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A B S T R A C T 

This thesis presents the resul ts of the analysis of the 

react ion: 

I T d ->• d I T TT TT 

at 11.7 GeV/c incident momentum. The experiment from which the 

data were obtained i s described and the method of se lect ing the 

sample of 1675 events belonging to the channel i s discussed. 

The react ion i s found to be dominated by p ° production wi th 

some f ° production. There i s also a d*++ non-resonant peak i n the 

d i r + mass spectrum. The three pion e f f e c t i v e mass spectrum i s 

dominated by threshold enhancements of the p ° s y s t e m , the A^, 

and the f ° ir + system, the A^. 
P + 

A spin pa r i t y analysis indicates that the A^ has J = 1 while 
P 

the has J = 2 . Neither of these enhancements are found to 

conserve s-channel h e l i c i t y , but t-cnannel h e l i c i t y i s found to be 

compatible wi th the resul ts on A^ production and almost compatible 

wi th those on A^ production. 

A Longitudinal Phase Space analysis of the channel i s described 

and the results of a kinematical model to explain A, and A„ Droduction 

are presented and c r i t i c a l l y discussed. The resul t s of a search f o r 

coherent A^ production are described and a small enhancement which ma y be i d e n t i f i e d wi th the (1080) meson i s studied. 
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C H A P T E R O N E 

INTRODUCTION 

In the absence of any complete theory of the s t rong i n t e r ac t i on 

the role of experiment i s p a r t i c u l a r l y important i n providing data 

on which theories or models can be based and tested. There are two 

main areas i n which any experiment i s essent ia l : 

(1) To record what happens i n a manner independent of any 

.previous knowledge or model, and to determine the properties 

of short l i ved p a r t i c l e s , or resonances, which, at r e l a t i v e l y 

low energy, are found to form a large f r a c t i o n of m u l t i -

p a r t i c l e f i n a l s tates. 

(2) To t e s t any models or hypotheses which have been proposed 

on e a r l i e r data f o r compat ib i l i ty wi th the r e su l t s . 

Many techniques have been used to detect the pa r t i c l e s involved 

i n strong in te rac t ions . One of the most usefu l of these at low energies 

has been the bubble chamber since i t can give precis ion of measurement 

over a 4 TT so l id angle on a wide va r i e ty of reactions- A proton target 

can be obtained by f i l l i n g the chamber wi th hydrogen but many e f f e c t s 

can bet ter be studied by use of a neutron t a rge t , f o r example neutral 

meson production. No f ree neutron target i s avai lable , but the deuteron, 

consist ing of a loosely bound protcn-neutrcn p a i r , can be used as a 

quasi f ree neutron target and bubble chambers are o f t e n used f i l l e d wi th 

l i q u i d deuterium. Heavy l iqu ids have also been used as targets> since 

they give the p o s s i b i l i t y of detect ing the decay products of uncharged 

pions, although they have the disadvantage of reduced precis ion of 

measurement. 

I t was i n the study of in terac t ions of pions with heavy n u c l e i i . 

tha t m u l t i - p a r t i c l e production wa$ found to occur without the nucleus 
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breaking up (Ref. l . i ) . These in terac t ions with the nucleus. , were also 

soon discovered i n deuterium (Ref. 1.2) and designated coherent react ions. 

A coherent react ion can be defined as one i n which the target nucleus 

remains i n t ac t and i n i t s ground state a f t e r the i n t e r a c t i o n . 

This thesis i s the report of a study of a coherent react ion of 

pos i t ive pions wi th the deuteron. The pa r t i cu la r channel being 

invest igated i s : 

TT d d TT IT TT 1.1 

at 11.7 Gev/c incident picn momentum. 

The advantage of a coherent in t e rac t ion i s that many exchange 

mechanisms which can occur wi th a nucleon target are forbidden. The 

zero isospin of the deuteron implies that i t can exchange only objects 

which also have zero i sospin . Three pion resonances produced by p 

exchange, f o r example, w i l l not be produced i n reaction-1.1 This"can 

s i m p l i f y the analysis of 3-pion states which are produced i n th i s 

reac t ion . 

The simplest set of quantum numbers that can be exchanged i n 

G P -i- f 

t h i s type of react ion are those of the vacuum ( I J = 0 0 ) or i n 

Regge Pole terminology the Pomeron t r a j e c t o r y . (A b r i e f descr ip t ion 

of the Regge Pole model and other exchange models i s given i n Appendix A ) . 

The pomeron i s the exchange thought to dominate e l a s t i c scat ter ing a t 

energies above the isobar formation region (> 5 GeV/c). I f react ion 

1.1 does indeed proceed by pomeron exchange, then i t may be expected 

to show s imi la r features to the e l a s t i c reac t ion , the only d i f ference 

being that the incident pion dissociates in to a 3-pion s tate . This 

process i s known as d i f f r a c t i o n d i ssoc ia t ion . I t was f i r s t discussed 

by Good and Walker (Ref. 1.3). 

There are other possible exchange mechanisms which may be expected 

to occur 0 Four simple exchanges are shown i n f igures 1.1 (a) - (d) and 
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doubly peripheral mechanisms ( f i g . 1.1 (e) and (f))may also contribute 

to the channel cross sectiono No diagrams are shown which would involve 

exot ic exchanges or deuteron exchange since such processes are most 

un l ike ly to occur.. In studying the react ion an attempt w i l l be made 

to determine which of these diagrams occur, and the nature of the 

exchange involved. 

Previous experiments have shown t h a t , i n the strong i n t e r a c t i o n , 

resonances are produced, i n general , per iphera l ly i . e wi th only a 

small momentum t rans fe r from the beam to the resonant s ta te . In 

coherent reactions the momentum t rans fe r from the ta rge t nucleus to 

the r e c o i l nucleus i s constrained to be very smal l , and, since t h i s i s 

equivalent to the momentum t rans fe r from the beam to a l l other f i n a l 

state par t i c les combined, resonance production i n t h i s combination may 

be enhanced. 

This constraint to low momentum t ransfers can be understood i n 

terms of the Uncertainty P r inc ip l e : since i t i s required that the 

in t e rac t ion be wi th the whole nucleus, i t i s necessary that the 

exchanged object cannot loca l i se any one of the const i tuent nucleons 

i . e . the uncertainty i n pos i t i on must not be less than the nulcear 

diameter (a ) . The Uncertainty Pr inciple states t h a t : 

A p Ax > 1 1.2 

(the uni ts used throughout are such that ft = c = l ) . Therefore, i n 

order to loca l i se a nucleon: 

A P >2 1.3 
a 

and t h i s corresponds to a momentum of '- 220 MeV/c when the target 

i s a deuteron. For momenta higher than t h i s the p r o b a b i l i t y of the 

react ion rerruiniriy coherent is reduced. 
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.Low momentum t ransfers to the r e c o i l cieutc-ron re su l t i n non 

r e l a t i v i s t i c f i n a l state deuterons i n the laboratory system and t h i s 

resul ts i n the approximate r e l a t ionsh ip : 

i * 2 2 
min ~ 2Pb 1 , 4 

where M = the e f f e c t i v e mass of the 3-pion system. 

\L = the pion mass 

. Pb = the pion beam momentum i n the l ab . frame. 

*min = ^ e m ^ n ^ - m u r n v a l u e of the 4-momentum t rans fe r squared 

from target to r e c o i l deutefon, needed to produce • 

t h i s value of M . 

Equation 1.4 shows tha t a given 3-pion mass can be produced wi th 

lower t (the square of the 4-momentum t r ans fe r from deutsron to deuteron) 

as the beam momentum i s increased. The experinent reported here i s at 

a higher beam momentum than a l l except one previously report ing studies 

of t h i s channel 3nd i s , the re fore , capable of studying higher 3-pion 

masses wi th more reasonable s t a t i s t i c s , since they can be formed with 

lower t and do not r e s u l t i n break-up of the deuteron. 

This t hes i s , then, describes the analysis performed on react ion 1.1. 

Chapter 2 presents b r i e f l y the d e t a i l s of the exposure together wi th an 

account of the scanning and measuring procedures and the ca lcu la t ion 

of the t o t a l fl-+d cross sect ion. In chapter 3 the method of select ing 

events which belong to the coherent channel is described and the channel 

cross section i s computed. The general features of the channel, i n terms 

of the resonances and enhancements produced, are presented i n chapter 4 , 

while i n chapter 5 the channel i s studied i n terms of long i tud ina l pha^e 

space. Chapters 6 and 7 arc? concerned wi tn the angular d i s t r i b u t i o n s 

of the decays of the produced states , the former describing the spin 
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states involved, and the l a t t e r t e s t ing the hypothesis of h e l i c i t y 

conservation i n e i ther the s- or the t-channel . I n chapter S models 

which attempt to explain some of the enhancements produced i n the 

react ion are discussed and i n chapter 9 a search f o r coherent production 

of the meson i s described. The conclusions of the thesis are 

presented i n chapter 10 together wi th a comparison of the resul ts wi th 

previous work on t h i s and s imi la r channels. 

The author i s responsible f o r a l l the resul ts presented, except 

f o r those i n Chapter 2 or -where e x p l i c i t l y stated i n the t e x t . 
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C H A P T E R T W O 

EXPERIMENTAL DETAILS AND TOTAL CROSS SECTION 

2.1 THE EXPERIMENT 

The data presented i n t h i s thesis is taken from an experiment 

performed by a col labora t ion of European laborator ies comprising: 

(1) The Univers i ty of Durham 

(2) The Univers i ty of Genoa 

(3) Univers i ty of Milan 

(4) Ecole Polytechnique, Paris 

(5) Laboratoire de Physique Nucleaire et des Hautes Energies. 

A beam of pos i t ive pions was used wi th a momentum of 11.7 GeV/c, 

extracted from the U3 beam l i n e (Ref. 2o l ) a t the CERN proton synchrotron 

p u r i f i e d by two r - f separating c a v i t i e s . The beam was incident on the 

CERN two metre bubble chamber (Ref. 2.2) f i l l e d w i th deuterium. The 

average number of beam pa r t i c l e s entering the chamber was maintained 

at ^ 10-15 per frame and they were timed to pass through the chamber 

during the sensi t ive t imeof the expansion-compression cycle of the 

l i q u i d deuterium. The chamber was i n a magnetic f i e l d of 1705 kg. 

Photographs were taken on each expansion from 4 cameras posit ioned 

such tha t 3-dimensional reconstruct ion of the tracks i s possible. 

The experiment was performed i n November and December of 1967 

i n two runs separated by one week. The beam momentum was determined} 

f o r each run , by measuring the curvature of a large number of primary 

tracks and taking the mean value, since the e r ror on the measurement 

of i nd iv idua l tracks at t h i s high momentum can be very large. The 

resu l t s were: 

Run 1: 11.66 + 0.04 GeV/c. 

Run 2: 11.74 + 0.04 GeV/c 

and these values were t reated as f i x e d i n the f i t t i n g procedures 

except f o r the known v a r i a t i o n due to the energy loss down the 
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chamber and a s l i g h t weighting with the measured value of i nd iv idua l 

primaries.. 

A t o t a l of ISO thousand pictures were taken and the f i l m was 

shared between the 5 col labora t ing laboratories f o r scanning, measuring 

and f i t t i n g . These procedures, as performed i n Durham, are described 

i n the subsequent sections of t h i s chaptero 

2»2 The Scanning 

Only events i n a ce r t a in volume of the chamber were t reated as 

e l i g i b l e f o r analys is , i n order that a good measurement could be 

made of the curvature and d i r e c t i o n of the secondary tracks and of 

the d i r ec t i on of the beam. This f i d u c i a l volume was 115cm lcng and 

si tuated near to the entrance of the chamber. 

Each f i l m was scanned f o r a l l events f a l l i n g i n t h i s region of 

the chamber and relevant features of each evsnt found were noted. These 

included. 

(1) The number of secondary tracks (prong s ize) 

(2) The presence of a stopping t rack (e i ther a proton or a 

deuteron) 

(3) The presence of a stopping pion (recognisable by i t s decay) 

(4) The presence of a h ighly ion i s ing t rack (grey proton) 

(5) The presence of kinks i n the secondary t racks . 

(6) The presence of any in terac t ions of the secondary t racks , 

p a r t i c u l a r l y i f these are near to the primary vertex. 
1 

(7) The presence of associated V s 

(8) The approximate pos i t i on of the evento 

The number of beam tracks entering the f i d u c i a l volume was counted 

and noted on every tenth frame and an average number was calculated f o r 

each f i l m . Any firame which was too f a i n t or had too many t>25) or too 
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few (<5) beam t racks , was re jec ted and the number of these f o r each 

f i l m was notedo From these two pieces of informat ion the t o t a l number 

of beam tracks was calculated. 

Several f i l m s were then rescanned independently and, by comparison 

of the two r e s u l t s , the e f f i c i e n c y of the scanning was calculated f o r 

each prong s ize . Table 2 .1 shows the t o t a l number of events found f o r 

each prong s ize , together wi th the scanning e f f i c i e n c y and the corrected 

number of events. 

2.3 Measuring 

Only in terac t ions of the beam with the neutron inside the deuteron 

or with the deuteron as a whole were required f o r measuring, since 

in teract ions wi th the proton can bet ter be studied by use of a hydrogen 

f i l l e d bubble chamber. I f the in t e rac t ion i s wi th the neutron then, i n 

the impulse approximation, the proton i s l e f t w i th the Fermi momentum 

i t had inside the deuteron, and t h i s peaks at low momenta wi th only' 1 ' 1% 

of events having the so-called 'spectator ' proton w i t h a momentum greater 

than 300 MeV/c^. The vast ma jo r i ty of in terac t ions on the neutron w i l l 

be characterised by a proton which stops* Charge conservation demands 

tha t there be an even number of charged secondary tracks and so neutron 

events w i l l e i the r have an even number of prongs wi th a v i s i b l e stopping 

proton or an odd number of prongs when the proton stops before i t has 

t r a v e l l e d f a r enough to leave a v i s i b l e tracko This l a t t e r case arises 

f o r protons with a momentum less than ^80 MeV/c. 

S i m i l a r l y , coherent deuteron events, as explained i n Chapter 1 , must 

have a low momentum deuteron i n the f i n a l state and w i l l r e su l t i n e i t he r 

odd prong events (deuteron momentum <^ 140 MeV/c) or even prong events 

wi th a stopping deuteron. In general , a stopping deuteron cannot be 

dist inguished from a stopping proton but a stopping track is known to be 

one or other of these. 



9 

TABLE 2.1 

The Scanning Data 

Prong size No. of events 
Scanning 

E f f i c i e n c y {%) 
Corrected 

No. of Events 

1 5362 94o7 5662 

2 21496 99.5 21604 

3 14313 99.9 14327 

4 26998 99.9 27025 

5 9324 100 9324 

6 12828 100 12828 

7 2783 100 2783 

8 3213 100 3213 

> 8 886 100 886 
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The events selected f o r measurement, therefore, comprised a l l 

odd prong events and even prong events wi th at least one stopping tracko 

I t was f u r t h e r decided tha t only 3 and 4 prong events would be measured 

i n the f i r s t instance, and then only i f the events were non strange! 

( i . e . no associated V° or kinked secondary t r a c k ) . 

The measurement was performed on conventional IEF type machines. 

The machines were on l ine to an IBM 1130 computer which checked c i r c l e 

f i t s to the measured tracks and calculated the sagi t ta f o r the measured 

length of t r ack . I f the sagi t ta were less than 2mm i n chamber space, 

immediate remeasurements was requested on a greater length of t r ack . 

I f the c i r c l e f i t f a i l e d , the. measurer was ins t ruc ted to remeasure 

the t rack . Any event wi th a t rack which consis tent ly f a i l e d to give 

a c i r c l e f i t or a t rack f o r which a sagi t ta of 2mm could not be achieved 

was c l a s s i f i e d as unmeasureable. The computer processed the data and 

produced output i n the required input format f o r the CERN f i t t i n g and 

reconstructing programmes. Any event f a i l i n g i n these programmes 

was remeasured, and a se lec t ion of events which f a i l e d again were 

measured f o r a t h i r d t ime. 

2.4 The Programmes 

Any d i s t o r t i o n a r i s ing from the o p t i c a l system of the cameras, was 

allowed f o r by measuring, on the f i l m , the posi t ions of several crosses 

( f i d u c i a l marks) whose posi t ions on the chamber windows is we l l known. 

A polynomial f i t of the mea sured posi t ions to the known posi t ions was 

made, using the CERN programme PYTHON (Ref. 2 . 3 ) . 

The resul ts of t h i s f i t are used i n the CERN geometrical reconstruction 

programme THRESH ( r e f . 2 . 4 ) , which takes the measured data from three 

views and combines them to form a 3-dimensional p ic ture of the event, 

f i t t i n g each t rack with a h e l i x and noting i t s radius of curvature and 
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the d i r e c t i o n i n which i t leaves the i n t e r ac t i on ver tex. 

