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Prom & 400K p i c t u r e sample of an exposure of 4 GeV/c 

ir"r mesons i n deuterium, the two channels 

and ir +d d ̂  *~ 
are examined both by mass cut techniques and by a s t a t i s t i c a l 
c l u s t e r searching tochnioue i n the f u l l '}n-b dimensional 
kinematic ©pace defined "by tht; nuwbc-r of f i n a l s t a t e p a r t i c l e s 
( n ) . 

The c l u s t e r i n g technique i s shoun tc reproduce the d i s t 

r i b u t i o n s found by mass cut nw-,thoas w i t h some sharpening of 

the angular d i s t r i b u t i o n s 3r>ci an increase i n the s t a t i s t i c s 

of the resonance s i g n n l i : availsbUe f o r a n a l y t i c 

Tb? method ic u<?s bed by applying, i t ; t o a Monte Carlo 

simaletod experiment mid tbfc r e s u l t s are ishown to give a 

h i g h ciegrc-o o f separation of the various sub-channels. 
-i- »l- nut 

The r e a c t i o n -n d *- p pn « w i t h a cross-section of 
2»10 + 0,17 Mb, i n Been \.o be dominated by the production o f 
the p° and f° mesons. The ro^ions of the P° and f° mesons 
are examined, and t h e i r t p i a s t r u c t u r e s determined by d e n s i t y 
m a t r i x element analyses. These show t h a t a t low t values 
there are s u b s t a n t i a l B and S+P wave components under the 
p° and f° r e s p e c t i v e l y . The P° meson data are shown t o be 
compatible w i t h >90$ pure p i o n exchange a t low values of t . 

i?or the coherent r e a c t i o n ir +d -*• dTr+ir+ir"", which i s domi
nated by P° p r o d u c t i o n and the d* e f f e c t , the cress s e c t i o n i s 
seen t o be 0.516 + 0,025 mbB The d* e f f e c t i s shown t o be 
comppUhie w i t h the production of an intermediate A s t a t e , the 
subne.ouf-.-nt decay of which leaves an I n t a c t deuteron i n the 
f i n n l s t a t e . 



But i t i s also a world of great mystery and beauty, r e f l e c t e d 

i n those f a n t a s t i c photographs of events i n the bubble-chamber, 

which show the t r a j e c t o r i e s of unimaginably small p a r t i c l e s , 

moving a t unimaginable speeds i n curves and s p i r a l s , c o l l i d i n g , 

r e c o i l i n g or exploding and giving b i r t h to other p a r t i c l e s or 

wavicles. The actors i n t h i s pageant are i n v i s i b l e , but they 

leave t r a i l s , rows of t i n y bubbles i n a l i q u i d , loosely com

parable to the condensation t r a i l s of h i g h - f l y i n g j e t planes -

except t h a t these tracks are sharp, t h i n l i n e s whose length, 

angles and curvatures can be measured w i t h s u f f i c i e n t exactitude 

to determine a p a r t i c l e ' s energy, speed, e l e c t r i c charge, and so 

on. This technique enables the physicist t o observe the unthinkable • 

the transformation of mass i n t o energy and of energy i n t o mass. When 

a photon, a concentrated "package of l i g h t " , without rest-mass, f l i e s 

past an atomic nucleus, the photon is converted i n t o an electron and 

a positron, both of which have mass, or even i n t o two pairs of them. 

Vice versa, when an electron and a positron meet they destroy each 

other, converting t h e i r j o i n t masses i n t o high-energy gamma rays. 

To have penetrated to t h i s depth below the world of appearances i s 

one of the greatest triumphs of human ingenuity. Though the 

physicists themselves keep warning us that the ghosts we f i n d down 

there elude the grasp of our understanding, a t least we can measure 

t h e i r f o o t p r i n t s i n the bubble-chamber. 

Extract from "The Roots of Coincidence" by Arthur Koestler 
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This -chesis i s an account of the work c a r r i e d out by 
the author w h i l s t at Durham U n i v e r s i t y and contains a 
d e s c r i p t i o n of the i n v e s t i g a t i o n s made i n t o , and the analysis 
o f , the i n t e r a c t i o n s of pi-mesons wit h deuterons 0 The e x p o r i -
Dient from which the data come, an exposure of 4 GeV/c n 

mesons i n deuterium, was undertaken by the high Energy 
Nuclear Physics Group a t Durham i n c o l l a b o r a t i o n w i t h 
s i m i l a r groups from the U n i v e r s i t y of Birmingham and the 
Rutherford High Energy Laboratory, 

During the l o s t decade or so, the c o n s t r u c t i o n of high 
energy beams of pions, kaons and protons lias enabled the 
strong i n t e r a c t i o n s cf matter t o be i n v e s t i g a t e d , and the 
bubble chamber has proved t o be a p a r t i c u l a r l y useful 

instrument i n t h i s l i n e of research. There i n v e s t i g a t i o n s 
have r e s u l t e d in the discovery of many s h o r t - j i v e d resonance 
states which subsequently decay i n t o two or more r e l a t i v e l y 
s t a b l e p a r t i c l e s . I t i s the determination of the methods of 
production and the p r o p e r t i e s of these resonances which i n 
more recent times has been a t o p i c of considerable i n t e r e s t . 
Many means of analysis have been devised to determine the 
pr o p e r t i e s of the s h o r t - l i v e d resonances, i n order to 
formulate a theory of the strong i n t e r a c t i o n , but t o dote 
there appears to bo no theory which s a t i s f a c t o r i l y ejtplaina 
a l l of the f e a t u r e s . 

Since, i n any given r e a c t i o n channel, a resonant p a r t i c l e 
i s not produced i n every event, one of the goals of cinv 
analysis i s to eerprate the resonance; from the background 

^0 



- 2 -

which i s present i n the data. Some techniques have been 
r e c e n t l y examined which attempt as f a r as possible to do 
t h i s . I t i s one of the p o i n t s of t h i s t hesis to compare 
and c o n t r a s t a method of event separation developed a t 
Durham, based upon n~dimensional s t a t i s t i c a l searching 
techniques, w i t h the standard methods used i n bubble chamber 
f i l m a n a l y s i s . 

I n Chapter 1 the problems associated w i t h the use of 
deuterium as a t a r g e t are discussed, together w i t h the 
general problems inherent i n the bubble chamber technique. 
This i s followed i n Chapter 2 w i t h a d e s c r i p t i o n of the 
4 GeV/c i r + d experiment and the analysis system associated 
w i t h i t . Chapter 3 , a f t e r a review of gr a p h i c a l d i s p l a y 
methods, introduces the s t a x i s t i e s 1 searching technique and 
the r e s u l t s of the use of the method t o separate 3 sub-
channels from a set o f Monte-Carlo simulated events axe 
presented. The channel i r d>-p-,pir IT i s discussed i n Chapters 
4 and 5 where ihe resonant p a r t i c l e s p° and f° are examined 
i n d e t a i l , This channel i s b a s i c a l l y the 3-body f i n a l s t a t e 
PTT + TT~, and the s t a t i s t i c a l searching, or c l u s t e r i n g , tech
nique takes place i n a 4-diraensionsl space. As an example 
of the use of the c l u s t e r i n g technique i n a higher number of 
dimensions, the 4-body f i n a l r t a t e of the coherent channel 
i T + d - K i T T + i r + T r ~ i s examined i n Chapter 6 where a 7-dimensional 
space i s r e q u i r e d . Again i n t h i s chapter, as i n general i n 
Chapter 4 , the channel i s examined f i r s t l y by standard methods 
and then by the c l u s t e r i n g technique. 
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Chapter 'J General, Cowmentson Deuterium .•lUt.eygpÂ QB.s_̂ -Tl!j. 
Bubble Chambers 

1.1 I n t r a d u c t i o n 
The main pa r t s of t h i s t h e s i s are concerned w i t h the 

i n t e r a c t i o n s o f 4 GeV/c fr+mesons w i t h neutrons. Because i t 
i s n ot possible to produce t a r g e t s of f r e e neutrons, these 
have to be provided by complex n u c l e i and i n bubble chamber 
experiments the neutron t a r g e t s are supplied, by the deutero'ns 
i n deuterium. The deuteron i s a very looseLy bound system of 
a p r o t o n and a neutron w i t h i n a p o t e n t i a l w e l l of depth <v25 MeV 
w i t h a bin d i n g energy of 2.2 MeV. To a good approximation, 
t h e r e f o r e , the neutron i s f r e e . 

The i n t e r a c t i o n s of ^mesons i n deuterium b a s i c a l l y 
d i v i d e i n t o two kinds: those where the i n c i d e n t pi on i n t e r 
acts w i t h e i t h e r the proton or the neutron w i t h i n the dcytoron 
and those, the so- c a l l e d coherent processes, where tho ir'mewon 
does not resolve the deuteron as two separate nucleoli* &n3 the 
i n t e r a c t i o n i s one w i t h the deuteron as a whole. A.t the 
i n c i d e n t momentum of 4 GeV/c the occurrence of coherent i n t e r 
a ctions i s sm a l l , accounting f o r only some 5-6$ of the t o t a l 
number of events. For those events where the TT+meson i n t e r 
acts w i t h the neutron i n the deuteron, the r e a c t i o n i s 
t r e a t e d i n the impulse approximation (see Appendix B) as i f 
the proton had taken no p a r t i n the i n t e r a c t i o n and remained 
throughout the process as a spectator nucleon. 

Despite t h i s s i m p l i f i c a t i o n there are a number of 
problems associated w i t h the use of deuterium be.-'opt-'e the 
neutron i s not a t r u l y f r e e t a r g e t . I n t h i s chapter, problems 
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associated w i t h the use of deuterium ss r> source of neutrons 
w i l ] he discussed and methods of overcoming these d i f f i c u l t i e s 
w i l l be described. This w i L l be followed by a summary of the 
t e c h n i c a l problems associated w i t h the bubble chamber technique? 
i n s o f a r ss they a f f e c t t he accuracy of the experiment. 

1 • 2 Problems Associated w i t h DeifterlHS„. 1 iS. 
Because the neutron targe I in confined to the dimensions 

of the deuteron both i t and the accompanying proton v / i l l have 
Permi momenta o f the order of 100 MeV/c. As f a r as the i n t e r 
a c t i o n on the neutron i s concerned the i n i t i a l momentum of the 
neutron w i l l lead t o v a r i a t i o n s i n the centre of mass energy 
and the f l u x of neutron t a r g e t s , which v / i l l depend upon whether 
the s t r u c k nucleon was moving towards or away from the primary 
p a r t i c l e . The accompanying, spectator» proton emergen Crow 
the i n t e r a c t i o n w i t h i t s Fermi momentum and i t therefore also 
c o n t r i b u t e s t o the o v e r a l l energetics of the interact.!*or,, 

Also, since the neutron and proton are f a i r l y close 
together i n the deuteron each may shadow the other from the 
primary p a r t i c l e . -Finally, when an i n t e r a c t i o n of the k i n d 
t h a t i s being considered does occur, where the tar g e t neutron 
charge exchanges t o a p r o t o n , Paul! exclusion e f f e c t s i n v o l v 
ing the r e c o i l p roton and the spectator proton are expected. 
These problems are now discussed i n some d e t a i l . 
1.2.1 The Spectator Proton 

I n the i n e l a s t i c charge exchange processi 
f r + n -> pir^ir"" 

the f i ? i a l s t a t e proton, or r e c o i l proton, may take un a 
v a r i e t y of f i n a l s t a t e momenta and, i f the -interaction were 
one i n v o l v i n g a t r u l y f i , r > e neutron,, would i n general be e a s j j y 



recognised. I n deuterium i n t e r a c t i o n however, the equivalent 
r e a c t i o n i s w r i t t e n as 

iv +d p„P'"+IT"" s 
or 

+ /n \ . p „+ -
Ps Ps 

where p_ represents the spectator proton. According to the 
Hulthen d i s t r i b u t i o n of nucleoli momenta w i t h i n the deuteron 
(see Appendix B), i n ̂  of the cases the spectator proton 
w i l l have a momentum less than 90 ^e\T/c, which, i n the bubble 
chamber w i l l produce a t r a c k too short to be seen, ?yioreover, 
i n 99$ of the cases the spectator proton w i l l have a momentum 
of l e s s than 300 MeV/c. Experimentally, t h i s lead<3 to a s i t 
u a t i o n where i n eome 20$ of the >ovcnls both of the f i n a l 
s t a t e protons have a momentum less -than ?00 tocV/c and hence 
there i s an ambiguity i n i d e n t i f y i n g the spectator proton* 
Throughout the analysis t h i s ambiguitjr i s handled by a r b i 
t r a r i l y assigning t h a t proton w i t h the lower momentum, i n -&be 
l a b o r a t o r y reference frame, to be the spectator proton. This 
method i s supported by FAKE c a l c u l a t i o n s which show t h a t t h i s 
assignment w i l l be i n c o r r e c t only i n 3$ of the t o t a l number 
of i n t e r a c t i o n s . I t i s also supported by the experimental 
spectator momentum d i s t r i b u t i o n i n the i n t e r a c t i o n n +d+p pTr+w~ 
which, agrees very w e l l w i t h t h a t p r e d i c t e d from the Hulthen 
d i s t r i b u t i o n , a f a c t t h a t w i l l be returned t o i n Chapter 4. 
From t h i s agreement ?t i s also concluded t h a t the impulse 
approximation i s an adequate d e s c r i p t i o n of the pion-neutron 
i n t e r a c t i o n w i t h i n the deuteron. 
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1»2« 2 Centre of Mass Energy V a r i a t i o n , 
I f the p i on i n t e r a c t i o n takes place upon a s t a t i o n a r y 

neutron t a r g e t then small 1 v a r i a t i o n s of centre o f mass energy 
from one i n t e r a c t i o n t o another would a r i s e from the, u s u a l l y 
v ery s m a l l , momentum "bite of the "beam. However4 since the 
neutron i s not s t a t i o n a r y w i t h i n the deuteron there i s a much 
l a r g e r v a r i a t i o n i n the ma centre of mays energy. "For 4 GeV/c 
IT d i n t e r a c t i o n s the mean value o f the n n centre ol mar.fo 
energy i s 2.9 GeV and, f o r the possible momentum v a r i a t i o n of 
up t o 300 MeV/c f o r the neutron, a v a r i a t i o n of 10$ i n the 
mean centre of mass energy w i l l r e s u l t . One consequence of 
t h i s i s t h a t t h e r e w i l l he no s i n g l e D a l i t a p l o t boundary or 
Van Hove p l o t boundary to contai n the data, 
I*?*? Flux Factor 

Since, according t o the Hulthen momentum d i s t r i b u t i o n , 
the t a r g e t nucleon has a non-zero momentum, an asymmetry 
e x i s t s i n the f l u x of t a r g e t nucleons depending upon whether 
the nucleons are moving towards or away from tbe beam p a r t i c l e t 

I f the i n t e r a c t i o n c r o s s - s e c t i o n were independent of centre 
of mass energy then t h i s asymmetry i n the f l u x would r e s u l t 
i n a higher number of events where the t a r g e t neutron moves 
towards the beam than where the t a r g e t neutron moves away 
from t h e beam p a r t i c l e . 

The f l u x F i s defined by? 
. F = | e x » B 2 | ( l . i ) 

where 3^ and S2
 a r e " f c n e v e l o c i t i e s ( V c ) of the beam and 

t a r g e t p a r t i c l e s respectively,, The experiments J d i s t r i b u 
t i o n of F f o r the r e a c t i o n v *"d + p pir HTT " i s p.iiown i n F i ^ 0 ] , J . 0 
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I t has been assumed there t h a t the t a r g e t neutron i n t h i s 
r e a c t i o n has a v e l o c i t y equal and opposite to t h a t of the 
spectator proton. I n t h i s f i g u r e the values of F below 1.0 
r e s u l t from those events where the t a r g e t neutrons were 
t r a v e l l i n g along the beam d i r e c t i o n (and hence the spectator 
nucleon t r a v e l l i n g towards the beam) and tho values of F above 
1.0 a r i s e from the reverse case. Defining the number of 
events i n which the f l u x F i s greater than 1,0 as f and the 
number w i t h F<1.0 as b, the experimental r a t i o f/b i s found 
to be 

(|) = 0.977 + 0,009 
e 

For the case of a cross-section constant w i t h energy, t h i s 
r a t i o i s cal c u l a t e d t o be 

(£) =• l e 0 5 
c 

where i t has been assumed t h a t the Hulthen d i s t r i b u t i o n may 
2 

be parameterised by the f u n c t i o n H^p" exp(«» -Hy) dp, and the 
a 

e f f e c t i v e turn-over p o i n t (a) i n the momentum d i s t r i b u t i o n 
i s 45 MeV/c. I t i s c l e a r t h a t the experimental d i s t r i b u t i o n 
i s not i n agreement w i t h t h a t expected f o r the case of 
constant cross-section w i t h energy* This therefore implies 
t h a t the i n t e r a c t i o n cross-section decreases w i t h increasing 
centre of mass energy, since b>f, which i s found to be the 
case experimentally where resonance production cross-
sections are found to var y w i t h beam momentum p as p" n. 
1.2.4 Shadowing E f f e c t 

At 4 GeV/c the tr +p o.nd / n t o t a l ureas-sections are 
JL, 

27.5 and 34.1 mb r e s p e c t i v e l y , whorcuc the t o t a l TT d cross-



s e c t i o n of ^57 mb i s smaller than the sum of these two 
i n d i v i d u a l crocs-sections. The d i f f e r e n c e of approximately 
5 mb i s due to each of the two nucleons shadowing the 'other 
from the beam p a r t i c l e , preventing an i n t e r a c t i o n i n some 
coses. The e f f e c t i v e pion-douteron t o t a l cross-section can 
be w r i t t e n i n terms of the i n d i v i d u a l nude on cross-section 
as 

a ( r r d ) - o ( i m ) * a ( , p ) - 4 ^ > ^ 3 * ? 

o 

where <r > denotes the mean square separation of the i n d i 
v i d u a l nucleons. I n s e r t i n g the cross-section values quoted 
above i n t o Eq. 1.3 y i e l d s a value of 15 (Permi) f o r < r >, 
which i s c o n s i s t e n t w i t h the observed size of the deuteron, 
1*2*5 ^ j a u l i JiXd^usion_P^ii^dnle 

The deuteron i s a s p i n 1 nucleus, the two nucloons of 
which are l a r g e l y i n the "'S-̂  s t a t e ($6$) and to a l e s s e r 
extent i n the ^7)-x s t a t e ( 4 $ ) , where the t r i p l e t fermion 
system has an o v e r a l l symmetric wave f u n c t i o n . Take f o r 
example a strong i n t e r a c t i o n where i n e l a s t i c charge exchange 

J. + „. 

i s i n v o l v e d , such as i n the i n t e r a c t i o n ir d-»pspir ir , and 
assume t h a t the s p i n of the i n i t i a l neutron i s not f l i p p e d . 
As the four-momentum t r a n s f e r squared, t , t o the nucleon 
tends t o zero, then the f i n a l p-p st a t e tends to a system 
of i d e n t i c a l fermions i n the same symmetric c o n f i g u r a t i o n 
as the i n i t i a l s t a t e . The P a u l i exclusion p r i n c i p l e , which 
states t h a t a symmetric wave f u n c t i o n f o r a system of two 
i d e n t i c a l fermions i s not allowed, w i l l t h e r e f o r e lead LO a 
d e p l e t i o n of the number of events a t low t f o r i n t e r a c t i o n s 
which do not i n v o l v e s p i n f l i p . When there i s spin f l i p 
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the i n t e r a c t i o n s may also be a f f e c t e d by the P a u l i exclusion 
p r i n c i p l e , f o r x'easons explained below* 

The t r i p l e t s p i n wave f u n c t i o n s f o r the deuteron may be 
•written 

where the su b s c r i p t s i n d i c a t e the two d i f f e r e n t nucleor.s tmd 
where the n o t a t i o n (S,S Z) i s used. I t i s noted t h a t the spi n 
c o n f i g u r a t i o n s i n d i c a t e d by Eqs. 1,3, 1.4 and l . ^ are symmetric. 
For the f i n a l s t a t e d i - p r o t o n system, which by the Pa u l i 
exclusion p r i n c i p l e must be i n an o v e r a l l antisymmetric 
s t a t e , the above t r i p l e t spin s t a t e can only occur i n con
j u n c t i o n w i t h an antisymmetric o r b i t a l angular momentum s t a t e 
f o r ' t h e two protons, t h a t i s w i t h an odd L o r b i t a l angular 
momentum system, For a symmetric (even I ) o r b i t a l angular 
momentum system then by the P a u l i exclusion p r i n c i p l e , the 
spin wave f u n c t i o n of the d i - p r o t o n must be i n the antisym
metric s i n g l e t states 

Considering, f i r s t l y , i n t e r a c t i o n s which do not i n v o l v e 
s p i n f l i p of the neutron then the f i n a l s t a t e p~p system 
remains i n the t r i p l e t spin s t a t e o f Jiqs. 1.3, 1.4 and 1.5 
(but w i t h the replaced by "I* r)» Mie P a u l i exclusion 
p r i n c i p l e w i l l then f o r b i d those states w i t h even 1 , 
Secondly, f o r i n t e r a c t i o n s which involve s p i n f l i p , then 
the t r a n s i t i o n of the s t a t e ^ (-j_ Q) i r i t o e i t h e r of the stateo 
* ( l , l ) or i p ( l j - l ) i s forbidden unless r i ir. accompanied by a 

* (1.1) 1.3 p - ~' *• • n * ** 
* ( i , o ) 

1.5 

K0,0) « i {^(^,4) *2(±,-*) - ^ ( - K - i ) * 2 ( i t * ) > J- 6 



- 10 -

change of o r b i t a l angular momentum i n t o an odd L value. The 
st a t e s i p ( l , l ) and. * ( l , - l ) may proceed v i a spin f l i p i n t o 
e i t h e r of the states * ( l , 0 ) or <K0 f0) only i f the t r a n s i t i o n 
i n t o ^(1,0) i s accompanied by a change i n t o an odd L system 
and the t r a n s i t i o n i n t o the s t a t e ^(0,0) leaves the p~p 
s t a t e i n an even L o r b i t a l angular momentum s t a t e . 

The deuteron d i f f e r e n t i a l cross s e c t i o n rasy be expressed 
i n terms of the p a r t i a l f l i p and n o n - f l i p cioss-scctiona by 

da 
dt TOT 

p - s t e n a o . r i - H ( o J 
L 3 J a* f l i p L 

da 1.7 
^ uon 

f l i p 
where Jl(q) i s the deuteron form f a c t o r expressed i n terras 
of t he three momentum t r a n s f e r q. (q= ^ t ) as 

and <j>(r) i s the deuteron s p a t i a l wave f u n c t i o n , (See .Appendix i 
By e v a l u a t i n g the deuteron form f a c t o r from Lq. 1*8, and sub
s t i t u t i n g i n t o "Sq. 1.7, the c o r r e c t i o n terms necessary t o apply 
to t he observed d i f f e r e n t i a l cross-section a t varying values 
of q, because of the e f f e c t of the P a u l i exclusion p r i n c i p l e , 
may be obtained. Shown i n Pig. 1.2 i s a p l o t of I l ( q ) , the 
deuteron form f a c t o r , against t , the four momentum t r a n s f e r 
squared. 

Table 1.1 below l i s t s the v a r i a t i o n of the cross-section 
c o r r e c t i o n f a c t o r s obtained from "Sc.. 1.7 f o r both pure s p i n -
f l i p and pure s p i n n o n - f l i p r e a c t i o n s . As can be seen from 
t h i s t a b l e f the e f f e c t s of the Pauli exclusion p r i n c i p l e are 
small except a t very small values of momentum t r a n s f e r , t , 
t o the nucleon 



F i g . 1.2 
L'AUJE 

\ 0.5: 

\ 

0 \ 
\ 

0.^ 

0.3 

L_L„J__J 1 I I L _L_ 0 
0 0.3 0.3 0.3 0.B 0.3 © 4 0 

DEUTERON FORN FACTOR ~t(GeV/c) 

S o l i d curve i s the Deuteron Form Factor evaluated from the 
Hulthen P o t e n t i a l f o r the Deuteron. Dashed cui-ve i s f o r a 
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Table 1,1 E f f e c t o f the Pa u l ! Exclusion,P.rj..ricj_p_le 

Momentum Transfer 
- t (GeV/c)2 

0.02 

0.04 
0.06 
0.08 
0.10 
0.12 
0.14 
0.16 
0.18 
0.20 

q -- / t 
GeV/c 
0.141 
0.200 

0.245 
0.283 

0/116 
0.346 
0.374 
0.400 
0.424 
0.447 

Correotion Factors 
Pure F l i p 

:i.!8 
1.11 
1*07 
1.05 
1.04 
1.03 
1,03 
1.02 
1.02 
3.01 

Pure n o n - f l i p 
1.82 
1.40 

lc25 
1.18 
1.14 
1.11 
1.09 
1.08 
1.06 
i«oi; 

^• ̂ »6 Event Lose due _to,J^SS.^X1^J^1^2I}lS£J. 

Another loss of events occurs s t small values of momentum 
t r a n s f e r when n e i t h e r of the f i n a l s t u t c nucleons, say i n the 
r e a c t i o n ir d •*• PgP^ 'f » is v i s i b l e i n the chamber. The event 
then appears as a two-pronged i n t e r a c t i o n w i t h no pi*otons i n 
the f i n a l s t a t e and, because of the acceptance c r i t e r i a t h a t 
two-pronged events must have two i d e n t i f i a b l e protons, i s thus 
r e j e c t e d at the scanning t u b l e . FAICK c a l c u l a t i o n s have shown 
t h a t t h i s loss o f events i s bCiall, accounting f o r less than 
2l/o of the events w i t h t < 0 . l ( G e V / c ) 2 , Here <.t i s assumed t h a t 
a uniform depopulation of events i n t h i s t region r e s u l t s 
from the P a u l i exclusion p r i n c i p l e - . The locb of events due to 
i n t e r a c t i o n topology i s therefore collidei\-, id n e ^ l : V i b l e w i t h 
respect-to the accumulated c - t i t " i s , of ^ t a t i s t i cr-il e r r o r s and 
the PauJi exclusion princ.ip.lc. 

http://princ.ip.lc
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• 5 Frpjbleins associated w i t h the Bubble Chamber Technique 
The bubble chamber i s an i s o t r o p i c detector e f f i c i e n t 

over 4-ir steradians, which permits the t r a j e c t o r i e s oC charged 
t r a c k s w i t h i n an event, and the i o n i z a t i o n of t h e i r paths, 
t o be determined. The deuterium bubble chamber i s also a 
det e c t o r w i t h s p a c i a l r e s o l u t i o n of the order of a m i l L i -
metre or l e s s . This i s important with respect to the follow
ing pointss 

(a) For the study of complex events i n which s h o r t 
l i v e d hyperons or kaons are produced. Hyperons or 
kaons decaying w i t h i n a few m i l l i m e t r e s of t h e i r 
p roduction p o i n t can be i d e n t i f i e d and analysed. 
This i s p a r t i c u l a r l y importsnt a t low energies 
where tJ'ie time d i l a t i o n f a c t o r s f o r the p a r t i c l e s 
i n queoi.ion are s m a l l . 

(b) For the study of p e r i p h e r a l i n t e r a c t i o n s i n which 
the r e c o i l i n g nucleon i s of short range. This i s 
important a t a i l energies since i t i s the momentum 
t r a n s f e r which governs the momentum of the r e c o i l 
p a r t i c l e , not the beam momentum, 

(c) For the study of i n t e r a c t i o n s upon the neuirons of 
deuterium i t i s necessary t o see and i d e n t i f y the 
spectator proton o r , i f i t i s not seen i n the chamber, 
to know t h a t i t s momentum i s small. This, a l s o , i s 
important a t a l l energies. 

The bubble chamber i s e s s e n t i a l l y a simple device whooe con-
t l g u r a t i o n and data r e t r i e v a l 3ir.v.-.*^rn?nto do not cucmge} no 
matter how complicated are the events being analysed„ The 



momenta oi' the charged p a r t i c l e s can be determined to an 
accuracy of a few percent i n e x i s t i n g chambers and measure
ments of angles can be made to w i t h i n 2-3 m i l l i r a d i a n s . This 
y i e l d s a r e s o l u t i o n i n e f f e c t i v e mass c a l c u l a t i o n s between 
groups of f i n a l s t a t e p a r t i c l e s of 10-20 MeV/c". 
1•3 c1 L i m i t a t i o n s of the Technique 

The l i m i t a t i o n s of the bubble chambers which are i n use 
a t the present can bo broken down i n t o 3 groups5 s t a t i s t i c a l 
l i m i t a t i o n s , l i m i t a t i o n s on p r e c i s i o n and the l a c k of e f f e c t i v e 
Y-ray conversion. These w i l l be set out i n the sections which 
f o l l o w . 
(a) S t a t i s t i c a l L i m i t a t i p n s 

For a r a r e r e a c t i o n channel the low c y c l i n g rate of presen 
day chambers, a maximum of ̂ 1 p i c t u r e per second, leads t o 
a small f i n a l sample of events. For example, an e x p e r i 
mental run of 3 m i l l i o n p i c t u r e s w i t h 10 metres o f tr a c k 
per p i c t u r e would be req u i r e d t o produce 1000 events a t 
the lOyb cross-section l e v e l . Experiments based on 500K 
p i c t u r e s o f t e n y i e l d only ^100•events i n a resonance peak 

• which i s s u f f i c i e n t only t o note the existence of the 
resonance but i n s u f f i c i e n t t o allow i t s quantum numbers 
to be determined, 
l i m i t e d P r e c i s i o n 

E r r o r s on the determination of momenta of charged p a r t i c l e 
from t h e i r curvature i n tho magnetic f i e l d of the chamber 
lead to two po s s i b l e fundamental l i m i t a t i o n s of the analys 
( i ) L i m i t a t i o n s on the e f f e c t i v e mass r e s o l u t i o n of 
10-20 IvieV/o lead to an experimental s i t u a t i o n i n which 
the n a t u r a l width of many of the seen t-cFonsnt states i s 
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smaller than the r e s o l u t i o n of the experiment. Speci
f i c a l l y , the examination of possible f i n e s t r u c t u r e i n 
resonance peaks i s handicapped "by the r e s o l u t i o n , Even 
f o r a resonance broad i n comparison w i t h the experimental 
r e s o l u t i o n , l a r g e s t a t i s t i c s may not give accurate mass 
values unless a check i s made tha t there are no systematic 
s h i f t s a check which i s i t s e l f hampered by the e x p e r i 
mental r e s o l u t i o n . 
( i i ) Poor event i d e n t i f i c a t i o n i n an experiment leadu t o 
a s i t u a t i o n where i t i s not possiole to obtain unbiaf-sed 
samples of events from a r e a c t i o n without a background of 
i n c o r r e c t l y assigned events from other channels, For 
example, a p a r t i c u l a r l y w e l l known ambiguity i s th«/c 
between the A 0 and £° hyperons ^\b:icb e:ricjtn a t a l l 
energies, r i s i n g from ^10$ a t L.5 GeV/c t o °»H0fo a t 
3 Gef//c. 

(c) ^-conversion 

The lar g e r a d i a t i o n length i n a deuterium bubble chamber 
of 8,2 metres leads t o a lac k of e f f e c t i v e gamma ray 
conversion i n those chambers. This prevents the presence 
of a ir° i n an i n t e r a c t i o n t o be d i r e c t l y rpcogniscd and 
thus events w i t h more than one missing n e u t r a l p a r t i c l e 
cannot be analysed except by q u i t e complicated tech
niques (Ref. l . l ) . 

