L4)%

and the cross-section for the production of N* *+ is calculated to be
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(1. 4320.12) mb.

Tt has been proposed by Jackson (1964) that the distribution
of the mass of a broad two particle resonance such as the N*++
and p be represented by a modified Breit Wigner in which the width

of the resonance is taken as energy dependent. This modified Breit

Wigner has the form

@) o

2 _2\2, 2 2
(m -mo) + m r'(m)

Xt
For the N ', the width r(m) is given by

M(m) = I(m) (—g-—)s am +aqg
(o)

2 2
a m-. +
x4

where m is the PIIY effective mass, q is the 3-momentum in the Prrt
rest system and a, the 3-momentum in the Pt rest system for
M(pt) = m_, the centrel mass value of the resonance.

For camnparison, the Pliteffective mass distributed according to
the above Breit Wigner was produced by FOWL. The parameters used
were m_ = 1236 Mev, I‘(mo) = 120 Mev and & = l.5, the average of
the two Jackson values. The dotted curve is the modified Breit
Wigner distribution normalised to the number of events above the
background. The experimental distribution is in good agreement with
the shape given by the Breit Wigner.

The ™ effective mass distribution is shown in figure 20. A

strong production of the p° is observed. As in the case of the
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*

N + distribution, the background under the p° peak has been
estimated by eye (solid curve). The dotted line is the distribution
of the P°mass as given by the modified Breit Wigner discussed aboves

The width was taken as

e = e (£ T2

vhere q is the 3-momentum in the I rest system, a, the same at
the central mass value m e The parameters used were m, = 760 Mev
and I' (mo) = 124 Mev.

The experimental distribution is in good agreement with the shape
given by the Breit Wigner. The excess of events above the background
is estimated to be (52t4)% leading to a cross-section of the p® productior
of (1.42t0.,13) mb.

Both the N*H and p@ are produced predominantly at low values of
the squared four-momentum transfer |t|. Figure 21(a) shows the
fraction of N*H and p° which are produced over the different ranges
of |t| values at intervals of 0.3 (GeV/c)?. More than half of the

*
N 't and the p° are produced at |t| < 0.3 (GeV/c)Z.

4.12 Production of the f°

A broad enhancement in the £° region is also observed in the mhr
mass spectrum shown in figure 20. A better signal of the £° is
*
obtained when it is produced in association with the N ++. This is

shown in figure 22 in which the I r mass spectrum has been drawn

for those events in which the remaining It forms a P combination
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in the N '¥ band which is defined as 1.1k < M(PI*) < 1.30 GeV.
The £° is more pronounced in this figure. However an excess of
events is observed between the fo and p° enhancements due to which
the background estimation is subject to large errors. By
subtract ing a background which is estimated by eye (solid line)
in the mass band (1250%100)MeV, the cross-section o(£° - Irhr)
is calculated to be (0.11t0.03) mb. This value of the "f£° cross-
section is also the estimate of cross-section for the double
resonance state IItp - N*++ £°, Correcting for the unseen decay
mode (£ I°I° ), the total cross-section becomes (O.1T7+0.05) mb.
Another feature of the production of the fo is shown in
figure 25(a)s This figure shows the II'IT" mass spectrum (under the
N ™ restriction) in which the direction of the I* in the I
rest system is forward with respect to the incident pion. The
signal to background ratio is much improved in this figure. The
fo distribution is symmetrical and the background estimation is
more relisble (solid line). rI.IL'he dotted curve is the ordinary Breit
Wigner distribution normalised to the excess of events above this

background. The ordinary Breit Wigner has the form
2

(m2- §)2 + 2

m2

o}

The parameters used are m, = 1250 MeV and I' = 120 MeV. By taking

twice the number of events above the background in this figure
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the cross-section o(f° - M) may be estimated as (0.24x0.06 )mb.
This estimate is based on an assumed symmetrical distribution

of the £° in the over-all spectrum. This assumption is not
supported in figure 23(b) which shows the complementary IIHIT
mass spectrum in which the mt goes backward in the T rest
systems This assumption may be one reason for the discrepancy
between the two estimates of the £° cross-section.

*4
h13 N ¥ p° Correlatian

The scattered mass plot M(PIY) versus M(I'NT*) in figure 18
shows a concentration of events in the N*++ p° overlap region.
This indicates a strong correlation between the two resocnances.
Figure 24(a) shows the distribution of the M(PI[1+) in the p°
band i.e. under the restriction 660 < M(I[E"’Il") < 860 Mev and
figure 24(b) shows the distribution of the M(I[a"'ﬂl) in the N*H
band i.e. under the restriction 1140 < M(PIL™) < 1300 Mev.

From these plots it is estimated thet (21+2)% of the channel
(a) contributes to the reaction

P - N*++ o0
and the corresponding cross-section is calculeted as (0.55+0.04 )mb.
This value of the cross-section may be campared with the results
of other experiments which are shown in Table T.

The Chew-Low plot M(II™) versus |t| in figure 25 shows a

clustering of events at low |t| values in the region of the p°mass.
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By restricting |t| < 0.3 (GeV/c)?, the scattered mass plot M(PIY)
versus M(I["Tl") is obtained in figure 26. As can be seen this restriction
has a strong purifying effect on the’@Pleof events of the type

ntp - N*Hpo. The peripheral nature of this reaction is evident

in figure 27 which shows the distribution of the number of events

of the type above as a function of [t| i.e. A2(T¥/p°). The
distribution shows a sharp peak at low |t| vaelues indicating a

strong production of the p° in the forward direction. The

distribution over the intervael of |t| ranging from 0.05 to 0.35(GeV/c)?
can be fitted by an exponential of the fom e_a'ltl. The value of

a obtained is (11.8¢0.5) (GeV/c)™2.