The information from THRESH i s then passed through to the CERN 

f i t t i n g programme GRIND ( r e f . 2.5)<> This attempts to f i t the event 

to a set of user supplied hypotheses , assigning a mass to each t rack 

and hence determining i t s momentum and t r y i n g to balance momentum and 

energy. The hypotheses tested f o r 3 and 4 prong events were:-
+ J J + + -l o ir d -*- dir TV ir 

2. 
+ , , + + - o 

7T d -*• dTT TT TT TT 

3 # TT d -*pp TT TT 

+ , + - O 
4 E TT d -*pp I T TT TT 

5̂  TT d ">pn TT TT TT 

For four pronged events there are no unseen f i n a l state pa r t i c l e s 

i n reactions 1 and 3D There are thus 4 constraint equations which must 

be s a t i s f i e d before a f i t i s achieved, 3 due to conservation of momentum 

and one due to conservation of energy. An event which can s a t i s f y a l l 

these constraints i s known as a 4-C f i t . 

The remaining three reactions (2 , 4. and 5) have a neutral p a r t i c l e 

i n the f i n a l s ta te , which, being unseen i s unmeasured. The energy and 

momentum of the unseen pa r t i c l e can be deduced by balancing these two 

quant i t ies before and a f t e r the i n t e r a c t i o n , and a f i t to these channels 

w i l l be given i f the cons t ra in t : 

c 2 2 2 0 , E -p = m 2.1 

can be s a t i s f i e d with m equal to the mass of the neutral p a r t i c l e . The 

r e su l t i ng f i t i s known as a 1C f i t , Clear ly the f i t t i n g procedure i s 

less s t r ingent f o r a 1C f i t than f o r a 4C f i t and i t i s l i k e l y tha t both 

the reso lu t ion and contamination by fa l se f i t s w i l l be worse f o r 1C than 

AC reactions* 

Events which give no f i t to reactions 1-5 may belong to one of the 

fo l l owing channels: 
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D » IT d dlT IT TT 

+ , + - / o \ 
7 o TT d "»• p pTT TT n T̂T / 

+ j + + - / o" \ 
g o IT d "*" p nTT TT Tt TtlBT J 

where n > 2 and m > 1. 

These reactions are cal led NOFITS. 

In the case of three prong events there i s less information 

available from the measuremento I t i s known, however, f o r reactions 

3, 4 and 5 tha t the unseen proton has a momentum less than ^80 MeV/c 

and so i t has been treated i n GRIND as a measured track wi th zero momentum 

and errors on Px, Py and Pz, the three components of momentum,of 30, 30 

and 42 MeV/c respect ively . In t h i s way 4 C - f i t s to react ion 3 and 1C f i t s 

to react ion 4 and 5 are s t i l l possible. I t i s found that t h i s procedure 

works wel l f o r the 4-C f i t but f o r the lC's the f i n a l f i t t e d quant i t ies 

of the spectator are not meaningful , g iv ing a f i t t e d momentum which seldom 

d i f f e r s more than 5 MeV/c from zeroo For channel 1 , the unseen deuteron 

cannot be constrained so strongly as the unseen proton since i t can have 

a momentum as high as % 140 MeV/c before i t leaves a v i s i b l e t r ack . I t 

was decided, the re fore , to t r e a t the missing deuteron i n the same way 

as a neutral p a r t i c l e . Three prong f i t s to react ion 1 are therefore 

lC f i t s . I t i s impossible to f o l l o w t h i s procedure i n the case of 

react ion 2 , because there would then be equiva lent ly two neutral pa r t i c l e s 

i n the f i n a l s ta te . F i t s to react ion 2 were, t he re fo re , not possible f o r 

three prong events. 

Events which f a i l e d to be properly reconstructed by THRESH or GRIND 

were sent back to be remeasured. 

2.5 The Check Scan 

The degree of ion i sa t ion caused by a charged p a r t i c l e passing through 

a bubble chamber, corresponding to the density of bubbles along the t r a ck , 
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depends on 3 of the p a r t i c l e . Examination of the bubble density of 

the t rack can give information concerning the nature of the tracks 

GRIND produces a table of the ion i sa t ion expected f o r each track 

assuming the t rack i s a p ion , a kaon and a protono In general , a 

proton can be d i f f e r e n t i a t e d from a p ion , i f the proton has a momentum 

less than ^ lo3 GeV/c, since f o r these momenta proton tracks can be 

seen by eye to be less than minimum i o n i s i n g , 'while pions are minimum 

i o n i s i n g . 

Every event passing gr ind was therefore subjected to a check scan, 

where every p o s i t i v e l y charged t rack was given a code as f o l l o w s : 

2 : The track i s d e f i n i t e l y a proton or deuteron. 

1: No d i f f e r e n t i a t i o n i s possible 

0: The track i s d e f i n i t e l y a p ion. 

I t was assumed that there i s no d i f fe rence between protons and 

deuterons since, i n general, i t i s impossible to d i s t ingu ish these by 

i o n i s a t i o n . The very few events wi th a t rack which was recognisable 

as a kaon were rejected from f u r t h e r analysis . 

Any of the hypotheses g iv ing a f i t to an event was then checked 

f o r compa t ib i l i t y wi th the i on i s a t i on code and rejected i f i t were found 

to be incompatible. 

2.5 The Data Summary Tape 

^ f t e r the check scan, the gr ind output was passed through the 

programme SLICE, which produced a data summary tape (D.S.T) . This 
2 

tape contains information on a l l the measured events. The X value 

and p r o b a b i l i t y f o r any f i t t e d hypothesis, together wi th the f i t t e d 

and u n f i t t e d quant i t ies f o r each t rack and the missing mass squared 

and missing energy squared and t h e i r errors are a l l stored on t h i s tape. 

Any hypothesis which i s compatible wi th ion i sa t ion but which does not 

give a f i t are also stored on the D.S.T as the corresponding NOFIT 
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reac t ion , where, of course, only the u n f i t t e d quant i t i es are ava i lab le . 

The D.S.T's from each col labora t ing laboratory were then c i rcu la ted 

to the others f o r data analysis . 

2.7 The Tota l Cross Section 

The t o t a l cross section w i l l be calculated i n t h i s sect ion, f o r the 

Durham events on ly , from the formula: 

° t o t = — 2.2 
t 0 t L N d av 

where A = the atomic weight of the deuteron = 2 
33 -1 N = Avagadro's Number = 6.022 x 10 mole av J 

d = the density of the l i q u i d deuterium 

L = the t o t a l beam track length. 

n = the t o t a l number of in teract ions 

The density of the deuterium (d) has been calculated by the French 

col laborators by measuring the decay length of muons i n the chamber and 

knowing t h i s length i n hydrogen and the density of hydrogen under the 

conditions i n which the chamber operates. The value found i s 0.136 + 

0.0C5 gm/cco 

The t o t a l number of in te rac t ions can be calculated d i r e c t l y from 

table 2.1 by summing the number of each prong s ize , a f t e r correc t ing 

f o r scanning e f f i c i e n c y - This resul ts i n a value of 97652. There remains 

however, a class of 1 prong events which are inaccessible to scanning, 

since the angle between the incident and emerging tracks is negl igable , 

and these have not been allowed f o r i n the 1 prong scanning e f f i c i e n c y . 

These events w i l l be essen t ia l ly e l a s t i c scatters wi th very small 

momentum t r ans fe r s : 

(a) if*^ ->- d T T + (deuteron unseen) 

( b ) i r + o(n ) ir +p (n ) (proton unseen) 
^ N sp sp 

( " • ) T T + I I ( P ) T T + n ( p ) (proton unseen) ' sp sp 
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The subscript 'sp ' i n these reactions refers to the spectator nucleon. 

The cross section f o r each of these three processes has been calculated 

by the French col labora tors , assuming values of the t o t a l cross section 

f o r Tr+d,TT*"p and ^ n c o l l i s i o n s at t h i s energy and using the o p t i c a l 

theorem. Reactions (a) and (b) are then l i m i t e d to ce r t a in maximum 

values of t by the necessity tha t the target remains unseen. For 

reac'tion (c) i t was assumed that 2/3 of the spectator protons remain 

unseen (as expected from the area under the proton momentum d i s t r i b u t i o n 

f o r protons with momentum less than 80 MeV/c as given by the Hulthen 

wave f u n c t i o n ) , and the maximum value of t was calculated assuming that 

the angle between incoming and outgoing pions i n the chamber remains less 

than 1 ° . The combined cross section f c r these processes, under these 

condi t ions , i s found to be 2.8 mb« While the value of the t o t a l 7T+d 

cross section (taken from counter experiments ( r e f . 2<>6)) has been 

assumed i n t h i s c a l cu l a t i on , i t only resu l t s i n a small correct ion term 

and the value of th i s quan t i ty , to be ca lcula ted , i s l a rge ly independent 

of t h i s assumption. 

The t o t a l track length L i s given by: 
n 

L = n, *• + £ K ' 2.3 
1 i = l 1 

where £ - the t o t a l t rack length possible i n the f i d u c i a l volume = 115cm 

n^= the number of beam tracks entering" the chamber which do 

not in te rac t 

the length of the track i before i n t e r ac t ing and the sum 

runs over a l l i n t e r ac t ing tracks,, 

The d i s t r i b u t i o n of 2. ^ i s found to be f l a t as would be expected, 

and so the mean va lue of A . can be w r i t t e n : 
l 

1 . = Z / 2 2.4 l 
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Equation 2.3 can then be wrr t t en 

L = n# + ni 2.5 
T 

or L = N*( l - n_) 2.6 
2N 

where N is the t o t a l number of beam tracks entering the chamber i . e . 

N = n^+n. N has been calculated from the scanning data and i s equal 

to 501288 wi th an error of ^ 3.5$. L can, t he re fo re , be calculated 

i f n i s known, but n i s 97652 plus the number of undetectable 1 prong 

events ( n 1 ) f o r which a = 2.8mb. 

i . e . n = 97652 + n" 2.7 

and n* 

N£( 1- n/2N) N d 
av 

= 2.8 mb 2.8 

Equation 2.8 gives n* = 5966, y i e l d i n g a value of n of 103591 and 

subs t i t u t ing t h i s value in to equation 2.6 resul t s i n a value of L = 

5169 x 10 cm. Using these values of L and n i n equation 2 . 2 , the 

value f o r the t o t a l cross section i s found to be: 

0 . , = 48.9 + 2.5 mb. t o t -

This resu l t i s i n good agreement wi th the r e su l t from counter 

experiments ( f t e f . 2.6) which give a value of 48.2 + 0.5 mb. 

2.8 The Stage of the Experiment 

At present a l l the three and fou r prongs have been measured and 

the published r e su l t s , so f a r , are p r ima r i l y on the channel 

ir +d -*• pp T T + T T " . . (Ref. 2 .7) 

A more general treatment of t h i s channel together wi th the corresponding 

1C channel: 

i r + d + pp i r"1>~ ,n0 

w i l l be published shor t ly (Ref. 2 . 8 ) . 
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Preliminary resul ts on h e l i c i t y conservation i n the channel 

being considered i n th i s thesis and also on the channel. 

+ + + -
Tf p n TT TT TT 

sp 

have also been published (Ref. 2.9)o The resu l t s concerning t h i s which 

are presented i n Chapter 7 of t h i s t hes i s , are more complete and 

supercede those of that publication. . 

The 5 and 6 prong data has also now been measured and analysis of 

these events has b&en s tar ted . I t i s hoped tha t a sample of 7 and 8 

prong data w i l l be measured soon, so tha t a comparison of d i f f e r e n t 

m u l t i p l i c i t i e s may be possible. 
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C H A P T E R T H R E E 

CHANNEL SEPARATION 

Int roduct ion . 

The sample of events which give a f i t to the coherent channel 

o f t en also give a f i t to one or more of the other channels l i s t e d i n 

the previous chapter, and i t i s probable that some of the coherent 

f i t s are spurious. The ambiguity between coherent f i t s and other 

f i t s must be resolved i n order tc el iminate contamination of the 

coherent sample, i f meaningful analysis i s to be performed, and i n 

t h i s chapter the methods used to obtain a pure sample of the coherent 

channel are described. I t was exaplained i n the previous chapter 

that the types of f i t to the coherent channel are d i f f e r e n t f o r 4- prong 

and 3-prong events i . e . 48 and 1C f i t s respect ively . The methods of 

channel separations f o r these two samples w i l l be described separately; 

f o r the 4-prong events i n Section 1 and f o r the 3-prong events i n 

Section 2. Section 3 gives a discussion of possible m i s i c e n t i f i c a t i o n 

of the secondary pions and the channel cross section i s computed i n 

section 4. 

3.1 Four Prong Events 

Table 3.1 shows the t o t a l number of 4-prcng events f i t t i n g the 

coherent channel together with the number of ambiguous with each of 

the other possible reactions. The only other 4C channel i s react ion 3 

and i t can be seen that the number of ambiguities with that react ion 

i s negligable. Since i t i s f a r easier f o r a 4C event to simulate a 1C 

than vice versa, the f i t s to reactions 2 . 4 and 5 are expected to be 

la rgely spurious. Ambiguities with channel 2 can be neglected therefore 

on the grounds that there are only a few such events.. This is true 

also f o r an ambiguity with react ion 4. This ambiguity can be neglected 



TABLE 3 , 1 ; The number of coherent f i t s 

ambiguous wi th other channels. 

4 PRONGS 3 PRONGS 

ALL PR0B> 1% ALL PROB> 1% 

Total 
• + . - , + + -

• n d->GT/' TT . 
1534 1416 2139 2044 

Unambiguous 123 100 4 2 

AMB. and 
Reaction 2 203 171 _ 

+ , , + + - o 
77 d->d?r 77 77 77 
AMB. with 
Reaction 3 
77 d->pp77 77 

3 2 33 28 

AMB. with 
Reaction A 

T , T - 0 77' d->pp7T 77 77 
326 223 1113 1048 

A MB. with 
Redact i o n + 5 + 

7r d-» pn'/r 77 77~ 

1411 1328 2135 2042 

Ac_cepte^ 
7/" d-* d7T 77- 7T 

1230 445 
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f o r the f u r t h e r reason that i t can only occur i f the fas te r proton of 

react ion 4 has a momentum greater than ~1 .2 GeV/c since otherwise 

i t w i l l be recogniseable by ion i sa t ion and f o r such events i t has 

previously been found that the ma jo r i ty of f i t s to react ion 4 are 

spurious (Ref. 3 . l ) » The only important ambiguity i s , the re fore , that 

wi th react ion 5, since more than 90% of the events f i t t i n g react ion 1 

also give a f i t to tha t channel., 
o 

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 4-prong events f i t t i n g 

the coherent channel i s shown i n f i g u r e 3 .1 (a ) . W h i l s t , s t a t i s t i c a l l y , 

t h i s i s expected to be f l a t , there i s a sharp peak of p r o b a b i l i t i e s 

~ 1 % , and an excess of events at high p r o b a b i l i t i e s . The l a t t e r e f f e c t 

can be explained i n terms of an overestimation i n the f i t t i n g programme 

of the measured errors on the t racks . The former e f f e c t , howevers i s 

probably due to other channels contaminating the coherent one and events 

which f i t with a p r o b a b i l i t y less than 1% have been rejected i n the 

subsequent analysiso The e f f e c t on the number of events and ambiguities 

can be seen i n the second column of Table 3 . 1 . 

The high percentage of ambiguities with the react ion 5 remains a f t e r 

t h i s select ion and i t i s necessary to show that the whole coherent channel 

i s not due to a sample of tha t r eac t ion , termed the break-up channel, 

having a conf igura t ion which simulates coherent events. That t h i s i s not 

the case can be seen from f i gu re 3.2(a) which shows the invar ian t mass 

spectrum of the proton-neutron combination M(pn) f o r a l l 4-prong events 

f i t t i n g react ion 5* There i s a strong preak a t a mass ~1.879 GeV/c^ i n 

t h i s spectrum, which is due e n t i r e l y to ambiguities with the coherent 

channel (hatched part of the histogram). The s o l i d curve on the f i g u r e 

i s the resu l t of a Monte-Carlo ca lcu la t ion of t h i s spectrum assuming: 

( i ) The angle between the proton and neutron i s i so t rop ic 

( i i ) One nucleon has a momentum spectrum given by the Hulthen 

wave f u n c t i o n . 
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( i i i ) The other nucleoli has a momentum spectrum s imi la r to that of 

the non-spectator proton i n reaction 4. 

The curve is normalised to the upper part c f the spectrum and by 

no means reproduces the coherent peak. I t s f a i l u r e to do so can be 

explained by the f a c t tha t assumption ( i ) above i s patently i n cont rad ic t ion 

wi th the experimental data, as can be seen i n f i gu re 3.2 (b) which shows 

the d i s t r i b u t i o n of the cosine of the angle between the proton and neutron 

(cos 6 pn) f o r a l l 4-prong events f i t t i n g channel 5 and f o r those ambiguous 

wi th react ion 1 (hatched his togram^ There i s a marked peak towards 

cos 6 pn=l which is due e n t i r e l y to channel iT+d->:pnn::V:TT~events which also 

f i t the coherent channel. 

