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ABSTRACT 

of the Thesis 

"Production of Resonances by Pions" 

presented by C. A. KITCHEN 

f o r the degree of Doctor of Philosophy 

January, 19&1> 



This thesis contains a description of investigations that have 

been undertaken to examine the i n e l a s t i c interactions of p o s i t i v e l y 

charged pi-mesons with protons. The experiment was carried out at 

the European Centre f o r Nuclear Research i n Geneva using a separated 

beam of 5 GeV/c pions produced by the 27 GeV Proton Synchrotron. 

Pictures were taken of the interactions of the pions with the protons 

of the 150 cm. B r i t i s h National Hydrogen Bubble Chamber. 

To analyse the interactions recorded on the f i l m s of the chamber 

a d i g i t i z e d measuring apparatus was constructed. The machine provided 

data about the interactions encoded i n a suitable manner f o r automatic 

processing. The numerical and s t a t i s t i c a l methods used i n the 

computation of the most probable dynamical i n t e r p r e t a t i o n of each 

interaction are given. 

I n the sample of these high m u l t i p l i c i t y interactions that have 

six or seven p a r t i c l e s i n the f i n a l state of the reaction, evidence 

was found f o r the production of intermediate p a r t i c l e s or resonances. 

The s t a t i s t i c a l analysis carried out was consistent with a large 
* / 0 0 

production of the well-known resonances N 3 / 2 , y ,co which decay i n 

to two or three p a r t i c l e s . Apart from a small number of X° p a r t i c l e s , 

no evidence was found f o r a large production of any other resonances 
* / o o 

including those of which the N 3/2,^> , and o> constitute one of the 

decay products. The production of resonances i n high m u l t i p l i c i t y 

interactions therefore does not proceed by the quasi two-body mode 

which has been shown to be a dominant feature of the lower m u l t i p l i c i t y 
interaction. 



I t was found that the mechanism of resonance production i n k, 

5 and 6 body intermediate states could not be described adequately 

by the s t a t i s t i c a l model. Ihe d i s t r i b u t i o n s of dynamical parameters 

showed similar effects t o those observed f o r the peripheral production 

of resonance i n the quasi two-body mode of lower m u l t i p l i c i t y 

interactionso 



( i ) 

Preface 

This thesis i s an account of the work carried out by the 

author whilst at Durham University and contains a description 

of the investigations made into various aspects of the interactions 

of pi-mesons with the protons of a l i q u i d hydrogen bubble chamber. 

The work on the analysis of the six-pronged events forms the 

f i r s t part of a general experiment on the interactions of 5 GeV/c 

positive pions with protons undertaken by the High Energy Physics 

Group of Durham University i n collaboration with similar groups 

from the Universities of Bonn, Nijmegen, Paris (E.P.) and Turin. 

The author v/as concerned with a l l stages of the experiment, 

the exposure at C.E. R. N. , the analysis of the events i n Durham 

and the investigation of the results undertaken i n Bonn, Durham 

and Paris. Specific contributions by his collaborators are 

cle a r l y indicated. 
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I n t r o flu; t i g i i 

0 3..r '„ruc !-v,e _rcss Ji Jj ^ener.-.tica of , cv crfu] 

p a r t i c l e ;nccl r.tors I - T or.-.elod plTy.~ici;.J..?. to pro&uco :.iono-

3ner;;etic y..:--r of t h j v e i l imor.::. ̂ a r ticl'^s v.ith -dg.'- snor^ies 

••and \\±c-- f l u i d s . 2he^ litvo been UP i d to sake f a r more 

cearc'iiiig. studios i n t u the fui-da.iiontal structure cf •natter. 

The forcss giving rise to interaction;-- between the 

elementary particles are c l a s s i f i e d i n terms of the strength 

of the i n t e r a c t i - n i n t o strong electro-magnetic, weak and 

gr a v i t a t i o n a l . I t i s v.ith the strongly interacting particles -

the sc-called "Madrons', that t h i s thesis i°. mainly concerned 

and aspeci«lly thece inelastic interactions producing many 

secondary particles. 

A s i g n i f i c a n t contribution to the previous v;ork i n the f i e l d 

cf i n e l a s t i c reaction.- has bean carried out using bubble chambers 

which constitute the -..ost versatile technique at present 

available i n that they provide a complete and permanent record, 

on f i l i a l , of a l l the d i f f e r e n t types of interactions. 

The dominant feature of these investigations has been the 

discover)" of a large number of resonances and the determination 

of t h e i r properti.-- of l i f e t i m e , spin, p a r i t y etc. Although the 

euesticn of describing these short-lived particles as elementary 

i s somewhat of a philosophical nature, i t has b^en c l s a r l y 
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demonstrated that there do exist meaningful relationships of 

one with respect to another. These relationships are provided 

by a Group Theoretical approach to the quantum numbers of the 

resonant states. 

In Chapter 1 a review i s given of the Symmetry schemes 

that have been applied to the particles and resonances together 

with a description of the theoretical models proposed to 

explain the dynamical mechanism of th e i r production i n the lower 

m u l t i p l i c i t y events. This i s then compared with the sit u a t i o n 

f o r higher m u l t i p l i c i t y interactions. 

The second and t h i r d chapters contain a survey of the 

exposure undertaken at C.E. R. N. and the methods used to analyse 

the interactions recorded on the f i l m of the chamber. 

The results obtained from the experiment are presented i n 

Chapter 4 and discussed i n the l i g h t of the topics reviewed i n 

the f i r s t chapter. 



CHAPTER 1 

REVIEW OF INELASTIC INTERACTIONS 

1.0 Resonances 

A natural consequence of the discovery of so many new 

resonances having well defined quantum numbers has been the 

attempts to arrange the par t i c l e s i n t o groups or multiplets 

according to t h e i r properties. This work has now been extended 

from the f a m i l i a r representations of spin and isotopic spin 

with the SuV, group to higher symmetry schemes such as SÛ  and 

SU^ which conserve both isotopic spin and hypercharge. 

SU 

The eight charged states of the well known baryons p, n, 

2 a n (^ ^ were f o r a long time considered as obvious 

candidates to occupy some higher symmetry multiplet. Gell-Mann 

(1961) and Ne'eman (1961) were able to derive a representation 

f o r them i n the simplest generalization of isotopic spin viz. 

the unitary, unimodular 3x3 matrices of the SÛ  group. In t h i s 

formulation there arises an 8 component unitary spin which, with 

symmetry breaking, reduces to conservation of isotopic spin and 

hypercharge. 

As well as the octet f o r the baryons, tn i s group also gives 

other representations f o r the pseudo-scalar and vector mesons i n 

terms of singlets and octets and a. decuplet f o r the baryon isobars 
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The applications of the SÛ  group have met with some 

remarkable successes which include the accurate prediction 

of the mass assignments within the multiplets by the Gell-Mann 

- Okubo Mass Formula (19^2) and the subsequent discovery of 

the I l ~ (Barnes et a l . 1964). 

The SUj symmetry of the known elementary particles has 

been interpreted (Gursey, Eadicati and Zweig i n terms of 

bound states of more fundamental systems of unknown, f r a c t i o n a l l y -

charged par t i c l e s - the "quarks". This approach has led to an 

extension of the symmetry to that of the SUg group by assuming 

that the quarks possess spin which gives ri s e to the observed 

scheme of spin assignments f o r the SU, multiplets. 

For the mesons, considered as bound states of quark and 

anti-quark, the SUg group f o r the *s" state interaction gives 

r i s e to a singlet of spin, p a r i t y assignment - 0 and a 

35-fold m u l t i p l e t which comprises a 0 octet and a 1 nonet. 

Higher o r b i t a l angular momentum states of the quark - anti-quark 

system give the higher mesons multiplets i n t h i s scheme. 

In t h i s model, the baryons are considered to be the bound 

states of three quarks and the t o t a l l y symmetric "s* state of 

these three gives rise to a 56-fold mu l t i p l e t which decomposes 

into the l / 2 + octet and the 3 /2 + decuplet. 



Particle Classification 

The process of assigning particles and resonances to 

par t i c u l a r multiplets has lead to a consistent scheme f o r many 

of the well known resonances e.g. the 0 nonet containing the 

^ , X°, 7r and K, the 1 nonet containing the co, J and K* 

(891) and the 2 + nonet with the f° (1253), f" (1500) A ? and K* 

(1405). There exists, however, considerable doubt as to the 

correct assignments f o r the less f i r m l y established resonances, 

which should be resolved with the a v a i l a b i l i t y of more experi­

mental data. 

The present knowledge of the nucleonic isobars i s more 

extensive due to the a v a i l a b i l i t y of accurate TTN t o t a l cross-

sections obtained from formation experiments as well as the usual 

data obtained with production experiments i n track chambers. 

Recent advances i n phase s h i f t analysis (Donnachie and Lea 19&5» 

and Bransden et a l . 19^5) have revealed new resonances that may 

be assigned, according to t h e i r spins, to the various octets and 

decuplets f o r the baryons. There are s t i l l however gaps i n these 

multiplets with respect to undiscovered strange baryons. 

Although SUg has achieved good results f o r p a r t i c l e masses 

and magnetic moments, i t suffers from the inherent f a i l i n g of 

being n o n - r e l a t i v i s t i c . Attempts to remedy t h i s f a u l t by 

extending the system to an even higher 1, but extensively broken 
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symmetry e.g. the U12 group proposed by Salam (1965) have not 
yet been successful. These symmetries require the existence of 
very large or possibly i n f i n i t e multiplets of high spins and 
perhaps also higher isotopic spins depending upon the nature of 
the interaction forces between the quarks. 

There i s good experimental evidence f o r the existence of 

some mu l t i p a r t i c l e resonances that may be considered as excited 

states of the well established two and three p a r t i c l e resonances 

such as the co°, ^ and 0̂  etc. I t i s to be expected therefore 

that i f there are other such states that are s t i l l undiscovered, 

they too w i l l have m u l t i - p a r t i c l e decay schemes i n a manner 

similar to that observed f o r the , A^, X° and B resonances. 

Consequently i t w i l l become necessary to investigate the high 

m u l t i p l i c i t y interactions more f u l l y than hitherto i n order to 

f i n d them. 
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1.1 Production Mechanisms 

General 

I'esonic and baryonic resonances are produced i n a large 

proportion of the in e l a s t i c events as f o r example i n the reaction 

K + p -> K° n~ p at 3 freV/c 

studied by Ferro-Luzzi et a l . (1964) where the K* (892) resonant 

state of the I!"°7r~ system and the N* (1236) resonant state of the 

7r''p system, occur i n 80;.. of a l l events. 

In four and f i v e body p a r t i c l e f i n a l states t h i s effect of 

quasi two body interactions i s s t i l l quite marked with combined 

production of two resonances i n the intermediate state being a 

prominent feature. For example i n the reaction 

irh p -> 7T* 7r + TV p at 3.65 Gev/c 

investigated by Goldhaber et a l . (1964), i t was found that the 

production of the resonant states of the J TT system, the Â  and 

A , occurred i n 10;''. of the events. Furthermore there was also 

some 3̂ !-'' of combined production of either <j° (763) or of f°(l2.50) 

together with an IT* ('1236) giving a quasi two body reaction i n V+f 

of a l l events by the reactions 

TV p -> A p 
•• o 

U> Tl S 
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IT p -> A p 

7r' 7T 

and +• o re p -:• ̂  or v -> f *T L -> Tf ' p P 
7T 

These estimates of resonance production at present constitute 

only a lower l i n i t because of the i n a b i l i t y of resolving the 

many small contributions of known and unknown resonances. 

One of the f i r s t models proposed to describe high energy 

in e l a s t i c c o l l i s i o n s of the hadrons was the S t a t i s t i c a l model 

of S'ermi (1?50) which required the production of a single short­

l i v e d composite state that decayed to give a symmetrical 

d i s t r i b u t i o n of i t s decay products i n the overall centre of 

mass system. 

The study of the production mechanisn of the resonances i n 

these quasi tv/o-body reactions soon revealed a preference f o r 

small f our-mornentu::i transfers between the primary and target 

particles. This effect i s s t r i k i n g l y demonstrated by the angular 

distributions of the secondary resonances i n the overall centre 

of mass system. The reaction products appear to be strongly 

collimated 7/ith the secondary particles maintaining the same 

general direction as those of the i n t i a l beam and target par t i c l e s . 
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The predominance of small four-momentum transfers implies 
the existence of long range forces that may be a t t r i b u t e d to the 
scattering of the incident p a r t i c l e by the mesic cloud surrounding 
the baryon. The interaction takes place with the exchange of a 
v i r t u a l p a r t i c l e and the production amplitude i s dominanted by 
the nearby s i n g u l a r i t y i n the invariant mass d i s t r i b u t i o n of the 
exchange p a r t i c l e . 
The Peripheral Model 

The Peripheral Model was introduced by Geobel (1958) and 

Chew and Low (1959) to give a simple explanation of the observed 

preference f o r low four-momentum transfers i n the quasi two-body 

in e l a s t i c interactions of the type 

a + b -> c + d 

This process i s i l l u s t r a t e d i n the Feynmann diagram given i n 

Fig. 1 where c and d may be resonances. 

As shown by Pilkhun (19^5) 5 the amplitude f o r such an interac­

t i o n may be described i n terms of the sum of a l l the d i f f e r e n t 

one p a r t i c l e exchange amplitudes 

where T^ i s the amplitude f o r the exchange of a pseudo-scalar 

meson, T . that f o r a vector meson and T. i s the amplitude f o r ' v' o 
baryon exchange. In each specific reaction the contributions 

to t h i s amplitude w i l l only come from those particles that satisfy 
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the strong interaction conservation laws at both vertices. The 

ind i v i d u a l amplitudes for such particles may be expressed, with the 

aid of the Feynmann Rules, i n lowest order perturbation Theory as 

the product of three terms; a term "V" f o r each vertex and a 

term f o r the propagator of the exchange p a r t i c l e . Thus 

T(s.t) = V a e o( t) . 2 | ^ i . Y ... (1) 
(n>e - t ) 

with the well known Handelstam variables s,t and u defined i n 

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

s = (a + b ) 2 = (c J. d ) 2 

t = (b - d ) 2 = (c - a ) 2 

and 
u = (a - d)" = (c - b) 

The d i f f e r e n t i a l cross-section, dcr, i s then given by 
dcr = const. | l ' | 2 . d ^ ... (2) 

where i s the Lorentz invariant phase space. 

At f i r s t the form of the vertex functions could only be 

approximated by the appropriate scattering amplitudes and the effe c t 

of the propagator on the d i f f e r e n t i a l cross-section f o r production 

do/dt, was studied. This term has a pole i n the unphysical 
2 

region at t = -mg. Extrapolation in t o the physical region, 

therefore, should y i e l d d i s t r i b u t i o n s more sharply peaked f o r the 

exchange of particles of lower mass i n the region of low t where 
T >> T >> T, P v b 
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Such distinctions i n the di s t r i b u t i o n s of do/'dt are apparent 
in those reactions where both a and c are pseudo-scalar mesons 
and pion exchange i s forbidden, and also i n pp reactions where 
the main contribution comes fron baryon exchange. 
Form Factors 

I t was found, however, that the di s t r i b u t i o n s of do/dt f o r 

resonance production were much more sharply peaked at lower 

values of t than would be expected from the propagator term alone. 

V.'ith the discovery of more resonances and the determination 

of t h e i r quantum numbers, i t became possible to calculate the 

form of the vertex functions. For example i n the combined pro­

duction of baryon isobars and vector mesons i t has been shown 

(Jackson 1964) that f o r the exchange of a pseudo-scalar meson 

the vertex functions are given by 

V = i . g .(a - e). 
aec ^aec x ' 

bed bed 5 
where g and G are coupling constants that may be evaluated from 

the experimentally determined decay widths of the resonances and 

€ ̂  represents the polarization of the vector meson. The 

amplitude f o r the proce?;s then becomes: 

Tp = ^ a e c - S e d - ^ 6 ^ V ^ ' V V ^ T^t) 0 ) 

As discussed by Huff (196^) the angular d i s t r i b u t i o n s f o r the 

decay of c may be suitably described by the angle between the 

incoming p a r t i c l e and one of the out-going pa r t i c l e s i n the rest 



- 12 -

system of the resonance. The polarisation vector can then 

be replaced by a u n i t vector i n the direction of t h i s decay 

p a r t i c l e . 

I n such a system as i l l u s t r a t e d i n Fig. 2 the decay d i s t r i b u ­

tions are described i n terms of the two angles 9 and j6 where 

the l a t t i ' i s related t o the Treimarm-Yang angle. The spin-density 

c o e f f i c i e n t s , j> , are dependent upon the nature of the exchange 

pa r t i c l e so that i n the general d i s t r i b u t i o n V/(9,$ ) f o r a J - 1 

p a r t i c l e 

'#(9,0) = ^ £ o oCos^9 + £.|.|Sin^9 - ^sin^G.cos^ 

- 2Re p i Qsin29. cos^ .... (4) 

The decay of a (1 -> 0 0 ) produced by pseudo-scalar exchange 

requires that only the p Q Q c o e f f i c i e n t be non-zero. The 

resulting amplitude obtained by averaging over the spin of the 

baryon and decay of the vector meson i s 

do" 2 „Z 
2 _ JL. £_ iL dtd ~ 2 hir Lpr sq ^ 

F ( t ) 
P 

m̂ "-t 
P 

2 
2 f 2 "A 2 

ac U rVmd^ - t J C 0 S 9 

. . . . (5) 

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

as the NX(1236) then the vertex i s modified to become 

bed m u. P 
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the corresponding amplitude i s 

T p i.g.S- . (a - e)e A '(d) e(j.u.(b) . -| 
P ( r / - t ) ^ P 

. . . . (6) 

The evaluation of the cross-section i s performed by summing over 

the isobaric spins giving 

dcr 2 
P_ _ 27T_ # £ _ ^ & 

dt ~ , 2 ' 4?r " Ẑ r 

F ( t ) 

(m 2-t) 
x P 7 

2 v2 
ac d 2 

[(v-md) m 
. . . . (7) 

where 

and 
4m 

A~ . ( t - (m a-m c) 2).(t - (m a-mj 2) a c' 

b d = ~L2' ^ ~ ( > % - m
d ) 2 ) . ( t - ('na-wnd)2) 

The term 51 ( t ) i s a form factor introduced i n i t i a l l y by 

Ferrari and S e l l e r i (19^2) who assumed that the vertex and pro­

pagator functions have renormalizations effects that involve 

unknown functions of t . 

In order to achieve reasonable f i t s with the experimental 

data on the d i f f e r e n t i a l cross-sections quite steeply varying 

function are required f o r the form factors. The effect of these 

empirical factors i s to mask the o r i g i n a l t dependence of the 

propagator which r e f l e c t s the inadequacy of the simple peripheral 

model. 

Absorption Model 

In an attempt to explain the reason f o r t h i s discrepancy 

Sopokovich (1962) postulated that the one pa r t i c l e exchange 
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interactions are modified by elastic scattering i n the i n i t i a l 

and f i n a l states as i l l u s t r a t e d i n Fig. 3« The exchange p a r t i c l e 

amplitudes are mu l t i p l i e d by the S-matrix elements f o r the 

scattering i n the i n i t i a l and f i n a l states f o r each t o t a l angular 

momentum channel. 

i.e. T J' = S a b ( j ) . S o d ( j ) . T J 

Various derivations of these S-matrix elements have been put 

forward by Sopokovich, Omnes (1965) and B a l l and Frazer (1965), 

a l l of which give r i s e to a suppression of the lower angular 

momentum channels. This model has been used (Svensson 1964) 

with additional form factors f o r the vertices developed from angular 

momentum barr i e r considerations to simulate the data of the 

Anglo-German collaboration on the d i f f e r e n t i a l cross-section f o r 

production of the resonances i n the reaction 

7 i > p -5> N* + + w° at 4 GeV/c 

Similar studies have been undertaken (Morrison et a l . 1966) f o r 

double resonance production i n 8 &eV/c TT+ p interactions. The 

density matrix elements evaluated from the decay angular correlations 

of the two resonances compare well with the predictions of the 

Absorption Model. For those reactions, however, where the exchange 

of a J meson i s postulated and not a pion as i n 

7T p -> N 0) 
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the agreement w i t h the experimental d i s t r i b u t i o n s o f the d i f f e r e n t i a l 

c ross-section i s not very good. Much b e t t e r agreement t o the 

d i s t r i b u t i o n s o f those r e a c t i o n s r e q u i r i n g v e c t o r meson exchange 

has been obtained w i t h the Regge pole model. 

Reege Pole Model 

I n t h i s model the r e a c t i o n s are considered i n terms of the 

exchange of the Regge t r a j e c t o r y on which the p a r t i c l e l i e s . 

For reactions r e q u i r i n g the exchange of a pseudo-scalar meson 

or a ve c t o r meson then the corresponding R oi* £ t r a j e c t o r i e s 

dominate. I n the region of low t , i t i s b e l i e v e d t h a t the R and 

y t r a j e c t o r i e s tend t o be p a r a l l e l . Therefore s i m i l a r 

d i f f e r e n t i a l cross-sections are expected, f o r both reactions 

despite the la r g e d i s p a r i t y i n the masses o f the two p a r t i c l e s . 

D e t a i l e d c a l c u l a t i o n s (Thews 1966) have y i e l d e d good agreement 

w i t h the experimental data on the r e a c t i o n 

t t + p -> N* + + 7T° a t 2 .75, 3.5k, 4-0 and 

8.0 GeV/o 
and 

K + p -> N* + + K° a t 3 .0 , 3.5 and 5.0 G-eV/c 

Further support f o r t h i s model i s provided by the data on the 

v a r i a t i o n o f cross-section of i n e l a s t i c quasi two body reactions 

w i t h the i n c i d e n t momentum. An analysis o f a v a i l a b l e data 

(Morrison 1966) has shown t h a t the d i s t r i b u t i o n s may be w e l l 

represented by an e m p i r i c a l f u n c t i o n of the form 



cr = const. \ ~ ) 
o 

where the constant i s u n i v e r s a l , depending only on a common 

nor m a l i z a t i o n o f P , and the exponent may be r e l a t e d to the 

Regge t r a j e c t o r y t h a t i s dominant i n the exchange process. As 

the d i f f e r e n t i a l c ross-section rlo/dt i n Regge theory i s 

r e l a t e d t o the t r a j e c t o r y ai ( t ) by 

dp/at = const, s
2 - « - ( t ) - 2 

then, f o r small values o f t where most of the r e a c t i o n takes 

place, the i n t e g r a t e d d i f f e r e n t i a l c r o s s - s e c t i o n cr should be 

approximately equal t o s ^ . Thus f o r h i g h primary 

momenta when s i s d i r e c t l y p r o p o r t i o n a l t o P the exponent "a* 

should be approximately equal t o 2. 0(.(t) - 2. These r e l a t i o n s 

are found t o be c o r r e c t f o r reactions i n which only one resonance 

i s produced but agreement i s not so close f o r those r e a c t i o n s 

where two resonances are produced. This discrepancy i s thought 

t o a r i s e from the d i f f i c u l t y o f esti m a t i n g the p r o p o r t i o n of 

combined resonance production. 