Besides the peripheral nature of the reaction there is also
ev.id.ence for a small but significant contribution of antiperipheral
events to this reaction i.e. events in which the p° i:s produced at
high |t| values or in the backward direction. This is shown in figure
28 vhich is a section of the Chew-Low plot M(I'NI™) versus |t| for
events of the type ITP - N e, mis plot shows a clear evidence
of concentration of events in the p° band at high |t| values. In
a Feynman diagram these events may be interpreted as due to the

exchange of a massive particle, in this case a non-strange baryon.
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Two-body Cross-sections (mb) -

(Corrected for unseen decay modes)

TTe

* *%
Reaction 4 Gev/c 5 Gev/c 8 Gev/c
e - N 70 | 0,60 + 0,05 0,55 + 0.0k 0.43 * 0.05
e - N 0 | 0,15 £ 0,05 0.17 * 0.05 0.18 * 0,05
e - & YaP | 0,39 + 0,04 | 0.19 £ 0.02 0,10 + 0,01
e+ N TP | 0.10 £ 0.005 | 0.052¢ 0.013 0.03k 0,011

* A-B-B-H-I-M Collaboration, Nuovo Cimento, 35, 659 (1965)

** A-B-C Collaboration - Physics Letters, 19, 608 (1965)
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4,14 The A; meson

The MM mass spectrum is shown in figure 29(a)e The shaded
area in the histogrem corresponds to those events in which at least
one ITNI™ combination is in p band defined as 660 < M(ITHT") < 860 Mev.
A significant enhancement with the peak at about 1300 Mev can be seen.
In the pll mass spectrum two peaks are generally seen, one near 1080
Mev and the other near 13500 Meve They are called the Al and A2
resonances. They have isospin I = 1. In the above figure no evidence
is found for the Al peak; the small excess of events in the Al region
1s statistically insignificant. The absence of the Al peak has also
been reported recently in II*P collision at T GeV/ ¢ (Slattery, 1967).

The enhancement in the above figure has been identified as the
plrrt decay mode of the AZ. In order to produce & better A; signal
the TN mass spectrum has been drawn for those events in which
no PI¥ combination is in the N*H band which is defined as 1120 <
M(PIY) < 1320 Mev. This is shown in figure 29(b). The shaded area
of the histogram corresponds to those events for which there is the
additional restriction that at least one T combination is in the
P band. About 126 events are counted as the excess of events above
a smooth background in the shaded histogram. A 10% increase to this
number is made because of the removal of events in the N*++ band
(the fraction of events which contribute to the background under the

*
N +H enhancement is about 10%). On this correction the cross-section

G(A;-' p°I*) 1s calculated as (63t10) pb. This value of the cross-
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section is lower by a factor of about two than the results obtained

in some NP experiments (Morrison, 1967).

),

P
4ho15 A possible N ' resonance at about 1700 Mev

In the P mass spectrum shown in figure 30 a smell enhancement
of the order of four standard deviation is observed at the mass value
of about 1720 Meve In this mass region there is other evidence for
such a resonance. For example, (Fleury, 1967) a resonance has been
observed in this mass region in Y4 interactions at 5 GeV/c. In
the above figure the number of events which contribute to the

enhancement above a smooth background corresponds to the cross-section

4,20 Resonance Production in the channel (b)

*
421 N 'H'L a® and 1° production

The production of these three resonances is demonstrated in the
two dimensional scatter plot M(PIY) versus M(II*IT'M®), two points per
event in figure 31. Concentration of events is observed in the mass
bands of the resonences.

Figure 32 shows the projection on the M(PNY) axis. A strong
production of the N*++ is observed. As in the case of the channel (a),
the phase space background under the N*++ peak has been estimated
by eye (solid line). The excess of events above this background is
estimated to be (55tk)% which corresponds to a cross-section of

Lo ¥t
(1.55%0.08) mb for the production of the N . The N distribution
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can be represented by the modified Breit Wigner which has been
discussed in section 4.1l. Using the same parameters as before
the dotted curve is obtained by normalising the Breit Wigner
distribution to 55% of the events.

In the TWTC effective mass distribution shown in figure 33
a strong production oi-‘ the @ and a significant production of the
1° is observed. The cross-sections for the production of the
o® and 1° which have been estimated by counting the excess of
events above a smooth background, are (0.60#0.10) mb and (40%5)ub
(not corrected for unseen decay modes).

The N*H, «® and the 1° are produced predominently at low
values of the squared four-momentum transfer |[t|. Figure 21(b)
shows the fraction of these resonances which are produced over
the |t| intervals of 0.3 (GeV/c)a. The 7° is more peripheral than

the other two resonances.

* *
422 N % o« and ¥ ¥ 1P Correlation

In the two dimensioral scatter plotM(PNY) versus M(IrrP)
*
(figure 31) concentration of events is observed in the N i w
*
and N + N overlap regions. This gives evidence for the two-body

reactions:

*
(1) TP =N T o
*

(i1) TP - N T L,
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Figure 34(e) shows the distribution of M(PH1+) in the o°
band i.e. under the restriction T4O < M(Il;l‘l_ﬂo ) < 823 Mev and
figure 34(b) shows the distribution of M(IATT®) in the N * band
iees under the restriction 1140 < M(PIL_|_+) < 1300 Mev. From these
distributions it is estimated (after subtracting e smooth background
in each case) that (6t1)% of the channel (b) contributes to the
reaction (1) and (0.4#0.1)% to the reaction (ii) above. The
estimates of cross-sections (after correcting for unobserved decays
of the @® and 1°) are (0.19%0.02) mb forkhe reaction (i) and
(0.052t0.013) mb for the reaction (ii)e These values of the cross-
sections may be campared with the results of other experiments which
are listed in Table ' T.

The t-dependence of the reaction (i) is shown in figure 35
where the number of events is plotted as a function of |t| i.e.
a2 (It/u®). A forward pesk is cbserved but the distribution is much
broader than the -N*++p°cha.nnel. The distribution over the interval
of |t| between 0.10 and 0.80 (Gev/c)? can be fitted by a simple

exponential of the form e_a|t|.

(3.6£0.2) (Gev/c) 2.

The value of a obtained is

423 The A; and AZ,. mesons

The AZ meson. The MYI™T° mass spectrum is shown (figure 36)

for events in which the remaining It forms a PHY cambination in

*pt
the N band. An enhancement in the position of the A2 meson 1is
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observed. This is identified as due to the A; « No significant

production of the AZ is observed unless in association with the

N*++. The shaded area in the histogram is cbtained by restricting
|t| < 1.0 (Gev/c)a. The signal is correlated with the production

of p¥ and p~. Therefore, in figure 37 the I'IT° mass spectrum

is shown for those events in which, after the N*H selection, a
further condition is made that in the remaining three pions at

least one IMP or MT° combination is in the p bande In this
selection, the condition M (TY) in the .p band is not made because
under the assumption of isospin I = 1, the p°me decay mode of the

A2 meson should not occur. The shaded area in figure 37 corresponds
to the restriction of |t] < 1.0 (Gev/c)?. The Aj distribution is
compatible with a central mass value of (1500115) Mev and a full
width at half height of (100£20) Mev. By comparing the AZ enhancement
in the shaded histogram, the background has been estimated by eye for
the enhancement in the unshaded histogrem (shown by the solid line

in the figure). The excess of events above this background is
counted as 236120 which corresponds to the cross-section

o(A; - ptI[ ) of (106£10)ub.

