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An wuvpe: ment has been desc:lbed in which the
interactions ol posltive piomy in a hydrogen bubble
chambe. hove been evamined. four ipes of ilnveatigution
bave been fo.iowed.

++ The geunerai behavicur oi .nteiactions in which
iour positively chargs& seconda.y pavticles sve produced
Las been desciibed. The cicosesections for thece
inve actione and oy ditrfe:ent finsl states bave baen
pessured, snd thess have been Lound to be in ssasonable
g eoment with thosze Jound :n othe:r expe.iments at
difievent inc.dent plon momentum. An esuzaminstion
has been made ol the resonance p:cduction in eactions
lesd .ng to the most vommen final stetes. Again, the
sesults zre b sg o eement with those irom othe
gupevigants.

<. The quasi-two-body iuteractlons:-

wp —> H)( — o', po(— L

P — § (¢ —ap. W — NN,
have been studied using the Getti:ied~Jdackson method
¢y anaiysis. The spin density mat: x elements: obtained
in this expeérigent axe in sgreesent with the sbso.ption
model Lo0: the [i:s5t of thewse .eactions, dbut in poo:
sgieensnt for the secoad rescticn, as hos alszo been

Jound n othe: expsriments.




-« The decay angular distribution of the B"
meson has been examined. The observed distribution
is consistent with a JP assignment of 17. |

4, Different decay modes of the A, meson have
been observed, and 2 sample of two pronged events
with at least one visible V° decay wae examined in
order to observe the KK decay mode. The observed
branching ratios are in agreenent with those observed
in other experiments. The recent Suggeétion that
the:'e may be more than one resonance with a mass in
the region of the A, mass .. . has been investigsted
by examining the /v and the EK decay modes of the A,
seﬁératel . The observed characteristics of the
’two decay modes iz consistent with the assumption
that only one meson exists with a mass in the region

of 1.: GEV#Czn
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This thesis is an account of the work carried
out by the author whilst at the University of Durham,
and is concerned with the interaction of positive
pions in a hydrogen bubtle chamber. The experiment
described hzre is part of a larger experiment on the
interactions of 5 GeV/c positive pions with protons
being carried out by the High Energy Nuclear Physics
Group of the University in collaboration with groups
in the Universities of Bonn, Nijmegen, Paris (Ecole-
Polytechnique), Strasbourg and Turin.

The author has been concerned with the exposure
at CERN, the scanning of the film, and a considerable
part of the analysis of the events measured in
Durham, as well as with the analysis of the complete
sample of events. Specific contributions by

his collaborators are indicated in the text.
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INTRODUCTION

Since the construction of beams of pions at
high energy, a considerable amount of work has been
done on the interaction of pions with nuclei, and
much has been learnt ébout the strong interactions
of matter as a result. The bubble chamber has been
shown to be a particularly useful tool for the study
of these interactions in that a permanent record of
the events is made on film. Especially has it been
found to be so for interactions in which a few particles
are produced in the final state. It is found that a
large proportion of such interactions proceed via the
production of resonances which subsequently decay into
two or more stable particles. A large number of
resonances have been discovered over the last few years
and investigations have been made to determine their
properties and to classify them. The type of interaction
which lends itself most easily to a theoretical approach
is that in which two particles or resonances are
produced, and several theories have been put fo;ward
to explain such interactions. These theories have
been examined experimentally with some success although
there is yet no theory which satisfactorily explains
all features of two-body processes.

In chaﬁter 1, a review of the strong interactions

of elementary particles is given. The properties of
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resonant states, and how they are determined
experimentally are discussed, together with the
main theories put forward to explain two-body
processes, and their predictions.

In chapters 2 and 3 are described the exposure
which took place at CERN, the scanning and measurement
of the film, and the method by which the measured
events were analysed.

The remaining chapters are concerned with the
experimental results. In chapter 4, the preliminary
results are discussed, and the checks made on the
consistency of data from the several laboratories
are described. Chapter 5 contains a survey of the
production of resonances as observed in four pronged
interactions, and in particular, some two-body:processes
are examined in the light of some of the theories
reviewed in chapter 1. The final chapter is concerned
with an examination of the A, meson. A determination
of the branching ratios into its different decay modes
is presented, and the hypothesis that there exist

two resonances with very similar mass to the A, 1is

discussed.
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CHAPTER 1
REVIEW OF THE INTERACTIONS OF ELEMENTARY PARTICLES

Of the three types of interaction which are
important in the study of eleﬁentary particles (strong,
electromagnetic, and weak interactions) it is the
strong interactions which are mainly of interest-here.
Firstly the general properties of interactions are
briefly described. Secondly, the quantum numbers of
particles and resonant states which -.arise- from the
invariance of physical processés under certain
operations are discussed. Finally, the more important
theories on the mechanisms of two-body interactions
are described, and their experimentally observable

predictions are reviewed.
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1.1 General Properties of Strong Interactions

Fig 1 shows the variation of the total cross-
section and of the cross-section for elastic scattering
inm*p interactions, as a function of the energy of the
incident pion. At higher energies, (fig. 1(a)), it
can be seen that the total cross-section appears to be
tending towards a constant value. The elastic
scattering cross-section also seems to tend towards a
constant value, about one fifth of the total cross-
section. A similar behaviour is also observed in the
cross-sections for the interactions of other incident
particles although the limit of the cross-section at
high energy may be different for different incident
particles.

At lower energies on the other hand (fig. 1(v)),
gquite rapid variations in both the total and the elastic
cross-section, are observed.

The peak in the elastic scattering cross-section
at the incident pion energy of 196 MeV has been
interpreted as being due to the production of an
intermediate resonant state, the N*(1236). Other
variations in the elastic scattering cross-section
can also be interpreted as resonant states.

The N*(1236) resonant state is also observed to
be produced strongly in interactions in which pions

are produced in the final state. The resonance decays
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to p"+, and is observed to have an invariant mass

in the region of 1236 MeV/c2. Other resonances are

also observed to be produced in interactions, including
the meson resonances, of which several are observed in
this experiment.

At lower energies, a large proportion of interactions
proceed via the production of two particles or resonances,
which may decay to produce final states of more than
two particles. At higher energies, the proportion of
interactions which proceed in this way decreases, and
some three or more body processes take place. Even if
the momentum of the incident pion is as high as a few
GeV/c, a considerable proportion of the interactions
resulting in the production of several particles is
the result of two-body processes. The interaction
wtpepr it at 5 GeV/c can be quoted as an example.

The following two-body processes are observed to take

place in 31% of the interactions.

2u% 1r+P - N P°
Lqmj 1—9 s
5% wtp —» N' $°
L’pr"' L"n‘+ T

25w’y —» pA"
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The remaining interactions are the result of
three-and four-body processes.

As the energy of the incident particle is increased
the threshold for new processes is passed, and the cross-
section for these processes must increase. The fact
that the total cross-section approaches a constant
value at high energies means that the cross-section
for a particular interaction should decrease with
increasing energy due to the introduction of coumpeting
channels. This decrease is in fact what is observed
experimentally, as for example in the reactions K+b->
three particles shown in fig.2.

1.2 Conservation Laws

The interactions of elementary particles are
limited by a number of conservation laws. The
conservation of momentum, energy and angular momentum
are well known. To every particle may be assigned
guantum numbers and there are selection rules for
the interactions of particles in terms of these
guantum numbers. That the gquantum numbers electric
charge and baryon number are conserved in all
interactions, and strangeness in conserved in strong
interactions, is well known. The conservation laws
governing other quantum numbers and some of their
consequences in the study of resonances are discussed

here.
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1.2.1 Spin and Parity

The quantum numbers spin (J) and parity (P)
may be assigned to any particle. For any system of
two particles moving with a relative orbital angular
momentum, 1, the composition of the spins of the two
particles and of 1 to obtain the overall angular
momentum of the system is governed by well known rules.
The parity of a particle or system of particles, the
property that the wave function remains the same (éven
parity) or changes sign (odd parity) upon spatial
reflection is also observed to be conserved in strong
and electromagnetic interactions. The fact that parity
is conserved enables one to assign this quantum number
to pafticles. The parity of a system of two particles

which have intrinsic parities PA’PB is given by

1
PA.PB.(—1)

As an example, ip can be seen that for a system
of two pions, the JF of the system can be O+,1—,2+,
etc. The conservation of angular momentum and of
parity would therefore forbid the decay of fKJon-)
to two pions in either strong or electromagnetic
decays, and indeed, the 7‘ does not decay in this way.
1.2.2 Isospin

The fact that there are groups of particies which
have very similar properties (such as the two nucleons

or the three pions which have similar masses and
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similar strong interaction cross-sections) suggests
the assignment of a gquantum mumber isospin (I) behaving
in a similar way to ordinary spin, in that there are
21+ possible states of alignment. One can follow
analegy between isospin and spin further by writing

the commutation relations:
r 21_. . _ .
[1,,1%]=0 [Ik’Ij-] T

where Ik’Ij’IL are components of isospin. It is
from these same commutation relations for ordinary
spin that the rules for the addition of angular
momentum are obtained, in the form of the Clebsch-
Gordan coefficients, It therefore follows that the
same coefficients must also apply to isospin. The
fact that the Clebsch-Gordan coefficients are observed
to be valid for the composition of isospin indicates
the conservation of isospin in strong interactions.
1.2.3 G-parity

The G-parity operator has been defined by Michel
(1) and by Lee and Yang (2) as,

@ =ce™. I3
where C is the charge conjugation operator. C

has an eigenvalue only for neutral mesons, and it was

shown by Lee and Yang that for a neutral meson,



@ =c (-1),

and G can then be defined for all members of an
isospin multiplet by its neutral member.

It was also shown that, if G-parity is conserved
in interactions, a state consisting of an odd number
of pions could not be transformed into a state with
an even number of pions and vice versa. Thus the G
parity of a meson can readily be determined by the
number of pions produced in its strong decay. As G
is related directly with isospin, it is only conserved
in strong interactions. The conservation of G-parity
therefore forbids such decays as p — 3mor w*—» 27. The

»’(@= +1) is also forbidden to decay strongly to
three pions by this rule, and because, . as has already
been mentioned, the decay to two pions is forbidden
by parity, the 7°can not decay by strong interactions.

The decay of a meson to two pions or to KK is of
particular interest in the assignment of quahfum
numbers to mesons. If such a decay occurs with

orbital angular momentum, 1, then

G = (_1)1 +I

As an example, the B meson which has G = +1 and
I= 1 can only decay to two pions or to KK if these

are produced with 1 even.
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1.2.4 G-parity of KX system
Lee and Yang defined the G-parity operator for

the kaons thus:

x* [ X° ]
. K® _ “K
K° x*

| K| _-K° |

It can be seen that a kaon is not an eigenstate
of the G-parity operator, so a kaon can noet have an
eigenvalue of G-parity. It is possible to construct
16 states of two kaons, of which eight have strangeness
S=0. It was shown by Goldhaber et al.(3) that it is
possible to construct from these eight states, linear
combinations which are eigenstates of 13 ( charge),
I and G. These states are listed in table 1. Thus
if a meson decays by strong interaction to Kﬁ, it
does so into the @ppropriate one of these states. It
is also known that K° and X° are not observable states
of decay themselves, but KS and KL’ the short and

long-lived modes are, and it can be written:

K= 1V J7 (KiK) and B = /T (K5-TK))



[ Ty - mxmxl‘,x-xl..xt.luﬁ_ _”t.-z —odod = ¥ = N yu =]/ o)
¢
Sy 1= T Sy LS R PR R Y] _..+g|,_+.v_ N o od — A =] 2/ 0o
_”mx._x_+._v_ Sy —3 +-x+x|g~: _H+x|x+ox..&ﬁ &.x+-x+x|”_~: i o
+
_”Jv_._v_+mxmv_++x L_Iu.x...xl“_«: _“+xuxlov_wu+.&oz +-x+x|“_~: )
_HJV. 1= Su_w—_x 'y _+|xmx“_ z/N- _”ox = om_ 2n- )
+
—I
_HJV_ S+ S0 +|xmx“_ zn- [o% -n +0 0] 2fn- I
_”t_d_ R e +x”_ z/ _”t_ ol — olxt_u_ Zrn N
| +
_”t_._v. L= XS5+ |mz+xu_ 2/ [on 2 + Q] i
NOILDONNd 3AVM AVO3A |NOILONNd JAVM NOILONAOUd U. =&
5 aNv 167 30 SILVISNIOIT I EERLLZ
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Thus if the decays of the kaons produced by the
meson are to be observed, the wave functions must be
written in the second form which is also shown in the
table.

Consider for example the decay of the A2 meson,
which has I%= 17, to XK. The wave functions for
the three charge states can be seen in table 1, together
with their decay wave functions. It can Te seen that
the decay of the neutral kaon from the decay of the
charged A2 is observable equally in the two modes, as
expected. It can be seen however that the decays of
neutral kaons produced by an Ag ar¢ correlated, and
the decay mode Ks KL is not an observable state.
Further, the decay of the A,‘? to KK is observed in the
three forms KK, KoKy, end K K. in the ratio 2:1:1.

1.3 Particle Clagsification

Attempts have been made to arrange particles into

‘groups having similar properties. The grouping of

particles into isospin multiplets has already been
discussed. Work by Gell-Mann (L) and Ne'eman (5)

led to the classification of particles into SU3 groups,
all particles in a group having the same spin and
parity but differing in the third component of isospin
and the hypercharge (defined as baryon number +
strangeness). Thus the groups N, A, £,= and

m,v°, K,K form the 1/2"baryon octet and the O meson

octet respectively. The particular success of the
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theory .was the prediction of the $X to complete the 3/2*
. x - XK
decuplet (with N* 3/2 (1236), Y, ® (1385), end = 2 (1530))

and it subsequent discovery by Barmes et al. (6).

The SU3 symmetry of elementary particles has been interpreted

by Gell-Mann (7) by the quark-model, in which the particles are
composite states of quarks which are assumed to have spin 1/2,
charge - 1/3 or +2/3, and baryon number 1/3. A meson is then
a quark-entiguark state, and a baryon is a state of three quarks,
the spin and parity being determined by the relative spins and
orbital anguler momentum, The symmetry has been extended by
Gursey and Radicati (8) on these lines to the SU6 group.
1.4 Interaction mechanisms

The simplest form of interaction is that in which two
particles are produced in the final state, where a particle
here is understood to include resonant states decaying to two
or more stable particles, It is natural then, in order to
understand the processes by which elementary particles intersct,
that two-body processes should be studied. The models which
are successfﬁl in explaining two-body processes could then be
extended to examine multi-body processes,

Fig. 3 (a) shows a Feynmann diagram for the reaction
AB9C4;D, The exchange particle, E, Shown on the diagram is
not essential for the first part of this discussion and can
for the moment be ignored. In discussing this reaction it is

useful to define the usual Mandelstam variables,
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5= (g, +95° = (g + 9p)°
t = (qC - qA)2 = (qD = qB)2
u = (qc - qB)z = (qD - qA)z

Where q 1s the four-momentum of each particle, the metric
being defined by q = (E,iB). The three variables are not
independent but are related thus:=

Sitau = mA? + mB2 + mc2 + mD2 (m = mass)

Thus, s is the square of the centre of mass energy of the
system, and t is the square of the four-momentum transfer of the
interaction. The variable u has no obvious physical interpretation.
The depéndance of interactions as functions of these variables is
examined in terms of different models,
t1.4.1 One particle exchange (OPE) model

The fact that reactions are observed to proceed
preferentially at low values of bU: suggests that interactions
take place by the exchange of a particle. On fig. 3 (a), this
is shown as the particle E, On such a model, the transition
amplftude contains the propagator term (m%' t)-1, and therefore
has a pole at t = mE2. This is in the unphysicel region, and
the model therefore predicts the observed peaking in t.. This
peak should be particularly pronounced if np is small, and one
would expect reactions taking place by one pion exchange to be

very peripheral.