At present, u n f o r t u n a t e l y , no one has been able t o r e c o n c i l e 

the successful f e a t u r e s of the Absorption Model i n p r e d i c t i n g 

angular c o r r e l a t i o n s and the Regge pole model i n de s c r i b i n g 

d i f f e r e n t i a l cross-sections i n to one u n i f i e d model. 
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1.2 Higher M u l t i p l i c i t y I n t e r a c t i o n s 

Experimental s i t u a t i o n 

At the present time very l i t t l e work has been published on 

i n t e r a c t i o n s w i t h a high m u l t i p l i c i t y o f secondary p a r t i c l e s 

i . e . those i n t e r a c t i o n s producing s i x or more p a r t i c l e s i n the 

f i n a l s t a t e . Although the cross-section f o r these i s small 

f o r i n c i d e n t pions w i t h energies below 3 G-eV, i t appears t o 

r i s e r a p i d l y above t h i s energy as i l l u s t r a t e d i n Fig. 4 where 

some o f the a v a i l a b l e data on the six-prong cross-section of 

p o s i t i v e pions i s p l o t t e d . Furthermore, a t 11.7 GeV/c 

p r e l i m i n a r y scanning s t a t i s t i c s obtained i n t h i s l a b o r a t o r y 

i n d i c a t e t h a t the six-pronged events have a cross-section 

o" — 3.6 mb and t h a t eight-pronged events are q u i t e common 

(o~— 0.8 mb) and some ten-pronged events have been observed. 

I n the energy region above 1 GeV i t i s found t h a t the t o t a l 

r e a c t i o n c ross-section and e l a s t i c c ross-section f o r the 

i n t e r a c t i o n s of pions and protons w i t h nucleons i s almost 

constant as shown i n Fig. 5» Therefore the c o n t r i b u t i o n t o 

the i n e l a s t i c c ross-section o f higher m u l t i p l i c i t y i n t e r a c t i o n s 

i s i n c r e a s i n g w i t h primary energy. This t r e n d i s supported by 

the data a v a i l a b l e from cosmic ray experiment* where large 

m u l t i p l i c i t y i n t e r a c t i o n s are observed (Peters 1966). Thus 

i t would seem reasonable t o assume t h a t events of l a r g e 
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m u l t i p l i c i t e s are the dominant f e a t u r e o f i n e l a s t i c i n t e r a c t i o n s 

a t the higher energies. 

The previous experiments i n t h i s f i e l d have been c a r r i e d 

out a t k-.Q GeV/c (ABBHM C o l l a b o r a t i o n 1966) and 8.0 GeV/c 

(Ba r d i d i n e t a l . 1966 and Bartke et a l . 1966) f o r vr +p, 10.0 GeV/c 

(B a r d i d i n e t a l . 1966) f o r 7r~p and pp a t 3.25 GeV/c (Ferbel 1963) 

and 5.7 &ev/c (French e t a l . 1966). These experiments a l l f i n d 

strong production o f the w e l l known two and three p a r t i c l e resonances 

such as the N*(1236) and the j and co . Apart from a few 

examples o f X ° ( 9 5 0 ) production and a small percentage of N*(3.68) 

reported f o r the eight-pronged events a t 8.0 GeV/c, no new m u l t i -

pion or higher baryon resonances have been found. Although such 

states may s t i l l be undiscovered as the s t a t i s t i c s i n a l l these 

experiments i s sma l l , i t now seems c l e a r t h a t quasi two-body 

production does not form a major process i n these c o l l i s i o n s . 

Production Processes 

I n an attempt t o t r y and e x p l a i n the production of m u l t i -

p a r t i c l e f i n a l s t a t e s i n i n e l a s t i c i n t e r a c t i o n s Amati and 

Fubin i and S t a n g h e l l i n i (1962) introduced the M u l t i - P e r i p h e r a l 

Model. I n t h i s model the concept of p e r i p h e r a l production was 

extended i n t o the realm o f m u l t i p l e p a r t i c l e production by 

processes i n v o l v i n g a l a r g e number o f v e r t i c e s . Assuming the 

f e a s i b i l i t y o f such complex processes as t h a t i l l u s t r a t e d i n 
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Fig. 6(a) they derive -eneral conclusions about the dominant 
m u l t i - v e r t e x graph a t each energy and also the behaviour o f 
the t o t a l amplitude i n the l i m i t o f high energies. 

This p r i n c i p l e lias been used by Joseph and Pilkhun (196k) 

i n a 'Double-Peripheral Model" which envisages a three v e r t e x 

graph, Fig. 6 ( b ) , w i t h two p a r t i c l e s being exchanged. Their 

model contains assumptions on the nature of the ver t e x a t 

which the two exchange p a r t i c l e s are j o i n e d to the r e a l p a r t i c l e . 

By using the vacuum, p i and the rho as three possible exchange 

p a r t i c l e s , together w i t h the appropriate form f a c t o r s , they were 

able t o derive d i f f e r e n t i a l cross-sections t h a t compare 

favourably w i t h the data o f the Anglo-German c o l l a b o r a t i o n 

f o r the i n e l a s t i c i n t e r a c t i o n s a t L GeV/c: 

7T p -> 7T 7T P 

I n the previous experiment there does indeed appear t o be some 

degree o f forward-backward c o l l i m a t i o n o f the secondary 

p a r t i c l e s i n these high m u l t i p l i c i t y i n t e r a c t i o n s . For the 

comparatively low energies, however, a t which machine experiments 

are performed the r e s u l t i n g assymetries are not always sharply 

defined. This f e a t u r e has lead Eartke and Cyssewski (1966) t o 

postu l a t e t h a t high m u l t i p l i c i t y events can be d i v i d e d between 

c e n t r a l ( i . e . s t a t i s t i c a l ) and p e r i p h e r a l c o l l i s i o n s , w i t h no 

sharp l i m i t separating the two types. I n the l i m i t of low 

energy and hign m u l t i p l i c i t y an e x t r a p o l a t i o n fro-, the a v a i l a b l e 



irrj a. 

2 

E 

E 

\ 0 



- 20 -

data reveals a t o t a l l a c k of any observable assymetries. Further 

s u p p o r t f b r t h i s view o f a high degree of " c e n t r a l " c o l l i s i o n s i s 

provided by t h e i r i i i v e s t i g a t i o n s i n to the d i s t r i b u t i o n s of f i n a l 

s t a tes i n pure i s o s p i n space. For the data already a v a i l a b l e 

these d i s t r i b u t i o n s are approximately equal t o the p r e d i c t i o n s 

o f the s t a t i s t i c a l model. 

The purpose of the present experiment has been t o make 

more complete study of high m u l t i p l i c i t y i n t e r a c t i o n s w i t h 

increased s t a t i s t i c s compared w i t h previous experiments, i n 

order t o c l a r i f y the p o s i t i o n concerning the c o n t r i b u t i o n of 

resonances and t h e i r production mechanisms. 
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CHAPTER 2 

THE EXPERIMENTAL CONDITIONS OF THE iiXPQSURE 

2.0 I n t r o d u c t i o n 

The f i l m o f the i n t e r a c t i o n s o f 5 G-eV/c p o s i t i v e pions 

w i t h protons was obtained i n three separate exposures a t the 

C.E. R.N. Proton Synchroton. The 0 beam and the B r i t i s h 

N a t i o n a l Hydrogen Bubble Chamber, (B.W.H.B.C.), were used 

f o r t h i s experiment. Throughout each run the beam was 

operated by members of the c o l l a b o r a t i o n and the author was 

one o f the representatives o f the Durham group. 

The c o l l a b o r a t i o n members also i n v e s t i g a t e d the " t e s t -

s t r i p s 1 1 from the f i l m s taken o f the chamber ( c . f . Section 2 . 3 ) . 

The i n f o r m a t i o n obtained from these t e s t - s t r i p s was used t o 

optimise the operating c o n d i t i o n s f o r the beam and the chamber. 

Secondary t e s t s were performed on the complete f i l m s 

which i n d i c a t e d t h a t i n s t a b i l i t i e s due t o camera malfunctions 

e x i s t e d i n the f i l m s taken during October and November of 

1964 which rendered them useless f o r a n a l y s i s . The i n s t a b i l ­

i t i e s were not found to be present i n the f i l m taken during 

February o f 1965 and hence only these 150,000 p i c t u r e s were 

analysed. 

An estimate of the magnitude o f the e r r o r s due to the 

chamber was made by measuring beam t r a c k s i n a f i l m taken w i t h 
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no ( i . e . < 4 gauss) magnetic f i e l d present. 

2.1 The_0 2 Beam 

General 

The C>2 beam was constructed i n the East Experimental 

area of the C.E. R.N. Proton Synchrotron i n order t o supply 

the B. N. H. B. C. w i t h reasonably pure beams of pions. kaons, 

protons and a n t i - p r o t o n s a t many d i f f e r e n t momenta up t o 

15 &eV/c. The complex beam designed by E. K e i l and ¥. Neale 

(1963) "to f u l f i l l t h i s d i f f i c u l t r o l e contained many sejmrate 

components i n c l u d i n g both e l e c t r o s t a t i c and radio-frequency 

separators. E i t h e r of these two types of separator could 

be used to cover a wide range o f momenta5 the radio-frequency 

separators being more e f f e c t i v e a t the higher p a r t i c l e energies 

For ease o f operation, a l l the c o l l i m a t o r s o f the beam 

were remotely adjustable and i n order t o reduce the contamina­

t i o n due to s c a t t e r e d p a r t i c l e s , a l l the v e r t i c a l and 

h o r i z o n t a l images were separated. 

The beam con s i s t s o f three separate stages o f analysis. 

I n i t i a l l y those p a r t i c l e s l y i n g w i t h i n the c o r r e c t momentum 

i n t e r v a l v<rere selected. The second stage of mass analysis 

used the e l e c t r o s t a t i c separators which were more s u i t e d t o 

the lower momentum of 5 GeV/c f o r the pions i n t h i s experiment. 

I n the f i n a l stage the momentum s e l e c t i o n was re d e f i n e d and 

the beam shaped f o r e n t r y i n t o the chamber. 



Beam Layout 

The l a y o u t o f the var i o u s components of the 180 m 
long beam i s i l l u s t r a t e d i n Pig. . ¥/hen the c i r c u l a t i n g 
protons i n the synchrotron had a t t a i n e d an energy of 19.6 G-eV, 
the b e r y l l i u m t a r g e t was placed i n t h e i r path f o r a pe r i o d 
of approximately 1 m i l l i s e c o n d . The secondary p a r t i c l e s 
produced were shielded by an i r o n pipe, B. P. , from the e f f e c t s 
of the f r i n g i n g f i e l d of the f o l l o w i n g magnet i n the 
synchrotron r i n g . 

The angular acceptance f o r secondary p a r t i c l e s was de f i n e d 

by the product of the t a r g e t area and the v e r t i c a l and h o r i z o n t a l 

apertures of c o l l i m a t o r s and Ĉ . The quadrupole lens 

t r i p l e t , Qj-, and ̂  produced h o r i z o n t a l and v e r t i c a l 

images a t the centers of c o l l i m a t o r s and r e s p e c t i v e l y 

while the bending magnets and produced dis p e r s i o n i n 

the h o r i z o n t a l ima/e a t where momentum s e l e c t i o n took 

place. 

The quadrupole magnet together w i t h the bending magnets 

and subsequently removed the dispe r s i o n from the beam. 

The lens t r i o l e t , and produced an intermediate 
U- b 1 -

h o r i z o n t a l focus w i t h i n the e l e c t r o s t a t i c separators and the 

t r i p l e t t'^Q, Q and produced a v e r t i c a l focus a t the 

c o l l i m a t o r Cg where mass ana l y s i s was performed. 

The t r i p l e t K^-z, a n d Q r refocussed the beam on t o the 
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c o l l i m a t o r s Cj and i n the h o r i z o n t a l and v e r t i c a l planes 

r e s p e c t i v e l y . The angular acceptance was r e d e f i n e d i n the 

v e r t i c a l plane by and i n the h o r i z o n t a l plane by the gap 

of the v e r t i c a l bending magnet I.Iy. The momentum acceptance 

was redefined by the production o f a. dispersed h o r i z o n t a l 

image a t C .. by the bending magnets and together w i t h 

the lens doublet s, and \ .-,. 

Bending magnets l-y and !.;o steered the beam i n t o the 

chamber and the doublet '.^ and ( ̂  produced s. s l i g h t 

divergence. 

The number of p a r t i c l e s e n t e r i n g the chamber was l i m i t e d 

by the a c t i o n of the pulsed magnet P."'. whose operation could 

be delayed w i t h respect t o the beam a r r i v a l t i n e i n order t o 

allow s u f f i c i e n t p a r t i c l e s t o enter the chamber. 

Tuning the 3easn 

A l l tho magnst currents and the e l e c t r o s t a t i c separ'-tors 

voltage. 1; were set t o tho values '"ietemined w i t h the bear, 

analysis program TSATDP. The opera.tion of the bea:a vras 

monitored Cj three coualors. The f i r s t of these was an 

• . i t g o r i t S L i s " type counter, (-•-), p o s i t i o n e d ne. r the t a r g e t t c 

A'ivo .1 ieL~.cu.re of i:u.aber of secondary p a r t i c l e s r.roduced. 

I'he other two were H Cerenkov counter '.'Lien was p o s i t i o n e d 

nop.r the Beam-stopjer, 3.S. , and a. coincidence counter, (c), 

c o n r i f - t i n g o f two s c i n t i l l a t o r s , one l o c a t e d ne.:t t o the 

http://ieL~.cu.re


Cerer.Vov counter and the othnr j u s t before the chamber. 

The nuniber r e g i s t e r e d by the Ceren'cov counter f o r each beam 

pulse was displayed i n a b i n a r y form on the f i l m s o f the 

bubble-chamber and f o r stable operating c o n d i t i o n s t h i s 

number bears a l i n e a r r e l a t i o n s h i p w i t h the number of 

p a r t i c l e s e n t e r i n g the chamber. 

The A and C counters were used i n both stages of the 

process of "tuning" the bean which r e q u i r e d the pulsed magnet 

t o be switched o f f . The mass ana l y s i s p a r t of the beam was 

tuned by o b t a i n i n g the maximum of the pea.1-: due t o the pions 

i n the d i s t r i b u t i o n of coincidence counts per 1,000 A counts 

as a f u n c t i o n of the cu r r e n t i n the magnet of E. S.3. The 

momentum r e d e f i n i t i o n was also optimised t o correspond w i t h 

the i n i t i a l s e l e c t i o n by determining the maximum value of 

the same d i s t r i b u t i o n but t h i s time as a f u n c t i o n o f the current. 

i n magnets I.I r and M̂ . 
n o 

Running 

The beam i n t e n s i t y o f the synchrotron. A counts and 

C counters were monitored continuously i n order to detect any 

large-scale changes i n the operating c o n d i t i o n s . The f l u c t u a -

t i o n s observed were due mainly to the v a r i a t i o n s o f the beam 

i n t e n s i t y , A. Some f.djuf-trients of the apertures of the 

c o l l i m a t o r s and the delay of the pulsed mr.niet v.ere r equired 

to maintain an average number of about 12 bes.'i p a r t i c l e s e n t e r i n 



the chamber. 

Furthermore, th.fi c u r r e n t s i n the bonding- magnets and 

the voltages across the e l s c t r o - s t a t i c separators were 

checked a t r e g u l a r i n t e r v a l s . The magnet cur r e n t s v.ere 

found to be extremely s t a b l e t o \ . : i t h i n ~ 0.1;" and r e q u i r e d 

very l i t t l e r e s e t t i n g . However, sons d r i f t was observed on 

tha voltages of the « eparators. These d r i f t s necessitated, 

frequent r e t u n i a g of the mass in;'-lysis s t ^ r e which was c a r r i e d 

out during convenient delays i n the operation of the chanber, 

such as the periods of f i l n changing. 

http://th.fi
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2.2 The 5. - i . 3.0. 

The Chamber 

The l i f . u i d hydrogen chamber of the '3. M. i l . B. C. consists 

of a s i n g l e machined aluminium c a s t i n g v;ith ? l a r g e annular 

c l e a r section of i n t e r n a l dimensions 152 x 50 x 4-6 cms. This 

annular s e c t i o n i s closed a t e i t h e r s i d e by two 155 "ira t h i c k , 

p l a n e - p a r a l l e l , f l t i s s T/'indov. s of h i eh o p t i c a l q u a l i t y 

('.V'elford 1963). lilach v.'indov/ i s p r o t e c t e d by a hydrogen s h i e l d , 

as shown i n Fig. G, and the whole syste- i s enclosed i n a 

s t a i n l e r s s t e e l vacuum tank, V, t o reduce thermal losses. 

Operation 

The chamber contains some 500 l i t r e s o f l i q u i d Hydrogen 

a t a temperature o f 27°K and an absolute pressure o f 6.3 Kgs./ 
2 

era. . The surface o f the l i q u i d hydrogen i s i n the v e r t i c a l 

expansion-pipes going from the top of the chamber t o the 

expansion valves, '..hen the valves are opened the pressure 

a t the surface of the l i q u i d hydrogen f a l l s r a p i d l y t o 

2.8 Kgs./cnT. causing the l i q u i d t o become superheated so 

t h a t b o i l i n g w i l l occur i n areas of high charge d e n s i t y w i t h i n 

the volume of the l i q u i d caused by the passage of a charged 

p a r t i c l e . 

The chamber i s operated r e p e t i t i v e l y w i t h a cycle time 

of 2 seconds. I n order t o achieve synchronous operation w i t h 

the a r r i v a l o f the beam p a r t i c l e s the expansion of the chamber 
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i s i n i t i a t e d by a si.-nal from the acc e l e r a t o r . Some 30 

m i l l i s e c o n d s are required f o r the complete expansion and t o 

a t t a i n the superheated c o n d i t i o n s which i s maintained f o r 

2 m i l l i s e c o n d s before recompression s t a r t s . Recompression 

l a s t s approximately 10 m i l l i s e c o n d s but a much longer time 

i n t e r v a l of about i00 m i l l i s e c o n d s i s re q u i r e d before the 

l i q u i d l e v e l s t a b i l i s e s and the turbulence w i t h i n the chamber 

has subsided. 

The iiagnetjo F i e l d 

Surrounding the vacuum tank i s a l a r g e electro-magnet 

weighing 30 tons which gives a ne a r l y uniform magnetic f i e l d 

over the volume of the chamber l i q u i d . This f i e l d has been 

mapped ( Blum 1964) and shows a d e v i a t i o n of 3: - over the 

complete volume. This e f f e c t i s taken i n to account i n the 

r e c o n s t r u c t i o n o f the events. 

The magnitude of the magnetic f i e l d , i s v a r i a b l e up to 8 

K. gauss and could be kept constant t o w i t h i n 0.1;::. 

Photographic System 

The B.N. I I . B.C. uses the " t h r o u g h - i l l u m i n a t i o n 1 ' l i g h t system 

w i t h three condensers each of which are supplied oy three 

c i r c u l a r neon f l a s h tubes. The d i r e c t i o n s of the convergent 

l i g h t beams o f the condensers are such t h a t the cameras only 

record images due to l i g h t s c a t t e r i n g centers w i t h i n the chamber 



such as the hubbies v;ithin the l i q u i d or f i d u c i a l marks 

etched upon the surfaces o f tne windows. The geometry 

o f t h i s l a y o u t i s designed t o give a lower l i m i t f o r the 

s c a t t e r i n g angle of 2° w i t h respect t o the median plane of 

the chamber (Y/elford 196.'+). 

The o b j e c t i v e lenses o f the cameras are mounted on t o 

the same baseplate i n a t r i a n g u l a r a r r a y as shown i n Pig. 9 

and the images recorded by these three cameras are r e f e r r e d 

t o as Views I , I I and I I I . 

The f l a s h tubes were t r i g g e r e d by a pulse from the C 

counter of the beam. The i r operation was delayed t o the 

l a t t e r part o f the 2 m i l l i s e c o n d p e r i o d during which the 

chamber was s e n s i t i v e i n order t o give tne bubbles s u f f i c i e n t 

time t o grow. The f i l m s were a u t o m a t i c a l l y wound on a f t e r 

each expansion. 

P i c t u r e Layout 

I n a d d i t i o n t o the p i c t u r e of the chamber there was 

fl a s h e d on t o each f i l . n an image of the i l l u m i n a t e d "data-

board" c o n t a i n i n g numeric data s p e c i f y i n g the s e r i a l number 

of the expansion, the date and time when the p i c t u r e was taken, 

the magnet c u r r e n t and the Cerenkov counter reading. 

Furthermore, images o f a set o f f o u r f i d u c i a l crosses were 

produced by i l l u m i n a t i n g etched glass olugs set i n t o the 

metal surface of the camera gates. These "camera-based 
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f i d u o i a l s " were e s s e n t i a l f o r determining the lens d i s t o r t i o n s 

of the cameras objective,? as they provided the only co-ordinate 

system on the f i l m s t h a t was independent of the lenses. 
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2.3 Monitoring the Film 
general 

The cassettes of the cameras could h o l d 300 m of f i l m 

which i s s u f f i c i e n t f o r 2,500 p i c t u r e s . I t was necessary t o 

c u t t h i s f i l m i n the middle t o give two separate f i l m s o f 

1250 p i c t u r e s which could be accommodated on the normal 

I.E.P. spools. Approximately 20 frames from the end of each 

f i l m were removed and developed immediately a f t e r exposure. 

These t e s t s t r i p s were used t o provide a r a p i d check on the 

behaviour of the various components so t h a t any f a u l t s could 

be co r r e c t e d as q u i c k l y as possible. 

P i c t u r e Q u a l i t y 

The three views were r e q u i r e d t o have good, c l e a r 

images of the chamber and the data-board,which are c o r r e c t ^ 

spaced so t h a t no images were o v e r l a i d . 

A l a c k o f c o n t r a s t i n any region o f the image of the 

chamber i n d i c a t e d t h a t the appr o p r i a t e f l a s h tube was not 

working. Throughout a l l the f i l m s taken an area of d i r t 

was observed t o be accumulating near the bottom of one of 

the chamber windows but t h i s never spread s u f f i c i e n t l y t o 

i n t e r f e r e w i t h the subsequent analysis of the f i l m . 