The A. meson

N+ o+

The A is not detected in the YT mass spectrum shown in
figure 38. The solid line in the figure is the M phase space

for the AT I® final state. However, the A;' is observed in the
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*
resction TP = N T+ AZ e This is shown later in section L.32

l-»Pn° |—-p°n+
in figure 48(A).

The A; is also observed in the four pion mass spectrum
M@ ° ) under the restriction that at least one T MC combination
is in the 7° band defined as 535 < M{(II'I'T°) < 565 Mev. This is
shown in figure 39 in which a significant peak at the mass position
of the A2 can be seen. The shaded area in the figure corresponds
to those events in which the It left after the 1 selection does not
form & PIIY combination in the N*++ band. This is done to exclude
the N*++1]° eventss The position of the peak remains unaffected by
this procedure; the central mass value and the full width at half
height are compatible with (1300225) Mev and (100%+50) Mev.

The enhancement has peen identified as the 'qI["' decay mode of
the Az. In the shaded histogram an excess of 11t} events is counted
above a smooth background. This corresponds to the cross-section
a(A;’-» PI*) of (5t2) ub, with the n decaying into IO,

In figure 40 is shown the I'ITI° mass spectrum under the
assumption that the PIIC combination is in the N*o band and that at
least one TP combination is in the;p band. No signal is observed

This rules out

in the A2 region i.e. there is no production of A:'.

the assignment of isospin I = 2 for the A2 meson. Under the assumption
of I = 2 for the A2, the signal is expected to be % of the AZ signal

which would mean sbout 160 events above the background.
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4,24 The p meson

The p meson is observed in its three charged modes in the I'n°,
T and IT'Pmass spectra which argshown in figures 41, L2 and L3.
The shaded area in each histogram corresponds to those events in
which there is no MTII'TC combination in the w band which is defined
as 78340 Meve The p signals are improved in the shaded histograms.
By counting the excess of events above a smooth background in each
of the shaded histograms, the cross-sections are estimated as
(0e50£0,10) mb, (0.58:0.18) mb and (0.40£0.10) mb for the pt, p°

and p~respectively.

4425 The B meson

A1l the cbserved w mesons are not produced in association with
the N*++. Consequently an attempt was made to look for the production
of the B meson in the wll mass spectrum. Figure U4 shows the four
pion mass distribution selected from events in which at least one
T I° combinetion is in the ® bands An indication for the production
of the B+ is observed. The background is reduced, as shown by the
shaded histogrem, which has been drawn for events in which the It
after w selection does not form a Pt effective mass in the N*H band.
The B+ signal is somewhat improveds Theenhancement is centred at about
1240 Mev and has a width of about 140 Mev. By subtracting a smooth
background under the B+ enhancement in the shaded histogram the cross-

section ¢ (BY » wll') is estimated as (105+20) ub.
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Figure 45 shows the Dalitz plot M2(PIY) versus M2(wIlt) for
the reaction M*P - PMTYw. An approximately uniform distribution
along the B+ mass band is observed. This indicates a J'P assigmment
of l+ for the B meson.

A better selection of the B+ is observed when restricting to
events in which the ® is emitted at large angles with respect to
the incident Itin the il rest frame. This is shown in figure 46
vhere the Il mass distribution has been obtained by restricting
|Cosew| < 0Ou5e The compl?’.menta.ry distribution for the restriction
|0059w| % 0.5 is shown in figure 47 . The observed strong decay
of the B+ at large angles supports the idea of its isotropic decay

which is predicted by the J'P = l+ assignment.

4.31 Decay branching ratios of the A,

The decay branching ratios of the A2 have been determined from

the following observed decey modes of the AZ.

(i) In chamnel (a) the A; is observed in the decay mode AZ - oot
with the p® decaying into M¥I™. In section 4.1k the cross-section
a(A'é' - p°n*) has been estimated as (63£10) pbe Under the assumption
of 1sospin I = 1 for the A2, a signal of equal strength is expected
for the unobserved decay mode A;’ -» pNC with the p+ decaying into
P, Thus the cross-section U(Ag—- 3']-[3-) is estimated to be

(126£15) ub.
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(i1i) In channel (b), the A; is observed in the decay mode A;-» nrt
with the 1 decaying into mHrm°. From the value obtained in section
4.23 and using a factor 4 to correct for the unseen decays of the 7
the cross-section c(A;-v qt) is found to be (20%8) pb.

(i1i) In chapter 5, section 5.6(i) it has been shown that in the
reaction I'P - PK'K° the A, is observed in the decay mode AZ - K'%°,
The cross-section o(AZ-» K+I-{o) has been estimated after correcting
for the unseen decays of the I-CO and a value of (11%6) ub has been
obtained.

From these results the branching ratios of the A2 for the 7l

decay mode relative to the pll decay mode is found to be

= (16£6)%

The value of this branching ratio has been determined in a number
of experiments and different values ranging from (9+l4)% to (30+20)%
have been cbtained (Morrison, 1967)e

The other branching ratio is

2
s o (9th)%

Tnis value may befcompared with the values of (5£2)% and (4+2)% which
have been dbtained in experiments at 42 Gev/c and 8 Gev/c II'*P

(Morrison, 1967).
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The large discrepancies between the results of different
experiments in determining the A2 branching ratios are due to the
problem of estimating the background in the pll effective mass

spectrum.

+
2

*
decay mode in the reaction - N ++AZ in chamel (b))is also

As in the case of the A,, the AZ (vhich is observed in the pII
expected to be observed in the KK decay mode. In chapter 5, section
5.6(1ii) where the two reactions P » PIk¥~and mp - PIik°k°

have been described, are shown the two dimensional scatter plots
M(PIY) versus M(X*X™) in figure 65(a) and M(PIY) versus M(K°E®) in
figure 64(a). In both these plots a concentration of events is
observed in the N band at a KK mass value of about 1300 Mev. This
gives evidence for the KK decay mode of the Ag. However a
determination of the AZ partial cross-section for its KK decay mode
was not considered reliable because of insufficient date and the
problem of background estimation. So the decay brenching ratios

of the Ag are not calculateds

4,32 Isospin of the A, meson

2

Tt has been shown in section 4.23 that in the p*IIt mass spectrum
no signal is observed in the A2 region which rules out the isospin
assignment I = 2 for the A2 mesCi.