•"••4 Experimental E r r o r s on Track Measurement 
There are many d i f f e r e n t sources of e r r o r which c o n t r i -

bute to the o v e r a l l e r r o r of determination of p a r t i c l e tr--i;j« 
ectodies, but broadly they can be divided i n t o tv.o g r o u p s 



F i r s t l y , there are those e r r o r s which are i n t r i n s i c i n the 
chamber, f o r example thermal convection, turbulence and 
m u l t i p l e coulomb s c a t t e r i n g . Secondly, there are those ' 
e r r o r s due t o o p t i c a l d i s t o r t i o n , inaccuracies i n the know
ledge of the magnetic f i e l d , and errors of measurement. Of 
these two categories of e r r o r s , the dominant c o n t r i b u t i o n s 
ova thor>e of coulomb s c a t t e r i n g and measurement e r r o r * 
1.4.1 Coulomb , S c a t t e r i n g E r r o r 

M u l t i p l e coulomb s c a t t e r i n g gives r i s e to a spurious 
curvature of the t r a c k , which i s i n t e r p r e t e d as an e r r o r i n 
the momentum of the t r a c k . The e f f e c t i v e e r r o r Ap on the 
'momentum p of a t r a c k from coulomb s c a t t e r i n g i s p r o p o r t i o n a l 
to 1 / whore L i s the t r a c k l e n g t h , and i s given by (Kef. "i 

where 3 i s the v e l o c i t y (|r) of t h e p a r t i c l e , H i s the 
magnetic f i e l d i n gauss, and i|> i s the r a d i a t i o n length of 
the l i q u i d , For a track of length 50 cm a t a v e l o c i t y $-1 i n 
a magnetic f i e l d of 17.5 K gauss, t h i s e r r o r i s = 0.5^, 

p G 

1.4.2 Thermal Effects, 
Temperature d i f f e r e n c e s w i t h i n the bubble chamber l i q u i d 

give r i s e t o convection currents of v e l o c i t y approximately 
3 cm/sec. For a growth time of 1 millisecond f o r the bubbles 
before photography, the bubble w i l l have moved 30ym from i t s 
o r i g i n a l p o s i t i o n . This produces an u n c e r t a i n t y i n the t r u e 
bubble p o s i t i o n the chamber which, although smaller than 
the apparent s i z e of the bubble i n chaiaber space (the s i z e 
of the A i r c y disc i s ̂  250uut), con t r i b u t e s to the o v e r a l l e r r o r 



Another u n c e r t a i n t y of some 30 microns arises from the 
" t w i n k l i n g " e f f e c t i n which the bubble appears to move because 
o f the v a r i a t i o n s of r e f r a c t i v e index i n the l i q u i d due t o 
thermal turbulence. 
1»4.3 Measurement E r r o r 

The measurement e r r o r on a track of length I cm i s pro-
—? 

p o r t i o n a l to L " and can be w r i t t e n i n terms of the magnetic 
f i e l d H gauss and momentum p MeV/c as 

where P 0 i s the t y p i c a l measurement e r r o r i n chamber ayac* 

on any one p o i n t , and i s approximately 50pm f o r a track 
measured on an automatic measuring machine such as the K c g h 
Powell "Device (1TP3)). Por a t r a c k of momentum 1 Gov/e cxi of 
l e n g t h 50 cm an a magnetic f i e l d of 17.5 K gauss; the e r r o r 
c a l c u l a t e d from Eq. 1,10 i s 

I n the 4 GeV/c ir d experiment t h e r e f o r e , where t y p i c a l 
values f o r p and L are those used t o evaluate Eas. 1.9 8ii6 
1.10, the measurement e r r o r s on the tracks are l i m i t e d by 
the coulomb e r r o r term of Eq. 1,9* 

1 • 5 The Aims of the Experiment 
The experiment was designed p r i m a r i l y t o study, w i t h 

h i g h s t a t i e i L o s and accuracy, the n e u t r a l meson systems i n 
the r e a c t i o n 

P ° J2 
3.75x10 L H m 

1.10 

0.257° 
m 

ir n 
P 
n = p 
**i ( p s ) 

X o i 
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with an incident pion momentum of 4 GeV/c giving a centre of 
mass energy of 2.9 GeV8 This yields for X° a v a r i a t i o n of 
invariant manses up to a waximum of approximately ? GeV/c", 
a mass high enough to encompass a l l of the well kno\*n mew on 
resonances. I n the above reaction X° r«presents any neutral 
meson system which, i n order that a successful kinematic f i t 
may be obtained, must not contain more th«n one neutral 
particle,. 
(a) X° - a dipioo system (S p e c i f i c a l l y ir*"*"") 

For a i f 4 f™* system reaction 1 renders a f u l l y constrained 
kinematic f i t and, despite the f a c t that the use of a 
deuterium nucleus to provide the target neutron imposes some 
s l i g h t uncertainty i n the centre of raaoc energy, t h i s ie 
preferable t o tna case of the p a r t i a l l y constrained (cinematit? 
f i t offered by the charge conjugate reaction ^""p-'OT"*"^"". 

Therefore the study of the P° and f° mesons with the highest 
statistics.* then available i n a bubble chamber cxpmiment v?r«5 
of i n t e r e s t . The examination of the spin structures of these 
w e l l estabD iehed resonances was to become an important part , 

of the experiment* 
(b) 1° = a t r i p i o n system ( s p e c i f i c a l l y ir"**ir""ir0) 

I n a bubble chamber the study of a nr+T~7r° system 
produced by interactions can only be performed with a 
neutron target, being inaccessible i n the charge symmetric 
reaction n~p->nX0 since t h i s contains two neutral p a r t i c l e s 
i n the f i n a l state (see section 2.7*4). -At the time of the 
proposal of the experiment there were many problems associated 
with a n + TT IT0 state and only certain example© are piven here» 
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( i ) Ag s p l i t t i n g 
Suggestions of a possible double structure i n the 

Ag mass region (^1300 MoV/c ) had been made f o r the 
charged modes of the Ag meson9 hut no Ag s p l i t t i n g had 
"been seen and i t was thought doslrable to confirm (or 
not) the Ag s p l i t t i n g i n the non-charged mode. 
( i i ) W » P interference 

Although the exchanges are i n pr i n c i p l e the same 
i n TrW-^(w?p) as i n ITN->-A(U) ,p) i t was thought inte r e s t i n g 
to ensure that the nature of u -p interference i s the 
same i n the two oases, I n order to study this I n t e r 
ference the normal > w° decay must also be studied f 

and t h i s i s t o t possible i n rrp c o l l i s i o n s f o r reasons 
'explained above, 
• ( i i i ) ir+n>p(o 

The production properties of the u meson i n t h i s 
reaction were to he studied i n order to compare with 
previous results which indicated that wore than simple 
p exchange was involved * 

(c) Coherent interactions 
• I I i M M I I I i u r n •»MpMHiiiinn»ii«>inirrii mn\mtw i i « n m > U T I T I i 

I t was also proposed to study the so-called coherent 
deuteron reaction ir+d-*-dX+ since much interest was then being 
shown i n t h i s reaction, possible d* and A^ production being 
the points of i n t e r e s t . 

Of the above e f f e c t s , those considered i n t h i s thesis 
ore the P° and f° spin structures and thfc enhoren'; deuteron 
in t e r a c t i o n s . 

A l l of these effects require very h->vh t-ji-lnfU"? vr> afcurt 
and thus t>V v-x-p^ri merit «MH proponed s.?; picsurw oxi'0-<sr 
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The f i l m was d i g i t i z e d using H,P.D. automatic measuring 
machines f o r speed, accuracy and because of the Ionization 
information thus available. 
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i^kaj)tj3r^ General Experimental and Analysis Considerati ons. 

Introduction 
Every "bubble chamber experiment must pass from i t s inceptioa 

through various stages, not the least of which are those of 
exposure and measurement, "before any data analysis can occur and 
i n t h i s chapter a description of these important parts of the 
4 GeV/c ir^d experiment w i l l "be given. The "beam li n e and chamber 
operation w i l l "be discussed and the processing of the* f i l m from 
the' scanning of an event to i t s i n s e r t i o n onto a data summary 
tape (DST) w i l l "be traced. F i n a l l y an examination of the pre
c i s i o n of mass determinations of combinations of f i n a l state 
p a r t i c l e s f o r both charged and charged/neutral configurations 
w i l l be made, followed "by a discussion of cross-sections as a 
prelude to the calculation of p a r t i a l cross-Heotionr, i n l a t e r 
chapters of this thesis, 

2,1 The Erppsure 
The exposure was conducted at CERN and took place i n two 

par t s i the f i r s t was during l a t e August and early September 
1970 and the second i n December 1972. These two exposures 
were of approximately equal size, being 450K and 400K pictures 
respectively. Analysis of the f i l m from the f i r s t run hacj 
almost been completed by the three collaborating laboratories: 
Birmingham University, the Rutherford High /Jnergy Laboratory 
(RHEL) and Durham University* The second batch of f i l m i s 
now i n the process of being analysed, and i s nearing comple
t i o n . 



The experiment was performed using 4 GeV/c ir' mesons which 
were produced when the extracted proton beam from the CERN 
proton synchrotron was allowed to impinge on a copper target 
i n the U5 beam l i n e . 3?rom the numerous particles thus produced 
the ir" mesons were momentum analysed, separated, and directed 
i n t o the 2~metre deuterium bubble ch8mber (2-m DBC), I n order 
that a reasonable number of beam tracks were present on each 
frame, so as to give d e f i n i t e v e r t i c a l reparation, xhe f l u x of 
pions was reduced to ( 1 2 + 3 ) per pulse before entering the 
2«m DBC. 

2*2 The Beam Line and Bubble Chamber 
Shown schematically i n Pig. 2.1 i s the CERN U5 beam l i n e 

(Ref. 2.1) which i s an up-dated version of the e a r l i e r U3 beam. 
The optics of the system are basicaLly divided i n t o 3 parts; 

a) formation and Moment am Analysis Stage 
b) Separation Stage 
c) Pinal cleaning and preparation stage f o r tho 

2 metre "Deuterium Bubble Chamber 
A l i s t of the essential elements of the system, and key 

to Fig, 2.1 i s given i n Table 2.1. T?or the required beam of 
4 GeV/c pions the beam l i n e was run with only 2 of the possible 
3 B.P. cavities i n operation, since i t i s generally found that 
pion beams of this momentum are easily separated by reje c t i n g 
the protons whence the kaons, muons etc. are also automatically 
rejected. 

The momentum analysed beam passes successively through 



STAGE B 
3»C 

IS CI 

— O 

C O W>2 

TAG?: c 

Diagrammatic r e p r e s e n t a t i o n of the U5 b«sam l i n e showing 
h o r i z o n t a l (il) and v e r t i c a l (V) foou-ising. For kav to F i g . 
see Table 2 . 1 . 



Table 2.1 
Li s t of U5 Beam Line Elements 

No. Element 
Description 

Symbol 
i n Pig. 2 E> X 

Distance from 
Preceding Element (cn) 

1 Target - copper T 0 
2 Horizontal Collimator CI 4,5 
3 Ve r t i c a l Collimator C2 0.65 
4 2ra Quadrupole Ql 1,85 
5 2m Quadrupole Q2 4.00 
6 lm Quadrupole Q3 2*50 
7 2m Quadrupole Q4 3.50 
8 Bending magnet BM1 3.87 
9 Bending magnet BM2 3.00 

10 V e r t i c a l collimator C3 , 5.92 
11 Horizontal collimator C4 6.58 
12 0.75m Quadruple Q5 1.00 
13 Horizontal collimator 05 2,25 
14 V e r t i c a l collimator 06 2.25 
15 Bending magnet BM3 2.00 
16 Bending magnet BM4 3.00 
17 2m Quadrupole Q6 3.05 
18 2m Quadrupole Q7 2.50 
19 Separator •RP1 15e 50 
20 2m Quadrupole Q8 7.09 
21 2ra Quadrupole Q9 3.91 
22 2m Quadrupole Q10 3.91 
23 Separator TLP2 7.09 
24 2m Quadrupole Q l l 5.75 
25 2m Quadrupole Q12 2.50 
26 ?m Quadrupole Q13 11.50 
27 2m Quadrupole 014 2.50 
28 Separator TO 5*75 
29 Beam stopper E3 7.55 
30 Ve r t i c j J collimator *C7 1.̂ 0 
31 ?m Quadrupole 015 3. jO 
32 2m Quadrupole Q16 3.00 
33 Horizontal collimator C8 11.00 

Stage A 
62m 

Stagd 
50m 

? 

Stage G 
53ra 



Table 2.1 (cont'd) 

No. Element 
Description 

34 V e r t i c a l Collimator 
35 Bending magnet 
36 Bending magnet 
37 V e r t i c a l bending magnet 
38 2m Quadrupole 
39 2m Quadrupole 
40 Horizontal collimator 
41 Vertical bending magnet 
42 Bubble chamber 

Symbol 
i n Pig. 2.1 
C9 
BM5 
BM6 
VHM1 
Q17 
Q18 
CIO 
M8 
BC 

Distance .from 
Preceding Element 

1.90 
4.26 
3.00 
2.18 
2.22 
2.50 
9.00 
2.00 
5.00 

Stage C 
53m 
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two radio freauency f j elds RFl, RJ?2 as shown i n fig,, 2.2(a), 
These f i e l d s exort i n one plane a sinusoidally time varying 
d e f l e c t i o n force on the p a r t i c l e s , and adjustment of the 
phasing °£ ^ 1 with respect to R]?2 can he wade, and i s 
then kept constant. Between the two HP cavities there l i e s 
a beam optical, system whj ch refocusses, w i t h u n i t magnifica
t i o n , the image froifl the centre of Ru'l into ibo centre of 
RP2. The r e l a t i v e phase <t>̂ 2 ̂ s adjusted so as to make the 
overall d e f l e c t i o n of the wanted pa r t i c l e s a maximum, with 
the unwanted p a r t i c l e s being brought back to the o r i g i n a l 
beam axis and t h i s independently of t h e i r entry phase provided 
that the amplitudes of RF1 and Rtf2 are equal. These unwanted 
p a r t i c l e s are then allowed to pass into the beam stopper, 
whose width i s adjusted so as to givo maximum shielding against 
them. The de f l e c t i o n amplitude of wanted part i c l e s if, given by 

D w 2k s i n £ 2,1 

where A amplitude of the RP f i e l d s 
and x- the phase difference between the wanted and 
unwanted p a r t i c l e s 

T can be calculated f o r two particles of mowenturn p by 

2*3 ( / i + % 2 2,2 

vi'nere subscript 1 unwanted par t i cle 
2 = wanted p a r t i c l e 

L =s length between RJ?1 &nd R?2 
A ~ wavelength of RF fio'lcis 



<J>.̂2 i s then adjusted to the value and the amplitude A i s 
made large enough to allow the wanted p a r t i c l e s to pass outside 
the stopper. The condition chosen i s D>A, that i s 

2 | s i n v 2 | > 1 

2.2.2 Experimental Operation 
A l l of the elements numbered 2 to 40 i n table 2.1 were 

contro l l e d , a f t e r i n i t i a l adjustment by the resident CERU 
s t a f f , by members of the three collaborating laboratories; 
the author being one of the Durham representatives at each of 
the two exposures. Careful monitoring of the bending magnet 
and quadrupole magnet currents enabled both the momentum and 
focussing of the beam (respectively) to bo held stationary. 
The various collimators were also controlled i n order to keep 
the f i n a l f l u x of p a r t i c l e s i n t o the chamber at ̂ 12 pi one/ 
pulce, d i g i t a l readouts from i n - l i n e spark chambers f a c i l i 
t a t i n g this f l u x monitoring. As determined from beam l i n e 
c h a r a c t e r i s t i c s , and .Later v e r i f i e d by measurements, the 
f i n a l p a r t i c l e momentum i n the f i r s t exposure was 4.02 GeV/c 
w i t h a momentum b i t e of 0.2[5f^, and i n the second exposure 
3.94 + 0.02 ,GeV/c. A p l o t of the beam momentum i s shown i n 
l ? i g . 2.2(b) containing the d i s t r i b u t i o n s for both f i r s t and 
second exposures. 
2.2.3 The Bubble Chamber 

Three monochromatic electronic flash tubes wore used f o r 
the i l l u m i n a t i o n of the 2m DBC, each tube illuminating approxi
mately the same size of in t e r n a l volume of ftie chamber. 
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F i d u c i a l marks, winch were used .for reference i n the geometri
ca l reconstruction which followed l a t e r i n the analysis, were 
present on three d i f f e r e n t window faces of the chamber. These 
three planes were (Kef. 2.2): 

1) the outer face of the camera window ( f r o n t glass| plane 1) 
2) the inner face of the camera window ( f r o n t glass5 plane 2) 

and 3) the inner face of the flash wjndow (back glass; plane 3) 
planes number 2 and 3 being i n contact with the l i q u i d . Fig. 
2.3(a) shows a diagram of the f i d u c i a l crosses as seen from 
camera number 2, There are 6 f i d u c i a l s i n plane 1, 15 i n plane 2 
and 9 i n plane 3; alignment crosses and data box f i d u c i a l mark's 
are not shown i n t h i s f i g u r e , 

Three cameras were used f o r the photography, set with co
ordinates r e l a t i v e to the centre of the chamber as shown i n 
table 2.2 below and subtending a stereo angle of ̂ 10° at the 
fr o n t glass of the chamber. The distance from the camera 
plane to the chamber f r o n t glass was -v200 cm. 

Table 2,2 Camera Co-ordinates 

Camera X(cm) Y(cm) Z(cm) 
1 13*2 29.0 
2 -31.8 0,0 <\, 200 cm 
3 13.2 -29.0 

These three views, i n conjunction with the known f i d u c i a l 
positions, enabled a geometrical reconstruction i n 3~dimer)sions 
with a point accuracy of rv!jUy to be achieved. 

The chamber was operated i n i t r - double pulsed mode., with 
^ 0 second elapsed time between pictures xa each of the pulses 

t 



C-.E.R.W. 2M. BUBBLE CHAMBER FIDUCIAL MARKS. 
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X « PI 
X " P2 

^ B P3 

X X 

x 0 

X 

X 

PI k Ftont of front glass. 

P2= BOCK of front glass. 

P3~ Front of back gloss. 

F i g . 2.3(a) F i d u c i a l marks and f i d u c i a l volume F . 
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FIG. (2~3 (i>)) TYPICAL CURVE OF DOUDLC PUI.St- Of" EiUflaLC CHAMbGR. 
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and ̂  2 seconds delay between each double pulse. Shown i n 
Fig. 2,3 (b) i s the sequence of operaxion of the bubble 
chamber. 

Applied throughout the chamber volume, a magnetic f i e l d 
of central value 17,5 Kgauss was used .in ordar that momentum 
determinations could be made of a l l charged tracks i n an 
event. Variations of the magnetic f i e l d throughout the 
chamber volume were well known, and a complete map of the 
magnetic f i e l d was available such that p a r t i c l e path v a r i a 
t i o n s , due to these deviations from uniformity, could be 
corrected, 

Test s t r i p s of f i l m , consisting of some 30 frames from 
the end of each r o l l , were scanned during chamber operation, 
A constant monitoring was thus carried out ol cuch quantities 
as track density (bubbles/cm), bubble size, and track count; 
general good q u a l i t y of the pictures thereby being maintained* 
The distance between Brenner marks, which aie used by %ne auto
matic measuring machines for alignment and frame counting, was 
also 'carefully checked so as to avoid variations. The track 
density was maintained at ̂ 14 bubbles/cm i n space, with an 
Airey disc diameter of ̂ 300 ynw Fig, 2.4 shows a frame of 
f i l m taken during the f i r s t exposure. 

j . 

2.3 Contamination of the IT beam 
Any beam contamination must be due to ine four charged 

p a r t i c l e s p, X"'", y + , d. Of these, the c.euteron contamination 
i s highly improbable at t h i s ovifrgy usiiv$ two RP separation 
c a v i t i e s , so the three cont.amir.atioii.^ which hove been invest!-
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gated are those of p, K+, y + , Although i t would seem possible 
to estimate these contaminations from 6 - r a y counts, t h i s 
method has been found to be unsatisfactory, giving no effective 
r e s o l u t i o n between pions and either of p, K , y . 

a ) E*~ contaminate on 

This has been calculated assuming that y-conlamination 
resultu from pion decay (7i->y+v) between fcbo l a s t collimator 
(010) and the bubbLe chamber, a distance of 7 metres,, Using 

— f t 

a pion l i f e t i m e of 2,6x10 seconds, and a Lorenlsn factor y 
of 29*1, the percentage of pion decays i s 3$. Assuming, then, 
that a difference i n displacement of 5 l cm over 200 cm i s 
s u f f i c i e n t f o r the muon to be seen to be 'off-beam' (equivalent 
to a y momentum i n the lab of <3«8 Gev/o), then the y-contamina
t i o n ia estimated to be (0,4+0 >l)f°t 

This contamination has been estimated from the number of 
Tau decays of the K-meson which can be Citted to a sample of 
some 3000 3-pronged events. An upper l i m i t of 1 event was 
found as a Tau candidate. Using the expression 

L = Poi = No of T decays 
P 3 * P / E 

]? = branching r a t i o of K as Tau 
T l i f e t i m e 

f o r kaon path length, an estimate of the number of kaons was 
found as $(0,5+0.1)$. 

This has been estimated, ucing a method described by 
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Gordon (Kef* 2 , 3 ) which uses pure proton beam f i l m as a 
norma]isation* 

The method r e l i e s upon two assumptions 

K X J oTtrd t o t a f j ^ I p d t o t a l ) 
and 

( i i ) That the r a t i o o f p r o b a b i l i t i e s 

3?(lucky p..rPA9.t]:,,.̂ -̂ ..,.1;.g. ,.a^,rue.„R.^,°L
n.l̂ l

g,a
l
pl) - %. 

P(lucky p i o n f i t to a t r u e proton beam) 
;' which can be shown t o be tr u e from Monte-Carlo simula

t i o n s . This method leads t o an estimate of proton 
contamination of (4+3)%. 

Of the throe assumed contaminants t i t i s apparent t h a t 
the proton contamination i s the most dominant. Whereas a]J 
contaminaxions wore taken i n t o account where crocs-sections 
were concerned, the proton beam was considered serious enough 
t o warrant a f i t t i n g hypothesis a t l e a s t t o the more f r e q u e n t l y 
occuring channels, f o r example ir+d->ppir + n ~ was supplemented w i t h 
pd->-pppir""e This p r a c t i c e was, however, not completely s a t i s 
f a c t o r y since FAKE simulations have shown t h a t i n some 20$£ of 
the cases a spurious proton f i t occurs t o the r e a l pion team 
event (as i m p l i e d i n Gordon's method). 

2»4 Scanning of the F i l m 
The f i d u c i a l volume used i n the scanning of the f i l m i s 

shown i n F i g . 2 . 3 . Apart from strange p a r t i c l e production, 
the general r e a c t i o n t o be studied uoe, of the types 

7i"l_d-vpp X° ( o r IT"!YJ-\OX°) 
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where p_ impl i e s a "spectator" proton (see Appendix B) and X° 
represents any n e u t r a l meson system., 

The i n i t i a l scanning r u l e s a t Durham were t o scan f o r 
every event occuring on the f i l m w i t h i n the defined f i d u c i a l 
volume, the recorded scanning i n f o r m a t i o n "being s u f f i c i e n t 
f o r the c o m p i l a t i o n of computer produced measuring l i s t s * 
The recorded scan data f o r each event were? the r o l l , frame, 
event ( w i t h i n the frame) and zone number followed by an 
associated proton bank ( s h o r t <5cm, long >3 and <25 cm, grey 
p r o t o n s ) , an associated pion bank ( s h o r t and long pion&), a 
V° marker and a k i n k marker. Beam track count s t a t i s t i c s 
were als o recorded, f o r both f i r s t and second pulses, a t 
i n t e r v a l s of every 50 frames* The clssa o l Topologies then 
e x t r a c t e d from the t o t a l scan data weres 

a) A l l events w i t h a V° 
b) A l l odd pronged events 
c) A l l even ( >2 ) prongs, only i f they were accompanied 

by a t l e a s t one stopping proton ( e i t h e r short or 
long) 

d) Two pronged events only i f they were accompanied 
i ) by a stopping p r o t o n 
i i ) by a grey or stopping proton (where a grey 

proton was defined as a f a s t p o s i t i v e t r a c k 
of near~minimurn i o n i z a t i o n whose t r a j e c t o r y 
l a y between two l i n e s on a template). 

The p r a c t i c e of recording every event d i d , however, 
r e s u l t i n a l a r g e volume of stored i n f o v n a t i o n . About h a l f 
way through the Durham f i l m , t herefore, the scanning r u l e s 
were changed t o thouu p^ev^ously defined f o r the computer 
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produced measuring lists« This p r a c t i c e solved the data 
storage problem and a master l i s t was set up f o r every event 
i n order t h a t a l l i t s e s s e n t i a l s t a t i s t i c s and i t s progress 
through tbe measuring system could be monitored* This scan
ning produced between 300 and 550 events per segment of f i l m 
(^775 frames), a number consis t e n t w i t h t h a t obtained before 
the scanning c r i t e r i a were a p p l i e d , 

2«5 Measuring of Events , 
The measurement of the f i l m was performed on tbe REEL 

HPD1 automatic measuring machine, F i r s t l y however, each 
event had to be pre-measured ( p r e - d i g i t i z o d ) i n order bhat 
the H'ED would know where, approximately, the tracks of an 
event were to be .round on any p a r t i c u l a r frame being con
sidered , 

2»5•1 P r e - d i g i t isa11on 
The f i l m was pre-measurcd at Durham using 3 image plane 

d i g i t i z e r s , each of which was capable of a p o i n t accuracy on 
the t a b l e of *>?5 jum. The sequence of measurements f o r an 
event were (per v i e w ) : 

a) Primary Vertex 
b) Beam Track 

c) 2 F i d u c i a l crosses 

d) Secondary v e r t e x 
e) Tracks associated w i t h secondary v e r t e x (2 pts per t r a c k ) 

f ) Tracks associated v/itb primary vertex (2 pts per t r a c k ) 

g) 2 more F i d u c i a l crosses 

h) Primary v e r t e x 



A f i d u c i a l check was incorporated i n t o the on-line con
t r o l l i n g computer program (an IBM 1130 being used), by using 
the known separation of the f o u r f i d u c i a l crosses measured 
on each view. The primary v e r t e x was als o used f o r checking 
purposes, "being measured a t the "beginning and end of the event. 
Any f r i n g e counting system e r r o r s which were not detected by 
the fiducia'J check were thus detected a t the vertex check* 
D i s t o r t i o n s of the p r o j e c t i o n system were removed by the use 
of a s t a t i s t i c a l regression method. Twenty f i d u c i a l crosses 
were measured f i r s t l y on a f i l m plane d i g i t i z e r , and the same 
f i d u c i a l crosses were then measured on each of the image 
plane d i g i t i z e r s . The c o - e f f i c i e n t s obtained from the regres
s i o n were then used to transform the measured f i l m p o i n t s i n t o 
an i d e a l f i l m plane (defined by the f i l m plane d i g i t i z e r ) b,y 
formulae of the Torm: 

p o p p 

X = a + bx + cy + dx ' + ey + f x y + gy x + hxy 2*3 
Y - a' i- b'x + c'y + d'x 2 + d'y" + i " x 2 y + g'y 2x + h*xy 
where X and Y are the corrected co-ordinates 

x and y are the measured co-ordinates 
a, b, a", b' etc are the regression c o - e f f i c i e n t s . 

The f i n a l . Durham output record was then t r a n s l a t e d i n t o 
the HPD i n p u t format, the basic p o i n t of the operation being 
t h a t two p o i n t s per t r a c k plus the associated v e r t e x p o i n t 
are s u f f i c i e n t i n f o r m a t i o n t o de f i n e a road on the f i l m . A 
road i s a c i r c u l a r path on the f i l m , b!2 urn wide, which 
contains the t r a c k and from which the KPL oxtracts the d i g i t -
issings. Two of the measured fo u r f i d u c i a l cronces at Durham 
were used by the HID f o r t r a n s l a t i o n ^nd r c t d t i o n from Iho 
Durham f i l m pJane i n t o the HPD co-ordirr.tn 6r/f*tem„ 
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2.5,2 TheJJ.™ 
The BHD (Hough-Powell Device) i s an automatic measuring 

machine which works on the f l y i n g spot technique„ A l i g h t 
spot of diameter 'v-lO yra ( o r a l a s e r "beam i n l a t e r versions) 
scans across the f i l m , p e r p e n d i c u l a r l y to the f i l m s edge f 

w h i l s t the f i l m i s moved mechanically along i t s l e n g t h . As 
can he appreciated t h i s produces a s l i g h t l y skew scan tho 
e f f e c t of which i s mathematically removed. The l i g h t spot, 
w h i l s t scanning, i s held i n simultaneous focus on the f i l m 
and on a d i g i t i z i n g g r a t i n g . The f i l m p o s i t i o n gives the 
x co-ordinate and the g r a t i n g reading tho y co-ordinate of 
any d i g i t i z i n g i n the road area defined on the fi"'iru Ten 
f i d u c i a l crosses are also measured, tne approximate p o s i t i o n s 
of which arc passed as constants t o the BPD c o n t r o l l i n g 
program. There *we two types of" scan possible on ouch a 
machine, known as normal and abnormal scans. Whereas i n the 
normal scan described above the l i g h t spot scans perpendic
u l a r l y t o the f i l m s edge, i n the abnormal scan i t t r a v e l s 
p a r a l l e l t o the edge. I t i s necessary t h a t two scan types 
are a v a i l a b l e on such a machine because some tracks l i e a t 
such an on^le t h a t only d i f u s e d i g i t i z i n g , ? are obtained on a 
normal sco;', The spacing of the scan l i n e s on the f i l m i s • 
^90 nia and n t y p i c a l RMS e r r o r f o r a t r ^ c k measured on an 
HID i s ^ 2 - 5 pm on the f i l m . Apart from t h t obvious advant
ages of accuracy and speed of measurement (the KID scans a 
complete frame i n ^ 3 - 5 sees) .vi urging an automatic measuring 
machine, th e r e i s another f-dvif cage Xb^i i s ; the machine 
measures the r e l a t i v e huh bis d e a s i l y of v l l the tracks in an 



event* This i s indeed a great advantsge since, as w i l l be 
explained l a t e r , many ambiguities i n f i n a l f i t s to i n t e r 
a ctions can be resolved a u t o m a t i c a l l y w i t h o u t having t o 
r e t u r n to tbe scanning t a b l e to judge i o n i z a t i o n by eye. 

2.6 Bubble Density, and P a r t i c l e V e l o c i t y 
i t has been shown i n v a r i o u s experiments (Refs. 2.4 

and 2*5) t h a t the bubble density produced by a p a r t i c l e 
t r a v e l l i n g w i t h v e l o c i t y 3 i s given by the expression 

t h a t i s , the number of bubbles/cm n i s r e l a t e d t o some 
minimum i o n i z a t i o n n by 

Figure 2,5 shows a diagram of the behaviour of bubble 
d e n s i t y w i t h momentum f o r p i o n , kaon and proton. Worma.l'Jy 
by eye i t i s possible to d i s t i n g u i s h r e i f c t r v ? bubble d e n s i t i e 
of 1.4 t o 1 and upwards. For example, the bubble density can 
be d i s t i n g u i s h e d from minimum i o n i z i n g f o r momenta up t o ; 

However, HPD systems are capable of d i s t i n g u i s h i n g 
rc?lative bubble d e n s i t i e s o f 1.15 to 1, given s u f f i c i e n t 
t r a c k l e n g t h . This gives corresponding m omentum i d e n t i f i 
c a t i o n l i m i t s ofs 

D a 1 / 2 

n = n Q / p 2 

m 
P or n ™ r* ("i + 

1.48 GeV/c f o r a prot o n 
0.78 GeV/c f o r a kaon 
0.22 GeV/c f o r a pion 

p ^2.5 GeV/c 
K * 1,20 Getf/o 
vi C P V / C 
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The advantage i s now c l e a r , as may he seen f o r example 
i n a loO OeV/c track which i s u/K ambiguous„ By eye, i t i s 
impo&sible t o resolve the ambiguity since both pion and kaon 
would appear as minimum i o n i z i n g t r a c k s . Automatic measure
ment f on the other hand, could resolve the ambiguity since a 
kaon would appear as not minimum i o n i z i n g 0 

2•7 Processing of Events 
A f l o w diagram of the system of event processing i s 

shown i n F i g * 2.6. The v a r i o u s steps necessary to a r r i v e 
a t the HPD stage have already been descrjbed and i n the next 
f i v e sections the steps from the HPD to a data summary cape 
w i l l be d e a l t w i t h , 
2,7 o 1 Ilaae 

A f t e r the HPD had d i g i t i z e d the contents of the roads 
defined by the pro-measurement of an event, they ( the d i g i t -
i z i n g s ) were then passed t o the programme HAZE, I n t h i s 
step the contents of the roads are examined and the d i g i t -
i z i n g s grouped i n t o master p o i n t s f o r the various t r a c k s , 
k master p o i n t i s equivalent to a normal measured p o i n t , 
say, on a f i l m plane d i g i t i z e r , but they are a much more 
accurate measure of the t r a c k because of the many pieces o f 
d i g i t i z i n g i n f o r m a t i o n used t o derive them. On average, one 
master p o i n t i s produced f o r every ^2Jj cm.of t r a c k i n r e a l 
space* From such measurements the e r r o r on a reconstructed 
p o i n t i n space i s t y p i c a L l y 30 y i n ihe ( X t Y ) plane and 
^300y i n the Z d i r e c t i o n , 
2 * rl • 2 gepmg 11;icai Heconetruc t j o\i 

The programme Geometry i n th-: HIiEh 3-diincnsional recon-
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s t r u c t i o n r o u t i n e f o r bubble chamber events (Kef. 2.6). The 
p r i n c i p a l task o f t h i s r o u t i n e i s the c a l c u l a t i o n of the 
momentum p a t the centre of each t r a c k and an e r r o r matrix 
on t h i s momentum. Also the r o u t i n e evaluates the s p a t i a l 
co-ordinates of a l l v e r t i c e s together w i t h t h e i r e r r o r s . 
P i r s t J y the programme constructs a f i l m plane re Terence 
system, c o n t a i n i n g the event, i n which a l l f i l m stretches 
have been removed by a f i d u c i a l f i t t i n g procedure. A f t e r 
t h i s has been achieved the f i l m co-ordinates are transformed 
i n t o ray co-ordinates, where a ray i s defined by a co-ordinate 
p a i r , of the p o i n t a t which the ray i n t e r s e c t s the f r o n t 
grass of the chamber, and the d i r e c t i o n r a t i o s of the ray. 
Most of the c a l c u l a t i o n i s c a r r i e d out i n terms of these rays 
and the f i n a l f i t to o b t a i n the momentum i s made by f i t t i n g a 
h e l i x to the rays of the three views, i n cases where the 
curvature of tbt> t r a c k i s s i g n i f i c a n t l y changed by slowing 
down i n the chamber l i q u i d , a mass dependent c o r r e c t i o n to 
the h e l i x f i t i s made. This c o r r e c t i o n i s made assuming f o r 
the t r a c k the masses of the pi on, kaon and proton. I n t h i s 
way, even a t t h i s stage, a probable mass assignment may be 
given to a t r a c k . 
2.7.5 L i g h t Pen 

This i s a patch-up system used f o r the recovery of 
events which f a i l i n tne geometrical r e c o n s t r u c t i o n because 
o f HAZE e r r o r s . There are cases when the master p o i n t s 
obtained by HAZtJ f o r a view are i n c o r r e c t , these occur f o r 
example when HAZli i n t e r p r e t s a crossing t r a c k , i n the same 
road a& the true t r a c k , as being the c o r r e c t one. At the 



l i g h t pen the three views of the f a i l i n g t r a c k i n an event 
are displayed on a v i s u a l d i s p l a y u n i t . A haze o n - l i n e pro
gramme i s then r e d i r e c t e d by an operator to the c o r r e c t 
t r a c k , or i s i n s t r u c t e d t o use only p a r t of the a v a i l a b l e 
t r a c k l e n g t h when a s c a t t e r occurs on o t r a c k . Two examples 
of these HAZE er r o r s are shown i n Figs. 2,7 and 2.8, where 
the master p o i n t s reconstructed are indicated by 'X'7S, and 
the p r e - ~ 3 i g i t i z e d p o i n t s are in d i c a t e d by 'M^S; i n both of 
these f i g u r e s only the HH) roads are displayed. I n P i g . 2,7 
an 'event i s shown where a f a u l t number 56 has occured i n 
Geometry i n d i c a t i n g a large h e l i x f i t e r r o r which has been 
produced by the i n c o r r e c t i d e n t i f i c a t i o n of the beam t r a c k 
on view 3« ('RUG i n F i g . 2.7). A vertex r e c o n s t r u c t i o n e r r o r 
i s i n d i c a t e d i n FJ^. 2.8 where the wrong beam "track has been 
chosen by FAZE on views 1 and 3. Both of these e r r o r s are 
e a s i l y recoverable a t the l i g h t pen, indeed most of the HAZE 
e r r o r s ore corrected a t t h i s stage. 
2 • 7• 4 ftine-natio f i t t i n g 

The programme KMEMATICS i s t h a t p a r t of the ElffiL system 
f o r bubble chamber analysis which takes the event reconstructed 
by geometry, and i d e n t i f i e s the r e a c t i o n by the process of 
f i t t i n g v arious hypotheses to i t . The f i n a l kinematic f i t 
must s a t i s f y t h e conservation o f energy and momentum described 
by t h e 4 c o n s t r a i n t equations: 

£ P„ = Z (p . COS A. COS d>. ) - pCOSXCOSd> 0 X 1 1 1 

£ Py = z(p icos x ^ s i n ^ ) - v«of^siw<j *0 
EP Z = zpjSinA^ - psinA * 0 

ZE ~ E ( ^ 7 ^ i ~ 2 ~ ) "* ̂  / P ? : ^ 2 + M J J ) + 0 
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where the l i m i t s can he set as constants i n the programme, the 
maximum c o n s t r a i n t imbalance being set to 1 MeVc With no 
n e u t r a l p a r t i c l e s i n the f i n a l s t a t e a l l the v a r i a b l e s aro 
constrained, there are 4 degrees of freedom, and the f i t i s 
c a l l e d a 4-C f i t . I f , however, t h e r e i s a n e u t r a l , known mass, 
p a r t i c l e missing i n the f i n a l s t a t e then the momentum equations 
are used to solve f o r p»x and $ t leavmg the energy equation 
as the o n l y c o n s t r a i n t . I n t h i s j case there i s o n l y 1 degree 
of freedom and the f i t i s c a l l e d a 1-C f i t . Obviously, f o r 
more than one missing n e u t r a l p a r t i c l e there are i n s u f f i c i e n t 
equations to solve f o r the number of p a r t i c l e s and the event 
becomes u n o - f i t ( o r missing mass f i t ) . 