These features show that the major i ty of - the f i t s to the coherent 

channel are due to coherent events. I t i s s t i l l probable, however, that 

some events which i n f a c t should be assigned to the break-up channel 

(TT d-*pn WIT ir ) w i l l give f i t s to the coherent channel. An estimate 

of the number of these events can be made from f i g u r e 3.2 ( b ) . Assuming 

tha t f o r channel 5 events the d i s t r i b u t i o n of cos 6 pn i s i s o t r o p i c , 

as would be expected i n the impulse approximation (and which is- found 

to be the case f o r the angle between the two protons i n channels 3 and 4 ) , 

and assuming that those events with cos 6 pn< 0 are a l l break-up events, 

then the number of break-up events with cos 6 pn > 0 i s known.The d i f fe rence 

between t h i s and the t o t a l number wi th cos 6 pn > 0 i s equal to the 

number of true coherent events, and comparing t h i s number with the 

number of f i t s to the coherent channel y ie lds an estimate of the 

contamination. I t is found that ~150 coherent f i t s should i n f a c t 

be assigned to the break-up channel. 

Figure 3.3 (a) shows M(pn) f o r a l l events ambiguous between the 

two channels with a bin width of 0.5 Mev/c^'. The sharp peak centred 
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~1 0878 GeV/c2 and 2 MeV,/c2 wide, which i s due to coherent events, i s 
fol lowed by a t a i l at higher masses. As the mass of the pn combination 
increases away from the mass of the deuteron, the hypothesis that the 
event i s coherent becomes less probable. One way to remove contamination 
by trhe break-up channel i s to r e j e c t a l l events with M(pn) greater than 
some a r b i t r a r y l i m i t , 

A f i t to the break-up channel of an event which i n f a c t corresponds 

to the coherent channel ought to give p a r a l l e l momenta to the proton 

and neutron. I t i s , the re fore , possible to p u r i f y the sample by r e j ec t ing 

events f o r which 9pn i s large. The d i s t r i b u t i o n of t h i s angle f o r events 

f i t t i n g the two competing channels i s shown i n f i gu re 3.3 (b), where i t 

can be seen that the angle i s very large i n some cases, although the 

m a j o r i t y of events are i n the peak towards cos 9 pn = 1. 

A f u r t h e r method of select ing coherent events i s by the r a t i o of 

the momenta of the neutron and proton. The momentum of a stopping t rack 

i s derived from the range-energy re la t ionsh ip and the r a t i o of the momenta 

given to the track by i n t e r p r e t i n g i t as a deuteron or proton has, t he re fo re , 

a d e f i n i t e value: 

Pd 
^ Z 1.67 3 .1 

. P 
Pd = deuteron momentum p = proton momentum. 

I f i t i s assumed that the momenta of the three pions i s the same 

i n both f i t s , conservation of momentum impl ies : 
- * - » - » 

Pd = Pn + Pp 3.2 

Pn = neutron momentum 

(The arrows s i g n i f y that the quant i t i es must be considered as vec tors ) . 

Since the angle between the proton and neutron should be zero f o r a coherent 

event then these quant i t ies need not be considered as vectors and so, 

d i v i d i n g eq. 3.2 by Pp: 
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PnJ:..Pj2 = £d * i.67 • 3.,3 
Pp Pp 

So R -• Pn = 0o67 f o r a coherent event 
. . ~ PP 

I f j however, the event i s not coherent, t h i s r a t i o i s not constrained.. 

Figure'3o4 (a) shows the d i s t r i b u t i o n of t h i s r a t i o f o r a l l ambiguous 

eyentso The d i s t r i b u t i o n peaks ~ 0 ? 7 and i s q u i t e wide. The w i d t h i s 

due l a r g e l y t o the e r r o r on the neutron momentum which i s t y p i c a l l y 

~80 MeV/c and i s large since i t i s an unseen p a r t i c l e . . 

I f the r a t i o were c o r r e c t i n a l l cases then the r e l a t i v e momenta 

of the pro t o n and neutron would increase as the momentum of the proton 

increased and t h i s would lead to an increase i n M(pn)o This e f f e c t can 

be seen i n f i g u r e 3„4 (b) where the p r e d i c t e d value of Nl(pn) i s shown 

as a f u n c t i o n of proton momentum under the assumption t h a t R = 0.67« 

I f 8 pn i s not zero then the e f f e c t i s even g r e a t e r and t h i s i s 

also shown i n f i g u r e 3»4- (b)„ f o r several values of t h i s angle assuming 

t h a t Pn has a p r o j e c t i o n of 0.67 Pp along the proton d i r e c t i o n and the 

transverse component necessary t o produce the s p e c i f i c angle,. Thus t o 

e l i m i n a t e break-up events by a n t i - s e l e c t i n g high values of Nl(pn) can 

lead t o a biassed sample, r e j e c t i n g p r e f e r e n t i a l l y high momentum deuterons-
/ 2 

For example t o cut a t M(pn) = 1.885 GeG/c would l i m i t the deuteron 

momentum t o be <900 MeV/c i f the r a t i o and cos 6 pn were c o r r e c t and 

<350 Me.v/c i f cos 6 pn were 0.7c 

To r e j e c t events which have a large value of cos 9 pn can also 

lead t o a biassed sample. The e r r o r on the f i t t e d neutron t r a c k i s due 

t o the e r r o r s on the other t r a c k s , since the neutron i s unmeasured, 

and i s , t h u s , independent of the neutrons momentum.. I f the e r r o r i s i n 

a d i r e c t i o n perpendicular t o the neutron d i r e c t i o n then i t w i l l r e s u l t 

i n a change of the value of cos 9 pn and t h i s .change w i l l be g r e a t e r f o r 
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smaller momonturn neutronso A coherent event, s i m u l a t i n g a break-up 

event should give cos 6 pn = 1 but w i l l d eviate from t h i s value because 

of the e r r o r on the neutron momentum and the d e v i a t i o n w i l l be s t r o n g e s t 

f o r slow neutrons. Slow neutrons correspond t o alow protons i n t h e 

ambiguous sample as can be seen from the d i s t r i b u t i o n of R and consequently* 

i f the event i s coherent} t o slow deuteronso To r e j e c t events from the 

coherent sample by a cut on cos 6 pn can, t h e r e f o r e , p r e f e r e n t i a l l y 

e l i m i n a t e slow deuteronso 

For any value of I'A-lpn) and Pp there are two possible values of Pn 

and hence of R and these depend only on the value of cos 9 pn. Figure 3.5 

shows R as a f u n c t i o n of Pp f o r 3 values of M(pn) and several values of 

cos 6 pn. I t can be seen t h a t f o r slow p r o t o n s , where the e r r o r s on R 

are l a r g e , the d i f f e r e n c e between the tvo s o l u t i o n i s also l a r g e , becoming 

smaller at higher proton momenta where the e r r o r on the r a t i o i s smallerc 

I f an event were t r u e l y coherent then a spurious f i t t o the break up 

channel should give the lower r a t i o i . e . 0.67 i n the i d e a l case. Even 

i f cos 6 pn i s non-zero the lower r a t i o corresponds t o a smaller component 

of the neutron momentum perpendicular t o the proton d i r e c t i o n as expected 

f o r coherent events. 

For a break up event s i m u l a t i n g a coherent event, a high value of 

R t > l ) w i l l occur i f the i n t e r a c t i o n takes place on the neutron w i t h the 

proton as s p e c t a t o r , and a low value-, i f the reverse i f true<> The momentum 

d i s t r i b u t i o n i s peaked ct low values of Pp f o r the ambiguous sample, 

i n d i c a t i n g t h a t they are probably spectators i f they are r e a l l y break-up 

events and hence i t i s expected t h a t the higher s o l u t i o n f o r R w i l l i n 

f a c t occur f o r break-up events. I n f a c t f o r the break up channel, the 

p r o b a b i l i t y o f spectator nucleon momentum f a l l i n g i n a c e r t a i n r e g i o n 

can be c a l c u l a t e d frcm the Hulthen wave f u n c t i o n , and the p r o b a b i l i t y 

of the oth e r nucleon f a l l i n g i n the same momentum r e g i o n can be c a l c u l a t e d 
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assuming t h a t i t s momentum d i s t r i b u t i o n i s s i m i l a r t o t h a t of the non-
spectator proton i n Reaction 4» D i v i d i n g the experimental proton momentum 
spectrum according t o the r a t i o of these two p r o b a b i l i t i e s i n t o two 
c a t e g o r i e s , spectator and p a r t i c i p a t i n g nucleons, i t i s possible i n both 
cases t o c a l c u l a t e the p r o b a b i l i t y t h a t the neutron has a g r e a t e r momentum,, 
This has been donci f o r every 20 MeV/c i n t e r v a l of the Pp spectrum f o r 
ambiguous events and combining the r e s u l t s i t i s found t h a t ~ 9 0 % of "the 
events should have R > 1 i f they belong t o the break-up channel. 

There i s thus a d i s t i n c t d i f f e r e n c e between the two competing 

channels: a reai•coherent event should y i e l d the lower possible value : 

of R, while a r e a l break up events should y i e l d the higher R value» 

The e r r o r on R must s t i l l be considered, b u t , as was seen e a r l i e r , i n 

many cases the d i f f e r e n c e between the two s o l u t i o n s i s very l a r g e . The 

sample of events was separated i n t o 9 separate sub-samples: 

1. R + 3. AR < RU 

2, R + 2. A R < RU < R + 3. R 

3. R + AR < RU < R + 2. R 

4. R < RU i < R + R 

5. R - 3„ AR > RL 

R - 2. AR > RL > R - 3 0 R 

7. R - AR > RL > R - 2. R 

8, R > RL > R - R 

9. RL snd RU > 1 

where RU = upper possible value of R f o r each event 

RL = lower possible value of R f o r each event 

AR = experimental e r r o r on R. 

Samples 1 , 2 and 3 take the lower value of R and are not w i t h i n 

e r r o r o f the o t h e r possible value. They are presumably, t h e r e f o r e , 

coherent. Figures 3.6 ( a ) , (b) and (c ) show r e s p e c t i v e l y M(pn), cos 6 pn 

and R f o r these events. They show very markedly the f e a t u r e s expected 
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of coherent events. The asymmetric shape of the R d i s t r i b u t i o n i s 

due t o the sampling procedure and i n d i c a t e s t h a t not a l l the coherent 

events are i n t h i s sample. 

Samples 4 and 8 co n t a i n the events where the e r r o r on R i s such 

t h a t R i s compatible w i t h both possible valueso When R takes the lower 

value (sample 4 ) there are no events w i t h M(pn) > 1.88 or w i t h cos 6 pn 

<0.8 O These events have t h e r e f o r e been accepted as coherent.. S i m i l a r l y 

f o r sample 8, M(pn) i s sharply peaked a t ~ 1 . 8 7 9 and cos 9 pn a t lo 

Furthermore, the d i s t r i b u t i o n of R f o r these events i s peaked towards 

lo E r r o r s on R f o r a coherent event can take i t above 1 and indeed, 

i f the R d i s t r i b u t i o n i s t o be symmetric there must be some events w i t h 

R > lo Coherent events w i t h R > 1 should peak a t 1 and t a i l o f f above 

t h i s v a l u e j and t h i s i s seen t o be the case f o r sample 8 e v e n t s } which 

have t h e r e f o r e been i n t e r p r e t e d as coherent eventso 

Samples 5 and 6 c o n s i s t of events which have a value of R not 

w i t h i n 2 standard d e v i a t i o n s of the lower possible value. They demonstrat 

no fea t u r e s expected f o r coherent events: no accumulation of events w i t h 

low values of M(pn) or w i t h cos 9 ~ 1 and no peaking of the R d i s t r i b u t i o n 

towards lo These events have .been r e j e c t e d from the sample as belonging 

t o r e a c t i o n 5o 

Events of sample 7 seem t o mark the b o r d e r l i n e between coherent and 

break-up events. There are some coherent f e a t u r e s i n the data: M(pn) 

low; cos 9 pn tending towards 1 and some peaking of R towards lo A 

f u r t h e r d i v i s i o n of the sample was made as f o l l o w s : 

7 ( a ) R - /2 &R > RL > R - 2. AR 

7 ( b ) R - AR > RL > R - |. A r . 

The events of sample 7 ( a ) again show no coherent f e a t u r e s and were 

rejected> while those of sample 7 (b) account e n t i r e l y f o r the peaking 

towards 1 of the R d i s t r i b u t i o n and were accepted. 



At t h i s stage 173 events, a l l w i t h R > 1, have been rejected,. 

This number compares favourably w i t h the estimated amount of 

contamination made e a r l i e r o f ~150 eventso Since ~ 9 0 % of the break-up 

events are expected to have R > 1 , an estimate of the contamination of 

the coherent sample by break-up events which have R < 1 , can be made 

from t h i s number. The r e s u l t i s ~19 eventso 

Sample 9 contains those events f o r which both possible values of 

R, (RL and R U) are smaller than 1„ No d e c i s i o n about the coherence of 

the event can be made i n t h i s case from the a c t u a l value of R. Since R 

i s n e c e s s a r i l y less than 1 , however, the contamination of t h i s sample 

i s l i k e l y t o be small. Figures 3„7 (a) (b) and ( c ) show, r e s p e c t i v e l y , 

M(pn), cos 6 pn and R f o r these eventso The d i s t r i b u t i o n o f M(pn) 

peaks s t r o n g l y ~1.880 as expected f o r coherent events, and the cos 0 pn 

d i s t r i b u t i o n peaks ~0.8„ The r e d u c t i o n i n the number of events above 

t h i s value i s due t o the sampling procedure since i f cos 8 pn i s 1 the two 

possible values of R cannot both be <1» I t i s possible t h a t the break­

up events w i t h R < 1 w i l l f a l l predominantly i n t h i s sample since these 

events w i l l , i n ge n e r a l , have a r e l a t i v e l y high value of P p and i t i s 

only f o r high values of P p t h a t RU i s < 1 as can be seen from f i g u r e 3.5. 

For t h i s reason events w i t h M(pn) > 1«887 i n t h i s sample were r e j e c t e d . 

While t h i s s e l e c t i o n i s s u b j e c t t o the bias described above, i t r e j e c t s 

only 13 events and i t i s found t h a t no accepted event i n any other sample 

has a value of M(pn) g r e a t e r than t h i s l i m i t o 

While i t i s hoped t h a t t h i s l a t t e r s e l e c t i o n c r i t e r e o n w i l l reduce 

the number of break-up events w i t h R < 1 , i t cannot be proved c a t e g o r i c a l l y 

t h a t i t does so and the f i g u r e of 19 events f o r t h i s contamination must 

remain as an upper l i m i t . There may also be some contamination r e s u l t i n g 

from the acceptance of sample 8 events and p a r t of sample 7„ The t o t a l 

number of events accepted from these two samples, however, i s only 116 

and a study of the d i s t r i b u t i o n s of M(pn), cos 6 pn and R f o r these shows 
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t h a t the contamination i s u n l i k e l y t o be more than 1C$„ Thus, the t o t a l 

contamination i s < 30 events i n 1130 ambiguities.. The 100 unambiguous 

events have been accepted as coherent, g i v i n g a f i n a l 4-prong sample of 

1230 coherent events w i t h < 2.5% contamination. 

Table 3.2 giver, the t o t a l number of events i n each sample, togeth e r 

w i t h the numbers accepted and r e j e c t e d from them. I n summary, the 

c r i t e r i a used t o s e l e c t the 4 prong coherent events were: 

( i ) P r o b a b i l i t y of f i t > 156 

( i i ) I f ambiguous w i t h r e a c t i o n 5: then 

(a) i f RH> 1 R - |„ AR < RL 

(b) I f RU< l M(pn) < 1.887 

3 02 Three Prong Events 

The 3-prong data c o n s i s t s of events where the deuteron, or p r o t o n , 

i n the f i n a l s t a t e , has such a low momentum t h a t i t leaves no v i s i b l e 

t r a c k i n the bubble chamber. I n f i t t i n g an event t o r e a c t i o n 1 the 

deuteron was t r e a t e d i n the same way as an unseen n e u t r a l p a r t i c l e and 

r e s u l t s , t h e r e f o r e , i n a l - c f i t . The data i s l i k e l y , t h e r e f o r e , t o be 

more contaminated f o r the 3-prongs than was the case f o r the 4-prong 

events. 