Recently Baltay et al (1967) have studied the production rates

of the A2 in its different charged states in the reactions II'P - N*"'"‘Ag
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¥4
and I'P -~ N A; and have arrived at the value of I = 1 for the A2
meson. Under the assumption of isospin conservation the cross-
sections are related by Glebsch Gordon co-efficients. If the

*
cross-section for the reaction MP ~ N +A+2 is arbitrarily normelised
L.
nl'[+|_.po]r|-
to 1, then under the assumption of I = 1 for the A2 meson, the values

of the cross-sections for the different reactions are expected to be

%*
e - Nt A%

2 - 9
et Lo
O A
- 2
-~ §F 4
o _ .

Lonrt Logorrt

In themresent analysis an attempt has been made to check the
above hypothesis.

In figure 48(a) the T effective mass distribution is shown
for the channel PINMTMIIC under the condition that the PIP
conl?ination is in the N* band and that at least one NI cambination
is/t11111e p band. The solid line gives the phase space for a N*pI[
final state. The shaded area corresponds to a cut of |t| < 1.0(Gev/c)2.
An enhancement in the A2 region is observeds By counting the number

of events in the A2 region above a smooth background which is

suggested by the shaded histogram, the number obtained for the
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*
reaction TP+ N & A is (LO£20) events.

+
2

lpmo lagor

Again, by taking the neutron chammel, i.e. the channel
e - nIIl"'l'[E"]I;'ﬂ', the I[a"TlB"TL' mass spectrum is shown in figure
*
48(B) under the condition that M(nH1+) is in the N band and at
least one II; 3IF combingtion is in the p band. The solid line is
J
+*

the phase space for the N pll final states The shaded area in the
histogram corresponds to a cut of |t| < 1.0 (Gev/c)®. A signal is
observed in the A2 region. By counting the number of events in
the A2 region above a smooth background the number cbtained for

*
the reaction I » N T A; is (25+10) events.
L |--p°I[+

In section 4.23 the number of events corresponding to the

o
2

l-P]I'" l-pin;

*.
reaction TP - N T A has been obtained as (236+20). With these

numbers the experimental ratio is

* * %*
NHAZ . N1 af : Nt 4

L et b Lo Lport Lt lopor

= 9

(1e5 % 0.7) ¢ (0.9 % 0.4)
This result is in good agreement with the ratioof 9 : 2 : 1

expected from the I = 1 assignment for the A2 mesone
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CHAPTER 5

Analysis of the Strange Particle Events

5«1 Introduction

In this chapter a description is given of the production of
strange particles in the two-prong v° events together with the events
(m*p » PIK*K™) vwhich were identified in the analysis of the 4 prong
events described in Chapter 3. The VO events were scanned for at
lea.st one visible Vo decay. The relative numbers of 2 and 4 prong
events with at least one visible Vo are such as to justify a detailed
analysis only in the case of the 2 prong events. The cross-sections
for the various stx;nge particle reactions are given later and campared
with the values obtained in other experiments at different pion
momenta. The two particle effective mass distributions in the three
and four particle finel states with AK and Kﬁ production are studied.
In the AKX channels strong production of the resonances Yl*(1385)
and K*(890) is observed. The quasi two-body reactions ]I"P-»Yl*"K"'
and TF'P-'Yl*"'K*"' are investigated by a comparison of the respective
do distributions with the prediction of the absorption models In
ifle KK channels the dominant features are the production of N*(1236)
and K*(890). Besides, there is evidence for ®(T730) production and
an indication of the ® meson.

A short description of the method of analysis and the results

are presented in the following sections.
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5.2 Method of Analysis

Scan Results (Durham Sample)

Table 8 shows the number of events found in the first scan.
The scanning efficiencies have been calculated on the basis of the
numbers obtained in scan and rescan. Corrections were made for
spurious events, i.e. the events in which the v° was wrongly associlated.
These spurious events were detected during the checking of Grind
hypotheses. About 10% of the 2 prong 1 V0 events and 25% of the b
prong 1 V° events were found to have a 'kink' track which were mostly
charge decayse

TABLE 8

Scan Results of V° Events (Durham Sample)

No. of events found
Type in lst scan Scanning Efficiency
o-prong with 1 V° 232 0.985
o-prong with 2 V° 18 1.000
Y-prong with 1 V° 49 0.970
Y-prong with 2 V° 3 1.000
6-prong with 1 or 2 V° 0

The number of V0 events found in each class was consistent with

the scan results of the other collaborating laboratories.
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Measurement

The events were measured on the same general principles as the
4 prong events. Additional labelling schemes were made for the v°
and V+ decay vertices and the outgoing tracks framn these vertices.
Special labels were used for identified and stopping tracks. A
track with a short kink, was assumed to be a charged v° decay and
then only the decay vertex and the charged track issuing out of
the point of decay were measured. About 5% of the events were
unmeasureable becausg of short and straight secondaries and faintness
of the tracks issuing from a Vo decay vertex. The events were
remeasured on the basis of the same tests in Thresh and Grind as
were chosen for the U4 prong events (cefe section 3.T)e

Dete. Processing

As in the case of the 4 prong events, the Vo events were processed
in the chain of computer programs Reap-Thresh-Grind-Slice-Sumx.
Grind had some additional features for the kinematical fitting of
the V° events, namely:
(i) A fit was given for the V° vertex. This is a 3 constraint
fit as the only unknown at the Vo vertex is the momentum of
the Vo
(ii) Tracks with kinks were considered in the mass assigmments to
be =t hyperons. For kinks close to the production vertex,

the =t was reconstructed at the kink from measurements of

of
the track beyond this assumed point/deca.y. The lifetime of
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the Z% is such that its decay length in the chamber is of
the ;)rder of a few centimetres. For a K+ mass assignment
the track issuing out of the kink was not considered since
the lifetime of the XK is so great that the majority of

them decay outside the chamber or sui::‘ficiently remote from
the production vertex so that a good measure of the curvature
of the track is obtained.

(iii) A single-vertex fit was given in which all the tracks belonging
to the primary vertex (including that of any unobserved
neutral particle) were used in a constraint fit.

(iv) Finally, a multi-vertex fit was given in which all the tracks
of the primary vertex and the v° vertices were fitted in an
overall constraint.