The programme JUDGE i s c ^ o i c a l l y an i o n i z a t i o n t e s t i n g 
r o u t i n e which OOIQ-XCQZ the i o n i z a t i o n measured w i t h that 
c a l c u l a t e d Cor a p a r t i c l e of given momentum. I f the c a l c u l a t e d 
i o n i z a t i o n d i f f e r s by a pro-determined amount from t h a t measured 
then t h a t p a r t i c u l a r hypothesis i s r e j e c t e d . Other c r i t e r i a 
may also be imposed t o r e j e c t f i t s , such as a maximum allowed 
h e l i x f i t r e s i d u a l or a comparison of p r o b a b i l i t i e s between 
two 1-C f i t s , although i h o l a t t e r ie more u s u a l l y usee i n 
f i n a l event r e p a r a t i o n i n t o channels, Events on which no 
i o n i z a t i o n d e c i s i o n could be made, perhaps because a t r a c k 
had been through the l i g h t pen where i o n i z a t i o n i n f o r m a t i o n 
i s sometimes l o s t , were returned t o tl^e scanning table f o r 
v i s u a l examination. At t h i s y tage i f r.o decision could be 
made then the even was tagged as ambiguous and a l l f j \i. were 
w r i t t e n to DST, together w i t h evoni? -vhich hsd rossed f'l ' l . 
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t e s t s * The f i n a l pass r a t e through the system from HPD t o 
DST was 9̂55'̂  and furthermore the number of events returnee! 
t o the scanning t a b l e f o r examination was <t5 events/segment* 

2.8 P r e c i s i o n 
The accuracy expected f o r the mass of a m u l t i - p a r t i c l e 

system can be estimated using a c a l c u l a t i o n based on a mis
s i n g mas;? technique. With f i l m measuring accuracy of <\,2-3 vm 

and space po i n t r e c o n s t r u c t i o n accuracy of ^50 nm, m u l t i -
p a r t i c l e mass r e s o l u t i o n f o r f u l l y - c o n s t r a i n e d f i t s i s appro 

2 
iraately ^ 7 UGV/C f o r a mult roar t i d e mass i n the r e g i o n of 
1 GeV/c2. 

"For 1-C f i t s the r e s o l u t i o n i s s l i g h t l y worse than t h i s , 
being rtout + 15 lu-V/c 2 a t the mass of the (1)°-meson (795 •••leV/c2 

This e r r o r has been c a l c u l a t e d by two methods, the f i r s t o f 
which uses the formula (Hef s 2*7) 

\ 2 A =• Wo.bfc.. r 
A ~ Vv*G --- 2,355 « F u l l w i d t h 

h a l f maximum of a gaussian / 
whicn r e l a t e s the observed width of the resonance w i t h the 
t r u e width and the gaussian e r r o r . The second method e n t a i l e d 
a Breit-Wigner f i t t o the ( i r \ " " i r 0 ) mass spectrum froijj events 
i n the channel ir n -> pir ir ir , a t the to mass. The B r e i t -
Y/igner formula was convoluted vfith gaussian e r r o r d i s t r i b u t i o n 
as the r e s o l u t i o n f u n c t i o n . The a n a l y t i c expression f o r the 
convoluted f i t wan obtained from a Breit-Wigner of the form 

P(X) * J/?* X = J; - E, 
XN- r v 4 

and a Gaussian e r r o r d i s t r i b u t i o n of 
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2 P(0 « e" " / 2 o
g 

/ 2 i r a 
The r e s u l t of a measurement i s x = X + of the form 

p ( x ) " ,-fri/k J (x-5) 2
 + r 2A 

-e 2/2 2 

d£ 

The r e s u l t of t h i s f i t i s shown i n Fig, 2.9, the f i t t e d mass 
and w i d t h "being 

MQ = 787.8 MeV/c2 

r = 11.0 MeV/c2 

and w i t h an e r r o r of 
a e 16 MeV/e2 

S 

2»9 Pro Bj5 Sec l;.ion ^ v a l u a t i o n 
The t o t a l cross sections are ca l c u l a t e d using the moan 

f r e e path (A) "between i n t e r a c t i o n s wh.-re X i s given by 
A ™ «*«,.».•« 2.7 whore n - no of i n t e r a c t i o n centres/c<, it a 

a •-= cross s e c t i o n 
Expanding t h i n depression m terms of t o t a l t r a c k .length 

f o r a l l i n t e r a c t i o n s , i t becomes 
« - m o r 
0 — i£J ' J J ^ . . . . . . . <- . o 

where JN" = t o t a l no. of i n t e r a c H o n s 
A = deuterium atomic weight 
L = t o t a l beam t r a c k l e n g t h 
MQ ~ Avagadro's Number (6.0P2X10 2- 5) 
d d e n s i t y of l i q u i d deuterium 

The t o t a l beam t r a c k l e n g t h i s determined from the average 
number of beam tracks per frame (-=10.3) and the le n g t h of the 
f i d u c i a l volume (L ) , making use of the fact t h a t the d i s t 
r i b u t i o n of i n t e r a c t i o n point.", i s l i n e a r throughout the f i d u c i a l 
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volume. The t o t a l length of beam t r a c k , L, i s given by 
10.3. L .N - L . N/r N - Kumber of frames 

containing N events 
L = 107 cm. 

On a sample of 30750 frames, the number of events ( a l l 
t o p o l o g i e s ) found was 84846. A break-down of the events 
i n t o prong sizes i f shown i n t a b l e 2.5 below* These figu r e s 
give a cross s e c t i o n , c a l c u l a t e d from Ho. 2.8 above, allowing 
f o r bi° beam contamination 

a - 50.4 + 8.6 mb 
Ihe lar g e e r r o r o r i g i n a t i n g from the determination of the 
number of beam tr a c k s per frame. Thia f i g u r e agrees q u i t e 
w e l l w i t h t l i a t obtained, from counter experiments of 56+1 mb 
(Ref. 2.8). 

C a l c u l a t i o n of p a r t i a l cross-sections was dona by 
assuming the counter value of 56 mb, and then c a l c u l a t i n g 
the microbarn eo u i v a l e n t from Eq. 2.8 by s e t t i n g N=l • 

£§J?2®».2*5 Scan Data from 50 Segments 

Prong riize Number ° mb 
1 8776 5,77 
2 30834 20.23 
3 14574 9.50 
4 24197 15.91 
5 3109 2„05 
6 3145 2 .07 

' 7 1.18 0 r08 
8 93 O.Oo 
9 *.! 0 ,oo j. 

8/|846 55.8 
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Chapter 5 Analysis Techniaues and Cluster Searching 

5»Introduction 
The use of g r a p h i c a l displays i n the search f o r and 

examination of resonant p a r t i c l e s has always "been one of 
the basic techniques of "bubble chamber f i l m a n a l y s i s . 
Amongst the many displays which hove been devised, the 
most commonly used are those of the i n v a r i a n t masses of 
p a r t i c l e combinations, the Chew-Low p l o t of i n v a r i a n t mass 
against momentum t r a n s f e r and, more s p e c i f i c a l l y f o r 3-body 
f i n a l s t a t e s , the D a l i t z p l o t of the squared mass combina
tions,, Jv)oro r e c e n t l y , use has been made of tho i n f o r m a t i o n 
contained i n the Van-Hove p l o t of the centre o f macs l o n g i 
t u d i n a l moiftonla of the p a r t i c l e s . C u r r e n tly, i n t e r e s t i s 
being shown i n the 1 c l a s s i f i c a t i o n of events using a m u l t i 
dimensional a n a l y s i s , the Pleso- or Prism Plot-technique, 
to separate the various resonant s t a t e s from the o v e r a l l 
f i n a l s t a t e . Analogous t o the Pless analyses, although i n 
basic concept completely d i f f e r e n t , arc methods using 
s t a t i s t i c a l searching techniques i n an n-dinensional space 
defined by the number of f i n a l s t a t e p a r t i c l e s i n an event. 
A l l of these-* techniques have as t h e i r aim the e x t r a c t i o n of 
a bacfc£roi:,id-free resonance s i g n a l from the data. 

I n chic chapter a n.othod of s t a t i s t i c a l searching w i l l 
be described which h?.o been developed i n Durham. The condi
t i o n s necessary f o r th? technique t o be successful w i i ' i be 
discussed fnd the r e s u l t u of an auyly&is made on events 
generated by the- Lionte-Carlo sitenia t lov programme PAKE w i l l 
be presented. T.n t t i e next chapter che eta:'.iod r e s u l t s of 
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•this s t a t i s t i c a l , search on r e a l events i n the channel irH'd-> 
p p7r+Tr"* w i l ] be discussed, s 

f i r s t l y , however, a b r i e f survey of the i n f o r m a t i o n 
contained i n the g r a p h i c a l d i s p l a y s of the Mass, D a l i t s and 
Chew-Low p l o t s w i l l ho made, A f t e r t h i s a d e t a i l e d account 
w i l l he given of the i n f o r m a t i o n contained i n the Van-Hove 
p l o t } which forms the basis of the analysis technique t o he 
presented 3and the 1-rism p l o t a n a l y s i s w i l l be described as 
a prelude t o the i n t r o d u c t i o n of the c l u s t e r searching 
technique. 

5«2 Mass, T ) a l i t z and Chew-Low H o t s 
I n any search f o r the production, and the determination 

of the proper-!; ).es> of a resonance, the parameters to be found 
are the mass 4 widl":, s p i n - p a r i t y and production mechanical of 
the partioDe. I f t h i s i s to be dene e f f e c t i v e l y i t i s nec
essary t o remove as much background as possible from the 
s i g n a l . 

I n the sections which f o l l o w , reference w i l l be made to 
the a n a l y s i s of a 3-body f i n a l s t a t e such ss a r i s e s i n the 
r e a c t i on 

irN -> .WTT-, H 2 2.3 

and where f i g u r e s are f-'hown f o r i l l u s t r a t i o n of the various 
techniques the data used come from the reaction, i ^ p -> P T T + T T ° 

a t 5 GeV/c (Hef. 3 . 1 ) o 
3 . 2 . 1 ^a.ss^Plpjts^ 

The d i s t r i b u t i o n s of the i n v a r i a n t masses N^, T r i 1 T 2 * 
are examined f o r s t r u c t u r e or peaks which may inc1 i r a t e the 
presence of a resonance i n t h a t combination of the poired 
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p a r t i c l e s . Values of the maws and width of the resonance can 
"be read d i r e c b l y from the graph a t the peaks. However, as i s 
w e l l known, the presence of a resonance i n the tr-^p_ combina
t i o n may c o n t r i b u t e s t r u c t u r e to the pLot of the or Bn^ 
combinations and c e r t a i n J y c o n t r i b u t e s bad* gruuiv! to the VFir 
p l o t s . Fige 3 . 1 ( a ) , (b) and (c) show the ( p i r 1 ) , Gnr 0) and 
(p <n°) i n v a r i a n t mass d i s t r i b u t i o n s r e s p e c t i v e l y , from the 
r e a c t i o n ir +p -> p / i r 0 a t 5 GeV/c, showing the a + ' " ( 1 2 3 6 ) i n 
( a ) , t h e p + ( ? 6 5 ) i n (b) and perhaps some a°('1236) i n ( c ) . 
3 - 2 , 2 D a l i t s P l o t s 

Here the e f f e c t i v e masses squared o f two o f the three 
t w o - p a r t i c l e systems are p l o t t e d against one another. More 
in f o r m a t i o n i s .stored i n t h i s d i s p l a y since now the resonances 
appear as bands on the p l o t and the d i s t r i b u t i o n of the points 
i n the bands j s l i n e a r i n cose5*, where 0* i s the decay an;fle i n 
the r e s t system of the resonance ( f l e l i c i t y angle) „ ^ ' i f i . 5 . 2 
shows a D a l i t z p l o t of M 2 ( I T + I T 0 ) ogainpt J u 2 ( p n + ) i n which the 
bands of the P + and A + + resonances are c l e a r l y v i s i b l e . Pro
j e c t i o n of the p l o t onto e i t h e r a x is gives the type of diwpiay 
described i n s e c t i o n 3*2.1,, but w i t h mass squared instead of 
mass axes. The main value of the Dalit?; p l o t i s the informa-
t i o n which i t contains about ece e*, since an analysis of the. 
sp i n of a p a r t i c l e may thus be made. Another important use 
of the p l o t l i e s i n the a b i l i t y t o estimate from t h i s pilot the 
background present i n a mass combination because of the e f f e c t 
of r e f l e c t i o n s from the other ma so combinations, 
3 « 2 . 3 Chew-Low P]o ts 

The prod u c t i o n angle f of a resonance *in the o v e r a l l 
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centre of mass reference frame i s the i n f o r m a t i o n which i s 
c a r r i e d i n the Chew-Low p l o t , where the mass of a p a r t i c l e 
system i s p l o t t e d against i t s 4-momentum t r a n s f e r squared 
( t ) from the beam f o r meson systems, or from the t a r g e t f o r 
baryon systems,. Q'he t ~ d i s t r l b u t i on depends upon the pro
d u c t i o n mechanism of the system being s t u d i e d , and t i s 
l i n e a r i n cos<|>, I'igs. 3 * 3 ( a ) , (b) and (c) show Chew-Low 
p l o t s of the (ir+ir°), ( p i r + ) and (pir°) systems, again .in the 
r e a c t i o n ir +p •> p i r ^ u 0 a t 5 GeV/c. 
3 e 2 , 4 Summary 

A l l of the e s s e n t i a l i n f o r m a t i o n of the produced reso
nances! t h e i r production and decay angular d i s t r i b u t i o n s , 
t h e i r mass, width and s p i n are displayed i n the Mass, D a l i t K 
and Chew-Low p l o t s * However there i s s t i l l background present 
i n the data, and t h i s may d i s t o r t the various d i s t r i butj ons,, 

Methods which are commonly used to overcome the basic 
d i f f i c u l t i e s which a r i s e experimentally i n handling the back
ground, t o meet the problem of o b t a i n i n g pure resonant-
s i g n a l s are; 

( i ) ftisss cuts 
By s e l e c t i n g o n l y p a r t i c l e combination masses 

w i t h i n a given mass i n x e r v a l where the resonance s i g n a l 
i s a t a maximum, the e f f e c t of the background i s m i n i -
raized a t the expense of l o s i n g events from the t a i l s of 
the resonance, WOT example the p-meson data are often 
chosen by s e l e c t i n g only those, di.pi.on masses between 
0.68 and 0.08 GeV/o2,, 

http://di.pi.on
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( i i ) t - c u t s 
By s e l e c t i n g only those events f o r which the 

momentum t r a n s f e r ( t ) i s s m a l l , a p a r t i c u l a r production 
mechanism may he selected and hence a p a r t i c u l a r reso
nance may he selected p r e f e r e n t i a l l y t o background, 

3 e 3 The Van Hove, I l o t 
This p l o t forms the basis of the c l u s t e r searching 

technique and combines i n one p l o t inosi of the information 
a v a i l a b l e i n the Mass, Dalifcz and Chew-Low p l o t s . The "Van-
Hove p l o t i s described i n t h i s section i n some d e t a i l . 

The Van Hove p l o t , or l o n g i t u d i n a l lhase Space (LfS) 
a n a l y s i s , i s based upon the experimental observation t h a t i n 
strong i n t e r a c t i o n s the v a r i a t i o n of the transverse- component 
of momentum i n the centre of mass system i s small compared 
w i t h t h a t of the l o n g i t u d i n a l component. T y p i c a l l y , e x p e r i 
ments show t h a t w h i l s t the l o n g i t u d i n a l momentum v a r i e s ever 
thevsbole of the k i n e m a t i c a l l y allowed region, the transverse 
momentum d i s t r i b u t i o n i s concentrated below a value of 300 t o 
400 JUeV/o. This led Van Hove ( f i e f . 3 .2) to suggest t h a t the 
transverse momentum may be discarded as an i n f o r m a t i o n c a r r y 
i n g v a r i a b l e and t h a t events may be parameterised by t h e i r 
l o n g i t u d i n a l momenta alone. The Van Hove p l o t f o r the 3 -

p 8 r t i c l e f i n a l s t a t e of Eq. 3^1, the axes and d e f i n i t i o n of 
which are shown i n F i g . 3.4, i s fouannarized by the sum of the 
centre of mass l o n g i t u d i n a l momenta, 

qW + q i r l + q 7 1 2 " 0 3 * ? 

An event i s described by a siogJe p o i n t i n the p l o t , 
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and the i n f ormatji on on q^, qir^ and qir^ i s contained i n the 
radius v e c t o r ( r ) and the Van Hove angle (w) where (see 
F i g . 3 .4 ) 

r =• / 5 ( q w + q ^ + q£ ?) 

and cot w 

3.3 

3.4 

A l l of the data p o i n t s are confined w i t h i n t he boundary 
which i s approximately a hexagon of radius ^ 2 where W i s 
the centre of mass energy. 
3.3 .1 Examination of Resonance Display on..[theiVan.,Hpy_e_Plp-fc 

I n the three body process of Eq. 3.1 a resonance i s 
formed between two of the Three p a r t i c l e s . I f the mass ol! 
the resonance i s / j and the mass of the t h i r d p a r t i c l e i s 
then the centre of mass momentum of the resonance and t h i r d 
p a r t i c l e i s 

P 3 3 3.5 

The v e l o c i t y e ( V c ) , and Lorentz f a c t o r y of the resonance 
i n the o v e r a l l centre o f mass are 

r 
,2 (3 R i - p 7 W

2+ y2-!!2 

*2W 

and R (W2+M2-P
2)/2\7Ai7i 

3.6 

3.7 

When the resonance subsequently decays i n t o i t s two secondaries 
of masses m-̂  and i i ^ , t h e i r nomecita i n the o v e r a l l centre of 

mass are 
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-p*cos 0* + g R /p *2+m^ 3*8 

and p 2 - Y
R p*cos e*+ &R /p*^+rn|~ J 3.9 

where p* i s the momentum of xbe two secondaries i n the 
resonance r e s t system and 6* i s the angle of decay i n the 
resonance h e l i c i t y frame, Provided t h a t the transverse 
momenta ars s m a l l , then p^, p 2 and are also the l o n g i 
t u d i n a l momenta q-̂ , q 2

 a n d 

Por a g i v e n mass y , q^ i s f i x e d and q-j and q 2 w i l l 
v a ry "between the l i m i t s determined by cos 0* = + 1. When 
e* i s 90° then f o r fl^-aig (2ir-raesons i n Bq. 3.1) 

q 1 =-. q 2 = Y r 3 H Sy*2+raj ^ qgo 3.10 

Por other values of 0* 

Q-! = <3y0 + T K p* cos6* 3 . H 

q 2 - qgo - Y R P * cose* 3.12 

I n P i g , 3.5 the v a r i a t i o n s of q-̂  and q 2 are displayed 
a t constant q^ f o r a resonance o f the equal mass p a r t i c l e s 
1 and 2. The p o i n t M represents 0*-go 0, and a t other values 
of 0* the increase i n q^ by Y R q ^ cos©* i s compensated by the 
decrease i n q 2 by the same amount to a p o i n t P, again on the 
l i n e of constant q 7 . The change i n p o s i t i o n k£ i s ~-~ q_ cose* 
t h a t i s the d i s t r i b u t i o n 3long the l i n e AB i s l i n e a r i n cos e*„ 
A and U corresponding t o cos o* = + 1. Hence at small momentum 
t r a n s f e r s the f r a t u r e of the D a l i t a p l o t , of l i n e a r i t y i n c o s 0 * 

i s r e t a i n e d i n the Van Hove p l o t . 

The v a r i a t i o n of j o i n t s , correspondlug to the various 
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r e a c t i o n c o n f i g u r a t i o n s , through the e f f e c t s of momentum 
t r a n s f e r i s more complex. Points A and B correspond to the 

c o l l i n e a r decay of the resonance (cose* = + l ) and i f a 
p r o d u c t i o n angle <!> i s introduced then the l o n g i t u d i n a l 
momenta change by cos <|>, t h a t i s 

o^i •> cos* i = 1,2,3 3.13 

Consequently, the p o i n t s A and B w i l l move along s t r a i g h t 
l i n e s through the centre of thu p l o t . For the p o i n t M the 
e f f e c t of the angle a (see F i g . 3.6), between p^ (or p 2 ) 
and the momentum p-̂  i n the o v e r a l l centre of mass, changes 
the l o n g i t u d i n a l momenta to 

- p^ cos*f ~ Pj> c o s U + a ) » Q-i ~ P-j_ c o s (*"a) 3.14 

The v a r i a t i o n of these co-ordinates w i t h * traces out the 
oval i n "Fig, 3.5. 

The 4-momentum t r a n s f e r squared ( t ) to the resonance i s 

t = - 2Pp 5 c o s * - (M 2+y 2) + 2 / i \ r ? / p 2 ^ / 1 3.15 

where P, M r e f e r to the primary p a r t i c l e . For a given reso
nance a l l o f the q u a n t i t i e s are constant apart from t and 
cos * . From 3.15, f o r the p o i n t M 

t = - Aq 3 -i- B 

Consequently the d i s t r i b u t i o n of p o i nts perpendicular to the 
q^-0 ax i s i s the d i s t r i b u t i o n of t to the resonance of 
p a r t i c l e s 1 and 2. S i m i l a r observations hold f o r the axes 
q 2 atfcl q 1 . 

I n summary, the Van Hove p l o t contains i n a d i r e c t way 
the i n f o r m a t i o n of the Chew-Low p l o t (the t - d i s t r i b u t i o n ) and 
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at small t , wliere most of the experimental data l i e , the Van 
Hove p l o t also contains the D a l i t z plot information of cose' 
l i n e a r i t y , 
3,3,2 Resonance Selection i n the Van Hove Plot 

Figs, 3.7(a) and (b) show a representation of the 
resonances i n the and ^-^^ s y s " ^ e m s a " t minimum t 
transfer f o r two -rr+p experiments with incident pion momenta 
of 5 and 12 GeV/c respectively (Refs. 3.1 snd 3«3). As can 
be seen from these figures, a t 12 GeV/c the resonance hands 
are c l e a r l y separated whereas at 5 GeV/c there i s some over
lap at the extremities of the ^-^2 ̂ a n c l with the Nir-̂  and 
hands. The ef f e c t s of the t - d n s t r i h u t i o n are such t h a t , f o r 
example the p-meson data w i l l he confined to one sector of 
the Yen-Hove p l o t ut 12 GeV/c and w i l l he largely confined at 
5 GeY/c* This suggests a selection method which i s to pl o t 
only those dipion masses l o r events whjch f a l l i n the ir-rr 
sector, and only Jfir^ and Nnv, combinations for those events 
which f a l l i n t h e i r respective sectors. No serious d i s t o r 
t i o n should be found i n either the mass or t - d i s t r i b u t i o n of 
the resonance being considered although a t lower incident 
momenta there may be some loss of the events i n the decay 
angular d i s t r i b u t i o n near cos 9* = + 1. I t must be noted 
however that a resonance with high Q value i n i t s decay, such 
as the f° and g° mesons, would extend largely i n t o the 
and ling sectors and thus give spurious structure to these mass 
pl o t s . 

To i l l u s t r a t e the ^bove technique, fc'ig, 3,8 shows the 
three mass combinni ions ir\°, pir"5 ?'fid pir°, f o r the reaction 
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n+p -* pn 4 jr° at 5 GeV/c, i n each of the three Hectors of the 
Van-Hove pl o t R l f R2 and R3 of Pig. 3.4. These plots show 
the features described abovei 

( i ) A + + i s seen only i n the prr + sector (Rl) 
( i i ) p + i s seen only i n the ^ - i r 0 sector (1*2) 
( i i i ) A + i s seen only i n the pu 0 sector (R3), although 

there i s considerable "background present, 

5 • 4 The Plena Analysis or Prism Plot Techniques 
The problem of separating the various sub-channels from 

a given reaction channel has been examined by Dao et a l 
(Ref. 5,4) from the point of view of a complete parameterization 
of the events. I n t h i s way, by bringing together alJ of the 
information evnilaole on the .individual events, i t i s hoped 
that better separation w i l l be obtained than i s possible by 
using the part-parameterization i m p l i c i t i n the p l o t t i n g 
techniques previously described* 

The information necessary to define anevent completely 
i s the 4-vector (p,E) of each of the n f i n a l state p a r t i c l e s * 
Not only are these 4n quantities too manyto handle easily, 
but not a l l of them are independent. Since the masses of the 
outgoing p a r t i c l e s are known then the n energies are known 
from - / p -hm̂  , This imposes n constraints on the 
f i n a l state, and a f u r t h e r 4 constraints are supplied by the 
conservation of energy ( l ) and momentum ( 3 ) . Per experiments 
involving non-polarized beams and targets then production 
azimuthal isotropy leads to the independence of one further 
variable, the angle of r o t a t i o n about the i i v i d o n t bean 
d i r e c t i o n . This leaves, f o r an n-particle f i n a l scate, 
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3n-5 independent variables which completely specify the event* 
< These 3n-5 variables may be thought of as forming the axes of 
an H dimensional space i n which the events are d i s t r i b u t e d . 
The basis of the P]ess analysis i s that the d i s t r i b u t i o n of 
the events i n t h i s space i s not uniformi. Depending upon the 
production and decay mechanisms involved, groups or clusters 
of events may be found, th a t i s some regions of the (3n~5)~ 
dimensional space may be more heavily populated than others. 
3.4.1 Example of the Prism Plot Technique 

The reaction ir +p ->• pir+ir° at 3.9 Ge\f/c has been examined 
by Pless et a l (Ref, 3.5) from t h i s point of view. For the 
case of unpolarized beam and target this reaction i s character
ised by 4 independent variables. 

The Prism plot; technique uses the 4-dimensional space 
defined by T-j and T 2 (the k i n s t i c energies of two of the 
three secondaries i n the centre of mass system) and the two 
Van Hove pl o t variables w and r as described i n the previous 
section. The Prism p l o t i t s e l f i s a 3-dimensional plo t w i t h 
a Dalitz-Fabri t r i a n g l e as base and with w as the height, as 
shown i n Fig, 3.9. When the d i s t r i b u t i o n of the events i s 
examined i n the 4-dimensional space of the variables T^, T 2, 
w and r , and i s compared w i t h the d i s t r i b u t i o n expected from 
Monte-Carlo generated events corresponding to the various 
reaction sub-channels, i t becomes possible to tag an event 
that i t originated i n a p a r t i c u l a r one of the in t e r a c t i o n 
schemes. For the reaction T p -> p v ' V J the interaction schemes 
considered by Pless were 
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+ + 
IT P •> PP 

A TT° 

* A + i r 4 

->• ( p i r 0 ) i T + d i f f r a c t i o n dissociation 
-> Pir^'ir0 phase space 

When the PTT+, pir° and i r + i r 0 i n v a r i a n t mass d i s t r i b u t i o n s were 
subsequently examined, i t was found that A + + was seen only i n 
tagged A + + I T° events, P + only i n bagged pp + events, and A 4 

only i n tagged A + i r + events. Although i t i s not v i s i b l e i n 
Fig. 3.9» i t i s claimed that the group corresponding to A + 

production (lower tube i n the f i g u r e ) i s resolved into two 
tubes i n the f u l l 4-dimensions when the r a d i a l variable i s 
included. This method, which by construction i s model 
dependent, has apparently separated out the individual 
channels making up the ir +p -»• pir + Tr° reaction. In the events 
analysed by Pless the data were made up almost e n t i r e l y of 
A++ir°, A + i r + , pp + and d i f f r a c t i o n dissociation, the amount of 
phase space background required being approximately 2^. Shown 
i n Table 3.1 below i s a summary of the Pless results on the 
contributions from i n d i v i d u a l channels to the overall reaction. 

Table 3.1 Cross-sections f o r 3.9 CreV/c tr +p -> pir+ir° 
Fin a l State o(mb) $ of t o t a l 

~ + PP 
.++ 0 A ir 
A + + 

A IT 

lliase Space 

0.85+0,04 
0.42+.0.03 
0.23jp,04 
0.40+0.05 
C .04 i-G.02 

44 
22 
12 
20 
2 
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Shown i n Pig. 3.10 are Prism plots or the channel up-*- pir TT 

at 5 CeV/c, the same f i n a l state as the Pless data, where the 3 
tubes of the ^ ( t o p ) , p +(middle) and, A°(bottom) are clearly-
v i s i b l e from d i f f e r e n t angles of view of the prism. In none 
of these p l o t s , despite the r o t a t i o n , i s the A 0 tube resolved 
i n t o two separate tubes. 
3.4.2 Discussion of the Pless Technique 

Other experimental channels have been examined by the 
Prism p l o t technique. 

Evans et a l (Ref. 3.6) have examined the reaction 
n+p TT+PTT+Tf"" at 11.7 GeV/c where the f u l l 3H-5 dimensional 
space i s one of 7 variables. There the Prism pl o t selection 
method was tested by comparing the results with those from 
maximum li k e l i h o o d f i t s and by applying i t to a simulated 
experiment. The quasi two-body reactions were shown to be 
separated and t h e i r cross-sections corr e c t l y determined. The 
Prism p l o t method was shown to reproduce the d i f f e r e n t i a l 
d i s t r i b u t i o n s , at least of the more important sub-channels, 
without bias. 

Perrando et a l (Ref. 3.7) have presented an analysis of 
20,000 events corresponding t o the 4-body reaction T~p -* p i r + i r + i r ~ 
at 3.93 GeV/c, again r e q u i r i n g 7 variables to specify the 
reaction. I n t h i s analysis also, the Prism p l o t technique 
was found to be quite powerful i n separating the various sub
channels from the o v e r a l l f i n a l state. 

One c r i t i c i s m of the P'leso method i s that i s i s a model 
dependent technique. The basic forms of the sub-channels have 
to be known and such quantities as tho numbers expected i n 
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each channel and bhe angular d i s t r i b u t i o n s of the decaying 
resonances have to be used as input. Thus there appears to 
be a great danger th a t the information extracted regarding 
the f i n a l state configurations w i l l be l i t t l e more than that 
inputed to the Monte-Carlo calculation used to assign the 
weights to the various volumes of the W-dimensional space 
being considered. Despite this c r i t i c i s m , what i s w e l l 
founded i s that a more complete analysis of the data w i l l be 
made by using a l l of the 3n~5 variables simultaneously, 
rather than by using sub-sets of them i n the D o l i t z , Chew-
Low, and Van-Hove plots separately. 