Beam 

The behaviour of the beam components v/as i n v e s t i g a t e d 

by observations on the beam t r a c k s w i t h i n the chamber. The 
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number o f tracks i n each frame was counted 'and compared w i t h 

the number r e g i s t e r e d by the Cerenkov counter which was 

displayed on the data-board. I f the c o r r e l a t i o n between the 

two numbers had changed i t i n d i c a t e d t h a t there had been a 

change i n the operating conditions of the beam. 

x'he v e r t i c a l spread and the depth d i s t r i b u t i o n of the 

beam were i n v e s t i g a t e d t o see i f the quadrupole magnets 

and were shaping tne oeam c o r r e c t l y and whether i t was 

being steered i n t o the chamber i n a d i r e c t i o n p a r a l l e l w i t h 

the windows. 

Chamber 

The bubble d e n s i t y of the beam tracks was i n v e s t i g a t e d 

by a gap-counting technique using a low-powered microscope, 

'i'he values of the de n s i t y obtained were compared w i t h those 

from a "standard" frame o f good q u a l i t y . Any s i g n i f i c a n t 

d e viations from t h i s standard were corrected by a d j u s t i n g t h e 

2 milli s e c o n d s s e n s i t i v e period o f the chamber w i t h respect to 

the a r r i v a l time o f the beam. 

The size of the buboles was also examined t o see i f the 

pul s i n g of the f l a s h tubes had been delayed s u f f i c i e n t l y t o 

give the bubbles enough time t o grow. Furthermore, s l i g h t changes 

i n the onera '".ing c o n d i t i o n s of temperature a nd pressure f o r 

the chamber were possible t o optimise the size and density of 

the bubbles. 
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I t was found possible t o u t i l i s e some of the f i l m s w i t h 

t racks t h a t would normally have been considered too f a i n t 

f o r measurement, by overdeveloping them. 
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2.4 Secondary Tests 
&eneral 

Two f u r t h e r t e s t s were made on the complete f i l m s t o 

ensure t h a t there e x i s t e d no large random e r r o r s t h a t would 

p r o h i b i t t h e i r use f o r analysis. I n the f i l m taken i n October 

and November of 19^4, i n s t a b i l i t i e s i n the c o n f i g u r a t i o n 

of the f i d u c i a l crosses were detected by P. Pleury (1965), 

who i n v e s t i g a t e d the d i s t r i b u t i o n s of the squares o f the 

r a t i o s of the measured distances between f i d u c i a l crosses 

i n d i f f e r e n t frames. The d i s t r i b u t i o n s obtained f e l l i n t o 

two q u i t e d i s t i n c t groups; many of the values f o r the frames 

subsequently considered as normal are contained w i t h i n a 

narrow peak whose w i d t h was c o n s i s t e n t w i t h the measuring 

e r r o r and a l a r g e background of widely s c a t t e r e d values of the 

r a t i o s i n any o f the anomalous frames were i n e r r o r the cause 

of the i n s t a b i l i t i e s could not be a t t r i b u t e d t o shrinkage of 

the f i l m and was thought t o be due t o the f i l m gates. 

The f i l m gates operated by sucking the f i l m against a 

f l a t metal surface but the suction was a p p l i e d o nly around the 

edges of the f i l m . This could l e a d to the f i l m assuming a 

convex form a t t h e centre of the image and consequently these 

f i l m gates were replaced i n January 1965. The new f i l m gates 

had suction holes a l l over the metal surface. I n order t o 
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t e s t the q u a l i t y of the f i l m obtained w i t h these new f i l m 
gates, a s t a t i s t i c a l a n alysis was made on the geometrical 
c o n f i g u r a t i o n of the f i d u c i a l crosses using an A l g o l program 
FIDO w r i t t e n f o r the E l l i o t t 803 computer i n Durham. 
FIDO 

This program processes the e x i s t i n g co-ordinate measure­

ments of the f i d u c i a l crosses and determines from them the 

values of two r a t i o s of the squares of the lengths between 

f o u r s p e c i f i c f i d u c i a l crosses. The r a t i o s are then checked 

t o ensure t h a t they l i e w i t h i n a p a i r o f c l o s e l y defined l i m i t 

corresponding t o the c o r r e c t geomtrical c o n f i g u r a t i o n . A 

s t a t i s t i c a l a n a l y s i s i s made of the acceptable values w i t h i n 

each f i l m . 

For each view a s i n g l e number, X t > i s derived from the 

two r a t i o s and the mean of a sample of these numbers i s 

determined together w i t h i t s standard d e v i a t i o n . The sample 

i s subsequently r e f i n e d by app l y i n g a three standard d e v i a t i o n 

c u t - o f f . 

A t o t a l o f 18 f i l m s were i n v e s t i g a t e d and a t o t a l o f 50 

frames i n each f i l m was measured. The mean values, X t 1 o f the 

r e f i n e d samples from these measurements on each o f the three 

views of a frame were determined together w i t h the associated 

standard d e v i a t i o n 0"Y.. The d i s t r i b u t i o n s of these mean value 
X i 

and t h e i r e r r o r s are given i n Fig. 10. Out o f the o r i g i n a l 
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2700 sets of measurements 2352 were accepted f o r the ana l y s i s 
w i t h 355 o f those r e j e c t e d being d e f i n i t e l y i d e n t i f i e d as 
wrongly measured and the remaining 93 ambiguous. 

Although some of the values of X are s i g n i f i c a n t l y 

d i f f e r e n t from the means o f the d i s t r i b u t i o n s f o r views I I 

and I I I , the corresponding standard d e v i a t i o n s are q u i t e 

comparable w i t h those obtained v/ith the other f i l m s . This 

systematic e f f e c t was ascribed t o d i s t o r t i o n of some f i l m s 

during the development process. 

As the mean values of the d i s t r i b u t i o n s are constant t o 

w i t h i n i t was considered reasonable t o u l o t the cr values 
x 

f o r d i f f e r e n t views on the same graph v i z . Fig. 11. Because 

of the high degree o f overlap i n the e r r o r f u n c t i o n f o r the X 

values i n order t o compare the c h a r a c t e r i s t i c s of t h i s 

d i s t r i b u t i o n w i t h the e r r o r s expected from measurement, i t 

was necessary t o simulate the ana l y s i s by a Monte-Carlo method 

using the FIDO-SIMULATOR program w r i t t e n f o r the K.D. F. 9 

computer. 

FIDO SIMULATOR 

This program generates the BX B values as used i n FIDO 

by t a k i n g co-ordinate p o s i t i o n s f o r the f i d u c i a l crosses which 

have the same geometrical c o n f i g u r a t i o n as those on the f i l m . 

The positions of the crosses are then adjusted by small amounts 
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t o simulate the measurement e r r o r s . The d i s t r i b u t i o n o f the 
adjus t nents i s Gaussian v/ith a f u l l w i d t h a t h a l f height t h a t 
ma;,' be v a r i e d . 

The generation o f these Gaussian e r r o r s i s performed by 

using the p r o p e r t i e s of a uniform d i s t r i b u t i o n of random 

numbers w i t h i n the l i m i t s o f 0 and 1. As shown by A. Y/erbrouck 

(1964) any v a r i a b l e , v say, defined f o r N such random numbers 

as i = i v; 

Z •1/2 ) 2. N ( 
N 

i = 1 

w i l l have a mean value of zero and a standard d e v i a t i o n of u n i t y . 

The adjustments were generated by using sets of 12 random 

numbers so t h a t 

12 

i - 1 
and subsequently normalised t o a given measuring e r r o r . 

Sets o f single numbers s p e c i f y i n g the r a t i o of the 

lengths between the f i d u c i a l crosses were generated f o r 

simulated I . E. P. er r o r s of d i f f e r e n t magnitudes. They were 

processed i n a manner s i m i l a r to t h a t used i n FIDO t o determine 

the mean of each set and the corresponding standard d e v i a t i o n . 

Trie d i s t r i b u t i o n of the standard d e v i a t i o n of the X values 

w i t h the I.E. P. e r r o r was parametrized by performing a l e a s t 

souares f i t o f various polynomials t o a l l the po i n t s excluding 



the vertex. 

The 3cst r i - - n i . f i c a n t f i t vvr.s obtained v i t ' - r. rscond order" 

y o l y n o - i a l : 

y = 1.36 >- ?.0/L.r .,. 0.0?. : r 

vi+h ?.n e r r o r or. to.- i n t o r . oli'.'o.d o i n t s , r . n f ^ 1.2 10 "'. 

"caution of the y c l y ^ by r . u b p t i t u t i n r 'nr y t b luaii v?.luo 
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c c r ^ a t i b l s '. i t h nor-nal .icssurc-.-nt error? and r-.-..« cbtr„injd 

by J.-";jocti::j on"1.;, '• c f the S.-.-IJ . IJ . r y.:-ibi^uou!5 'caFur J>I ret:. 

I t V.HC tnor-ifore conducted, t h n t f o r f-. v f i l - n taken \ - i t h t h : 

n j - . . f i l . : y-::tc-r- l o - - thnii V _ f the fr.,: ;of - - h i b i t 3 d i n s t a b i l i t y i 

' I T o - f i e l d * Tracks 

J r r o r ? on the tracks due t o chc^hor turbulence or any 

other u n i d e n t i f i e d n-ucor 'verc "..rtr. v\ted by bea-. 

trr.ckr en the f i l r ":U;,-P • -jr:
 + l"oro v^e no magnetic f i - i d i n 

tho chr-:.-.1: or. -co.curor.-iontr vcro performed i n viov: I I «nd 

i n order t o r j d u c J tho e f f e c t ? c f l - J I I " d i s t o r t i o n r only these 

t r ^ c - - " '.ore ur ?d t"<--1 r e r s t h i n ovs. of thu c o r t r u l a::is 

•'ofir.-d tho f i f l u ^ i " ! cro?~e=. 

The tn;r.«uror.onts v ere j r f o r : n - r vi.th r. r o c i r i c n •dcrc^cofo 

J>? : . u a l l . °.'o.c.d ̂  o i r . t r ore ssp.Fursd on oao.h t r \ c k 

startin>- f r o • tho ?:o\.; o o ~ i t i o n r e l a t i v e t o tho f i d u c i a l -^.i-hr. 
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l e a s t sijAi-i'sc f i t s o f the parabolic f u n c t i o n 

were made to the 30 p o i n t s of each t r a c k vnd t o tho subsets of 

20 p o i n t s : - the f i r s t 20, the Middle 20 and the l a s t 20. For 

the measurements made on one t r a c k i n each of 95 frames, the 

d i s t r i b u t i o n o f the c o e f f i c i e n t s , Fip;. 12j shors only a 

small but s i g n i f i c a n t d i f f e r e n c e from zero. The mean of t h i s 

d i s t r i b u t i o n vne determined t o be (4.7 j - 1.2)x10 ' eras. 

Thus the radius o f curvature of the track;-, on the f i l m i s 

j> - l / 2 a 2 = 107 a. 

which corresponds to a radius of curvature i n the chamber of 

1970 ra. as the d e n a z i f i c a t i o n from the f i l \ ; f l a n e t o the 

centre of the chamber i s 1c times. 

The corresponding e f f e c t i v e magnetic f i e l d f o r 5 G-eV/c 

tracks i s 35j :2'l gauss which i s s i g n i f i c a n t l y d i f f e r e n t f r c i 

the r e s i d u a l .nacnetic f i e l d o f I j . 2 eaurs. This e f f e c t was 

a t t r i b u t e d t o d i s t o r t i o n of the body o f the l i q u i d hydrogen 

during the .cpansion process. 

The dis t o ? r t i o n . v-iiic - i i s equivalent t o a maxirun 

det-jctable momentum of sane 300 G-eV/c. ^ives •<- systematic e r r o r 

of 0.6;" i n the momentum beam tracks. I t s e f f e c t s were taken 

i n t o account i n the determination of the parameters necessary 

f o r the computation of the dynamical q u a n t i t i e s of the events. 
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The v i d t h s of a l l the d i r t r i b u t i o n s obtained were 

compatible v i t h the random e r r o r s to be expected from measure­

ments and m u l t i p l e s c a t t e r i n g . Furthermore, the mean values 

o f the d i s t r i b u t i o n s o f the three subsets d i d not show any 

s i g n i f i c a n t d e v i a t i o n from the general curvature. Thus i t 

v:as concluded t h a t no v a r i a t i o n s of d i s t o r t i o n e x i s t e d w i t h i n 

the l i q u i d t h a t could be associated w i t h regions of turbulence 
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CHAPTER 3 

THE ANALYSIS OP THE EVENTS 

3.0 I n t r o d u c t i o n 

I n t h i s chapter a d e s c r i p t i o n i s given of the processes 

of scanning, l a b e l l i n g , measurement and computation t h a t are 

necessary t o l o c a t e and analyse the i n t e r a c t i o n s t h a t have 

taken place w i t h i n the bubble-chamber. The class of i n t e r a c t i o n s 

considered are those w i t h s i x charged secondary p a r t i c l e s ; f o u r 

p o s i t i v e and two negative. 

The d i f f e r e n t stages of the system of a n a l y s i s are shown 

i n Fig. 13. This system i s q u i t e standard throughout a l l 

Bubble-chamber Groups and consequently only b r i e f d e s c r i p t i o n s 

of each stage are given. Extra emphasis i s however placed on 

those p a r t s which c o n s t i t u t e innovations by the group or modi­

f i c a t i o n s o f the system r e q u i r e d by the d i f f e r e n t c o n d i t i o n s 

p e r t a i n i n g t o t h i s experiment. 

The f i l m was scanned t w i c e , and each i n t e r a c t i o n found was 

f u l l y documented. The measurements were made on the f i l m i n 

accordance w i t h a s p e c i f i c set of i n s t r u c t i o n s , using a I . E. P. 

constructed i n the departmental workshops t o the design o f 

the author and his c o l l a b o r a t o r s . The co-ordinate measurements 

were checked and ordered w i t h the REAP program on the E l l i o t t 803 

computer a t Durham. 

The subsequent computation necessary f o r each event was 
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performed w i t h the THRESH-GRL:!D-SLICE system of programs which 

r e q u i r e d the use o f a l a r g e , high-speed computer. Reconstruc­

t i o n of the events i n 3-dimensional space was performed w i t h 

the THRESH program and the d i f f e r e n t possible i n t e r p r e t a t i o n s 

o f the topology o f the events were found by using GRIND. The 

most probable i n t e r p r e t a t i o n of each event was then selected 

and a f u l l summary of the dynamics f o r each o f the events was 

prepared w i t h SLICE. 

The t o t a l cross-section f o r i n e l a s t i c i n t e r a c t i o n s o f t h i s 

type was determined using i n f o r m a t i o n from the previous stages. 
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3.1 Scanning 
Scanning Tables 

The 35 mm. f i l m was scanned on two tables assembled i n 

the departmental workshops. The f i l m t r a n s p o r t systems were 

purchased from Prevost o f Hi l a n . The tables were designed t o 

p r o j e c t an image o f the chamber on t o a h o r i z o n t a l white 

surface w i t h a m a g n i f i c a t i o n of ~ 14 times. This gave an image 

about ff x l i f e - s i z e for the p i c t u r e s of the B. N.H.B.C. 

The image was viewed by observers seated a t one end o f 

the t a b l e , l o o k i n g along the d i r e c t i o n of the beam t r a c k s . This 

p o s i t i o n was considered the most s u i t a b l e f o r the d e t e c t i o n 

o f a l l types of events, e s p e c i a l l y small angle, e l a s t i c 

i n t e r a c t i o n s . 

The surface o f the t a b l e was b i g enough t o allow the 

p r o j e c t i o n of two of the three f i l m s a t the same time. I t was 

decided t h a t Views I and I I I should be coi n c i d e n t and View I I 

separate. 

The F i d u c i a l Volume 

The i n i t i a l scan was performed by a p h y s i c i s t and a 

scanner l o o k i n g f o r i n t e r a c t i o n s on Views I and I I , w i t h View 

I I I used f o r checking. Those events w i t h s i x charged secondaries 

were recorded i f the ve r t e x o f the i n t e r a c t i o n was w i t h i n the 

f i d u c i a l volume. This volume was defined on View I I w i t h respect 

t o the f i d u c i a l crosses i n t h a t view. ( F i g . 14). 



FIG. |4 
DIAGRAM FIDUCIAL VOLUME OF 

OttAfc) OIRBCTIOM 

HORIZONTAL ZONES 

V 

• NTOOVALO VCRTICAL 

I I 1 1 1 

8 FIDUCIAL CflOSOHO 

4-PROMT DINOOa 

RSAR aiNOOo 



- V+ -

For the six-pronged events the primary t r a c k was r e q u i r e d 

t o cross i n t o zone 2 w i t h i n the v e r t i c a l i n t e r v a l s 3> 5? 

and 6 and t o have i t s i n t e r a c t i o n v e r t e x i n the l o n g i t u d i n a l 

zones 2, 3j 4 5 5 or 6, and w i t h i n the bounds of the p r o j e c t i o n 

of the v e r t i c a l i n t e r v a l s along the l e n g t h of the p i c t u r e . 

Although t h i s small f i d u c i a l volume contained only 50% o f 

the u s e f u l volume of the chamber, i t d i d ensure t h a t the 

primary and secondary t r a c k s were of s u f f i c i e n t l e n g t h t o 

al l o w accurate determination o f t h e i r momenta. I t was also 

unnecessary w i t h most t r a c k s t o measure as f a r as the ends of 

the chamberwhere t h e lens d i s t o r t i o n s were greatest. 

A template was constructed w i t h the f i d u c i a l crosses, 

f i d u c i a l volume and i t s s u b - d i v i s i o n s , t o correspond w i t h 

the p r o j e c t e d image of View I I . The p o s i t i o n of the ver t e x 

was determined by a l i g n i n g t h i s template w i t h respect t o the 

f i d u c i a l crosses. 

C h a r a c t e r i s t i c s of the Events 

Each six-prong found i n the f i d u c i a l volume was c a r e f u l l y 

inspected and the f o l l o w i n g c h a r a c t e r i s t i c s recorded:-

( i ) ... the t o t a l number o f charged t r a c k s and i n t e r a c t i o n 

or decay v e r t i c e s 

( i i ) ... charged secondary t r a c k s 

( i i i ) ... i d e n t i f i e d charged strange p a r t i c l e s 
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( i v ) ... V° p a r t i c l e s t h a t connect w i t h the vertex 

(v) ... protons i d e n t i f i e d by i n s p e c t i o n of t h e i r i o n i z a ­

t i o n and curvature 

( v i ) ... stopping t r a c k s 

( v i i ) ... e l e c t r o n - p a i r s t h a t connect w i t h the ve r t e x 

( v i i i ) ... V°*s t h a t have one t r a c k i d e n t i f i e d as a proton 

A d d i t i o n a l s t a t i s t i c a l i n f o r m a t i o n on the de t e c t i o n of 

the event was also r e t a i n e d : 

( i x ) ... the s e r i a l number o f the frame 

(x) ... the zone w i t h i n which the i n t e r a c t i o n occurred 

( x i ) ... the i d e n t i f i c a t i o n code-numbers o f the scanners 

and the l a b o r a t o r y 

S t a t i s t i c s 

Of the 25 f i l m s available, 1 was taken without the magnetic 

f i e l d and 5 were r e j e c t e d because o f poor p i c t u r e q u a l i t y or 

because triey had too many beam tracks. A l l six-pronged events 

found i n the remaining 19 f i l m s were c o d i f i e d according t o the 

so-called GRIND-type c l a s s i f i c a t i o n number which i s a f i v e d i g i t 

number s p e c i f y i n g i n the f o l l o w i n g order, the number of 

(a) p o s i t i v e , strange secondaries 

(b) p o s i t i v e , non-strange secondaries 

(c) negative, strange secondaries 

(d) negative, non-strange secondaries 

(e) n e u t r a l , strange secondaries 
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The events w i t h no i d e n t i f i e d strange p a r t i c l e s , i . e . those w i t h 
a c l a s s i f i c a t i o n number of 04020, were i n v e s t i g a t e d f u r t h e r . 

A t o t a l o f 704 events of t h i s type were found i n the f i r s t 

scan. A l l the f i l m s were scanned a second time by two scanners. 

The a d d i t i o n a l 37 events found i n t h i s scan were added t o the 

sample to f i v e a t o t a l of 741 events. From a knowledge o f the 

number o f events found i n the second scan and not the f i r s t , 

and the number found i n the f i r s t b ut not the second, 24, the 

e f f i c i e n c y of d e t e c t i o n o f the events w i t h the two scans was 

determined t o be 99-^ + 1"'-. I t was assumed t h a t the p r o b a b i l i t y 

of observing a l l types of 6 pronged events remained constant, 

which i s q u i t e reasonable f o r these h i g h l y v i s i b l e events. 
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3.2 L a b e l l i n g 

V;ith the l a r g e number of secondary tracks i n six-prong 

events there i s a high p r o b a b i l i t y of changes i n the c y c l i c 

order o f t r a c k s i n d i f f e r e n t views. To reduce the time wasted 

by the measurer t r y i n g t o i d e n t i f y corresponding track:-: i n the 

d i f f e r e n t views, t h i s '-.or!, was done on the scanning t a b l e by 

c p ry-sicist who consulted a l l views simultaneously. 

Sheet? were prepared f o r each event t h n t s p e c i f i e d by 

a f i x e d format t i t l e , ' l i b r a r y i n f o r m a t i o n 1 1 on the experiment 

number, frame number and GPJ.HI)-ty c l a s s i f i c a t i o n f o r the 

event. Appropriate spaces were l e f t f o r the measurers to 

i n s e r t t h e i r own i d e n t i f i c a t i o n code-number and the number of 

the machine. Those sheets also contained l i s t s o f the l a b e l s 

of the p o i n t s end tracks to be used, by the checking program PJ-IAP 

s t a r t i n g w i t h the primary. The order of the l a b e l s i n the 

l i s t s v?as tne c o r r e c t sequence f o r a n t i - c l o c k w i s e , track-by-

track, measurement i n each view. 