Table 3.1 shows the t o t a l number of 3-prong events g i v i n g a f i t 

t o r e a c t i o n i , t ogether w i t h the number of these ambiguous w i t h each of 

re a c t i o n s 3-5. No f i t i s possible t o r e a c t i o n 2 since t h i s channel 

contains two unseen p a r t i c l e s . F i t s t o r e a c t i o n s 4 and 5 were p o s s i b l e , 

as explained i n the chapter 2, by t r e a t i n g the unseen proton as a 

measured t r a c k w i t h zero momentum and s u i t a b l e e r r o r s . F i t s t o r e a c t i o n 

3 are 4-C f i t s and a r e , t h e r e f o r e , more probable than any 1C f i t and 

events ambiguous between t h i s channel and the coherent channel were 

r e j e c t e d from the coherent sample. 
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TABIE 3.2; Number of events accepted and 

r e j e c t e d i n each subsample 

of the 4-prong data. 

SAMPLE NO. ACCEPTED NO. REJECTED TOTAL 

1 255 0 255 

2 122 0 122 
3 136 0 136 

4 110 0 110 

5 .0 80 80 

6 0 63 63 

7 56 32 88 

8 60 0 60 

9 391 13 404 

Unambiguous 100 0 100 

TOTAL 1230 188 1418 
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The l a r g e s t ambiguity i s between the coherent channel and r e a c t i o n 

5, the break-up channel, as was the case i n the 4-prong data. I n t h i s 

case, e s s e n t i a l l y every event which f i t s one of these also f i t s the o t h e r . 

While, i n p r i n c i p l e , i t s i s possible t o resolve t h i s ambiguity by studying 

f o r example, the angle between the proton and neutron (cos 8 pn) i n the 

f i t t o r e a c t i o n 5, i n p r a c t i c e , such a method proves useless since the 

method of t r e a t i n g the unseen proton i s u n s a t i s f a c t o r y when a f u r t h e r 

n e u t r a l p a r t i c l e i s i n v o l v e d i n the i n t e r a c t i o n , , The f i t , i n f a c t , 

gives almost zero momentum to the proton thus y i e l d i n g a l l q u a n t i t i e s 

which depend upon i t s i n t r i n s i c p r o p e r t i e s meaningless. P r o p e r t i e s 

of the proton-neutron combination, such as t h e i r combined e f f e c t i v e 

mass M(pn) can be used, however, since these depend on the measured 

q u a n t i t i t e s of the three seen pions. 

The d i s t r i b u t i o n of W.(pn) f o r a l l 3-prong events f i t t i n g both 

r e a c t i o n s 1 and 5 i s shown i n f i g u r e 3.8 ( a ) . This shows a large 

peak, centred -1.88 GeV/c . The smooth curve shown i n t h i s f i g u r e 

i s the r e s u l t of a s i m i l a r Monte-Carlo c a l c u l a t i o n t o t h a t performed 

f o r the 4-prong sample, w i t h the added c r i t e r i o n t h a t the s p e c t a t o r 

proton must have a momentum less than the v i s i b i l i t y l i m i t (~80 MeV/c). 

This curve by no means reproduces the t h r e s h o l d peak, which i s t h e r e f o r e 

i n t e r p r e t e d as being due t o coherent events. A cut was made a t a 
/ 2 

value of M(pn) - 1.885 MeV/c and events above t h i s value were r e j e c t e d 

from the coherent sample. I t should be noted t h a t t h i s s e l e c t i o n i s 

f r e e from the bias described f o r the 4-prcng events, which was due t o 

the range-momentum r e l a t i o n f o r stopping measured t r a c k s . An estimate 

of the contamination presont i n the remaining 447 events can be made 

from the curve i n f i g u r e 3.7 (a) and the r e s u l t i s ~ 2 0 % o The f i g u r e 

suggests t h a t coherent events are present up t o a value of M(pn) of 

~ 1.888 but t o include events up t o t h i s mass r e s u l t s i n an increase 
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i n the contamination t o 25%. 

A f u r t h e r reason f o r the choice of 1.885 MeV/c as the l i m i t a r i s e s 

from the f a c t t h a t the unseen proton i n r e a c t i o n 5, i s f i t t e d w i t h zero 

momentum. This r e s u l t s i n a l l the momentum not taken by the 3-pions being 

given to the neutron, while t h i s momentum i s given t o the deuteron i n 

r e a c t i o n 1 0 The neutron momentum i s r e l a t e d , t h u s , t o both the deuteron 

momentum and t o M(pn), which are t h e r e f o r e r e l a t e d t o each other,, The 

deuteron momentum v i s i b i l i t y l i m i t ~ 140 MeV/c corresponds t o a value 

of M(pn) o f ~ 1.885 thus t o cut a t t h i s value ensures t h a t deuterons 

are not f i t t e d w i t h momenta such t h a t they should leave a v i s i b l e t r a c k . 

The sample of events remaining has a f l a t p r o b a b i l i t y d i s t r i b u t i o n 

as can be seen i n f i g . 3.1 ( b ) . This i s i n c o n t r a d i c t i o n to the 4-prong 

sample. I t has been shown i n the study of r e a c t i o n s 3 and 4, however, 

t h a t t o overestimate the e r r o r s on the f i t t e d t r a c k s by a f a c t o r of 

1.5 would s u c c e s s f u l l y e x p l a i n both d i s t r i b u t i o n s (Ref. 3 . l ) 0 Events 

w i t h a p r o b a b i l i t y less than 1% have been r e j e c t e d f o r c o m p a t i b i l i t y 

w i t h the 4-prong sample 0 The remaining number of 3-prong events i s 

then 445» 

No attempt has been made t o resolve the ambiguity between r e a c t i o n s 

1 and 4 since 3-prong f i t s t o r e a c t i o n 4 have been found t o be mostly 

spu r i o u s , p a r t i c u l a r l y i f the f a s t proton i s not recognizeable by 

i o n i s a t i o n , as must be the case of an ambiguity w i t h the coherent 

channel i s t o occur. Moreover, i t seems u n l i k e l y t h a t an event which 

should i n f a c t be assigned t o channel A w i l l simulate the break-up 

channel i n such away t h a t the break-up channel simulates the coherent 

channel. 

I n summary the s e l e c t i o n s made were: 

( i ) M(pn) f o r ambiguous f i t < 1.885 GeV/c2 

( i i ) P r o b a b i l i t y >1% 

( i i i ) Ho simultaneous AC f i t . 
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A check can be made t h a t the 3-prong sample i s compatible w i t h 

the 4-prongs by t r y i n g t o match the deuteron momentum spectra f o r the 

two sets of data. I n order to do t h i s only the data from Durham and 

the two French l a b o r a t o r i e s have been used, since the I t a l i a n l a b o r a t o r i e s 

only measured three prong events w i t h a more than minimum i o n i z i n g t r a c k . 

The pion t r a c k s i n the coherent channel a l l tend t o be f a s t and t h e r e f o r e 

minimum i o n i s i n g and t h i s s e l e c t i o n , t h e r e f o r e , e f f e c t i v e l y f i l t e r s 

out 3-prong coherent events. The deuteron l a b o r a t o r y momentum spectrum 

i s shown i n f i g u r e 3.^ f o r the other 3 l a b o r a t o r i e s , w i t h the 3-prcng 

sample hatched. The matching i s q u i t e good. I f , M(pn) i s l i m i t e d t o a 

smaller value than 1.885 GeV/c^ then a d i p becomes apparent i n t h i s 

d i s t r i b u t i o n a t the j o i n between the two samples and, s i m i l a r l y , i f 

higher values of M(pn) are a l l o w e d , a enhancement appears i n the 

spectrum. 

3.3 Contamination by Coherent. Kaon Production 

Having s e l e c t e d a sample of events which are coherent, there 

remains the p o s s i b i l i t y t h a t the pionshave been m i s i d e n t i f i e d and are 

i n f a c t kaons. The r e a c t i o n may be: 

i r
+ d _> d TT+ K + K". (6 ) 

Events w i t h a kinked secondary t r a c k , which may be due t o a kaon 

decaying, were not measured and events where the i o n i s a t i o n was not 

compatible were r e j e c t e d , but the meson t r a c k s are very f a s t i n t h i s 

channel, i n g e n e r a l , and the kaons may not decay i n the chamber and t h e i r 

i o n i s a t i o n w i l l i n general be i n d i s t i n g u i s h a b l e from t h a t of the pions. 

I n order t o i n v e s t i g a t e t h i s p o s s i b i l i t y , a sample of 300 4-prong 

events, which were accepted as coherent, were passed through the program 

GRIND and f i t s attempted t o t h i s channel. About 50% of these gave a 

4-C f i t t o r e a c t i o n 6. This i s understandable since f o r a f a s t track 

t o change i t s mass from t h a t of a pion t o t h a t of a kaon w i t h o u t changing 
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i t s momentum resul t s i n a neglicjable change i n i t s energy and both 

momentum conservation and energy conservation can be maintained. 

2 

However, only 14 events give a p r o b a b i l i t y f o r t h i s f i t which i s 

of comparable magnitude to that f o r react ion 1 0 This gives an upper 

l i m i t of 5% to the contamination of react ion 1 by reaction 6 o The 

contamination i s l i k e l y to be much less than t h a t , however, as can be 

seen by the f a c t that of the events which give a f i t to reaction 6 ~ 90% 

f i t the react ion twice , by successively i n t e r p r e t i n g both pos i t ive non 

stopping tracks as the pos i t ive kaon. This f a c t indicates the ease 

wi th which spurious f i t s to react ion 6 can arise,, ( I f events are 

accepted as belonging to react ion 6 only i f they give a p r o b a b i l i t y 

> twice that of the f i t to react ion 1 then the r e su l t i ng amount of 

contamination i s less than 2%. 

I n the case of the 3-pronged events ~ To% gave at least ore f i t 

to react ion 6 and 40% had p r o b a b i l i t i e s of comparable magnitude to t ha t 

of react ion 1„ These, however, are the resul t s of less r e l i ab l e 1C f i t s 

and can therefore more eas i ly be spurious. There i s no reason to believe 

that the cross section f o r react ion 6 i s r e l a t i v e l y greater f o r 3~prong 

events than f o r 4-prong and i t i s assumed tha t the contamination here i s 

the same as f o r the 4-prongs<> 

3,4 Channel Cross Section 

The channel cross section i s given by: 

where n = the number of events i n the channel 

and N = the t o t a l number of events 

The number of events i n the channel must be corrected f o r any losses 

which may occur between the scanning and the DST stages of the experiment,. 

These losses can be due to immeasurability of the event, or to f a i l u r e s 

of the system. The corrected number of events 'from Durham i s 770 +• 85 



y i e l d i n g a value f o r the channel cross section of 3 & 0 + 45fibo Th 

value has been combined with the values given by the two French 

laboratories and the f i n a l value i s 3 5 3 + 3 0 ^ b o 
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C H A P T E R F O U R 

GENERAL FEATURES OF THE DATA. 

In t roduct ion 

In t h i s chapter the general charac ter i s t ics of the react ion w i l l 

be examined i n terms of e f f e c t i v e mass plots and d i f f e r e n t i a l cross 

sections. The purpose of the chapter i s to determine the parameter?. > 

such as masss width and production cross sec t ion 9 of the resonances 

and enhancements which occuro These parameters w i l l be determined 

i n a manner which i s as model independent as possible. The f i r s t 

section b r i e f l y describes the ove ra l l d i f f e r e n t i a l cross section andj 

t he rea f t e r , the various mass spectra are examined sequentially.) 

Character is t ics of resonances produced are discussed i n the appropriate 

sections. 

4 . 1 . The D i f f e r e n t i a l Cross Section. 

The d i f f e r e n t i a l cross section f o r the react ion i s shown i n f i g u r e 

4.1 (a) i n terms of the r e l a t i v i s t i c a l l y invar ian t variable t def ined 

as the square of the 4-momentum t rans fe r from the i n i t i a l to the f i n a l 

state deuteron (<fr/dt vs. t ) and i n f igure 4 .1 (b) i n terms of t ' 

(do /d t 1 vs. t ' ) where t ' i s defined as: 

t 1 = t - trnin 4 .1 

and t . i s the minimum kinematica1iy allowed value of t f o r each mm ' 

i nd iv idua l evento I t can be seen tha t the d i s t r i b u t i o n s are strongly 

peaked towards 0 , corresponding to the conf igura t ion where the angle 

between the incoming and outgoing deuterons i s very small i n the centre 

of mass reference frame. The react ion is thus very peripheral as would 

be expected f o r coherent deuteron events since less peripheral c o l l i s i o n s 

(higher values of t ) are more l i k e l y to resu l t i n deuteron break-up 

as explained i n Chapter !• 
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Weighted least square f i t s have been made to these d i s t r i b u t i o n s 

i n the t and t ' range 0 . 0 2 . - 0 < > 1 2 (GeV/c) 2 using the parametrizations: 

^ = K exp ( -At ) 4 . 2 

and 
^ f , = k ' e x p ( - l i t 1 ) 4 . 3 

A d i f f i c u l t y encountered i n t h i s procedure was the e f f e c t of the reduced 

sample of 3-prong events since these correspond to very low values of 

t o The 3-prong data i s weighted, i n the f igu res by the r a t i o of the 

t o t a l number of 4-prongs to the number of 4 prongs from the three 

col labora t ing laboratories which also contributed three prong events> 

and i t i s t h i s r e s u l t i n g d i s t r i b u t i o n which was f i t t e d to Equations 4 „ 2 

and 4 . 3 The resu l t s were found, to be compatible wi th the resu l t s of 

f i t t i n g only the events from the laboratories which measured a l l three 

prongs, as would be expected since the e f f e c t of the 3-prong sample i s 

small except i n the f i r s t t region ( 0 . 0 - 0 . 0 2 (GeV/c) ) and t h i s was 

not used i n the f i t t i n g . 

The f i t t e d parameters were: 

A = 2 7 . 6 + 3 . 0 (Gev/c)" 2 

B = 3 2 . 6 + 1 . 9 (GeV/c)" 2 

and the resu l t s of the f i t t i n g are shown as the s o l i d l ines i n f i gu re 4 d . 

The f i t to the d r / d t d i s t r i b u t i o n overestimates the number of events below 

| t | = 0 . 0 2 GeV/c o This dip at 0 i s probably due to the production i n 

t h i s react ion of high mass three pion states f o r which t . i s s i a n i f i c a n t l 
3 m m 

d i f f e r e n t from zero, an i n t e r p r e t a t i o n supported by the f a c t that the 

extrapolated l ine from the f i t to the dj-/dt ' , d i s t r i b u t i o n passes d i r e c t l y 

through the experimental point* 

4 o 2 The d -ir* e f f e c t i v e mass spectrum 

Since there are two i d e n t i c a l pos i t ive pions i n the f i n a l state of 
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t h i s r eac t ion , two combinations of the d ir+_ e f f e c t i v e mass f o r each 

event are p lo t t ed i n the mass spectrum shown i n f ig« 4 o 2 The only 

structure v i s i b l e i n t h i s d i s t r i b u t i o n is the peak near threshold. 

I f the pos i t ive pions are label led f a s t and slow (77*) according 

to t h e i r momentum i n the laboratory frame then a p lo t of the d-jr^ 

e f f e c t i v e mass (hatched histogram i n f i g . 4 . 2 ) shows that the peak i s 

formed e n t i r e l y i n t h i s combination. 

^ f i t to t h i s spectrum i n the region M(dtt) < 2 . 6 GeV/c2 of a simple 

s-wave Breit-Wigner f u n c t i o n : 

a w (m) = Cr / 2 ) 2 4 . 3 
0 

( M - M o ) 2 + ( r o / 2 ) 2 

where M q i s the central mass value and T Q i s the w i d t h , together w i th 

a hand drawn background, y ie lds the fo l lowing parameters: 

M = 2 2 1 0 MeV/c2 

o 

r = 3 0 0 MeV/c2 

The f i t i s very poor, however, i r respect ive of the shape used f o r 

the background. 

In est imating the cross section f o r production of t h i s peak care 

must be taken over the assumed form of the background. There i s , more­

over, a marked d i f ference i n the r e l a t i v e amount of production between 

the 4-prong data and the 3-prong data, as can be seen i n f igures 4 . 3 (a) 

and (b) which show the dTT* mass spectrum f o r these two samples 

respec t ive ly , and t h i s d i f ference must be allowed f o r when correc t ing 

f o r the missing 3-prongso A lower l i m i t to the cross section has been 

calculated by counting only events which f a l l above a hor izonta l l i ne 

extrapolated from the dir mass region 2 . 4 - 3 . 2 GeV/c . The value 

found i s 4 2 /jb or 12% of the data. An upper l i m i t can be determined 

by examination of f i gu re 4 o 3 (c) which shows, f o r the 4 prong sample, 
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the 7r+ ir e f f e c t i v e mass spectrum of those events f o r which the TTd s s 

mass f a l l s i n the peak ( / / (u^d) <2.4GeV/c)o There is a prominant p ° 

s ignal and some ind ica t ion of an f ° i n the d i s t r i b u t i o n , and these must 

contr ibute to the background below the d Tr* peak. The number of p° and f ° 

events.has been estimated by use of a hand-drawn background to t h i s spectrum 

and,• assuming a l l other events are due to the d vr p mass peak, a value 

of 55 ^b or 15.5% of the channel, i s found f o r the production cross 

section of t h i s peak. The best estimate f o r t h i s cross section can 

thus be w r i t t e n as the average 48 + 7 j U b . 