3.5 Cluster Analysis 
Monto-Carlo simulations of an interaction, f o r example 

i r + p p i T + i r 0 , indicate that events cluster together according 
to the p a r t i c u l a r kinematic configuration of the events. That 
i s , A + + I T° events tend to group together i n certain regions of 
the 4-dimensional prism and pp + events group, with perhaps 
some overlap i n t o the A + + I I 0 region, i n others. I f the clusters 
are indeed w e l l defined then i t should be possible to locate 
them i n a standard s t a t i s t i c a l manner without having to invoke 

^ any pre-determined physical models. This has been attempted 
by the use of a modified version of the CLUSTALi s t a t i s t i c a l 
analysis package w r i t t e n by D. Wishart of St. Andrews University. 

O r i g i n a l l y , the programme was capable of analysing only 
1000 cases, w i t h up to 200 variables i n each case, but has been 
modified to be capable of handling a maximum of 10,000 cases 
with up to 20 variables i n each case. By considering that 3n-5 
variables are required to specify an event, t h i s mesas that 
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nuclear interactions up to a maximum of 8 f i n a l state 
p a r t i c l e s are able to "be examined, 
3.5.1 description of CLUSTAN 

The method involved i n clustering the data i s i t e r a t i v e 
relocation with beirarobic fusion. The s t a r t i n g point of 
the programme i s the c l a s s i f i c a t i o n of the population of N 
objects into K clusters. During one relocation scan, each 
object i s considered i n tarn and i t s s i m i l a r i t i e s with a l l 
K clusters are computed. I f the s i m i l a r i t y of an object X 
and i t s parent cluster P i s S(X,P) and the s i m i l a r i t y between 
Xand any other cluster Q i s S(X,Q), then i f S(X,Q) exceeds 
S(X,P) the programme moves X from cluster P t o cluster Q* The 
centro.ids of the clusters P and Q are re-computed to account 
fo r t h i s change and the next C3se i s then examined. The 
population i s repeatedly scanned u n t i l no objects are r e -
located during one f u l l scan, at which stage a l o c a l 
optimum f o r the K clusters i n terms of the s i m i l a r i t y 
c r i t e r i o n S has been obtained. Next, the s i m i l a r i t i e s 
between a l l pairs of clusters are computed and, i f desired 
by the user, those two clusters which are most similar are 
fused. The c l a s s i f i c a t i o n i s thereby reduced to (K-l) 
clusters and the relocation phase i s repeated u n t i l a l o c a l ' 
optimum for these (K~l) clusters i s found. The fusion stage 
i s then repeated to y i e l d (K T2) clusters and so on u n t i l 
the specified minimum number of terminal clusters has been 
reached, whence the l o c a l optimum f o r that number of clusters 
i s then found. Tn t h i s way a l o c a l optimum i s obtained f o r 
each step i n the process i f the number of i n i t i a l clusters 
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exceeds the number of f i n a l clusters required. For the 
case when the number of i n i t i a l and f i n a l clusters required 
are equal, the relocation phase only i s completed. 
3*5.2 Methods of use of CLUSTAN 

The programme may be used i n a variety of modes, there 
are choices of relocation alone, relocation and fusion, and 
there i s also a choice of many d i f f e r e n t s i m i l a r i t y c r i t e r i a . 
Basically, however, the programme i s used as follows. 

(a) The user must i n s t r u c t the programme with the 
number of f i n a l clusters i t must f i n d . This is a d i f 
f i c u l t decision, but i t does not matter i f t h i s number 
i s too large since t h i s w i l l only result i n some of the 
clusters dividing into smaller ones. One method of 
overcoming t h i s d i f f i c u l t y i s to i n s t r u c t the programme 
to f i n d f i r s t J y K clusters and then to combine the two 
most simila r and re-cluster to give K-l, and continue 
the relocation and fusion processes u n t i l only a few 
clusters are l e f t . The r e s u l t s at each step are 
available and an examination of these, to detect the 
stage ;iust before resolution i s l o s t , provides the 
lower l i m i t of the number of f i n a l clus ters that should 
be used. 
(b) The events must be assigned to an i n i t i a l c l a s s i 
f i c a t i o n array, that i s each event must i n i t i a l l y be 
associated w i t h a cluster number. I n practice t h i s i s 
done i n a s t r i c t numerical order. For example, i f 1000 
events are to be processed i n ono rim s t a r t i n g with 
7 i n i t i a l cluwtors then as the evpntr are read froM the 
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data nummary tape they are allocated i n order to the 
clusters 1 t o 7. Fence the i n i t i a l composition of 
cluster 1 consists of events 1, 8, 15 etc. As the 
events occur i n no p a r t i c u l a r order on the data summary 
tape then the i n i t i a l a l l o c a t i o n i s completely random. 
This i s obviously the worst s t a r t i n g point since the 
centroids of the 7 i n i t i a l clusters must he very similar, 
however the programme i s quite capable of recovering from 
t h i s . 

(c) I n practice, the number of i n i t i a l clusters i s 
selected as being equal t o the number of f i n a l clusters 
required. I t has been checked that i f , f o r example, 
the programme i s instructed to s t a r t with 15 i n i t i a l 
clusters and perform h e i r 8 r c h i c fusion with relocation 
u n t i l 3 remain then precisely the same events are 
associated with those 9 clusters as are associated i f 
only 9 clusters were chosen i n i t i a l l y . 
(d) After the i n i t i a l c l a s s i f i c a t i o n array has been 
assigned, the programme takes i n t u r n each event and 
constructs i t s s i m i l a r i t y with each cluster. The 
choices of s i m i l a r i t y c r i t e r i a which have been found to 
be the most satis f a c t o r y are: 
( i ) The n-diraensional distance, or i t s square, between 
the event and the cluster controids. I f the event i s 
nearer to one cluster centroid than that to which i t i s 
currently assigned, then i t i s transferred to the nearer 
cluster. 
( i i ) The current shape d i s t r i b u t i o n of the clusters i n 



the v i c i n i t y of the.event point i n used to assess the 
r e l a t i v e p r o b a b i l i t i e s of which cluster the event should, 
be assigned t o . 
(e) , A f a c i l i t y exists f o r demanding the minimum size of 
a group of events which are to be c l a s s i f i e d as a cluster. 
This i s useful since fluctuations may occur which throw 
up spurious clusters. In the event of an unacceptably 
small cluster occur! tig, the events i n that cluster are 
reassigned amongst the remaining clusters according 
to the s i m i l a r i t y c o - e f f i c i e n t being used. 
( f ) Because some events may exist which have a very poor 
s i m i l a r i t y with a l l of the clusters appearing i n one 
relocation cycle, i t i s possible to invoke a minimum 
s i m i l a r i t y c o - e f f i c i e n t f o r acceptance of any event int o 
a c l u s t e r . Events which then have a s i m i l a r i t y smaller 
than t h i s value are removed into a residue u n t i l the end 
of the current relocation cycle. 

I t must be emphasised t h a t the clustering technique i s 
independent of any physical model. In the use of the analysis 
programme the only features set externally are:-

( i ) The number of f i n a l clusters required. 
s 

( i i ) The i n i t i a l (random) allocation of events i n t o clusters. 
( i i i ) The minimum acceptable cluster size, i f required. 
( i v ) The threshold value f o r s i m i l a r i t y c o e f f i c i e n t s , i f 

required. 
5 * 6 Cluster Analysis of VkKRD Events 

In order to examine objectively under what circumstances, 
and with what ef f i c i e n c y , events corresponding to \erious sub» 

file:///erious
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channels of a given reaction may he separated, a control 
sample of Monte-Carlo generated events was set up. Knowing 
the exact designation of every event i n a sample, the results 
of the cluster analysis can he checked f o r v a l i d i t y and an 
accurate examination of the background l e v e l and the extent 
of ad-mixture i n each cluster can be made. 

Events corresponding to the channel w n -> pir v have 
been compiled using the Monte-Carlo generation routine FAKE, 
to simulate the signals and background by the sub-channels 

+ ^ o 
if n pp 

-> p f 0 

+ — 

•> PIT ir phase space 
For each event the four Pless variables T-̂ , T/j, w and r 

were calculated and the t o t a l sample of events was thon 
clustered i n the 4 dimensional space of these variables. The 
clusters were then examined as to what extent pp°, pf° or 
phase space events only were clustered together, or who the r 
there was a s i g n i f i c a n t amount of mixing of the separate 
channels int o the same cluster. Several groups of data 
were generated ranging from isotropy of production and decay 
d i s t r i b u t i o n s t o r e a l i s t i c t - d i s t r i b u t i o n s and decay angular 
d i s t r i b u t i o n s of the P° and f° mesons. 
5•7 Results of the FAKE Analysis 

The groups of data used i n the examination of the sep
aration e f f i c i e n c y of the clustering technique comprised: 

( i ) 2000p °, 2000pf°, 2000 phase space (* ) events. 
Both production and decay angular d i s t r i b u t i o n s were 
generated i s o t r o p i c a l l y . 
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( i i ) 2000pP°, 2000pf, 2000 <|> . Momentum transfer 
d i s t r i b u t i o n s were generated of the form ̂  aexp(~a|t|) 
with a=10 f o r the pp channel and a-8 for the pf channel 
to simulate t y p i c a l experimental d i s t r i b u t i o n s . The 
decay angular d i s t r i b u t i o n s were generated i s o t r o p i c a l l y . 
( i i i ) lowering the number of background A events to 1000, 
but angular d i s t r i b u t i o n s as i n ( i i ) above, 
( i v ) Removing background events completeJy and having 

o ° 
2000pp , 2000pf wi t h r e a l i s t i c t-and decay angular-

/ d i s t r i b u t i o n s . 
(v) The f i n a l group contained 2000pp°, lOOOpf0 and 
1000 cb , the pp° and pf° channels incorporated r e a l i s t i c 
production and decay d i s t r i b u t i o n s . 

Thus the effects of the t - d i s t r i b u t i o n may be studied by com
paring groups ( i ) , ( i i ) and ( v ) , the eff e c t of background by 
comparing ( i i ) w i t h ( i i i ) and ( i v ) ; the f i f t h group shows 
the e f f e c t of r e a l i s t i c generation of a l l d i s t r i b u t i o n s with 
r a t i o s of the numbers of events consistent with the 4 GeV/c 
experiment. 

Table 3.2 below summarizes the groups i n the analysis. Table 3.2 Groups used i n FAKE Analysis 

Group Number, .Number of Events 
PP° Pf° *s 

of t -
d i s t r i b u t i o n 

decay 
d i s t r i b u t i o n 

1 2000 2000 2000 ISOTROPIC ISOTROPIC 
2 2000 2000 2000 REALISTIC ISOTROPIC 
3 2000 2000 1000 REALISTIC ISOTROPIC 
4 2000 2000 - REALISTIC REALISTIC 
5 2000 1000 1000 tfSALISTIO REALISTIC 
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3.7.1 Group 1 I s o t r o p i c production and decay d i s t r i b u t i o n s 
MMn W W U M -T-nti — i i - inm intinmimmii iir i t " Ti u r n n i I»IIH m i i m w i n n II«HRII**M.nm'n l i * "> mi r- - a i r - . i rT n r -— -THI " i T — - — 

There was only some l i t t l e suggestion of the appropriate 
c l u s t e r i n g when t h i s c o n t r o l group was used. This i s only t o 
be expected, obviously, since the events generated only 
resemble t r u e resonant s i g n a l s i n that the d i p i o n mass d i s t r i 
b u tions show p° and f° peaks. The complete i s o t r o p y of decoy 
and production angles i m p l i e s very l i t t l e grouping of 
d i s t r i b u t i o n on the Van Hove £lot, and hence no grouping 
together of events i n the v a r i a b l e s r and w. 
3.7.2 Group ?. R e a l i s t i c t - d i s t r ^ ^ 

Table 3.3 below shows the manner i n which the events were 
d i s t r i b u t e d amongst the 6 c l u s t e r s which were extracted, and 
the composition of each c l u s t e r . For example i n table 3.3, 
c l u s t e r 1 consists of 3.5$P°, 44.5^ f° and 52.5#- background, 
and t h i s corresponds to 1.5#- of the t o t a l p° s i g n a l , 19.5$ 
of the t o t a l f° s i g n a l and 23.0^ of the t o t a l background of the 
complete sample. 

Table 3.3 Group 2 Cluster S t a t i s t i c s 

C l u ster 
Number 

p 0 f° • s Cluster Size 
H^~oT~ " 
To t a l 

C luster 
Number >o Of 

T o t a l 
6h of' 
Clus t e r 

7" of 
T o t a l 

J° o f 
Cluster T o t a l Cluster 

Cluster Size 
H^~oT~ " 
To t a l 

1 1.5 3.5 19.5 44.5 23.0 52.5 15 .5 

2 3.5 7.0 27.5 54.5 18 .5 38.5 15.0 . 

3 35.0 60 .0 5.5 9.5 18 .0 30.5 19.0 

4 15.5 29.0 30.5 57.0 7-5 14.0 18.0 

5 0.0 0.0 0.0 0.0 28 ,0 100.0 9.5 

6 45.0 67.0 17 .0 ' ?5 .5 5.0 7.5 23.0 
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I t i s apparent from these data t h a t the i n c l u s i o n of t ~ 
d i s t r i b u t i o n s has r e s u l t e d i n a tendency towards c o r r e c t 
c l a s s i f i c a t i o n of the events. Clusters number 3 and 6 
comprise 60$ and 70$ r e s p e c t i v e l y p °,cluster 5 i s made up 
completely of background events, and c l u s t e r s 2 and 4 contain 
55$ and 57$ pf° r e s p e c t i v e l y . However, there i s s t i l l some 
wrong c l a s s i f i c a t i o n of events, and the extent of ad-mixture 
between c l u s t e r s i s h i g h . 

3.7*3 Group 3 R e a l i s t i c t - , I s o t r o p i c D e c a y - d i s t r i b u t i o n : 
1000(|>c, IQOOpf 0, 2000pp° 

By s i m u l a t i n g i n more d e t a i l the numbers of events i n 
the three sub-channels, t h a t i s c o n s t r u c t i n g a s i t u a t i o n were 
s i m i l a r t o t h a t i n the 4 GeV/c i r + d + p„pir+ir~ experimental 
channel, a c l e a r e r separation of events was made. Table 3«4 
below shows the d i s t r i b u t i o n of events i n t o the c l u s t e r s f o r 
t h i s case, where 8 f i n a l c l u s t e r s were used. 

Table 3.4 Group 3 Clu s t e r s t a t i s t i c s 

Cluster 
Number 

P° f ° _ *s. _ _. Cluster Si?e 

T o t a l 
Cluster 
Number $ of 

T o t a l 
$ of 
Cluster 

$ of 
T o t a l 

$ of * 
Cluster 

$ of 
T o t a l 

$ of 
Cluster 

Cluster Si?e 

T o t a l 
1 31.0 81.5 2.0 2.5 12.0 16.0 19.0 
2 15.0 48.0 20 t0 32.5 12.0 19.5 18.5 
3 30.0 93.0 1.5 2.5 3.0 4.5 16.5 
4 0.0 0.0 0.0 0.0 22.0 300.0 5.5 
5 20.0 55.0 27.0 37.0 6.0 8.0 18.5 
6 1.5 7.0 28.0 65.0 12.0 28.0 11.0 

7 1.0 6.0 20.0 60.5 11.0 33.5 8.0 
8 0.0 0.0 0 0.0 21.0 100.0 5,0 



Clusters 4 and 8 c o n s i s t s o l e l y o f background events and 
together represent 43$ of the t o t a l "background events. 
Clusters 1 and 3 are dominated by the p p ° sub-channel, 
corresponding bo 60$ of t h i s process, and c l u s t e r s 6 and 7 
are dominated by the f° FAKE channel. 
3.7.4 Group 4 P„p̂ .,..and pf° events alone 

^ 2000 events of t h e type i r +n -> p p ° and 2000 events of 
ir +n pf° were analysed by the c l u s t e r i n g technique, searching 
f o r 4 f i n a l c l u s t e r s . No background was present ena the p ° and 
f° mesons were generated w i t h exponential momentum t r a n s f e r 
d i s t r i b u t i o n s of the form e x p ( - l O t ) and exp(-8t) respectively,,' 

o 2 
The P meson was given a decay angular d i s t r i b u t i o n 0.9 cos 8 
+ 0.1, and the f° roeson a d i s t r i b u t i o n of 0,8 cos^e * 0,1 

p 
cos e + 0.1 t o simulate the 4 GeV/c experimental channel 
ir +d p̂ jPn"1*̂ ''". I t was found t h a t 97$ of the events were 
c o r r e c t l y c l u s t e r e d , t h e remaining 3$ being .incorrectly 
assigned, i n d i c a t i n g t h a t the e f f e c t s of background ore s t i l l 
present i n the a n a l y s i s of Group 3 (Section 3.7 . 3 ) . 

3.7.5 Group 5 F u l l Generation 
The events generated were as shown i n Table 3.5 below, 

to simulate the experimental s i t u a t i o n found i n the 4 GeV/n 
ir d experimental channel IT d p p-rr TT . 

Table 3.5 D e s c r i p t i o n of Events Generated as Group 5 

Channel 
Generated 

Number 
Generated 

t ~ d i s t r i b u t i o n 
dN 

— . . . — J 

Decay d i s t r i b u t i o n 
dN s 

Cl COS8 
+ 0 rr n •> pp 2000 e x p ( - l O t ) 0,9 cos ?e + 0,1 
/ n ->pf° 1000 exp(-Ht) 0 r0 OOS 49 4- 0.1 

cos^e + 0,1 
+ + -• 

IT n + Pn Tf 
1000 i s o t r o p i c produc

t i o n a ngle 
I s o t r o p i c decav i n 
Hel.lcity frame 



The c l u s t e r a n a l y s i s was performed w i t h 8 i n i t i a l c l u s t e r s and 
8 f i n a l c l u s t e r s . As a check 10 i n i t i a l c l u s t e r s were formed 
and reduced by f u s i o n to 8 f i n a l c l u s t e r s , and p r e c i s e l y the 
same events were found to occupy the 8 f i n a l c l u s t e r s i n each 
case. The separation of events i n t o the three sub-channels 
was "better than had "been achieved before, and the r e s u l t s are 
summarized i n Tahle 3.6 "below* 

Table 3.6 Group 5 £ l u s t e j r . J f t s . V c f f . 

I " Inn T Q > I 
P° f° <t>s Cluster Size 

wxusiier 
Uumber 7° of 

T o t a l 
%• of 
Cluster 

i of 
T o t a l 

i of 
Cluster 

i° of 
Total 

i> of 
Cluster 

i of 
T o t a l 

1 0.4 3.8 2.0 9.5 18.2 86.7 5.3 
2 0.0 0.0 0.0 0.0 17.2 100.0 4.3 

3 3.1 10.3 44.4 74.2 9.3 15.5 15.0 

4 0.0 0.0 0.0 0.0 21.4 100.0 5.4 

5 45.6 94.3 2,6 2.7 2.9 3,0 24.2 

6 3.9 13.7 44.6 77.5 5.1 8.8 14.4 

7 0.5 5.4 4.7 24.7 13.2 70.0 4.7 
8 46.5 86.6 1.6 1.5 12.7 11.8 26.8 

Analysis of these data shows t h a t 92$ of all pp events, 89$ 
of a l l pf° and 70$ of a l l phase space background events are 
c o r r e c t l y assigned t o separate c l u s t e r s , which would "be tagged 
as corresponding to these processes, 

5• 0 Discussion of Clustan a n a l y s i s of^jMffi^ovents 
The separation i n t o eiVb-obaimels of a given r e a c t i o n 

channel i s possible t o a high dearie of accuracy provided 
t h a t c e r t a i n cor.ditions a r r f u l f i l l e d , Thp "AXE unaly&is 
using the c l u s t e r i n g technique :shows t h a i these couoitions 
are u s u a l l y inherent i n most phypJc^L •processes. Thc?^ 
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co n d i t i o n s ares 
i ) Resonances must be produced w i t h sharp ^ - d i s t r i b u t i o n s , 
i i ) The background present must not be so large as to 
conceal any s i g n a l present, t h a t i s the s i g n a l to back
ground r a t i o i n the r e a c t i o n must be b e t t e r than 1:1, 
i i i ) To a l e s s e r e x t e n t , separation becomes more acute 
i f the decaying resonances have a non-isotropic angular 
d i s t r i b u t i o n . 

Examining these c o n d i t i o n s w i t h respect t o the p o s i t i o n t h a t 
events would occupy on the Van-Hove p l o t i t i s apparent t h a t 
the sharp t - d i s t r i b u t i o n s would f o r c e the resonances i n t o w e l l 
defined p o s i t i o n s . This i m p l i e s t h a t the r a d i a l parameter r 
then becomes a s e n s i t i v e vairiable when separation of two 
resonances i n the ;iame Van Hove sector i s r e q u i r e d , as was the 
case w i t h the pp° and pf° events examined. Thus i t i.s con-' 
eluded t h a t , so long as the number of background events i s not 
too h i g h , the most s i g n i f i c a n t feature necessary f o r s a t i s 
f a c t o r y separation to be p o s s i b l e i s t h a t the resonances 
should be p e r i p h e r a l l y produced, t h e r e f o r e ensuring t h a t the 
t - d i s t r i b u t i o n s ere sharp. 

3c9 Conclusi ons 

The a n a l y s i s of an n-body f i n a l s t a t e , by using a c l u s t e r 
searching technique i n the ( 3 n ~ 5 ) - v a r i a b l e space required to 
s p e c i f y completely the events, has been shown to be h i g h l y 
e f f i c i e n t i n separating the various sub-channels c o n t r i b u t i n g 
to t h e o v e r a l l f i n a l s t a t e o f FAKED events n +n pir +ir"". The 
technique, u s e f u l mainly when sharp t ~ d i s t r i b u i i o n s are 
present i n the data, brings Together fij.3. of the necessary 
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i n f o r m a t i o n i n t o one an a l y s i s instead o f making analyses 
using subsets o f t h i s i n f o r m a t i o n , such as i s done i n a Van 
Hove, D a l i t a or Chew-Low p l o t analyses i n d i v i d u a l l y . 
Compared w i t h t h e Prism p l o t a n a l y s i s , the advantage of t h i s 
technique i s t h a t i t searches f o r c l u s t e r s of dat3 p o i n t s i n 
a way t h a t i s independent of any ph y s i c a l model. 
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Chapter 4 The Reaction u* <3 ->• .p pir ir". 

4 • 1 I n t r o d u c t i o n 
The m a j o r i t y of the events corresponding t o tho 

i n e l a s t i c charge exchange process TT d -» P BPTT ir occur 
as e i t h e r 3~ or 4-pronged events i n the "babble chamber* 
A s m a l l f r a c t i o n of these events, estimated from FAKE 
c a l c u l a t i o n s t o be less than 3$> would appear as 2-pronged 
events where both protons have momenta too small t o be 
seen i n the chamber, and would th e r e f o r e be r e j e c t e d by 
the o v e r a l l scanning c r i t e r i a of the experiment. The 
events seen as 3 - or 4-pronged i n t e r a c t i o n s occur i n the 
r a t i o o f 2 . 2 to 1„ This i s expected from the Hultben 
momentum d i s t r i b u t i o n when a proton w i t h momentum of 
95 lVIev/c i s j u s t seen i n t h e bubble chamber. A p l o t of 
the s p e c t a t o r momentum d i s t r i b u t i o n i s shown as the h i s t o 
gram i n F i g . 4 . 1 where the s o l i d curve, which assumes the 
inpulse approximation, represents the I l u l t b e n momentum 
d i s t r i b u t i o n normalised to the number of spectator protons 
w i t h momentum of less than 300 MeV/c; i t i s seen to agree 
w e l l w i t h the experimental s i t u a t i o n . For the Hulthen 
wave f u n c t i o n (see Appendix T3) i t was assumed t h a t the 
deuteron p o t e n t i a l w e l l has a hard core of radius 0 . 8 

Fermi and an extended p o t e n t i a l up to 4 . 5 Fermi. These 
values agree very w e l l w i t h the values observed by C h r i s t i a n 
and Gamel (Ref. 4.J) i n an e l e c t r o n s c a t t e r i n g experiment 
where the two e f f e c t i v e ranges a and P ( a , B=V*" 0) were 
given as 1 , 2 6 8 and 0 , 2 3 , ' b'ermi respect:ively. I t i s 
"therefore assumed t h a t the impulse approximation i s a good 
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d e s c r i p t i o n o f t h i s channel and t h a t the r e a c t i o n may be 
w r i t t e n as 

This channel may be described, i n teems of Feynman 
diagrams f o r meson exchange by the two processes shown i n 
Figs, 4.2(a) and 4.2(b), I n the f i r s t of these two diagrams 
the p o s s i b l e exchange p a r t i c l e s are those wit h the quantum 
numbers of the IT-meson and the A2-meson. The second diagram 
corresponds t o exchange of the quantum numbers of the vacuum 
(the pomeron) or the f°tneson, and i s equivalent to the process 
of d i f f r a c t i o n d i s s o c i a t i o n of the neutron i n t o a proton and 
negative p i o n . For i n t e r a c t i o n s which do not involve the 
exchange of a baryon these are the dominant processes which 
s a t i s f y the conservation of quantum numbers, and thus t h i s 
channel i s expected t o be dominated by production of d i p i o n 
resonances and the d i f f r a c t i v e process described above. 

I n t h i s chapter the three p a r t i c l e combinations ir +TT~", 

ir p and IT p w i l l be i n v e s t i g a t e d w i t h respect t o resonance 
fo r m a t i o n and these w i l l then be examined from the p o i n t of 
view of c l u s t e r searching. The whole analysis i s preceeded 
by a general examination of the data and a d e s c r i p t i o n of the 
event s e l e c t i o n c r i t e r i a f o r t h i s channel. The analysis 
presented i s l a r g e l y concerned w i t h those processes where 
the mesonic systems are produced i n the forward hemisphere 
of the centre of mass reference' frame, but where backward 
produced meson systems occur i n the data t h i s w i l l be pointed 
out . 

IT n 
( p j s 

IT + TT 



F i g . 4.2 
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P 

a) 

if' 

,1 exchange 

P 
b) 

Feynman diagrams f o r the r e a c t i o n ir +n -+pir+i»~. 

I n diagram (b) the exchanges shown lead to an 1=4 (N*) state, 

for the if p system. p° exchangev which would lead to an 

1=2 (A) state^ contributes to <3% of the channe]. 
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4 * ̂  "Event S e l e c t i o n 
The events presented were obtained i n a sample of 400K 

p i c t u r e s taken i n an exposure of the CERN 2m bubble chamber 
f i l l e d w i t h deuterium and exposed t o a 4 GeV/c i r + beam. A 
t o t a l of 18661 events g i v i n g a f i t to the r e a c t i o n 

Tf d -> P„P IT TT 
S 

was obtained. The number of f i t s were reduced to 15485 
events a f t e r the s e l e c t i o n c r i t e r i a described below were 
a p p l i e d . 

( i ) J t L j a r o b a b j J ^ 
2 

The x p r o b a b i l i t y d i s t r i b u t i o n f o r a l l , both 3~ and 
4--pronged, events f i t t i n g t h i s 4~C channel i s shown i n 
F i g . 4.3(a) and the corresponding d i s t r i b u t i o n of x ? i n 
F i g . 4.3(b). The p r o b a b i l i t y d i s t r i b u t i o n of Fig* 4.3(a) 
i s expected t o be f l a t , that i s i t i s equally probable t h a t 

2 
a t r u e f i t t o the channel w i l l give any x p r o b a b i l i t y . 
However, experimentally i t i s found t h a t there i s a large 
peak f o r p r o b a b i l i t i e s less than ^0.5$. This e f f e c t i s 
probably due t o the contamination of the 4-C ^"d P-.Pi/'V" 

s 
2 

channel by other r e a c t i o n channels and hence events w i t h x 
p r o b a b i l i t y less than 0.5$ were excluded from the a n a l y s i s . 
I n a l l 937 events f a i l e d t h i s t e s t . 

( i i ) Spectator momentum 
Despite the f a c t t h a t the Hulthen momentum d i s t r i b u t i o n 

describes w e l l the experiment?! spectator momentum d i s t r i b u 
t i o n below 300 MeV/c, there i s - a n excess of measured spectator 
protons w i t h momenta above t h i s value. These high values of 
momentum are assumed to be the r e s u l t of secondary i n t e r a c t i o n s 
of t he s p e c t a t o r nueleon and since t h i s type of interact"'on i s 
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i n disagi-eeraent w i t h the general f o r m u l a t i o n of the impulse 
approximation, a l l events w i t h a spectator proton momentum 
greater-than 300 MeV/c have been excluded,! This leads to a 
los s o f Vfo of true s p e c t a t o r proton events which are i n d i s t 
inguishable from the spurious high momentum spectator events. 

( i i i ) Missing frass Squared 
The missing mass squared (jKM ) was confined to the l i m i t s 

-0.03 SMM2 S0.008 (GeV/c 2) . P i g . 4.4 shows a frequency h i s t o 
gram of the missing mass squared a f t e r the f u l l s e l e c t i o n 
c r i t e r i a were a p p l i e d . The aim of t h i s s e l e c t i o n i s to ensure 
t h a t there i s l i t t l e chance of a n e u t r a l p a r t i c l e being present 
i n t h e event, and hence t h a t the f i t i s most probably a good 
4~conctrair.it f i t . The d i s t r i b u t i o n of Pig. 4.4 shows the 

p 

expected asymmetry of the MM t o a 4-C channel. 
( i v ) Beam momentum 
Prom the c h a r a c t e r i s t i c s of the beam tr a n s p o r t system 

a t exposure time, the beam momentum should l i e w i t h i n a narrow 
band. Because of t h i s the momentum of the i n c i d e n t p ion has 
to l i e between 3.96 and 4.04 GeV/c. 

(v) Summary 
I n summary, the s e l e c t i o n c r i t e r i a devised i n order to 

e x t r a c t the good events from the i n i t i a l sample of events 
f i t t i n g the channel i r +d p_pt + i r"" were: 

p 
(a) x p r o b a b i l i t y > 0.5^ (b) r ( p B ) $ 300 MeV/c 
(c) -0.03 * MM2 $0,008 (GeV 
(d) 3.96 sP(beam)s A ,0a Ge V/c 

2 

http://4~conctrair.it
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4*3 F i n a l Sample of Events 
I n imposing a set of s e l e c t i o n c r i t e r i a such as those 

described above, -che aim i s to obtain a c o l l e c t i o n of events 
which i s considered to be an uncontaminated sample of the 
chosen events. I f any meaningful analysis i s to be performed 
then any biases i n the data must be removed. Moreover, i t i s 
important t h a t the s e l e c t i o n c r i t e r i a applied to the data do 
not themselves introduce biases or, i f they do, t h a t the 
biases introduced by the s e l e c t i o n s are w e l l understood and 
account can be taken of them during analysis. I t has been 
shown t h a t the s e l e c t i o n c r i t e r i a described above d i d not 
introduce biases i n t o the f i n a l sample of events used f o r 
analysis« 

Table 4.1 shows the t o t a l number of events f i t t i n g the 
4-C Tî 'd -> p PTT"'IT"" channel together with the number ambiguous 
w i t h each of a set of other hypotheses both before and a f t e r 
the s e l e c t i o n c r i t e r i a were a p p l i e d . There i re only two 
classes o f ambiguity which are also 4-C f i t s : 

(a) / d •> ppK +K" 
and (b) i r +d d i r + ir+ -IT"' 

and of these the ambiguity w i t h the coherent channel (b) i s a 
n e g l i g i b l e number. Those p p i T + T r ~ * events ambiguous w i t h channel 
(a) have been examined and when the (T T + I T ~ ) mass i s p l o t t e d , 
strong p° and f° sign a l s are seen t o be present i n the data 
implying t h a t the events are r e a l l y of the channel i r +d -> p _ p r r \ " " . 

Also, when the K^K" mass i s examined i n the f i t to sub-set 
( a ) , there i s no evidence f o r kno^n resonance peaks i n the 
data. 
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Table 4„1 I n i t i a l Events and Ambiguities of the Channel 

Ambigui t y 
Hypothesis 
Number 

Reaction 4C/1C 
Mum' 

Before 
Cuts 

ser 
A f t e r 
Cuts 

. . „ . — . „ . . , , « . . . . „ — — ^ 

Comments 

- - 4C 6538 5641 Unambiguous 

400011 IT d->p„p ir ir s 4C 1668 1367 Self-ambiguous 
400021 IT d-̂ PgP IT IT 1C 3699 2569 10 ir° f i t 

40003"! ir d->-pir IT TT n 10 1010 782 1C neutron f i t 
400041 IT ' d-KlTT IT IT 4C 120 100 coherent channel 
400051 + , -, + + - 0 

ir a-Kl u if u n 1C 2462 2149 1C coherent-
400061 ir +d+p D K + K ~ 4C 3386 2857 main 4-C 

ambiguity 
400102 •fr+cl-»PspK'!"K~Ti0 10 1 0 
4O0112 10 1 0 
400122 ir +d-»p p l T n ' V 10 I 0 
400192 TT d+pppir n 1C 1 0 
400222 ivfd.->dp T r + i r~n 1C 33 26 
410421 ir +d->p ap T T + K ° F " 1C 1 0 



Since i t i s f a r easier f o r a 4-C event to simulate a 
1-C event than i t i s f o r the reverse to be t r u e , the ambiguous 
f i t s t o t h e 1-C r e a c t i o n s are thought to'he l a r g e l y spurious. 