The o p p o r t u n i t y was taken to use * P T j e c i a l l a b e l s " t o 

specif;.'' the nature of any i d e n t i f i e d t r a c k s . These r e s t r i c t 

the number of hypotheses usod by GPX'ID and mistakes i n t h e i r 

usage could cause f a i l u r e s i n t h j t p a r t of the analyses. Moreover, 

i n c o r r e c t i n t e r p r e t a t i o n s of the senu^nce of the tracks i n any 

view can cause f a i l u r e s i n THr.Sfcll. "'herefcrc, v i t h the events 



t h a t had to be rem-;asured, the i - e l f t b e l l i n r v;as done v;ithout 

recourse t o the f i r s t measurement sheets and t h i s time no 

s p e c i a l l a b e l s v;ere used. 
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3. j I.easurgnient 
Con a raj. 

-.1?. t h J c i x - p r o i i j o d events r a r e measured on th.j Durha-

I.-:.P. 1. '-.'"••>?.c i r - s t r n u a i t vhic 1- was &3/»i«Trjr1 f o r two d-i.r.ensional 

co-ordinate 'neasureraent.-. on the f i l n plane of e i t h e r 35 and 

50 unp-rfoi'ated f i l m . I n ct.>ntr'=.?t '..ith :i£nv other measuring 

a.-ohi" J S t h a t have t h e i r :.-.ovim <:t-.'.:~S3 mounted one on top o f 

the other, t h i s d e s i n i has i t s t^o sub stages, -i and Y, mounted 

on tha t o .- and bottom o f the firced surface, A, as i l l u s t r a t e d 

i n Fig. 15. The jr.-<*ubstage c a r r i e s the f i l m s and the Y-sub-

stage supports the o p t i c a l .vystsm. Apparent movement of the 

f i . l 1 war. obtained by moving the f i l m i n tha ~l d i r c c t i m and 

the o p t i c a ] system i n the Y d i r e c t i o n . 

This arrangement allowed the o v e r a l l size o f the machine 

to be reduced and consequently i t was possible t o use commercially 

av:-ilahle components, which lowered the cost appreciably. I t 

also has the a d d i t i o n a l advantage t h a t the heavy d r i v i n g motors, 

the f i l m t r a n s p o r t system and the f i l m spools may be mounted on 

the r i g i d s t r u c t u r e s u p ; o r t i n g the c e n t r a l section. Provision 

was made to keep constant the l e n g t h of unwound f i l r . between the 

s t a t i o n a r y f i l : i spools and the r a r t o f the f i l m clamped on the 

moving X-cubstage. 

Th.3 moveraur t s of the 1 ana Y substagcr were d i g i t i s e d w i t h 

two i'loiro" f r i n g e "systems and t h e f a c i l i t y -provided f o r punching 
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out co-ordinate measurements on to :.'-hole naoor tap2. 
The ..'.ovinr f.-tapes 

The central section and the Y-substa.re of the machine 

comprised a ^ c h n e e b e r t ; l i n e a r reciprocating table with a 

stroke of ifcO nras. This wcs suitably converted to accommodate 

the convergent l i ; / n t eono of tV; -rojection system. The objective 

lens (Schneider Cô .oonon,' v,"iS f i t t e d on to the Y-substa^e v i t h 

an adjustable mountinc. 

On top of the table, mounted perpendicularly to the 

other direction of motion are tv-o Schneeberger li n e a r bearings. 

The conjugate slides to these ai-e mounted on the A-substago - a 

machined aluminium plate. A l l the bearing surfaces were 

accurately aliened to neve the correct r e l a t i v e a t t i t u d e s , 

bolted down, and fixe d permanently i n tnese positions with 

•Araldite". 

36 ch direction of motion oas one coarse and one fine control 

motor. The f i n e control motors have tachometer generators 

which suprily a feedback syste-a to obtain smoother operation. 

The 50 c.p.s. coarse control motors nave dura! pulleys 

'nounted on to the output pinions of t h e i r 500:1 reduction 

fearheads. These pulleys are coupled to similar pulleys mounted 

on to i d l e r r-dndles b- a thi n iihosphor-bronze tape, which i s 

tension loaded to remove backlash. 
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The f i n e control is provided "by ^00 c.p. s. servomotors 
v.'hich are size 11 with 1,000:1 reduction tsarheads. They drive 
smell precision leadscrev/s through e. f i r e f l e x i b l e coupling. 
The f i n e motors and the leadscrev/s are mounted on the X and Y 
substag.es. The cursors of tnese leadscrev/s are r i g i d l y clamped 
to the phosphor-bronze tape. 

The motors are controlled by a joys tic.1-: v/hic.i has two axes 

of rotation. The two rotating shafts of the joystick are 

coupled to the armatures of two precision potentiometers which 

supply the input signal to the servomotor amplifiers. The change­

over from coarse to f i n e operation or vice-versa, i s effected by 

switching these potentiometers fro:.i one c i r c u i t to the other. 

A complete l i m i t system i s provided f o r each direction of 

motion. V.'hen a l i m i t has been exceeded the motors are automatically 

switched o f f and the condition i s indicated on the appropriate 

lamp i n an array surrounding the joystick. 

The Film Transport System 

The three films are held f i r m l y i n position on a 4?B glass 

plate set i n t o the X-substage, by a spring loaded clamping 

device. They are pressed f l a t by three smaller glass plates and 

clamped by three rubber tipped plungers placed beyond the ends 

of these plates. The clamping device i s l i f t e d by powerful 

solenoids to allow niovem3nt of the films. 

http://substag.es
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The unwound f i l n betvreen the spools and the f i l m clamp 
i s threaded through a system of r o l l e r s . Each r o l l e r 
consists of three independent pulleys mounted on a common shaft. 
This allov/s any one of the three films to be moved without 
disturbing: the others. 

There are three sets of r o l l e r s on either side of the X-

substage. One i s mounted, on the moving stage and another on 

the structure supporting the central section. The middle 

r o l l e r s are supported by a system of spring-loaded pylons which 

ensures that the length of f i l m threaded through the r o l l e r s 

i s constant whatever the position of the stage. 

The f i l m spools are driven by a single a.c. reversible 

motor. This i s coupled to the splined shafts supporting the 

spools through e l e c t r i c a l clutches and mechanical slip-clutches. 

An e l e c t r i c a l brake i s provided f o r each splined shaft. The 

control c i r c u i t f o r the e l e c t r i c a l components i s designed to 

actuate the solenoids of the film-clamp and move any one or 

a l l three of the films at a time. 

D i g i t i z a t i o n 

The movements of the stages i n the two orthogonal directions 

of motion are d i g i t i z e d with a Moire fringe system. For each 

direction of motion there are two l i n e a r d i f f r a c t i o n gratings 

of 8 urn p i t c h , one as long as the traverse of the stage and 

the other a small c i r c u l a r index grating: t h e i r surfaces being 

separated by only 75 l-im. They are illuminated by a condenser 
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"•.nd the fringe p i t t c m -roducoa i? subdjvidad by a special 

'Perranti f o u r - s : r l i t t e r lens", vnich -.rojects four d i f f e r e n t 

parts oi tho fri-v-e nn to four pno toe e l l s . The separation 

and the r e l a t i v e a t t i t u d e of the two gratings are adjustable 

so that the photocells J'ive signal:-' of noarVy e^ual i n t e n s i t y 

that are i n quadrature. 

'..'he output ."invils of the photocells are ta>en i n 

pair?: that are in anti-phase -and supply tvo difference 

amplifiers. The outputs of the difference amplifiers are 
o 

shaded to give two .square waves 90 out of phase and t n e i r 

anti-phase waves regenerated. These four ?if-nals supoly 

a sen.~e-detect.or which i s coupled to a b i - d i r e c t i o n a l binary 

countor. Depending upon the direction of notion of the stage, 

numbers are added to or subtracted from the contents of the 

17-bit binary register? of the counters. For each fringe the 

counter receives four pulses, giving a measurement accuracy 

of two microns. 

The contenx.- of the two binary registers are transferred 

on to paper tape i n a format that can be decoded by a sub­

routine of EI5AP. The co-ordinates are transferred by a 

p a r a l l e l read system in to a buffer store consisting of 

s h i f t registers interconnected tc r i v e 6 words of a fixed 

lenf'th. of 6 b i t s , jlxtra ''I *s" are added i n to the corresponding 
locations of the cycle store. 

http://sen.~e-detect.or


FIG. | y 

SCHEMATIC DIAGRAM OF CO-ORDINATE PUNCHING 

P A R I T Y 

LOOIC 

CIRCUIT 

PUNCH 

A M P L I F I E R S 

I T I Q I I It I I I I I I H I • | t t 4 1 8 1 

O o 1 1 1 o 1 

O 1 1 o o ' 1 

o o 1 o 1 o 1 

o o o 1 o 1 1 

1 1 1 o 1 1 1 

o o I o 1 o 1 

o o 
* 
o 

* 
1 

_ . . i r . _ 

1 1 o 
• ~l 
1 

IT BIT 

B I N A R Y M H M T E R 

* MONO 
S U F F E R AND C Y C L E B T O M 

PUNCH 
TRIP 

oo-o o PAPE* TARE 



- 54 -

The f i r s t location of the cycle store i s scanned f o r 

non-zero contents. A positive condition causes the contents 

of the f i r s t locatio-i of the buffer store to be punched 

together with an extra d i g i t supplied by an even p a r i t y logic 

c i r c u i t . 

The puno.i provides a s h i f t pulse at the end of i t s 

punching operation which causes the numbers i n both stores 

to be advanced by one location and clears the l a s t one. This 

cycle i s repeated u n t i l a zero number reaches the f i r s t 

location of the cycle store. 

The punching out sequence i s i n i t i a t e d by a signal from 

the typewriter which prints tine character "->"' on the 

measurement sheet to indicate that a pair of co-ordinates 

have been punched. I t i s always preceeded by the character 

•/" which call s the decoding subroutine i n REAP. 

Optical System 

The f i l m i s projected on to a f l a t screen comprised of 

a sheet of "ethulon* compressed between two pieces of plate-

glass. This material has a very f i n e grain and produces a 

high quality picture. Co-ordinate measurements on the f i l m 

are performed with respect to co-incidences of the appropriate 

part of the image and a reference point consisting of a small 

"dot* set i n the middle of the screen. The dot i s of the 

same order of size as the projected inage of a bubble of a 
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minimum ionizing trr-.ck. 

The magnification of the o p t i c a l system i s 15-1 times. 

The l i g h t f a l l s on to a mirror underneath the table which 

r e f l e c t s i t on to the screen. Movenonts of the top stage 

i n the 0v direction give a nominally direct measure of distance 

i n t h i s direction but a l l values i n the 0 direction are 
y 

subject to s constant demagnification because the o p t i c a l 

system moves. Further constant demagnifications i n the 

readings f o r both directions of motion may be introduced 

by an incorrect a t t i t u d e of the axes of the mirror. A l l 

such constant demagnifications are dealt with i n the geometry 

program THK3SH. 

Operation 

The operator measured the events i n accordance with 

the instructions given on the l a b e l l i n g sh.^et. In each view 
16 

the binary registers were reset at 2 when some easily 

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

f i d u c i a l mark, was set on the reference point. Four f i d u c i a l 

points, the interaction vertex and six or seven points per 

track were measured. As the version of THRliSH used i n the 

reconstruction made no allowance f o r energy loss, care was 

taken to bias the measured points towards the vertex f o r those 

tracks with an appreciable curvature. 



SCHEMATIC DIAGRAM PROJECTION SYSTEM 

/ in 

«35» 

8 
a. 

• 3 



- 56 -

A visual display of the contents of the two binary 
r e f i s t e r s i s provided on the f r o n t of the console of the 
machine so that the operator could chec" that no deviation 
had occurred with respect to the o r i g i n a l setting. These 
checks were usually carried out both during and a f t e r comple­
t i o n of the measurements in a view. I f some s h i f t was found 
on realignment with the zero position the counters were reset 
and the whole view or part of i t was remeasured. 

\,ith constant development the performance and r e l i a b i l i t y 

of the machine has improved progressively over the period 

of about one yee.r that i t has been i n operation. In t h i s 

time some 5*000 events have been measured with a rate of 

measurement of between 3 to 5 events per hour, depending on 

the topology of the events. 
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3.4 REAP 

G-eneral 

The measurements of the six-pronged events were checked 

and rearranged i n the special format required by the next 

program THRESH. This was done with the REAP program w r i t t e n 

f o r the E l l i o t t 803 computer by ri. H a l l i w e l l . The program 

processes the data-tapes from the I . E. P. s and gives two 

output tapes; one i s a summary of the checking and the other-

i s the event data i n the new format. 

Tne summary contains the t i t l e of the event and the 

results of the checks on the f i d u c i a l and track measurements 

made in eacn of the three views. 

Tests 

Specific ratios of the squares of the lengths between 

the f i d u c i a l crosses were evaluated i n a manner similar to 

that used i n FIDO ( c . f . Section 2.4). For each view these 

numbers are constant to within 0.2̂ ' and are a good, quick 

test that the r i g h t f i d u c i a l crosses have been measured. 

The number of points measured on each track was checked 

and i f t h i s number was less than three the tr-'>ck was considered 

to be unmeasured and correspondingly designated with an "O". 

Two methods were employed to test the measurements made 

on the tracks. I f the track f a i l e d the f i r s t simple test 
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then i t was examined with a more accurate one. 

'i'ne f i r s t test consisted of a check on the constancy of 

curvature of d i f f e r e n t sections of the measured track. The 

simple algebraic conditions involved which are derived i n 

Appendix I , allowed a more e f f i c i e n t use of the l i m i t e d 

computer time available. 

I f the conditions imposed by t h i s test on the measured 

points f a i l e d at any time the computation was immediately 

transferred to the second test. This was a least squares 

f i t of the parabolic function 
2 v y = ax + bx -s- c 

i n an orthogonal system with the x-axis along the l i n e j o i n i n g 

the f i r s t and l a s t points of the track. The f i t t e d va,lues 

of y, viz. y/ were then compared with the measured values, y^, 

i n the condition 

40 > (y» - y, ) .... ( 1 ) 

i = 1 , ... , n 

I f the measurements of the track f u l f i l l e d either of the 

two conditions then i t was designated with an asterisk ' h " 

i f neither i t was designated with a question mark n ' ( * . 

Aiiy wrongly measured f i d u c i a l cross or an unmeasured track 

were considered s u f f i c i e n t cati.se f o r remeasurement. Error 

conditions on the f i t t i n g of the tracks were interpreted more 

l i b e r a l l y as they were often indicative of such tracks as stop­

ping pions. 

http://cati.se
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3 . 5 THRESH 

General 

TIIEiiSH i s the mass-independent geometry program of 

the T. C. program l i b r a r y of C.E. R.N. I t s function i s to 

reconstruct the tracks and points of the interaction i n the 

co-ordinate system of the chamber using the two-dimensional 

measurements made on three films. In doing t h i s , i t assumes 

that the magnetic f i e l d i s uniform and consequently the 

tracks may be described by helices. 

Distortions 

The FORTRAN I I version of THRESH was used on the 

I.B.M. 7090 computer at Bonn University. This program contained 

the necessary modifications, viz. subroutine CORREC, to allow 

for the distortions known to exist j n the cameras of the 

B.N.H.B.C. The system used v/as devised by G. Kellner (19^5) 

who f i t t e d the distortions with a general polynomial of the 

form 

where x', y 1 represent co-ordinate values on the "ideal 

f i l m plane" that would have been expected i f the lens acted 

l i k e a simple pin-hole camera. The variables x, y are the 

co-ordinates on the "physical f i l m plane" - the actual image 

x\ x a 2y/f + a (x y ) / f 1 * a,x/f .- a, x V f 
1 1 

2,2, J, 2 ,«2 y 70 a cy'/f X . 1 . 
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on the f i l m when the effect of f i l ' n shrinkage has been removed. 

The polynomial contains terms to account f o r the 

distortions caused by the following:-

( i ) t i l t of the f i l m plane a . j X / f + a ny/f 
2 2 2 2 ( i i ) spherical lens d i s t o r t i o n .... a, x / f -•- a^y'/f - 4 p 

and a^fx -;. y ) / f 

( i i i ) other non-identified causes ... a^(xy)/f' 

Frogram 

The values of the 'reference f i d u c i a l nar':;s' which are 

located on the b e c k of the- front glass (c.f. Fig. 19) ?.nd 

the f i t t e d values of the coefficients of the ooljuomial f o r 

each camera determined by Kellner and checked by :.:eubers of 

the collaboration were used i : i TEEJSK. The position:-- of the 

reference f i d u c i a l marks --re necessary i n order to perform 

the l i n e a r transformation 
A. = oL. : d. .;- <*,y. 
1 1 2 1 f i x 

Y. .= QL. -i-o^r-x. + <Xry. 
X P X D X 

which transforms tha coordinate measurements into the physical 

f i l . r . "lane syctan. This trancformo-tio:•. removes posrible 

effects of f i l m shrinkage, ci/nges in ~ ,arnifi?-atioi':r ar.rl 

nor.-orthonornr.lity of t h t J. 7.. 7. a::cr- (c.f. "ection 3.3}. 

'The d i r t c i ticti? aro removed b y usi'ig the j o\-"•"rr.ial 

trvnsfor-. •'•ion vhick tr--. for..-..* fro-- th? »• '-.yr-ic-->l f i l l pl?ns" 

http://nor.-orthonornr.lity
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..ir.„i r i : : - ~ c t _ or*.J •««««• ~? «• -rao and tho 

:::c"-n d/.t? -.r t'„. .'.-try ^" J'..~ oV- r-_>" tl.e r j f r a . r L i v -

in&ic.r - f r . l l ^tirver.-:?:^ - ^ f l i a . As bar already been pointed 

out i t i s assumed that the lenses act l i k e piri-hrle ca.-.;cr~r 

-.ith t h j 1-oli :-t the f r o n t no del point of tho objective. 

rubro^uo-it calovi'L.tiuiir in. Z l i r ^ I I '.-.ore the -taid-ix 

•̂o.-edur'o': of r j o . n r t r a c t i . . : : f trrc!--- hy t h 3 :.,st: of 

•or-v^c-.-.oiiii^ ^.oirts'iad th- X~ f !• t i n ; of r e l i c 3 " t_. t ' i 3 s e 

t i ..'V'?:-2 M ^ r y <~vt/ut t ' _-c cont-;.5 ';V., r c - v . i r ^ data 

-I--, the oo-r'ict f o r i ^ t f o r "JJTZ. 

.'.n r.c!ditio:v:.1 output ' u i u j of euc'-1 .•"••jnt -e.-urr.ted 

v./iicb cont&lr>,<? flat* en the ̂ srtJ?; cc-cr-cllnivte?, curvrturo of 

th» tra".v- ?.- d .rrcrs cf tho f i t t i n r pi-ooosp. ^'hir -u-.-ary 

v.rvp t . - j R vor.ro -.-hi oh jv?ntr ri/jcSoc1.. r-.j-i^-.ir-'-ri' ,". 0. 

'.'ventr -ore roj:-ct-d : f - f t'-.s tr.'.c1:;: had «.rt ,_een 

rocmrtruoted or th-? rorurs of f i t t i n g •. h ^ l i : : t j t r ^ c 1 : 

c'ic; '.:ot ooiv.-r'"). 

http://or.ro


C-oii^ral 

L'he ;i 'o--r. ;; 0 f th-.: T.C. l ihrc- . ry - . ' . R u?.?d t o t<sf.t 

+.'•>-V a,v""'"''--'"iic.r; o f the v ri.ci.if .y _-otfc.es i . : •. " l i o a b l e f o r tl:-z 

c i x - r r o n r e d o v e r s . T!:9 Fo r t r an I I ve r s ion v.c.r, wr.od --.t Bonn 

v i t b t.V'O - 1-<i- f o r o nl ovont y r c ' i T»od o" ':h2 ou tyu t t'^ • o f 

The .-i^rinsters o f t h * . .vufri i-! • ' l ^ s i by r . j t o f 

t l o p - '•••ich -""o urzd f o r 'j;-.ch sven i . 'Jhese t \ t i e r r.y:.o.ify 

i n f o r .:utior. on the " y r t c - of analy.-*• r.r.d tha e x n c r i : _ 3 n t a l 

vr r i a b l j r . 

C-Zir.'D T i t l e s 

"hts Van< -e- icrxiutu.'i* r e l a t i o n " f o r the t r ;c*;r. t h i t .-top 

v . i t ' v in the cha-"b:r are f i v e r ; i n a -nars-ir.de pendent f o r : ; and 

are a f u n c t i o n of f i o cha-nbor l i q u i d o n l _ . 

T^o ;?a_;netic f i e l d and i t s s p a t i a l v a r i a t i o n v i t h i n the 

cha -b&r are s . c-cif i e d . r i ' . >J average v a l u t o f th-2 f n e t i c 

f i 3 ] d T.'c.f de t ' j rn inud b ; ... I-Iurj as 13.5'4 __0.01 I . , r-aurs. I t 

T<U? subsequently - . o d i f i e d by men's ars o f tue c o l l a b o r a t i o n v.'ho 

ob ta ined a value c f 13.I1/. __0.0if. I I . r u i s c by f i t t i n g I ' C and A° 

decay.? i n T-LT.T.I u."in- tho " . a t r e t i c f i e l d f.s a v a r i a b l e para­

meter. The lower i a r u t i c f i e l d val-io w.s p r e f e r r e d as i t 

cons t i t u t ed "- d i r e c t -icasurenent v.ady vnder t h i a / p ro - rx ' - t e 

http://ri.ci.if
http://_-otfc.es
http://-nars-ir.de
http://13.I1/
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oper - t i n g c o n d i t i o n s . 

The topo log ies available f o r each G-RIf!D-ty:-,e n l a e s i i i c a t i c n 

were a l so inc luded , i 'o r the s ix-pronged events, w i t h a 

c l a s s i f i c a t i o n nu.T.bor o f 04020, these rare r i v e n i n Tr'.ble 1 

below: 

Table 1 

Topologies a v a i l a b l e f o r events o f GRIND typo 04020 

No, o f c o n s t r a i n t s Topology Hypothesis no. 

•!• -:• + h - -
TT 77 71 p 7T" TT 

1 

TT TT b 7TV" TT 2 
) + r 

+ . + + - -
7T b 7T 77" 7T 7T 3 

j . .;. -f. - -n 7r 7T 71" 7T 7T 4 

71"' 7f 7f |) TT IT T!' 21 
.... .;. j . - - 0 

TT' 7T b TV TT TT TV 22 
1 1 

-1 . v v - - O 
7T p 7T 7f 7T TT TV 

-) "2 

J- -i. - - 0 
p 7T 7f 7T TT TV TT 24 

1 •IT ' T T V V 'TT TT a 25 

I t was necessary a l so t.> s p e c i f y the i d e n t i f i c a t i o n l a b e l s 

used i n reasurement ( c . f . 3.2 Label l ing ; ) and the energies and 

masses o f the beam and t a r g e t p a r t i c l e s and the magnitudes o f 



the tr?.o> e r ro r s expected w i t h i n the chamber. Because the 

f r a c t i o n a l e r r o r rtj.e to l i q u i d d i s t o r t i o n i s "mai le r f o r the 

t r acks o f lov;er momentum, the .jea:r, no:nentuji was evaluated 

fro:; , the d i s t r i b u t i o n o f the f i t t e d noinentum of a pure sample 

o f /|.c events. The mean o f t h i s d i s t r i b u t i o n vms L. 9?6 j . "*. 006 

C-eV/c. 