Hypotheses for v° Events

The general scheme of hypotheses for the Vo events was made
for reactions which involved the production of one pair of strange
particless The possible reaction channels tried for the 2 prong
V° events were:

(A) Two prong with One observed V°

e (1) Px'R°
(2) mkxi°
(3) mrike
(4) mixh°

(5) PK'RO(1P)
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(6) mKWO(m°)
(1) k()
(8) m'PKO(RO)
(9) WIA(K®) /mhrt x°(a°)
(10) mrk°(z°)
(11) mxRO(n)

(B) Two prong with two observed V°'s

rtp -

(12) m'px°g°
(13) whrkoa°
(14) mhriCze
(15) WPKCRC(1°)
(16) mhrtaCke(m°)
(17) mhrk&°(n)

The symbols inside the parentheses indicate the unobserved
neutral particles.

In both (A) and (B) all the reactions with no uncbserved neutral
particle were of the four constraint type and those wlith an unseen
neutral particle were of the one constraint type in the single vertex
fit.

Event Identification

The V° events were identified on the bases of X2 probebility and

compatibility of ionisation. The value of the X* considered was the

one obtained for the single vertex fit. Since a single-vertex fit
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was either of the one constraint type or of the four constraint type,
the X 1limits chosen were the same as for the k4 prong events, namely
X% € 6 for a 1C fit and X2 < 25 for a 4C fit. The bubble density
recognition limit for a proton was about 1300 MeV/ ¢ and for a kaon
T00 MeV/c of momentum.

The table 9 gives the numbers of the events in the combined

sample of the collaboration which represents about 80% of the final

statistics.
TABLE )
Stetistics of the 2 prong V° Bvents (Combined Data)
Total No. of Events No. of fitted No. of NO-FIT
analysed Events Events
1011 TO1 220

The events classified as NO-FIT events were consistent with more
than one unobserved neutral particle.

Ambiguities

About 30% of the fitted events were ambiguous and mostly between
two hypotheses. These ambiguities were in addition to the A%/x°
ambiguity which camnot be resolved because of the errors present in

the measuring techniques employed. The ambiguities were resolved

by teking the hypothesis with the highest X2 probebility. An
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exception was made for the two reaetions TP - ITHIYKPAC and
I » IXYACIC for each of which the number of events was calculated

in the following way:

No. of hypotheses Weight
1 1
2 JL £ for the hypothesis with lower X2
% for the hypothesis with higher X?
3 % for each hypothesis
L 4 for each hypothesis

Monte Carlo events generated by Fake for the different final states
suggested that about T0% of the ambiguous events were attributed to

the right hypothesis by this procedure (Wagini, 1967).

5¢3 Cross-sections

The cross-sections for the various final states investigated
and the numbers of events upon which the cross-section determinations
are based, are listed in Table 10+ 'The nu.mbers‘l of events shown in
the table have been corrected for scanning losses from a knowledge
of the average scanning efficiencies ~ 95% for 1 V° and ~ 98% for
2 V° evemts. For the determination of the cross-sections the sources
of error considered were the uncertainty in the density of liquid
hydrogen (c.f. section 3.13) and the uncertainty in the number of

events due to the ambiguities present. To account for the unobserved

decays in the various channels the following corrections were made:
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(1) Ko decays have been weighted by a factor of 3 in order to
account for the IPT° and K2o decay modes.

(11) To correct for unseen A°, a weighting factor of 3/2 was used
because 5 of all A° decay via on - PIl" ( v stands for
'visible').

(iii) The cross-section for the reaction II*P - PKPRONY was determined
from the observed number (Nl) of events with two visible X°
decays and the observed number (N2) of events with one visible
K° decay. The method of calculation was as follows: (the

symbols v and i stand for visible and invisible).

1\I(Klv Klv) = 1\Il (1)
NG, Kyg) + NG, ) = N (2)
In a K.I.Kl system the probability for the visible decay of
the K. is % and that for the unseen decay of the K 4 18 % 80

1v 1
that the number of events in the K1K1 channel is given by

N(KlKl) = 3/2, 3/2. N

From this the number of Kl Kl events is
v 1i

NI K)o = 25 3 NKK) = 0
Then from (2)

N(K, K) = N, - N
so that

NKK,) = 3/2 (N, - ;)



(iv)

Furthermore

MK, = NGK)
Thus the total number of events N(KK')
is given by

NEE®) = N(KK) + NEKK,) + NEKX,)
Hence the cross-section o(K°K°) is calculated from the
relation,

o(KK°) = 20(KK ) + o(KK,)
where O(K__‘_Kl) and U(KlKe) are calculated as above from Njand N..
The cross-section for the APK® channel was calculated in two
different ways:
(a) A weighting factor 3 was used for all events with K, B

and. KlvAv

(b) Events with AK , and AK  were weighted by a factor 3/2.

The cross-section listed in the table 1s the weighted average of

the two values obtained on the basis of (a) and (b).

All events fitting both the A° and ° hypotheses were assigned to

the A° chamnel. Events giving unambiguous I° fits have not been

included in the liste.

The cross-section for the channel NP - PIK¥™ has been

estimated on the basis of the 309 events whlich gave an unambiguous

LC fit to the above channel in a sample of 24000 four prong events.

Thirty-seven events which were ambiguous between the above

channel and the PIYIIYIT channel (6004 events) were not included



Cross-Sections of Strange Particle Productions

TABLE 10

(Corrected for unocbserved decay modes)

98.

This eriment Other Experiments
Resction (5 GeV/c) Cross-sections (ub)
Number of |Cross-section () (%)
Events ub 4 geV/c 8 GeV/c
ittp -
(1) (a°/=° )t % 667 8111 35T
(2) (a%/£° kit 185 13049 148216 76412
L(3) (A%/£° ket 158 82ot8 9110 76111
(1) Px'R° 37 538 §3+11 3428
(5) Px&°n° 89 105£11 50+14 69+17
| (6) PKOKCMt 9 7812 87+1k 88+16
PKEK._‘EI["’ oB5
P OKZI["' 2047
(7) ok ROt TL 86£10 80£16 65+18
(8) et 309 109+27

(*)  Asachen-Hamburg-London-Munchen collaboration: N.C. 43,1010 (1966)

(**) CERN-CRACOW-WARSAW Collsboration : Phys. Letts. 22, 109 (1966)
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The amount of 0.6% of such an ambiguity is in good agreement with
the percentage predicted by Fake calculations.