This peak has been seen i n many other coherent deuteron experiments 

and i s usually known as the d ( R e f o 4 o l ) . I t i s not in terpre ted as 

a resonance of the pion-deuteron system, however, and a model to 

explain i t s production mechanism w i l l be discussed i n Chapter 8o 

4.3 The d ?r mass spectrum 

The e f f e c t i v e mass d i s t r i b u t i o n of the dir combination i s shown 

i n f i gu re 4«4 (a)o There i s no clear evidence f o r any s t ruc tu re , merely 

a broad maximum from 2.0 to 3»0 GeV"/c2 fol lowed by a gradual t a i l i n g o f f * 

There i s no evidence f o r a neutral enhancement (d*°) to correspond to 

the d observed i n the previous sect ion. 

As w i l l be seen l a t e r there i s a great deal of p° and some f ° 

production i n th i s channel, both of which w i l l contribute only background 

to t h i s spectrum. T h e d w i l l also lead to background i n t h i s 

d i s t r i b u t i o n , so, i f any d*° i s produced i t may be hidden i n the high 

background l e v e l . The hatched histogram i n f i g . 4.4 (a) shows the 

d tr spectrum when there i s no simultaneous production of p°(C.665< 

M (7 f + u" )< ° ° 8 6 5 GeV/c 2 ) , f ° (1.12< M ( V ; V ) < 1.36 GeV/c 2) or d*** 

+ / 2 

(M(dir g ) < 2.4 GeV/c"). The remaining s t a t i s t i c s are severly l i m i t e d 

but s t i l l there is no evidence f o r a d*° signal and i t i s concluded 

that production of d*° does not occur. 
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4<>4 The Ti 7f mass spectrum 

This d i s t r i b u t i o n i s shown i n f igu re 4<,4 (b ) . I t s shape i s quite 

smooth and there i s no evidence of any narrow enhancements whether of 

kinematic or dynamic origino 

4o5 The Tr*V mass spectrum 

The invar ian t mass d i s t r i b u t i o n of the 77 IT system i s shown i n 

f i gu re 4<>5, where both neutral d ip ion combinations have been p lo t t ed f o r 

each event. The main feature of t h i s spectrum i s the very strong p ° 

s igna l . There i s also some ind ica t ion of f ° production, but there i s 

no evidence f o r any higher mass d ip ion resonances such as the g ° . 

Since two dipion combinations are p lo t t ed f o r every event, even i f 

every event lias a dipion resonance i n the f i n a l state there w i l l be 50% 

background i n f igu re 4„5. In f i t t i n g Breit-Wigner funct ions to the 

spectrum i t i s necessary to know the shape of the background d i s t r i b u t i o n . 

I t has been assumed tha t the background v a i l have the sane shape as the 
•I- + 

7 r ft spectrum since that contains no resonances and i s subject to a l l the 

kinematical e f f e c t s (such as resonance production i n the 3-pj.on system 

and r e f l e c t i o n s of the d enhancement) as i s the IT if background. A 

smooth curve drawn through the 77- u spectrum (shown i n f igu re 4o5 as 

the dashed curve) was therefore taken as the background shape,. The 

advantages of t h i s procedure is that the shape i s determined d i r e c t l y 

from the data and i s i n no way model dependent, the only assumption 

involved being that i n the absence of resonance production the 7r\r 
+ + 

and 7 r Tj- d i s t r i b u t i o n s are i d e n t i c a l . A possible ob jec t ion to t h i s 

assumption arises from the f a c t tha t the d i s t r i b u t i o n of the angle 

between the beam pion and the pos i t ive pion r e s u l t i n g from the p ° , i n 

the p° reference frame i s asymmetric, as w i l l be seen i n chapter 6; 

i f the othoir pos i t ive pioi i has a preference f o r one d i r e c t i o n i n t h i s 

frame, a d i f fe rence between the 7 r V + and 7r+7?' background w i l l r e su l t and. 
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since there i s c l ea r ly strong p° production, t h i s d i f fe rence could be 

s i g n i f i c a n t . To check t h i s p o s s i b i l i t y the cosine of the angle between 

the two pos i t ive pions i n the p° rest system hds been examined. An 

asymmetry i n the d i s t r i b u t i o n of t h i s angle would imply that the 

assumption made was i n c o r r e c t . . The d i s t r i b u t i o n i s shown i n f igu re 

4 o 6 ( a ) , where i f both n\r masses f a l l i n the p ° region (0<>665 < 

M ( T T TT ) < 0 . 8 6 5 GeV/c'Z) both angles have been p lo t ted weighted by a 

fac tor of The d i s t r i b u t i o n i s almost i so t rop ic and there i s no 

obvious asymmetry. I t i s concluded that the assumption made i s valido 

The spectrum of f igure 4 . 5 has been f i t t e d , by the method of 
2 

minimising ^ , to the f u n c t i o n : 

N ^ = a . B W ^ (n) + b . E W ^ ( f ) + (Tot -a-b) 0 B G ^ 4 o 4 pre ^ 

where N = predicted number i n the i ^ 1 b i n 

Tot = t o t a l number of combinations i n the spectrum 

BG^^ = f r a c t i o n of the background i n the i ^ b i n defined such 

tha t : 

p B G ^ = 1 4 . 5 

and the summation runs over a l l bins» 

a - t o t a l number of o

0 ' s produced 

b = t o t a l number of f ° ' s produced. 

BW ( p ) i s predicted f r a c t i o n of p ° ' s i n the i ^ h b i n according 

to the r e l a t i v i s t i c P-wave Breit-Wigner functions 

B W ( i ) f c > ) T ( m ) . m 4 . 6 

where 

, - 2 2 x 2 , , 2 2 q (.m -m ; + m r 

m = dipion mass at centre of i ^ 1 b in 

m = centra l n ° mass o V -

r(m)= r„ ( t!~ 1 "^(rnS = t h e m a s s dependent width 4 . 7 
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and £ = p° width = r (inQ) 

q = pion momentum i n d ip ion rest frame 

q = value of q at m = m ^o M o 

and the p(m) are rather a r b i t r a r y slowly varying funct ions given 

by Jackson ( r e f . 4 . 2 ) as:-

p(m) = m 4.8 

The f ac to r m/q i n equation 4 . 6 i s introduced to reduce the 4-body 

phase space to 3-body phase space- Due to lack of s t a t i s t i c s i n the f ° 

region an s-wave non r e l a t i v i s t i c form of the Breit-Wigner func t ion 

(Eq. 4 . 3 ) was used f o r B W ^ ( f ) . Both B W ^ ^ p ) and B W ^ ( f ) were 

normalised as!~ 

? Bv/ 1 ^ (res) = 1 4 . 9 

The f i t t e d parameters were the central mass values of the p ° and 

f ° mesons together wi th t h e i r widths and the t o t a l number of each (a and 

b ) . Since the f i t was performed on the spectrum i n 4 0 MeV/c bins 

the Breit-Wigner funct ions were integrated numerically over the b in 

i n the f i t t i n g i n order not to produce any d i s t o r t i o n i n the regions 

where they are quickly varying- Overall normalisation i s b u i l t in to the 

f u n c t i o n . 

The resu l t of the f i t i s shown as the s o l i d curve i n f i g „ 4 . 5 

The f i t i n the higher s t a t i s t i c s region (up to 1 GeV/c 2) i s excellent 

but above t h i s , and p a r t i c u l a r l y i n the f ° region the f i t i s poor-

This i s due p a r t l y to the poor shape of the f ° produced i n th i s experiment 

but may also be due to er rors i n the background estimation or an 

overestimation of the t a i l of the p ° , as may occur i f an incorrect 

form for the mass dependent width of the p ° has been used (Note that 

the f i t overestimates the number of events i n the range 0 . 9 6 - 1 . 0 4 GGV/C ) . 

The f ° parameters found i n t h i s f i t are, t he re fo re , unrel iable and have 

large e r rors ; a more reliable estimation of these w i l l be made l a t e r . 
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The p° f i t i s excel lent and the f i t t e d parameters are: 

M = 7 6 2 + 4 MeV/c2 

P 
p = 1 1 6 + 8 MeV/c2 

P 

Number of p 's = 1078 + 50 o 

The cross section fo r p ° production i s thus <j- = 227+20^b. No 

s i g n i f i c a n t d i f f e rence i n the number of p^s produced r e l a t i v e l y i n 

the 3 and 4 prong samples i s seen. 

In f i gu re 4 . 5 the signal i n the f ° region i s not very prominent* 

In order to see i t more c l e a r l y , f i gu re 4 . 6 (b) shows a l l TTrr combin­

ations f o r events where the three pion e f f e c t i v e mass i s greater than 

1 .4 GeV/c i . e above threshold f o r f ° production. The e f f e c t of t h i s i s 

to grea t ly reduce the p° s ignal and thus to enhance the f ° 0 F i t s of the 

type of Eq. 4 . 3 have been attempted to t h i s spectrum and the resu l t s f o r 

the f ° parameters are: 

M f = 1235 + 15 MeV / c 2 

r f = 130 + 20 MeV ' /c 2 

Number of f 0 , s = 120 + 30 

corresponding to a cross section of 25 + 6 j u b , where t h i s i s 

calculated assuming that no f ° production occurs i n the 3 prong data, 

as indicated by the data. The f i t i n the f ° region i s poor again and 

the f i t t e d value of the mass i s ~30 MeV/c^ smaller thon the cur ren t ly 

accepted value (Ref. 4 . 3 ) . These features can be explained p a r t l y by 

the presence i n f i g o 4 . 6 (b) of the small bump at ~1080 M e V / c 2 . This 

i s also present i n f i g . 4 . 5 (b) although the f i t there suggests that 

i t i s due to the t a i l of the p 0 . While t h i s bump i s small and may 

eas i ly be s t a t i s t i c a l i n o r i g i n , i t i s i n t e r e s t i ng to note that i t s 

centra l mass value and width U- 80 MeV/c 2) are i d e n t i c a l with those 

of a previously reported d ip ion enhancement known as the n r J(l080) meson 

(Refo 4 o 4 ) „ Furtl ier discussion of t h i s s ignal w i l l be deferred u n t i l 
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Chapter 6. 

When considering d i p i o n p r o p e r t i e s , i t would c l e a r l y be 

advantageous i f the background below the s i g n a l could be reduced- This 

can be done by using some c r i t e r i o n f o r d i s t i n g u i s h i n g between the two 

p o s i t i v e p i o n s j as can be seen i n f i g u r e 4.7 which shows the ir+f if 

and. i r +
s v combinations? (4.7(a) and (b) r e s p e c t i v e l y ) where 7 7 + £ 

and r e f e r t o the ir+ w i t h g r e a t e r and smaller momentum i n the lab 

system, and the ifV combination formed w i t h smaller (4o7c) and g r e a t e r 

(4.7d) momentum t r a s f e r from the beam, and, f i n a l l y , the iffc ir a i i d 

•jj-̂ sc if combinations (4<>7e and f ) where f c and sc r e f e r t o the gr e a t e r 

and smaller momentum i n the r e s t system of the 3-pions. The e f f e c t s 

of l a b e l l i n g the pions by t h e i r l a b o r a t o r y momentum and t t o the d i p i o n 

system are very s i m i l a r ; they r e s u l t i n a s t r o n g clearance of background 

i n both the p° ana f° regions i n one combination, although a d i s t i n c t 

° s i g n a l and a p o s s i b i l i t y of an f° s i g n a l remains i n the other combin­

a t i o n . The best d i f f e r e n t i a t i o n between resonant s i g n a l and background 

occurs when d i s t i n g u i s h i n g between the p o s i t i v e pions by t h e i r momenta 

i n the 3-pion r e s t system, bu t , even here, some p o s s i b i l i t y o f p° 

production i n the "wrong" combination cannot be r u l e d out. 

The r e d u c t i o n i n background i n f i g o 4o7 ( a ) , ( c ) and (e) i s u s e f u l 

f o r the d e t e r m i n a t i o n of the mass and width of the resonances w i t h o u t 

so much dependence on the form of the background used, but not so u s e f u l 

f o r determining t h e i r p roduction cross s e c t i o n s because of the u n c e r t a i n t y 

i n the number of resonant combinations i n f i g s o 4»7 ( b ) , ( d ) 3nd ( f ) o The 

r e s u l t s f o r the masses and withds (compatible from each sample) a r e : 

Hip = 764 + 3 MeV/c2 

r
 a = 149 + 10 MeV/c2 

M f = 125b + 12 MeV/c2 

2 r = 131 + 10 MeV/c . 
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The f° parameters are here more i n agreement w i t h the c u r r e n t l y , 
accepted value,, The width of the p° i s here r a t h e r l a r g e r than t h a t 
determined p r e v i o u s l y and compares w e l l w i t h the P a r t i c l e Data Group 
estimate of 146 + 10 MeV/c2o 

A dependence of the wi d t h of the p° on t ' from the beam t o the 

d i p i o n system was noted i n the channel 

rr d_> pp rr TT 

i n t h i s experiment (Ref. 2.8) and a l s o i n Ref. 4o5. No such dependence 

i s observed i n t h i s channel, as can be seen i n f i g u r e 4„% which shows the 

d i p i p n mass spectra f o r f o u r regions of t'o F i t s t o these d i s t r i b u t i o n s 

i n d i c a t e t h a t the p° width i s indeperelent w i t h i n e r r o r s of the t ' r e g i o n 

used. I t can be seen t h a t the background l e v e l increases as t 1 increases 

i n both the p° and f° regionso The slopes o f the d j / d t ' d i s t r i b u t i o n s , 

f o r p events have been determined by maximum l i k e l i h o o d f i t s t o the 

d i s t r i b u t i o n s of expressions b f - t h e type of Eq„ 4o2 and the r e s u l t i n g 

parameters are:-

B = 7.7 + 0.7 
P 

B f = 7.0 + 2.3 

4.6 d pand d f associated production 
•I- • + 

Figure 4.9 shows the s c a t t e r p l o t of M(dr/"s) vs M(T /-f77' ).. where 

the l a b e l s f and s r e f e r t o the f a s t and slow p o s i t i v e pions i n t h e 

la b o r a t o r y systemo This c r i t e r i o n has been used to d i s t i n g u i s h between 

the p o s i t i v e pions s i n c e , as was seen i n s e c t i o n 4o2 of t h i s chapter, 
-x-H- 4-the d i s formed e n t i r e l y w i t h the 7/- d e f i n e d i n t h i s way. I n the 

s c a t t e r p l o t there i s a d i s t i n c t p° band and a less obvious f° band, 

i n both of which there i s an accumulation of events i n the r e g i o n of 
#4-4- * overlap w i t h the d » There i s l i t t l e evidence f o r a d band i n the 

f i g u r e ; the accumulation of events i n the d region of the p r o j e c t i o n 

of t h i s p l o t seems t o come l a r g e l y from the p° and f° overlap regions. 
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Figure 4.10 (a) shows the d i p i o n mass spectrum (r/ + f TT o n l y ) f o r 

events i n the d r e g i o n , while f i g s 0 4.10(b) and (c ) show the d ^ 

mass spectrum f o r events w i t h tA{-ri^ir ) i n the p ° and f° regions respectively-

Clear p° and f° s i g n a l s are present when M ( d n f s ) i s i n the d* r e g i o n , 

w h i l e a c l e a r d s i g n a l i s seen f o r M( 7 7 - ^ ) i n the p regiono There 

i s also an i n d i c a t i o n of a d s i g n a l when Ni^^fy- ) i s i n the f° regiono 

From these p r o j e c t i o n s , and from the s c a t t e r p l o t an estimate can be made 

of the number o f events corresponding t o associated p r o d u c t i o n of d p 

and d f f i n a l s t a t e s by making estimates of the background below the 

r e l e v a n t signalso This method i s r a t h e r rough and the r e s u l t i n g e r r o r s 

are r a t h e r l a r g e . The r e s u l t s a r e: 

+ * 
Tf d-» d p : 143 + 25 events: cr =30 + 5 \x b 
+ # 

Tf d-> d f : 28 + 10 events". cr= 6+ 2 jj. b 
y J j 

and t h i s i m p l i e s t h a t 75% o f d produced i n t h i s channel i s produced 
i n a s s o c i a t i o n e i t h e r w i t h a p 0 or an f° meson. 

+ + -

4o7 The rr -n ir spectrum 

The d i s t r i b u t i o n of the three pion combination' i s shown i n f i g u r e 

4 o l l . The main f e a t u r e s of t h i s spectrum are a strong broad enhancement 

i n the mass range 0.95 - 1.35 GeV/c 2, f o l l o w e d by a weaker enhancement 

i n the r e g i o n 1.5 - 1.9 GeV/c . 