-1 -

In an interaction of the type shown in fig, 3(a) the
exchanged particle is not unlimited. The usual conservation
1aw§valid for strong interactions must hold at each vertex, so
only those particles whose quantum numbers can satisfy the
conservation laws may be exchanged,” The transition amplitude
for the reaction is then the sum of the amplitudes for all
possible exchange processes,

Badier et al, (9) have examined the reaction:
Kp <kt=z"

If a meson were to satisfy thé conditions of the exchange
particle, it would have @ = 2, S =2 and such a meson is not
known to exist. If the reaction were to proceed by the exchange
of a baryon, on the other hand, the exchanged particle would
have @ = 0, S = 1., The only particle with simple quantum
numbers that can be exchanged is therefore & baryon., Moreover
if t is defined as (g * - qp)2 the usual peak at small
values of 111 is obserﬁed, in evidence of baryon exchange
mechanisms.

One consequence of the model for the exchange of a pion
(or some other spinless particle) should be mentioned. As the
exchange particle has no spin, no information about the
alignment of the angular momentum at any vertex can be transferred
to the other vertex. There should therefore be no correlation
between the production planes of the two vertices, nor any correlation

between the decays of the two particles produced, The fact that
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such correlations sre obsesrved indicates that the one
pion exchange model without modification can not
fully explain two-body processes.

Another drawback to the unmodified CPE model is
that, although there is gqualitative agreement with
the t-deprendence of inferactions, detailed agreement
with experiment is not obtained. The cross-section
is in general too high at larger values of |t}

One also observes that the t-dependence of
such processes as np~» N*w (w exchange forbidden)
and «wp - ppe (wexchange allowed) is very similar
at high energies. (See for example ref.10) The
energy dependence of interactions is also in
disagreement with experimental data.

1.4,2 Form factor modification of OPE model

In order vo account for the dependence of the
cross-section on +t, phenomenological form factors
were inbtroduced (11). The diiferential cross-section

would then be written in the form:-

. 2
T 9 o N O ARCEAT
at PAZS ACE - 75 (mg-t)°

PA, the momentum of the incoming particle, is

measured in the overall centre of mass system.
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%ACE’VBDE are terms for the vertices, and are
dependent on t.

™(t) is the form factor.

The result of including such a form factor is
that reactions with hizh values of lt\| are suppressed,
and the t-dependence preducted is in reasonable
agreement with the experimentally observed dependence.
The obvious disadvantage of such a model is that it
is only a phenomenological approach. Iin addition,
the form factor in only a function of t, so the
predictions of the decay anguldr distributions, and
the energy dependence remain the same as for the
unmodified OPE model.

1.4.% Absorption model

A modication to the OPZ model was suggested by
Sopoikovich (13) who postulated-interactions of the
initial and final states. The simples€ form of such
interactions is elastic scattering, as represented
schematically in fig 3(b). In this form, the model
was first applied to the reaction:- wp —?ppL

The model predicts directly a reduction in the
cross-section for high values of |tl, and the calculated
variation of 4 /4t agrees well with experimental
results.

The orbital angular momentum of a resonance
produced by a two-body reaction lies perpendicuar

to the production plane. That is, the component of
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the spin of a iinal state particle along the direction
of the incoming particle, in its own centre of mass,
is zero. ©On the basis of the simple OPE model, the
direction of the incoming and outgoing particles is
the same at the point of interaction and far from it,
and the above statement would be true if the direction
of the incoming particle far from the point of
interaction,

On the basis of the absorption model, however, thle
other matrix elements may become non-zero. Moreover
the model predécts the values of the spin density
matrix elements as functions of t and can be used
to test the model experimentally. Gottfried and
Jackson (13) have shown how the spin density matrix
elements may be determined from the decay angular
distributions for various reactions. For example

the decay distridbution of the p°is of the form:-
vJ(G,¢) = l'%-‘[/ou sin" 0 + Poo cos' 0 ~ /av,-l sin*Bcos 2P
~IT R pro sin20cos® ]

where § is the angle between the outgoing ay+
and the incoming particle.

¢ is the angle between the decay plane of
the,f and the production plane at the baryon vertex.

It should be noted that, because of the
invariance of the reaction under reflection, some

of the spin density matrix elements are equal. In
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addition because of unitarity the four elements in
the above expression are not all independent and one

has further that:-

Pw = ‘/1[“'/’09]

If the final state interaction includes spin-
exéhange scattering the conclusion from the simpe
one-pion-exchange model, that there can be no
correlation between the spins of the two final
products of the interaction, is no longer valid.
Indeed, the absorption model predicts such a
correlation and suggests a search for correlation
vetween the decays of the finzl state particles.

It is found that, for the exchange of a
pseudoscalar meson such as a pion, the agreement
between the predictions of the absorption model and
experimental results is good. The dependence of the
reactions on s and + are reasonably well accounted
for, and in particular the reaction «wp-»pp is very
successfully described by the model. The model
overestimates, however, the cross-section for
reactions in which two resonances, or a resonance with
J = 2, is produced. The correlation between the
decays, when two resonances are produced, agree well
with experiment.

For reactions in which a vector meson, such as
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p, is exchanged, on the other hand, the agreement
between the predictions of the absorption model and
experimental results is not good. The s-dependence
of the cross-sections is not correctly predicted.
The spin-density matrix elements, and their dependence

upon t, are in disagreement with experiment.

=iy

A further extension of the model is to include
inslastic processes in the initial and final state
interactions. An advantage is that unitarity can be
built into the model. This extension to the absorption
model retains the successful predictions of the
absorption model and, in addition, gives a proper
normalisation of cross-sections. The failure of

the model to explain vector meson exchanges svill

remains after this extension.

1.44 Rezzme Pole Model

In this model, reactions are considered in
terms or the exchange of a Regge: trajectory which
has gquantum numbers which satisfy the conservation
laws at both vertices. At high energy, the transition

matrix element is given by:-

-im g (E)

(s-u) & Lt) | e

T (s,t,u) = % ABr(t) Tsin wag (%)

sow0 T'Sj

The sum is performed over all possible trajectorie s
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and over all possible exchanges of spin. Nyis a
function only of the exchanged trajectory and is
therefore independent of the initiel and final state
particles. In practice, the reaction is dominated
by only a few terms of the above expression, and the
calculation: is further simplified if one studies
reactions in which only one or two trajectories may
be exchanged.

The model accounts well for the dependence of
cross—-section on.. s and t for both pseudoscalar
and vector meson exchanges. It does not however
make any predictions about the polarisation of the
final state, or about the decay angle correlations,
which is one of the successful features of the absorp-
tion models .

1.4.5 Optical todel

Experimentally, it is observed that, at high
energies, the diiferential cross-section of two-

body reactions can be expressed roughly in the form:-

For elastic scattering, it is found that a=l0 GeV 2.
For a large number of inelastic two-body reactions, it
is found that the slope of the distribution has much
the same value. (See for example ref. 10.) This

suggests a behaviocur similar to optical diffraction,
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in which a = (R/2)2, where R is the radius of the

interaction volume.
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CHAPTER 2

LXPuRTFENT AL, CONDITIONS

2.1 The Exposure

The exposure took place during February, 1965.
About 150,000 pictures were taken of the British
National Hydrogen Bubble Chamber exposed to a beam
of pions with a momentum of 5 GeV/c produced by the
" 02 beam. The pictures were divided amongst the
laboratories taking part, Bonn, Durham, Ecole-
Polytechnique (Paris), Nijmegen, Strasbourg and
Turin, aﬁd each laboratory was responsible for the
scanning, measuring and the initial analysis (i.e. up
to the preparation of the data summary tape) of
its own films.

2.2. The 02 Beam (14)

The 02 beém was bullt in the East Experimental
area of the CERN proton synchroton to provide beams
for the‘British National Hydrogen Bubble Chaﬁber.

The beam, 180 metres long contained both electrostatic
and radiofrequency separators, but for this exveriment,
only the electrostatic separation was used. The
layout of the beam is shown in fig. 4.

A flax of particles was produced at the target
using about 10% of the intensity of protons in the
sjnchroton, the production angle for positive
particles being 5.40. The particles pass first

through an iron tube, thus eliminating the effects
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of the field of the next synchroton magnet.
Horizontal and vertical collimators C1, C2 defined
the angular spread of the beam. The quadrupole
lenses Q1, Q2, Q3 refocussed the beam on the
collimators C3%, C4. The bending magnets M1, M2
produced a dispersion.of the beam so that the
collimator C% was used to select the momentum
of the particles. After the lens Q4 and the bend-
ing magnets M3, M4, there was again no dispersion
in the beamn.

From the collimator C4, the lenses Q4, Q6, Q7
produced a beam which was parallel in the verticel
plane. The electrostatic separation stage then
followed and the lenses @10, @11, Q12 produced a
verticadl focus on the collimator Co where the
appropriate .. mass of the peam was selected.

The lenses Q135, Q14, Q15 focussed the beam on
the collimators C7, CS8. The angular spread of the
beam was redefined by the collimator C9 and the
gap of the vertical bending magnet M7. The magnets
M5, M6 and the lenses Q16, Q17 produced a dispersed
horizontal image at the collimator C11, where the
momentum bite was redefined. This redefinition of
momentum was done in order to improve the purity of

the beam.
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The lenses Q16, Q17 produced a verticel focus
in the bubble chamber which was swept across the
chamber by a pulsed magnet. The bending magnets
M7, M8 were used to direct the beam into -the
bubble chamber.

2.3 Contamination of the beam

The contamination in a beam of pions consists
of the muons from the decay of the pions. In the
02 beam the momentum was reanalysed just before the
chamber by the bending magnets M5, M6 and the
collimator C11. Thus muons resulting from decays
of pions before this stage of the beam would be
stopped at the collimator C11 if their momentum was
sigriificantly different from the beam mémentum.
Only those pions which decayed within a few degrees
of the beam direction in the pion rest system would
produce a muon that would be acéepted at Cf1. Thus
one could assume that all.the particles leaving that
collimator were pions. All the muons produced
between this point and the chamber, a distance of
about six metres, would enter the chamber, and some
of them would be indistinguishable from a beamn
pion. At 5 GeV/c, the number of pions decaying
in its six metres of path before entering the
chamber is about 2.2%. The decision as to whether

a track is a beam pion or not on the scan table is a
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rather subjective one, and so the proportion of -
muons which would be accepted as a beam pion is
uncertain, but probably about omne third of the muons
would pbe rejected as being not a beam track. With
this assumption the muon contamination of the beam
would be 1.5%.

2.4 The British National Hydrogen Bubble Chamber

A simplified diagram of the chamber is shown
in fig. 5. The chamber itself has a length of
152 cm., is about 45 cm.. wide, and 50 cm. high.
The windows on either side are of borosilicate
glass with a refractive index of 1.523. The windows
are vprotected by a hydrogen shield and this is
Surrounded by a liquid nitrogen system to reduce
heat lost by radiation. The whole of this is then
suspended in a vacuum tank. The windows of the
hydrogen shield and of the vacuum tank are of a
'similar glass.to the windows and are respectively
25.5 and 16mm. thick. Thus the total thickness of
glass through which the chamber is seen by the
cameras is 19.65 cm.

The chamber is opérated with liquid hydrogen
at 27°K under a pressure of 6.3 kg.cm. the
pressure being reduced to 2.8 kg.cm?’ on

expansion. The signal for the expansion is received
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from the proton synchroton 30 ms: before the
particles enter the chamber so that when the beam
particles arrive, the hydrogen is fully mq@néﬁi.to
its superheated state. The expansion valves are
closed and the recompression valves opened after
the flash tubes have fired, thé hydrogén being
returned to its normal state in about 10 nms.

The beam is detected by a scintillation counter,
which provides a signal for the flash tubes. These
are fired 1 ms. after the particles have entered
the chamber so that the bubbles have grown to the
right size. There are nine flash tubes, arranged in
three groups, each group with a condenser lens so
that the chamber volume is uniformly illuminated.

The chamber is photographed by an array of-
three cameras whose lenses and film gates form
part of a rigid assembly on a cast metal plate.

The cameras have parallel axes and their positions
are shown in fig. 6, forming an ise®celes triangle
with a base and height of 48 cm. The cameras use
35 mm. unperforated film which is kept flat in the
film gatesby;%ucking it onto flat glass plates.

The chamber has a reference system of
fiduciary crosses ruled on The surfaces of the

windows which are in contact with the liquid. The

relative positions of the crosses on the same window
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are accurately known. A camera based fiducial
mark, an eight-sided figure around the image of the
chamber, is printed on the film through the glass
plates on which the film is held. This system could
be used to determine the relative vositions of the
cameras and of the two chamber fiducial surfaces. (15).

On each frame the 7ilm number and the frame
number were photographed, together with other
information not used in this experiment.

The chamber is surrounded by an electromagnet
which for this experiment gave a magnetic field at
the centre of the magnet of 13.46 kgauss. The
percentage variation of the magnetic field over
the chamber has been measured (16). This was found
to be the same for two different magnet currents
giving central field values on either side of the
value for this experiment, so it can be assumed that
the same field map is valid for this experiment.

The central value used here was determined from the
measurement and analysis of Vodecays.

There are some distortions of the image of an
event on the film due to the.optics and to the
development of the film. The correction of these

distortions is discussed later. (sect. 3.9).
2.5 Quality of the film

During the exposure, at the end of each film
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(about 1250 pictures), a small sample of film was
developed. This was checked for the bubble density,
the number of tracks per frame, and the general
quality of the picture. As a result of these tests,
the beam or the operating conditions of the bubble
chamber was adjusted if necessary. In addition to
these tests at the time of the exposure, further
tests were made on the quality of the film.

2.5.1 No-field filnm

One roll of film was exposed with the magnetic
field of the chamber switched off, and the film was
divided among all' +the laboratories taking part in
the experiment. The residual field of the magnet
was 4 + 2 gauss.

A sample of 95 beam tracks from this film, chosen
close to the axis of the camera to avoid difficulties
due vo optical distortions were measured on a precision
microscope. The film was set in the stage so that
the track lay roughly along the x-axis of the stage,
and for %0 equally spaced positions in the x-direction,
the displacement of the track in the y-direction was
measured accurately to about one micron: To each of
these tracks, a curve was fitted of the form:

_ 2
y=a,+8a x+a,x



In addition to fitting the curve to the complete
track, a similar curve was fitted to the first 20
points of the track, the middle 20 points, and to the
last 20 points. The co-efficients a, and a, depend
only on the positioning of the track in the microscooe
stage. The co-efficient a5 is, to a very good
approximation, given by:

&y = 1/2r, where r is the radius of curvature
of the track on the film.

For tracks in a chamber without magnetic field,
this should of course be zero, and for beam tracks
in the residual field of the.chamber 85 shouild be
+.2x 102 e, The sign of a, obviously depends
on the choice of axes but on this system if the
field were switched on, nositively charged tracks
would have as positive.

The mean values of a5 are set out in the table

below.

Table 2

points fitted a5 (cm

_’])

all 30 points |(-4.7 + 1.2) x 10~
first 20 points [(=6.7 + 1.5) x 1072

middle 20 points|(-6.7 + 1.9) x 102

last 20 points |(-2.3 + 1.8) x 1077




- 30 -

There is a significant bias towards negative
curvatu:e which is certainly not due to the residual
field of the chamber. The effect is slightly less
towards the end of the track. The result of this
bias on the measurement of a beam track would be to
overestimate its momentum by about 0.6%.