The sources o f random e r r o r considered vere those a r i s i n g 

fro:: : measurensiit, n u l t i p l c s c a t t e r i n g and turbu lence o f the 

chamber l i r j u i d . The measurement e r r o r was sot s t 75 | M ; about 

1/5 o f the diameter o f a bubble ?d-;hin the chamber. The 

m u l t i p l e s c a t t e r i n g cons tant was de r ived accordin~ t o the 

formula quoted by - . Bradner ('1960), u s i n f a value o f 0.0605 

gn/cin"^ f o r the dens i ty .-;f l i q u i d hydrogen a t 27°J'~ and 70 n. s . i . 

The random e r r o r due to l i q u i d tu rbulence was neg lec ted on 

the evidence o f the '.Teasiirenentr. o f the " n o - f i e l d 0 t r a c k s . 

Pro ft,ra,i;i 

The c l a s s i f i c a t i o n o f the eventf i s pe r fo raed i n the progra 1 

usinf;- the l a b e l l i n g sche.iie t-iver; i n the t i t l e s . Tests a-.-e made 

on the u a l i t y o f the :^easurements on each t r a c k by comparing 

the i n t e r n a l e r r o r s c a l c u l a t e d by the ••ro.'-r.'.iv- w i t h the e x t e r n a l 

cner der ived f r o v. the $ p a c i f i e d e r r o r e s t ima to r . 

The magnetic f i e l d ..vatri": i s used to conver t the curva tures 
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o f tho t r acks i n t o momenta v h i c h are tnen c o r r e c t e d to the 
vort-.o:. i'-is valw-.:S u tt-.ine<' are u iud -.c t i io i n i t i a l valuao 
i n tho i t e r a t i v e f i t t i n g procedure t o ob t a in a loa.«:t squares 
f i t t o the f o u r c o n s t r a i n t equations o f energy and nioncntu.a. 
Such f i t s are a t t e s t e d f o r a l l tho topo log ie s s p e c i f i e d f o r 
t h a t p a r t i c v ] - r Gil l^D-type c l a s s i f i c a t i o n . 

?hre~ t ;q ~s o f out ru t vers ronera ted by f.pX'ID: -

( i ) . . . t iv ; sun ".ary o f the event w i t h i n f o r m " t i o n on 

t h o : ;j hy, othere? t h . t vere f i t t e r ! , 

( i i ) . . . the »apjL1> data baa1-?" y.'-dch co ••t*i* ?. complete 

l i s t o f a l l the dynamic quant i t i es : c f tho y n f i t t o d 

ev--nt and -che f i t t e d . r / \o t i i9ses . 

( i i i ) . . . the " f L I C J cardr* -. h i c h are used i n t h ^ n.j.:t progra 

to s e l ec t r e q u i r e d q u a n t i t i e s f ro . : : the G-PJLD data 

banks. 



3 . 7 ' J l a g g j f l c a t i o n a" the 2voniL 

11?cult.? o f the ana lys i s 

The nu^-bj---' c f events each st:.'--3 o f the system 

c f analys is ?re t-iven bslow i n Table 2. 

Table 2 

Data o.-i the ana lys i s o f events 

Scan and 
lie scan measure 1 GRIi'iD 1 Measure 2 CtIEEID 2 T o t a l 

7 4 1 696 459 1 3 7 131 590 

I n i t i a l l y , 45 o f the t o t a l o f 741 events were no t 

measured because o f the poor v i s i b i l i t y o f the event o r the 

natu.ro o f t h e i r secondary t r a c k s . Dur ing remeasure.mant, an 

a d d i t i o n a l 50 events were discarded as they had a low 

p r o b a b i l i t y o f "being r econs t ruc ted . I n a l l , some SO;' o f the 

741 events were recons t ruc ted s a t i s f a c t o r i l y . 

Hypothe s i s s e1e c t i o r 

The 'GOOD PIT* hypotheses were se lec ted fro>i the 590 

r econs t ruc t ed events, L hypothesis was accepted as a poss ib le 

i n t e r p r e t a t i o n o f t h a t evant under the f c l l o w i n " c o n d i t i o n s 

o f the f i t , tho n i s s i n f mass squared, 17'", and the 
o 

e r r o r on the id. ."r ing; mars squared £(I3*'") : 

4c f i t 1 2 ' i.5 M r - ? j ( l T 2 ) < 0.0 < -Y? + 2t{\3V) 

http://natu.ro
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i c ( r ° ) f i t X , " < 6.0 -TA IF} - 2:-[:;i:2) < 0.02 < i r 2 ., 2a(:.i;.:2) 

1c(n) f i t X < '5.0 j?.nd IV? - 2 / ( i t . - 2 ) < 0.? < i : : 2 ,•. 2L{13?) 

'Jhese c r i t e r i a v;ere chosen t o correspond w i t h those found 

to be u s e f u l i n the ana lys i s o f s i x - ; i-onreo events i n r;*;. 

i r t - ract ions a t 4 r;e^/o (A3>ffi2! c o l l ? b o r o t i o n 1966). They ere 

"based upon c ^ r o l v h i l i + y o f < 0.1;" of •NC-PI?* events be ing 

i n t e r p r e t e d as f i t t e d events rn thu r e " ; a c t i v e channels. 

I k e bubble "ens i t l es o f tho t r -c" 'p as seen on the s o - n n i i f 

t a b l e were compared w:i t h the errpocted bubble d e n s i t i e s f o r tho 

t r acks as r i v e n on the sucnary o f C'-IilHD i n a for.a which i s c o r ­

rec ted f o r tho di_. o f the t r - c k en the o e n t r a l v iew. I t was 

found poss ib le t o i d e n t i f y protons o f energies up t o about 

1.3 GeY/'c so t h a t i n "any cases i t was poss ib le t o e l i m i n a t e 

some o f the i n c o r r e c t hypotheses. However, i f there remained 

,GCCD-?ITJ'» t o bo th the /,.c -and 1c hypotheses then the »:c 

hypothesis was p r e f e r r e d . 

I f no such s e l e c t i o n by i o n i z a t i o n was poss ib le then the 

Lc -pvothesis w i t h tr-e lowest "X ~ wJ* taken. I n the cases 

where there wero no <f.e f i t s t .en the 1c f i t w i t . : the lov.est 

was chosen. 

The events t h a t c o u l d not be assigned t o any o f the abcv; 

ca tegor ies v:ere o l U s s i f i e d as '".X-l'TT* events, 
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"tit?.'-tin* 

X r-. r, 

and r n ' " f o r event'; accepted 

i n each o f the d i f f e r o n - channels are sho'vr i n r i p s . 2? and '21. 
o 

Tor the- >\.c events the d i s t r i b u t i o n o f the . -nfnt ter l ><!r shows 

a s n a i l b u t r . v - n i f i o a n t s h i f : o f 0.0025 GeV~ f r o - zero. This 

d e v i a t i o n re r. a t t r i b u t e d i n *he ?y?te--v?.+ic i r r o r due t c 

l i q u i d d i s t o r t i o n •• h i c h tend" to reduce '~.hj c u r v ' ' t u i e o f _ o s i t i v 

tK.-.n1-?.. "" oc"sequence of ahin ^he : - i valuer, c . 

rr.o.nentu-; f o r the ^ ' f i t t i n r ; rocedure o f it2I" > T D were sub jec t 

tr. a sys tomat ic e r r o r and the corrospondir.^- % , ~ d i r t r i b u t i o n 

f o r tne f i t t e d events was biased, t o the higher values because 

o f thi;> mc.erer fc L- i<?.te i n the e r r o r . This e f f e c t r e q u i r e d a more 

l i b e r a l i n t e r p r e t a t i o n o f the % , ''' c o n d i t i o n f o r f i t s i n t h i s 

channel and c a r e f u l reexamination va? necessary to ensure 

t h a t no t r u e 4c events had been m i s c l a s s i f i e d . 

For events v-i th K M ex t ra n e u t r a l p a r t i c l e e.r. the 1c (7f° ) 

and 1c(n) channels , the average momenta o f the secondaries was 

less w i t h a corresponding r educ t ion i n the f r a c t i o n a l e r r o r 

on the curva tu re duo t o t h i n systemat ic e f f e c t . I f was f o ^ n d 
2 

t h a t the mean values o f the T~" d i s t r i b u t i o n s were not 

s i g n i f i c a n t l y s h i f t e d f ro . . i t h t rr° and neut ron masses, 

The numbers o f the events v\thin the d i f f e r e n t channels 

i s given below: 
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Histograms of Missing Moss Squared for Different Choroids. 
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Table 5 

D i s t r i b u t i o n o f events w i t h i n channels 

kc 1C(7T°) 1c(n) wo-Frr 

185 243 51 111 

Cross-sect ions 

An es t imate o f the t o t a l c r o s s - s e c t i o n , cr v/as made f o r 

s ix -pronsed events usinr- the Durham data on ly as p iven i n 

Table 3« The c ro s s - s ec t i on per event , c , w i t h respect t o 
e x 

the f i d u c i a l volume was computed f rom a knowledge o f the 

d i s t r i b u t i o n o f beam t r a c k s per f rame, the t o t a l number o f 

frames scanned and the geometry o f the f i d u c i a l volume. 

Cor rec t ions were made f o r the es t imated muon con tamina t ion , 

the d i p and curva ture o f the beam t racks and f o r p a r t i c l e 

i n t e r a c t i o n s . The c ros s - sec t i on per event was determined to 

b e O p = 1.86 ± 0 . 0 2 ub. 

g i v i n g a t o t a l c ro s s - sec t i on f o r the c o r r e c t e d t o t a l o f 743 

s ix-pronged events o f 

cr 1.38 - 0.06 mb 

No c o r r e c t i o n f o r scanning los s was made because o f the 

h i g h e f f i c i e n c y f o r d e t e c t i n g events o f t h i s h igh m u l t i p l i c i t y , 

( c . f . s ec t ion 3-1). 
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The Data Summary 

Complete summaries o f the dynamical q u a n t i t i e s o f the 

se lec ted hypotheses were prepared f o r the f o u r d i f f e r e n t 

channels. As a consequence o f the lower s t a t i s t i c s f o r these 

h i g h m u l t i p l i c i t y events tho summaries could be made extremely 

comprehensive and conta ined over 2,000 i tems o f i n f o r m a t i o n 

f o r each event. I n f o r m a t i o n on the f i t t i n g process .vas r e t a i n e d 

toge the r w i t h data on the geometry, energies and Momenta o f 

the i n d i v i d u a l p a r t i c l e s and a l l the poss ib le p a r t i c l e 

combinat ions , bo th i n the l a b o r a t o r y and cent re o f mass systems. 

The summaries were prepared w i t h the SLICE computer program 

o f the T.C. l i b r a r y . The program, a c t i n g on the i n f o r m a t i o n 

f u r n i s h e d by the app rop r i a t e SLICE card f o r the se lec ted 

hypothes i s , read the r e l e v a n t q u a n t i t i e s f o r t h a t magnetic 

tape c o n t a i n i n g the GRIND data banks. These q u a n t i t i e s were 

processed t o give the app rop r i a t e data summary which was w r i t t e n 

on t o another magnetic t ape , the "Data Summary Tape" ( D . S . T . ) . 
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CILL/T3P, 4 
Till! ..MAIY C I P 0? ' I ' l ! "•J?UJjr|''c' 

-V. 0 I n t r o due t i o n 

I n t h i s chapter the "lethods U P S I " 1 t o analyse the r e s u l t s 

are descr ibed and i n f o r m a t i o n i s presented on the p h y s i c a l 

e f f e c t s deduced f o r the in ter -ac t ions i n the tv.'o most -so-ulcus 

channels o f the s ix -pronged events; tne 4c channel and the 

1 o ( 7 T 3 ) channel. This work v;as undertaken w i t h tne combined 

sample o f data f ro : . i the f i v e c o l l a b o r a t i n g l a b o r a t o r i e s 

usint* the s t a t i s t i c a l a n a l y s i s prof ••ran SUKX o f the T.C. pro^ra'n 

l i b r a r y . 'The exper imenta l d i s t r i b u t i o n s obta ined were compared 

w i t h the t h e o r e t i c a l ijhase space curves c a l c u l a t e d w i t h the 

"on te -Car lo program FOw'L. The many dev i a t i ons between these 

two d i s t r i b u t i o n s were i n v e s t i g a t e d f u r t h e r i n o rder t o 

determine the u n d e r l y i n g p h y s i c a l phenomena present i n these 

types of i n t e r a c t i o n . 

Data Consistency 

Before the ana ly s i s o f the combined data cou ld proceed i t 

was necessary t o undertake p r e l i m i n a r y t e s t s to ensure 

c o m p a t a b i l i t y between the d i f f e r e n t subsets presented by the 

i n d i v i d u a l groups. I n preference to the widespread custoi i o f 

a l l groups ana lys ing the same small sample o f f i l n i n order 
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t o examine the biases due t o d i f f e r i n g techniques o f a n a l y s i s , 

i t was decided t o i n v e s t i g a t e the e f f e c t o f any poss ib le 

biases on p h y s i c a l pnenonena. 

The d i s t r i b u t i o n o f eventr. w i t h i n the f o u r channels was 

compared w i t h t h a t o f the t o t a l sample and no s i g n i f i c a n t de­

v i a t i o n was found f o r any subset. Nor were these found any 

d i f f e r e n c e s between the d i f f e r e n t momentum d i s t r i b u t i o n s o f 

the i n d i v i d u a l p a r t i c l e s . Furthermore, the p o s i t i o n and 

w i d t h o f the peak i n the TT^TC TT° e f f e c t i v e mass spectrum due 

to the to° resonance which i s s t r o n g l y produced i n the 1c( r r 0 ) 

channel was i n v e s t i g a t e d . The c o n t r i b u t i o n and p o s i t i o n o f 

t h i s peak as seen i n the va r ious subsets were compared w i t h 

t h a t o f the combined sample. A l l the sets o f data were found 

t o be c o n s i s t e n t . 

S t a t i s t i c s 

The d i s p o s i t i o n o f the t o t a l sample o f 34^7 r e cons t ruc t ed 

s ix-pronged events w i t h i n the f o u r channels was 

4c 7 r + p -> rr~ p J T W TT 1052 events 

1c (77-° ) -> 7 T + 0 TT 'TT+TT rr TT° 1595 events 

1c(«) -> TT'' n T T W V W 279 events 

NO-FIT + ~ - - i 
TT p TT TT TT If m.7F 

O 541 events 

TT II TT TT TT 'V TT Tl.TT O 

where m > 2 and n 1 

The t o t a l c r o s s - s e c t i o n f o r the s ix-pronged events i s 

or = (1.32 j . 0.04)mb. 
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and the p a r t i a l c ross - sec t ions f o r the d i f f e r e n t channels are 
c i v en i n Table )>. below: 

Table_4 

P a r t i a l Cross-sect ions o_f D i f f e r e n t Channels 

Channel P a r t i a l c r o s s - s e c t i o n ( u b . ) 

h-o 400 j _ 20 

ICCTT0) 600 j . 20 

i c (ll) 110 _v 10 

NO-FIT 210 ± 10 

? 2 
The " and Iff ' d i s t r i b u t i o n s f o r the events i n the 

f i r s t two o f these channels are i l l u s t r a t e d i n Pigs. 22 and 23. 
9 9 

The d i s t r i b u t i o n s o f X " and }?•.' e x h i b i t the sa-ne f e a t u r e 
9 

o f s h i f t i n g o f the centre o f the peak o f the A.c d i s t r i b u ­

t i o n and h i g h values o f % 2 f o r the f i t s , t h a t were found 

w i t h the subset o f the Durham data. These e f f e c t s were no t 

considered s i g n i f i c a n t f o r the reasons mentioned p r e v i o u s l y . 



FIG. 2 2 

HISTOGRAM OF X* FOR DIFFERENT CHANNELS 
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H I S T O G R A M OF M M 2 F O R DIFFERENT C H A N N E L S 

( C O M B I N E D DATA} 

(a} 4c EVENTS 

7 0 0 

500h 

300h 

lOOh 

1052 ENTRIES 

2 0 5 2 0 

M M 2 ( G E V 2 x I 0 3 ) 

(b) Ic ( i f 0 ) EVENTS 

7 0 0 

500H 

3 0 0 

IOO 

595 ENTRIES 

2 0 

M M 2 ( G E V 2 x l O 3 " ) 
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L.1 The Methods of Analysis 
OJiIX 

The new version of n.iPJi-SU"!'X was used i n "^aris and Bonn 

to -produce the histograms, s c a t t e r p l o t s , Feyrou p l o t s , 

D a l i t z p l o t s and ordered l i s t s of e f f e c t i v e masses, angles 

etc. r e q u i r e d f o r a n a l y s i s . Tne program reads the D.'r'.T. 

event by event and a b s t r a c t s from each record the desired 

q u a n t i t i e s f o r compilation according t o the i n s t r u c t i o n s 

s p e c i f i e d on the c o n t r o l cards. 3y the use of a d d i t i o n a l 

t e s t s on the data i t i s possible to compile l i s t s of c o n d i t i o n a l 

data which are extremely u s e f u l f o r improving the s i g n a l t o 

noise r a t i o f o r i n v e s t i g a t i n g small scale e f f e c t s . At the 

end of each p h y s i c a l run the a b s t r a c t e d data i s p r i n t e d out 

i n the form of annotated diagrams. 

The new version of t h i s program has also the a d d i t i o n a l 

f e a t u r e , through i t s CHAHM subroutines, of a l l o w i n g the 

computation and subsequent compi l a t i o n of extra parameters 

from the v a r i a b l e s s p e c i f i e d f o r each event on tne D.T.T. 

This f a c i l i t y has been used i n the c a l c u l a t i o n of the v e l o c i t y 

d i s t r i b u t i o n s and also the r a d i a l d e n s i t y f u n c t i o n f o r the 

population of the D a l i t z p l o t which was us-;d i n the e s t i m a t i o n 

of the c o n t r i b u t i o n of tne co° resonance i n the 10(77°) channel. 

FOu'L i s a numerical i n t e g r a t i o n program which uses the 
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;'onte-C?.rlo method t o c a l c u l a t e the phase snace d i s t r i b u t i o n s 
of the dynamical q u a n t i t i e s according t o the s t a t i s t i c a l model. 
I t contains tno "basic subroutine GJiLvJiV \ h i c h generates trie 
r e q u i r e d number of random events by using the i n v a r i a n t masses 
of combinations of the p a r t i c l e s i n the f i n a l s t a t e . Each 
event i s subsequently v/eighted according t o the d i s t r i b u t i o n of 
of L o r e n t a - i n v a r i a n t phase space v i z . 

V*i,.».y -fa 4r • V <£" • h - \ - *> 

... (1) 

where 

12 - T o t a l energy of the system 

p ~ T o t a l momentum of the system 

'A. and = Energy and momentum of the i 'th of the 

n p a r t i c l e s . 

The i n d i v i d u a l p a r t i c l e s are then s p a t i a l l y r e - o r i e n t e d 

t o give a sy:metric d i s t r i b u t i o n f o r the t o t a l production 

spectrum i n the centre of mass system. 

The dynamical parameters whose phase space d i s t r i b u t i o n s 

are r equired e.g. e f f e c t i v e masses, momenta, momentum t r a n s f e r s 

production angle? etc. , arc: s p e c i f i e d i n a separate subroutine. 

A f t e r the generation of the s p e c i f i e d number of events, these 

d i s t r i b u t i o n s are p r i n t e d out as normalised, annotated histogram 

the accuracy of the d i s t r i b u t i o n s being dependent upon the 
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the t o t a l number o f events generated. 

The weight w i t h wliic 1 each event i s p l o t t e d on the 

histograms -nay ba modified by any f u n c t i o n o f the i n t e r a c t i o n 

v a r i a b l e s t o simulaLe a r.pecific i n t e r a c t i o n mechanism SUCH 

as the production of intermediate resonant states and 

p e r i p h e r a l i n t e r a c t i o n s . 

The o r i g i n a l program was s u i t a b l y m o d i fied by the author 

t o accomodate the higher number of p a r t i c l e combinations 

obtained f o r events w i t h s i x and seven p a r t i c l e s i n the f i n a l 

s t a t e . f u r t h e r development was also r e q u i r e d t o allow the 

i n c l u s i o n o f a r b i t r a r y c u t - o f f s w i t h respect t o the dynamical 

parameters t o a l l o w a f u l l s i m u l a t i o n of the techniques 

a v a i l a b l e i n SU'i'iX. 

F i t t i n g Techniques 

The c o n t r i b u t i o n o f resonances i n the d i f f e r e n t r e a c t i o n 

channels was estimated by f i t t i n g the appropriate e f f e c t i v e 

mass spectra w i t h t h e o r e t i c a l d i s t r i b u t i o n s c o n t a i n i n g d i f f e r e n t 

p r o p o r t i o n s of resonance and determining the minimum ~ of the 

f i t . Mapping techniques were employed i n order t o avoid any 

f a l s e minima and also t o determine the goodness of the f i t i n 

each case. 

''.("hen generating 0 resonance of r p a r t i c l e s i n the 

t h e o r e t i c a l d i s t r i b u t i o n s prepared w i t h FOwL, care was taken t o 
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use the appropriate (n - r ) body phase space. This i s e s p e c i a l l y 
important i n the case o f the N* ( 1 2 3 6 ) v/hich has such a low 
,-value of 160 ;'eV t h a t the value of the momenta o f the 
two secondary p a r t i c l e s i n t h e i r own centre o f mass has a 
la r g e v a r i a t i o n of some 40^- w i t h i n the mass reg i o n o f the 
resonance between 1130 and 1300 lieV. 

I n order t o bo able to estimate the c o n t r i b u t i o n o f the 

combined production of two resonances simultaneous f i t s v/ere 

made t o the two e f f e c t i v e mass d i s t r i b u t i o n s t o determine the 

minimum of the product of the two i n d i v i d u a l The 

t h e o r e t i c a l d i s t r i b u t i o n s used were a l i n e a r a d d i t i o n of the 

i n d i v i d u a l phase space d i s t r i b u t i o n s f o r s i n g l e production o f 

the f i r s t resonance, (R-J)J s i n g l e production o f the second 

resonance, ^ ( R 0 ) > and combined production o f these two 

resonances, ^ (R^-i-R^), together w i t h pure phase space $ ( s ) . 