The former of these enhancements encompasses the mass region where 

both the meson (Mass~ 1200 MeV/c 2) and the r e g i o n (Mass~l300 MeV/c 2) 

may occur. There i s no evidence, however, f o r two d i s t i n c t peaks and the 

c e n t r a l mass ~1120 Mev/c 2 and the approximate w i d t h (~30Q MeV/c 2) suggests 

t h a t the e f f e c t may be due e n t i r e l y t o p r o d u c t i o n . This i s t r u e also 

when only A pronged events are considered (hatched histogram i n f i g . 4.11) 

and t h i s sample, being the r e s u l t of 4-C f i t s , has a mass r e s o l u t i o n 

s u b s t a n t i a l l y smaller than the b i n - w i d t h used i n the f i g u r e . I f 

pro d u c t i o n occurs i n t h i s channel, then i t s cross s e c t i o n i s markedly 
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smaller than t h a t f o r A^ pro d u c t i o n . Chapter 9 gives the r e s u l t s of a 

search f o r A^ production.. 

The higher enhancement has ;i c e n t r a l mass ~1.7 GeV/c2 which i s i n 

the region of the A^ meson.. The w i d t h i s d i f f i c u l t to determine from 

t h i s d i s t r i b u t i o n since the shape of the background i s unknown, but i t 

seems to be i n the range 300-400 MeV/c2» As can be seen from the f i g u r e , 

the enhancement occurs only i n the fo u r prong sample., This i s because 

^min ^ r o m beam t o 3 IT'S i s q u i t e high i n t h i s mass region and 3 prong 

events n e c e s s a r i l y have very small values of to 

The d i p i o n mass spectrum f o r events i n the A^ region i s shown i n 

f i g u r e 4.12 (a) and shows t h a t the A^ meson decays dominantly i n t o pir . 

This d i s t r i b u t i o n i s compatible w i t h 100% decay of the enhancement i n t o 

the two body channel p^o This f a c t i s emphasised i n f i g u r e 4..12 (b) 

where the three pion mass i s p l o t t e d f o r a l l events which have a n e u t r a l 

d i p i o n mass i n the pO r e g i o n . (0.665 < M( r f n ) < 0.865 GeV/c2)<> I t shows 

t h a t p° events account e n t i r e l y f o r the A^ enhancement. 

Figure 4.12 ( c ) shows the d i p i o n mass spectrum f o r events i n the A^ 

regio n ( d e f i n e d here as 1.44 - 1.8 GeV/c 2). There i s a s t r o n g p 0 and 

strong f° s i g n a l i n t h i s d i s t r i b u t i o n . The p ° s i g n a l does not imply 

a p ° 7 r decay mode of the A^, however, as can be seen from f i g o 4.12 (b) 

where no peak i n the A^ re g i o n i s apparent i n the p°77-system0 I n f a c t , 

the A^ enhancement i s very much c o r r e l a t e d w i t h f° p r o d u c t i o n , as i s clea 

from f i g . 4.12 (d) which shows the f 0
7 / - mass spectrum (f° defined, as 

1.12 < M( 7 /• qr ) <lo36 GeV/c"). This d i s t r i b u t i o n c o n s i s t s of a broad 

enhancement near t h r e s h o l d , f o l l o w e d by a s m a l l , f e a t u r e l e s s t a i l o With 

the present s t a t i s t i c s no d e t a i l e d c a l c u l a t i o n s of the A^ decay branching 

r a t i o s are possibleo Studies of the d i p i o n nisss spectra from v a r i o u s 

regions of 3~pion mass, however, i n d i c a t e t h a t the data i s compatible 

w i t h lOOft decay i n t o f",'. 

F i t s of simple S-wave Breit-Wigner f u n c t i o n s have teen made t o 
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the pVmass spectrum and t o the f°ir spectrum. A l i n e a r background 

was assumed i n both cases. The f i t t e d parameters given were:-

M A 1 = 1134 + 8 MeV/c2 

r A l = 2 6 0 ± 2 1 M e V / ° 2 

M A 3 = 1636 + 15 MeV/c2 

T A 3 = 335 + 43 MeV/c2 

and the f i t t e d curves are shown i n f i g u r e s 4»12(b) and (d) r e s p e c t i v e l y . 

The f i t to the A^ i s q u i t e gcod, although the sharp r i s e and the s l i g h t l y 

convex sides of the enhancement are not w e l l described by the B r e i t -

Wigner function,. The f i t t o the A^ i s very poor: the steep sides and 

f l a t top of the enhancement, are i n c o n t r a d i c t i o n w i t h the p r e d i c t i o n s 

of a simple Breit-Wigner shape,. Possible i n t e r p r e t a t i o n of these two 

peaks by Deck-type mechanisms w i l l be discussed i n chapter 8. 

I n f i g u r e 4„il there i s a small narrow peak in the mass range 

l„52-lo6 GeV/c^ which, though hardly s t a t i s t i c a l l y s i g n i f i c a n t , can 

be seen t o be due to p°ir + combinations i n f i g 4„12 (b) and, thus 

i s u n l i k e l y t o be due to a s t a t i s t i c a l f l u c t u a t i o n o f the s i g n a l , 
o + 

since the A^ decays f TT <> This peak, which w i l l h e r e a f t e r be c a l l e d 

the "A_ " f o r reference purposes) w i t h o u t i m p l y i n g any resonant 

i n t e r p r e t a t i o n , has a c e n t r a l mass value ~1560 MsV/c2 and a w i d t h which 

i s less than 80 MeV/c^o More discussion of t h i s e f f e c t i s given i n 

chapter 6, where examination of the decay angles of the "k^ ^" shows 

t h a t the peak i s most u n l i k e l y to be resonant. 

The slope of the dj-/dt d i s t r i b u t i o n f o r events i n the A^ re g i o n 

has been determined as 34*8 + 2.8, w h i l e , f o r events i n the A^ re g i o n 

the corresponding f i g u r e i s 29„4 + 3.4. 

The e f f e c t of d production on the three pion spectrum can be seen 

i n f i g u r e 4.13, which shows the s c n t t e r p l o t of the d7r + e f f e c t i v e mass 
s 

vs„ t h a t of the three pions„ The strong A^ band on t h i s p l o t overlaps 
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the d band only a l i t t l e and d contamination o f the A^ s i g n a l i s not 

very important. A weaker A^ band i s also apparent i n t h i s f i g u r e but 

here the overlap r e g i o n w i t h the d band i s not so small. These e f f e c t s 

can be seen i n f i g u r e s 4.14 (a) and (b) where the mass spectrum of the 

3 pions i s p l o t t e d separately f o r those events which have a d and those 

which do not. The vast m a j o r i t y of the A^ s i g n a l i s formed • w i t h o u t a d 
.̂ 

while a c l e a r A^ si g n a l i s seen when d events are chosen. The A^ s i g n a l 

cannot be explained as a ki n e m a t i c a l r e f l e c t i o n of the d , however, since 

there i s A^ production when d events are a n t i s e l e c t e d , p a r t i c u l a r l y when 

a n e u t r a l d i p i o n mass l i e s i n the f° r e g i o n , as can be seen i n the hatched 

histogram of f i g . 4ol4 ( a ) . The peak i n the A^ regi o n f o r events w i t h M(d7y+) 

<2.4 GeV/c2 i s , t h e r e f o r e , probably due t o A 3 p r o d u c t i o n and must c o n t r i b u t e 
x j j 

t o the background below the d s i g n a l . 

Since the main fea t u r e s of the three pion spectrum are an enhancement 

of the p°TT system j u s t above t h r e s h o l d and an enhancement of the f°>]r 

system j u s t above t h r e s h o l d , i t i s possible t h a t the whole spectrum can 

be explained by t h r e s h o l d enhancements of one d i p i o n combination w i t h the 

remaining p i o n . This continuous t h r e s h o l d enhancement e f f e c t was found 

t o be the case i n the r e a c t i o n : 

K p ~» K p IT IT 

a t 12 GeV/c i n c i d e n t momentum (Ref. 4.6). Crennel e t a l . (Ref. 4.7), 

however, i n the r e a c t i o n : 

IX p v p ITU. a t 6 GeV/c. . . . 

found t h a t the 3-pion spectrum was not due t o a t h r e s h o l d e f f e c t except 

i n the A^ and A^ regions. I n order t o t e s t whether, the channel being 

s t u d i e d here i s of the continuous t h r e s h o l d t y p e , i t i s necessary f i r s t 

t o decide which d i p i o n combination t o study« Since the two t h r e s h o l d 

e f f e c t s observed, the A^ and the A^, are of a it IT combination, i t 

seems l i k e l y t h a t other t h r e s h o l d e f f e c t s w i l l also be of t h i s t y p e. 
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The three pion mass spectra from various regions of M(r/ IT ) are shown 

i n f i g u r e 4ol5„ I n these p l o t s only events which have n e i t h e r n e u t r a l 

d i p i o n mass combination i n the p° region have been used, since these 

events are known t o c o n t r i b u t e t o the A^ enhancemento There i s no strong 

evidence t h a t t h r e s h o l d e f f e c t s are dominant: i n the f i r s t r e gion 

(0„4 < M( 77*77- )<0»6 GeV/c 2) there i s a peak a t low 3 IT mass (~ 0.8 GeV/c 2), 

but t h i s accounts only f o r a small f r a c t i o n of the data (< 30%) and may 

be due to a d i m i n u t i o n of events i n the A^ r e g i o n , the second d i p i o n 
/ 2 

mass range (0..92 - 1.04 GeV/c ) has a sharp peak a t th r e s h o l d which again 

accounts f o r <30% of the data and may be caused by the high mass t a i l of 

the A^, since t h i s d i p i o n mass r e g i o n contains the high mass t a i l of the 

p° meson; a t higher d i p i o n masses there i s no si g n of t h r e s h o l d enhancements 

I t i s concluded t h a t , while f o r low d i p i o n masses there may be a small 

amount of t h r e s h o l d enhancement i n the three pion system, the e f f e c t 

i s not so strong outside the p° and f° reg i o n s . The p o s s i b i l i t y o f 
+ + 

t h r e s h o l d enhancements of the .-ir ̂  system has been examined and no evidence 

f o r the e f f e c t discovered. I t seems, t h e r e f o r e , t h a t t h ? e f f e c t i s o n l y 

important when the d i p i o n combination i s i n a d e f i n i t e s p i n - p a r i t y stateo 

A f u r t h e r p o i n t of i n t e r e s t i n f i g u r e 4.15 i s i n the t h i r d d i p i o n 

mass reg i o n U»04 - 1.12 GeV/c ) , which i s the p o s i t i o n of the small bump 

which was mentioned above and t e n t a t i v e l y i d e n t i f i e d w i t h t h e n.^(l08C) 

meson. This s i g n a l does not r e s u l t i n a t h r e s h o l d enhancement and i n 

p a r t i c u l a r , i t i s by no means c o r r e l a t e d w i t h the t'ripion s i g n a l 

-1.56 G*v/c 2, the "A0 r " 0 

4 08 The d -rr\r and d 7/+Tr*" mass spectra 

The remaining possible p a r t i c l e combinations d 77+T/" and dir-n' are 

shown i n f i g u r e 4„16 (a) and (b; r e s p e c t i v e l y . They have very s i m i l a r 

shapes which show no sign of any dynamical e f f e c t s . The peaking of 

both these d i s t r i b u t i o n s a t very high mass r e f l e c t s the s t r o n g l y 
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peripheral nature of the i n t e r a c t i o n . 

Examination of the d p ° and d f ° mass spectra, also shows no 

s t ructure ; t h e i r d i s t r i b u t i o n s are very s imi lar to those i n f igure 

4.16 (a)« The resu l t of combining d wi th the ^ i - 5 shown i n the 

hatched histogram of f i g . 4.16 (a)« This d i s t r i b u t i o n shows a small 

accumulation of events at high mass and, perhaps, an accumulation i n 

2 

the low mass region ( < 3 . 2 GeV/c ) . The lack cf s t a t i s t i c s , however, 

prevent f u r t h e r study of t h i s e f f e c t , except to comment tha t i t i s 
y ] | 

also present to some extent when the d i s combined wi th the remaining 

7T+ and t h i s may indicate a kinematic o r i g i n . 

4.9 Summary 

The channel being studied i s dominated by p ° production, wi th 

some f ° production. There i s also an enhancement i n the d 7T+ mass 
2 * 

spectrum 2.2 GeV/c , the d , which i s o f t e n produced i n association 

wi th the p 0 or f ° meson. The cross sections f o r the various f i n a l 

states involving these combinations are contained i n table 4 . 1 . The three 

pion spectrum is dominated by a p 0TT enhancement, the A^. and an f°. ; j-

enhancement, the A-j , both produced j u s t above threshold. The remainder 

of the 3 pion spectrum cannot be exaplained by threshold enhancements. 

The masses and widths of a l l these e f f e c t s are summarized i n table 4 .2 . 
4- -

In add i t ion there i s a small bump i n the TT TT spectrum which may be 

i d e n t i f i e d wi th the ^(1080) meson, and an accumulation of p T r

+ 

events ~1.56 GeV/c^o 



TABLE 4.1 

Cross sections f o r the various f i n a l states 

f i n a l state K/D o f events cross sect ion 
(/*>) 

9o of channel 

rl + + " 
Q7/' TT TT 

422 89 + 21 24.7 

935 197 + 20 56.5 

dW*"f° 92 19 + 6 5.3 
,*-H- + -

a TT TT 55 12 + 9 3.3 
,*++ o 

d P 143 30 + 5 8.5 

d ^ f 0 28 6 + 2 1.7 

TABLE 4.2 

Parameters of Resonances and Enhancements produced 

Resonance Mass (MeV/c 2) Width (MeV/c 2) Decay Mode 

P° 764 + 3 149 + 10 + -
TT TT 

f ° 1255 + 12 131 + 10 + -
TT TT 

-2210 ~300 d 7r* 

* 1 + 1134 + 8 260 + 21 0 + 
P TT 

1636 + 15 335 + 43 o + 
* TT 
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C H A P T E R F I V E 

LONGITUDINAL PHASE SPACE ANALYSIS 

5ol General Considerations 

The purpose of studying an in te rac t ion i s to discover by what 

mechanism or mechanisms the react ion occurs, o r , more generally to 

discover the form of the t r a n s i t i o n matrix element M0 The cross 

section f o r the i n t e r ac t i on can be w r i t t e n : 

Pcm Ml 2 dV 5.1 

JL ^3 
wi th dV= S , ( . S p . ) 6 ( s s - E. E j n d p . 5 > 2 

•i 1 1 1 1 1 - £ 
i 

where Pcm = the incident momentum i n the centre of mass system 

s = the square of the centre of mass energy 

dV = the element of phase space 

th 

= the centre of mass momentum of the i pa r t i c l e 

E^ = the centre of mass energy of the i p a r t i c l e 

and the summations and product run over a l l the i f i n a l state par t ic leso 

The matrix element M depends i n general on the energy, momentum, spin 

etco of the outgoing pa r t i c l e s and f o r a many body f i n a l s ta te , t h i s leads 

to a plethora of variables and i t becomes d i f f i c u l t to v isual i se the 

structure of M« 

Some informat ion on the form of M can be gained by study of 

invar ian t mass spectra and ^ d is t r ibut ions . ! Fcr example, the lack 

of any structure i n the dir and dir"ir mass spectra, demonstrated i n the' 

previous chapter, indicates that exchange mechanisms of the types shown 

i n f igures l t l (c) and (d) are not important i n t h i s channel., The dir ' 

peak (d X ) may be due to a mechanism of the form of f i gu re 1.1 (b) while 

the A^ and A^ peaks can be formed by exchanges corresponding to f i g u r e 
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1.1 .(a).. The d i f f e r e n t i a l cross sections show tha t the react ion i s very 

peripheralo 

Van Hove ( r e f . 5.1) has suggested a new way of presenting experimental 

da ta j which can show more e x p l i c i t l y the form of M. I t arises from the 

empir ical f a c t t h a t , at high energies, the momenta of the f i n a l state 

pa r t i c l e s i n a d i r ec t i on perpendicular to that of the incident pa r t i c l e s 

i n the centre of mass system (transverse momenta) are small and independent 

of the incident energy. The momenta along the d i r e c t i o n of the incident 

pa r t i c l e s ( long i tud ina l momenta), t he re fo re , contain a l l the information 

about the v a r i a t i o n of the matrix element, which can the re fore , be studied 

i n terms of long i tud ina l momenta alone,. 

For an N body f i n a l state react ion there are N long i tud ina l momenta 

of which only N - 1 are independent because of the cons t ra in t : 

? q. = 0 5.3 

th 

where i s the long i tud ina l momentum -of the i ' p a r t i c l e and the 

sum runs over a l l f i n a l state p a r t i c l e s . Conservation of energy can 

be w r i t t e n : 
? ( q . 2 + m . 2 + r . 2 ) = s 5.4 

where IIK and r^ are, respec t ive ly , the mass and transverse momentum 

of the i ^ ' 1 f i n a l state p a r t i c l e . At high energies, since the r^ ' s are 

smal l , t h i s can be w r i t t e n approximately as: 

thus forming another approximate constraint on the q^ 's , leaving only 

N-2 of them independent. 