The only other class of ambiguities which present any 
problem i n bhe analysis are those where the event i s s e l f -
ambiguous, t h a t i s an event which gives two successful 4-C 
f i t s but w i t h two of the p a r t i c l e i d e n t i t i e s interchanged* 
These events occur as 

P a r t i c l e 
1 2 3 4 5 

P i t 1 ir +d -»• p g p TT+ I T " 

P i t 2 ?r+d p„ i r + p -n~ 
B 

where the f a s t outgoing p o s i t i v e t r a c k i s ir /p ambiguous 
a f t e r i o n i z a t i o n t e s t i n g has occurred. This class of events 
c o n t r i b u t e s to the f i n a l sample and i n the analysis each 
f i t has been used, provided they pass the s e l e c t i o n c r i t e r i a , 
as i f they were d i f f e r e n t events. This s l i g h t l y , a r t i f i c i a l l y , 
enhances the s t a t i s t i c s i n the channel but the e f f e c t only 
c o n t r i b u t e s background to the channel since i f , say, PIT 1 

were c o r r e c t and the ( i r + f r ~ ) • combination were i n the P° meson, 
then when the (ir +iT~) i n v a r i a n t mass i s p l o t t e d f o r the 
channel, PIT 2 would c o n t r i b u t e a spurious ir^n"" mass to the 
p l o t . 

4•4 General Q u a l i t y of the Data 
The normalised s t r e t c h f u n c t i o n -for any of the three 

f i t t e d v a r i a b l e s , Vp» tan X and <|> , of a t r a c k i s defined as: 
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s ( x ) - p ?\ 0 1 

where f r e f e r s t o the f i t t e d value of the v a r i a b l e , u t o the 
u n f i t t e d value and a to the e r r o r on these q u a n t : t i e s . This 
f u n c t i o n has the p r o p e r t y of being normally d i s t r i b u t e d w i t h 
a mean of zero and u n i t variance, and any v a r i a t i o n from t h i s 
w i l l be the r e s u l t of systematic e r r o r s i n the f i t t i n g chain* 
Therefore, the s t r e t c h f u n c t i o n s are a t e s t of the goodness 
of the data from the p o i n t of view of tuning of the analysis 
system. Shown i n F i g . 4 .5 (a) (b) and (c) are the d i s t r i b u 
t i o n s f o r S ( V p ) , S(tanx) and S(<j>) r e s p e c t i v e l y , and ao can 
be seen from these diagrams the data appear f r e e from any 
systematic biases, 

4 • 5 ChonneT^rogs^a e c t i on 
The orot t>-section for the 4 -C r e a c t i o n n d -> p_,Pir IT 

has been determined using the f i n a l number of f i t s obtained 
to t h i s hypothe&is as 

o ( i +a •*• pj?ir +ir*") = 2.10 + 0.17 mb 
I n t h i s an allowance of bi° contamination of the pion beam 
has been made, and only one of any self-ambiguous f i t s 
obtained has been counted. 

* 

4.6 I n v a r i a n t Mass and Angular D i s t r i b u t i o n s 

The general features of the data f o r r e a c t i o n A are 
shown i n the Prism p l o t of T i g . 4 .6 i n which the mass combi-
nations M"( ir ir ~ ) a n d ! (pir~) are p l o t t e d p a r a l l e l t o the 
h o r i z o n t a l axes and the Van Hove angle a i n p l o t t e d p a r a l l e l 
to the v e r t i c a l a x i s . Events i n wv>ich the {TI"V") sycteni i s 
produced moving i n the forward J i r e c t i on i n the centre of 
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mass reference frame l i e i n the upper h a l f of t h i s p l o t * 
Those events where the r e c o i l i n g proton i s moving forwards, 
and hence the (71 ir ) system i s moving backwaa-'ds, i n the 
centre of mast?5appear i n the lower h a l f of the p l o t * 

An examination of the d i s t r i b u t i o n of data p o i n t s i n 
t h i s p l o t r e v e a l s , i n the upper h a l f , strong bands duo +0 
forward production of the p° and f° mesons. The bands have; 
the c h a r a c t e r i s t i c appearance of a decay,angular d i s t r i b u t i o n 
peaked s t r o n g l y forwards and backwards i n the resonance 
centre of mass system. I n the lower h a l f of the Prism p l o t 
there i s evidence f o r some backward production of these same 
s t a t e s . There i s a l s o , r e t u r n i n g t o the upper h a l f of the 
p l o t , an accumulation o f data a t high U U n ) but w i t h low 
o 

WTivn") which coul .1 be i n t e r p r e t e d e i t h e r as the production 
of the g°(l63f>) .itoon or the production of a low mass to* i n 
tho ( p i T ) system, an observation which w i l l be returned to 

Pig. 4.7 shows the D a l i t z p l o t of M 2( T V + I T ) against 
2 — -

M (piT) vvhicb i s obtained by p r o j e c t i n g the Prism p l o t of 
F i g . 4 . 6 onto i t s h o r i z o n t a l plane. Here the very strong 
bands corresponding to the p° and f° mesons are c l e a r l y 
v i s i b l e . The s o l i d o u t l i n e i n the p l o t of Pig. 4 .7 

corresponds to the kinematic l i m i t of the Da l i t s i p l o t f o r 
a constant u +n centre of mass energy of 2.9 GeV, which i s 
equivalent to a s t a t i o n a r y t a r g e t neutron i n the l a b o r a t o r y 
reference frame. Points f a l l i n g outside t h i P area are 
events i n which the i n i t i a l Pcrr/ii motion of the target 
neutron w&s towards the i n c i d e n t pio* 1 beam, ibui> increasing 
tho centre of mass energy Lo a value above t h a t of 2.9 GoV 
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f o r the case of a st a b l e neutron t a r g e t . The D a l i t z p l o t 
i s t h e r e f o r e a sup e r p o s i t i o n of many s t a t i c casesj the 10^ 
centre of mass energy v a r i a t i o n .leading to the s i t u a t i o n 
where no p o i n t i n the D a l i t z point i s unicuely a t t r i b u t a b l e 
to a p a r t i c u l a r centre of mass energy, t h a t i s a range of 
i n i t i a l neutron momenta could account f o r any p o i n t on the 
D a l i t z p l o t except those a t the extreme edges. 
4.6.1 D i p i on.System 

A frequency histogram of the i n v a r i a n t mass of the 
dip'ion system i s shown i n F i g . 4.8. I t i s c l e a r from t h i s 
d i s t r i b u t i o n t h a t there i s a la r g e amount of P° and f° 
pr o d u c t i o n , which i s expected from the arguments based upon 
the p o s s i b l e exchange particles„ as i n the Feynman diagrams, 
c o n t r i b u t i n g io t h i s channel. 

From t h i s sample of events there are 5279 events corres
ponding to the r e a c t i o n : 

+ o TT n -> pp 
using the mass i n t e r v a l f o r the p° meson 

0.68 « l l ( i i + 0 < 0.88 GeV/c2 

and 2385 events corresponding to the reaction? 
ir +n + P f 0 

using the mar.s i n t e r v a l f o r the f° meson 
1.20$ M ( T T + 0 $ 1.34 GeV/c2 

and these regions are used i n the p l o t s which f o l l o w to 
d e f i n e the samples of data corresponding to p° and f° produc
t i o n , 'fhe two samples together account for approximately 
50c/> of the t o t a l data. 

I n F i g . 4.9(a) i s shown the deoay angular d i s t r i b u t i o n ^ 
i n the h e J i c i t y frame.of t h e outgoing n m^pon from the d j ^ i o 
* S-channel LolloiLy frame, see pase G8. 
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system i n the P° mass r e g i o n defined above* The d i s t r i b u 
t i o n i s c o n s i s t e n t w i t h a p a r t i c l e of s p i n - p a r i t y J 1' = 1"*, 
being produced by pion exchange, with an i n t e r f e r i n g s-wave 
component causing the asymmetry i n the d i s t r i b u t i o n biased 
towards the forward d i r e c t i o n of the i r + meson i n the decay 
p° •* Tr +Tr"" l > This e f f e c t w j l l be d e a l t w i t h i n the next 
chapter. 

The d i s t r i b u t i o n of the r e l a t i v i s t ! c a l l y i n v a r i a n t 
square o f the 4-momentum. t r a n s f e r , t , from the beam p a r t i c l e 
t o the U ir ) system i s shown i n Pig. 4.9(b). The slope of 
t h i s d i s t i - i b u t i o n has been f i t t e d w i t h an exponential para-
rasterisation of the form 

a exp(-b|t|) " 4.2 
f o r values of |t | <0.3 (GeV/c) 2. The c o - e f f i c i e n t b i n the 
above exponential was found t o be b=9.8 + 0,3 (GeV/c)" 2, 
This number i s c o n s i s t e n t w i t h the value found i n other 
experiments where the p° meson i s formed by pion exchange. 
Also i n P i g , 4.9(b) there appears a d i p at the lowest value 
of | t | which i s an e f f e c t o f t e n a t t r i b u t e d t o the f a c t t h a t 
there e x i s t s a minimum k i n e t i c a l l y allowed value of t ( t . ) 

" mm 
f o r any given r e a c t i o n c o n f i g u r a t i o n (see Appendix A). 
However, i t i s w i t h i n t h i s s mall range of t t h a t the e f f e c t s 
noted i n Chapter 1, i . e . scanning losses and the P a u l i exclu
s i o n p r i n c i p l e , are expected t o be manifest. Examining t h i s 
p o i n t f u r t h e r , Pig. 4.9(c) shows a frequency histogram f o r 
the v a r i a b l e t 1 , defined as 

t ' •= t - t . 
mm 

and i n t h i s d i s t r i b u t i o n there i s s t i l l a clear d i p a t low 
values of J t ' | , This dip i s consistent w i i o the loss of 
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events p r e d i c t e d from the c a l c u l a t i o n of the 100$ spin f l i p 
d i f f e r e n t i a l c r o ss-section i n Chapter 1, the spin f l i p 
c r oss-section being expected t o dominate f o r the case of 
p i o n exchange. 

Shown i n F i g . 4.10(a) i s the angular d i s t r i b u t i o n of 
the outgoing * + i n the h e l i c i t y reference frame f o r those 
d i p i o n mass combinations which f a l l i n the f° region defined 
above as 1.20 to 1.34 GeV/c2. An analysis of the f° decay 
d i s t r i b u t i o n and i t s p r o d u c t i o n mechanism i n terms of the 
s p i n density m a t r i x elements i s presented i n the next 
chapter of t h i s t h e s i s . I t i s s u f f i c i e n t f o r the moment 
to remark t h a t a J - 2 s p i n assignment of the (ir+7r~) system 
i n t h e f° r e g i o n i s only possible i f there are i n t e r f e r i n g 
S- and -V- wave components present i n the region, since the 
decay angular d i s t r i b u t i o n does not show the expected 
c e n t r a l peak and i s asymmetrically biased towards the 
forward TT decay d i r e c t i o n . 

I n F i g . 4.10(b) the d i s t r i b u t i o n of t from the beam to 
the ir +Tr~ system f o r the f° r e g i o n i s shown. This d i s t r i b u 
t i o n has also been f i t t e d w i t h an exponential parameterisa-
t i o n o f the form o f Equation ( 4 . 2 ) . I n t h i s case the value 
of the slope parameter b was found to be 

b = (8.1 + 0.4) (Gev/c)~ 2 

f o r the | t | i n t e r v a l 

0.07 i |t | *0.4 (GeV/c) 2 

The value of b i s again c o n s i s t e n t w i t h the values found by 
other workers f o r the production of the i° meson by pion 
exchange. As i n the case of the p° meson, the t d i s t r i b u t i o n 
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f o r 'those ( w" TT) combinations i n the f° region shows a dip 
f o r values o f | t | <0.07 (Gey/c) 2. F i g . 4.10(c) shows the 
d i s t r i b u t i o n of t ' , as defined above, from the beam t o the 
{•n it ) system. The loss of events at small values of | t ' | 
i s again c l e a r l y v i s i b l e and also explicable i n terms of 
scanning losses and the P a u l i exclusion p r i n c i p l e as i n 
the case of the p° meson, 

I n conclusion, t h e r e f o r e , the ( ir + ir~) system i n the 
channel IT d -*• p^pir if has been shown to be consistent w i t h 
^lO'/o production of the p° and f° mesons, and approximately 
50£ of the channel i s a v a i l a b l e f o r analysis w i t h P 0 and- £ 0 

mass region d e f i n i t i o n s of 0 .68 s M(ir +ir~, ff) z 0 .88 and 1.20 a 

M U + i T , / ) z 1,54 GeV/c2. Taking i n t o account the f u l l B r e i t -
Wigner shapes f o r the P° and f° meson, the p a r t i a l cross-
spctions f o r the production of these two resonances are 

» +d + P SPP° : °»90 + 0.10 mb 
i r +d p apf° s 0 .48 + 0.05 mb 

and both o f these channels are, a t small values of momentum 
t r a n s f e r , consistent w i t h resonance production by the exchange 
o f a TT meson, 
4 . 6 , 2 Baryon Systems 

For processes which do not involve the exchange of a 
baryon, the process of d i f f r a c t i o n d i s s o c i a t i o n of the neutron 
t a r g e t n+p+iT o f Pig. 4 . 2(b) i s the only process which c o n t r i 
butes t o the production of a (pit) system. That i s to say, 
no pro d u c t i o n of A ' lfo expected, except by baryon exchange, 
since t h i s would involve the exchange of an exotic doubly 
charged meson. 
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The i n v a r i a n t mass d i s t r i b u t i o n o f the (pir**) system 
i s shown i n Pig. 4.11(a) and t h a t of the (pir*) system i s 
shown i n F i g . 4.11(b), There i s no evidence i n e i t h e r of 
these d i s t r i b u t i o n s f o r any resonance peaks. Indeed, the 
broad enhancements a t low and high (p-n+) and (pn"') masses 
are due t o r e f l e c t i o n s of the p° and f° signals from the 
( i r + T r ~ ) d i s t r i b u t i o n i n t o the pir combinations. As evidence 
f o r t h i s , Figs. 4.12(a), ( b ) , ( c ) and (d) show the r e f l e c 
t i o n s of the p° and f u mesons re s p e c t i v e l y i n t o the p / 

and p i f inass d i s t r i b u t i o n s , from which i t i s c l e a r t h a t 
l i t t l e t r u e resonant s i g n a l i s present i n the baryon d i s t 
r i b u t i o n s . The lack of apparent resonant s i g n a l i n the pir 

systems tends to imply t h a t the mass cuts u-sed to define 
the p and f regions arc- too narrow since only 50> of the 
e n t i r e channel, i s usod. I!o-,\over, widening -the tolerances 
f o i acceptance of the (ir"\r"~) system i n t o e i t h e r p° or f° 
serves only to d e t r a c t from the accuracy of the analysis 
performed because the s i g n a l to background r a t i o i n the 
sample i s decreased. 

4•7 01 u s t e r Analysis 
I n the previous chapter of t h i s thesis (Analysis 

Techniques and C l u s t e r i n g ) the c l u s t e r analysis technique 
was described and the use of the analysis programme CLUSTAN 
introduced. There the .results w^re given to demonstrate 
the degree of success that the r n p l y s i r technique had i n 
i s o l a t i n g from the channel T V I J J - 1 the >AKE subohaansls; 
pp°, pf° and pir +rr~ phase space background, frovideo t h a t 
the t - d i s t r i b u t i o n s associated v.lib the p° and f° mesons 
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were s u f f i c i e n t l y sharp then 90?< of the pp°, 90$ of the pf° 
and 70$ o f the "background events were c o r r e c t l y assigned. 

I n t h i s s e c t i o n the same analysis i s applied t o the 
r e a l data of. about 16K events of the Ti+nr*p n + i r ~ channel a t 
4 GeV/c. An a n a l y s i s of the d i p i o n systera of these events 
has "been presented i n the e a r l i e r sections of t h i s chapter 
invvhich the p° and £° meaons have "been selected "by mass cuts* 
By the CLUSTAK method of s e l e c t i o n i t i s shown that the number 
of fi° and f° events a v a i l a b l e f o r analysis i s approximately 
doubled* 

Before de s c r i b i n g the r e s u l t s of the CLliSTAP analysis 
i t i s worthwhile summarising the d i p i o n r e s u l t s so f a r . The • 
i n v a r i a n t nass d i s t r i b u t i o n s f o r the p a r t i c l e corabr-jations 
ii ir f pir and pir litive been shown already i n "Figs, a.b, 
4 e l l ( a ) and 4«il(b) ivcpeotiv«ly. i n Pig. 4*8 i t was seen 
t h a t there i s s t r o i ^ / production of the p° and f° mesons w i t h 
perhaps somr g° production a t MU'V"") ̂  l t 6 GeV/c?. In 

P i g . 4.11(a) the mass p l o t of M(ir""p) shows no evidence f o r 
a reeononce i n t h i s combination. There i s a similar lack of 
evidence f o r s i g n a l i n the MCn^p) combination of Pig. 4.11(b),, 
4.7.1 The Variables^Used_ i n ,the j tAna^lysio 

I t wab decided to use p r e c i s e l y the aame v a r i a b l e s as i n 
the Pless a n a l y s i s . "Obese are the I r m e t i c energies T-̂  and Tg 
of two of the three secondary p a r t i c l e s i n the centre of masH 
system of the 3 secondaries, the Van ilove a n g l e " and the Van 
Hove ra d i o s r . S t r i c t l y , because the channel arises i n a tt+c3 

r e a c t i o n wheru the centre of mass energy v a r i e s i n t h i s case 
by approximately 10$, c o r r e c t i o n s of t h i s older should have 
been made to the r a d i a l parous l e v and by normalising i t t o the 
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maximum radius allowed f o r each of the possible centre of m^ss 
energies. This would make the separation of the data s l i g h t l y 
more acute than i t is» 

The number of f i n a L c l u s t e r s to "be obtained was chosen 
to be 10. This was based upon i n i t i a l runs i n which I t was 
seen t h a t a resonance such as the p° meson was associated 

i 

mainly v. t t l i 3 c l u s t e r s corresponding bo the forward, backward 
and c e n t r a l d i r e c t i o n s of the n-+ meson from the p° decay, i n 
the resonance r e s t frame. Even w i t h 15 c l u s t e r s the main 
sub-channels were seen t o be p° and f° production wi t h 
perhapvs some s t r u c t u r e i n the (prr"") mass combination a t 
^1.4 0':v/e"t A l l o w i n g f o r the p o s s i b i l i t y of three s t r u c t u r e s 
and background, 10 c l u s t e r s were regarded as s u f f i c i e n t . 

l i a i l l e r analyses w i t h threshold parameters, such ac the 
PIin'nnutfl number of ovenis i n a clua'-er t h a t must be reached 
before the c l u s t e r i s accepted, or the l a r g e s t s i m i l a r i t y 
c o - e f f i c i e n t t h a t a data p o i n t may have w i t h a c l u s t e r before 
i t i s considered not to be a p a r t of t h a t - c l u s t e r , showed 
t h a t they d i d not improve the s i g n i f i c a n c e of the r e s u l t s . 
Threshold parameters arc t h e r e f o r e not used i n t h i s present 
a n a l y s i s . 

The 16,000 events were analysed i n 2 runs of approximately 
10,000 and 6,000 e v t n t s each, i n the 4~d.imensional space of 
the v a r i a b l e s T^, T 2, to and r . Two rune were necessary t.ince 
the c l u s t e r i n g programme, even i n i t s modified form, bandies 
a maximum of L0,000 events, Ac l.'ie evsnts were read from the 
data summary tape they *vere a l l o c - + c o i n at r i o t numerical 
order t o the i n i t i a l c l u s t e r s numbered I t o 10, Hence the 

. i n i t i a l composition of c l u s t e r 1 wns t h a t of < vents 1, V)., 
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21, 31 etc. As the events occur i n no p a r t i c u l a r order on 
the data summary tape then the i n i t i a l a l l o c a t i o n of events 
to c l u s t e r s was completely random. At the s t a r t of the 
f j r s t cycle t h e r e f o r e , the c l u s t e r s must have been very 
s i m i l a r i n shape and ce n t r o i d value. 

As CLUSTAN ran, the s i m i l a r i t y c o - e f f i c i e n t of each 
j 

data p o i n t to each of the 10 c l u s t e r s was c a l c u l a t e d from 
the d i s t r i b u t i o n of the shapes of the c l u s t e r s i n the v i c i n i t y 
o f each data p o i n t , and a data p o i n t v<ss re a l l o c a t e d t o the 
c l u s t e r to which i t was most s i m i l a r * I n t h i s way the i n i t i a l 
s i m i l a r i t y of the c l u s t e r s and t h e i r centroids was changed. 
A f t e r ?£> i t e r a t i o n s i t was found t h a t there was no f u r t h e v 
r e a l l o c a t i o n of dvu p o i n t s to c l u s t e r " and hence t h a t a 
etable s o l u t i o n had been found. 
4 »V.'-' 0enerol fie^uIts 

Table 4«2 below shows the breakdown of the data irom the 
p o i n t of view as t o which of the mass combinations, i f any, 
of M ( i r + i r " ) , M(Tr'l"p)? M(ir'~'p) t h a t c l u s t e r c o n t r i b u t e s s t r u c t u r e * 

Table 4«? Cluster Contents 
Clusters Number M ( t t V ) fc(Nir) Background Comments !, 

1 ; 1576 f° - backward n *" decay ^ 
2 : 1511 p° - - + '• c e n t r a l n decay ;' 
3 s 3068 p° - very forward n dec:^ 
4 t 2749 f° - - forward -n decay 
5 : 612 p°, f° Yes ^ ! 

jcj'tjal.l amounts of )f° w i t h large back- ! 
6 ! 819 p°, f° res )ground ! 

7 : 1178 n? - i 
See Text ' 

8 : 1907 P° _. .1. 

backward ir decay 
9 : 2020 P° - forward if decay 

10 ; 657 nuckfrr-und culv 
i i ™ . _ ... ^ . ^ 
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Cluster 1 i s domino tod by f° production and examination 
of the decay eonf igui'a t i o n shows t h a t t h i s group corresponds 
to the f° decaying w i t h a "backward t t + meson i n the f° r e o t 
system. S i m i l a r l y c l u s t e r 4 i s dominated by f° production 
w i t h forward decay of the associated t t + meson. Production 
of the p° meson dominates c l u s t e r s 2. 3? 8 and 9 which 
correspond t o c e n t r a l , very forward, backward and forward 
decay of the i r + meson i n the p° r e s t frame r e s p e c t i v e l y . 
Background dominates the small e l u s i ers 5» 6 and 10 w i t h 
some small mixture of P° and f° i n c l u s t e r s 5 and 6, 

F i n a l l y s c l u s t e r 7 appears to' demonstrate the production 
of the g° meson. By reference to the p° and f° production 
i t i s apparent t h a t these are seen i n c l u s t e r s which corres
pond to forward and backward decays. However, f o r c l u s t e r 7 
which con correspond t o the forward decay d i r e c t i o n of the 
ir from t h e g racoon, there i s no corresponding c l u s t e r f o r 
backward decay, A much more acceptable i n t e r p r e t a t i o n i s 
seen from the Van Hove p l o t of Pig. 4*13(b) i n which i t i s 
seen that t h i s c l u s t e r could correspond to the d i f f r a c t i o n 
d i s s o c i a t i o n of the neutron t a r g e t i n t o pir"V I n terms of 
t h i s e xplanation the M ( p n ~ ) d i s t r i b u t i o n of c l u s t e r 7 peaks 
a t *].4 GeV/c2. 
4• 7.3 The p° _snd f° signa l s 

A Van Hove p l o t of the t o t a l sample of events i s shown 
i n F i g , 4.13(a) f o r compariso 1) both w i t h the si <-nal extracted 
as c l u s t e r 7 ( F i g . 4.13 ( b i ) and w t h ti i e pLois associated 
w i t h the discussion which f o l l o w s . 

I t has been seen abovo t h a t the c l u s t e r s 1 and 4 are 
dominated by f° production and i h d t the c l u n e r s 2, 3, 8 and 9 



l''ig. 4.13 

(a) Van-Hove P l o t of t o t a l sample 
+ j + -

(b) Van-Hove P l o t of s i g n a l e x t r a c t e d 
C l u s t e r 7. 
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are dominated by p° production* I n these c l u s t e r s there arc 
4325 f° events and 9106 p° evcjnts. I n the mixed c l u s t e r s 5 
and 6 there are 61? and 819 events r e s p e c t i v e l y * out of which 
about 100 ovents are estimated t o be p° and f° by sketching 
i n backgrounds t o the M ( i r n ) d i s t r i b u t i o n s f o r these c l u s t e r s . 
The l o s s of p° and f° events i n t o c l u s t e r s b and 6 i s t h e r e 
f o r e l ess than Vfo of the t o t a l s i g n a l . The f a c t t h a t thc-r<* 
i s only a small amount of p° and f° s i g n a l in c l u s t e r s b and 
6 i s supported by an examination of the decay angular d i s t r i 
b u t i o n of these c l u s t e r s which does not show the c h a r a c t e r i s 
t i c forward and backward peaks of p° or f° d i s t r i b u t i o n s . 

I n t h i s a n a l y s i s , t h e r e f o r e , only the dominant p° and f° 
c l u s t e r s are used. Clusters 1 and 4 are combined and shown 
as a Van Hove p l o t of P i g . 4.14(a), and s i m i l a r l y the p° 
c l u s t e r s 2^ 3, 8 and 9 are combined i n the Van Hove p l o t of 
FJLg. A t i 4 ( h ) , I n both of these f i g u r e s , "backwardly produced 
P° and f° mesons are to be seen but both are apparently decay
in g asymmetrically w i t h the t t + backwards i n the p° ond f° 
r e s t systems. The missing forward decays of these backwardly 
produced meson resonances are t o be found i n c l u s t e r s 5 and 
6 (which c o n t a i n p ° , f° and background), but any analysis 
performed on the t o t a l sample would obviously be biased 
because of t h i s l o ss and as a r e s u l t , i n the analysis o f 
decay angular d i s t r i b u t i o n s , o n l y d i p i o n systems produced i n 
the forward hemisphere of the o v e r a l l centre of mass system 
have been inc l u d e d . 

I t i s worthwhile t o p o i n t out t h a t simple cuts on the Van 
Hove sectors would not produce the same separation of data 
t h a t i s produced by the c l u s t e r a n a l y s i s . For example* i n the 



F i g . 4.14 

• 

(a) Van-Hove P l o t f o r s i g n a l e x t r a c t e d as p 

v 

•J 

(b) Van-Hove P l o t f o r s i g n a l e x t r a c t e d 
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r e a c t i o n n p*pir it at 5 GeV/c, i t was shown i n the previous 
chapter t h a t most of the p° s i g n a l could he extracted from 
the data by p l o t t i n g only those d i p i o n combinations f a l l i n g 
i n t h e tt — i t sector of the Van Hove p l o t . I t i s seen here i n 
P i g . 4.14(a) a t a lower energy, t h a t a l a r g e p a r t of the p° 
s i g n a l would be obtained i n t h i s way. However, r e f e r i n g t o 
P i g . 4.14(b), i t i s evident t h a t most of the f° s i g n a l would 
be l o s t , 

B r e i t Wigner curves have been f i t t e d to the d i p i o n mass 
spectra shown i n Pigs. 4.15(s) and ( b ) , t h a t i s for the p° 
and f° clu s t e r e d satin]os r e s p e c t i v e l y . The curves shown i n 
these p l o t s correspond t o the B e U a t i v i s t i c Jackson B r e i t . 
Wig-nor f u n c t i o n (hef. 4,2) 

BP/CM) s - , — 5 4 * > n i 

2% i-1 
where r(m) ~ r Q (-^0 - the mass dependent wi d t h . 

q, - the momentum of a pi on i n the resonance r e s t frame, 
and the s u b s c r i p t ' o' corresponds to the parameter ve-lues a t 
the c e n t r a l resonance mass. 
These curves were f i t t e d t o the d«jta together w i t h a l i n e a r 
background. For the p° the f i t t e d values of the c e n t r a l mass 
(M Q) and width r were5 

M o = 7 6 6 i 4 I £ e V / o ? 

Ji'or the f i t to the f° meson sample the corresponding values 
are 

J,i0 = 1265 + 5 HeV/e? 



F i t } . 4,15 
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J==fc=fc=fc-J JL3c>0 l l b o 1060 840 680 520 
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H / r r V ) Ma'/c CONVOLUTED F I T 
R e l a t i v i s t i c Jackson Brelt-iTigner f i t s , w i t h l i n e a r background, 
to (a} ths p° and (b) the f 1 s i g n a l s extracted, by c l u s t e r analyv 
Both f i t s a r c convoluted with Oaupsi.tn r e s o l u t i o n f u n c t i o n s . 
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Jn "both the f i t t e d background i s very small, 
F i n a l l y i n Figs. 4.16(a) and ("b) are shown the angular 

d i s t r i b u t i o n s of the i r + meson i n the H e l i c i t y reference frame 
of the c l u s t e r e d P° and f° mesons respectively,, 33oth of these 
d i s t r i b u t i o n s are asymmetric, biased towards the forward 
decay d i r e c t i o n of the rr"1 meson, as was found p r e v i o u s l y i n 
the a nalysis of the p° and f° mesons using mass cuts t o 
define the regions of trie s i g r i a l s . The d i s t r i b u t i o n s are 
very s i m i l a r between the two methods of s e l e c t i o n . I f there 
i.B a d i f f e r e n c e then i t i s i n the Cnct t h a t the angular 
d i s t r i b u t i o n s extracted by the method of cluster searching 
are more sharp than those found by the e a r l i e r analysis'. 
Indeed, thus sharpness i s a measure of the success of the 
c l u r t e r a naive is? since the decay angular d i s t r i b u t i o n s of 

0 0 

the p and f' aesorc are s u f f i c i e n t l y d i f f e r e n t t h a t should 
t h r r e be much mixing of the p° and f° mesons i n the c l u s t e r s 
then the f° decay d i s t r i b u t i o n should be considerably broadened 
and the p° d i s t r i b u t i o n considerably sharpened, 
4•7.4 Conclusions 

I t has been shown t h a t i n the channel tr+n->-pir"1"if", very 
good separation of the p° and f° signals i s possible by the 
method of c l u s t e r searching i n the 4-dimensional space 
defined by the 3 p a r t i c l e f i n a l s t a t e of t h i s i n t e r a c t i o n . 
The apparent g° s i g n a l i s shown to be moe fc l i k e l y due t o 
d i f f r a c t i o n d i s s o c i a t i o n of the neutron t a r g e t , and from 
t h i s p o i n t of view the (pn") mass (• i ; n r i b b t i o n shows s t r u c t u r e 
at Iu(pir"") ̂  1,4 GeV/c^e Th<- subchannels ^"r^po 0, and ir+n+pf° 
account f o r 5V/- and £;5# of the c ^ u i e ' l re-spectively and the 



f i g . 4.16 

(a) c o s g h f o r p° meson • ^r-
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Decay angular d i s t r i b u t i o n s i n tho a~<* uuiol b e l i c U y frame 
f o r the p° and f° s i g n a l s e x t r a c t e d by c l u s t e r a n a l y s i s 
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d i f f r a c t i o n d i s s o c i a t i o n t o S%„ 3n t o t a l 82ft of the channel 
corresponds t o precise p h y s i c a l processes. 

f i n a l l y , i t should he pointed out that the c l u s t e r unalysis 
mokes almost a l l of the p° and f° signal separately a v a i l a b l e 
f o r analysis v.hereas conventicnaJ mass cut techniques s e l e c t 
only about one h a l f of the a v a i l a b l e s i g n a l . This i s seen i u 
i t s c o r r e c t contest when i t i s r e a l i s e d t h a t to obtain 
equivalent s t a t i s t i c s to c l u s t e r analysis by using ek.rs cut 
methodsj as much f i l m again would need t o be exposed, scanned 
and measured. 



- 88 -

Chapter 5 Density M a t rix Element .Analysis 0 f the P° and f° I.lesons 
•rftwrnnoi v w n w m - • 1-— i i , TT -r-i - -uVr» n in—tun nn I T i • m i l l , n ^ m mnj m y um ml i >ft-i m i i m f i mmnn ̂ i n « n» r r> i i n r n i i " - i i n i n iwmirrrtr- n • • — - - n- -, •• 

5 • I I n t r o d u c t i o n 
A. t o p i c of p a r t i c u l a r i n t e r e s t i n the study of n e u t r a l 

inr systems i s the spin s t r u c t u r e i n the region of the p ° and 
f° mesons, and t h e i r production mechanisms In the tt -TA i n t e r 
a c t i o n . I n recent years these s p i n s t r u c t u r e s have been 
examined very c l o s e l y , and although the p° and f° mesons 

p „ 
have been p r i m a r i l y thought of as having s p i n - p a r i t y J -1 
and, 2 r e s p e c t i v e l y , i t has now become generally accepted 
t h a t t h e r e is a s u b s t a n t i a l s~wave ( J =0 ) component resonant 
near the p° r e g i o n , the e° meson. More r e c e n t l y , s t r o n g 
suggestions of a s u b s t a n t i a l s-wave s t a t e resonant close to 
the f° mass have be^n made (Ref. 5tl)« 

A Ptudy oC the production mechyni..Jms of the p° and f° 
mesons involves the computation of t h ^ t r spin density matrix 
elements, P M M», and i n t h i s chapter these q u a n t i t i e s are 
evaluated in both the s- and t-channel h e l i c i t y frames. 
Throughout t l . i s a n a l y s i s , the conventions used f o r the 
co-ordinate axes i n the d i p i o n r e s t frame ares 

a) I n the s-obannel ( H e l i c i t y frame), z i s equal 
to the d i r e c t i o n of the d i p i o n system i n the o v e r a l l 
centre of macs transformed i n t o the d i p i o n r e s t frame. 
b) I n the t-channel (Gottfried-Jacirson frame), z i s 
the d i r e c t i o n of the beam p a r t i c l e transformed i n t o the 
d i p i o n r e s t frame. 
c) y is the d i r e c t i o n (be?M) x (outgoing t i i p i o n ) i n 
both frames. 
d) The decay angle 6 i s th>* angle between the outgoing 

p o s i t i v e pion and tht- K~ari.s 5 i n -yhe relevant r e f ereree 
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The sample of data used i n t h i s a n a l y s i s are the signals 
extracted from the channel n +d + p p i r + i r " as the p° and f° 
mesons by the c l u s t e r searching technique described i n 
Chapter 4 of t h i s t h e s i s . For the P° meson, the r e s u l t s 
obtained from the data are compared w i t h the r e s u l t s from 
events generated, by the ronte-Carlo simulation programme 
FAKE, to simulate the experimental conditions found f o r 
one-pi on exchange i n t e r a c t i o n s , b'or both the p° and f° 
mesons the r e s u l t s obtained are compared w i t h those found 
by using mass cut techniques to define the regions of these 
mesons. 