A possible explamstion. .- of this bias is that
there is some distortion due to motion of the chamber
liquid in the time betvween the entry of the beam and
the firing of the flash tubes (about 1ms.). Relative
motion of the liquid of a few cm./sec. would produce
an effect of this magnitude.

- To check the elffect of this bias on the measure-
ment and re-construction of tracks a further test was
made on the no-field film. 9% beam tracks which
interact near the end of the chamber were selected
and measured on a digitised measuring table (about 8
or 9 points per track). The tracks were re-constructed
by the programme Thresh (See section 2.9). The
corrections for optical and other distortions were
included in Thresh. The mean value of 1/£ where
f i1s the radius of curvature of the track in the
chamber was (0.7 + 0.3) x 1072 c¢m =7, The corresponding
value of a, is -(6 + 3) x 107 cn™ in agréement with
the values obtained by microscope measurements. The

standard deviation of 1/ was (2.7 + 0.2)x 10_5 cm _1.
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The systematic error (0.7 x 1075 ¢p=1) is rather
smaller than this, so its effect will not be very
important.

The maximum detectable momentum is defined to be
the momentum at which

1/9 = A(’I/‘o ). (A= standard deviation)

The m.d.m. is then 160 + 10 GeV/c.

2.52. Fiducial point measurements

The disadvantageg of the above test is that only
the no-field film can be examined, and if faults had
‘o¢curred at some other time during the exposure,
these would not be detected. The programme Reap
was used to calculate the quantities R,I gnd R2 in

each view for a few events measured in each film, where
2 _ 2
Ry = Cdy o/dig 060", Bo= Cdp e/ 4y 49

and.44,7 is the distance vetween fiducial marks
4 znd 7, and so on. The median of eaéh set of
values was taken to obviate error due to inclusion
of an incorrect measurement. The unit of digitisation

is different in the x- and y- directions on two of

the measuring machines so the quantities Rq and R2

are dependant on the measuring machine. To compare

films measured on different machines the quantities

$1985,85 were defined as follows;-
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o mean (R,,R, for view 2, R,,R, for view 3)

By = 172 1272
mean*(Rq,R2 for view 1)

and similarly for S, and S

2 3°
The distribution of these quantities is shown in

fig. 7, and the expected values of the quantities
from the known apparent positions of the fiducial
marks is indicated. The standard error of setting

on a fiducial point was iound by repeated setting on a

cross, and the corresponding standard error on S,,S

172

and S5 is shown. More care may have been taken

whilst testing the setting accuracy than would be
taken in the normal course of messuring events, so this
is probably an undereéestimate of the error. On most of
the films, there is reasonable agreement with the
expected values of Sp but the film H39A has values
which are in poor agreement. It was also’found to

be difficult to reconstruct events measured on this
film. The reason for this is probably thaﬁ the film
was not being sucked flat on the glass plates in

one of the cameras at the time that these pictures

were taken.
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CHAPTER 3
ANALYSIS OF THE ®ILM

3.1 Introduction

This chapter describes the system used for the
analysis of the film, which is much the same as that
used by most groups engaged in the analysis of
bubble chamber film.

The system is shown schematically in fig. 8.
The film was scanned and events of the type to be
obtained were selected. The evgnts were measured |
on digitised measuring tables, énd the measurements,
punched on paper tape, were analysed on the Elliott
803 computer by the programme REAP. At thié stage
events which were obviiousy wrongly measured were
rejected and remeasured. The events were analysed
by the CERN T.C. progrémmes, THRESE AND GRIND, on
the I.B.M. 7044 computer at Glasgow University.
Events which were found to be badiy measured were
rejected and remeasured. The well measured events
were classified and the data summary tape (D.S.T.),
a magnetic tape containing the information for every
event, was prepared. A statistical analysis of the
sample of events was made, using the D.S5.T.

3.2. Scanning
Of the 25 films in Durham, six were rejected

after a preliminary scan due to poor visibility,
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or to too many tracks on each frame. The remaining
19 films were scanned by a physicist and a scanner on’
views 1 and 2, usihg view 3 in cases of doubt.

The scanning volume is the area of ABCD shown in

fig. 6, as seen in view 2, the requirement being

that the beam track should be seen to enter the region
through the side AB and that the interaction should
take place inside it. All types oI event were
scanned for, and for each event found, the frame
number, the number of the event on the frame, the
number of charged secondaries of the interaction, and
whether any charged decays or possible associated
neutral decays were observed. The approximate position
of the event was recorded, by noting the section

of the base line where the beam track entered the
zone in which the interaction took place as shown iﬁ
fig. 5. This was used to help identification of the
events at a later stage. Recognised stopping protons
were recorded so that a range measurement could be
made. Other features such as secondary interactions,
associateqd Y's, Dalitz pairs, or pion decays were
also noted.

Eleven of the films were rescanned on the same
view, but only the frame number, the number of
prongs, and whether there were any charged decays
or neutral decays were recorded. The comparison of

the results of the two scans was used to estimate
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the efficiency of scanning as described below. The
discrepancies between the two scans were checked on
the scanning table so that lists of events for
measurement would be correct.

3.5. The dficiency of scanning

In estimating the efficiency of scanning,.
it is assumed that the process of scanning is a
statistical one, that is, that for any event on the
film, there is a certain probability of finding the
event. It is further assumed that this probability
is the same for all events of the same type, and that
it remains constant throushout the scan, although the
probability of finding an event in the rescan may he
different from that of finding it in the first scan.
Suppose that:
P1 = probability of event being found in
first scan,
P, = probability of event being found in
second scan.

and that in a smaple of film there are N events.

Then:

no. of events found in first scan = PqN = n,

no. of events found in second scen = P2N = N,

no. of events found in both scans = P,'P2N==n12
Thus eificiency of scan = P, = n,'2/n2

and efficiency of rescan = P, = 1—1,]2/n,I
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In eleven films, 35553 4 prong events were
found in the first scan. In the second scan, 3542
were Ifound, of which %432 had also been found in the
first scan. ith the above assumptions, the efficiency
of the first scan is 96.9% and of the second scan,
96.6%. A further eight films wére scanned once
only, and 2242 4 prong events were found. It is
assumed that the efficiency of scanning these films
is also 96.9%.

3.4 The length of track scanned

For ten consecutive frames in every 100 frames,
the number of tracks were counted which entered the
scanning volume through AB and left by CD. The number .
of tracks leaving the sideof the scanning volume, BC,
were counted, and a frequency distribution of the
zone in which the track left was found;. From these tle
mean length of beam track per frame was estimated,
taking the median length of track for each zone for
tracks leaving the side of the scahning volume. The
number of tracks which leave by the side is small, so
such an approximation is Jjustified. The length of
tracks travelling the full length of the volume was
taken to be the length of the scanning volume at the
mean depth of incoming veam tracks. The cqrvature of
beam tracks, and their inclinatvion to the length of

the chamber make no significant difference to this

length. Corrections were made for interactions inside
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the volume and for muon contamination of the beam.
The length of track which was scanned was 1.59 x 105
metres.

3.5 3election of events for measurement

All four prong events without an associated
v° decay that were found by the scan and rescan were
listed for measurement, with the excention of those
interactions with a secondary interaction or a charged
particle decay at a short distance from the primary
apex. &Events with a recognised stopping proton whose
range was to be measured were noted. To aid the
identification of an event, the zone number in which
the event occurred was recorded, together with any
feature of the event which may have been noticed in
the scanning, for example, secondary interactions
or ¥Y's.

3,0 Measurement of Events

The events were measured on three machines of
the film plane digitised type which had been made in
the department. On two of these machines, the {ilm
stage could be moved in the x- direction, and the
projecting lens in the y-direction, the movement of
these being digitised by a lioire fringe system. The
film was projected on a vertical screen on which was
marked a small reference point. The measurement of a
point on the film consisted of aligning the point

on the reference spot and pressing a button, the
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value of the coordinates of the point being output
on eigbt track paper tape in the form shown in

fig. 9(a). The parity hole was punched on the tape
as necessary so that each character had an even
number of holes. The correct state of the counters
for these machines was displayed on a set of lights,
so that, by resetting on-a known point, it was
possible to check that there had been no fault in
digitisation during measurement. This check was
performed at the end of the measurement of each
view.

On the third machine, the stage moved in both
the x- and y- directions and the motionwas digitised
mechanically. The form of output of the coordinates
is shown in fig. 9(b). This is a decimal form of
outout, with the exception that for the two least
significant digits, the code is reflected when the
next most significant digit is odd, as shown in
fig. 9(c). The reason for that is that, at each
step, only one contact of the mechanical digitiser
changes, so that, at the transition, a complétely
incorrect value of the coordinate is not registered.

Each machine had a typewriter keyboard by which
characters in Elliott eight-track code could bve
punched on the paper'tape. These were used to insert
information about the event, to label the measurement:

and to be used as control characters, for exanmple,
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as erasure, end of event, etc.

Bach event that was measured was labelled for
identification with the film number, the frame
number and the number of the event on the frame.

For reference, the date of measurement, the measurer
and the machine on which the event was measured were
also recorded.

The events were measured on each of the three
views. In each view, wherever possible, the four
fiducial crosses, 7, 4, 22, and 16, shown in fig. 5,
were measured. In parts of the film, where one of
these crosses was not clearly visible on a2 view, the
other three of the fiducial marks only were measured.
The apex of the interaction, about eight or nine points
along each track, and the end point of the track of

a recognised stopping proton where appropriate,
were measured. In those events in which the range of
the proton was less than about 1cm., the end point
of fhe'tﬁck was measured, but no measurements along the
track were made.

3.7 Reap

The output tapes from the measuring machines were
analysed by a computer programme, called REAP, which
was written by the author for the Elliott 803. The
general structure of this programme is shown in
fig. 10. The information read in initially con-

sisted of the experiment number, the labels of the
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fiducials that were to be measured, a list of the
labels which could be used for tracks and points, and
information concerned with the running of the programme.

In reading an event, the programme would first
read the event number, together with other information
which may have been punched and then start to read
measurements. A coordinate pair was recognised by
the previously read view number and label, so the
measurer would be able to remeasure any track by
repeating it, and a single point on a track could be
erased. If a label was read which had not previously
been used on that event, it was only acceonted if it
was in the list of permitted labels, This was so that,
should a fault have occurred in punching the tapes,
co-ordinates would not be recognised as a label.

Yhen an event had been read in, it was checked
for completeness. The event was rejected unless
each point and track had been measured ih at least
two views. For this purpose, a view was only
considered if at least three fiducial crosses had
been measuvred in tvhat view. If the event was accepted
it was then punched on five track paper tape in the
standard Thresh input format.

In addition, the programme could perform tests
on the measured fiducial crosses and tracks, and
these were applied from time to time to check the

quality of the measurements.
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5.8 Tests _in Reap

%3.8.1 Check on fiducial marks

In each view where the four fiducial marks had
been measured, the following quantities were
calculated and printed:-

1) Ry = (d4’7/d41=16)2 2) Ry.= (d7’1é/d4’11)2

Where d4,7 is the distance between the fiducial

marks 4 and 7 and so on. ~

The standard fractional error expected on such
a ratio.: is aBout 40'5.E, where E is the standard
error, on x or y, in méasuring a point, in the units
of digitisation, about two microns. Thus, if the
fiducial marks are set to an accuracy of two units
of digitisation (%ﬂ), the ratio. should be constant
to about C.2%.

5.8,2 Check on track measurements

This test was performed oﬁ each track that héd
been measured in the event. The measurements of
eacn track were first transformed into the i,Y system
of co-ordinates shown in fig. 11(a). That is, the
X-axis passed through the first and last point
measured, and the origin was half-way between these
points. A parabola of the form, Y = AXZ + 38X + C,
was then fitted to these points such that
sly - (AX2 + BX + C)) 2 was a minimum. The

deviation of each point from the fitted curve,

Y - (AX? & BX + C) was printed.



FIG.II REAP TRACK CHECKS.

vf Y

a) REAP- Transformation of track measurements
for checking

La

l:) REAP- Short check on track measuraments



- 42 -

3.8.%. Short check on track measurements

For each set of three consecutive measurements
along each track (i.e. points 1, 2, 3; points 2,
3,4; etc.), the quantity (L, + L, - LB')AL,l.Le.LB)
was calculated. (See fig 11(b)). Assuming that
the track turned through a small angle over the
three consecutive points, this quantity is approx-
imately 1/8r2, (See appendix A.) where r is the
radius of curvature of the tracks. So for a curve
of constant curvature, the calculated quantity should
be constant. Consecutive values of this parameter
were compared, and if any pair disagreed by more than
a certain value, the test was considered to have
failed, and in such cases, the test described in the
previous section was performed for that track.
5.9 Thresh

This programme was used to reconstruct the events
in space. The measurements of the fiducial marks on
each view are used to set up a reference systém for
all the measurements. The measurements are transformed
to their apparent positions on the liquid surface of
the camera side window. The transformed measurements
of the fiducial marks are compared with their known
position to check the quality of the measurements.
If any fiducial mark fails this check, all the

measurements for the corresponding view are rejected.
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The measurements are corrected for distortion by

applying a transformation of the form
' 2 2
[ﬁ'] = (1+uqx+u2y+a3xy+u4x +ocy +N6(X +y f) [ ]

Where X, Y are measured co-ordinates in the
reiference plane, relative to
the optic axis
X',¥' are the transformed measurements;
x = X/d;
v = Y/4;

and d is the distance of the camera from the
reference plane.

The co—efficientsah and.q2 are corrections for
the distortions produced by film tilt. The other
co-efficients correct the optical distortions and
distortions produced during the developement of the
film., The co-efficients are dimensionless, and so
the correction is independent of the units of the
measuring machine. The values of the co-efficients

used were based on those supplied by Kellner (17).

As an illustration of the effect of this transformation,

a correction of about O.1mm. is made by the X449
terms at aboul 20cm. from the optic axis, by the

LIRLT terms:at about 45 cm. from the optic axis, and
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by the “5’“6 terms only in the extremes of the
chamber.

Points were reconstructed in space using the
three measuresents, and an estimate of the accuracy
was made. Where the reconstruction was bad, the
point was reconstructed from the two bpest measurements,
or not reconstructed at all. For each track measured,
checks were made on the points measured, and
inaccurate points were rejected. The tracks were
reconstructed by fitting a helix to each one, and
estimating the errors on the parameters of each
helix,

3.10 Grind

This programme was used to test several
hypotheses for each event, and to perform kinematic
fitting. The magnetic field at several points along
the track is éalculated, and an average value used
to determine the momentum of the track. The measured
momentum of the beam is compared with the known beam
momentum, and a weighted average was taken. The
following hypotheses were tested against the event,
each possible assignment to the positive tracks being

made.
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1) ™p — iﬁf”n"n’

2) Wp —p pA* WA W

3) Wp— p¥ WY

B) M —s At W

5) wp — pAKK

In hypothesis 3), the 70 must decay to neutral
particles (70 —2Y, — w2Y, or —3x°). If it had
decayed into a charged mode ( 4’—»w*w m° ), the
event would have been observed as a six pronged
interaction. A study has been made of six pronged

interactions in this sampte of film (19). The cross-

~ section for the interaction 3) was estimated to be

100 pb. and as 70% of the decays of the 7°-are'to
neutral particles, one would expect the cross-section
for this interaction in four-pronged events to be
70 pb. .

If a track had been labelled as stopping, the

range was used as a measurement of momentum, depend-

ing on the mass of the particle assigned to the track.
Otherwise, the momentum was determined from the
curvature of the tracks. For each successful
hypothesis, the measured quantities were fitted so
as to give conservation of energy and momentum.