Agein, Fake calculations suggested that sbout 1% of the Monte
Carlo events of the type II''P - PMHITTC give spurious fits to
the PIIKY™ channel. So, in the sample of about 6300 PIHrfrm® events
in the present analysis one would expect 63 events giving rise to
the spurious fit. Since in the analysis 4C fits were chosen in
preference to 1C fits, a contamination ~ 20% is estimated in the
sample of the selected PIIK*™ events. The cross-section has been

corrected for this contamination.

5.4 Estimation of Resonances

To look for the production of resonances in the various AK
and KK chamnels, the two particle effective mass distributions for
the various final states are glven. The cross-sections for the various
resonances have been determined by counting the excess of events in
the peak regions over an estimated smooth background. Monte Carlo
events for the various fi'r,].a.l states were generated by FOWL (c.f.
section 3.14) to obtain tlr:e phase space predictions for the various
mass distributions. The smooth curve in each of the plots is the
phase space distribution normalised to the experimental histogram
outside the peak regionse In the analysis the following mass limited

for the Y*(1385) and K*(890) have been used:
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¥* : 1325 to 1450 MeV

K* : 825 to 950 MeV

5«5 Resonance Production in the AK channels
(1) The reaction I*P - A%kt

In this reaction a strong production of Y1*+(l585) is observed
in the APt effective mass distribution which is shown in figure
49. The small enhancement centering at about 1760 MeV may be due
to the Yl*+(l765). An estimatedexcess of events over the background
indicates that (20%* 2)% of the reaction proceeds via the quasi two-
body state

(a) W' - Y *+(1385) K

The do distribution for the reaction (a) is shown in figure 50.

Recef.lzly, Eysel et al (1967), absorption model calculations have
been made for a number of quasi two-body states (see Feymann diagrams
in figure 51) in vwhich the effect of the finite width of the resonances
has been included by multiplying the stable mass cross-sections by the
appropriate Breit-Wigner distribution of the mass of the resonance.
The results obtained for the reaction ebove in which K* exchange is
assumed are reproduced in figure 50.

It is seen that the experimental distribution is peaked much more
strongly towards lower |t| values than is predicted by the absorption

model calculation. The influence of the absorptive effects introduced

by the authors is less drastic than is suggested by the experimental
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distribution. This behaviour of the absorption model in its present
form has been shown to be present in other cases for which a vector
meson exchange has been assumed.

The experimental distribution in figure 50 can be fitted by a
simple exponential of the form e-a'ltl for valug of |t| > 0.2 (Gev/c)?
vhere a is found to be 3.2 (Gev/c)'a. ™is is shown by the dotted
line.

(ii) The reactions:

(a) wtp -~ ACKOmhrt
(b) e » A%Hrie

Both the reactions (a) and (b) are dominated by strong production
of Yl*+(1585) and K*+(890) , and so they are discussed together.
Figure 52(a) shows the triangular mass plots, M(A°HY) versus M(x%i¥),
with two points per event, for the rea.'ction (a)e Figure 52(b) shows
the triangular mass plots M(ACIHY) versus M(KHP) for the reaction
(b)s The projections of the (A°HY) mass on the corresponding mess
axes for the two reactions are shown in figure 55(&.) and figure 53(b)
respectively. The projections of the (K°IY) mass and the (XHC) mass
for the two reactions are shown in figure 54(a) and figure 54(b).

As can be seen from the figures Yl*+(1385) is produced at about
equal rates in the two reactions. The cross-sections for the
production of this resonance were determined to be (26 = )-l-)ub in the

reaction (a) and (33 * 5)ub in the reaction (b).
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*
The K +(890) is seen to be produced more strongly in the
reaction (a) than in the reaction (b). From isospin considerations
*
one would expect that the K"+(I, ]'3 = %, + %) decaying into
*
I['" mode will be produced at twice the rate of K *
=n) ¥ 13 %)
decaying into the i K 1y mode. The partial cross-
(1,=0) ™ (I,=3)
sections of the K (890) in the two reactions were determined to
be
*
o (K F - m%°) + 5)ub
*
o (K +Tk*) = (25 6)b

These determinations are in good agreement with the ratio 2
expected from the isospin considerations above. The total cross-
section for the reaction NP -» ACMK *+ is estimated to be (6918 ) ub.

(iii) Quasi two-body production

In the two dimensional mess plots of the two channels

mte -+ A%KCmirt and fp -~ A%k
(Figure 52) an accumulation of events is observed in the region in
which the bands of K T(890) and Yl*+(1585) overlep, giving the
evidence for the quasi two-body reaction

e - Yl*+(1385) K ¥(890)

in both channels. To show this more clearly in a larger sample,
the two channels have been taken together and a selection of events
has been made under the restriction that one cambination of the
(A°TY) mass lies in the Yl*+(1385) band defined as 1330 < M(A°It)<
1440 MeV. In the combined sample of the two channels 114 events

satisfy this restriction. The (K]I)"' mass distribution for these 11h
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events 1s shown in figure 55 The K*+(890) is seen in this plot
with little background. From this plot the number of events
contributing to the double resonance production is estimsted to be
33+l and the corresponding cross-section is estimated to be (2116).
Besides the K T(890) pesk & small enhancement is cbserved which
centres at about 1425 MeV. This could be due to the presence of
the K*-"(l’+20) if not due to same kinematic effect imposed by the
restriction.

Application of the Absorption Model

*

As in the case of the reaction I''P - Y, +(1385) Kt discussed
in section 5.5(1) it is of interest to compare the predictions of
the absorption model calculated by Eysel et al (1967) with the

*
experimental 4o distribution of the reaction It - Il +(1585)

K*+(890). m:tlomst mass that can be exchanged in this reaction
is a K meson. The experimental values of d0 for this reaction has
been calculated under the assumption that Ee background can be
neglecteds The experimental distribution is shown in figure 5T7.
The smooth curve represents the predictions of the absorption model
as calculated by the authorse The shape of the curve is in good
agreement with the experimental distribution. However, it is
necessary to scale down the calculated values of % by factor ~ 8.0
t

before the calculations and the observations can be brought into

agreemente This, as stated by the authors may be due to uncertainties

*
in the value of the coupling constant for the PKYl vertex which is
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used in the calculation.

In the 8 GeV/c II'P experiment, the t-dependence of the same
reaction has been found to be in better agreement with the predicted
values, the scale factor needed being about 2.5 (Eysel et al, 1967 ).
It is thus evident that the discrepancy between the pxed.ictéd and
the experimental values is energy dependent.