I f the decay schemes of I I , and R 0 produce r^ and r 9 

i n d i v i d u a l p a r t i c l e s then f o r an apparently 'n' body f i n a l 

s t a t e the r e s u l t i n g d i s t r i b u t i o n w i l l be a sum of the n, 

n-r^, n-r,, and n - ( r ^ + r ) body phase spaces. The best f i t 

s o l u t i o n i s obtained f o r t h a t l i n e a r combination of the phase 

space curves t h a t give a minimum of the f u n c t i o n 
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where 

.... -0L 2 - < * ) i ^ ( s ) } J (2 

and s i m i l a r l y f o r the other mass d i s t r i b u t i o n . 

•..'hen these parameters have been determined i t i s possible 

to produce the appropriate t h e o r e t i c a l curve? to simulate the 

backgrounds of the e f f e c t i v e mac." d i s t r i b u t i o n s 01? ot'^er 

p a r t i c l e combinetions and so estimate the small enhancements 

of v-sa-'"J••• iroduced resonances. 
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2 Jtespnance_ Production i n thu Channel 

1 co r - l e t e rurvey v::? made of the e f f e c t i v e mass snoctra 

of a l l possible combinations of p a r t i c l e s as w e l l as the 

d i s t r i b u t i o n s f o r tne dynamic parameters L' , j j and cos 9 f o r 

a l l the i n d i v i d u a l p a r t i c l e s and the p a r t i c l e combinations. 

Prom the ma"S spectra the -?resevir.e of q u i t e l a r g e amounts 

o f the '.veil known resonances T ' ' and P were detected. L'here 

was not found, -lowever, evidence f o r tho -ref enoe of higher 

issonic or baryonic resonances and consequently there i s no 

quasi two-bod/ production. 

The production :ncch£.nis:n o f the resonances was j n v t s t i n t e d 

and the r e s u l t s obtained s t r o n g l y favoured a n o n - s t a t i s t i c a l 

mode of production. Attempts: -vere made to simulate t h i s 

mechanise by applying a p e r i p h e r a l method f o r t h e i r production 

using the v e i l e s t a b l i s h e d 'one pion exchange model 0 t h a t has 

achieved a l a r g e "leasure of success i n low m u l t i p l i c i t y 

i n t e r a c t i o n s . 

I^LILJLl a n j - . " U f f a c t i v e :;asr, Spectra 

The d i s t r i b u t i o n s of the c i f e c t i v e masses of a l l the 

7r fp and it p combinaticr.c of p a i - t i c l e s ".re i l l u s t r a f c j d i n Figs. 2k-

and 2.5. i'lere i s a large enhancement i n the 7." ' p spectrum 

w i t h i n tho - j . - r region of th'j IT* (1?30 rc?or--snce v.-hr.c/. Ir. abrent 

fror. tV.i cr~;: r^.oc '̂ ru..;. 7:.'-- p c i t i o r . cC t':±t rercr.a.icc i s 

- . I i i f t c d dev/n- aj-'ir. by r c ' ^ ?/. "V7. fro:.: th2 r s n ^ r a l ^ accepted 
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c o i r l r " ! rc v.il.-j •>/• t>-3_--. i r .- .lr-o - xv.i!'o onviour r.:,v*ro" 

c i t h i s ^a!.. The i'unl s h i f t and. ro<?v.c i i o r of t i : v i d l h 

uro i n d i c a t i v e o f .v: '-:.ng\-lar joraontv. - I . - r r i e r i f f a c t ing the 

decay o f the resonance, '-ho s h i f t i s o f thy "-smo order as 

t h a t erpoctjr! *"rc~ ~he decay of a T r t c t c v l x a£ rl.r..n 

by Js-n1- ccr. t h _ dicpl^cons.it £ i s givou i . i torus of 

th.j -..idth r r>nd t'~3 -la.-sor ~ and r. 0 c? +h:. J-..c dec:- ; r . r t i c l 

0 " "c ""peal: J-c 3 l i fvk o ( 2 2 v „ 2 , 2 2N2 * " W / 

o (ir-2CiR 1 +m 2)M o. (.(rn 1-m 2) 

Por 1=1 the value of LI , f o r the V"{J\Z%) i s 1 2 1J "o". 

The "best f i t t o the --cpori-sntal d i s t r i b u t i o n •;:as obta:Lx.,d 

,:it h ;.\ cc.-'Vl-:' rrait~..i-::-3:- .̂w given by 

„ 2 ' K M j 

~"a 

- i t h t b ; v.ldth given by 

r . p B ( * y ! M . , t t ' , ( ^ ... w 
'..lior:- p i f vha :jo:.i.i.itv.:.: of tL«i ^JCV/ - j - r t i o l c r i n the r e s t 

ryfsto"! of t l u roso.nor.ee. The :;arw-.:.i3terr u s j d '-vere " ^ 125 
v' J. o 

::nd ;.:c ̂  1236 t o r o t h ^ r v.lth the t-:n j i r i n - 1 ^::,ression J (!.:) -

(?.C!|3-- : r ° } " 1 - u — e s t ^ d b- >..-lerPcn ( " 7 5 6 ) . The best f i t 

to the r h o l e e r i ~ . j n t . i l d i s t r i b u t i o n v:.c obt- i.-.wd f o i ' ?.i 

http://roso.nor.ee
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^ l i ^ u i - i of t'- - f i ; v l - t - . ^ - U- t r i ' u t i jn? 

v i s . . j f r 

and + ;• 

vhi c h corresponds t o 5-9^. o f I f " , v : h i l r t f i t t i r . - i n tha !T* 

region alone rovoalsd :*. c o n t r i b u t i o n of f.o:.io 

!Therc rerncirijd nov'ovyr sor.e s i g n i f i c a n t bread «»rthanoe?"3rLt 

f o r t M higher •?•£:?> region c f thw s p i e t r u n which i ~ not 

v i s i o l o i n tho r p d i s t r i b u t i o n . Thir onhancen-Jiit cannot be 

a t t r l b u t s o t j t l : - , rod-; j t i e r , o f •_ mo.Xi a:..ovnt o f any ?cno'..-n 

reso-iar.co an-j has been i n t e r p r e t e d i s a r e f l s r i r . 1 ^ f ?o.r.s 

•^"p.raico.1 mocha;:!::-.• of resonance production. 

1'hs 7.!" TT Effective ;,:a_: s rpdctru:.; 

n e u t r a l d i - p i c n e f f e c t i v e nu.."S spectrum f o r a l l 

possible; comhin t i e n s i s i l l u s t r a t e d i n Fig. 2fc. A l a r g e , 

ii.rrov: enhancewunt ±z v i s i b l e v i t h i n the mass region of the 
o 

n a u t r a l £ -ason but s ' - i f t ^ u by HC.T.S 30 ?'wV. from LI-.u gonuxv-illy 

accepted c e n t r a l mass v°luo of 765 :• h :"3V. .'-1 though, t h i n s h i f t -

i s l a r g e r than e-xpeci.jd f o r ti-o decay of a 1- s t a t e , the discrepancy 

nay bs u r l a i i u d lay t h j e f f e c t of tb_- ..uilti.:"'iostion o f the 

I?reit-.':igncr f u n c t i o n by th"? appropriate 5-hcdy rhase space 

which f i l l s r a p i d l y r i t h i n t h i c region. 

f i t w?.s m-do to the ;;tperi 1 onta] d i s t r i b u t i o n v. rith si?: 

body -'uro phase c.aca and f i v e body -hnso s ,aoe c o n t a i n i n g tho 
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y ''i-o.-£ d i s t r i b u t i o n v a r i e d recording t o the cornlex 

3reit-'.iigner f unctions given i n equation:; ( 3 ) 5 ( 4 ) ""•nd (5) 

of t n i s s e c t i o n ± 1 j> (m) described by the e m p i r i c a l f u n c t i o n 

/ > f 2 2x - 1 y w = (pc, :• l" 1 ) 

The f i t t o the '-hole :::a.-?s region gave an esti.uato of only 42 ̂  5; 

The best f i t obtained o f the g na.ss region correpponced 

hov.ever t o o. iuch increased c o n t r i b u t i o n c f y° mesons i n 

69 : ; 6 of the i n t e r a c t i o n s . The appropriate curves are 

i l l u s t r a t e d on the experimental d i s t r i b u t i o n . 

The curve corresponding t o 69 § production gives a 

reasonable f i t i n the qass region c f the resonance altriough 

'.uite aporeciable disagreements s.re observed f o r both the higher 

and lower mass regions, 

IIo evidence was found f c r the production o f the C°(720) 

which has been observed i n a s i m i l a r d i s t r i b u t i o n i n the 

experiment a t 4 &eV c a r r i e d out by the ABBHr c o l l a b o r a t i o n . 

The ! I u l t i - p i o n E f f e c t i v e Mass Spectra 

The ir'n'rc and 77- TT TT e f f e c t i v e mass d i s t r i b u t i o n s , Figs. 

27 and 28, have been examined f o r evidence of the and A ? 

mesons, both of which now appear t o be f i r m l y e s t a b l i s h e d 

resonances. 

The e f f e c t i v e mass p l o t s show no s i g n i f i c a n t enhancement? 

i n e i t h e r d i s t r i b u t i o n although there i s a .narked disagreement 

of" the background w i t h the phase space curves. This e f f e c t 

http://esti.ua
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V 0 
has been a t t r i b u t e d t o the large production of and ̂ > and 
also t c the dynamics of the .iroduction of these resonances, 

.1. -t. — 

Further investig'.tions v;ere made i n t o the n TT TT 

combinstions by imposing the conditions t h a t the three pion 

combination should contain at l e a s t 1 d i - p i o n combination 

".'•"•ich l i e s v : i t h " i n the mass ^c^ion of the o , (670 < Y _< Op-') 
J — 7' -''7: - ' 

and also t h a t the effective- na;.~ of the remaining positive; pion 

and the :rotcn should be i n the I T " r e gion, (1120 < , _ < 1 3 2 0 ) . 

The d i s t r i b u t i o n obtained, Fig. 29, shov s p. 3 standard 

d e v i a t i o n enhancement i n the A 9 region but only a n o n - s i g n i f i c a n t , 

broad ei-ccers i n the region of the A^. The A peal; corresponds 

t o a t most some 3 ± 1. ' of these p a r t i c l e ? i n t h i s channel. 

Thus the large p r o p o r t i o n of £ '' mesons observed cannot be 

a t t r i b u t e d t c the decay o f the known TTj» resonances which are 

not copiously producs-d i n t h i s channel. 

The A-picn 3 ? f e c t j v e luass fipectrum 

The e f f e c t i v e mass d i s t r i b u t i o n of the TT 'Vr 7r p a r t i c l e 

combinations i s i l l u s t r a t e d i n Fig. 30. Although the agreement 

of tho background w i t h the phase space curves f o r the reasons 

DX'ilained p r e v i o u s l y , there i s no obvious narrow enhancement i n 

the mass regions of e i t h e r the f ° ( l 2 5 0 ) , the f 0 ' (1500) or 

i n the wide mass rsgion of the r e c e n t l y reported g ( l 670 ) 

(fioldberg et a l . 19^5) which has since been resolved i n t o three 
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s e p a r a t e peaks ( " a g l i c e t a l . 1966). 

Thus i t v.-ould appea r t h ; . t t h e r e i s no s t r o n g p r o d u c t i o n 

c f ? f o u r p i o n resonance t o r i v e , t o g e t h e r w i t h t h e ~jf an 

a p p r e c i a b l e p r o p o r t i o n o f q u a s i - t v / o body i n t e r a c t i o n s i n a 

manner s i m i l a r t o t h a t o b s e r v e d i n t h e lov. : er . m u l t i p l i c i t y 

i n t e r a c t i o n s . 

I n o r d e r t o c o n f i r m t h i s i n v e s t i g a t i o n s were made i n t o 

t h s e f f e c t i v e mass spec t r e , o f t h o s e c o n i b i n n t i o n s o f s econda ry 

p a r t i c l e s t h a t c o n t a i n a p r o t o n . A s e a r c h wa,s made f o r c o p i o u s 

p r o d u c t i o n o f a h i g h e r b a r y o n re sonance w h i c h c o u l d decay i n 

t o an i f and tv:o p i o n s . 

H i g h e r B a r y o n Resonances 

The agreement o f t h e e f f e c t i v e mass spec t rum o f c o m b i n a t i o n s 

o f pjr 'vr . P i g . 3'I , w i t h t h e phase space c u r v e i s q u i t e c l o s e 

e x c e p t i n g f o r a s l i g h t b r o a d enhancement i n t h e r e g i o n o f l o w 

e f f e c t i v e masses. There i s no i n d i c a t i o n o f i s o b a r p r o d u c t i o n 

i n t h i s d i s t r i b u t i o n . I n t h e case o f t h e c o r r e s p o n d i n g -

d i s t r i b u t i o n f o r p7r +7r + c o m b i n a t i o n s ; P i g . 3 2 , a n a r r o w enhancement 

i s o b s e r v e d i n t h e r e g i o n o f 1530 V.eY w h i c h c o r r e s p o n d s t o a 

s i m i l a r pea... o b s e r v e d by G-oldhafcer e t a l . (19^5) f o r r r ' p 

i n t e r a c t i o n s a t 3.65 GeV/c. 

To e s t i m a t e t h e number o f e v e n t s i n t h i s pea]: t h e 77- '77 p 

spectru.:.i was used as b a c k g r o u n d and f i t t e d t o t h e TT'TI'V d i s t r i b u ­

t i o n i n t h e h i g h e r mass r e g i o n away f r o m t h e enhancement . The 
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b e s t f < t c b t r . i n o d r e v e ' . l e d i b roac y::ce- s o f 7. V - o o - i b : a c t i o n s 
o v j r -i"? bac^r - round i r . l o \ r....r? r e - ' i ' h i r e f ^ / c t h-.f been 

in t e r^ - i - e Led ir. 1 d i l u t i a . 1 o f t h e z i f - r r . l o f I . ' "* r ^ f l j r c i c r . i r . 

t h . ; r. 'rr c-jabin.:.i-io::c- -<.;. M I ; , t r u e a l i t o r " t ' . . io<j i n t h -

t b -.C7~tn\-. TT\7~:. cnabi : ; - t i o i i 1 : f o r z-cc> -.-A, v. -2J-O?.S f o r 

v. : : t <..-. t . . i c : i n A c " i > l o . ^ . . . r L - t i . ; . 1 : ; , • : '} .- . . i t 

',.ar n o t ^iorrir;?.- t - c'"'' - i : i h-'cl:;. r o u n d t ' - t v.7o.s i i - 0 0 ' ' v ; ; ree-

s.-3-nt \ v-.b f...... . r. ' A yr-^: . : - :• 1 n i ; ; ; r - ; . - , - . - i . r ^ ' c r j c v j i - , V. c 

enhan? jr.- . :-i t J i . r i n t b _ b r e r r o f l c : : i o i : v.r J . i - \.r- . 

t h r o - r i . d o v i i . f / i c 1 - ' : . ' - . V v tV . . f i t t o d b-.c1.:rrov_-i'2. Th j ,-j. .b 

L b ^ r c f c r c c-.-_.ot bo c n r i C - s r - - " ' " r i j v j . f i c . - _ r : x r c c f o f •'-La 

• . . r i - to i . c J o f 1 _ 5/2 i c o b - . r " n " i r a c t ^ r o v " v ? , y •"• n;-.c&v_.:"iac 

o f LbJ ^ c b r i c L i ^ - j f t h e i r J /2 i ' o b - . i . 

C o . . : b i ^ j d P r o d u c t i o n o f Hoc one, noes 

An a t t e m p t was n».de t o s s t i ..r_t'j t h e d o f r c o o f r ; i . . u l t j . n J O U S 

p r o d u c t i o n f o r tb .3 o n l y t-.vo r J ? c-icno.. 0 t h _ t have >>j>».ti e b c ' j r v .<d 

t o bo - - ' - r . v n f ^ r o d u c o d i . i . - j_ i j . lw c f j v o n t . i , v i s . L b . IT" 

: n d t b : ^ \ _ h j ^ i t t i n : ; " r ^ i t - - ' . . ' i : - : J : - f u s t i e r . " t o t 1 - • 

v- ,! ,?!ic';-!:2nt" i n - t \ . „ . . p . i ' - i 1 I ^ C h v . 1 1 •:••_•-• "bow. t o 

; i v o over..!/ 1 . _-':•...-.• r y i o c c u r ' - : : th-~t -.v* i n ^cod _.rre;r.-ent 

\ . i t h _ i t - : o r c f t h : ; j : : j f c _ i . _ 0 " . t . . l b - c h / r o u i i c ' ^ o f t"-.o two h i ~ t c f . r _ . i f . . 

C_v;_..o.uo.Tb.„ ?. " i : . r - R - . . v . : :u - u"1 : i - r : - . . . : • ? . f i t +c -"cth o f t b 3 

h i r t o " r ' . ' r - -v ..._de .vi ' ! h „ •„• .--.-or d o r c r i b o d i i '•:•<.+_._-"-

http://c-.-_.ot
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No t r u e mininu." ' was f o u n d , nowever , f o r t h e r e s u l t a n t 

t h r e e - d i m e n s i o n a l s u r f a c e : t h e l o w e s t p o i n t r e g i s t e r e d 

c o r r e s p o n d i n g t o t h e c o n d i t i o n o f m i n i m a l c o m b i n e d p r o d u c t i o n . 

T h i s e f f e c t wes i n t e r p r e t e d as an i n a b i l i t y o f t : ie s m a l l 

r e f l e x i o n s o f t h e s t a t i s t i c a l l y p r o d u c e d resonances t o s i m u l a t e 

f u l l y t h e l a r g e d i s t o r t i o n s o f t h e e x p e r i m e n t a l h i s t o g r a m s , 

e s p e c i a l l y t h o s e o f t h e d i - p i o n cornbin . t i o n s . I t w*s t h e r e f o r e 

c o n c l u d e d t h a t t h e r e e x i s t e d some a d d i t i o n a l , n o n - s t a t i s t i c a l 

mechanis:.i w h i c h was a c c e n t u a t i n g t h e d i s t o r t i o n f o r t h e b a c k ­

g r o u n d f o r t h e s e c o m b i n a t i o n s o f p a r t i c l e s n o t i n a r e sonance . 

I t was f o u n d p o s s i b l e t o o b t a i n a somewhat i n a c c u r a t e e s t i m a t 

o f t h e degree o f c o r r e l a t i o n f r o m t h e t r i a n g l e p l o t o f t h e 

e f f e c t i v e masses o f t h e TT+V and rr p c o m b i n a t i o n s . A f i t was 

made t o t h e d e n s i t y o f p o i n t s i n t h e w i d e , o v e r l a p p i n g bands 

o f t h e TT'TT and Tr^'p c o m b i n a t i o n s f o r t h e J > and N * mass r e g i o n s 

r e s p e c t i v e l y . The b e s t f i t o b t a i n e d by d i f f e r e n t p r o p o r t i o n s 

o f t h e f o u r p o s s i b l e phase space c o n f i g u r a t i o n s c o r r e s p o n d e d 

t o resonance c o n t r i b u t i o n s o f : 

N * f 0 = 50 ± 11?: 

5>° a ± 4:" 

w h i c h a r e i n agreement w i t h i n t h e r a t h e r l a r g e s t a t i s t i c a l 

e r r o r s w i t h t h e p r e v i o u s e s t i m a t e o f r e sonance p r o d u c t i o n . 

F u r t h e r m o r e , t h e f i t o b t a i n e d i s n o t s i g n i f i c a n t ^ d i f f e r e n t f r o m 

t h e n o r m a l s t a t i s t i c a l e s t i m a t e o f 36; - f o r c o r r e l a t e d p r o d u c t i o n , 



- 87 -

t h e r e f o r e i t i s n o t p o s s i b l e t o i m p l y any mechanism o f 

combined p r o d u c t i o n o f t h e N3* and t h e ^ ° . 

I n v e s t i g a t i o n s were 3-1 so c a r r i e d o u t t o d e t e r m i n e w h e t h e r 

0 

any d o u b l e p r o d u c t i o n o f p mesons o c c u r r e d . The c o r r e l a t i o n s 

f o r resonance p r o d u c t i o n i n t h e o v e r l a p p i n g bands o f t h e 

a p p r o p r i a t e t r i a n g l e p l o t were f o u n d t o be q u i t e c o n s i s t e n t 

w i t h s i n g l e J> p r o d u c t i o n . 
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e x h i b i t :. l"..r--s V-c 's . -urd p. l i f t : i : d : ._ ; - . rc-oi ' iVlc b r c - d c n i r r 

v h e r & i r . the- pT d i - ' - ' u l V u t i o " r h c . ~. ? l i " h t - *a r ro \ ; i ng o n l v . 

. ' i . - ! i l u r 3 f f o o t s a r e t c seen i : i t h e d i s t i l t u t i o a s 

o f t b . j n e g v t i v o i e n s c u t t h o e f f e c t i r n n t r.o nar>.a<3 i n 

t h o oorre-.j .ondv^j ; d i s t r i r v . t i t . i T r f o r t h e o s i . t i v e p i e n c . 

Th-jse e f f e c t s h*ve b ? 3 i i sa 'Tnaris '^d i n t c r i f ? c f ' e l o n g a t i o n 

paranetex-s and o£ f o r t h e two o r t h o g o n a l d i r e c t i o n s i n 

t h e c^nt->-e o f n&zn ays t o i l , <^„ i f d e f i . i ' j r bv 

( V . Y ' s t v t . 

'.•.•norc 

I 1 x "X 

i s t h e observer) s t a n d a r d d i s t r i b u t i o n o f " a b o u t i t s :iean 
'• x 

v a l u e and , , i s t h o s t a n d a r d w i d t h o f t h e d i s t r i b u t i o n 
s t a t 

e x p e c t e d f r c -\ th.2 s t a t i s t i c a l m o d e l . OL i s d e f i n e d i n a 

c o r r e s p o n d i n g manner. 