The variation of magnetic field that was used
was determined by Blum (18). The central value of

the magnetic field was assumed to be 13.45 kgauss
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which was that found by D. Z. Toet by measuring the
decays of Ao's and kaons. The beam momentum was

taken to be 4.996 GeV/c, determined by D. J. Schotanus,
from the fitted momentum of a sample of events with
unambigious four-constraint fits.

A card was punched for each successful hypothesis,
containing the event number, the number of thé
hypothesis, and the sequence number of the event on
the Grind Library Tape, the magnetic tape output of
Grind containing all the measured quantities and the
results of the calculations. A similar card was also
punched for every event, but with the hypothesis number

left blank. The use of these cards to select the
wéll neasured events and the correct hypothesis is
explained in section 3.13.

3.11 Acceptance of events after Grind

From the printed output of Grind, each event was
checked for errors detected during Thresh and Grind.
If the errors were too serious, as set out in the

table pelow, the event was rejected and remeasured.
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Table 3

Rejection Criteria

Error

Action

Complete failure of a track
in Thresh.

No convergence in fitting a
helix to a track in Thresh
Momerihtm and direction

inaccurate

Momentum or direction
inaccurate.

Straight track.

Event rejected.

Event rejected unless
momentum<400 MeV or
dip > 60.

Same as for error

No. 2.

Event rejected if more
than two such tracks.

Event rejected unless
this is a beam track
or a- stopping track. T
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The errors 2 and 3 were not taken to be a reason
to reject an event if they occurred on steep tracks
or tracks of. loﬁ momentum, which are difficult to re-
c_onst:;-uc:b. In the errors 3, 4, and 5, the terms

."inaccurate" and "straight track" have the meanings

described below.

p = momentum M = dip, P= az:.muﬂhal angle.

£1n1: (1/p) = internal error on 1/p (similarly, €int.(\),
int.(¢)).

€ext. (A/p) = external error on 1/p (similarly, €ext. (x),
€ext.(®)).

The internal errors are calculated by Thresh,
based on the deviation of measured points from the
fitted track. The external errors are calculated
by Grind, and are the expected errors on the track
parameters, depending on the length of the measuréd
track, the track parameters, and the known measurement
error. The térms used in the above table: are then

defined as follows:-

"Inaccurate momentum"” &int.(1/p)>3 xEext.(1/p)

"Inaécurate direction" Eint.(\) >3 x €ext.(N)
or E&int.(®) >3x Eext.(®)

"Straight track" 1/p<3 x Eext. (1/p)
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3.12 Acceptance of hypotheses

All events which had been successful in Grind,
whether there were any hypotheses accepted or not,
were examined on the scanning table. For each of
the pdsitive tracks in the final state, an '"ionisation

code" was determined as follows:-

O if the track was definitely not a proton.
1 if the track could be a proton.

2 if the track was definitely a proton.

The decision was made by comparing the bubble
density of the track and its momentum with the curves
i fig. 12, which are calculated as 1/8°. It can be
seen that it was possible to make a definite decision
on a track if its momentum was less than 1.3 - 1.5 GeV/c.
Further, not more than one of the tracks could be
a proton, so if one was identifed as a proton, the
others were given the code:0, that is, definitely not
a proton, even if the momentum was so high that a
decision made on ionisation was impossible.

A fitted hypothesis was accepted only if it

was compatible with the ionisation of all the tracks.



Fig. 12 Relative Ionisation
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An acceptance limit on.‘x2 was imposed as follows:-

< 24

fits with 4 degrees of freedom, X2
2< 6

fits with 1 degree of freedom, X

In addition, if both a 4-constraint fit and a
1-constraint fit were acceptable, the 4-constraint
fit only was taken. A calculation based on a random
generation of events had shown this to be valid for an
earlier experiment, and so the same process was adapted
here. As a confirmation of the validity of this
procedure, a graph ﬁas plotted of (M.M.)2 versus M.E.
for a small sample of 4-constraint (4C) fits and a
small sample of 1-constraint (1C) fits (missing+.)
(fig. 13).

M. E. is the energy of the assumed missing
particle, based on measured quantities. (M.M.)2 is the
square of the mass of the assumed missing particle.

Clearly, the points corresponding to 4C fits occupy
a very small area of this graph, in contrast to those
corresponding to 1C fits. One might make the simple
assumption that an event with a missing » would -produce
a successful but false 4C fit if (M.M.)2 and M.E. were

in the region normally occuped by events with no missing
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neutral particle. On this assumption, the probability
that a w° event would be wrongly classified is not
more than 1%.

3.13 The data summary tape

The data from the different laboratories were
collected together on magnetic tape. Each laboratory
produced a tape called the DSTicontaining the selected
parts of the output Grind. This tape was in a
standard format for each laboratory, and this was
thus the stage at which all the different systems
of analysis became compatible. From these tapes,
using thé CERN programme, Slice, a da?a summary tape
containing various calculated quantities was produced
for each reaction.

The DSTiwas produced for the Durham data from
the Grind library tape and the cards produced by
Grind. From these cards, the cards correspoanding to
the selected events and hypotheses were selected as
follows. For an event with one or: more accepted
hypothesis, the cards containing the appropriate
hypothesis number were taken, and for a no-fit event,
the card without a hypothesis number was selected.

The cards were arranged in the same order as the events
occurred on the Grind library tape. On the first (or

only) card for each event, the ionisation code was
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punched. A computer programme was used to produce
the DSTifrom these cards and the Grind library tapé.

The DSTxcontained'for each event a record of the
geometry of the event followed by, for each accepted
hypothesis (if any), a record of the fitted event.
The geometry record contained details of the measured
parameters.6f each track and the vertex and of the |
érrors on these quantities, the ionisation code,
and thé square of the missing mass for the three
possible assignments of pw w'n and the assignment
aw*nt W to the four charged secondary tracks. The
record of the fit included the fitted parameters of
each track and their errors, details of the fit
including the X? of the fit, and the square of the
mass of the missiﬁg neutral particle calculated
from measured quantities.

The programme Slice was used to produce, from the
DST L 's, a data summary tape for each reaction,
containing details of the event and of the fit,
together with the effective mass, the four-momentum
transfer from both the incoming proton and the incoming
pion, and the compoments of momentum in the overall
centre of mass system, for all possible combinations

of final state particles.
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A statistical analysis of the data on the
D.S.T. was made using the programme SUMX, which can
present the result in the form of a histogram or a
two-dimensional scatter plot. 'Some of the plots
presented here have been produced by a similar,

more simple programme on the 7044,
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CHAPTER 4
PRELIMINARY EXPERIMENTAL RESULTS

4.1 Cross—-sections

4.1.1 The 4-prong cross-~section

The 4-prongcross-section was calculated for each
laboratory taking part in the experiment. Differént
laboratories had different methods of determining the
‘total track length scanned, and for some the track
length would be uncertain by about 5%. The track
length was corrected for muon contaminatioh and for
absorption (i.e. the reduction in the track length due
to interactions taking place in the scanning volume.
The continuation of the beam track to the end of the
volume must be subtracted from the calculated
length of track.

The number of 4-pronged interactions that were
found was corrected for the efficiency of scanning.
The density of hydrogen used in this calculation was
the density at 27°K and at saturation pressure, 0.0611.
The variation of the density with pressure is
negligible but the density varies with the temperature
by about 3% per degree. The uncertainty in the
teﬁperature contributes to the uncertainty in the
cross-séction. The calculated cross-sections are

listed in the table below:
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Table 4

4-prong cross-sections (mb.)

Bonn
Durham
Nijmegen
Paris
Strasbourg
Turin

SDAD
OWO A0
VIOV OW

.3

The mean value of these was taken, which gives
for the cross-section for 4-prongs 10.5 4+ 0.5 mb.

4.1.2 Fitted Hypotheses

The distribution of the fitted hypotheses for
3307 events measured in Durham is given in table 5.

The distribution for the other laboratories
is much the same, except that there are some
discrepancies in the number of ambiguities. These
differénces could be due to differences in the
accuracy of measuremént or to differences in assessing
to what accuracy the ionisation of a track could be
determined. It is shown in section 4.1.3 that these
differences in the number of ambiguities do not lead

to discrepancies in the cross-sections.



Table 5

Distribution of fitted hypotheses

Reaction Number of Events

A) ®p —» pwr*m*'{r' 762
B) m'p — pwtartar w® 829
C) w'p — pn Ay’ 210
D) m*p — nw"w 218
E) WP — pr KK 37

NO FIT 953

Ambiguities
A-A 6
A-E
E-E 2
B-B 5
B-C (1) 122
B-C (2) 3
B-D l 15
C=C 1
C-D 29
3 1=C fits 44
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The two letters specify the interaction type of
each fitted hypothesis when specifying the ambiguities.
The ambiguities of the type B-C are further subdivided:-

-1) Those in which the indentity of the charged
particles is the same in the two fitted hypotheses.

2) Those in which the indentity of the charged
particles is different.

The entry for threefold ambiguities includes all
events for which any three hypotheses were accepted.
All except a few of these are of the type B-C(1)D.
There were no events in the Durham data for which three
4-C fits vere accepted, but there were a few in the
complete sample of events. -

The number of events of type C, 210, would correspond
to a cross-section for that type of about 650 wmb, and
correcting for other decay modes of the -70, about
imb. If some of the ambiguous events were also
included the calculated cross-section would be even
more. Yet, it is known from the analysis of
6-prongs that the cross-section for the process is only
10Q/¢. Clearly most of the events accepted as
type C are in fact no fit events. The cross-sections

were calculated only for the remaining four reactions.
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4.1.3 Channel cross-sections

For the purpose of calculating the cross-sections,
cuts were imposed on the samples of 1-C events as
described in section 4.2.

Further, in the case of ambiguities not resolved
by the above criteria, the hypothesis was selected
for which.X? was'the lowest. The error introduced
by this last step is not likelyt5 be significant.

As a first step in calculating the cross-sections
- the percentage of events of the type A was calculated
for each laboratory, and these are shown in the table

below.

Table 6

Percentage of type A fits

Bonn 26. 9
Durham 2%, 3
Nijmegen 26. 2
Paris 25. 6
Strasbourg 25. 5.
Turin ' 26. 0
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The values agree to within the expected standard
deviation (about 1 - 1.5%). The mean value of 25.6
+ 1.0% was accepted.
For channel B, the ratio of the ﬁumber of events
to the number in ghannel A was calculated for each
laboratory. The values are consistent and are set

out in the table below.

Table 7

Ratio of type B fits to type A fits

B/A

- Bonn 1. 07
Durham 1. 07
Nijmegen 1. 05
Paris 1. 90
Strasbourg 1. 10
Turin 1. 03

The mean value is 1.07, and the percentage of
events of type B is then 27.4 + 1.0%.

The percentage of events of types D and E were
calculated in the same way. The values for the
different laboratories are consistent, and are for
channel D, 8 + 1%, and for E, 1.3 + .3%. The
corresponding cross-sections are shown in the table

below.

Events of reaction B have been randomly generated,

and N1% have been found to give a spurious fit of
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reaction E. This corresponds to about 20% of the
events classified as belonging to reaction E. On the
other hand, of randomly generated events of reaction
E, 70% were found to éive a fit of type B, and so the
acceptance of the four constraint fit in preference
to the one constraint fit was felt to be justified.
The cross-section for reaction E has been corrected
for the spurious fits. The cross-sections for
channels A, B and D are compared with the cross-sections
for different incident pion momenta in fig. 14

(Refs. 19-23).

‘Table 8

Reaction Cross-sections

(#@bv. )
4-prongs 10.5 + .5
A) 'R"'P — f‘k+"n+'rr' 2.69 ¢ .17
B) wp — pW W W x° 2.88 4 .18
D) n'p — W W AW 0.84 & .11
E) wp — pRTK 0.11 ¢ .04
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4,2 Distributions of the sqﬁare of the missing mass (MMZ)

Fig. 15 shows the distributions of MMZ for the
reactions A, B, and D. In each case the position of
the expected central value, being the square of the
mass of the missing neutral particle, is indicated.

Pig. 15(a) shows the distribution of MM2 for
reaction A, in which no neutral particle is produced
so the expected central value is zero. It can be seen,
however, that there is a small but significant shift
in the‘peak of about .OOOS(GeV‘/cz)2 in the negative
direction. The reason for this shift can be understood
as follows. Suppose that there was an error in the
‘messirement of the momentum of one track only, of §p, .
This would then be the missing momentum of the event.
The corresponding missing energy would be /@Sp;,
where A;is the velocity of the track with the error.
The missing energy is therefore less than the missing
momentum, ie. MN2 is negative. Aﬁ error in the
measurement of the direction of a single track would
give a non-zero value for the missing momentum, but
the missing energy would be zero. Again the result
would be to calculate MM2 negative. Thus if the
error in the measurement of any single quantity
results in a negative value of MME; one would expect

that the combination of all errors would result in
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a shift towards negative values of MM2.

Fig. 15(b) and (c) show the MM2

distributions for
reactions B and D respectively. The distributions
have a large number of events which are far from the
central value. It is likely that a large proportion
of these events do not corrésPond to the relevant
reaction, but have nevertheless given a reasonable fit
to the hypothesis. In order that these incorrectly
assigned events should not contaminate the sampile,

2

limits were set on the values of MM which would be

accepted, as follows

2<0.12

Reaction D 0.66 <MI'12<’I. 2

- Reaction B -0.12 <MM

The positions of these limits are shown in fig.
15. Events in which MM® was outside the prescribed
limits were excluded from the calculation of the
cross-sections and from the analysis of the reaction.
A test was made on the validity of the above restriction
for reaction B. The distribution of the invariant
mass of the supposed w'w «° combinations for events
which were outside the above limit was examined.

The sample contained only about 1% W’ compared with
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about 20% in the accepted sample. One concludes that
of the excluded sample of events, only about 5% are
really events of reaction B.

It can be seén that, on these two distributions,
there is an excess of events for higher values of
MM2 then the central value. This is due to the
inclusion of some no-fit events, thgse with more

then one missing neutral particle.

4.3 Data consistency

As several different laboratories were each
measuring and analysing a sample of events for this
experiment, it was necessary to check that}ﬁhe
different sets of data were consistent Before an
analysis was made. The usual test, that of comparing
the results of the measurement and analysis by each
laboratory of the same small sample of film, was not
used in this experiment because of the relatively
large number of laboratories taking part. Instead,
various checks were made on the data, and the possible
effect of any differences between the different
laboratories on the physical results were examined.
One such check on the consistency of the data, the
comparison of the cross-sections and of the distribution

of accepted hypotheses has already been described
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(sect.4.1). The following checks were also made:

4.3.1 Distribution of X2

Fig. 16 shows the distribution of‘X2 for each
laboratory for fits to events of reaction A. Each
distribution is normalised to one event. The general
shape of the distributions is much the same dbut it
can be seen that there are differences. If the distribu-
tion corresponded to the statistically expected
distribution of-X2 for a four constraint fit, the
maximum value of the distribution would be 0.184
occurring at y? = 2. The differences between the
distributions could be explained by the fact that the
different laboratories measure to different accuracies,
and all have used the same value for the calculation
of X?. To explain these distributions in this way,
the measurement accuracy of no laboratory would be
different from the assumed value by mofe than 20%.

Fig. 17 shows similar distributions for reaction B.
The difference between the distributions of different
laboratories is not so easily seen as for the four
constraint fit. The table below gives the median value
of X2 for each laboratory, 0.455 being expected

statistically for a one constraint fit.
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Table 9
. 2
Median X
for reaction B.

Bonn 0. 40
Durham 0. 66
Nijmegen 0. 49
Paris 0. 40
Turin 0. 60
Strasbourg 0. 67

Assuming the differences in these values to be
due to differences in the accuracy of measurement, one

again concludes that the measurement error is in no

- “casé greater than the assumed value by more than 20%.