The experimentel distribution in figure 57 can be fitted by
the exponential do = Const. e-altl amd g value, a = 2.0(_(}2\_!)'2 is

dt c

obtained.

The production of £+

The (T["Tlo) effective mass distribution for the reaction
I*p » A%KM® is shown in figure 56. The pt meson is seen to
be produceds The shaded histogram is the distribution for events
in which the square of the four-momentum transfer to the (I['"]IO)
combination is less than 1.0 (Gev/c)a. The p+ is seen to be more
pronounced which indicates peripheral production.

No other resonance is observed in this channel or in the
A°KCTIY chennel. The K(730) which has been reported in the reaction
Tt » ASKCIIY at 3.2 GeV/c by Cason et al (1966) is not observed
in the AK channel in this analysise

Table 11 gives the cross-sections of resonance production in

the various AK channels discussed above.



TABLE 11

Cross-sections of Resonance Production

in AX channels

105.

Channel Reaction Cross-section
(ub)
Aokt TP - Y;+(1385) x+ 1hah
L. port
P - Y:_+ K'T° 335
L. porr+
I e - A°I["K*+(89o) 2546
L ke
mte - A%kt 13k
L. o
e - Y1*+(1385) Ko 261l
Aot .
e -+ A°TX F(890) hzs
. ket
A°xrhe
e - Yi+(1385 )X ¥(890) 2146

A%t
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5.6 Resonance production in the KK chennels

The resonances observed in the various channels discussed in
this section are the N +(1236) , K*(890) and the A2+. Evidence
is also found for the Y*o (1520), © (1019) and .K(T730).

(i) The reaction I*P - PK'R°

The K+I-{° effective mass distribution for this reaction is shown

in figure 58. A broad enhancement centering at about the A, mass

2
(1310 MeV) is observeds The shaded histogram is drawn for events
in which the squared four-momentum transfer to the K'R° combination,
|t] < 1.0 (GeV/c)?. The enhancement has been interpreted as the KK
decay mode of the A2. An estimated excess of events above the smooth
background drawn in the figure gives 8th pvents. This leads to a
cross-section of U(AZ - K+I-{°) of (11#6)ub. This result has been used
to calculate the branching ratio

A, - KK

K, = N = (9 = 4)%

(cefe section 4e3d).
(i1) The reactions
(a) P » Pl
(b) I*p » pPrix°g°
The prominent features of the two reactions are the production
of N*H(1236) and K*(890). Both of them are produced preferentially
at low momentum transfer. The N*++(1236) is produced more strongly
in (a) than in (b). The two other reactions of the ebove type

namely,
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e » pk*%°® ana P - nrkkKR°
do not show any significant resonance production.

Figure 59(a) shows the PIIT effective mass distribution for
the reaction (a) and the corresponding Chew-Low plot is shown in
figure 59(b). The N*++(1256) shows strongly and particularly at
|t] < 1.0 (GeV/c)?. Te Kt effective mass distribution and the
corresponding Chew-Low plot for this reaction are shown in figure
60(a) and figure 60(b). The shaded area in the XK N mass distribution
corresponds to events for which the It does not form a PNt effective
mass in the N ' band which is defined as 1120 < M(PIY) < 1320 MeV.
The K*°(890) is more significantly observed in the shaded histogram.
The Chew-Low plot shows that it is produced preferentially at low
|t| values.

For the reaction (b) the Pt effective mass distribution and
the corresponding Chew-Low plot are shown in figure 61(a) and
figure 61(b). The I\T*H(l256) is seen to be produced predominantly
at low momentum transfer in this reaction. The KPIIt effective mass
distribution and the corresponding Chew-Low plot for this channel
are shown in figure 62(a) and figure 62(b)e The shaded part of the
histogram corresponds to events for which the Pt effective mass
does not lie in the N* band defined above. The K*+(890) observed
here is also seen to be produced preferentially at small momentum

transfer.
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The smooth curves drawn in all the mass distributions are the
statistical phase space predic{ions normalised to the smooth background
outside the peak regionse The cross-sections for the N*++(1236)
and the K*(890) in both the reactions (a) and (b) have been
estimated by counting the number of events above the calculated
background. The values of the cross-sections are given in Table 12

(iii) The X(730)

An enhancement known as the Kappa in the KII effective mass at
about T30 MeV has been reported in a number of experiments; the
recent ones are the NP experiments at 8 GeV/c (Brandt et al, 1966)
and at 3.2 GeV/c (Cason et al, 1966).

The nature of the Kappa enhancement is not yet clear. It is not
certain whether the Kappa is a resonance which is produced in an energy-
dependent production mechanism or whether an energy dependent Kinematic
effect is responsible for the Kappa peak. This is because, although
the Kappa appears at sbout the same mass and width in many reactions,
it does not appear in many of the same reactions at somevwhat different
energies.

In the present experiment, the evidence for the Kappa is shown
in the XNt effective mass distribution (figure 60(a)) of the
channel T*P - PIYK*~. A narrow pesk at the position of the k(730)
is observed which becomes even more pronounced after removing the
N*++ events (shaded histogram)e No evidence for the Kappe is seen
in the PKUR°It channel (figure 62(a)) and this is in agreement with

the result reported at 8 GeV/c I''P experiment (Brandt et al, 1966).
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If the Kappa 1s considered as a real resonance with isospin

*
of I= %— (i.e. the same as the K ) then from isospin consideration

it is expected that the Kappa (as well as the K*) should be
produced in the channels PIYK'K™ and PK*RCI® with a frequency of

2 to 1« Therefore, for comparison, the K NI° effective mass
distribution is shown for the chamnel PKTR®ICin figure 63(A). The
distribution in figure 63(B) corresponds to a cut in the square
four-momentum transfer of |t| < 1.0 GeV®. From figure 63(A) the
cross-section for the production of the K*°(890) is estimated to
be

o(K'C KT = (6% 3)b

corresponding to (5 * 2) events. Twice this cross-section is in

good agreement with the value
*
o(K°-+kTH) = (13 3)w

obtained for the PIKY™ channel.

The relative number of events in the Kappa region as seen in
figure 60(a) and figure 63(A) for the two chennels is within the
large statistical error also compatible with the expected branching

1

ratio. Thus it appears that the Kappa production is observed in
the PIIK¥™ channel

(iv) Production of the $(1019) meson

The conclusive evidence for the ©$(1019) meson was given by

Connolly et al, (1963) in the K™P experiment at 2.24% and 2.5 GeV/c.