The v a l u e s o f t h e s e : . - a r & j e t e r s f o r t h e i n d i v i d u a l p a r t i c l e 

a r e g i v e n ir> T : b l e 6 b e l c v / : 

T a b l e 6 

lye I vven t s : 

- i l on n a t i o n Parameter? , , 06, f o r t h e I n d i v i d u a l y^rtlclQ^ 

P a r t i c l e 06 06. 
X 

P 1. 10 j . 0.02^5 0. c '7j_o„03 

7. 1.09J.0.Q2 0 . 9 ' h j 0 . 0 2 

rr 1 . 0 . 0 2 0.34.J;0.02 
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The s t a t i s t i c : 1 . ] / ! ; , - s i g n i f i c a n t d i r t o r t i o n p of t h e momentum 

d i s t r i b i . i t i o n s ..r. s lov .n b y t h e e l o n g a t i o n ..era,.lexers c o n f i r i 

t h e i m p r e s s i o n r i v e n by t h e p r e v i o u s a n g u l a r d i s t r i b u t i o n s t ie.t 

t h e r e does e x i s t none C f ' l l i ' i a t i o n o f t h e s e c o n d a r y a r t i c l e s 

a l o n g t h e x - a : : i s , t h e a x i s o f t h e c o l l i d i n g p r i m a r i e s i n t h e 

o v e r a l l c e n t e o f mass sys t em. 

C o r r e l a t i o n E f f e c t s 

The c o r r e l a t i o n e f f e c t s bet 1 . ;oca t h p t r a n s v e r s e momenta 

o f p a i r s o f p a r t i c l e s were i n v e s t i g a t e d i n t h e manner s u g g e s t e d 

by B e r t o c c h i and Z a l e v / s k i (1966) . F o r each e v e n t t h e p a r t i c l e s 

were a r r a n g e d i n o r d e r o f t h e magn i tude o f t h e i r l o n g i t u d i n a l 

momentum and t h e n d i s t r i b u t i o n s o f t h e a n g l e ^ _ be tween t h e 

t r a n s v e r s e momenta o f t h e p a r t i c l e s were p l o t t e d w i t h j) 

d e f i n e d by 

Of t h e f i f t e e n d i s t r i b u t i o n s o b t a i n e d t h e l a r g e s t 

d i f f e r e n c e s f r o m pu re phase space p r e d i c t i o n were f o u n d i n 

t o be s t a t i s t i c a l l y s i g n i f i c a n t . 

S i g n i f i c a n t d e v i a t i o n s f r o m t n e s t a t i s t i c a l model were 

f o u n d , l owever , i n t h e d i s t r i b u t i o n s o f t u e c e n t r e o f mass 

a n g l e s be tween p a i r s o f p i o n s . T n i s phenomenon c o r r e s p o n d s t o 

p 

9 cos i k F r i Tk 

1 w h i c h a r e i l l u s t r a t e d i n t h e d i s t r i o and ons o f 
5 

P i g . 37 (a ) a n d ( b ) . T 'he d i f f e r e n c e s , however , do n o t appear 
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s i m i l a r e f f e c t s o b s e r v e d f o r h i g h m u l t i p l i c i t y i n t e r a c t i o n s b y 

G-oldhaber e t a l . ( l ? 6 0 ) i n pp a n n i h i l a t i o n s and 3 a r t k o e t a l . 

(1966) i n <L5 G-eY/c 7r"p i n t e r a c t i o n s . 

I t was f o u n d t h a t t he d i s t r i b u t i o n s o f , cos 9 t h e c o s i n e s 

o f t h e a n g l e s between p a i r s o f p i o n s ( v 'ir ) (?r n ) and {IT 'TT ) 

as i l l u s t r a t e d i n F i g . 3'-̂  ( a ) ? ( ' ° ) a n d ( c ) , snow l a r g e 

d s v i n t i o n s f r o m t h e s t a t i s t i c a l mode l c u r v e . The v a l u e s o f 

t h e fo r r .&rd -bac . ' - x ' a rd r a t i o f o r t h e s e d i s t r i b u t i o n s a r e g i v e 

i n T a b l e 7 be low. 

T a b l e 7 

/ L C E v e n t s : 

F o r w a r d - B a c k w a r d P a t i o , V , f o r - D i - p i o n C o m b i n a t i o n s 

F a r t i c l e c o m b i n a t i o n d> = 3 / F 

7T 7 T r 1.19 + 0.02 

rr V 1.71^.0.01 

v: rr 0 . 99 j . 0 . 0 2 

..hen t he se v a l u e s a r e compared w i t h t h e v a l u e o f "Jj* - 1»*:-0 

f o r p u r e s t a t i s t i c a l p r o d u c t i o n i t may be seen t h a t a l t h o u g h 

t h e a s s y m e t r y i s more p r o n o u n c e d f o r p a i r s o f p a r t i c l e s 

w i t h o p p o s i t e c h a r g e s , s i g n i f i c a n t e f f e c t s a r e s t i l l observed, 

f o r T ja i r s o f p i o n s o f l i k e c h a r g e . 

F u r t h e r i n v e s t i g a t i o n s were made i n t o t h e d i s t r i b u t i o n s 

f o r t h e • • a r t i c l e comb- .na t ions t o d i s c o v e r w h e t h e r these 
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observed assymetrins are a n a t u r a l consequence of some 

production mechanis-n. f o r the resonances found i n t h i s channel. 

Dynamics of Resonance Production 

The angular d i s t r i b u t i o n of n e u t r a l di-pions i n the centre 

of mass syste i , i l l u s t r a t e d i n Pig. 59, shows a marked 

a^symetry which becomes more apparent f o r these p a r t i c l e combina^ 

t i o n s l y i n g w i t h i n the P mass region: (0.67 < 1' , _< O.cS) 

shovna i n Pig. 40(a). S i m i l a r c o n t r o l d i s t r i b u t i o n s v/ere p l o t t e d 

f o r + •:- and - - combinations. Pie.40(b) and (c) and the 
rr rr n -ir s 

assymetry parameters are summarised i n Table 8 below: 

Table 8 

LyQ, Events: 

Assymetry parameters, R, f o r di-nions i n ?...mjig.g region 

P a r t i c l e combination R - (F - BVCF ... B) 

•TT rr o. 19 ± 0.03 

7T 7T 0.18 ± 0.07 

7T^7f' 0.17 + 0.04 

There i s no s i g n i f i c a n t d i f f e r e n c e between the values 

obtained f o r the three diffex-ent combinations and the only 

d i s t i n g u i s h i n g f e a t u r e i s t h a t the peaking at the higher 

values o f cos 9* i s more pronounced i n the case of the n e u t r a l 

di-pions. 
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F I 9 . 4 O 
Angular Distribution of D i - P i o n Combinations in p° Mass Region. 
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The corresponding d i s t r i b u t i o n s f o r the combinations o f 
a proton and one pion, Fig. 41 • e x h i b i t a s i m i l a r e f f e c t w i t h 
v e r y l i t t l e d i f f e r e n c e between the two assymetry parameters 
given i n Table 9 below: 

Table 9 

4c Events: 

Ass.ymetry- -parameter, R, f o r the combinations o f the proton 

and a pion 

P a r t i c l e Combination n = (*' - >y(F + B ) 

+ 

7T p 

7T p_ 

-0.37 j . 0.03 

-0.32 +0.03 

These values are o f the same order as the assymetry 

parameter o f the jj r o t o n (Table 5) although the same f e a t u r e 

observed w i t h the d i - p i o n d i s t r i b u t i o n s i s present here v i z . 

t h a t the backward peaking f o r the resonance combination i s 

more pronounced. 

The l o n g i t u d i n a l v e l o c i t y o f the backward-going protons 

has been shown to be l a r g e r than t h a t expected from s t a t i s t i c a l 

production. That t h i s e f f e c t may be a t t r i b u t e d t o an 

enhanced v e l o c i t y f o r the N resonance i s seen i n Fig. 42 where 

the normalised v e l o c i t y , £j X , of the ir'^p combinations i s 

p l o t t e d . There i s a broad excess i n the region of high ftS. 



F i g 41 

Angular Distribution of combinations of a Proton and a Pion "m N ^ 

M a s s Region. 
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Although the apparent p a u c i t y of the isobars w i t h high 
v e l o c i t y nay be i n t e r p r e t e d i n terms of secondary c o l l i s i o n s 
and s c a t t e r i n g s w i t h i n the i n t e r a c t i o n volume the d i r e c t i o n a l 
p r o p e r t i e s of backward-going I f and forward-going y must be 
dependent upon some n o n - s t a t i s t i c a l mechanism dominating the pro­
duction of the resonances. The r e q u i r e d mechanism has s i m i l a r 
e f f e c t s t o the p e r i p h e r a l production of resonances i n low 
m u l t i p l i c i t y i n t e r a c t i o n s and consequently i n v e s t i g a t i o n s were 
c a r r i e d out i n t o the f o u r momentum t r a n s f e r s t o the 7 r +p and 
7r"V combinations from the primary p a r t i c l e s . 
P e r i p h e r a l Production I.'odel 

9 

The o v e r a l l d i s t r i b u t i o n s o f A' , the four-momentum t r a n s f e r 

f r o n the i n c i d e n t proton t o the 7r'p combination and the A~ 

from the primary pion t o the n e u t r a l d i - p i o n combinations 

are shown i n Figs. 43 and 44. I n both histograms there are 

la r g e d e v i a t i o n s from the pure phase space curves ~. i t h l a r g e 
2 

enchancements i n the regions of low A . 
To t e s t the hypothesis of p e r i p h e r a l production, Monte-

i£ 0 

Carlo c a l c u l a t i o n s were made t o simulate the I f and j> 

production using a one pion exchange mechanism as described i n 

Chapter 1. To o b t a i n a correspondence w i t h production d i s t r i b u ­

t i o n s t h a t had been successful w i t h quasi two-body i n t e r a c t i o n s 

a form f a c t o r (Goldhaber 'I9&4) w a s used v i z . 

F ( t ) = ( a 2
 + m 2 ) / ( a 2

 + t ) 



Ul 

I 

in 

s 
in 

in 



UJ In 

in o 

i n 

in 

in CO 

CM 



- 95 -

9 0.0 a" = 0.132 P-eV/c" 

-'he i n t e r c e t i o n s were envisaged as oe^ar of a m u l t i - ; : e r i p h e r a l 

t y r e ;-'nd tho baryonic and nesonic v e r t i c e s vie re considered 

separately. The jvroe.u *-tion of a resonance a t one vertex v/as 

accompanied by a "o' p a r t i c l e a t the other w i t h tho c p a r t i c l e 

considered as a s t a t i s t i c a l st-tte w i t h no i n t e r n a l dynamics 

excep t t ' l f l t of h-'.vinf tho appropriate r uarrou-i nu.nbt*rs f c r the 

uxchanps of 0. .ion. 

. i t h a s i x p a r t i c l e f i n a l s t a t e , t h e r e f o r e , the normal 

d i s t r i b u t i o n , do/dt, i s modified by the f i v e p a r t i c l e phase, 

d$ , appropriate t o the reactions 
0 

c 
-> tc 7:" rr 7r 

or 
7T p -> p C 1 

u 7T prr '77-

so t h a t 
dr-ydt = const. | T | 2 . d ^ r 

'Jhj ciuves obtained f o r the c o n t r i b u t i o n s of I f and 

determined fr o . : the \iass r i o t s are shown on t b j a " p r opriate 

d i s t r i b u t i o n s o f The agreement w i t h the experimental h i s t o -

frair.-" i s :iuch inprovec'i and also in. the momentum d i s t r i b u t i o n " , of 

the i n d i v i u u a i p a r t i c l e s , the observed trends are w e l l simulated 

(Figs. 3)., , 33 and 36). 

file:///iass
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i t has been found, however, t h a t the b'~ d i s t r i b u t i o n f o r 

one v e r t e x i s not independent of the production process on the 

other vertex, Furthermore, the e x t r a p o l a t i o n of the d i f f e r e n t i a l 

cross section i n t o the region of l a r g e r momenta t r a n s f e r s may 

not be v a l i d . The technique described t h e r e f o r e has no r i g o r o u s 

a p p l i c a t i o n but can only serve as an i n d i c a t i o n f o r subsequent 

t h e o r e t i c a l analysis of high m u l t i p l i c i t y events. Although the 

exact f o r m u l a t i o n of the d i f f e r e n t i a l production cross-section 

f o r these high m u l t i p l i c i t y i n t e r a c t i o n i s not known i t i s indeed 

l i k e l y t h a t i t e x h i b i t s a preference f o r low four-momentum 

t r a n s f e r s i n a s i m i l a r manner to the low m u l t i p l i c i t y i n t e r a c t i o n s . 

Angular Decay Schemes 

The d i s t r i b u t i o n s of the decay angles of the resonances 

were also examined i n order t o detect c h a r a c t e r i s t i c d i s t r i b u ­

t i o n s t h a t would i n d i c a t e the existence and nature o f any 

exchange p a r t i c l e s . The angles i n v e s t i g a t e d were 9 which i s 

defined i n section 1.1. and 9- the angle between the d i r e c t i o n of 
n 

the outgoing TT+ and the d i r e c t i o n o f motion of the resonance i n 

the r e s t system of the resonance. For an exchange mechanism 

such as t h a t described p r e v i o u s l y where there are more than two 

p a r t i c l e s emitted from the top v e r t e x ( c . f . Fig. 2) no unique 

d e f i n i t i o n of the angle i s possible. 

The only d i s t r i b u t i o n found to e x h i b i t a • s i g n i f i c a n t 



d i f f e r e n c e f ro n i s o t r c v . ' was t h a t o f cos 9, f o r the ir TT 
n 

ccahin' t i o i i s . I n t h i s d i s t r i b u t i o n 51 p. L-5 a marked cos" 0, 
h 

d^'iend^nc'3 i s obrerved which i s enhanced by r e s t r i c t i n g the 

sample to those 7f~V combinations which have a t l e a s t one 

of the ?r~p combin t i o n s c o n t a i n i n g the remaining p o s i t i v e 

pions, I j ' i n g w i t h i n the mass region. Trie a p p l i c a t i o n of 
o 

t h i s c o n d i t i o n increased the - o r o b a b i l i t y of the JC f o r the 

f i t t o SO; 

This phenomenon would suggest t h a t there i s a la r g e 

measure of spin Hlignraent of the mesons and t h a t trie 

a-pfcciated -reduction of an isobar i s r e l a t e d t o t h i s property. 

The equivalent d i s t r i b u t i o n s f o r the neighbouring ir n 

mass regions were :lso- c a l c u l a t e d and found t o be co n s i s t e n t 

w i t h i s o t r o p y : Fig. h£(o) as was the d i s t r i b u t i o n f o r 7 r V anri 

I T v.- combination Fig. !+6(c). 



Fig. 4 

c o s e H ( j r V v 

if Mj-sr*^*) betoaeen 0.67 end 0.85 Gsv 
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k. k Resonance r r o a u c t i o n i n tne 10 ( 7 7 ° ) Cnannel 

;.Jany of the onysical effect;; t h a t .iave been oDserveu i n the 

Lc channel ^rfc also found to occur i n the sample of 1595 events 
f o * 

a v a i l a b l e i n the 1c(TT ) channel, an;, consequently the r e s u l t s 

were analysed i n a s i m i l a r manner, A comprehensive survey of 

a l l the possiole d i s t r i b u t i o n s o f e f f e c t i v e masses of p a r t i c l e 

combin-.tions was made. 

Apart from tne Wi£(l236) and the co° (/83), the only other 

resonance t h a t could be resolved was theX°(959) of which a 

small number of examples was found. Some of t h e s e X ° p a r t i c l e s 

were found t o ce produend p e r i p h e r a l l y w i t h an isobar 
Ji <-

to give the only evidence of quasi-two body production discovered 

i n the six-pronged events. 

Tna Two F a r t i c l e E f f e c t i v e l.tess Spectra 

The e f f e c t i v e mass spectra of the combinations of the 

proton and a p o s i t i v e pion i s i l l u s t r a t e d i n Fig. 1+7 and e x h i b i t s 

a larf.e ennancement i n tne mass region o f the I: . The c e n t r a l 

value of t h i s pea., i t , s h i f t e d downwards by some J>Q 

The corresponding T_ - and +-£ stater-; are absent from the 

?r p and 7i"°p e f f e c t i v e mass d i s t r i b u t i o n s i l l u s t r a t e d i n Figs. 1+8 

and Zi-9> because of tne d i s t o r t i o n of the peak the f i t to tne 

7r'rp d i s t r i b u t i o n was made by v a r y i n g the admixture of seven-body 

pure ^hase toa.ee and six-body phase space c o n t a i n i n g an } \ * / n 

p a r t i c l e whose 'na.̂ s d i s t r i b u t i o n i s described by the f u n c t i o n 

http://toa.ee
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g i v e n i n L e c t i o n h.L. '_he b e s t f i t t o t . .e o v e r a l l spec t rum 

c o r r e s p o n d e d t o o n l y 35.+ o o f ^ w i \ , h a lov, p r o b a b i l i t y o f 

- L 

f i t t i n g o f o n l y some '10 ' . , v.'hicn was a t t r i b u t e d t o a l a r g e 

d e v i a t i o n o f t h e b a c k g r o u n d f r o : a t h e p u r e phase space c u r v e t h e 

e s t i m a t e o f i s o b a r p r o d u c t i o n was i n c r e a s e d i n a f i t p e r f o r m e d 

o v e r t he r e s t r i c t e d aa s r e g i o n o f t h e resonance v i z . ('1320 > ";.! 
x — n 

-*- P 2. "I ' '20) t o kh~_ 6 . b u t t h e p r o o a b i l i t y o f t h i s f i t r o s e t o 

o n l y 0 .03 . 

Thus i t w o u l d appea r t n a t zha d e s c r i p t i o n o f the shape o f 

t n e l v ! f / 0 pea»; was n o t s u f f i c i e n t l y a c c u r a t e t o a l l o ' « f i t t i n g t o 

t a k e p l a c e . I t wa.s t h e r e f o r e n e c e s s a r y t o v a r y t h e p a r a m e t e r s 

o f t h e c e n t r a l mass v a l u e rn Q , a n d the w i d t h i n t r i e B r e i t - n i g n e r 

f u n c t i o n , P , y u r t n e r u i o r e ohe n o r m a i i Z c t i o n c o n d i t i o n was 

r e l a x e d t o a l l o w f o r ohe i n c l u s i o n o f an unknown d i s t r i b u t i o n 

o f t h e d i s t o r t i o n o f t h e b a c k g r o u n d i n t h e a r e a away f r o m t h e 

r e s o n a n c e . The b e s t v a l u e o b t a i n e d f o r t he f i t was w i t h m = 1215 
o 

;,eV, r 0 = -- ; e A'' a n ' ^ c o r r e s p o n d e a t o a much l a r g e r J 

c o n t r i b u t i o n o f seme 75± 7 : . . The p r o b a b i l i t y o f t h i s f i t 

HZ? f i t t e d ) was 0 . 9 5 . 

The d i s t o r t i o n o f t h e b a c k g r o u n d , i s a l s o e v i d e n t i n t h e 

vr p s p e c t r u m o u t no such d i s t i n c t i o n i s p o s s i b l e i n t h e h i s t o g r a m 

o f t h e r .^p c o m b i n a t i o n s where t h e nun be r o f e n t r i e s i s much 

s m a l l e r . 
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Tna d i s t r i b u t i o n s o f t h e e f f e c t i v e masses o f t h e n e u t r a l 
and unarmed d i - p i o n : ; - , i ' ' i g . 5U, e x f i i b i t no p e a k i n g i . . t h e mats 
r e g i o n s o f e i t n e r t h e t h e f ° ox- t h e f ° ' . 
Trie T h r e e - p a r t i c l e Mass S p e c t r a 

The h i s t o g r a m s o f t h e e f f e c t i v e masses o f n e u t r a l t r i - p i o n 

c o m b i n a t i o n s i s i l l u s t r a t e d i n F i g . 5 1 • There a r e t w o peaks 

v i s i b l e i n t h i s d i s t . i b u t i o n ; a l a r g e enhancement i n Ihe a>° 

r e g i o n and a s m a l l e r s h o u l d e r i n t h e mass r e g i o n o f t h e nr^ 

meson. The a p p a r e n t w i d t h o f t h e peak due t o t h e to° meson i s 

much l a r g e r t han t h a t e x p e c t e d f r o m t h e decay o f such a l o n g -

l i v e d p a r t i c l e . T h i s e f f e c t has been a t t r i b u t e d t o t h e dominance 

o f e x p e r i m e n t a l e r r o r i n t h e e s t i m a t i o n o f t h e e f f e c t i v e masses 

a n d c o n s e q u e n t l y the f i t t o t h i s d i s t r i b u t i o n was made w i t n a 

Gauss ian f u n c t i o n i n s t e a d o f t n e n o r m a l B r e i t - i / i g n e r , As i s 

e x p l a i n e d l a t e r i n t h i s s e c t i o n , t h e r e was f o u n d i n t h e tc^t/'h 7< vr 

e f f e c t i v e mass spec t rum a s m a l l enhancement c o r r e s p o n d i n g t o t h e 

p r o d u c t i o n o f a few X° e v e n t s v.-hicn has a t^jvn decay mode. 

F u r t h e r m o r e , t r i e o t h e r two p o s s i b l e n e u t r a l t r i - p i o n c o m b i n a t i o n s 

t h a t may be f o r m e d f r o m t h e decay p r o d u c t s o f t h i s r e sonance 

a r e d y n a m i c a l l y c o n s t r a i n e d t o f a l l w i t . i i n t h e a mass r e g i o n 

L'\L < -;. - o < 630 w h i c h c o n t a i n s t h e 1? band . T n e r e f o r e t h e 
— 7T 7, 7! — C 

f i t c a r r i e d o u t t o e s t i m a t e t h e c o n t r i b u t i o n o f <o° p a r t i c l e s 

was p e r f o r m e d w i t h a r e d u c e d sample o f e v e n t s w i t h t . i ose e v e n t s 

c o n t a i n i n g a n X ° p a r t i c l e e x c l u d e d . The b e s t f i t o b t a i n e d 
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c o r r e s p o n d e d t o a p r o d u c t i o n o f 'o resonances i n 4 0 5 o f a l l 

sample was n o t s t a t i s t i c a l l y s i g n i f i c a n t . 

A f u r t h e r i n d e p e n d e n t method was used t o c o n f i r m t h e e s t i m a t e 

o f (o° p r o d u c t i o n v i z . t h e i n v e s t i g a t i o n o f t h e d e n s i t y o f e n t r i e s 

t h e u n i f o r m d e n s i t y d i s t r i b u t i o n e x p e c t e d T o r n o n - r e s o n a n t 

c o m b i n a t i o n s , f o r t h e decay o f a 1 p a r t i c l e such as t h e :JO°, 

t h e m a t r i x e l e m e n t o f t h e decay causes a c e n t r a l l y s y m m e t r i c 

d i s t o r t i o n o f t h e d e n s i t y o f p o i n t s v.'hich i s peaked a t t h e 

c e n t r e . 