4.3, 2 Comparison of invariant mass distributions

To check the effect that the different systems
of measurement and analysis might have on the effective
mass distibutions, the distribution for W'~ w°
from reaction B, plotted in intervals of 5 MeV/c2, was
exémined. The w° should appear as a Gaussian
distribution as its width is much smaller than the
experimental error of measuring effective mass. The
central value of the mass of the «° and the standard

deviation of the distribution are shown in the table

below for each laboratory.
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Table 10

Comparison of u?gpeaks

mass of ° standard

MeV/02 deviation
Bonn 780 12
Durham 780 14
Nijmegen 780 ; 11
Paris 775 a4
Turin 785 13
Strasbourg 775 17

The standard deviation of the w° peak shows some

variation between the different laboratories, but

the differences are not large.

The central value of the peak in each case agrees

well with the mass of the HP, 783 MeV/cz.

4.4 Angular Distributions

Fig. 18 shows the distribution of cos &*

for the outgoing particles in reactions A and B, where

O* is the angle between the outgoing particle and the

incident pion in the overall centre of mass system.
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In both cases the proton is broduced strongly backﬁards,
but there is also a small peak in the forwards
direction. The distributions for pions are not so
strongly marked, but some peaking in the forward and
backward directions is noticed. Comparing the two
reactions, it can be seen that the distributions
vary more sharply for reaction. A than for reaction B.
The general distribution of the outgoing particles

can be summarised by defining the quantity:-
R =(F -B) / (F +B)
Where F is the number of particles producéd_in_
the forwards direction, and B the number of particles

produced in the backwards direction. The values of

R are shown in the table below.

Table 11

Forward - Backward Ratios

Reaction A Reaction B

-.81 : -04' _.57 I 0055
+'15 * -05 +005 =+ .025
+.47 » .04 +.29 4 .035

______ +.18 3 .0%5




CHAPTER 5
RESONANCE PRODUCTION

5.1 Introduction

In this chapter, resonance production seen in
four-pronged interactions is discussed. The main
reactions under consideration here are reaction A
(wp—+pwtn'w), and reaction B (w'pwpmmtww®). In
addition, resonance production in reaction E
( ®*p »pn*K*'W") is discussed. The only appreciable
production of a resonance seen in reaction D (wponrw'w)
is that of the A2, and this is described separately
in chapter 6. The sample of events of the remaining
reaction (W pwpn*'wy’) has already been shown to
contain only a small proportion -of correctly assigned
events, and this reaction is not discussed.

In each of the three reactions discussed in this
chapter, strong resonance production occurs. The N*
(1236) is a dominant feature of each of these reactions
and as this is by far the most commonly occuring N*
resonance in this experiment, the name "N*" is used
throughout for this particular resonant state, except
where confusion might arise. Reaction A is_also
characterised by the strong production of fo,

particularly in association with an N*, and some £
and A2 production is also observed. Resonance

production in reaction B is not so strong as in

reactionA, but quite strong N* and u° production is
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observed, including some associated production
of these. Also observed are the A2, 70 and B
mesons. Resonance production in reaction E comprises
the N*,A, (deceying to K*}7), Y* (1520), and K* (890).

In order to estimate the cross-sections for
resonance production differemt methods have been-
tried. These methods are discussed before the
description of resonance production in the separate

reactions.

5.2 Estimation of cross-sections for resonance production.

5.2.1 Fowl

Attempts were made to fit effective mass distributiong
calculated by the computer progréﬁme, Fowl, which
generates random events and assigns to each one a

weight so that the sample is distributed according to

- Lorentz invariant phase space. Distributions of

physical quantities, and correlations of pairs of
physical quantities, can be displayed as histograms

or as densities on a two-dimensional plot. Resonance
production can be introduced by multiplying each weight

by a Breit-Wigner function of the form:-
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M is the effective mass of the combination of
particles under consideration, and Mo is the mass of
the resonance to be generated. " is the width of the
resonance and, as a first approximatibn, can be
written as a constant. The shape of the resonance
is better represented if, instead bf a constant, the
width is written as suggested by Anderson (24):-

.28 +1 0.Q436 4+ pg

mo= N (%) 030436 + p°

Where p 1s the momentum of the two decay products

in their centre of mess system, which is a function
of their effective mass. P, is then the value of p
for which M::Mo. 1 is the orbital angular momentum
of the decay products.

For a narrow resonance, such as the uP, the shape
of the effective mass peak was generated as a gaussian
function to represent the distribution of'experimental
errors. |

For reaction A, events of the following four

types were generated:-
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WP =D WA N

nwp —> N* wtw

wp —»p wtp®

w'p —* N* p°

Attempts were made to fit the experimental
effective mass distributions or effective mass scatter
plots with an incoherent addition of different amounts
of the four reactions. Remembering that the sum of
the four fractions must be unity, and that each
fraction can not be less than zero, it was found

impossible to find gnytp{ng_like a reasonable fit.
to_fﬁé”aﬁfa. In particular, the large concentration
of points at the bottom right of fig. 19 (or the
high mass part of fig. 20.) could not be represented
in this way. On fig. 20, the effective mass
distribution calculated in Fowl, using'for the fractions
of the above reactions the values determined as
described later, is indicated. A constant width
was used to generate the resonances for this, but it
was found that the variable width alters only the
detailed shape of the peak. It can be seen that the
predicted distribution is in very poor agreement with
the'background. This result is contrary to that

obtained for six-pronged events in this film (18)
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for which the distributions predicted by Fowl was
in reasonable agreement with the experimental data.
The procedure in the analysis of six prongs, having

found the amount of the dominant processes, was to

~ generate a mixture of events giving these proportions

and to look at the effective mass distributions for
this mixture. Deviations of the experimental
distributions from those predicted by Fowl were
examined for possible resonance production. The fact
that the distributions predicted for four-prongs are

so far from the experimental data clearly indicates

that such a procedure applied here could not lead to

The calculation of phase space distributions for
reaction B was found to be in better agreement with
the experimental data, but the discrepancies were

still too much to accept the predictions of Fowl as

reliable.

The reason for this failure to predict correctly
the effective mass distributions is easy to see.
For instance, there is no t-dependence taken into
account in Fowl, which assumes all aﬁgular distributions
to be igsotropic. The decay angular distribution of
resonances should be introduced too, and these would

have to be found experimentally, since the observed
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distributions are not the same as would be predicted
by a simple OPE model. It would also have been better
to include the production of other resonances, such

as the A2 and ;o in reaction A. The disadvantage of
such modifications is that many extra parameters,

and a considerable amount of experimental results
would have to be brought into the calculation, with

a consequent loss of reliability.

5,2;2 Empirical baékground

The second method that was used in an attempt to
estimate the cross-—sections of resonance production
was to approximate the background by an empirical

distribution. The form used for the background was:i-
M-M). PQOD

M, is the minimum possible effective mass (i.e. the

sum of the masses of the decay products)

P(M) is &.. polynomial in M, the coefficients to be
found by fitting. In general, P was a second or
third order polynomial.

The experimental distributions were fitted with
the sum of such a'background aﬁd a Breit-Wigner
function, and it was found that good fits could be

obtained. The disadvantage of this method can be
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seen by considering the distribution of the effective
mass of pw', in which there is a large N* peak close
to Mq. The peak makes it impossible to find the shape
of the background ét low masses from the experimental
distribution, and this must be found from the distribution
at high masses and the fact that the background is
zero at M=M1. The general shape of a distribution
of the effective mass of two particles has a vertical
slope at 1"I='l"1,I according to phase space, and this
feature can not be represented by a polynomial. One
would therefore expect that the fitted background would
be too low when calculated by thismthod. Another

_—
——

Q;gggyantage-of~using“an“éﬁ§ifiééi background of this
form is that a small broad peak could be interpreted
as being part of the background. This is particularly
true in the case of the §° seen in the distribution of
the effective mass of "W in reaction A. The strong
pp production makes difficult the estimation of the
background in the {° region. Indeed in fig. 24(b),

the ¢° peak was entirely fitted with a polynomial
background, and one would reach the conclusion that
there are no backward decaying $°'s. The reason for
this is that the background for the two distributions
of fig. 24 were estimated independently, with the
result that different shapes for these were estimated.

Two instances have been pointed out in‘which a
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good fit has been obtained using an empirical
background, and from which wrong conclusions would

be drawn. Clearly, the use of this method of
estimating the cross-sections for resomnance production
could be dangerous in cases where the behaviour of the
background is not so well understood.

5.2.% Estimated Background

In this method, the background, assumed to be
smoothly varying, is estimated by eye, with due regard
for the expected general shape of phase space'distributions
The obvious:: disadvantage of this method is that it is

a subjective one. The advantage that this method has

over Fowl is that the backgroufid, above which the

size of a peak is estimated, is in agreement with the
experimental background. The advantages over the
polynomial background method are that the estimated
background can be made to have the same general shape
as the expected phase space distributiqn, and that
backgrounds which are expected to have a similar shape -
can be made to have a similar shabe. For these reasons
this method has, with one exception, been used. An
allowance has been made for the error in estimating
the position of the background in calculating the,
error on the amount of resonance production. In fact,
this error is insignificant in comparison to the

statistical error when estimating the size of many of
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the peaks. In each case the position of the estimated
background is shown on histograms.

In one case the background has been expressed
in polynomial form over a limited range. This method
was used for the estimation of the mass and width of
the B meson, where it was necessary to express the
form of the background in terms of a few parameters.
In section 5.46 the details of the method used for
this are described.

Clearly, since the backgroﬁnd is estimated as
smoothly varying, resonance production in regions
where the background is not smoothly vary}ng_pgg not
be discissed. An obvious éxampie of such a case
would be the A,I meson, , whose observation:. is
complicated by the Deck effect (25). However, the
resonances which are affected in this way are not the
strongly ccourring.;, ones, and are omitted from the
following description of resonance production.

5.3 Reaction A

In this section the reaction A (i.e.w'p=pmTw*w)

is examined. This reaction comprises 5975 events and
unless otherwise specified, this is the number of events
plotted on all diagrams for this reaction. The reaction

is dominated by the production of N* and of,ﬂo. In

+
, are observed.

addition, the £° and Ay
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5.%.1 N* and £° production

In fig. 19 is shown the scatter diagram of the
effective mass of waversus the effective mass of
’m:mi (The subscripts of the w'indicate that a
different MW" is taken in the two different combinations.)
Each event is represented twice on the diagram, cor-
responding to the two possible choices of the " to be
combined with the proton. The bands corresponding to
the production of N* and of /0 can be seen clearly.
The large concentration of points in the region of the
overlap of these two bands indicates the strong double
resonance production.

Fig. 20 is the projection of- this scatter-plot
to give a histogram of the distribution of the
effective mass of p¥. The peak due to the production
of N* is clearly seen. The number of entries
above an estimated smooth background (the continuous
line in the figure) is 3840 + 240 corresponding to a
cross-section for the production of N* of 1.73% + 0.12 mb..
or 64 + 4% of reéction A.

Fig. 21 shows the projection of the scatter
diagram to give the distribution of the effective
mass of M. The peak due to the p° can clearly

be seen. The number of entries in the peak above the
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estimated smooth background is 3330 + 200 and the cross-
section for po production is therefore 1.50 4 0.11 mb.,
or 56 + %% of reaction A.
Fig. 22 is the distribution of the effective

mass of Ww for those events in which the remaining

pn* is compatible with an N*. TFor this purpose it
was required that the effective mass of the pw"
combination should be in the range 1.14 to 1.30 GeV/c2.
Examination of the distribution shown in fig. 20 shows
that about 85% of the pw? combinations selected would
be an N*. The /f signal in this selected sample is
much stronger than in the total sample, and the number
of entries in the/po peak ;bove the estimated back-
ground is 1250 + 120. Thus the selected sample
cdntains apin 37.8 3.6% and as the sample is
largely of N*=*w~ , one would conclude that a fp
is produced in association with that proportion of
N*'s that is the cross-section for the double resonance
production process N*/o is 37.8 * 5.6% of the cross-
section for N* production. The cross-section for the
production of Nﬁpo is therefore estimated to be 0.65 +
0.08 mb., which is 24 # 3% of reaction A. This value
of the cross-section is compared with the value from

experiments at other incident pion momenta in fig. 23
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5.3.2 £° production

Fig. 19 also shows evidence for N*;o production,
although no 40 band is seen.

The distribution of the effective mass of W =
shown in fig. 21. also indicates the presence of 4°
production. An estimation of the number of entries
above the background in the region of the 49 is
420 4 110, which corresponds to a cross-section for
the production of 4° decaying to wWw of 0.19 & 0.05 mb.
In the distribution of the effective mass of W'~

associated with an N*, fig. 22, the #°

signal is
impfoved. There are 260 + 70 entries above the
estimated background in the {2 region whieh is™ ~~
7.8 ¥ 2.,1% of the sample under consideration. From
this one calculates a value for the cross-section
for the double production of N* 2 (»=w*w) of
0.1%5 # 0.035 mb. As the £° has isospin zero, it is
predicted by Clebsch-Gordan coefficients that it
should decay to W and to =°w® in the ration 2:1.
The cross-section for N*$° production is therefore
0.20 & 0.05 mb. The data is not inconsistent with
the statement that the ¢° is produced in association
with the N* but not separately. The cross-section

for the production of N*¢° is compared with those from

other experiments in fig. 23.
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Fig. 24(a) shows the distribution of the
effective mass of W™ associated with an N* where
the w" in the centre of mass system of the w*w is

produced in the forward direction relative to the incident

",

Fig. 24(b) shows the complementary distribution
where the 7 is produced in the backward direction.
The 4° signal can be seen to be stronger in the first
diagram, in which there is an excess of 190 + 30
events above the estimated background. From the overall
spectrum of fig. 22, assuming the usually observed
symmetrical decay of the Fo, one would have expected
130 ¢ 35 events, and the value obtained is not
inconsistent with this. However, the peak for the
backward decaying t° is certainly broader than that
for the forward decaying t° and the difference in

the appearance of the two peaks does not support the
assumption of a symmetrical decay, and is probably
the fesult of an interference with some scattering

with odd angular momentum.

5.%.5 t dependance of N* and fp production

Fig. 25 shows the Chew-Low plot for =™ systems.
The concentration of points in the po region at low
values of |t|is very clear. The peripheral production

of the $° can also be observed on this plot. BSelecting
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events for which |t(p/p~)| <0.3 GeV2

(and taking

both pw* combinations if both satisfy this conditioen), -
the scatter plot of the effective mass of the p«"
combination against the effective mass of the associated
w'%~ system is shown in fig. 26. It can be seen that
the N*4° and N*+° production processes are very much
favoured by such a selection.