5• 2 The Donsity M a t r i x 
For a pure s p i n s t a t e , the s t a t e v e c t o r of the system 

can be w r i t t e n as 

m 
and the expec t a t i o n value of any operator, 0, i n t h i s systoir 
i s 

<Q> = s a *a, < j,m I Q I j,k> 
m,k m K 

where <;j,m |Q | j f k > = QB)k i s the matrix element of the operator 
Q. 

For a s t a t i s t i c a l mixture of states w i t h p r o b a b i l i t i e s 
p^, the expectation value i s 

<Q> - j p. <o>. . .« p it a*<l> , <*> Q 

and t h e d e n s i t y m a t r i x p i s d e f i n e d from T h i s as 

Pmk " * P % *k 



such t h a t <Q> can he w r i t t e n as 

<Q > 
ni,k 

pmk ^km = E (PQ*) = T (pQ*) 
TO 

(5.1) 

The main p r o p e r t i e s of the density matrix p f f l r at are? 

pmm' ( i ) I t i s Hermitian 
( i i ) I t i s an Unitary m a t r i x : T r ( p ) • 
( i i i ) Diagonal elements are r e a l & p o s i t i v e : P m m > 0 
( i v ) P a r i t y conservation imposes • to m „, 

—m y ""III 

For a s p i n 1 p a r t i c l e , the d e n s i t y matrix i s 

' P(1) -

.-. o*. ra'm 

in - m 
(-1) 

p l l p10 P l - l 
n * 
p 1 0 poo - p i o 
p i - i " , p i o *11 

i n order t o express the decay angular d i s t r i b u t i o n i n 
terms of the density m a t r i x elements, the decay m a t r i x elements 
A m T n, (6 , <!>) must f i r s t l y be evaluated since, using tlq.. 5.1> "the 
decay angular d i s t r i b u t i o n i s 

W(e^) - E (p r a r c, A m n i, ( e > * ) ) = T r( pA*) 
mm' mm' 

I t can be shown (Kef. 5.2) t h a t f o r a p a r t i c l e of s p i n 1 
decaying i n t o two s p i n zero p a r t i c l e s (p 0

 - * . , r

+ T i ~ ) 

(5.-5) 

where the D f u n c t i o n s are r o t a t i o n matrices. 
Prom equations (5.2) and (5.3)» the expression f o r the 

angular d i s t r i b u t i o n i n terms of the production d e n s i t y matrix 
elements P m m t ™aJ *>e derived. in order lo evaluate the 
i n d i v i d u a l matrix elements. J> i\c met'tic; of moments has been 
used and t h i s i s explained i n the next s e c t i o n . 
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5,2,1 The method of moments 
One method of determining experimentally the values of 

the d e n s i t y matrix elements i s the method of moments. The 
decay angular d i s t r i b u t i o n of a resonance, from Eq c ( 5 . 2 ) , 
may be w r i t t e n 

W(cose, <(,) = t. p , f (cose, *) (5.4) 
mm» m r a ram 

J 

and the f r n T J 1 , (cos e, <(>) are known functions. 
The average vaLue f of a f u n c t i o n f(coGQ,<j>) of -eho> 

decay angles 0 and <l> i s given by 

f = 
2ir +1 

d cose f(cose,$) V/(coae,+ ) (5-5) 
- 1 

since 7<(cos 0, $) i s normalised, i . e , 

2 ir +1 
d«j> 

o 
d co«e W(coso,*) = 1 (5.6) 

•1 

The decay d i s t r i b u t i o n f o r a p a r t i c l e of spin 1 decaying 
i n t o 2 s p i n zero p a r t i c l e s i s given by 

W(cose, <j>) = 4~ H ( 1 - P 0 0 ) + i (3P o o - 0 cos 2 e - p ^ s i n 2 e 

cos 2 o ~ JT Re p 1 0 s i n 2 8 cos* } (5.7) 

Now, by i n s e r t i n g (5.7) i n t o (5.5) Cor the f u n c t i o n s f 
2 2 

of cos e, s i n 8 cos 2 $ and s i n 2e cor, § , the r e s u l t s are 
cos2'e =- ~ ( I v 2 a ) 5 oo 



~ 92 ~ 

and hence f r o m t h e e x p e r i m e n t a l v a l u e s f o r the averages on t h e 

L . H . S . o f E q e 5 . 8 , t h e v a l u e s o f the d e n s i t y m a t r i x e lements 

p Q 0 , p - j ^ and He p -^ can he f o u n d . The e r r o r Af on f i s g i v e n 

^ y 

A f - / T U 2 ' - i 2 ) 

where n i s t h e number o f e v e n t s , 

5*5 Z l ) l ~ l L ? ^ J £ j } n 

The p ° meson (Mass 770 + 1 0 , r - 150 + 10 M e V / c 2 ) i s 

w e l l known as h a v i n g s p i n 1 and odd p a r i t y (J^ - 1 " ) , I n t h e 

r e a c t i o n IT n •> p IT n , t he p o s s i b l e exchange t r a j e c t o r i e s f o r 

p ° p r o d u c t i o n a r e those o f the ir and t h e A2 mesons. I n terms 

o f t h e p r o d u c t i o n d e n s i t y m a t r i x e lements t he decay d i s t r i b u 

t i o n f o r the P ° me^on i s g j v e n above : 'n E q . ( 5 . 7 ) . The 

d e n s i t y raatrrx c o n d i t i o n o f t r a c e u n i t y imposes 

P 0 O < 2 i u - 1 15 .9 ) 

I n >'ags 4 5 . 1 ( a ) and 5 . 1 ( b ) a r e shown the d i3tr ibutjons o f 

t h e decay a n g l e cos 8 f o r the s - and t - c h a n n e l r e f e r e n c e f r ^ n e s 

r e s p e c t i v e l y . As can be seen f r o m these d i s t r i b u t i o n s , the 

p ° decay a n g u l a r d i s t r i b u t i o n i s a s y m m e t r i c . D e f i n i n g t he 

asymmetry p a r a m e t e r n as 

n = f e l ( 5 . 1 0 ) 

where P = n o . o f e v e n t s w i t h cose "50 

B - n o . o f even t s j v i t h cose <0 

t] i s f o u n d t o be 0 , 5 1 C . 0 4 . ?h.if , asymmetry c^n be 

e x p l a i n e d i n t e rms o f no i n - t ^ / fc . y 1 p.r r OF 0 0 nee i n t he P ° 

r e g i o n , t h e o ° , n i i h qudi i i -^u i ^umo^-re I 1 ( , + 0 + , I n ord< c 

t h a t t h e p ° p r o d u c t i o n raeohar.isi'i nny be s t u d i e d , t a k i n g i n t o 
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accoun t t h e presence o f t h i s S-P i n t e r f e r e n c e , the decay 

a n g u l a r d i s fcribution must "be r e - w r i t t e n as 

_3 
4ir 

11 
Poo C 0 S 6 - 1 R l l 

11 -.-..2 s i n o - / 2 ~ Re 1 1 
P].0 sin?6 008$ 

1 1 2 
p l - l s i n 6 c o s ^ 

4 2 Re cos 6 
v 00 

4-ir 

• 1 00 , 
h 4 * p o o 

2 / 2 " Re PJQ s i n e cos 4 

(5,. 11) 

I n t h i s case t h e d e n s i t y m a t r i x c o n d i t i o n o f t'cscc u n i t y , due 

t o u n i t a r i t y , imposes 

1 ( 5 . 1 2 ) 11 , o 11 , 0 0 
p o o *h 2 p l l + P 00 

w h e r e , i n B q s . 5 .11 and 5 . 1 2 , Lhe s u p e r s c r i p t s i n d i c a t e t h e 

s p i n t o w h i c h the d e n s i t y m a t r i x e lement i s a s s o c i a t e d , t h a t 

i s p L n ' - P u r e p * a v e * P m S ' s S ~ P i n t e r i ' r r e n c e and p j j j j , pure 

S-wave, 

TJsinp ^ a u a t i o n 5 - 1 1 * t h e v a l u e s o i t h e p ° d e n s i t y m a t " i x 

oDcments have >een c a l c u l a t e d , t oge the r w i t h t h e i r e r r o r s , b.y 

t h e method o f moments as d e s c r i b e d i n s e c t i o n 5 . 2 e l 0 The 

average v a l u e s o f t h e d e n s i t y m a t r i x e lements f o r b o t h the 

s - and t~cb2Y\nels a r e g i v e n i n Tab l e s 5 .1 and 5 .2 r e s p e c t i v e l y , 

and a l r o g i v t a . h i these t a b l e s i s t he v a r i a t i o n o f t he d e n s i t y 

m a u r i x t l o m r o t s v , i t b t , the l o u r momeatum t r a n s f e r squared 

f r o m t h e beam p a r t i c l e t u t h e TTTT sys tem. The d e n s i t y m a t r i x 

e l emen t s i n these t a b l e s a^o ah own i n g r a p h i c a l f o r m i n 

F i g s . 5.? and 5<.3 f a g a i n in? -\h(: K - ard t - c h a n n e l r e f e r e n c e 

f r a m e s r e s p e c t i v e l y . A l so sbe.vr >n these f i g u r e s a re t h e 

decay a n g u l a r d i s t r i b u t i o n s o f cor. 8 and <(> , pnd t h e p r e d i c 

t i o n s o f t h e r e q u a n t i t i e s f r o m the e v a l u a t i o n o f ihe d e n s i t y 

m a t r i x e l emen t s by i n t e g r a t i n g f5q , r ; , l l ove r ooso o> <j> . 
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These d i s t r i b u t i o n s are those f o r a l l t s such t h a t t he super™ 

imposed c u r v e s a r e those o b t a i n e d f r o m the average vaJues o f 

t h e d e n s i t y m a t r i x e l e m e n t s . As can be seen f r o m thebe 

f i g u r e s t h e agreement between t h e data and the c a l c u l a t i o n 

i s q u i t e s a t i s f a c t o r y , i m p l y i n g thQt t he e x t r a c t e d vaLues 

o f t h e d e n s i t y m a t r i x e l emen t s a r e r e l i a b l p , 

One d i f f i c u l t y w h i c h i s encountered i n t h i s type o f 

a n a l y s i s i s t h a t t h e number o f obse rvab l e s ( t h e c o - e P l ' i c Lont-3 

o f t b o s p h e r i c a l ha rmon ic e x p a n s i o n o f the H I T decay a n g u l a r 

d i s t r i b u t i o n ) a r e n o t s u f f i c i e n t to de t e rmine i n d e p e n d e n t l y 

a l l t h e r e a l p a r t s o f the mixed s p i n d e n s i t y m a t r i x i . e . a l l 

t h e d i a g o n a l e l e m e n t s . As can be seen f r o m the Tablet ; 5 . 1 

11 1 1 

and 5 . 2 » P 0 0 and P -J^ a re d e t e r m i n e d o n l y i n l i n e a r combina

t i o n , and n o t i n d e p e n d e n t l y . T h i s d i i f j c u l t v can a J .so be 

r e a d i l y a p p r e c i a t e d on e x a m i n a t i o n o f E g . 5*4 f r o m w h i c h , 

a f t e r e x t r a c t i n g te rms i n P ~ q and p ^ ihe r e s u l t i s 

W(e, p oo» 
- 2 
4ir 

1 _ 

4 TT 

Q / 1L 11 \ . 11 
cos e ( P 0 0 - P N ) + p n 

11 . 0 1 1 
p o o + 2 p l l ( 5 . 1 3 ) 

and f r o m w h i c h by t h e method o f moments cos e y i e l d s o n l y the 
11 11 l i n e a r c o m b i n a t i o n o f d e n s i t y m a t r i x e lements p - p-V-T. " oo 11 

K e o e n t l y , a t t e m p t s have been made t o f o r m a n a n a l y s i s 

i n w h i c h t he r e a l e lements o f t h e d e n s i t y m a t r i x can be 

e x t r a c t e d s e p a r a t e l y . For example , Ss-t-jbrooks and i ' . I&r t in 

( t t e f . 5 . 3 ) have assumed t h a i exchanges v r j t h quantum numbers 

o f the A 1 meson a re n e g l i g i b l e . These aas'iiap'Uons reduce t h e 

e q u a t i o n s t o a s o l u b l e s e t ; however these ana lyses a re o n l y 
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v a l i d a t v e r y s m a l l momentum t r a n s f e r s , t < 0 . 1 ( G e V / e ) - . 
The d i s t r i b u t e on o f momentum t r a n s f e r f r o m the "beam t o t h e 
d i p i o n sys t em i s shown i n P i g . 5-4 and , as can be seen, 
t h i s d i s t r i b u t i o n ex tends w e l l above t h e v a l u e o i t ~ 0 . 1 
(GeV/c ) . As a r e s u l t o f t h i s , no a t t e m p t has been made 
h e r e t o c a r r y o u t an Es tabroofcs and M a r t i n a n a l y s i s t h r o u g h 
o u t t h e t r a n g e . However an a n a l y s i s i s p r e s e n t e d , w h i c h i s 

based upon t h e c o n s i d e r a t i o n s o f h e l i c i t y a m p l i t u d e s t o 

"J 1 11 e s t i m a t e t h e c o n t r i b u t i o n s o f p ~ and p n n a t smoLi v a l u e s oo 11 

o f t . 

I n t h e d i s c u s s i o n w h i c h f o l l o w s t h e f a c t i s used t h a t 

i n t h e a s y m p t o t i c l i m i t o f s/^ (s i s t h e c e n t r e o f mass 

e n e r g y s q u a r e d ) , t h e n a t u r a l and unnatuY'al p a r i t y exchange 

components i n t he p r o d u c t i o n o f a f i n d s t a t e o fe /p ia J 

h e l i c i t y A , | J , x>, can be w r i t t e n as 

0Jx - o'A r ( - i f 4ix 

5*4 M s ^ s o i c a o f t he P° d e n s i t y m a t r i x e l ements 

I n f o r m a t i o n r e l a t i n g to t h e exchange p a r t i c l e s i n t h e 

B - c h a n n e l r e a c t i o n i r } n-»pp° may be e x t r a c t e d by an a n a l y s i s 

o f t h e t - c h a n n e l d e n s i t y m a t r i x elements . I n "the c o r r e s p o n d 

i n g t-cbanne3 r e a c t i o n n p > X - » - p 0 T r X i o t h e exchange p a r t i c l e 

i n t h e s - c h a n n e l r e a c t i o n . Vox- t h e s - c h a n n e l i t s e l f , 

i r + n-> f -*pp° , t h e i n f o r m a t i o n on t h e l s o b o r i o s t a t e s I can be 

e x t r a c t e d f r o m t h e o - c h a n n e l d e n s i t y m a t r i x elements-. The 

r e l a t i o n s h i p betv-een the 1 f>™ c h a n n e l p '^yr-ioa ' i n t e r a c t i o n and 

t h e t - c b a n n e l r e a c t i o n oocurp Uu-ough Vh^ a n a l y t i c L t y o f t he 

r e a c t i o n a m p l i t u d e and c r u s h i n g s ym^ ; t r y (r-ee Appendix A ) * 
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The most r e l e v a n t i n f o r m a t i o n on the r e a c t i o n 7 i + n - * p p ° , a p a r t 
f r o m t h e a n a l y s i s o f t h e p r o p e r t i e s o f t he P ° meson i t s e l f , 
i s t h e i n f o r m a t i o n on t h e exchanges i n v o l v e d . Thus t h e 
b road p a r t o f t h i s d i s c u s s i o n i s r e l a t e d t o the t - c h a n n e l 
d e n s i t y m a t r i x e l e m e n t s , and u n l e s s s t a t e d o t h e r w i s e these 
a re t he e l emen t s b e i n g c o n s i d e r e d . 

F o r c o m p a r i s o n w i t h t h e e x p e r i m e n t a l data, shown i n 

M g s . 5 . 5 and 5 .6 a re t h e d e n s i t y m a t r i x elements i n t h e 

s - and t - c h a n n e l h e l i c i t y f r ames r e s p e c t i v e l y f o r 2000 

even ts genei ' a ted u s i n g t h e M o n t e - C a r l o s i m u l a t i o n programme 

i 'AKE. The even t s g e n e r a t e d were o f the t y p e T r ^ n - > - p p 0 , where 

t he p ° meson was g e n e r a t e d w i t h a t ' - d i s t r i b u t i o n f r o m t h e 

beam o f t h e f o r m : 

% « o * " 1 0 t ! where t ' « t - t m I r t o l m i n 

and a decay d i s t r i b u t i o n i n t h e h e l i c i t y f r a m e o f 

The e v e n t s were g e n e r a t e d w i t h t h e above paramete rs so as 

t o s i m u l a t e t h e d i s t r i b u t i o n s expec ted f r o m a one p i o n 

exchange mechanism. 

The immedia te c o n c l u s i o n drawn f r o m a comparison, o f 

F i g s . 5.5 and 5 .6 i s t h a t , e x c e p t a t t h e s m a l l v a l u e s o f 

momentum t r a n s f e r t < 0 . 0 ' / 5 (GeV/c) , t he e x p e r i m e n t a l d i s t 

r i b u t i o n s a r e n o t c o m p a t i b l e w i t h those expected f r o m a 

s i m p l e o n e - p i o n exchange m o d e l . 

I n t h e e x p e r i m e n t a l oara >,hc- oenc-i ty m a t r i x e lement 

p l ~ l * w l : l i c h ~L S d e t e r m i n e d u n i q u e l y f r o m the method o f moment 

i s n e g a t i v e o v e r t h e | t | r ange 0 „ 0 to 0 . 7 5 ( G e v / c ) ? and i s 
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e i t h e r n e g a t i v e o r zero o v e r t h e | t | range 0 . 0 t o 0 , 6 (Gev /c ) . 

These f a c t s a Lone a re s u f f i c i e n t t o conclude t h a t , f r o m 

Bq . 5 .14 

> f o r 0 . 0 $ | t | $0 ,075 ( G e V / c ) 2 

* f o r 0 .075 < | t | < 0 . 6 ( G e V / c ) 2 

<• f o r | t | >0 .6 ( G e v / c ) 2 

Tha t i s , t h e u n n a t u r a l p a r i t y exchange component, p i o n exchange 

can he s a i d t o domina te o n l y a t v e r y s m a l l v a l u e s o f | t j . The 

e f f e c t o f t h e Ap p o l e ( n a t u r a l p a r i t y exchange) can o n l y be 

s a i d t o domina te f o r v a l u e s o f | t | g r e a t e r t h a n 0 . 6 ( G e V / c ) " . 

I n o r d e r t o i n v e s t i g a t e f u r t h e r the amount o f p i o u 

exchange p r e s e n t i n t h e e x p e r i m e n t a l d a t a , i t i s necessary 

t o expand t h e d e n s i t y m a t r i x e lements i n terras o f t h e i r 

a s s o c i a t e d h e l i c i t y a m p l i t u d e s . I f there were no e ° 

i n t e r f e r e n c e i n t h e r e g i o n o f t h e p 0 meson t h e n t h e e lement 
1 1 

p o o "*s P r e < ^ i c l ; e ^ to t a k e t he v a l u e u n i t y f o r i n t e r a c t i o n s 

p r o c e e d i n g by one p i o n exchange . However, w i t h the e f f e c t s 

o f e ° i n t e r f e r e n c e t h e e q u i v a l e n t v a l u e f o r p ^ f o r one p i o n 

exchange i s t h e maximum a l l o w e d f r o m t h e t r a c e c o n d i t i o n o f 

E q . 5 . 1 2 , t h a t i s 

P J J ( » I ) - 1 - P ~ (5.15) 

I n t h e momentum t r a n s f e r i n t e r v a l " !

K j r ) $ | t | $ 0 , 0 2 5 , t h e 

v a l u e s o b t a i n e d f o r t he d e n s i t y r r . U ' i x e lements ( P Q O p l l ' ' 

ReCp-^Q) and P-J__]_ a r e 0 „ b 5 7 , - 0 „ 137 and -O.GjO r e s p e c t i v e l y . 

I f t h e a s s u m p t i o n i s made t h a i i n t h i s s m a l l r e g i o n o f t 

e i t h e r t h e s p i n f l i p o r t h e s p i n n o n - f l i p a m p l i t u d e s a re 
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n e g l i g i b l e , t he s p i n n o n - f l i p a m p l i t u d e s b e i n g ze ro f o r p i o n 

exchange , t h e n i t i s p o s s i b l e t o e x t r a c t f r o m t h e s e elements 
11 n 

the v a l u e s o f p £ £ and p £ £ s e p a r a t e l y . T h i s l e ads t o an 

assessment b o t h o f t h e p i o n exchange component i n t h i s 

r e g i o n and t h e amount o f i n t e r f e r i n g s-wave tha t i s p r e s e n t . 

E x p a n d i n g t h e s t a t e i n h e l i c i t y a m p l i t u d e s f o r the 

p~wave g i v e s 

(5 .16) 
| p , P - i r > = A Q | 0> - A 1 e i , | > - [ 1 > - A - i e i * + | - 1 > 

| p , p - - f | > = . A o | 0 > 4, A i e

1 < | , + j l > + A i e

j < J , " " i - l > 

where A Q , A-j a r e t h e a m p l i t u d e s ; <|>+ and <f> _ a r e phase ang les 

w i t h r e s p e c t t o t he h e l i c i t y ze ro a m p l i t u d e and t h e p--£g-

r e f e r s t o the h e l i c i t y s t a t e o f t he r e c o i l p r o t o n . The 

n e g a t i v e s i g n s o f the p=~& s t a t e a re due to p a r i t y t .onserva-

t i o n , and t he r e l a t i o n s h i p s between toe a m p l i t u d e s and the 

d e n s i t y m a t r i x e l emen t s a r e 

1 1 . * i 2 *1 

oo 

11 
p l l 

A. 

I A. 

R e ( p ^ ) = £ A o A l ( c o s < } ,

+ 
COS<|) ) 

11 
' 1 - 1 A-^ cos(<() + - <()_) 

(5ol*7) 

The e q u a t i o n s 5.17 t o g e t h e r vr i th t h e t r ace c o n d i t i o n 

o f E q . 5,12 a r e s u C f i u i e n t t o o o l r o f o r P " 1 ' 1 and p ^ i n d e -
0 0 L l 

p e n d e n t l y . I n f a c t , t h e r e a re two s o l u t i o n . " bu t f o r one 

o f thorn the v a l u e o f the d e n s i t y m a t r i x e lement p ° ° i s z e ro 

w h i c h i s o b v i o u s l y n o t the case T.ince t h e decay a n g u l a r 



d i s t r i b u t i o n o f t h e P ° meson i s a s y m m e t r i c . The v a l u e s 

o b t a i n e d f o r t h e e l ements p"^, ph} and p ° ° a r e 
oo 1 1 oo 

p o o - ° ' 6 9 

P ^ } = 0 .03 

oo _ n 0 c 
P 0 0 = 0 .25 

Thus f r o m o q . 5*35 t h e v a l u e o f t h e d e n s i t y m a t r i x e lement 

P Q 0 i s v e r y c l o s e (92?') t o t h a t expec ted f o r s i m p l e one p i o n 

exchange . The v a l u e o f p ° ° o f 0 .25 f o r t h i s t r e g i o n i m p l i e s 

t h a t £ o f the produced s t a t e i s P-wave and £ o f t h e s t a t e i s 

s -wave . 

U s i n g t h i s method o f e v a l u a t i o n o f t h e d e n s i t y m a t r i x 

e lements enab les s o l u t i o n s t o be o b t a i n e d f o r t h e v a l u e s o f 

p o o s m l p ] l i , , ' l l - e f i r B * 5 * M n s o f 5 . 2 , t h a t i s t he 

e q u a t i o n s are s o l u b l e i n t h e momentum t r a n s f e r i n t e r v a l 

0 « 0 $ | t | $ 0 , 0 7 5 , wh ich c o n t a i n s 40^ o f t he p ° meson d a t a . 

Above t h i s r e g i o n o f t t he a s s u m p t i o n t h a t t h e amp ' l i tudps 

c o r r e s p o n d i n g t o s p i n n o n - f l i p a r e n e g l i g i b l e i s n o t c o n 

s i s t e n t w i t h t h e e x t r a c t e d v a l u e s o f t h e pure p i o n exchange 

component , and the e q u a t i o n s a r e a l s o no l o n g e r unambiguous ly 

s o l u b l e . Th roughou t the f i r s t 3 t - b i n s t h e phase ang le s 

<|>+ and between t h e h e l i c i t y aero and t h e h e l i c i t y s t a t e s 

+ 1 and - 1 r e s p e c t i v e l y , r e t a i n t h e c o n s t a n t r e l a t i o n s h i p o f 

$ _ $ - 1 8 0 ° , Shown i n Table, 5.3 below a r e t h e v a l u e s o f 
T — 

t h e e x t r a c t e d d e n s i t y m a t r i x e l e m e n t s , the p r o p o r t i o n o f P-

and s-wave i n t h e produced mr s t a t e , and the e s t i m a t i o n o f 

t h e p i o n exchange component i n t h e t ran^e 0 . 0 $ | t | s 0 , 0 7 5 . 
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Table 5»3 Extracted Values of the ^p-nsitv Matrix Elements 
11 n 

t(GeV/c) 2 P 3 1 

00 P l l P 0 0 

00 
P--wavo S-wave •IT -exchange 

0.0-0.025 0.69 0.03 0.25 25$ 925* 
0.025-0.050 0.56 0.02 0.40 60$ 93°/- • 
0.050-0.075 0.51 0.02 0.45 92# 

An i n t e r e s t i n g fe&ture o f the p° density m a t r ix olc&ents, 
appearing i n the d i s t r i b u t i o n of. R e ( p ^ ) , it, the pronounced d i p 
a t a t value of about 0.6 (GoV/c) . This e f f e c t i s a t t r i b u t e d 
t o the presence of the Nonsense Wrong Signature Zero (MSZ) 
p o i n t o f the pole. The value of t h i s MSZ point i s obtained 
by e x t r a p o l a t i n g bock from t h e A 2 pole i n the liegge t r a j e c t o r y 
diagram o f R e ( a ( t ) ) against mass squared. The value of t 
corresponding t o Re ( a ( t ) ) = 1 i s t =0.69 (GeV/c) 2 f o r an 
e x t r a p o l a t i o n gradient of 0.5. The dip i n the d i s t r i b u t i o n 
o f Re(pj^) agrees adequately w i t h the predicted value o f the 
HWSZ which i s c a l c u l a t e d n e g l e c t i n g the n a t u r a l w i d t h of the 
A2~meson which i s 100+10 MeV/c , 

I n the s-channel h e l i c i t y frame the element P ^ - J . i s 
negative f o r 0.0<ttK0,45 implying t h a t uJ(s)>N^(3> and 
supporting the conclusion t h a t the exchange i s predominantly 
of an unnat u r a l p a r i t y s t a t e . The S-cbunnel d e n s i t y matrix 
element ^ ^ (P Q Q ) » which occurs as the c o - e f f i c i e n t of cose i n 
the decay angular d i s t r i b u t i o n o f liq.. 5.11, snows a slow f a l l -
o f f w i t h t . This imp l i e s t h a t the p° 5cosy angular d i s t r i b 
u t i o n becomes leos asymmetric as t increases, a f a c t there i s 
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echoed i n the t-channel d i s t r i b u t i o n up fco a value of | b | 
of 0,7 (GeY/c) • Again, i n the s~charmel d i s t r i b u t i o n s , 
the experimental d i s t r i b u t i o n s are not compatible w i t h 
those events generated by the programme FAKE except at very 
small values of momentum t r a n s f e r , implying t h a t a simple o,ne 
pion exchange mechanism i s inadequate i n explaining the data 
above |t | * 0 . 1 (GeV/c) 2. 

5 • 5 The f°n Jf^son 
The f° meson (Mass = 1270 + 10, r = 170 + 30 MeV/c 2), . 

i s a w e l l established resonant p a r t i c l e having spin 2 and 
even p a r i t y ( J ^ •-•= 2 + ) . Shown i n Pigs. 5.7(a) and S-• 7("b) are 
the d i s t r i b u t i o n s o f the decay angle cosG i n the s~- and t -
channel reference frames r e s p e c t i v e l y f o r those everts 
selected as f° events by the e l u s i e r yearching technique, 
tho S3triple amounting to 4325 events. 

Two remarks may be made immediately, concerning the spin 
s t r u c t u r e of the f° meson, upon in s p e c t i o n o f the decay 
angular d i s t r i b u t i o n s of Pigs. 5.7(a) and 5.7(b). 

( i ) There i s an asymmetry i n the angular d i s t r i b u t i o n 
biased towards the forward I T * decay c o n f i g u r a t i o n . For 
the t~channel d i s t r i b u t i o n the asymmetry parametern , 
as p r e v i o u s l y defined, i s found to be n ~ 0.24 + 0 .04. 

Although t h i s i s not such a marked e f f e c t ae i n the p° 
decay angular d i s t r i b u t i o n , the i m p l i c a t i o n i s t h a t some 
i n t e r f e r i n g P-wave component must be present i n the data. 
( i i ) The c e n t r a l pesk expr-cted j n the decay of a 2 + 

p a r t i c l e i n t o two 0" p a r t i e l t - B , when the 2 + object has 
been produced by pion exonange, is absent. This eFfect 

1 ? JUN ®U 
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i s a t t r i b u t e d t o the presence of an i n t e r f e r i n g o«-wave 
component i n the same mass region as the f° meson. The 
l a c k o f a c e n t r a l peak has been reported i n many previous 
experiments, and although the general explanation i s i n 
terms of an i n t e r f e r i n g s-wave resonance i t has r e c e n t l y 
been pointed out t h a t the e f f e c t could also be explained 
by the presence of a p~wave component, e i t h e r i n t e r f e r i n g 
or n o n - i n t e r f e r i n g . 

The decay angular d i s t r i b u t i o n Y/(e,<|>) f o r the process 
2++0""0~ may be w r i t t e n i n terms of the production d e n s i t y 
m a t r i x elements ass 

w(e f*) -I A 0 
sinTQ ^ p22 + p2~2 c o s + s i n ' 2 9 ( P i ] ~ p i - 2 C 0 0 ? * ) 

+ 3 P 0 0 ( c o o f c 6 - -|) - 4 s i n 5 e cose ( E e ( p 2 1 ) cos<l> - Re(p ?_-j)cos 

+»/§ R e ^ p 2 0 ^ B i n 2 e ( c o o 2 8 - | ) ccs 2* + 2 /6 R O ( P 1 0 ) s i n 2 0 

(cos o - ~) COS <l> 
3 (5.18) 

and the d e n s i t y matrix element c o n d i t i o n of trace u n i t y imposes 

2 p 2 2 + 2 p n + P 0 0 = 1 (5.19) 

Using the method of moments, the values of t h e pure s p i n 2 
d e n s i t y m a t r i x elements have been extracted from equation 
(5«18). I n Tables 5.4 and 5.5 are shown the values of these 
d e n s i t y m a t r i x elements averaged over a l l values of momentum 
t r a n s f e r , and t h e i r v a r i a t i o n w i t h t f o r too s« and t-channel 
h e l i c i t y reference frames r e s p e c t i v e l y . Figure 5*3 shows the 
d i s t r i b u t i o n s o f the d e n s i t y m a t r i x elements P , and p n i w i t h 
t , and the angular d i s t r i b u t i o n s of cose and <f> i n thp Gotfcfied-
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Jackson reference frame. Also shown i n t h i s f i g u r e , as the 
s o l i d curves i n the decay angular d i s t r i b u t i o n s , are tho 
f i t s t o these d i s t r i b u t i o n s as predicte d from the average 
values of the d e n s i t y m a t r i x elements o f Equation ( 5 . I S ) . 

The consequences o f t r e a t i n g the f° signal as a pure 
D-wave s p i n system are c l e a r : 

( i ) The de n s i t y m a t r i x elements e x h i b i t non-physical 
values over some of t h e i r range and tho clement (> 22* 
which i s the square o f the amplitude of the h e l i c i t y 
2 s t a t e , takes on non-physical values throughout the 
whole of the range of momentum t r a n s f e r being considered, 
( i i ) The p r e d i c t e d form of the decay angular d i s t r i b u 
t i o n s of cose and 4 , which are calculated from the over
a l l values of the pure s p i n 2 density matrix elements, 
are i n very poor agreement w i t h the experimental values. 
This i m p l i e s t h a t the ca l c u l a t e d values of the elements 
of the d e n s i t y m a t r i x ere not good estimates, of the 
experimental s i t u a t i o n . 
I t i s t h e r e f o r e necessary to consider the f° region as 

co n t a i n i n g not only pure D-wave, but a mixture of P- and 
D-wave components. The e v a l u a t i o n of the density m a t r i x 
elements i s most conveniently performed i n t h i s case by an 
expansion of the s p h e r i c a l harmonic c o - e f f i c i e n t s & m i n 
terms of the elements of the mixed J = 0, 1 and 2 d e n s i t y 
m a t r i x . This gives r i s e t o a set of 15 equations containing 
the r e a i p a r ts of 25 d e n s i t y m a trix elements (Ref. 5 . 4 ) . The 
d e n s i t y m a t r i x c o n d i t i o n cC trace u n i t y imposes, i n t h i s case 
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2 P « + 2 p g + P ^ + ? p £ + P ^ , P ° ° o = l - (5.20) 

I t i s obviously impossible to solve uniquely the values 
of the d e n s i t y m a t r i x elements, but an analysis has been 
perforated by the 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 (Ref. 5.5) by 
applying the p o e i t i v i t y c o n d i t i o n s of the Schwartz i n e q u a l i t i e s 

K x ' I * 7 P A A P A « A' ( 5 ' 2 L ) 

t o the expansion of the s p h e r i c a l hraroonic moments i n terms 
of the d e n s i t y m a t r i x elements i n order t o determine regions 
in,which these elements must l i e . 