5•2 Throe Body L.P.S. 

Fo; 1 3-body f i n a l s ta te , f o r example, constra int (5.3) causes a l l 

the evoi:v.- to l i e i n a plane bounded by a hexagon, while constraint (5.5) 

causes them to f a l l near i t s boundary. An example of t h i s i s shown i n 
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f i g u r e 5-1 (a) f o r the reac t ion : 

a H - b ->c + d + e 5.6 

This p l o t , cal led the long i tud ina l phase space p l o t , f a l l s in to s ix 

separate sectors" according to which pa r t i c l e s are going forward or 

backwards i n the centre of mass system. The Feynman diagrams shown by 

the sectors i n the f i g u r e are intended as guides to the possible exchange 

mechanisms responsible f o r any population of the pa r t i cu l a r sector and 

merely indicate which pa r t i c l e s are forward (upper ver tex) or backward 

(lower ve r t ex ) . In the high energy l i m i t , the sectors would indeed 

correspond to the appropriate simple exchange mechanism, but at lower 

energies events may be expected to s p i l l over in to an adjacent sector. 

Mul t iper iphera l diagrams of the types shown i n f igu res 1.1 (e) and ( f ) , 

moreover, need not correspond to any one pa r t i cu l a r sector. 

5.3 Four Body L.P.S. 

The f u l l l ong i tud ina l phase space representation f o r a 4-body 

f i n a l state reduces to a cuboctohedron ( f igu re 5.1 ( b ) ) f due to equation 

(5 .3)„ In t h i s f i g u r e each i s measured perpendicularly to a hexagon 

at q^ = 0. Constraint (5.5) causes tlie events to f a l l towards the surface 

of t h i s f igure so that the representation i s essen t ia l ly completely 

spec i f ied by the polar and azimuthal angles defined with respect to a r i g h t 

handed co-ordinate system i n the f i g u r e . 

A more usefu l way of presenting the data i s i n terms of the reduced 

long i tud ina l momenta (X. ) defined as: 

The X^'s have the advantage of being independent of incident energy and 

obeying exactly the two constra int equations: 

l 

i i X. - 0 
i l 

5.8 (a) 

and H X.| = 2 5.8 (b) 
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There are, t he re fo re , f o r N = 4, only two X^'s which are independent 

and to p lo t any two X^'s against each other , completely defines the event. 

For a 4-body f i n a l state there are i n general 14 d i f f e r e n t possible 

forward-backward conf igura t ions . There are, however, i n the coherent 

channel, two i d e n t i c a l pions and t h i s reduces the number o f configurat ions 

10o I t i s found, e m p i r i c a l l y , that the f i n a l state deuteron i s backwards 

i n every event leaving only 5 possible configurat ions and i f the i d e n t i c a l 

pions are label led f a s t ( f ) and slow (s) by the c r i t e r i o n : 

X. > X 5.9 

f ^ s 

then i n the present experiment the f a6 t pion goes forward i n a l l except 

5 events and so f o r the remaining events there are only 4 possible 

conf igura t ions . When X^ arid X_, the reduced long i tud ina l momenta of the 

slow pos i t ive picn and of the negative pion respec t ive ly , are chosen as 

the two independent parameters, each possible conf igura t ion populates 

a separate sector of the X g - X_ plane. 

I t i s possible to wr i t e the energies and momenta of the pa r t i c l e s 
as funct ions of X. and r . and s, and so dV can be w r i t t e n as a f unc t i on l l ' 
of these. Def in ing dVQ as : 

dV = (£, (? r . )<T £ x. )S (l-k S I x. f ) U dx. d 2 r . 5.10 
o 2 l l l l * l 1 l 1 l l l 

and r w n , '1 T * 1 3 ~ n f" n 1 
5.11 

Then dV =W " 1 dV 5.12 o 
and dV is a phase space volume element which i s independent of So o 
Di s t r ibu t ions and Acu can be def ined as: 

A ~ o - N t

- 1 2 1 5.13 

and . , 2'i„ 
Zyj =tr N s ^ co t y y 

where c r i s the t o t a l channel cross section 
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Nj_ i s the number of events i n the channel 

and oj i s the weight f o r an event y defined by 
y 

equation (5.11) and the sum runs over a l l events y i n the region 6' V 

of phase space, defined i n terms of the variables X and r . . A i s therefore 
i 1 

the p a r t i a l cross section f o r the region $ V and the value of Acd i n t h i s 

region i s given by: 

A-u = Pcm"1 s~ 2 / I MI 2 co dV 

= Pcm"1 s" 2 / I Ml 2 dV 5.14 
/cfV 1 1 ° 

2 
Aa> i s , thus , equivalent to the i n t e g r a l of | M| over the energy 

independent variables and r^ wi th the energy independent volume element 

dV . o 

I f (JV i s defined as that region of phase space enclosed i n a ce r ta in 

region of the X^ variables wi th no r e s t r i c t i o n on the values of r ^ , then 

the b in volume 6x i s given by: 

d \ = J S < f = 1 \ ) S (14 ^ I X . | ) . n

= 1 dx. 5.15 
"bin 3 

then ^ = Pcm"1 s" 2 / |M f A 1 , d V . 5.16 

Thus t h i s d i s t r i b u t i o n gives the value of | M| integrated over transverse 

momenta, i n an energy independent way, without the phase space e f f e c t s 

involved by the.use of the variables X^. A d i r e c t comparison of data 

at various energies i s therefore possible. 

5.4 Transverse Momenta 

I f the d i s t r i b u t i o n of r^ i s independent of energy and of the values 

of q. then the in tegra t ion i n e q u a t i o n (5.16) w i l l r e su l t only i n a 
2 

constant and the d i s t r i b u t i o n of to) w i l l be d i r e c t l y proport ional to | M | " 

i f t? i s constant. To check t h i s the mean value of r . has been calculated x 1 

i n bins of the X g - X_ plane of long i tud ina l phase space (L.P.S) f o r 
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ea.ch of the f i n a l state p a r t i c l e . . The b in size .used here, . 
and'throughout the analysis i s 0.125 x 0.125, except i n some • 
cases, where the s t a t i s t i c s are smal l , i n which case larger 
bins have been used. The resu l t s are shown i n f igu re 5o2(a). . 
( d ) . These are the unweighted averages given by : -

dV 5.17 
dV 

but the weighted averages, given by: 

6M l M I r i " d V 

< r_.a> 
5.18 

have also been calculated and the e f f e c t of the weighting i s smal l , 

changing the calculated values by less than 5%. I t can be seen that 

the values of < i \ > are remarkably constant over L.P.S. at ~ 150 MeV/c 

f o r the deuteron and ~300-350 MeV/c f o r the pions. In the case of the 

jf there i s a small v a r i a t i o n i n that there" seems to be a dip i n the 

d i s t r i b u t i o n near the X_ = 0 a x i s , i r respect ive of the value of X g . 

This dip cannot be explained s t a t i s t i c a l l y since the errors on the values 

are t y p i c a l l y less than 20% and the dip i s greater than t h i s . The 

v a r i a t i o n , however, i s small when compared to that of the £OJ d i s t r i b u t i o n , 

as w i l l be seen, and i t i s concluded that the ^ d i s t r i b u t i o n i s almost 
o 

d i r e c t l y proport ional to jM| . 

5.5 Experimental L.P.S. d i s t r i b u t i o n s 

The experimentally determined values of the/^ andA£j d i s t r i b u t i o n s 

i n the X g -X plane are shown i n f igu res 5.3 (a) and (b) respect ively . 

The ou t l ine shape of these f igures i s due to the d e f i n i t i o n of X g and 

the constraints 5.8 (a) and (b ) . The regions are label led i n the f igu re 

as: -
Region 1: X > 0 X > 0 s 
Region 2: X > 0 X_ < 0 
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Region 3: X g < 0 X_ <0 

Region 4: X g < 0 X_> 0. 

I t i s clear tha t the channel i s dominated by a mechanism which 

populates Region 1 corresponding to the conf igura t ion i n which a l l 

three pions go forwards. This i s the region where d i f f r a c t i o n 

d i ssoc ia t ion events would be expected to occur. Although there are 

some events i n region 2 , (77- backwards), the shape of the d i s t r i b u t i o n 

suggests that t h i s i s merely the t a i l of the dominant mechanism, s p i l l i n g 

over the boundary. The only other sector which has any appreciable 

population i s Region 4 frrg backwards). While t h i s too could be due 

to sp i l l ove r from the main peak, i t i s more strongly populated than 

Region 2 , suggesting tha t a secondary mechanism may be responsible. 

The strong peaking along sector boundaries i n the unweighted 

d i s t r i b u t i o n can be seen to be an e f f e c t of the choice of variables 

, since i t i s not present i n the weighted £&) d i s t r i b u t i o n , where these 

e f f e c t s have been removed. 

In order to discover whether d i f f e r e n t regions of L.P.S, do, 

i n f a c t correspond to d i f f e r e n t production mechanisms, i t i s i n t e r e s t i ng 

to p lo t e f f e c t i v e mass spectra from the d i f f e r e n t regions separately. 

I f the Feynman diagrams corresponding to each region are co r rec t , then 

resonances would only be expected to occur i n combinations of p a r t i c l e s , 

emitted from the same vertex. In Region 1 , f o r example, t r i p i o n or 

d ip ion resonances can be expected, while i n Region 4 there should be 

no 3-pion resonances and dipions should be formed only i n the 7 / ^ ^ i r 

combination. High mass resonances, however, formed going forward i n 

the centre of mass system, upon decaying, may give s u f f i c i e n t momentum 

to one decay product i n the backward d i r e c t i o n to cause i t to t r a v e l 

backwards i n the centre of mass system, and, i f t h i s i s the case, the 

event w i l l f a l l i n the 'wrong' L.P.S. region. This e f f e c t i s not 
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important f o r lower mass resonances, since the momentum available 

i n the resonance rest system f o r the decay products i s not very great 

and, unless the resonance has only a small c 0 moS l ong i tud ina l momentum, 

the decay products w i l l t r a v e l i n the same d i r e c t i o n as the resonance. 

Low mass resonances can only cross over to the 'wrong' L.P.S. sector, 

t he re fo re , i f produced wi th a high momentum t r ans fe r from the beam, 

and since t h i s i s not the case e i ther f o r 3-pion or 2-pion resonances, 

there should be no problem. 

In f i g u r e 5.4 (a) and (b) the IT g 7r and ir f 77" e f f e c t i v e mass 

d i s t r i b u t i o n s are shown f o r events f a l l i n g i n Region 1. There i s 

evidence of p production i n both combinations although there i s no 

clear f ° s igna l . The 3 mass spectrum f o r events from the same region 

i s shown i n f i g . 5.4 ( c ) ; there i s a clear A^ signal but the number of 

events i n the A^ region i s s i g n i f i c a n t l y reduced from tha t of the whole 

sample. The rr+ s v mass spectrum f o r Region 4 events i s presented i n 

f i gu re 5.4 (d ) . There i s l i t t l e evidence f o r any resonant state i n the 

d i s t r i b u t i o n although a small amount of p ° and some f ° production cannot 

be dismissed. In the ir+^ir mass spectrum from t h i s region ( f i g . 5 .4(e)) 

there i s a strong p° s ignal and a small enhancement i n the f ° r eg ion , while 

the 3-pion mass d i s t r i b u t i o n f o r Region 4 events, shown i n f i g . 5 . 4 f ) 

shows no A^ production at a l l , merely a broad enhancement i n the A^ region. 

Of the 96 events which f a l l i n Region 2 , the only evidence f o r any 
+ -

resonance production i s i n the u fir mass spectrum, where there is a 

clear peak i n the f ° region ( f i g . 5.5 ( a ) ) . The 3-pion mass spectrum 

from t h i s region has a large proport ion of events i n the A^ region 

but the lack of s t a t i s t i c s make i t impossible to recognise t h i s as a 

d e f i n i t e enhancement. There i s no sign of any mesonic resonance 

production i n the events from Region 3. Those features are summarised 

i n table 5.1 which gives the number of events f a l l i n g i n each region , 
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t o g e t h e r w i t h the resonances produced i n each p a r t i c l e combination. 

5.6 Production Mechanisms 

The resonances produced i n Region 1 are compatible w i t h the expected 

exchange diagram; the p° and A^, as low mass enhancements are produced 

and some evidence f o r f° and A^ i s present* The enhancements i n Region 

2, f° and perhaps some A^, can be explained i n terms of the mechanism 

which corresponds to Region 1 s p i l l i n g over the boundary and p o p u l a t i n g 

Region 2 f o r high mass resonances. I n Region 4, however 5 the strong p° 

product i o n i n the qrf-ff combination, cannot be explained i n t h i s way 

since the p° must be considered a low mass resonance as otherwise i t should 

be seen i n Region 2o This f e a t u r e of Region 4 i s , however, compatible w i t h 

the exchange diagram which would be expected t o populate t h i s r e g i o n and 

i t must be concluded t h a t Region 4 i s not populated merely by the t a i l 

of the- dominant mechanism but by a separate mechanism. This i s emphasised 
#-H-

by the f a c t t h a t the d i s produced i n Region 1 but only f o r events 

close t o the X g=0 border. Figure 5.5 (b) shows the d 7 r + s e f f e c t i v e -

mass spectrum f o r events i n Region 4 togethe r w i t h those which f a l l i n 
-x-H-

Region 1 but s a t i s f y the c o n d i t i o n X g <0.05. The whole of the d peak 

l i e s i n t h i s r e g i o n of L.P.S. The dashed histogram i s f i g . 5<>5 (b) shows 

only those events f a l l i n g i n Region 4 and i t can be seen t h a t these events 

correspond t o the low mass end of the enhancement. The higher mass p a r t 

of the enhancement, s p i l l s over the boundary although i t i s only a l i t t l e 

above thresholdo This e f f e c t i s caused by the high mass of the deuteron. 

The high mass enhancements (f° and Ag) which do not f a l l e n t i r e l y 

i n the regions of L.P.S. where they would be expected can be seen q u i t e 

c l e a r l y when the events which l i e around the boundary of the expected 

re g i o n arc- p l o t t e d . For t h i s purpose the area around the border has 

been defined as | | <0.05. The f° can be seen i n therr'^Tr combination 

near the X =0 border ( f i g . 5 . 5 ( c ) ) and, t o some e x t e n t , i n the ̂  1 1 com-

b i n a t i o n near the X =0 border (fiq„5.5(d)) and while the former of these may 
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p a r t l y c o r r e l a t e d w i t h the secondary mechanism responsible f o r d 

productions the l a t t e r cannot be explained i n t h i s way. A c l e a r A^ 

signal i s seen i n the t r i p i o n mass spectrum around both these borders, 

shown combined i n f i g u r e 5.5(e),, 

I t can be seen i n f i q u r e 5 03 t h a t there i s some evidence of a double 

peak s t r u c t u r e i n the A d i s t r i b u t i o n near the boundary X =0. This i s 

c l e a r e r i n the unweighted d i s t r i b u t i o n but i s not an e f f e c t of the choice 

of v a r i a b l e s X. since i t can also be seen i n the weiahted d i s t r i b u t i o n 

( ^ , ) . I t i s of i n t e r e s t t o attempt t o determine whether the double 

peak.is s t a t i s t i c a l or represents a p h y s i c a l v a r i a t i o n of the m a t r i x 

element, p a r t i c u l a r l y since i t i s i n the area where the two competing 

mechanisms seem t o overlapo To t h i s end the L o P . S o p l o t been d i v i d e d 

i n t o three areas d e f i n e d as f o l l o w s : 

Area I : X > 0.125 s 
Area 2 : 0< X < 0„125: X < 0.375 s 

and X < 0 ; X < 0.675 s ' 
Area 3 : the remainder. 

These are shown schematically i n f i g u r e 5o6 (a) and correspond 

t o the p a r t of the L . P . S e where there i s no double peak (Area l ) , the 

l e f t hand peak (Area 2) and the r i g h t hand peak (Area 3)„ 

Figures 5*6 (b) and ( c ) show the d ^ s mass d i s t r i b u t i o n f o r events 
*-H-

i n areas 2 and 3 r e s p e c t i v e l y 0 While there i s evidence f o r d p r o d u c t i o n 

i n both these areas, the p r o p o r t i o n of events i n the d* peak i s g r e a t e r 

i n area 2, where ~53% of the combinations have a mass less than 2»4 GeV/c , 

than i n area 3, where only f a l l i n t h i s mass re g i o n . This d i f f e r e n c e 

of d p r o d u c t i o n cross s e c t i o n i s f u r t h e r emphasised i f allowance i s made 
-x-

f o r the background belcw the d peak; s u b s t r a c t i n g a hand drawn background 
•»H-+ 

from both d i s t r i b u t i o n s , the p r o p o r t i o n s of d production i n the two 

areas becomes 34% and 22% r e s p e c t i v e l y . I n area 1 no events have a &i/ 



IN 
CM W 

r 00 

^ 3 
CM 

+ « 
•O Ul 

5 
5 r-* PI 

CM 

01 r 
• 

to CM 
CM 

CM 

IZ3 CM 

_ 2 ? 
U (M CM 

U l 

f — 

p CM 
CM 

CM 
CO 

i I • 

m I O CM in CM 

/ CM 

< cc ui < « 

V 
o i 

CM J / A 

111 in /6 

CM 

r/ 
I I CO CM Ot' / S1N3A3 



63 

e f f e c t i v e moss less than 3,0 GeV/c . 