Fig. 27 shows the distribution of -t for the
reaction of «*p —'N*,oo showing the sharp forward peak.
For this, events have been selected in which a pm*
combination has an effective mass in the range 1.14 to
1.30 GeV/c2 and the complementary -w*n~ combination has
an effective mass _in the range -0.66 to-0.86 ‘Gévy'é.z .

at

Writing de/dt«e®" for this range of t the value

2

a=11.6 + 0.6 GeV = is obtained. At 8 GeV/c(10),

-2 for 0.06 <

it was found that a=11.7 & 1.1 GeV
-t0.4 GeV2, In table 12, the values of the slope
for different, nearby regions of fig.19 are given
for comparison. There appears to be quite strong
peripheralism with the production of a single resonance,
but not so much with the four-body production process.
Fig. 28 shows a part of the Chew-Low plot of the
"W systems associated with a possible N*. The
region shown is that corresponding to high values of |tli,

and the boundary of the physical region, as limited by

kinematics, is shown. The presence of /,o production at



FIG. 206

2.00

| MAZSS(ff"'ﬂ')vs. MASS (p at)
g . A (plpﬂ+) <0.3

L

1.00

0.0 © oM 0. -

[ X )

0.39

Aw L 73 L I .20 LR Wl . LW 1.00 [y ] 1.8 1.8 .09 |, LW = 2.33 i



—=t j

-
o ol
€
o oN ?ln‘u ~>uw\.>u
- 40 NOILNEIY1SIO
4 Ol
4

L8 "O1d




TJABLE 12

do/dt SLOPES FOR REGIONS ADJACENT TO
N¥ p® REGION

»° BAND
DEFINITION
1500
A F 8
MASS(pe*)p 1300
Mtvlcal c D — eano
1140
€
1060

450 660 860 1060

MASS (0 0°) ety

MEV/c*
RANGE OF SLOPE
-t (eev?) (cev™*)
A]l]oco-o08 ]| 46t o8
*p —» "0'0'.'
B| ol -o08 ]| 35 tos
C | oo~ o0 9.3 * 08
e*p —N¥ ¢*¢-
D| o1 - 06 76 ¥ o6
E| oo-06 |i1062%13
a® p - p a*p®
F| o1 - 08 73 2 06
a*p —o N¥ g0 008 - 038 |ns & 0.6




/A% (-s)n

60 90 €0

~ . --. .o
N
AN T ) .
od gN +—d .5 / * . .
% ™~
! /

LO07d MOT-m3HD 40 NOILD3S

8% ‘914

; oe

10"

-0%

A2D




- 82 -
high values of |t| can be seen, consisternt with the
production of Nﬁpo by a baryon exchange mechanism.
- Estimating the background from nearby regions,
the cross-section for the backward Njao production
is found to be 7 + zﬂt. Taking the reaction as

being due to baryon exchange, t is defined thus:-

t =[¢(N*) - r,('rr")]2 =[1(/’) - 1(1))]2

Using this definition of t, fig. 29 shows the
distribution of -t for N*»° production, using the
same intervals of mass as for the forward peak. The
distribufion is qgain plotted on a -logarithmic scale.

t -2

Writing de/dta e®Y, a is found to be 1.2 + 0.4 GeV

2
for this reaction with |t|<1.5 GeV .
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5.3.4 Decay angular distributions of N* and #°

The N*/oo reaction has been studied in terms of
the Gottfied-Jackson analysis. The decay angles
are defined as follows:- |
0/, is the angle between the directions of the
incoming ~"and the outgoing ' produced by the decay
of the fo
¢ﬁ is the angle between the production plane of
the N* and the plane defined by the incoming -~ * and
the w" produced by the decay of the ,o
Both of these angles are defined in the rest
system of the /oo. The angles 91\1* and 551\1* are
defined in a similar way for the decay of the N* in
the rest system of the N*.
The distributions of the decay angles are given
by (26):
\,Jf (9»9,2)= %;[/" sim"e° +/”cos - Ao sin* cosuj,
-7 R,../owsinl,otos%]

WN"( N¥ > N’) ('-ﬂ[/oa‘}smze * +/0”(3 +co5 ed")
"J';" 'Rn./ag _, Sin 9,,:«"-051 »= 3&/ sm29 cos¢ ]

are
Where /o“.;z the spin-density matrix elements
for spin components wm,m' in the decay and the
production of the resonance.(3/2, "/2 are abbreviated

as 3, 1 in the expression fér N*.) The direction
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of measurement of m and m' is taken as the
direction of the incoming (p) in the rest system
of the /O(N*). On the basis of the one-pion exchange
model without absorption, one would therefore expect
m=mn'= 0O,

The density matrix elements have been calculated
from the decay angular distributions for different
intervals of t and are shown in fig. 30. The curves
are the distributions calculated on the basis‘of the
one-pion-exchange model with absorption at 4 GeV/c (27);
There are some discrepancies in the fﬁ,-ﬂ and /033
elements. There is, however, the problem of
selecting a pure sample of Nﬂpo events, and there
seems to be a significant amount of interference with
S-wave background in the/:0 selection, as can be seen
from the unsymmetrical decay distribution
(F-B/F+B=0.35 4 0.03 for p° decays.). Bearing
this problem in mind, the agreement with the absorption
model calculation seems to be satisfactory.

In fig. 31 the distributions of ¢osVU, and
cos 01\1* are shown for different intervals of the
other, to look for correlations between the decays
of po and N*, which would not be expected if the

production was by the exchange of a spinless particle
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such as a pion. Events with |t1< 0.3 GeV® were

used for this. A correlation between the N* and the
po vertex can be observed, which is in disagreement
with either a simple one-pion exchange model or a
form-factor modification of it. The distributions
have been fitted by a function proportional to

(14+B cosO+ C cos2 @ ). The coefficients

B and C are presented in table 15. The fact that
some correlation is observed indicates that there are

some absorptive effects in the reaction.



Table 13

Coefficients of N* andjfo decay distribution

a) N* decay

 Range of cos QP % B ' ¢ Nu%gﬁiﬁgf
|
-1.0 to -0.4 10.04 + 0.13 | 0.55 + 0.26 264 |
0.4 to +0.4 0.06 + 0.15 | 0.35 + 0.30 180 |
+0.4 to +1.0  10.01 + 0.13 | 1.79 + 0.30 575
b) ,°decay
Range of cos O+ B C Nugsgitgf
~1.0 to -0.4 3,03+ 0.63 [7.82 + 1.50 | 356
—0.4 to +0.4 1.02 + 0.29_ [3.71-+ 0.70-| 309
+0.4 to +1.0 2.51 + 0.50 [6.38 + 1.12 | 352 |
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5.3.5 The*A2+ meson

Fig. %2 shows the effective mass distribution
for the m*wwcombination. The enhancement due to
the production of the A2 meson can be seen. The
number of events above the background is estimated
to be 93 4 25, and the cross-section for the production
of A2+ decaying to T to be 42 + 12 b

The A2+ signal is improved‘by examining only the
events which satisfy the following two conditions:

1) The effective mass of either of the two possible

combinafions is compatible withH/P i.e. in the

range 0.66 to 0.88 GeV/c2.

" 2) The event is not compatible with Nﬁpo production,
the mass range of the N* being defined to be
1.14 to 1.30 GéV/ce. It can be seen in fig.
19., that the effective mass of p#? in the
f band is roughly uniform apart from the N*

" so roughly 107 of 2 not produced
productlonmw1th N* will be excluded by this

condltlon;‘and the cross-section for A2
production must be corrected accordingly.

Fig. 3%. shows the distribution of the ax ¥ty
effective mass for events satisfying these conditions.
The peak corresponding to the production of Ag cofdtains
116 + 21 evénts above the estimated background. The

cross-section for the production of Ag and its subsequent

decay to 7ﬁ/f is therefore estimated to be 58 + 10 mb.
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5.4, Reaction B

In this section the reaction B (w*p— pm*nw*w ) is
studied. After restricting the sample on the basis of
the square of the missing mass, 645% events remain.

The main features of this reaction are the production
of N* and w®. 1In addition there is evidence for the
production of 70, Aé and BY.

5.4.1 N*, w° and 4° production

¥ig. 54 shows a scatter plot of the effective mass
of pw¥ versus the effective mass of the remaining w™w=°
Fach event is represented twice on the diagram,
corresponding to the two possible combinations of .
The bands due to the formation of N* and «w° can be
seen, as well as the concentration of points in the
overlap region due to the combined production of
N* and «°. The band due to the production of 70,
particularly in association with N*, can also be seen.
In fig. %35 is shown the projection of the scatter
diagram to give the effective mass distribution for
pﬁﬁ in which the strong N* peak can be seen. Estimating
the number of entries above the smooth background, one
estimates that 2420 s+ 150 events in the sample
proceed via the production of N*. The cross-section
for N* production in this reaction is therefore

1.08 # 0.06 mb, or 37 4 2% of reaction B.
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Fig. 326 1is the projection of the scatter diagram

to give the distribution of the effective mass of

W' w"m®. The strong production of the «° can be
seen. 1150 + 70 events are estimated to proceed via
the production of an o decaying to m*w =w®, and the
cross-section for such a process is estimated to be
0.51 +£ 0.045 'mb or 18 4+ 1% of reaction B. There is
a small peak due to the production of 70, but a very
significant one because of the small background. The
number of entries above the estimated background is
97 + 16. The cross-section for the production of 7°dec_a.yi_n5
to w™w® is therefore estimated to be 43 + 8 ub.

Fig. 3% shows the effective mass distfib&fion

for W%’ when the effective mass of the assoéiated

pm* is in the rangevﬂ.ﬂy to 1.3%0 GeV/cz. The peaks
corresponding to W and to 7° can be seen to be
enhanced by this selection. . However, the use of this
histogram to estimate the amount of double resonance
production is not as reliable as for reaction A, as
in only:.eo;‘_‘_’q/otf:.his sample does the 'nr“ combination
correspond to an N*. The effective mass distribution
of www’ was examined for different intervals
of the effective mass of the remaining pm*. Fig. 38

shows the number of w°'s found in each sample as
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a function of the mass of the Pﬁr"system. The line

drawn-on the figure is the background estimated from
the three points above 1.38 GeV/cz. The figure

is essentially the distribution of the effective mass
of pv when the products of the interaction are Pt ,
so the excess above the background corresponds to events
in which N*w® is produced. This excess is estimated
to be 310 4 40 events. The cross-section for the
production of N*w’ (w® decaying to ' =°) is then
0.14 + 0.02 mb., which is 4.8 + 0.6% of reaction B.
Correcting for unseen decay modes, the cross-section
for the production of N*«° is 0.155 4 0.02 mb. This
value is compared with those from other experiments
in fig. 23. To estimate the amount of N*7° production,
the scatter plot of fig. 34 was examined in the 7°
Band, defined as 0.52 to 0.58 GeV/c2. In the three
regions of this band 1.12 to 1.3%6, 1.36 to 1.60, and
1.60 to 1.84 GeV/cg, one observes respectively

50,17, and 16 points. The number of events which
proceed via the production of N*,o is estimated to

be %5 4 7. The cross-section for N*7° production

(70 decéying to v m® is therefore estimated to

be 15 4 QMB.

5.4.2 t dependance of N* and W production

Fig. 39 shows the distribution of t for events

consistent with the production of N*w°. For this the
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N* was taken in the effective mass range 1.14 to 1.30
GeV/c2 and the «° in the range 743 to 823 MeV/c2. A
forward peak for this process is observed, and an

at has the

exponential representation of the form e
slope a=3.7 + 0.3 GeV-2 over the range of \tl, 0.1
to 0.9 GeV2. This peak is considerably broader than
that for N* production. For comparison, the slopes

for nearby regions.of fig. %4 are given in table 4.

. 5.4.3 Decay angular distributions of N* and «

The decay angular distributions have been studied

by the Gottfried-Jackson analysis as for the Nﬁao

production. In this case the normal to the decay

. . -> g A o
plane (the direction Py —'\—p,“:.)- was used to define

the decay direction of the dP, instead of the "

direction as in the /o decay.

Fig. 40 shows the spin density matrix elements
obtained for four different intervals of t. The curves
shown ére the predictions of the absorption model
: assuminglp—meson exchange with an electromagnetic
coupling at the baryon vertex, calculated for
4GeV/c incident pion momentum. The distributions
obtained do not agree with the predictions of the
absorption model, although the results are much the
same as those obtained by ABBBHLN collaboration (28)
and by the ABC collaboration (10).
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9

cos VU, are given for different intervals of the

In fig. 41, the distributions of cos N* and
other. In this case, no significant correlation
between the decays is observed. Table 15 gives

the coefficients obtained by fitting each distribution

with a function proportional to 14B cosd +C cos <.
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Table 15

0

and W~ decay distributions

a) N® decay

Range of cos Q,

Number of

B C Events
-1.0 to -0.4 0.14.+ 0.17 | 0.28 + 0.34 130
—0.4 to +0.4 ~0.01 + 0.16 | 0.18 + 0.30 148
30.4 to +1.0 -0.06 + 0.22 | 0.67 + 0.45] 117
b) «decay

Range of cos ON*| 3 | ¢ hvento.

~1.0 to -0.4 Z0.14 + 0.17 |0.22 + 0.34 127
~0.4 to +0.4 -0.14 + 0.17 |0.23 + 0.34 144
+C.4 to +1.0 ~0.071 + 0.22 |0.79 £ 0.67 128
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5.4.4. 2 production

Fig. 42 shows the effective mass distributions of
Q#?ﬂof 7' and of Ww".  The dashed histogram in
each case is the corresponding distribution excluding
W events i.e. those in which a W n° combination has
an effective mass in the range 743 to 823 MeV/dz.

A peak in the region of the # meson can be seen on each
distribution, and in each case, the signal is improved
by the exclusion of @ evenfs. Some at least of the
peak in the «ax'™ spectrum could be due to a reflection
from the A °.

2
5.4.5. A2 production

l

On fig. 36, the effective mass distribution for
~tar W, some enhancement in the region of the A,
meson can be seen. The signal is improved by imposing
the following conditions:
1) The complementary fT# combination has an
effective mass in the range 1.14 to 1.30 GeV/cz.
2) Bither the W'w"or the MW w"combination has
an effective mass in the range 0.66 to 0.86 GeV/cz.
The resultant effective mass distribution is shown
in fig. 43. The number of évents above the background in

the region of the A2 mass is estimated to be 200 * 30. No evidence
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is seen that the A2 is produced other than with an
N*, so one concludes thaf the cross-section for the
production of N* A, (A2 —»p) is 89 £ 13 mh.

The observation of the A2 decaying to 7“** is
discussed in chapter 6.

5.4.6 The B+ meson

Fig. 44 (a) shows the effective mass distribution
for the ~w*w*wn® system. Some enhancement in the region
of 1.2 to 1.3 GeV/c2 can be seen. Fig. 44 (b) shows
the same distribution when the sample is restricted to
those events in which a Nw=™® combination is compatible
with an w° (743 to 823 MeV/c2). The peak at the
position of the B meson can be seen. The number .of
events above the background is estimated to be 105 4 25.

The B meson was first observed in 4+ p interactions
by Bondar et al. (29) and in ~'p interactions by
Abolins et al. (20). It was suggested by Maor and
O'Halloran (30) that the peak could be the result
of a Deck mechanism. The virtual dissocciation of
the incident pion into g« and the subsequent reaction
LP>Tp should produce a broad peak in the neighbour-
hood of 1.2 GeV/c2. However, a significant B peak has
been observed by Baltay et al. (31) in pp annililations,
which confirms the existence of the B meson. For this
reason, the peak observed here has been interpreted as

being due to the production of the B+'meson.
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Fig. 45 gives the Dalitz plot for which the
final state is compatible with pWw’. The square
of the effective mass of p™ is plotted against
the square of the effective mass of »w’. Events
in which both "~w" combinations are compatible
with an W’ are plotted for each value of the effective
mass of p?P'. The strong production of N* can be
observed, as well as a faint band due to the B* meson
The fact that there is a concentration of points
along the whole length of the B band supports the
JP assignment of M for the B meson.

In order to study the decay anéu&én distribution
of the BY, the angle cos 8 is defined to be the
angle between the incoming and the outgoing -r* (the
one not produced by the «w° decay) in the centre of
mass system of the final W« system (see fig. 46).
Fig. 47 shows a scatter plot of the effective mass
of ™’ versus cos 0. N*w® events are excluded

and events in which either combination of =¥ could
be the decay products of an w° are represented twice.
A concentration of points at |cos 9,' =1 is noticeable
throughout the range of the mass of Ww’ , but
particularly at the larger values of the mass. The

band corresponding to the B* meson can be seen.