I n t h i s t h e s i s a method has been used f o r the f° density 
matrix elements s i m i l a r t o t h a t p r e v i o u s l y described i n the 
sections discussing the p° meson, i n which l i m i t a t i o n s have 
been put on the poss i b l e populations of the various h e l i c i t y 
s t a t e s i n order t o solve a t low t f o r the density .matrix 
elements. I n the lowest p a r t of the t d i s t r i b u t i o n f o r the 
f° meson, 0.04 .< |t |<0.07 (GeV/c) 2, which contains 12# of the 
f° meson data, a l l of the experimentally determined moments 
w i t h M ̂  0 3re close t o zero. Under the hypothesis, t h e r e f o r e , 
t h a t only the h e l i c i t y zero states o f the ( H I T ) system are 
occupied then the s p h e r i c a l harmonic expansion o f Ref. 5.4 
cont r a c t s t o a set of 5 equations containing 6 den s i t y matrix 
elements % 

1 0 "/Tu V + 5 oo "Poo 

a20 

a30 = ~ 6 /J P
2 1 (5.21) 

T poo 
a

4 o f p o o , (5.2» 
/4TI 
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and w i t h the t r a c e c o n d i t i o n 
22 . 11 A oo -i 

Poo + Poo + P oo =*' L 

these equations can be solved f o r tbe combinations P Q Q » p0"o + p° 

poo + ^ poo * p o o 8 n < 3 poo* T h e e l e m e r i ' t s o £ most i n t e r e s t are 
p 2 2 and ( P Q Q + P Q Q ) which give the p r o p o r t i o n of the observed 
Kn s t a t e due t o D-wave and S + P~ wave r e s p e c t i v e l y , 'ft i s 
unfortunate that i n t h i s a n a l y s i s i t i s impossible to f u r t h e r 
separate the S~ and P- wave components, but from the evalua
t i o n of the s p h e r i c a l harmonic c o - e f f i c i e n t s the values of 
the d e n s i t y m a t r i x elements are: 

Poo = 0 A 5 ± ° « 0 9 

(5,26) 

Poo + Poo - °-55 i 0.11 

These two r e s u l t s s t a t e t h a t , i n tbe t region being considered 
of 0.04«|t|<0,07, (45 + 9 of the observed s t a t e i s duo t o 
production of a d--wave inr system w h i l s t (55+11)$ comprises a 
mixture of S- and p-waves. Above the f i r s t t b i n the values 
of t h e s p h e r i c a l harmonic c o - e f f i c i e n t s corresponding to ftt^O 

are non-zero and th e r e f o r e no s i m i l a r assumptions concerning 
the p o p u l a t i o n of h e l i c i t y s t a t e s can be made. 

5•6 Conclusions 
The main parts of the previous discussion concerning the 

spin s t r u c t u r e and production p r o p e r t i e s o f the (ir +ir"") system 

i n the regions of the p° and .-̂ t-ories are summarized m the 

sections which f o l l o w * 
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(a) The p° r e g i o n 
The expansion of the decay angular d i s t r i b u t i o n 

W( 6, ij)) i n "terms of the mixed s p i n density matrix elements 
f o r J-l and O'=0, as given i n Eq . 5.13, leads to a good 
d e s c r i p t i o n of the experimental data. Using an h e l i c i t y 
amplitude a n a l y s i s a t sm a l l values of momentum t r a n s f e r , 
assuming t h a t the ITTT s t a t e i s produced by a s p i n - f l i p 
mechanism, the r e l a t i v e amount of P- to S~wave component i n 
the w + i T system i s 2:1. The S-P wave decay phase d i f 
ference i s e i t h e r 0° or 180°. Up t o a | t | value- of 0.075 

(GeV/c) the data are compatible with ^90$ pion exchange, 
and as | t | increases so the n a t u r a l p a r i t y exchange com
ponent, Ag exchange, becomes s i g n i f i c a n t . The data show 

a d i p i n the densitv m a t r i x element Re {p}®) a t a value 
«. oo 

of | t | c o n s i s t e n t w i t h t h a t expected from the presence of 
o nonsense wrong-signature zero p o i n t of the Ag pole , 
and there i s evidence of a decrease w i t h increasing | t j 
o f t he r e l a t i v e amount of s-wsve component i n the v^n" 
system. 
(b) The f° region.. 

An expansion of the decay angular d i s t r i b u t i o n i n 
terms of the pure s p i n 2 d e n s i t y matrix f o r the process 
2 -K) 0 i s inadequate i n ex p l a i n i n g the experimental data. 
The decay angular d i s t r i b u t i o n of cose i s i t s e l f 
s u f f i c i e n t to i n f e r t h a t there i s e s u b s t a n t i a l S~ and 
P-wave component i n t h i s r e g i o n . An analysis of the 
low | t | r e g i o n considering the mixed J=0, 1 and 2 
density m a t r i x , and assuming t h a t only the h c l i c i t y 
zero states of the produced n i r cyytem are populated, 
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* i 

leads to an estimate of t h e r e l a t i v e amount of D~wave 
to 3 - and P-wave combined as approximately 1 :1* 

5• 7 ,̂ orojB,â ŝ P..yl,tk„.roasg , p t e c h n i q u e s 
.An examination of the s p i n s t r u c t u r e s of the p° and 

f° meoons has been made by the 3 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 
( l i e f . 5»b) i n which the s i g n a l s used as p° and f° were 
defined by mass cut techniques. The regions of M( ir + i r") . 

selected were 
f o r the p° meson 0 . 6 8 < i a ( i r + 0 < 0 . 8 8 Uev/e 2 

f o r the f° meson 1 . 2 0 s M(ir 4 u ~ ) * 1 . 3 4 GeV/c2 

The r e s u l t s o f t h i s analysis are now b r i e f l y reviewed and 
compared w i t h the r e s u l t s of the analysis performed here on 
tbe s i g n a l s extracted as P 0 and f° by the c l u s t e r searching 
technique. 

(*) The P ° _ r ^ i o n 
The analysis showed that the n a t u r a l p a r i t y exchange 

component, A ? exchange, i s less important at 4 GeV/c than 
a t higher energies; and f u r t h e r t h a t at low | t | values 
the p i o n pole dominates through the h e l i c i t y zero a m p l i ~ 
tude. This i s i n agreement w i t h the r e s u l t s presented 
here on the CLUSTAN extracte d s i g n a l f o r t h e p 0 meson. 

( i i ) JE£S^ i-JG: 

Components corresponding t o P ~ and D - wave 
product i o n of the i r + T r " system were found t o be present 
i n the f° re g i o n . I n the sample extracted by mass cut 
technique the p r o p o r t j o n of pi!re D -wave i n the u TT 

system a t low values o f momentum t r a n s f e r was found to 
be ( 3 4 + 1 0 ) ^ compared w i t h (4i>+9)# by the CLUSTAN technique. 
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Extending the mass cut a n a l y s i s throughout the | t'| range 
avaLiable, i t was found that there was always a domina~ 
t i o n of unnatural p a r i fcy exchange i n the i n t e r a c t i o n and 
t h a t even at high values of 111 the amount o f pure 
d-wave present i n the data d i d not r i s e above 00$< 
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Chaj^ter^.6 C ohcre n t ~i)outo7• on_Tut er a c t ions 

The r e a c t i o n s considered i n the e a r l i e r ports of t h i s 
t h e s i s have "been concerned w i t h i n t e r a c t i o n s of pions on the 
neutron t a r g e t provided by the deuteron. These have been 
selected from a t o t a l number of events the remainder of 
which correspond l a r g e l y t o pion i n t e r a c t i o n s upon the proton 
of t h e deuteron. A s m a l l f r a c t i o n of the t o t a l number of 
events however, i s due to the i n t e r a c t i o n s of the pion with 
the whole of the deuteron i n which the deuteron emerges as 
one of the f i n a L s t a t e p a r t i c l e s , 

A.t the present stage o f the experiment the events avai.1--
able f o r analysis are those whnve the number of pions i s 

- I - 4- M 

t h r e e , and comprise.0, if ir n . That i s , events where the f i n a l 
s t a t e p a r t i c l e s are given by? 

•{- + 4- — 

ir d -> dir IT ir Reaction C 
I n terms of "Peynman exchange diagrams, the two basic 

processes which are involved are shown i n Figs. 6 . 1(a) and 
6 . 1 ( b ) . 

The cample of events i s not madr up e n t i r e l y of those 
described by Pig. 6.1(a) and ( b ) . The formation of f i n a l 
s t a t e devterons by , fpiok~up" processes i s w e l l known and i t 
i s expected t h a t , f o r example, there may be c o n t r i b u t i o n s to 
t h i s channel from reactions such as thsvfc described by the 
J?eynman djagram of T?ig. 6 . 1 ( c ) . I n t h i s diagram the forma
t i o n of an intermediate A (1236)', by & pi-meson w i t h one of 
the nucleoos w i t h i n the deuterou, i s represented. On the 
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subsequent decay of the A , the released nucleon i s picked up 
by t h e remaining nucleon, again forming a deuteron. 

The process of F i g . 6.1(a) proceeds by pomeron-type 
exchange ( i . e . no quantum numbers are exchanged) and i s 
known as i n e l a s t i c d i f f r a c t i o n s c a t t e r i n g i n which the 
3 p i o n secondaries are produced by the d i f f r a c t L v e break up 
of the primary p i o n . 

The second process ( P i g . 6.1(b)) proceeds by pion-lype 
exchange and these two processes together represent the 
t r u l y coherent processes, t h a t i s the i n t e r a c t i o n i s on the 
deuteron as a whole. 

I n diagram (a) of J"ig c 6.1> the i n t e r a c t i o n i s 
+ + + — IT —»-ir n ir pion v e r t e x 

d —• d deutorcn vertex 
I n t h i s diagram ttao possible exchange p a r t i c l e s are 

the poraeron (P) and the A°«ineson, and the three pions are 
expected to be produced moving forwards i n the centre of 
mass frame w i t h the deuteron c o n t i n u i n g backwards. Con
s e r v a t i o n of quantum numbers imposes t h a t the three pions 
must be i n the same s t a t e as the i n i t i a l pion, apart from 
o r b i t a l angular momentum and p a r i t y r e l a t e d by P • ^ - ( - . i ) * , 
I n t h i s case, since the s p i n of the pion Ls zero, the o r b i t a l 
angular momentum ( a) i s equal t o the o v e r a l l angular momentum 
(J) of the t r i p i o n system. Jsospin conservation imposes t h a t 
the t r i p i o n system must have I - 1 " , The possible f i n a l 
s t a t e s f o r the t r i p i o n system are given below 

i r^l"(0~)->ir inr l G ( j P ) 
r(0~) : i*Q 
1 ( 1 + ) : s-1 
1~(2") : 4=2 t j t o . 
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Thus the f i n a l s t a t e s ore those of I - = l ~ , and i n the 
unnatural p a r i t y s e r i e s ; hence i t i s possible t h a t the 
t r i p i o n system i s produced as the A l meson but not as the 
A2 meson. 

I n diagram (b) of F i g , 6.1, where the f i r s t two possible 
exchange p a r t i c l e s are the IT-meson and the Ag meson, the 
p a r i t y of the meson ve r t e x dipon system i s given by P^ - (-1) 1 

Shown below are the possible f j n a l s t a t e s f o r the d i p i o n 
system, enf o r c i n g the f a c t t h a t f o r any 2-pion system i f T 
i s even both C and P are even, and i f I i s odd both C and P 
are odd. Again the o r b i t a l angular momentum (i) equals the 
o v e r a l l angular momentum ( J ) . 

TT~1 (0) -> Trir i-q SL~2 etc 

1=0 0'"(0 +) ~ 0 + ( 2 + ) 

1*1 - JL*(1~) 

1*2 2 * ( 0 + ) - 2 +(2' h) 

Examination of the various p r e d i c t e d states shown above 
f o r diagram 6.1(b) leads t o the expectation of production of 
such mesons as the e ( 0 + ( 0 + ) ) , p ( l + ( l " " ) ) , and i f the centre 
of mass energy were high enough the f °~meson ( 0 + ( 2 + ) ) . The 
p ° meson may, of course, be produced from diagram 6.1(a) 
a f t e r the decay A l p i r . 

I n the c o l l a b o r a t i o n of t h i s experiment, th i s channel 
has been analysed by Birmingham and Durham simultaneously, 
Birmingham concentrating on an A s c o l i Spin-Parity a n a l y s i s 
of the t r i p i o n system, and Durham on resonance production, 
Tn t h i s chapter, f i r s t l y the c h a r a c t e r i s t i c s of the whole of 
the channel w i l l be examined from t h i s (resonance production) 
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p o i n t of view and secondly, methods i n v o l v i n g Van Hove p l o t s 
and C l u s t e r Analysis w i l l be used to d i v i d e the events i n t o 
those corresponding t o d i f f r a c t i v e production and those 
corresponding t o other e f f e c t s . Where necessary, reference 
w i l l he made t o the work c a r r i e d out a t Birmingham. The 
whole analysis i s preceeded by a discussion of the ambigu
i t i e s of the events and q u a l i t y of the data? and the cross-
s e c t i o n o f the coherent channel i s ca l c u l a t e d . 

6•2 S e l e c t i o n of Events 
Since the deutcrou i n f l i g h t corresponds t o a proton and 

neutron moving w i t h the same momentum and w i t h zero degrees 
between t h e i r t r a j e c t o r i e s i t i s expected t h a t e r r o r s of 
measurement w i l l lead t o a contamination of the deuteron 
channel from events of the k i n d 

i r + d -> pn7r+Tr+Tr" ( l ~ C , p-n f i t ) Ambiguity CI 

where e i t h e r the f i n a l s t a t e proton or neutron i s a spectator 
nucleon and where the pro t o n and neutron are of s i m i l a r low 
momentum and moving i n the same d i r e c t i o n . This ambiguity i s 
resolvable i n the case of 4-prong events where the f i t to 
r e a c t i o n C i s a tr u e 4--C f i t * but i n the case of a 3-prong 
(unseen deuteron) event the ambiguity i s very d i f f i c u l t t o 
resolve (Ref. 6.7) and thus only 4—pronged events have been 
used i n the a n a l y s i s . 

Generally, experiments have found up to 15'/* contamina
t i o n of the coherent channel w i t h the l-C p~n f i t . However, 
a t the energy of t h i s experiment and with HPT) measuring 
accuracy the contamination expected from t h i s source i s small, 
being <5$. 3^or example, Vegni e t a l (Re£, 6.1), at an i n c i d e n t 
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pion momentum of 6 GeV/c, found t h a t only 2$ of t h e i r 
o r i g i n a l sample of coherent events were excluded a f t e r 
t e s t s (described below) to remove the ambiguity Gl. .For 
these reasons the 1-C p-n f i t was not considered a serious 
contamination, and any event which gave the 4-C coherent 
f i t was assumed to be t r u l y coherent i n preference to the 
1-C ambiguity CI. 

This assumption, t h a t the 1-C p-n f i t i s not a s i g 
n i f i c a n t contaminate of the sample of events g i v i n g th<j 
4~C coherent f i t , has been confirmed by on examination of 
the mass of the p--n system, the opening angle 9p n between 
the outgoing proton and neutron, and the r a t i o of the 
momenta of the proton and neutron, i n the ambiguous f i t 
t o r e a c t i o n 01, The t e s t s which are normally used to 
d i s t i n g u i s h between the coherent and 1-»C p-n f i t s ere: 

a) Mass o f the p-n system 
Por a true event i n r c a o t i o r C, the mass o f the 
p-n system i n ambiguity CI should l i e i n the 
deuteron mass. 

b) Opening angle 9 „ 
pn 

•E'or the channel irl"d->pn7r4 tr+ir™, cos 9 • should be 
an i s o t r o p i c d i s t r i b u t i o n , what i s seen e x p e r i 
mentally i s t h a t cos 6 has a strong peak a t 
very s m a l l angles (cos 8 p ^ l ) and i t i s only 
events i n t h i s peak which also give the 4~C 
coherent f i t ir+d-*dir+..Trfii"". 
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0 ) R = P ( p / P ( n ) ' 
From range momentum considerations E, the r a t i o of 
proton to neutron momenta, i s determined to be 1.54 
f o r t he r e a l deuteron misinterpreted, as a proton. 
Tho d i s t r i b u t i o n of E f o r ambiguous events shows 
a strong peak a t t h i s value, i n d i c a t i n g those 
events which are coherent candidates. 

At Birmingham, the s e l e c t i o n c r i t e r i a 
»(p fn) c 1.882 GeV/c2 

Cos e p n > 0.9 
R(=Pp/P n) = 1.54±0.3 

have been applied to the ambiguous f i t s t o the coherent 
channel, and ix was found t h a t <4$ of the o r i g i n a l f i t s 
were then r e j e c t e d . 'iigs„6s2a, b and c show the d i s t r i b u t i o n s 
of M(p,n), cose p n and H r e s p e c t i v e l y f o r a l l events f i t t i n g 
the ambiguity n+d-*-pn Tr +n +Ti~ t and the shaded d i s t r i b u t i o n s i n 
these f i g u r e s i n d i c a t e those events which give the coherent 
f i t , showing c l e a r l y the features described above, j u s t i f y -

i 

i n g the use of the t o t a l 4C'sample. 
The r e a c t i o n C also has a small ambiguity w i t h the 4C 

channel /d-^ppir + iT and, since t h i s i s a more l i k e l y 4-C f i t , 
these events have been excluded. F i n a l l y , a p r o b a b i l i t y cut 
has been made a t the V/o l e v e l leaving a sample of events 
used i n the ana l y s i s amounting t o 1082 events. 
6.2.3 Channel Cross-Section 

The cross-section f o r the coherent r e a c t i o n Tr+d-+d Tr+ir+iT" 
has been estimated, a l l o w i n g f o r a beam contemn na t i o n of 5$ 
and t a k i n g i n t o account the reactions t h a t v/ould give an 
unseen deuterou i n the f i l i a l s t a t e (^20^, see r c f . 6.2) es 
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y ( ir +d -*d / n + ir~) = 3 1 6 t 26 p b 
and bonce one event corresponds to a cross s e c t i o n of 
0.292 ub. 
6.2.2 Momentum Transfer mid Coherence 

Since, i n a d e f i n i t i o n of a coherent i n t e r a c t i o n , the 
i n t e r a c t i o n i s demanded to be on the deuteron as a whole 
such t h a t the deuteron remains i n t a c t throughout the event 
and emerges as one of the f i n a l s t a t e p a r t i c l e s , i t i s possible 
to c a l c u l a t e the magnitude of a t y p i c a l momentum t r a n s f e r f o r 
such an event. 

Uoiug the d e f i n i t i o n of momentum t r a n s f e r t (see A-ppendix A) 
t - 2M? - 23 -rJVL * WL = deuteron mass 

where T n i s the k i n e t i c energ.y of "the deuteron* Since the 
f i n a l st:;to deuteron i s non-rola f ; i v i s t i c , then 

t h a t i s , the modulus of t h e momentum t r a n s f e r i s equal t o 
the magnitude of t h e three momentum squared of the f i n a l 
s t a t e deuteron. The s i z e o f p f o r a coherent r e a c t i o n can 
be estimated by demanding that the i n c i d e n t p a r t i c l e does 
not r e s o l v e the s t r u c t u r e of t h e deuteron. Taking the 
deuteron diameter tec <\,2 Fermi, then from the u n c e r t a i n t y 
p r i n c i p l e , Ap^200 WeV/c. This leads to a t y p i c a i momentum 
t r a n s f e r , i n order t h a t the deuteton does not break up, c f 

. t = 0.04 (ueV/c) . Below obis value of t there io a n e g l i 
g i b l e p r o b a b i l i t y of s p l i t t i n g the deut-jron^ wheroos above 
t h i s value the p r o b r . h i l l t y increases v c p i d l y . 

•C-n = deuteron energy 

D~ D 
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^ • 3 ^JWarlan^Vaas,, ft*^ Angular D i s t r i butionsy Meson Systems 
I n order t o f a c i l i t a t e the separation of the various 

kinematic c o n f i g u r a t i o n s described by the Peynman diagrams 

i n Pig. 6.1, i t was found to be necessary to devise some 
mechanism to d i s t i n g u i s h between the two p o s i t i v e pions 
present i n each event. To t h i s end a d e f i n i t i o n of i r ^ " 

( f a s t + ) was made a s being t h a t p o s i t i v e pion wi t h the 
l a r g e s t l o n g i t u d i n a l centre of mass momentum. The other 

p o s i t i v e l y charged p i o n i s then if (slov / iv ) . Thus i n 
diagram 6.1(b) the n + produced a t the meson vertex i s 

expected to b e i r + ^ , w h i l s t the TT"1' produced a t the baryon 

ve r t e x i s expected to be TT+ . 
s 

6 • 3.1 ( ^ j t T " ) t C" * D» O spectra: _ t he £°jne^sors 
F i g , 6.3 (a) Fhows the i n v a r i a n t mass d i s t r i b u t i o n f o r 

the d i p i o n combinaxion n1"^, TT™. The dominant feature of 
t h i s d i s t r i b u t i o n i s the P° meson. Shown i n F i g . 6.3 (b) 
i s the mass d i s t r i b u t i o n of the ( i r + _ n * " ) system, and a s 

can be s e e n from t h i s f i g u r e , there i s some small amount 
of p°. s i g n a l s t i l l present a f t e r the d i s t i n c t i o n between 
i r + f 7 r +s ^ a s ^ e e n raa&e« The decay angular d i s t r i b u t i o n , i n 
the Gottfried-Jackson Frame, f o r a l l li*" , iT combinations 
whose mass f a l l s i n the region 0.66$M + „ -*0 o86 GeV/c i s 

IT x IT 

p l o t t e d a s the shaded histogram i n F i g . 6.4. I t w i l l be 
noted t h a t there i s a large asymmetry i n t h i s d i s t r i b u t i o n , 
biassed towards t h e forward decay of the i r + meson i n the 
P° r e s t frame. Most of t h i s asymmetry i s due s o l e l y to 
the method of s e l e c t i n g the v *" associated with the p° meson, 
f o r when t h i s d i s t r i b u t i o n i s compared vy'rth the unshaded 
histogram i n F i g . 6.4* i n which the d i s t r i b u t i o n shown j s 
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Fig. 6.4 
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f o r a l l i f + T f ~ p a i r s (whether i r* or TT+_) whose mans f a l l s i n 
the p ° mass r e g i o n defined above, the asymmetry i s reduced. 
I n the unshaded histogram of F i g . 6.4* any event f o r which 
both i r + i r " " mass combinations f a l l i n the p ° region i s given 
weight v 2 . I t i s apparent from t h i s f i g u r e t h a t o n l y -^10^ 
of a i l " r e a l " p ° - mesons are l o s t because of the s e l e c t i o n 
i r + . p , i r + „ » The kinematic reason f o r l o s i n g p ° mesons i s 
t h a t i f they are produced moving w i t h low l o n g i t u d i n a l 
centre of mass momentum (P-^) then when, on decay, the 
meson i s produced moving backwards i u the p ° frame, i t i s 
possible f o r the i r + associated w i t h the p ° decay t o be 
moving w i t h a smaller than the other i r + , i n the o v e r a l l 
centre of mass frame. This explains also the f a c t t h a t the 
p° mesons are l o s t from the backward *-:oing H1" decay c o n f i g 
u r a t i o n . 

Another method widely used f o r tagging the i r + mesons 
i s t o define TT£ (say) as the member of t h a t 7 r + i r ~ combination 
which i s produced w i t h the smaller momentum t r a n s f e r t o the 
beam. This method (Ref, 6.2) appears t o be no more success™ 
f u l than the simpler method used here since the percentage of 
l o s t p° events compares w e l l a t ̂ 10$, 

The foreward-backward asymmetry parameter n, as defined 
i n Chapter 5, f o r a l l p ° mesons i s evaluated as 

n =- 0,29 i 0.05 

As described i n Chapter 5, t h i s asymnK-" t r y i s a t t r i b i H a b l e t o 
the presence of an i n t e r f e r i n g fj--7>:vp irif syshem resonant near 
the p ° mass, the e meson0 u n f o r t u n a t e l y , I t i s not possible 
to invoke any r e s t r a i n t on the amount of possible Al production 
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from the presence of the e meson, since the A l can decay 
i n t o eir (e i n L = l s t a t e ) j u s t as i t can i n t o P°IT (p H i n 
1-0 s t a t e ) . 
6.3,2 The T r i p i o n System 

The I n v a r i a n t mass spectrum f o r the trip.) on system i s 
shown i n F i g . 6.5(a). A'Jthough one would have expected to 
see a peak a t the A l mass region (M( A.l)=l070 MeV/c , r = 
200-1-00 MeV/c') there i s no evidence f o r such a resonance. 
There appears only a broad enhancement throughout the whole 
t r i p i o n moss range. Since the A l decays: Al-> p 7r, i t majr be 
thought t h a t s e l e c t i n g a (ir+ir™") combination i n the P° mass 
would enhance any possible s t r u c t u r e around the A l meson. 
However, since the A l s i g n a l .is obviousJy weak i f i t i s 
present and since t>° mesons are produced i n ^65$ of the 
events, tho>' s e l e c t i n g the p v i r t u a l l y pelect.3 every event 
and does net s p e c i f i c a l l y enhance the A l meson. Indeed, 
k i n e m a t l c a l l y , any t r i p i c n cystern w i t h mass as i n F i g . 6.4(a) 
i s bound t o give one combination of the d i p i o n masses i n the 
p r e g i o n ; conversely, an,v d i p i o n system w i t h mass i n the 
p meson w i l l give a t r i p i o n TC.ISS near the A l mass. 

The e f f e c t i v e mass d i s t r i b u t i o n f o r the ir ir system i s 
shown i n F i g , 6.5(b). As i s expectf-d, since no 3spin 2 
( e x o t i c ) mesons are known, there are no enhancements i n the 
spectrum of t h i s system. 

6«4 I n v a r i a n t . Mass and Angular Systems 

I n searching f o r enhancements i n (d v) v-ystemo* the 
meohanisn being considered i s b a s i c a l l y that of one-pion 
exchanoe as i n d i c a t e d i n tftg. 6..1(b). That i s , no conVj-'-
bu t i o n from pom&roa-tjn e exchange i s expected i n t h i s ooin*-xt t 
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There are, of course, more complicated exchange mochanisms 
such as the pick-up process shown i n F i g , 6.1(c), and these 
w i l l he d e a l t w i t h as evidence f o r tbera occurs. 

6 • 4 • 1 Z11̂ (3LL<$Li system 
The e f f e c t i v e mass of t h i s system i s ohown i n F i g . 6.6(a). 

The very c l e a r enhancement a t M( Trd) ̂  2200 MeV/c" has been 
noted i n several experiments (see t a b l e 6.1 below), This 
peak i s the d* e f f e c t and here i t i s Been i n the d w mode, 

o 

the mass r e g i o n defined as the d* being: 2.0$M( ird)^2,4 GeV/c^o 

Table u 6 . t l >D* For Various Inc i d e n t Momenta 
Beaio Momentum GeY/c 5$D* Kef 

3.7 55 6.8 
4.0 45 This oxpt. 
4.2 40 6.2 
5.04 36 6.4 
5.4 15 6.5 
6.0 10 6.1 
8.0 10 6.6 

11.7 12 6.7' 

I n order t o determine whether or not the d* i s a 
resonance, i t i s necessary to examine the decay angular 
d i s t r i b u t i o n . F i g . 6.7 shows a p l o t of the cosine of the 
angle ( di n-» d

o u^) i " - the d* r e s t system (GoUfried-Jaekson 
frame). As can be seen the o i n t r i b u t i c r ir* very forward 
peaked, and e i t h e r very high terms oC I i n Legend re Poly
nomials (Ea^ P £ (cose)) or very la r g e i n t e r f e r e n c e terms 
w i l l be required to f i t the d i s t c i b u h'on. This asyraoe t r y 



0 

t 

n 

l b 

1 

CM L 

CM •ci L 
S o 

i 

I 

01 13 

CM 

0) 

(0 

CM XI to 

CO 
CO 
01 

(0 
tl) 

(M 

5 (0 
1 1— 

CM 

H 1 
S5 f I 

VD 8 8 CM 

&1 



Fig. 6.7 
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i s i n c o n s i s t e n t w i t h a p a r t i c l e of d e f i n i t e spin and p a r i t y 
and i t i s t h e r e f o r e concluded t h a t the d i s not a resonance. 
An explanation of the d* e f f e c t has been suggested by 
Ei s e n s t e i n and Gordon (Ref. 6.2) using a one-pion exchange-
type model of the form of the Peynman diagram of Pig. 6.1(c). 
The d i s assumed to be an enhancement i n ir d s c a t t e r i n g , 
which r e s u l t s from the formation of a A(1236) by the p i on 
w i t h one of the nucleons w i t h i n the deuteron. As evidence 
f o r t h i s i t i s noted that experimentally 

M(d*) M (A) + M(N) 
When the A subsequently decays i n t o Nir, i t does so i n such 
a way as to leave an i n t a c t deutcron i n the f i n a l s t a t e . 

I t i s p o s s i b l e , on a v e r y simple p i c t u r e , to give a 
p l a u s i b i l i t y argument f o r t h i s type of e f f e c t , w i t h o u t 
r e q u i r i n g the deutcron t o be broken up i n t o i t s two nucleonic 
c o n s t i t u e n t s . 

The l i f e t i m e of. a A (1236), ^10" sees, i s comparable 
w i t h i t s time t o cross the deuteron thus there i s s u f f i c i e n t 
time f o r the A to decay m t h i n the deuteron diameter. Also, 
i n the decay of a A a t r e s t (A-*ITN), the momentum of the 
nucleon i s p^ <\,200 MeV/c. According to the Hulthen d i s t r i 
b u t i o n (see Appendix B) of nucleon momenta w i t h i n the 
deuteron, ^10c/o of nucleons have a momentum 5 200 Mev/c. 
Thus one may conclude t h a t a nucieon given an impulse 
equivalent to a k i n e t i c energy of ̂ '20 MeV, could be captured 
w i t h i n the deuteron p o t e n t i a l w e l l , to Cora a f i n a l s t a t e 
deuteron. 
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6*4.2 Momentum Transfer to the d* 
The t d i s t r i b u t i o n from d to d* i s shown i n F i g . 6.8. 

The s o l i d curve superimposed on the histogram i s t h a t c a l 
c u l a t e d from a simple one p i o n exchange (OPE) p e r i p h e r a l 
model, w i t h a pion propagator of the Torm: 

Pr = 1 ^ ( S e e Appendix C) 
( t , * - m2 ) 

and normalised to the data f o r 0,1$ | t d*|*o,6 GeV/c) . As 
can he seen from the f i g u r e , the f i t i s s a t i s f a c t o r y . The 
reason f o r the lower l i m i t of |t|=0.1 (GeV/c) 2 i n the 
n o r m a l i s a t i o n i s t h a t f o r some events t ^ n may he l a r g e . 
( t m i n ^ 0 . 0 8 (GeV/c) 2. 

^ • 4-.3 Decay AT^Hl^Jl .P,*, sl^^j^j^LSXL £ JL J?fr,5L(Xt 

The d i s t r i b u t i o n of cos8 from incoming to outgoing 
deuteron i n the d* r e s t system was shown above-' i n F i g . 6*7. 
I n t h i s case the superimposed curve i o from a c a l c u l a t i o n 
given by Berger ( r e f . 6.3), using a He&ge-polo exchange 
mode] w i t h a t r a j e c t o r y f o r the pion give;'1, by 

o ( t d * ) = t d * - m v 

where ~2 « §a(t)-3. s = ( c . of m energy) 2 

Here, a l s o , the f i t i s adequate althougr the agreement 
"between model and experiment i s not so close &v i n the 
f i t t o the t d i s t r i b u t i o n by the oimpL: OPE mode] described 
above. 