By analysing the channels K"P - AK°R® and KP » AKT™ they observed
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an enhancement in the KK mass distribution. That the observed
enhancement, though produced so close to the threshold was a
resonance and not an effect of a final state KK scattering was
quantum

proved by the authors who also determined the ..a.l.ua%m(numbers
of the ¥ From the observed branching ratios of the decay modes,
the C-parity of the ¢ was determined to be -1.

For a neutral K°E° system, the charge conjugation parity C
and the space parity P are related as

C = P = (-1)Jz

A C = -1 assignment for the ® produced in the K°R® chamel allows
the decay mode @ - K1K2 only and forbids o - KlKlor K2K2 (Ma.tthews,
1963). The production of the ®(1019) meson in the K°K® and K'K
channels in the present analysis is described below.

Kk°R° Channel

Figure 64(a) shows the two dimensional scatter plot M (Pmt)
versus M(X°R®) for the channel PI¥K°E° and figure 64(b) shows the
projection on the M(X°K®) axis. The shaded area in the K°R® effective
mass distribution corresponds to those events in which only one x° is
seen to decay in the chamber. The ¢ is seen to be produced with
little background in the shaded histogram. The nature of the
distributios show that the background estimation under the ¢ pesk
is uncertain to a large extent. An estimated excess of the number

of events is (5 * 3) above the phase space curve. This curve has

been normalised to the number of events outside the peak region for
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the unshaded histogram. The corresponding cross-section for
production of the ® is (3 £ 2)ub for events of the K1K2 type.

KK~ Channel

Figure 65(a) shows the two dimensional scatter plot M(PIY)
versus M(K"K') for the PO~ chennel. The projection for the
XtK~ effective mass is shown in figure 65(b) in which a narrow
peak indicating the production of ®(1019) is observed. The
partial cross-section for the ® in this channel has been determined
tobe o(®-»K%X") = (4% 2) yb. The total cross-section for
the reaction I'P -+ PII™® with the ¢ decaying into KK, or K¥~ is

determined to be

o (0= KK) = (7% 3)ub.
. W 4ot .

Since both the N ' (1236) and ®(1019) are seen to be produced in

=0 + - R . .
the X°R° and K'K~ channels an indication for the quasi two-body

. * e . .
reaction TP - N '@ was locked for. The scatter plots in figure
6L4(a) and figures 65(a) do not give any indication that the & is

*

produced preferentially in the N band. One can only estimate an
upper limit of the crossesection. The upper limit to the cross-
section of a resonance is defined as the value obtained by ‘taking
twice the square root of the number of events in the mass region
of the resonance and which corresponds approximately to a 95%
confidence limit. On this basis the upper limit of the cross-section

*
for the double resonance N ++¢D is estimated to be

o (F ) < 3 ub.
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This value may be compared with the upper limit of 4 pb which
has been quoted for this process in the 8 GeV/c NP experiment
(Brandt et al, 1966).

(v) Production of the Y:: (1520)

In the PM*X*X™ channel the Yz (1520) is observed in the PK™
effective mass distribution shown in figure 66. The shaded ares
in the figure corresponds to a cut in the squared four-momentum
transfer of |t| < 1.0 (GeV/c)2. The figure shows thet most of
the YZ(1520) is produced at low momentum trensfer. The cross-

section has been determined to be
* -
o (Y - PK) = (112 3) ub.

Except for statistically insignificant enhancements at their
* *
expected mass value the Yl(l660) and. Yl(1765) which are known to
exist have not been seen in the PKO or PI-{0 effective mass distributions
of the channels PIX°K° and PKK°1C.
The cross-sections of the observed resonances in the various

KK channels are listed in Table 12.
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TABLE 1P

Cross-sections of Resonance Production in

KK Channels
Channel Reaction Cross-section
(ub)
PK R P » P A; . 1126
5 «*g°
P - 1ir*++(1236) K°&° 16k
- Pt
PKORCmt e - PK°I|{*+(890) 1745
- Kot
mtp - PII"'T %0
0., O
» KKy
P - 1|I*++(1236) KK 4110
- Pt
P - PR ©(890) 1313
Pt L o
e -~ ¥ °(1520) ¥ 1143
- PK-
e - prto )
L«
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CONCLUSION

In this thesis an account has been given of the production of
resonances in the following chennels of 5 Gev/c I*P interactions:
(a) 1% - Pt
(b) I*p - Pt
(c) e - Pkt
. o
(a) I*P - o-prong + 1 or 2 visible V° decays.
*
In channel (a) a strong production of the N H(1236), p®
and a significant amount of the £° and A; mesons are observed. The
Al signal is not detected in this analysis. Asymmetry is observed
in the decay of the £°.
¥
In channel (b) besides a strong production of the N ' (1236)
and o’ » the p meson in its three charged modes, the AZ -+ pll,

A+ -» 'qI['"a,nd. the B+ -+ ollt are also observed. The fact that the B+

2
signal is improved when selecting events corresponding to its large
decay angles (i.e. |Cosew| < 0.5) supports the assumption that
the w and II are in a relative s-state.

In chennels (a) and (b) there are significant contributions
of the quasi two body states II'P -» *Hpo, T -+ N e and
e N*++n°. The strong peripheral nature of these reactions
should make it possible to obtain a pure sample of each in order
to study the predictions of a theoretical model such as the

absorption model. This model has met with some success in interpret-

ing the first two of the above reactions in the 8 Gev/ c It experiment
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(A-B-C Collaboration, 1966).
-
Te relative cross-sections of the AZ - p I and AZ - p°I[+
which are observed are in agreement with the values expected from

the assigmment of isospin I = 1 for the A, meson. The decay

2
branching ratios of the A, for its 7l and KK decay modes relative
to the pIl' decay mode are comparable with the values quoted by
Rosenfield et al (1967).

In the strange particle channels (c) and (d) the calculated
values of the cross-sections support the observed trend that the

‘/Ki cross-section is smller than the Mcross-section (Brandt et
al., 1966)c The resonances observed in the various channels are
the N*++(1236), Y; (1385), K*(89o), ©(1019) and Ay~ KK, Besides
these the production of the h’(730) is also observeds The %—T—EI
distributions of the two-body states I*P - Y;+(1385) K’ and
e » Y.:_+(1385) K*+(890) have been campared with the predictions
of the absorption model as calculated by Eysel et al. (1967). The
calculated and the experimental values are hardly in agreement with

each other.
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