. FIG.453.. |
| mass? (w°at) vs.mass (Pg ).

2.

&
,.

[ Ay ]

.35

[ W

3.5 3.50

LR

[ &3

FY’)
[ 4
¥

1.0 .08 (A ] .7 %10 *ho %e0 w1 “s (N1 &0 [ 4




FIG.46 DEFINITION OF 6,

incident

&




FIG. 47 mass (o w) v cos @
B

2}
18}
mAss (o)
Gev/e®
14}
12
-1.0 o .0

cos 95——»



- 97 -

The projection of this scatter plot to give the
angular distribution for the B-region is presented
in fig. 48(a). The B-region is defined to be the
mass interval 1.16 to 1.36 GeV/c2. Examihation of
fig. 44(b) shows that about 40% of the entries in
the B-region corresponds to a B* meson. In order
to esfimate the effect that the remaining 60% would
have on the distribution, control regions were
defined by the mass intervals 1.06 to 1.16, and
1.36 to 1.46 GeV/cS. Fig. 48(b) shows the
distribution of cosag for the control regions.

The difference of these two distributions presented
in fig. 48 (c¢) is now the decay angular distribution
for the BY meson. ‘he statistical standard errors
are indicated on this figure.

- It can be seen that the angular distribution
is isotropic. In fact, assuming an isotropic
distribution one obtains that )f; 3.6, there being
four degrees of freedom. The 'Xt probability is then
O.45. The best fit to a distribution of the form:
c+a cos“® is with a = 0.1+-0.%5. The observed
isotropic distribution supports the conclusion that
the BY decay to oW  takes place in an S-state.

The I¥ assignment would then be 1%F.
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A study of the i assignment of the BY meson
has been made by Carmony et al (32) who find that.
the best fit to their data is with the 1~ assignment,
although the it is not a good one, and the 1+ and
2~ assignments are still possible. If the B meson
were a 17 meson the decays to XK and to 2% would
- be forbidden by the conservation of parity.
Horeover; if the B were a 1~ meson one would expect
to see these decays. The rate of the decay of B
to KK has been determined by Hess (33) to be less
than 2% of the rate of decay to ww and the rate of
decay to 2w has been found by the ABBBHLM.
Collaberation (35) to ve less than 30%. The fact
that these decay modes have not been observed is
evidence against the TP assignment of 1~ for the
B meson.

The projection of Fig. 47 to give the effective
mass distribution of w’n* is given for |ecos&l < 0.5
in fig. 49(a), and for ,cas&%,}'0.5 in fig. 49(b).

The B meson peak is clearer in. the first of
these. An attempt was made to fit the distribution
of fig. 49(a) in order to obtain a value for the
mass and the width of the B as follows:

The background of the distribution was estimated



30

EV.

20}

FIG. 49 Mass (o «*) REACTION B

a) |cos 61¢05

40F

Ev.

b)

Gev/c?

1€OS §,| >05

cevk2



- 99 -

by fitting a third order polynomial curve to the
mass intervals 0.96 to 1.1, and 1.4 to 2.2 GeV/c2.
The experimental distribution in the range of
1.04 to 2.0 GeV/c2 was fitted by minimum X to a
distribution of the form of the sum of the back-

ground and a Breit-Wigner function:-
NP2/ (P2 o+ (WF - M 2)2/m 2)

Where N is proportional to the number of
events in which a B is produced.
" is the full width of the peak
Mb is the central mass value of the peak
and M is the w'w® effective mass.

The best fit was obtained with M= 125 + 30 MeV/c
and M, = 1230 + 20 MeV/c% The estimated standard
errors quoted here are such that a deviation of one
standard error on either of these quantities would
increase the Xtvelue to one more than the
minimum (17.4 for 18 degrees of freedom). The
fitted distribution is shown on fig. 49(a). The
values obtained for the width and the mass of the

B meson are compared.with those obtained in other
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experiments in the table below. The values obtained

in this experiment are in good agreement with

those from other expsriments.

Table_ 16

Mass and Width of B meson

Mass ‘ Width

MeV/c2 MeV /c2
Abolins et al.(20) 1220 100 + 20
Chung et al.(36) 1220 180 + 30
Goldhaber et al.(37) 1220 80
Baltay et al. (31) 1200 -+ 15 100 + 30
This experiment 1230 + 20 125 + 30

5.5 Reaction E

In this section, the reaction W p —spw K'K~
is studied. Events which have also been successfully
fitted with a hypothesis of reaction A have not been
included in the sample of events. 309 events of
of reaction E are studied here. By a Monte Carlo
generation of events of reaction B, it was found
that about 1% of such events would give a spurious
fit to reaction E. From the number of events of

reaction 3, one would then expect about 60 to give
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a fit to reaction E, and the sample of events would
have a contamination of zbout 20% by spurious fits.
By generating events of reaction E 70% were found to
give a spurious fit to reaction B So the acceptance
of the 4c fit to the 1c¢c fit is justified.

Fig. 50 shows the effective mass distribution
for the p1¢ coubination. The peak due to the
production of N* can be clearly seen. The number
of events above.the smoéth background in the region
of the N* is estimated to be 137 + 17 which corresponds
to a croés-section for the production of N* in this
reaction of 47 + 6amb. The dashed histogfam shows
the effective mass distribution for events in which
the four momentum transfer is less than 1.0 GeV2.

In fig. 51 is presented the distribution of the
effective mass of p K. The production of Y* (1520)
is observed and by estimating the nuﬁber of events
above a smooth background, the cross-section for the
production of Y* (1520) and its decay to p K is
found to be 16 * 4mb. This resonance is also
produced peripherally as can be seen from the dashed
histogram on this figure, which is the effective
mass distribution for events in which the four
momentum transfer is less than 1.0 GeV2:
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The effective mass distribution of the K w'
system is shown in fig. 52. A strong signal at the
position of the K*(890) is observed. The number of
events in this peak above the estimated background
corresponds to a cross-section for the production
of K*(890)(SK ") of 12 + 5ub. A peak at the
position of the K(730) meson is also seen on this
distribution the cross-section being estimated as
3.5 + Z/ub. The shaded histogram on the figure
gives the same distribution excluding events in
which an N* could have been produced i.e. in which
the effective mass of the pﬂ? system is found to be
in the range 1.12 to 1.32 GeV/cS. Both of the veaks
appear more pronounced after this rejection. The
cross-sections for the production of K* (890) and
of K(730) in this reaction have been re-estimated
using this distribution. The values obtained are
10 + 3 4b. and 4 + 1.54b. respectively.

The distribution of the effective mass of
X*K™ is plotted in fig. 53. The peak due to the
decay of the A, meson into K*K™ can be seen. The
cross-section for this process is estimated to be

7 t 5.5/$.
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CHAPTER 6
THE PRODUCTION AWD DECAY OF THE A, MESON

6.1 Introduction

" In this chapter the production of the A2 meson
is studied and the branching ratio into its different
decay modes is examined. The decay of the A2 into
VA NT L and KK have all been observed and measured in
various experiments and the results of this experiment
are compared with those of other authors.

The A2 is observed to be produced in two regctions

namely:-

w'p N*A, (2)

Different decay modes of the A2 are observed in
both of these rsactions and in the second reaction
there is evidence for the production of N**AE. The
relative rates of the different charge states
for reaction (2) is of course predictable from
Clebsch-Gordan coefficients and the predictions are
examined experimentally.

In determining the branching ratio for the KK
mode, an examination is made of events which were

measured as a separate part of the complete 5 GeV/c
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experiment. ‘I'wo pronged events with at least one visible

o - 5 T A ~ iy,

V™ decay nave veen selected and measured. 7The system of
analysis of these has been tne same as for the four pronged
gvents, Only two of the fitted hypotheses for the events is

of interest here and these are:

1 — e’ 57 events (reaction ¥)

T = pm™kk° 89 events (reaction G)

For the samples of these events, the cross- section is 0.350
per event found. It should e noted that if the K° (or io)
decays by the short-lived moue, KS, it will almost certainly
decay within the chamber., As about twe thirds of such decay
is to M* T 7, and one third to T°T° one expects to see
two thirds of Ks decays. The KL decays are unlikely to be
seen in the chamber, and the measurement is not likely to
give a kinematic fit to a two pion decay.

Recent suggestions that the Az peak consisfs of tvio
separate resonances with different decay modes are also

discussed.
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6.2 The reaction 4?p -—apﬂé

In this reaction it is possible to observe

the three decay modes of the AS. The decay to /ﬂn?

is observable in reaction A, the 7’«* decay mode is
seen in reaction B, and the KK mode is seen in
reaction F.

The production of K; in reaction A has already
been discussed. The cross-section for this process
was estimated to be 58 + 10 mb. This value must be
corrected for the unobserved decay A+2 - M,
which is expected from Clebsch-Gordan coefficients
to occur at the same rate as the decay to /ﬂqw’.

The cross-section for A, sn is therefore 116 + 20mb.
It is possible to try to estimate the parameters of
the peak by taking the median value of the events
in the excess above background for the mass, and
a rough estimate of the width of the peak is possible.
Examination of fig. %% then gives the values of
1305 % 15 MeV/c® for the mass of the Ay, and 100
+ 20 MeV/c® for the width. Chikovani et al (38)
have reported that the A2 peak is really two separate
peaks. No evidence for the splitting of the A2
peak can be observed in this distribution.
Bvidence of the 7""}“‘ decay mode of the 1312+ is seen

in reaction B. Fig. 54 shows the effective mass spectrum of

7’!:("' , where for this purpose the 7° selection was defined

as a A A ﬁro system with an effective mass in the range
535 to 565 I‘.‘le‘\T/cz.



¢¢¢¢¢¢

nnnnnnnnn

-
NN




- 106 -

An examination of fig. 36 shows that a large
proportion of the selected wm m° combinations
corresponds to an 7°. A peak in the A2 region of
the 7ﬂr mass spectrum can be seen., The peak remains
after the exclusion of N*vo events, where the mass .
of the N* band is defined as 1.12 to 1.32 GeV/cz.
This distribution is shown as a shaded histogram on
fig. 54. As the vackground is rather less -after
the exclusion of Nf,o events, this distribution
has been used to estimate the parameters of the peak.
The mass and width of this peak are estimated to be
1320 + 30 MeV/c2 and 100 + 50 MeV/c® respectively.
These values are consistent with those obtained for
the p% peak. The estimated number of events above
a émooth background is 19 + 5 and the cross-section
for the observation of the yw decay mode is
8.5 + 2 mb. The branching ratio of the 7° is such
that 27% of the decays are to W~ M and to o Y.
It is not likely that the kinematic fitting can
distinguish these, and so both of these modes will
be observed in spite of the false assignment.
Correcting'for unseen decays, ﬁhe cross-section for
the 9w decay mode of the A, is 31 £ 10ub. This then

leads to a value for the branching ratio:

Ay =/ Ay ~pp™ = 0.27 4 0.09
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The values revorted by other experiments are

set out in the table bvelow:

Table 17
- Branching ratio A2—b7'n-/ Ay, = pT

ABBBHLM collaboration (22) 10. 3 + 0. 2
Chung et al. (39) {0.12 + 0.08
Dubovikov et al. (40) [0.24 + 0.08
ABC collaboration (41) {C.09 + 0.04
GHMS collaboration (42) |0.18 + 0.08
This experiment 0.27 + 0.09I

The value obtained in this experiment is in
good agreement with those from other experiments.
It is possible to take a weighted ﬁéan of the six
quantities, and in doing so, this experiment would
contribute 10% of the weight. If this is done, one
obtains for the branching ratio, the value 0.15 + 0.03.
The value of Xe is 6.1 for five degrees of freedon,

so all the values obtained are in reasonable

agreement with each other.

The decay oI the A2 is observable in reaction

. Fig. 55 shows the distribution of the effective
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mass of K'K® for this reaction. The peak in the A,
region can be seen,and the mass (1350 + 30 HeV/cZ)
‘and width (125 + 50 MeV/ce) of this peak are in
reasonable agreenent with the A2 meson. It is
estimated that there are 10 + 4 events above the
background in this region corresponding to a cross-
section of 3.0 + 1.2 4. Correcting for the KL decays
and the neutral Ks decays one obtains that the

cross-section for A, = KK is 9 % 4ub. and the

branching ratio can be calculated:

6.3 The reaction «'p— N* A,

In this rezction it is possible to observe two
of the decay modes of the A2. The decay to pw is
observable in reaction B. The decay to KK is
observable as K'K™ in reaction E, and as K°K° iﬁ
reaction G.

The production of N* A2 in reaction B has

already been discussed, and the cross-section was
found to be 89 + 134b. The mass and the width
of the peak in fig. 4% are estimated to be 1300
+ 20 MeV/c® and 150 + 40 Mev/cZ.
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These values are in reasonable agreement with
those found in the previous section.

In fig. 56 (a), the scatter diagram of the
effective mass of pfu-+ versus the effective mass
of K'K~ for events of reaction E is presented.
The band due to the production of N*.can be seen
clearly. In this band, a concentration of points
in the H* A2 nproduction region can be seen. Fig.
56 (b) shows the effective mass distribution
for K¥K™ if the associated pn has an effective
mass in the N* band (defined as 1.1% to 1.30 GeV/c2).
A peak at the position of the A2 is obsgrved. The
mass and width of this peak are estimated to be
1340 + 40 and 120 + 40 MeV/c® respectively which
are in good agreement with the expected values for
the A2. The number of events in the peak above the
estimated background is 16 + 8 which corresponds to
a cross-section of 7.2 + 3.6xh. for this process.

Fig. 57 (a) is the scatter diagram of the
effective mass of pm* égainst the effective mass
of X°K°. Again a concentration of points in the
N* A, region c:n be noticed, and in fig. 57 (b),
the distribution of the effective mass of K°R®

associated with an N* 1is shown. Once more, a peak
’ P
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at 1560 + 40 MeV/c2 is observed. These values are
compatible with the values for the A2 meson. The
number of events in this peak is estimated to be
12 + 5. If the quantum numbers of the A, are the
accepted ones, in particular that I is 17, the
branching ratio of the A, to K*K”, KgKg JK K. KgK,
should be in the ratio 2:1:1:0. B8ince the KK systems
being studied here are those in which at least one
of the decays is observed, it follows that
the K Ky mode is being observed, and that there is
no contribution from K,KL. The probability that at
least one decay of K K,should be observed is 8/9.
Correcting for unseen decays one obtains a cross-
section for A, = KK, of 4.0 + 1.7 ub.

The ratio of the decay modes KK~ and KK, is
therefore 1.8 + 1.2 which is in good agreement with
the expected value of 2. Assuming the relative |
rates of decay to be as expected, it is found that
the cross-section for the decay mode A2-’KK is
15 + 5,&. From this the branching ratio
A,~KK / A,=»pm is calculated to be 0.17 + 0.06.
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6.4 The A, —>KK/A,—»p= branching ratio

Two independent estimations have thus been made
of the KK branching ratio in this experiment. The
dii'ference between the two values is 0.09 + 0.07
so there is some disagreement between the values.

The two valuez are not however inconsistent.

Taking the weighted mean one finds for the branching
ratio A, —KK /A,—p™,0.11 & 0.04. The values
obtained by other experiments are listed in the

table below.