6.4.4 ^SJi]^^A&^1-iiii^l£JL JL3-L /.111', i l l 
Figure 6.9 3hc.vu the d i s t r i b u t i o n OL COBO ( d . -'is.,..,) 

i n the ( d i r ) system, l o r a mass of ( d n ) > 2 , 4 C«Y/e . This 
d i s t r i b u t i o n i s even more forward peak jd i ' l ^ n that r . f cc,=.C , 
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i n the d* mass r e g i o n . This type of angular d i s t r i b u t i o n 
can only be a t t r i b u t e d t o a h i g h l y p e r i p h e r a l type of 
i n t e r a c t i o n . The Peynman Diagram shown i n Pig. 6 . 1 0 , 
i l l u s t r a t i n g the Deck E f f e c t , i s employed i n the explana
t i o n of t h i s process where i t i s thought that the exchange 
pion i s e l a s t i c a l l y s c a t t e r e d from the deuteron. This 

. e l a s t i c s c a t t e r i n g i s equivalent to poineron exchange, the 
deuteron experiencing only a very small momentum t r a n s f e r , 
and thus i t s momentum vector i s changed only s l i g h t l y i n 
angle• 

6.A . 5 Mass of (IT* ,d) system 
The i n v a r i a n t mass spectrum of the (irf~ .,d) system i s 

shown i n F i g . 6 . 6 ( b ) , where there i s a complete absence 
of d s i g n a l , as i c expected i f the v i s associated w i t h 
the meson vertex. The r a t h e r brood enhancement i n tlie 
d i s t r i b u t i o n at y d) *3.3 OeV/c2 i s the r e s u l t of the 
r e f l e c t i o n of the p° meson formed i n the } IT") p a i r . 
6.4-*6 Mass of (n~d) system 

The mass spectrum shown i n P i g . 6 . 1 1(a) i s the e f f e c t i v e 
mass d i s t r i b u t i o n o f the U^d) system. The d e f i n i t e peak a t 
Mdr"d) -v2 .15 GeV/c i s the non-charged mode of the d*. 
Employing the Feynman diagram of Fi g . 6 . 1 ( b ) i t may be seen 
t h a t the background under any s i g n a l can be reduced by e l i m i 
n a t i n g any events having a (ir^T, ir") combination i n the p ° 

r e g i o n . F i g , 6 . 1 1(b) shows the d i s t r i b u t i o n of Ivl(ir7d) where 
events w i t h a p° meson i n M(ir^ , ir~) nave been removed. The 
d*° peak, although reduced i n i n t e n s i t y , i s s t i l l c l e a r l y 
v i s i b l e ; furthermore, removal of p a i r s of ( i r +

s O i n the P° 
mass r e g i o n does not a f f e c t the d*° peak, merely reducing 
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the s i g n a l above 2.8 GeV/c . 

6•^ Summary o f Results 
The channel ir+d-^d /" i r + i T i s dominated by production of 

the P° meson, accounting f o r ^ 6 5 $ of the IT +IT"~ spectrum, and 
the d* e f f e c t . The rho meson i s produced m&inly i n the 
I T + IT" combinaiion, where i s the / w i t h the l a r g e s t l o n g i 
t u d i n a l centre o f mass raomentum} and the d* i s produced as 

a) The d i n the d* s system 
b) The d i n the dir" system 

where d * + + 5 
d*° 1 

The d* enhancement i s explained i n terms of the box 
diagram shown i n F i g . 6.l(c)» one pion exchange and Regge 
pole c a l c u l a t i o n s f i t t i n g the data QLuite w e l l , e s p e c i a l l y 
the p e r i p h e r a l uiod^l c a l c u l a t i o n f i t io the t d i s t r i b u t i o n 
of t (d-»d*). The s e l e c t i o n c r i t e r i a based upon , TT +

S 

are ©s e f f e c t i v e as considerations based upon the momentum 
t r a n s f e r t o the i r + i r ~ system: about 10$ of a l l r e a l p mesons 
being excluded. Although i t i s d i f f i c u l t to exclude any 
production of the A l meson, the i n v a r i a n t mass d i s t r i b u t e on 
of the t r i p i o n system lends no weight to an argument f o r ifcu 
presence. The A s c o l i s p i n a n a l y s i s c a r r i e d out a t Birmingham, 
however, has i n d i c a t e d a s u b s t a n t i a l ~ 1 + component i n the 
ir IT ir system c o n s i s t e n t w i t h A l production (Rcf. 6.9). 

The high mass ( d i / s ) system (M(dir)>2,4 0-eV/c2) may be 
thought of as e i t h e r e l a s t i c s c a t t e i r i rig on the deuteron by 
the Beck mechanism of F i g . 6,10 or the i n e l a s t i c process of 
P i g . 6.1(b); the nature of the deca.y angular 0Jstn'oution, 
however, impl i e s the former of Ihcse two rronrjsnon. 
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6•6 Discussion of Resulbg 
A comparison of cross s e c t i o n s , f o r the coherent 

channel ir +o>d ir+ i T , f o r various i n c i d e n t momenta ±H shown 

below i n Table 6.2. 
Table 6.2 V a r i a t i o n of X-Section^with,.Bj^um^omejrtujn 

Beam 
Momentum 
(GeV/c) 

X-section 
U b) -Reference 

3.7 420M. 6.8 

4.0 316+25 This expt. 

4.? 304+70 6.2 

5.04 324+25 6,4 

5.4 528+37 6.5 
6.0 300+50 6.1 

8.0 344+35 6.6 

11.7 353+30 6,7 

Apart from the very l a r g e cross-section quoted i n entry 
number 5 of Table 6.2, the cross s e c t i o n f o r t h i s channel 
appears independent of energy. This i s consistent w i t h a 
d i f f r a c t i v e process, the pomeron t r a j e c t o r y dominating, 
which leads t o a p r e d i c t i o n of constant cross s e c t i o n as 
the centre of mass energy squared, s,->•<». However, since 
the d * e f f e c t (Table 6.1) i s present, and the cross section 
f o r t h i s process, which i s a d e f i n i t e i n d i c a t i o n of a pion 
exchange component i n the data, f a l l s as^p"" 2 (p = i n c i d e n t 
momentum) then there i s an immediate c o n t r a d i c t i o n of the 
assumption of a d i f f r & c t i v e process drtivm from the channel 
cros s - s e c t i o n data. S u b t r a c t i o n of t h i s \non exchange com
ponent leads to a cross-seoiioa f o r the non '^ion-exch^n-'O 



- 12 D -
p 

component which r i s e s approximately as p up to a centre of 
mass energy of /6.35 CeV/c^ ( e n t r y 6 i n t a b l e 6.2), and 
then remains constant. 

I n order to attempt t o resolve t h i s ambiguity, the 
d i s t r i b u t i o n of the events i n the 4-body 1 o n g i t u d i n a l phase 
space p l o t has "been examined. This p l o t i s shown i n Pig. 6.12 
where the 2 "Van hove angles are p l o t t e d . The numbered areas 
correspond t o the r e a c t i o n c o n f i g u r a t i o n s shown i n l?ig w 6 . 1 % 
The s o l i d l i n e s arc those of zero l o n g i t u d i n a l centre of mass 
momentum f o r the various p a r t i c l e s and the broken l i n e s 
correspond t o a transverse momentum of ̂ 200 MeV/c, The 
re g i o n marked 5 i s t h a t i n which events of the type shown 
i n P i g . 6.1(a), t h a t i s d i f f r a c t i o n d i s s o c i y t i o n events, would 
be expected to f a l l . I n s p e c t i o n of t h i s p l o t leads to the 
conclusion t h a t there i s not s s i g n i f i c a n t amount of r e a l 
d i f f r a c t i o n d i s s o c i a t i o n present i n the data. This would 
account f o r the fact,inferred from the lack of events i n 
re g i o n 5, t h a t there i s no s u b s t a n t i a l production of the A.1 
meson, 
6•7 Cluster Analysis 
6.7.1 Choice o f Variables 

I n order t o search f o r n dimensional c l u s t e r i n g i n t h i s 
channel where there are 4 p a r t i c l e s i n the f i n a l s t a t e i 
dir +Tr +ir~, 7 v a r i a b l e s are required to describe the system. 
The v a r i a b l e s chosen were, again, those recommended by Dao 
e t a l ( r e f . 6.10). 'Alien considering the d e f i n i t i o n s of the 
Van-Hove v a r i a b l e s f b r a three body f i n a l s t a t e (Chapter 3 ) , 
i t was found t h a t the c of m l o n g i t u d i n a l momentum d i s t r i b u t i o n 
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was defined w i i h i n a hexagon. Jn t h i s cose the l o n g i t u d i n a l 
momentum d i s t r i b u t i o n i s defined w i t h i n a cuboetahedron as 
shown i n Pig. 6.14-. The three Van-Hove v a r i a b l e s defined 
w i t h i n t h i s f i g u r e are the two Van-Hove angles 6-j and 0 2 

and the length of the radius vector These v a r i a b l e s are 
defined as: 

R - A f J 
i = l J 

\ = cos" 1 if) 

1 /3(qtr+ 2 - qir-) 
e 2 = "tan - y ^ 

TT+ + M d 
1 

where 'q 1 represents the c o f m l o n g i t u d i n a l momentum f o r 
p a r t i c l e 'a'. Three other v a r i a b l e s used are the k i n e t i c 
energies of t h r e e of tho f o u r p a r t i c l e s : i r ^ f , i r ~ ond the 
deuteron. The seventh v a r i a b l e recommended i s the i n v a r i a n t 
mass of a combination of the f i n a l s t a t e p a r t i c l e s . I t i s 
e s s e n t i a l t h a t great care i s taken i n the choice of which 
p a r t i c l e s to group together f o r t h i s seventh v a r i a b l e . The 
i n t r o d u c t i o n of biases i n t o the analysis was avoided by 
choosing two p a r t i c l e s whose i n v a r i a n t mass d i s t r i b u t i o n 
showed no resonant shapes. This r e s t r i c t i o n leads t o the 
choice of the mass of the two p o s i t i v e pions as the best 
combination since, as can be seen from Pig. 6.5(b), t h e i r 
mass d i s t r i b u t i o n contains no s t r u c t u r e . Thus the seven 
v a r i a b l e s chosen f o r the analvses were; 0,. e O J Rt T +„, 

I • d' 7 ir 1 9 

I T d and M ( i r + , i r + ) . 
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6*7.2 The Analysis 

The s t a t i s t i c a l a n a l y s i s programme CLUSTAJJ was 
supplied w i t h the above seven v a r i a b l e s f o r each of 1000 
cases i n the t o t a l sample of 1082 events f o r r e a c t i o n C, 
Six independent c l u s t e r s were obtained w i t h sizes as shown 
i n t a b l e 6.3 below. 

Table 6.3 Size of £±T^J^_clMjiterB 

Cluster Ho. Size 
1 161 
2 216 
3 150 
4 222 

5 201 
6 50 

«» —— —,.,.,,.,.,1 
Increasing the number of f i n a l c l u s t e r s required was found not 
to have any e f f e c t on the s a l i e n t features o f the clustered 
data. This i s probably an e f f e c t of the low s t a t i s t i c s , since 
inc r e a s i n g the number of c l u s t e r s decreases the population 
s i z e f o r some of the c l u s t e r s , thereby making an analysis of a 
s i n g l e c l u s t e r more d i f f i c u l t , because of the smaller s t a t i s 
t i c s i n t h a t c l u s t e r . I n t a b l e 6.4 below, i s shown a general 
survey of the c l u s t e r s and t h e i r contents. 

Table 6.4 Survey of Oluster^Con^nts^ 
Cluster No. D + + i 

a + 

dtr £3 

D ° 
an 

+ p -• 
•Hp IT IT g IT 

A l 

1 y X X X 
2 X X X X 
3 X X y X 
4 X X X X 
5 X / 

V 
V X X 

6 X X 
1 „ 

X X X 
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The two c l u s t e r s , 5 and 6 are general background c l u s t e r s , 
except i n the f a c t t h a t c l u s t e r 5 contains some d . This 
c l u s t e r alone was rec l u s t e r e d and was found to s p l i t i n t o 
two segments the smaller c l u s t e r contained 53 cases and 
was centred on the d xmass («v2150 MeV/c ) . I n none of the 
c l u s t e r s was any s i g n of the A l meson found. This confirms 
the i n d i c a t i o n found i n s e c t i o n 6.3.2 t h a t any A l present i s 
n e g l i g i b l e . I t i s i n t e r e s t i n g to note t h e t one of tho 
c l u s t e r s separated, namely c l u s t e r 1, i s an example of ths 
quasi two-body r e a c t i o n : 

ir d -*• d p J. 
I ' > * f W 

U d i r +

s 

t h i s amounting to some 16^ of the t o t a l sample, Tbie i s 
cons i s t e n t w i t h the f i g u r e s of 45?' d and 65°/° p, which 
im p l i e s a t l e a s t 10% of t h i s quasi tv. o~body process. 

Cluster 1 i s quasi two-body with the p meson i n the 
i r +f TT combination. Cluster 3» which contains d* i n the 
( d i r +

s ) combination, also contains some admixture of the 
p meson i n the TT+

STT~ combination although t h i s i s a small 
O 4- — 

amount. Cluster 2 contains o n l y p s formed i n the ir f i r 
i 

combination, and c l u s t e r 4 again contains p ° ( n + f i r " " ) , but | 
w i t h a small admixture of p i n ( i r f

s i f ) . ! 

6.7.3 Clustan P l o t s 
a) States of Rho i n it f i r , T flv 

The i n v a r i a n t ma.3!-i of the i r 4 f TT combination i s shown i n 
Pig. 6.15(b) f o r c l u s t e r ?, This i s also shown i n Pig. 6.15(a) 
f o r the combination of c l u s t e r s ls 2 and 4- The mass of 
( i r + s i r " ) f o r c l u s t e r 3 (admixture c l u s t e r ) i« shown i n Pig. 6.16(a), I 
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Despite the poor s t a t i s t i c s the rho peak i s c l e a r l y v i s i b l e . 
Cluster 4 ( ^ s O i s shown i n F i g . 6.16(b) and here there i s 
some doubt about the a u t h e n t i c i t y of tbe s i g n a l 6 

k) States of d T T ^ R 

The i n v a r i a n t moss a i s t r i b u t i o n of dir s f o r c l u s t e r s 1 
and 3 i s shown i n f i g . 6.16(c). The corresponding t d i s t r i 
b u t i o n from Geuteron to d* i s shown i n f i g . 6.17. The s o l i d 
curve i n t h i s f i g u r e represents the pion propagator given i n 
Section 6,4.2, and renorraalised t o the data between t values 
of -0.1 and -0.6. I t i s apparent, from a comparison w i t h 
F i g . 6.8, t h a t the c l u s t e r e d data gives a b e t t e r f i t to t h i s 
model than does the non-clustered data. 

The Berger model, using a Regge-ised pion t r a j e c t o r y as 
described i n s e c t i o n 6.4.3, has also oeen f i t t e d t o the 
c l u s t e r e d data. The angular d i s t r i b u t i o n cose (̂ --jr";"°̂ out̂  ^ n 

c l u s t e r s 1 and 3 i s shown i n F i g , 6.18, tbe curves being the 
t h e o r e t i c a l values given by the model. This i s to bo comparee 
w i t h the same f i t t o the non-clustered data shown p r e v i o u s l y 
i n F i g . 6.7. 
6.7.4 Summary of the Clustan Results 

I n the main, the f a c t t h a t only 'vlOOO events were 
a v a i l a b l e f o r t h i s a n a l y s i s , the s t a t i s t i c s are a l i t t l e 
too low f o r any obscure e f f e c t s t o be separated i n t o c l u s t e r s . 
I n f a c t , the two c l u s t e r s which show some admixture o f states 
d e t r a c t a l i t t l e from the power of tbe analysis i n t h i s case. 
However, as was explained, any f u r t h e r c l u s t e r i n g i s useless 
because of the sizes of the samples being considered. Despite 
t h i s , the method i s not w i t h o u t i t s b e n e f i t s . 
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is 

The analysis c l e a r l y shows the quasi two-body d 
production which i s not e a s i l y appreciated from the con
v e n t i o n a l approach, i t also gives a very pure (no back
ground) sample of these events. Just as i t was possible 
to separate the admixture of d*° from c l u s t e r 5, i t may 
( w i t h more s t a t i s t i c s ) be possible t o separate c l u s t e r 3 
i f indeed Ibis i s not some r e a l e f f e c t where the slow pion 
i s 'shared' by the deuteron and the if". 

A f t e r comparing the f i t s to the p e r i p h e r a l one pion 
exchange model w i t h propagator l 3 r - ('T~T^r~?\2 f o r ^JC 

momentum t r a n s f e r d i s t r i b u t i o n s f o r clustered and non-
clu s t e r e d data, i t i s apparent t h a t the more s a t i s f a c t o r y 
f i t i s obtained to tho clustered data. The p r e d i c t i o n s of 
the angular decay d i s t r i b u t i o n s of the d* give adequate 
f i t s f o r both setfc of data, using the reggeised pion t r a j -
e o tory os(t) = t d *~ m , and i n t h i s case too the f i t t o the 
c l u s t e r e d data i c Dotter. The p s i g n a l i s e a s i l y extracted 
i n t h e c l u s t e r e d data, t h i s amounting t o 60/> of the U + f i f ) 
system. 

I n conclusion, then, i t must be said t h a t the use of a 
technique f o r searching i n a 7 dimensional space can be 
p r o f i t a b l e even whea the number of cases t o be examined i s 
not h i g h . 
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Tnisn t h e s i s has presented the r e s u l t s of an analysis 
on the two channels 

ir d-v PgPif w 1 

and ir d -?> d ir IT n 2 

from a 4 GeV/c ir +d experiment. The method of ana l y s i s 
involves a multidimensional s t a t i s t i c a l searching ( c l u s t e r 
i n g ) technique i n an n-dimensional space defined by the 
number of f i n a l s t a t e p a r t i c l e s i n an event. By using the 
c l u s t e r a n alysis i t has been shown t h a t resonant sign a l s 
c o n t a i n i n g a minimum of background can be extracted from 
the data. 

The c l u s t e r i n g technique has been shown to be h i g h l y 
e f f i c i e n t i n separating three sub-channels from a Monte 
Carlo simulated experiment of i r +n •*• PT-'TT", a s i m i l a r 
r e a c t i o n t o the 4- GeV/c e.xperimentaJ channel ir d -> p^pir ir . 

The three sub-channels are 5™ 
+ o TT n -*• pp 

ir +n - pf° 
+ + — 

ir n ->• p ir IT phase space bac>ground. 
A v a r i e t y of conditions f o r the production and decay 

d i s t r i b u t e o n s were generated ranging from complete i s o t r o p y 
to the co n d i t i o n s found i n the A GeV/c experimental channel 
of r e a c t i o n 1 above. I t was found t h a t the most s i g n i f i c a n t 
s i n g l e p r o p e r t y which must be present i n the data f o r a 
c o r r e c t assigni.ient of events to occur i s the sharp t d i s t r i 
b u t i o n u s u a l l y found i n experiment. Table 7*1 gives a 
summary of the amounx of each of the three sub-channels 
found i n c l u s t e r s whic';: woujd be ta^pad ~s l;eine preaomi-
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n a n t l y t h a t process, together w i t h the amount of each c l u s t e r 

which corresponds to the r e a c t i o n scheme to which t h a t c l u s t e r 
was assigned. The c l u s t e r i n g was performed on 2000 pp°, 
1000 pf° and 1000 phase space background events generated 
w i t h p r o d u c t i o n and decay d i s t r i b u t i o n s consistent w i t h 

+ + — 
those found i n the experimental channel n d P spn ir . 

7o 1 The Channel -n̂ d ->• V^^j" 

The general p r o p e r t i e s of the experimental channel of 
r e a c t i o n 1 above have been examined by mass cut techniques 
and a d e n s i t y m a t r i x element analysis of the p° and f° signals 
extracted from t h i s channel by the c l u s t e r analysis has been 
presented. The channel cross-section was found t o be 
a ( i r +d -*• p p » + r ) •= 2.10 + 0.17 mb. 

( a ) General P r o p e r t i e s of Reactiorii J:t jVfasc Cut Methods 
Parameterisotion of the d i f f e r e n t i a l cross sections f o r 

the p° and f° mesons of the form 

|f = A exp (-bt) 

yielded values of the slope parameter b as shown i n Table 7.2 
below. Also shown i n t h i s t a b l e are the i n d i v i d u a l cross-
sections f o r p° and f° production, which have been estimated 
by a l l o w i n g f o r the B r e i t V/igner t a i l s of the resonances.. 

Table 2.2 p° and f° cross-sections 

Sub-channel Cross-section i* of t o t a l 
7f <3-*p_P IT TT 

o 

Slope of d i f f e r e n t i a l 
—2 

Cross-section (GeV/c)"" 
ir +d->P sPP° 

n +d-p spf° 

0.98 + 0.10 

0.48 + 0.07 

479& 

23^ 

9.8 + 0.4 

8 . 1 + 0.4 

I 
' ' 1 
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Both of the cross-sections agree w e l l w i t h those found 
by other experiments (Ref. 7 . 1 ) , and i n the case of the t -
d i s t r i b u t i o n s the slopes agree wit h other experiments where 
the p° and f° mesons were produced by s i m i l a r production 
mechanisms. A d e p l e t i o n of events at low values o f momentum 
t r a n s f e r has been shown to be consistent w i t h t h a t expected 
from the e f f e c t s o f the Pau'Ji Exclusion P r i n c i p l e on a 100$ 
s p i n - f l i p i n t e r a c t i o n , spin f l i p at the nucleon vertex being 
expected f o r the case of p i o n exchange. 
(b) C l u s t e r i n g Technique 

Using the c l u s t e r i n g technique to e x t r a c t the s i g n a l s of 
the p° and f° mesons i t has been shown t h a t the amount of data 
a v a i l a b l e f o r analysis i s approximatel'/ double t h a t from mass 
c u t s , and t h a t the t o t a l channel ir +d -*• p„pir+n*" i s consistent 
w i t h 82$ precise physical processes. This 82$ corresponds 
to 53$ P° production, 23$ f° production and 6$ d i f f r a c t i o n 
d i s s o c i a t i o n of the neutron t a r g e t . These p a r t i a l cross-
s e c t i o n s , c a l c u l a t e d by assuming t h a t the r e l a t i v e separations 
given i n Table 7 .1 f o r the .FAKE si m u l a t i o n are v a l i d f o r the 
c l u s t e r i n g of the experimental channel, are i n agreement w i t h 
those found by mass cut methods shown above i n Table 7 . 2 . 

7.2 Density M a t r i x .Analysis 
A mixed s p i n S and P wave density matrix element analysis 

on the p° data e x t r a c t e d by the c l u s t e r searching technique 

has been performed throughout the a v a i l a b l e t range. A more 

s p e c i f i c a nalysis a t low values of |t | was used to separate 
11 11 

the density matrix elements p Q 0 and P-J£ which are only a v a i l 

able i n l i n e a r combination a f t e r the a p p l i c a t i o n of the method 
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of moments* The analysis shows t h a t up to a ~ t value of 
O.O75 (GeV/c) , which corresponds t o *20$ of the a v a i l a b l e 
data, the p° meson data are compatible w i t h >90$ pure pion 
exchange. There was a l s o shown to be a s u b s t a n t i a l amount 
of pure S-wave component i n the p° region which f a l l s o f f 
slowly w i t h | t | f r o m a It J value of 0 . 1 (GeV/c) 2. The presence 
of an i n t e r f e r i n g S~wave component i s also apparent upon 
examination of the p° decay angular d i s t r i b u t i o n which 
e x h i b i t s an asymmetry parameter n of 0 ,31 + 0.04. 

For the f° meson, again extracted by the c l u s t e r 
analysis from the channel Tr+d P Gpir +fr"% an a n a l y s i s i n 
terms of the pure D~wave spi n density matrix elements has 
been shown to be Inadequate i n e x p l a i n i n g the experimenm] 
data. This can be appreciated from an examination of "the 
f° decay angular d i s t r i b u t i o n where the expected c e n t r a l 
peak i s not present and the asymmetry parameter n has a 
value 0.24 + 0.04, An a n a l y s i s i n v o l v i n g the computation 
of the density matrix elements from the s p h e r i c a l harmonic 
moments f o r m--0 i n the low t region 0*04 £ | t | s0 .07 has been 
performed. This a n a l y s i s , v a l i d only i n t h i s t region since 
above |t | 0.07 the s p h e r i c a l harmonic moments f o r m=£0 are 
non-zero, has shown tha t there i s a s u b s t a n t i a l S+P wave com
ponent i n the f° r e g i o n and that the r a t i o of D-wave to S-iP 
wave c o n s t i t u e n t s i s 1 : 1 . The momentum t r a n s f e r region 
0,04 S |t I $0.07 contains only *10# of the a v a i l a b l e f° meson 
data, but i t i s w i t h i n t h i s t i n t e r v a l t h a t the S+P wave 
i n t e r f e r e n c e i s a maximum. 



These r e s u l t s , f o r both the p ° and f° meson data, are 
con s i s t e n t w i t h an analysis performed by the 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 i n which mass cuts were used to define the 
respe c t i v e s i g n a l s . Compared w i t h the signal s extracted 
by the c l u s t e r i n g technique, t h a t .is the signals i d e n t i f i e d 
as the p ° and f° mesons, the angular d i s t r i b u t i o n s f o r the 
si g n a l s defined by mass cuts are broader. Indeed, the 
sharpness of the Clustan s i g n a l s i s a measure of the 
sucoens of the technique since i f thers were any s i g n i 
f i c a n t raixitiis between the c l u s t e r s then the f° decay angular 
d i s t r i b u t i o n would be considerably broadened and the p ° 

d i s t r i b u t i o n considerably sharpened, 

7 • 3 The, .„, 9Q3ZZ!f}£ 1 

3?or the second r e a c t i o n considered, namely the coherent 
channel n d •»• dir IT IT , there was found to be no evidence f o r 
the presence of the A l meson i n the t r i p i o n mass spectrum. 
Thi3 channel^ vdth a cr o s s - s e c t i o n of 316+26 yb, was found 
t o be dominated by p ° p r o d u c t i o n and the d* e f f e c t . These 
two processes account f o r 65$ and 45% of the channel r e s 
p e c t i v e l y which i m p l i e s > 10$ quasi two-body P ° d production,, 
The d* peak was shown t o be non-resonant and i s most probably 
due t o the formation of an intermediate A s t a t e , the sub
sequent decay of which leaves an i n t a c t deuteron as one o f 
the f i n a l s t a t e p a r t i c l e s . The momentum t r a n s f e r d i s t r i b u 
t i o n from d t o d* was shown t o be i n good agreement w i t h 
t h a t p r e d i c t e d from a simple one-pjon exchange peripheral 
model, and a model by Berger was shown t o p r e d i c t q u i t e w e l l 
the decay angular d i s t r i b u t i o n of the d* e 

\ 
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A p p l i c a t i o n of the c l u s t e r searching technique i n the 
f u l l 7~d:Lmensiona] space defined by the 4 f i n a l etate p a r t i c l e s 
i n t h i s channel also showed no evidence f o r Al production, and 
15$ of the channel was shown to be quasi two-body p°d*. 
Applying the same models to the t - d i s t r i b u t i o n and decay 
angular d i s t r i b u t i o n of the d* s i g n a l extracted by c l u s t e r 
i n g , i t was found t h a t both the p e r i p h e r a l one-pion exchange 
model and the Kegge model of Berger gave b e t t e r f i t s than they 

d i d t o the s i g n a l s defined by mass cut techniques 0 

/ 
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Appendix A 
Mandelstam Variables and Crossing Symmetry 
Consider the general c o l l i s i o n process a+b-K;KL where 

a, b, c and d are hadronic s t a t e s . These p a r t i c l e s have 
four-momenta denoted by p a , p^, p Q and p^ r e s p e c t i v e l y . 
The fo u r momentum, p , (p^ , E ) , where p i s the three 
momentum and E the t o t a l energy of the p a r t i c l e . 

There are two independent LojrontK i n v a r i a n t q u a n t i t i e s 
one can form from these f o u r - v e c t o r s apart from the p a r t i c l e 

2 2 
r e s t mass " - These are denoted by the so-called 
Mandelstam v a r i a b l e s , 

s = " ( P a
+ P b ) 2 » ~ ( p c + P d ) 2 = e 2 ( a l ) 

t = - ( P A - P T L ) 2 « - (Pb~Pd ) 2 " L?~ ( a 2 ) 

I n the centre of momentum system o f the c o l l i s i o n , a and b 
2 

have equal and opposite three-momentum, so t h a t s-~E the 
square of the t o t a l CMS energy, t i s the square of the 
four-momentum t r a n s f e r between a and c, or b and d. For an 
e l a s t i c c o l l i s i o n w i t h centre of mass momenta f o r a and c 
of it and P (| 1c |= |ic» | ) then t -•= - 2 k 2 ( l - c o s e) where 6 i s 
the CMS s c a t t e r i n g angle. That i s , t i s negative f o r a 
s c a t t e r i n g process. 

I t i s also possible t o consider the crossed momentum 
t r a n s f e r , u, where 

u = - ( P a - p d ) 2 = - ( p c ~ P ] / (a3) , 

and by combining c, t and u we'have 

s 4 t + u = ra&
2 + m^2 4 m c

2 + m g
2 (a4) 

such t h a t u i s not an independent q u a n t i t y . 
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In order t o examine the p r o p e r t i e s o f an intermediate 
s t a t e formed from a and h i t ; i s n a t u r a l t o describe the 
p a r t i a l wave s c a t t e r i n g amplitude i n terms o f the s-channel 
q u a n t i t i e s , i . e . f ( £,E) where a and E are the angular 
momentum and energy of the combination o f a and b. At low 
energies (<1 GeV) t h i s d e s c r i p t i o n i s w e l l founded but f o r 
energies greater than a few GeV the cross section f o r the 
pi o n nucleon i n t e r a c t i o n v a r i e s smoothly wi t h energy and 
another, d e s c r i p t i o n i s r e q u i r e d . This i s t h a t the s-channel 
s c a t t e r i n g i s dominated by the exchange of poles i n the 
momentum t r a n s f e r or t-channel. Since t i s negative, these 
exchange p a r t i c l e s are outside the phy s i c a l region f o r the 
r e a c t i o n a + b •*• c + d. However, by r e p l a c i n g b and c by 
t h e i r a n t i - p a r t i c l e s b and c and reversing t h e i r momenta 
(see Pig. A l ) then i n Eqs. a l and &2 o and t change si g n , 
t i s now the energy v a r i a b l e f o r the t-channel r e a c t i o n 
a + e + b + d . s i s negative and i s now the momentum t r a n s 
f e r v a r i a b l e f o r the t-channel r e a c t i o n , t h a t i s t * s and 
s -»• t . The .reaction a + c + b + d i s c a l l e d the crossed 
r e a c t i o n t o a + b -* c + d. The p o i n t i s t h a t the t-channel 
exchange poles of the o r i g i n a l r e a c t i o n now become the 
s-channel resonances, i n the phy s i c a l region o f the crossed 
channel. 

The p r i n c i p l e of crossing symmetry states t h a t both 
r e a c t i o n s are described by one amplitudes 

P ( s , t ) = 3?(t-»s, s->t) 
and the p r i n c i p l e also r e q u i r e s t h a t the f u n c t i o n P can be 
continued i n t o the unphysical regions of the s,t plane. Por 
example i?>0 f o r the t-channel corresponds to the unphyrdcal 
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values t>0 ( o r cos > l ) i n t he s-ehannel. Crossing symmetry 
i s o f v i t a l importance i n seeking to describe high energy 
processes i n the Regge p i c t u r e . 

•A2 j!°jggĴ ty?„tZl§EgJL̂ £i. t and t 1 

From s e c t i o n A l , t i s defined as 

t - - C p 0 - P A ) 2 - ( P „ - P B ) 2 

It' i s apparent t h a t f o r f i x e d values of m_ end m„ f o r given 
momenta p„ and p n then there e x i s t s a minimum value of | t | , a c 
" t r ^ v , and t h i s leads to the d e f i n i t i o n of t 1 as mm 

*' - * " Srin 
V = - 2 p a p 0 (1-oosO) 
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Appendix B 
B3 Hulthen Momentum D.i s t r i b u t i i on 

The Hulthen wave function f o r the deuteron, i n terms 
of the two e f f e c t i v e ranges a and & t i s the double Yukawa 
function 

Ref. B.] 

—1 —~\ where a = 0.23 Fermi and 3~ l.?7 Jfermi . I'he two ranges 
have been evaluated accurately from electron scattering 
experiments, This wave function can be expressed i n momen
tum space as i|> (p) by applying the Fourier transf or?Lation 

*(p) « U(?) 

^ f £ai-,£g,! sin ..pr r2 dr 
r pr 

i 
2otg(q+ g) 

a--!-p" p-+p- J 

By the impulse approximation, which basically states that 
the production amplitude from the deuterou i s a li n e a r 
combination of the i n d i v i d u a l nucleon production amplitudes, 
t h i s momentum wave function w i l l remain unaltered f o r one of 
the nucleons i . e . the spectator nucleon. Thus the momentum 
d i s t r i b u t i o n f o r the spectator may be w r i t t e n , from F(p)dp ~ 

.2 <>• 4irp ip^Cp) dp, as 
P(p) dp = B ^Tgj 

2 
1 

T T 2 -a +p 
where B i s a normalicafcion constant. 

1 
—g-

B +P 

P 2 dp 
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B2 geujfcerqn Form Factor 
The form factor i s the Fourier transform of the deuteron 

density d i s t r i b u t i o n , and the form factor squared r e f l e c t s 
the p r o b a b i l i t y d i s t r i b u t i o n of momentum transfer that the 
deufceron can withstand without breaking up* (Ref, B 42). 

The density d i s t r i b u t i o n p ( r ) i s the square of the 
deuteron space d i s t r i b u t i o n U(r) and hence the form factor 
H(q), where q is the three momentum transfer ^ / t , can be 
w r i t t e n as (Ref. 

/ H(q) -r. U 2 ( r ) Aw2 dr 
' j q^ 

which becomes 

H(q) ~ -2c( *H g ) [ t a n - 1 ^ _ + t a ^ 1 -A ~ 2 tan" 3 ~] 

which s a t i s f i e s "she condition that at q--0 the form factor 
H(0)=OU Tho evaluation of H(q) i s p a r t i c u l a r l y useful i n 
predicting the effects of the Pauli Exclusion Principle on 
the f i n a l stpto p-p sjstcm a f t e r charge exchange scattering 
upon the neutron has occurred. 
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