The r a d i u s o f each n e u t r a l t r i - p i o n c o m b i n a t i o n was 

computed b y u s i n g a s p e c i a l CiiARiu s u b r o u t i n e o f S U M A . The 

h i s t o g r a m s u b s e q u e n t l y o b t a i n e d f o r a l l t h e e v e n t s i n t n e 1 c ( 7 r ° ) 

c h a n n e l was compared w i t h t h e pure phase space d i s t r i b u t i o n s 

g e n e r a t e d w i t h F0V;L. The b e s t f i t t o t h e o b s e r v e d excess was 

o b t a i n e d w i t h a p r o d u c t i o n o f co° resonances i n 45 .+5! o f t h e 

e v e n t s . 

H i g h e r p a r t i c l e r e sonances 

A s e a r c h f o r a l l t he a p p r o p r i a t e h i s t o g r a m s o f t h e e f f e c t i v e 

masses o f c o m b i n a t i o n s o f mesons w i t h t h e p r o t o n f a i l e d t o 

e l u c i d a t e any s i g n i f i c a n t enhancements due t o known o r 

unknown i s o b a r s . The p r o t o n , 2rr d i s t r i b u t i o n s a r e i l l u s t r a t e d 

i n F i g . 52 . 

e v e n t s a l t h o u g h t h e c o n t r i b u t i o n • ? 7 p a r t o f i c l e s i n t h e r e d u c e d 

i n t h e D a l i t a p l o t o f t h e 7f *\ v~ and 7 i ° p a r t i c l e s . U n l i k e 
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A s i a i l a r phenomenon v/as a p p a r e n t i n zr.e e f f e c t i v e mass 
d i s t r i b u t i o n s o . t a e fieson;:. No e v i d e n c e v/as f o u n d i n t h e 
7i V hji 77° a n d ? ; 7r 'Vr 7 i 0 mass s p e c t r a , i ' l g . 53 > f o r t h e B no son 
so t h a t t h e c o p i o u s p r o d u c t i o n o f t n e c « 0 , s cou ld , n o i be d e s c i ' i b 
t o t h e uecay o f an twr r e sonance . 

The re u a s , however , f o u n d so:ne u v i u c n c c f o r t n o p r o d u c t i o n 

o f X ° (959) r e sonances . A s m a l l enhanc m-:;nt o f some 17 e v e n t s 

i s o b s e r v e d a t t h e l e a d i n g ed^;e o f t h e n\> 'v vr tt° e f f e c ^ ^ i v e 

mass d i s t r i o u t i o n , i . ' ' ig . 5 4 , be tween 93^ and 990 IleV where t h e 

phase space p r e d i c t i o n f o r p r o d u c t i o n i n t h i s mass r e g i o n i s 

o n l y 1 £ 1 e v e n t . Of t h e s e e v e n t s , 15 have a t l e a s t one ir'ri tt° 

c o m b i n a t i o n l y i n g w i t h i n t h e r e s t r i c t e d mass r e g i o n o f 

535 <. •'•'-.+ . - .° £ 563 -'eV as seen i n F i g . 55 . 
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4 . l i Dynamic_s o f Hosonance P r o d u c t i o n i n t h e 1 c ( 7 ( ° ; Channe l 
One p a r t i c l e d i s t r i b u t i o n s 

The a n g u l a r d i s t r i b u t i o n s o f t h e i n d i v i d u a l p a r t i c l e s a r e 

i l l u s t r a t e d i n f i g . 56 a n d t h e c o r r e s p o n d i n g a s s y m e t r y p a r a ­

m e t e r s a r e g i v e n i n T a b l e 10 b e l o w : 

T a b l e 10 

1c ( 7 1 ° ) i nven t s : 

Ass.ymetry P a r a m e t e r s , I t , f o r t h e I n d i v i d u a l P a r t i c l e s 

P a r t i c l e E = ( I ' V 3 ) / ( F , - B ) 

P - 0 . 3 A ± 0 .02 

71 0 . 0 6 + 0 .01 

TV 0 . 1 5 ± 0 .02 

O 
7i" 0 . 1 9 + 0 .03 

As f o u n d w i t h t h e 4c e v e n t s t h e r e i s a s i g n i f i c a n t t e n d e n c y 

f o r tri© s econda ry p r o t o n t o be p r o d u c e d i n t h e backward d i r e c t i o n , 

t r a v e l l i n g i n t h e same g e n e r a l d i r e c t i o n i n the c e n t r e o f mass 

sys tem as t h a t o f t h e i n c i d e n t p r o t o n . F o r w a r d p e a k i n g i s 

o b s e r v e d f o r the n e g a t i v e a n a n e u t r a l p i oris w n i c h appears t o 

be absen t f r o m t h e c o r r e s p o n d i n g d i s t r i b u t i o n f o r t h e p o s i t i v e 

p i o n . 

The e f f e c t s o f a s s y r n e t r i c a l p r o d u c t i o n a r e a l s o v i s i b l e 

i n t h e d i s t r i b u t i o n s o f t he components o f momentum, I - ' . , and l J

v , 
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f o r t h e i n d i v i d u a l r a r t i c l e s ;-hov.'ri i n F i g s . 5 7 , 5 8 , 59 and 60 . 

The v a l u e s o f t h e e l o n g a t i o n p a r a m e t e r s oL, a n d oL a r e g i v e n 

i n T a b l e 11 o e l o w : 

T a b l e 11 

1 0 ( 7 7 ° ) E v e n t s : 

j l p . n g a t i o n . P a r a m e t e r s , OL} f o r t he I n d i v i d u a l P a r t i c l e s 

P a r t i c l e 
y 

P + 1 . 1 1 r J . 03 0 .93 ± 0 . 0 3 

i-
7T 1.02 - 0 . 0 1 0 .95 i 0 . 0 1 

7i 1.02 , - 0 . 0 2 0 .92 ± 0 . 0 2 

0 
7f 1.05 • - 0 .03 0 .92 + 0 . 0 2 

There i s a s i g n i f i c a n t d i s t o r t i o n o f t h e d i s t r i b u t i o n 

o f t h e p r o t o n i n a s i m i l a r manner t o t h a t o b s e r v e d w i t h t h e 4c 

e v e n t s . The e l o n g a t i o n s e f f e c t s f o r t he o t h e r p a r t i c l e s a r e 

n o t so marlred as v,'as t h e case w i t h t h e s i x body s t a t e . 

Dynamics o f Resonance P r o d u c t i o n 

The a n g u l a r d i s t r i b u t i o n s o f t h o s e c o m b i n a t i o n s o f p a r t i c l e s 

w h i c : . show a p p r e c i a b l e resonance n r o d u c t i o n ; v i a . t h e n*v{3* 

a n d 71-"7. ~7>-°(co°) a r e i l l u s t r a t e d i n F i g s . 61 and 62 . The shaded 

a r e a s r e p r e s e n t t h e c o n t r i b u t i o n s o f t hose c o m b i n a t i o n s o f 

p a r t i c l e s l y i n g w i t h i n t h e mass r e g i o n s o f t h e resonances as 

d e f i n e d b y . 
1120 -eV < M(7.-""p) < 1320 :.!eV 
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and 

7ifO eV <_ ' (yr'Vi 7T ) _< 810 !.'eV. 

'She corresponding assymetry parameters are g iven i n Table 12 

below: 
Table 12 

1c(7TQ) invents: 

Assymetry Pai'ameters, R, f o r P a r t i c l e Combinations 

Combination _ <£-B) 
= f e s > 

JL 
TT'p -0 .31 ± o . ; i 

7 r ' p ( : ' i J / , r eg ion ) 
Jl 

- o . 3 3 i 0.01 

-'- - 0 + 0 . 2 2 ^ 0 . 0 2 ic v, n + 0 . 2 2 ^ 0 . 0 2 

Tf 7T n (<o r e g i o n ; + 0 . ? 0 ± 0.02 

The va lue f o r the sample o f »r v p combinations i n the i f 

r a t i o n i s almost equal to t h & t o f the i n d i v i d u a l pro ton which 

i s - 0 . 3 4 i 0 . 0 2 . The s l i g h t enhancement i s the values o f the 

para.netei-5 f o r the r e s t r i c t e d mass regions o f \f~ and co° lends 

some support t o the i n t e r p r e t a t i o n t h a t the o v e r a l l assymetry 

i s due to t l i e c o l l i g a t e d p roduc t ion o f the resonances i n the 

cent re o f mass system. 

Ve 1 oc i t . y L i s t r i b u t i on s 

There i s evidence t h a t the W v / n i sobars are produced v / i t h 

v e l o c i t i e s g rea te r than those p r e d i c t e d by the s t a t i s t i c a l model. 



I n the normal ized v e l o c i t y d i s t r i o u t i o n of' the jr"'"p combinations 

which i s i l l u s t r a t e d i n F i g . 63 a broad excess o f events i s 

observed i n the reg ion o f h igh v e l o c i t i e s . This excess can oe 

w e l l s imula ted i f the isobars are produced i n 75 o f the 

i n t e r a c t i o a s by a p e r i p h e r a l mechanise a t the nucleol i v e r t e x , 

as aescribed p r e v i o u s l y . I t cannot be s imula ted i f t h i s number 

o f i sobars are only produced s t a t i s t i c a l l y i n which case the 

r e s u l t i n g d i s t r i b u t i o n i s almost i d e n t i c a l w i t h the pure phase 

space curve . 

Pe r iphe ra l Product ion 

The c i i s t r i o u t i o n o f the four-momentum t r a n s f e r f rom the 

i n c i d e n t p ro ton t o the ir'^o combinat ion i s i l l u s t r a t e d i n F i g . 64 

A l a rge excess o f e n t r i e s over t.;e pure phase space p r e d i c t i o n 

2 

i s observed i n the r eg ion o f low b. . This excess can be 

accounted f o r i f trie N*~ i sobar i s produced by a one p ion 

exchange process a t trie nucleon v e r t e x as descr ibed f o r the 4c 

events. The expected if~ d i a t r i o u t i o u f o r such an i n t e r a c t i o n 

shov.s q u i t e good agreement v ; i t h the exper imental h is togram. 

Ho p e r i p h e r a l c a l c u l a t i o n was poss ib l e i n the case o f the 

d i s t r i b u t i o n o f four-momentum t r a n s f e r f r o m the i n c i d e n t p ion 

to the n e u t r a l t r i - p i o n combinations as pions exchange to the 

7fio ve r t ex i s f o r b i d d e n by conserva t ion o f g - p a r i t y . Furthermore 

the corresponding d i s t r i b u t i o n f o r p excuange has been shown 

to be o f d o u b t f u l s i g n i f i c a n c e . An excess a t low values o f A 2 
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i s iiov-?ever t o be n o t i c e d i n the h i s toy ra . : o f b"{r: '/tt n. r. ) shown 

i n P ic . 6.5. 

^ g u l a r Decay D i s t r i b u t i o n s 

Al though the decay d i s t r i b u t i o n o f tne 7f + p combinations 

i n t i . e i r own r e s t syste.- d i d no t show s i g n i f i c a n t assymetr ies , 

an e f f e c t was observed i n the cos9 d i s t r i b u t i o n f o r the n+n tt° 

combinations i n the to 0 mass r e g i o n ( F i g . 6 6 ( a ) ) . This assymetry 

i s enhanced by c o n s i d e r i n g a f u r t h e r r e f i n e d sample o f fo rward 

going n e u t r a l t r i - p i o n combinations F i g . 66(b) . 

vauasi Two-Body I n t e r a c t i o n s 

The p roduc t i on o f the X° (959) events s x n i b i t s some 

c h a r a c t e r i s t i c f e a t u r e s . I n the Peyrou p l o t o f those n e u t r a l 

i ' i v e - p i o n combine.tio-is t h a t f a l l w i t h i n the X° mass r eg ion 

(930 KeV < :;(vr'fV/ ^ir~r.~irG) < 990 MeV), F i g . 67, the re i s an 

accumulat ion o f o events produced v i t h low momentum t r a n s f e r 

va lues . The e f f e c t i v e mass o f the remaining combinat ion o f a 

p o s i t i v e p ion w i t h the p ro ton a l l have e f f e c t i v e masses l y i n g 

v d t h i n the mass r eg ion o f the N ^ / 0 i s o b a r (1120 < . ;(7?~p) <_ 1320). 

This smal l sample o f e i g h t events i s the on ly evidence o f 

quasi- two-body p roduc t i on i n the t o t a l o f 26^7 events i n the two 

r e a c t i o n channels t h a t have been considered. 
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CUflCLUoIQW 

An experiment nas been r epo r t ed on the h igh m u l t i p l i c i t y 

i n t e r a c t i o n s o f 5 GeV/c p o s i t i v e pions v. 'itn the protons o f 

a l i q u i d hydrogen bubble chamber. The t o t a l and p a r t i a l c ross -

sect ions t h a t have been es tab l i shed a t t h i s energy g ive support 

t o the observed t r e n d o f the i n c r e a s i n g importance o f the h igh 

m u l t i p l i c i t y i n t e r a c t i o n s a t the h ighe r energies . 

The extens ive i n v e s t i g a t i o n s t h a t have been c a r r i e d out 

w i t h t . i s compara t ive ly lar<.-e sample o f these types o f 

i n t e r a c t i o n s , nave revealed a copious p roduc t i on o f the w e l l -

known resonances: the K i S ( l 2 3 6 ) , f , w° and a l so a few X ° 

f j a r t i c l e s . No evidence was found f o r a corresponding p roduc t i on 

o f the heavier resonances the , and the B o f which the 

and the w° fo rm one o f the decay products , f u r t h e r m o r e , no 

s i g n i f i c a n t evidence was found f o r the p r o d u c t i o n o f any o the r 

resonances. 

Only a smal l f r a c t i o n o f the events i n the seven body-

f i n a l s t a te c o u l d be a t t r i b u t e d to the simultaneous p roduc t ion 

o f an X ° a n <3- a n would t h e r e f o r e appear t h a t ouasi 

two-body I n t e r a c t i o n s are absent f r o m these types o f i n t e r a c t i o n 

i n c o n t r a s t t o the s i t u a t i o n f o r the lower m u l t i p l i c i t y i n t e r a c ­

t i o n '..here they nave oeen shown t o be the dominant mode o f 

resonance p r o d u c t i o n . 

The absence of any m u l t i - p a r t i c l e i n t e rmed ia t e s t a t e i m p l i e s 

t h a t the observed resonances are produced d i r e c t l y i n 4- 5 and 



6 body r e a c t i o n s . There i s , however, s t rong evidence o f a non-

s t a t i s t i c a l :node o f p roduc t i on . The dynamical mechanism o f 

the p roduc t ion o f the resonances nas been snov/n to e x h i b i t 

s i m i l a r c h a r a c t e r i s t i c s to those observed i n lower m u l t i p l i c i t y 

i n t e r a c t i o n s . There i s a s i g n i f i c a n t e f f e c t o f the f o r w a r d -

back-ward c o l l i m a t i o n o f the resonances i n trie cent re o f mass 

system. The i soba r appears t o be produced i n trie same general 

d i r e c t i o n as t h a t o f tr ie i n c i d e n t p ro ton and the me sonic 

resonance i s produced predominant ly i n the f o r w a r d d i r e c t i o n . 

Furthermore the v e l o c i t i e s o f the resonances are h igher than 

would be expected f rom a pu re ly s t a t i s t i c a l mode o f p roduc t i on . 

The dynamical e f f e c t s o f the p roduc t ion o f the resonances 

have caused s i g n i f i c a n t departures of the exper imenta l backgrounds 

o f the h is togram o f the e f f e c t i v e masses f r o m tne p r e d i c t i o n s o f 

the s t a t i s t i c a l model. Such e f f e c t s are extremely impor tan t i n 

these types o f i n t e r a c t i o n as the r a t i o o f s i g n a l to background 

must always remain smal l because of the h i g h number o f p a r t i c l e 

combinat ions. I t i s t h e r e f o r e suggested t h a t an adequate 

d e s c r i p t i o n o f these dynamical processes i s a necessary p r e ­

r e q u i s i t e t o tne f u l l e x p l o i t a t i o n o f tnese h igh m u l t i p l i c i t y 

i n t e r a c t i o n s f o r the d iscovery o f new many-pa r t i c l e resonances. 

A l i m i t e d success has been achieved w i t h tne p e r i p h e r a l 

moc.el c a l c u l a t i o n s based upon the d i f f e r e n t i a l p roduc t ion c r o s s -

sect ions t h a t have been used f o r the lower m u l t i p l i c i t y i n t e r a c t i o n 



Such f u n c t i o n s appear to simulate the general features of tne 

experimental d i s t r i b u t i o n s of momentum t r a n s f e r and the 

momentum components. The evidence fro:.i tne decay a i s t r i b u t i o n s 

of tne resonances i s inco n c l u s i v e as s i g n i f i c a n t assymetries 

are only observed f o r tne aecays of t i i e mesonic resonances. 

The observed n o n - s t a t i s t i c a l mode o f production of the 

resonances i n r e a c t i o n s t h a t are not o f the quasi two-body 

type would suggest the existence o f a more complex i n t e r a c t i o n 

mechanism, and i t may become necessary t o consider the 

m u l t i p a r i p h e r a l type of i n t e r a c t i o n . 

I t i s only r e c e n t l y t h a t the subject o f high m u l t i p l i c i t y 

i n t e r a c t i o n s nas be; un t o be o f i n t e r e s t t o t h e o r e t i c a l 

p h y s i c i s t s and work betun t o t r y and develop a model t o describ 

these types o f i n t e r a c t i o n . I'ho r e s u l t s obtained i n t h i s 

experiment t h e r e f o r e should be o f use i n t e s t i n g any theory 

t h a t may be developed. 
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Appendix I 

Constancy of Curvature Test 

Derivation of Curvature Relation 

A c i r c l e can always be f i t t e d to any three points, l e t 

i t have radius >̂ . 

Then f o r a configuration as i l l u s t r a t e d i n Fig. 68 

L 2 = L 2 + L 2 - 2 L 1 L 2 Cos 9 

or 

also 

Cos 9 = ( L 2 + L 2 - L*)/ZL,L2 ... (1) 

J S 

Sin 9 = Sin p = ^ ... (2) 
i . e . ^ 

or 

4 Sin 9 

Substitute i n (3) for Cos 9 from (1) to give 

f t 2 t 2 i2\2 

_ 1 _ . J - x ( 1 . ( L1 + L* - V ) 
2 - 2 ^ 2 2 

L 3 4 L1 L 2 

_ j _ (2L 1 L 2 - L 2 - L 2 + L p ( 2 L 1 L 2 + L 2 ^ - L 2 ) 

f 2 = 

1 ( L 3 - L 1 - i I , 2 X L 3 + L 1 - L 2 ) ( L 1 . k L 2 + L 3 ) ( L 1 + L 2 - L 3 ) 
2 2 2 A L 2 L 3 



F I G . 68 
DIAGRAM OF F I T T E D C I R C L E 

/ 
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o f ^ U ouiya^.rec. 

?i:-ice v.fj '-re dealing vnth s n a i l curvature and L„ :L. ~ L... 
1 2 J5 

•.'« may j a s t i f r i a b l ; make the anororir-iation 

:.ubst:Ltutin*; i n t o ( 4 ) 

~o - ( l - 1 . : I 2 - r f - L 1 . J . I . 2 ) ( L 1 :I- 2-<J •:J: 1-T. 2)(L 1 :L, ,1.,, ̂ -S ) 

(L^L.,-1. ) / ( i q I , ; L p 

("L0-«S ) ( 2 L r <S )(2L,+ 6){ 6 } 

0 0 0 
l ; l : l ; 

?-:uf., to f i r s t a--:irn:ci-iatio-.i 

— .= —~—rf'"— + higher t e r n s i n O 
p- 1;: 1; L -

1 ; ( L 1 ' W „ ( W ^ l 
f o - 9 0 o 9 9 0 . „ 

l ; ^ l ; l ~ l - . . . (5; j 

I f a -cro.c:r i s nearly s t r a i g h t then the e r r o r o f m^apu.re'nent,, 

£ives r i s e t o an apoar3.1t curvature. 

I n t h i s case 
n 

L 1 " L 2 

hut 

6 = L.| :• L 9 - L 7 | 

http://apoar3.1t
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2 L 

Therefore 

i : = 
_ 6 
L," L„ L, 

x _1 2 
2 .2 T 2 T •: 

J j1 L
2 N 

9 O O 
L i L ; ; L 3 L 1 L 2 

i . e. = i"( o" n ) 
T,T LI 1 

I f t r a c k i s not s t r a i g h t then 

<3E 

e r r o r i n K i s dl = , 2F^ CLX 
L 1 L

5 
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V -

V -

b,l • » : ;i:2 

A p p l i c a t i o n i _ i _ K L i f 

Uach trac?: v/as i n v e s t i g a t e d f o r constancy of curvature 

by t a k i n g t r i p l e t s o f consecutively -leasured points - ^ J - > 

X i - . 1 y i - . - 1 ' X i . 2 y i . < 2 ' a n d - v a l u a t i n f the l o n r t h s 1^., 1,^, 1 _ ± 

v.here ,_ ^ , /„ 

^ . 1 ^ 1 ^ - = ' i , - i ) 2 ) 1 / 2 

X i ' ' U i ; - 2 " J i ' ' ' 

A oaramater T... v/as determined fro'-i these lenpths where 

T..vis i s the f i r s t order approximation t o the square of the 

curvature of the c i r c l e v:hich Tiay be f i t t e d to the three? 

-joints, ( c . f . equation 5 ) . 

Fro-i the co-ordinate? of the f i r s t t r i p l e t tv.*o e x t r a 

parameters V. and ]'. ~:ere c a l c u l a t e d hy ^ u t t i n r the x values 
S C ~ 

at 40 i n equations (6) and (7) so t h a t 

-' (1/2). (^0/(1 1.. ) ) 2 ... (8) 

and 
\ - ( ^ 1 ) l / 2 . ( W / ( l 1 ) i l 2 , i ) ... ( ? ) 

Thase correspond t o the •naxir.ur.-i error? i n II f o r an e r r o r 

of measurenont of so~ie 40 f r i n g j f . i n the tv/o cas-js of a s t r a i g h t 

and a curved t r a d e l i ' the curvature o f the t r a c h i s appreciable 

t h i s made > i.: The l a r g e r of thase tv/o parameter:; was 
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'elected and pubrecuent values of I ' . used i n the c o n d i t i o n 
i 

i v 1 < 11 " i - V •• . ( 1 0 ) 

•: 1 
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