Table 18

Branching ratio AE—*KK / Aé — o

Lander et al. (43) <0.08
Armenteros et al. (44) <0 . O4
Chung et al. (39) 0.053 + 0.021
ABC collaboration (41) 0.04 + 0.02
This experiment .11 + 0.04

The branching ratio obtained by this experiment
is rather high compared with that found in other

experiments. One possible explanation of this lies
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in the fact that the c¢ross-section found for the
production of pA, (A2-o p°n") is rather low in

comparison with other experiments (see fig. 58).
One can attempt to obtain from the three experiments
a better value for the cross-section. Assuming a
linear variation over the range considered, the best
fit is shown on the figure, although the fit is
not a good one. The value thus obtained for the
reaction ar'p - ph, (A2-4f°~f) at 5 GeV/c is
75 + 15tﬂb. This would give for the branching
ratio A2 -oy'n/A2 -pw , 0.21 + 0.08 which is in
even vetter agreement with other experiments.
Indeed the weighted mesn for this and other experiments
for this branching ratio would become 0.20 + 0.04,
Following the same procedure for the KK
branching ratio in the reaction PA2’ the wvalue
0.0 + 0.03% is obtained. The high value obtained
from the N* A2 reaction remains unexplained although
it is not altogether inconsistent with this value.
The weighted mean from the two reactions is
0.08 + 0.03 which is in reasonable agreement with
other experiments.
A further possibility is that there are two
resonances at the A2 position having different

decay modes. This hypothesis would be supported
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by the missing mass spectrometer experiment of
Chikovani et al. (38) in which some slight

evidence for two peaks is found. In this experiment
there does seem to be a slight difference in the
~central mass values of the peaks being 1300 + 15 MeV/c2
for the pm peaks, and 1350 + 20 MeV/c® for the

KK peaks. The difference between these corresponds
to about two standard deviations, but it should

also be noted that the estimation of the standard
error on the central mass value of the peaks is
rather uncertain so definite conclusions about a
significant mass difference can not be made.

Morrison (45) has suggested the possiﬁility

of a meson with a mass similar to the A2, but with
3% = 27 or 1%, which would decay to A7 but the
decays to KK and to ym would be forbidden.
Differences in the cross-section for the production

of the two resonances at different energies should

give a variation in the experimentally determined
branching ratios of the A2. Fig. 59, the
experimentally measured branching ratios,

Ay KK / A,—»p™, end Ay~ yw/ Ay, —p™ are

shown as a function of the momentum of the incident
particle (w or m~) including the values
obtained by this experiment. No evidence for

a variation in the branching ratio can be seen.
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A £fit to the experimental data oi the form:-

branching ratio « 11 + Rp 1'5) (See appendix B)
has been made. The best fit is given by R = 0.005
+ 0.01 which is consistent with zero. On the basis
of this fit, one concludes that the proportion of
a 2~ or 1" meson in the P peak at the position
of the A, is less than 15% in this experiment.

The decay modes KK and g have been examined
separately to check the correctness of assuming
both to be a decay of the same particle.

6.5 The KK decay mode

The KK decay is observed as K'K°, KTk~ and
K°%°. The fact that the X'E° mode is observed
establishes that I = 1. The decay of states of
definite 1,15 and G to KK was discussed in chapter 1.
Por the decay of an I = 1 neutral meson, the decay

modes are as follows.

0dd G - parity, K'K™,KgKg KX, in ratio 2:1:1

Even G - parity, K'K™ K K in ratio 1:1

Fig. 90 shows the distribution of the effective
mass of K°K° in reaction G for the events where
both decays are seen. The background is low in this

distribution because the probability of observing

two uncorrelated K° gecays as Kg is 1/9, and the
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concentration around the mass of the A2 is clearly
seen. 1t is estimated that there are 8.5 + 3.5
events in the peak. The probability of seeing
both decays of K K;is 4/9 so there is good
agreement with the number of events in “hich at
least one decay is observed (probability &/9).

The agreement with the rate of decay to K'X~ has
already been pointed out. The observed decay to
K°K° is therefore seen to be quite consistent with
a state of odd G-parity. For a decay to KK, the

following relation holds:-

o = (_1)1 + I,
where 1 is the orbital angular momentum of the
KK system. It follows then that 1 must be even,
and that for the vparent particle, J must also be
even. This further leads to the conclusion that
the parity is even.

Of course, the assumption has been made that
the decay to XK is a strong decay so that the
relevant conservation laws are valid. The observéd
width of the peak supports this assumption.

The decay angular distribution of the KYK~
decay mode has been examined. ©ig. 61 (a) shows the

angle between the K* and the incoming m*, in the
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centre of mass system of the K'K , if the K'K~
has an eifective mass system in the range 1225 to
1400 NeV/ca. Fig. 61 (b) shows the distribution
of the szme angle for the control regions, that is
for those K'K~ systems with effective mass in the
ranges 1050 to 1225 MeV/c2 and 1400 to 1575 MeV/c2.
The background in the A2 region was estimated as
half the distribution for the control regions, and
the decay angular distribution for the A2 region,
after subtracting the background, is shown in fig.
61 (¢c). The distribution is not in agreement with
an isotropic decay to KK~ (ﬂ? probability = 0.18)
which is evidence against an S-state. A oin
assignment of 2 is not contradicted by the observed
decay distribution.

The KK decay modes of the. A, as observed in this
experiment have been studied. The experimental

evidence favours the accepted guantrum numbers for

the i, i.e. & g2 21— o,

.06 The pw deczy mode

That the G parity of the A2 is odd can be
concluded directly from the fact that the decay
is to three pions. Further, the spin and parity of
the A25to ™ has been determined by the ABC

collaboration (46) and by Armenise et al. (47)
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who find good evidence for JP = 2%. These
guantum numbers are in-agreement with those for
the KK mode. That the isospin is also in agreement
can be confirmed by observing the different charge
modes for the N*A2 reaction. The initial 4?p
system has I = 3/2 and 23 = + 3/2, and the relative
proportions of the different charge modes can be
calculated from Clebsch-Gordan coefficients assuming
I =1 for the A2. Table 19 gives firstly the
fraction of the production process in which the
appropriate charge state of N*A

2
The table then gives the probability that the N*

is produced.

and A, decay in the observed mode, and the fraction
of the N* A2 reactions which proceed in the way
shown. The corresponding fractions assuming that

I =2 for the A2 meson are also given in the

table.

The cross-section for the first process has
already been shown'to be 89 £ 13mMh. There is no
significant evidence for N** produced in reactions
B and D, but as the A2 is observed to be produced
only in association with an N* in reaction B, events
were selected in which the pmp (reaction B) or an

+ . . . . X
nw (reaction D) combination has an effective mass



TaBLE 19

Charge Modes of NYA; production

I(4,) =1 I(a,) = 2
ieaction Frocess Fraction of:- Fraction of:-
N* Ahp E* | A%
prod decay aécay total| prod decay de‘cay total
-t o+ °
B 1) N A2 2 1 1 .?. 1 1 “ ]
Lot Loptme? | ° N
P pp-w _
2) At alz2 |t |lz2alzlz|L |2
B ' o+ 2 1 2 1
Lopn’ bp” e = 5127 ?
3) N,,"i' 1‘12+
) L 2 | 1 1 1 2 | 1 1 1
51 3 2 51 3 2 15
' b Fat [ 5|7 |2 |B 5|52 |
.0 N ++ 1 2
B b) N RN 0 % Lo =
Lo bep” w

¥issuming I = 2, the decay A2°—) po'hrp would account for 2/3 of the decays,

and it is uncertain what proportion of these decays wviould be detected as being

compatible with f'- nt decays. In any case, 3/15 can be quoted as the upper

1limit to the fraction of N* A2 reactions.
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in the range 1.14 to 1.30 GeV/ce. Fig. 62

shows 'the distribution of the effective mass of the
remaining w*w'™w combinhation if either of the
'« combinations is compatible with a /00(0.66 to
0.86 GeV/c9). In each case a small peak is
observable at the position of the Ag, which remains
when events with |1;|4’I.C)GeV2 are selected (the
dashed histograms), By estimating the number of
events above a smooth background, the cross-sections
for the secoﬁd and third processes respectively are
estimated to be 17 ¥+ 8 and 12 + 6ub. The

experimentally observed ratios for the three N* A2

-processes are-9 (1.9 * 0.9) : (1 35_—0__-—6— 7) which
aLre in good agreement with the expected 9:2:1
for I (A2) =1.

Fig. 63 shows the effective mass distribution
for the aw'nw'w" system with a Avw«® combination
-having a mass compatible with the p mass, and
requiring that the associated pw system is
compatible with the N* mass. As expected, there
is no evidence for Aaﬁ .

The evidence is therefore in favour of the A2
decaying to pw being an I =1 meson, and that there
is no contribution to the A2 peak from an I=2

meson.
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6.7 Conclusions

Decays to pwand to KK have been observed. The
central mass values of the peaks show a hardly signif-
icant difference. The quantum numbers of the A2
deduced from the different decay modes are the
same. The evidence of this experiment is therefore
not in agreement with the suggestion that there are
two resonances'with different decay modes at the
mass of the A2,but that different decay modes of
one particle are observed. With this assumption, the
branching ratios of these modes and of the 9y decay
mode of the KK decay mode of the A, have been

. determined. -
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CONCLUSION

An experiment has been described in which the
interactions of 5 GeV/c positive pions with protons has
been investigated. The observed cross-sections
for the different final states are in good agreement
with the general trend as observed in other experiments.

A large fraction of the interactions have been seen
to take place via the production of intermediate
resonant states, and the cross-sections for the
observation of these states have been determined.

In particular, a considerable number of interactions
have been observed to proceed througp one of several
" quasi-two-body reactions. &ié observed two-body
processes are N*po, N*¢°, N*aP,'N*,o, N*A,,pA, and
PB*, and two types of investigation of these
reactions have been made.

The first of these has been to examine two
reactions for the purpose of understanding the
mechanisms by which the reactions take place. The
reaction Nﬁpo has been investigated on the basis of
the absorptive OPE model, with the exchange of a
pion. The spin density matrix elements, determined
by the Gottfried-Jackson analysis method from the
decay angular distributions, have been shown to

have a similar behaviour to those found in other

experiments. That is, that the overall agreement was
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good, with only small deviations from the theoretical
predictions. The agreement has been found to be good
in spite of the problem of isolating a pure sample
of ijo interactions, as is evident from the asymmetrical
decay of the fo. Some significant correlation has
been observed between the decays of the N* and the po,
which is itself indicative of absorptive corrections
in the reaction mechanisms. The N*up reaction has been
investigated in a similar manner on the basis of the
exchange of the vector p meson. The spin density
matrix elements were found to be in reasonable
agreement with those found in othe;_que;imgpysj_put
in serious diéaéréem;nt with the predictions of the
absorption model. The results of this experiment
serve to underline the remarks made in chapter 1,
that the aborption model works very well for pseudoscalar
meson exchange, but poorly for vector meson exchange.

The differential cross-sections for the reactions
N*ﬂo and N*w° have been examined, and the slope
of the approximately exponential part of the
distributions was determiried. The measured slopes
were found to be in agreement with those found at
8 GeV/c. In addition, a small but significant

backward peak in the N*po reaction was interpreted
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as being due to a baryon exchange mechanism. The
differential cross-section for backward Nﬁpo
production was examined, and the slope of the
distribution was found to be much smaller than for
meson exchange interactions. This fact could be
interpreted as due to the exchange of a heavier
particle or, on the optical model, to a smaller
radius for -the production.

The second type of investigation op two-body
processes has been to examine a reaction for the
purpose of determining the properties of one of the
products. Such has been the case for the BY meson

_and the Ae-meson1 - -7

' The measured mass and width of the B* meson
from this experiment agree.. well with the results of
other experiments. In addition the angular
distribution of its decay to w’w* has been investigated.
The observed decay of the B* was isotropic, whidhis
consistent with an S-wave decay, that is a gfa"t
-assignment for the B meson.

The A2 meson . has also been investigated. It
was observed in its three decay modes, o, ywand KK,
and the heasured branching ratios from this experiment
were in agreement with other determinations. There

has been speculation recently, after the observation
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of aslitting in the A2 peak in a missing mass
spectrometer experiment, that there may be two
resonances at the A2 position, having different
decay modes or at least different branching ratios.
Historically, some of the quantum numbers of the A2
have been deduced assuming it to decay both to P

i and to KK. These two decay modes have been discussed

| separately here, and the evidence points to the same
assignment of I, G, J and P for both decays, so the
assumption that these are different decay modes of

| the same resonance seems to be justified. The N*A2

reaction was observed in different charge modes, and

o ~the ratio in which these were observed seems to
discount the possibility of an I =2 resomance being
included in the peak. The suggestion of Morrison, that
8 resonance with J*=1% or 27 might give rise to an

i apparent variation of the branching ratio of the
A, with the momentum of the ineident pion, has been
investigated. No evidence for such a variation was

found.
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APPENDIX. A

In Reap, an optional test on the quality of the
measurement of a track is available. This test has
the advantage of being quickep than the complete
fitting of a curve to the measured pointé of a
track at the expéense of making some approximation.

In cases where this test failed, the full check on
the track was made and the deviation of each point
from the fitted curve was printed out for examination.

The test is based on the quantity:-

L,I.L2..L5
where L

" L2 and“Ei are defined in g;g%_ﬂj(b)_”_
~ " " " Suppose that:- o
r is the radius of the circle passing
through the three measured points.
6 is the (acute) angle between the two
chords L,l and L2.
Then:

2 _ 2 2 '
L3 = 13 + 15 + 2L,L, cos 0 e (1)

Since the section of track over which three
successive points are measured is small compared with
the radius of curvature of the track, the angle @ is
small, and equ.(1) can be written to a very good

approximation:-




= 127 =

2_ .2 . .2

1S =15 + I +2L,1,(1-1/2 F) (@)
and also: @z i+ Lo - (3)
: _ F

Combining equ.(2) and (3) one obtains that:-

1 §L1+L2+Lj).(L,I+L2-L5) eeo(8)
4r2 L,I_.L2.L3

Making the further small angle approximation that

L3 é L, +I,, equ. (4) becomes:-

b

- !_.'QT::. - L,] o L2— - L

(== -
8r2 L,l.LE.L3

|

=

.

.

.
N
\n
s

The quantity K is therefore a function of -the
radius of curvature of a track. Its value was
calculated for... each set of three consecutively
measured points, and successive values were

compared.
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APPENDIX B

Morrison (45) has suggested the possibility of the
existence of two resonances with mass similar to that
assigned to the A, meson. One with J*= 2" would
decay to pw as well as to KK and to yw . The
other meson having gFzq* or 27 could decay to pw, but.
decays to KK and to y= would be forbidden. Expressing
the variation of production cross-section with the

momentum of the incoming pion (p) in the form:-

~(p) & Fn

it is suggested that for production taking place .. -

by ex_cl:;ange of a meson, wn%1.5, and for prqduction

which could take place by Pomeranchuk exchange (e.g.

the 1Y or 2~ meson) w=0 '
Writing the cross-section for the production of

A, (decaying to /'n') in the form:-
-1,
eo(p) = Cop "
and for the assumed 17 or 2~ meson
rB(P) = CB

Suppose that K is the branching ratio
A, 9EKK /Ay 9pr and vy is the branching ratio
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A,=yw/Aywpm. The cross-section for the production
of A2 decaying in these two altefnative modes would
be Ka-2(p) and 7r2(p).
If in an experiment, the two peaks in the
effective mass spectrum could not be resolved, the

measured branching ratios would be:-

5, =K K oy(p) K
A2 - pw - 0'2(P)+ f}(p) = 1 +R.p"'5

where R = 05/02 |

- ar}d_ A‘.2 AL _ ' " - - -
2 TP "-i-R.p,r‘5

On the basis of the hypothesis of a 1% or 27
meson with a mass similar to that of the A2 meson; one
would expect the measured branching ratio of the decay
modes of the A would vary with the momentum of the
incident pion in a way similaf to the expressions
above. The existence of tﬂe extra meson would give a

non-zero value of R.
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