The t h r e e pion 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 each area are 

shown i n f i g u r e 5.6 ( d ) , (e) and ( f ) . The peak i s apparent i n 

each of the three areas, b u t , w h i l e there are events i n the Ag mass 

regi o n i n every case, i t i s only i n area 3 t h a t a c l e a r A^ peak can 

be seen. 

The c l e a r e s t d i f f e r e n c e between areas 2 and 3 can be seen i n 

f i g u r e s 5.7 (b) and (c ) where the iT+gr mass spectra are shown f o r 

the two areas. There i s strong 0 ° and f° pro d u c t i o n f o r the r i g h t 

hand peak, while the l e f t hand peak shows n e i t h e r <->f these resonances 

i n t h i s combination<> The inverse i s t r u e f o r the 7 T + f u mass s p e c t r a , 

as can be seen i n f i g u r e s 5.7 (e) and ( f ) , although here there i s some 

p° and f° pro d u c t i o n even i n the r i g h t hand, peako Also shown i n f i g u r e 

5.7 f o r comparison are the 7f"^r mass spectrum ( f i g . 5.7(a)) and t h e 

Tf +fTf mass spectrum ( f i g . 5.7 ( d ) ) f o r area lc These d i f f e r e n c e s i n 

the d i p i o n mass spectra may a r i s e p a r t l y k i n e m a t i c a l l y o For example, 

i n area 2, where the Tr g and tr are b o t h , i n g e n e r a l , moving r e l a t i v e l y 

slowly i n the l o n g i t u d i n a l d i r e c t i o n of the c.m.s. t h e i r combined 

e f f e c t i v e mass i s constrained t o take low values unless t h e i r - t r ansverse 

momenta are hi g h . There i s , however, no such kinematic e x p l a n a t i o n 

of the d i f f e r e n c e s i n the three pion spectrum or the d 7 r +
g mass 

d i s t r i b u t i o n and i t i s concluded t h a t the double peak s t r u c t u r e cannot 

bo disregarded as a p h y s i c a l ef f e c t $ the l e f t hand peak being more 

associated w i t h d production and the r i g h t hand peak more w i t h A^ 

produ c t i o n . I t would be i n t e r e s t i n g t o see the r t s u i t s of a s i m i l a r 

a n a l y s i s on t h i s channel a t d i f f e r e n t energies t o see i f t h i s double 

peak i s present there a l s o . 

I n c o n c l u s i o n , the l o n g i t u d i n a l phase space a n a l y s i s shows t h a t 

the channel i s dominated by a mechanism which populates Region 1 of 

L.P.S. w i t h a secondary mechanism po p u l a t i n g Region 4.. I n the area 



CM 
If 

111 

CM 

in J 

5 I - < 
s 
<0 

CM 

i 
to CM CM 

CM 

5 I 
p v= g Ul CM 

CO 

rft. 

sr1 

<M 
1 

CM CM 

7 CM 

Ul 
Ul 

CO 

2 I i 
M> 

EE 

CM CM 

cc CD CM 
e'/«fi( OW S1N3A3 



64 

where these two mechanisms would be expected t o overlap the L.P.S. 

d i s t r i b u t i o n shows two peaks which seem t o have d i f f e r e n t c h a r a c t e r i s t i c s . 
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C H A P T E R S I X 

ANALYSIS OF DECAY ANGLES CF MESONIC SYSTEMS 

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

I n t h i s chapter the decay angular d i s t r i b u t i o n s of the resonances 

and enhancements presented i n Chapter 4 w i l l be discussed. The dis c u s s i o n 

f a l l s i n t o two sections. The f i r s t deals w i t h resonances i n the d i p i o n 

system, p° and f°, whose spins are w e l l known and the a n a l y s i s i n v o l v e s 

computation of the spin d e n s i t y m a t r i x elements f o r these i n order t o 

gain i n f o r m a t i o n on t h e i r p r o d u c t i o n mechanisms. This s e c t i o n also 

contains some discussion of the ' 7 7 ^ ' enhancement The second s e c t i o n 

contains an a n a l y s i s of the spins of the A^ and A^ enhancements and 

here the p o i n t of view taken i s the d e t e r m i n a t i o n of the s p i n - p a r i t y 

since the o v e r a l l spin s t r u c t u r e of these s t a t e s i s not so w e l l known., 

Throughout the chapter the reference frame used t o def i n e the decay 

angles i s the Gottfried-Jackson frame, which i s described i n Appendix B„ 

6o2• Dioion Systems 

6.2.1 The P° meson 

The p meson i s known t o have spin ( j ) equal t o 1 and odd p a r i t y 

( J ^ = l ) . The decay angular d i s t r i b u t i o n f o r such a d i p i c n resonance 

i s given by:-

w(e^) = - 4 . { i (1 - p o o ) + -H2p o o -1) c o s 2 e 

- ^ l - l sin2© cos 2 & - 42 Re p 1 Q s i n 2 6 cos $ 

(For d e f i n i t i o n s of the q u a n t i t i e s i n v o l v e d see Appendix B). 

Figure 6.1 shows the d i s t r i b u t i o n o f cos 9 and $ f o r a l l vr 77' 

combinations w i t h an e f f e c t i v e mass i n the p° r e g i o n , defined as 

0,665-0.865 GeV/c2. R e c a l l i n g (from Chapter 4) t h a t the r e s u l t o f 

the f i t t o the d i p i o n mass spectrum i n d i c a t e s t h a t t h i s mass r e g i o n 

contains ~ 3 5 % background, i t would be advisable to reduce t h i s back 

} 
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ground i f possible,, As pointed out i n chapter 4 , a marked improvement 

i n the s i g n a l t o background r a t i o can be achieved by using only one 

d i p i o n combination per event, f o r example if ̂ ir (where i n d i c a t e s 

the vr + w i t h the greater momentum i n the l a b o r a t o r y system) or the 

IT 77" combination formed w i t h lower momentum t r a n s f e r from the beam.o 

The r e s u l t of such a c r i t e r i o n , however, i s not wholly s a t i s f a c t o r y , 

since there i s s t i l l a p° s i g n a l i n the "wrong" combination. This 

s i g n a l can be seen t o correspond p r e f e r e n t i a l l y t o a c e r t a i n c o n f i g u r a t i o n 

of the decay i n f i g u r e 60I (hatched histogram, where only ir'fir 

combinations f a l l i n g i n the p° r e g i o n have been p l o t t e d ^ I t i s c l e a r 

t h a t there i s a much s t r o n g e r r e d u c t i o n i n the number of events 

~ c o s 0 = -1 than elsewhereo This i s u n l i k e l y t o be the r e s u l t of 

reduced background since i t would imply t h a t the background has more 

events i n the backward hemisphere (cos 6 < 0 ) than i n the f o r w a r d , 

while p l o t s of the decay angles f o r events j u s t below and j u s t above 

the p° r e g i o n show the opposite t o be trueo I t i s concluded, t h e r e f o r e , . 

t h a t t o s e l e c t one v/+ by any such c r i t e r i o n leads to a biassed angular 

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

Another possible way of reducing the background a r i s e s from the 

f a c t t h a t ~1T% of the events have both n e u t r a l d i p i o n e f f e c t i v e masses 

i n the p° region.- Such events can be weighted by a f a c t o r of a h a l f 

b u t , w h i l e t h i s reduces the background t o some e x t e n t , i t also reduces 

the amount of s i g n a l . 

I n g e n e r a l , t h e r e f o r e , the subsequent a n a l y s i s i s based on a l l mass 

combinations f a l l i n g i n the given mass r e g i o n . The r e s u l t s t o be 

presented however have been checked by using a sample d e f i n e d as 

f o l l o w s : t ' , the square of the 4-momentum t r a n s f e r from the beam 

t o t h e d i p i o n system minus i t s minimum val u e , was determined f o r 
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both combinations and hence the q u a n t i t y T = It , ' - t ' I was c a l c u l a t e d -

I t was found t h a t there i s e s s e n t i a l l y no resonant signal..in the 

combination formed w i t h higher t ' f o r events w i t h T> 0.2 GeV/c and 

only the other combination was used, ^he remainder of events 

(T< O c 2 GeVyc z) have s i g n a l s i n both combinations, and these were 

also used weighted by 0 o5o The r e s u l t s obtained by using t h i s sample 

agreed w i t h i n e r r o r s w i t h those obtained by using the e n t i r e sample 

except a t the h i g h e s t values of t ' where the background i s p a r t i c u l a r l y 

strong» 

I t can be seen from f i g u r e 6.1 t h a t the d i s t r i b u t i o n of cos 0 i s 

not symmetric around 0 and t h i s i s i n c o n t r a d i c t i o n w i t h the assignment 
P -

o f J =1 since equation 6.1 cannot produce such an asymmetry» D e f i n i n g 

the asymmetry parameter A by: 
A = F - B 

F + B (6.2) 

where F = the number of combinations w i t h cos 6 > 0 

B = the number of combinations w i t h cos 0 < O , 

i t i s found t h a t A = 0.30 + 0.03- That t h i s i s not due t o background 

can be seen from the f a c t t h a t A i s smaller than t h i s value i n both the 

mass region immediately belov/ the p° region (A = 0*28 + 0.10) and 

immediately above i t (A = 0..04 + 0.05), I f i t i s assumed t h a t t h e 

asymmetry of the background i s smoothly v a r y i n g through the p r e g i o n , 

then the t r u e value o f A f o r p events w i l l be higher than t h a t c a l c u l a t e d 

aboveo 

This asymmetry of the n e u t r a l p° i s g e n e r a l l y a t t r i b u t e d to the 

P-wave p s i g n a l i n t e r f e r i n g w i t h an S-wave 1 = 0 s t a t e i n the same 

mass r e g i o n , known as the e. I f t h i s i s the case then the decay 

angular d i s t r i b u t i o n must be modified t o take i n t o account the S-P 
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i n t e r f e r e n c e . I t becomes: 

W ( M ) 3 _ Jp cos 20 I-- p 1 1 s i n 2 9 - */2 Re P 1 0 s i n 2 9 cos 0 

+ 2Re p_ cos 9 J + _ 1 _ ( 6 . 3 ) 

P ] _ 1 s i n 2 9 cos 2 0|+'v/"3.-{ - 2 \'"2 Re p ^ V i n 9 cos $ 

i n t 
oo I — — '-'oo 

where the i n t e r f e r e n c e terms are marked w i t h the s u p e r s c r i p t ' i n t 1 

and the pure S-wave w i t h 's'» The density m a t r i x c o n d i t i o n of t r a c e 

unify i s now w r i t t e n : 

2 p n i + p + p s = I . ( 6 . 4 ) ^ 1 1 'oo 'oo 

and can be used t o e l i m i n a t e p from the above expression. 
' oo r 

Using t h i s expression, the values of the d e n s i t y matrix elements 

f o r the p ° mass r e g i o n have been c a l c u l a t e d by the method of moments 

(see appendix B) and are given i n t a b l e 6 . 1 . There i s i n s u f f i c i e n t 

i n f o r m a t i o n i n the data t o determine p Q o andp^j separately. Only the 

value of a l i n e a r combination of these ( p -p,,) can be found. The 
*oo " l l 

c a l c u l a t e d curves, assuming these v a l u e s , f o r the cos 9 and $ 

d i s t r i b u t i o n s are shown as the curves i n f i g u r e 6 . 1 where i t can be 

seen t h a t the agreement w i t h the data i s q u i t e goodo 

Since the d e n s i t y m a t r i x elements can, i n general vary as a f u n c t i o n 

of t or t 1 , the values determined above must be considered as average 

values over the whole t range 0 More e x p l i c i t i n f o r m a t i o n i s given i n 

the o t h e r columns of t a b l e 6 . 1 and i n f i g u r e 6 o 2 , where the v a r i a t i o n 

of the d e n s i t y m a t r i x elements i s given as a f u n c t i o n of t ' o For 

comparison the values obtained i n t h i s experiment f o r the channel: 
V d-» p p -IT IT 6.b 

are also shown. 
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There i s a marked s i m i l a r i t y between the r e s u l t s obtained 

i n the two channels. Simple One-Pion-Exchange p r e d i c t s t h a t 

n>l-l' Re p^Q and Re P^g1"^ should be l e r o but t h i s i s not the 

case i n e i t h e r channel (N.B. Rep.^). For the r e a c t i o n 6 . 5 , however 

the d e n s i t y m a t r i x elements have been shown t o be compatible w i t h 

the hypothesis of one-pion-exchange w i t h a b s o r b t i o n (OPEA) (Ref. ) 

and, t h e r e f o r e , i t can be assumed t h a t i n the present channel P° 

p r o d u c t i o n i s also compatible w i t h the hypothesis. I t i s i n t e r e s t i n g 

nonetheless, t o note the d i f f e r e n c e between the two channels: 

a slower decrease of P -P,, w i t h t ' i n t h i s channel than i n 
oo 11 

channel 6 o 5 ; a much smaller value of Re P^Q and ReP^ 0
i r v t i n t h i s 

channel, e s p e c i a l l y a t low t ' and, p a r t i c u l a r l y , the f a c t t h a t 

Rep i n"k shows no tendency t o decrease w i t h i n c r e a s i n g t ' (except 

perhaps, above t ' = 0 . 2 ( G e V / c ) 2 ) i n c o n t r a s t not only t o channel 

6 o 5 i n t h i s experiment but also t o other experiments which have 

been i n t e r p r e t e d w i t h the OPEA model (Ref,, 6„2<. ) P r e d i c t i o n s 

of the values of the p° d e n s i t y m a t r i x elements, assuming diagrams 

of the type shown i n f i g u r e 1.1a, cannot be made. 

6 . 2 . 2 The f° meson 

The f° meson has s p i n - p a r i t y = 2 + and the expected decay 

d i s t r i b u t i o n f o r such an o b j e c t decaying i n t o two pions i s given 

by: 

w ^ , . fc[.ln«e ( ^ p r e s t o + rfAe^-^c * ) 

+ 3 p (cos 8 -gr)- A s i n 6cos 8 (ReP 0 1cos 0 -Re P0 , 0 0 s 3 
00 21 2 ~J. 

+ 0 s i n 2 8 ( c o s 2 6 - -3) cos 2 ^ + 2 ^6 Re P 1 Q s i n 2 e 

x ( c o s 2 8 - i ) cos $\ 6.6 
J 
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The d i s t r i b u t i o n of cos 8 and f6 f o r a l l combinations of the n e u t r a l 

d i p i o n mass i n the f° reg i o n ( d e f i n e d as 1.12 < M( w ir ) < 1..36) are shown 

i n f i g u r e 6<>3„ The f° d e n s i t y m a t r i x elements were computed by the 

method of moments, using the above expression, and the r e s u l t s obtained 

are given i n the f i r s t column o f t a b l e 6<>2<, The curves shown i n the 

f i g u r e are those c a l c u l a t e d using the r e s u l t s o The f i t s are q u i t e good 

except i n the cos 6 d i s t r i b u t i o n ~ cos 0 = 0„ ^ h i s and. the n e g a t i v e , 

non-physical value of p^{-Ovl\ + 0.03) have been observed before i n 

the f° reg i o n and are u s u a l l y a t t r i b u t e d t o the presence of an S-wave 

background i n t e r f e r i n g w i t h the dominant D-wave resonant signalo (Ref <, 6.3 )„. 

The values of the d e n s i t y m a t r i x elements as a f u n c t i o n o f t ' are 

presented i n t a b l e 6 0 2 , t o g e t h e r w i t h the values obtained i n t h i s 

experiment f o r the channel 6<>5o The diagonal elements f o r both channels 

are shown i n f i g u r e 6.3b» The agreement between the two channels i s 

e x c e l l e n t . This i m p l i e s t h a t the mechanism f o r the pr o d u c t i o n of the 

f° may be the same i n both channelso One pion exchange which i s thought 

t o dominate r e a c t i o n 6 . 5 cannot t h e r e f o r e , be r u l e d out f o r t h i s reection<> 

6 o 2 . 3 The " 7 7 ^ " region 

I f the small enhancement (see Chapter 3) i n the mass reg i o n ~1«08 

GeV/c i s i d e n t i f i e d w i t h the p r e v i o u s l y observed 77^, d i p i o n resonance, 

then i t i s of i n t e r e s t t o i n v e s t i g a t e i t s spin c h a r a c t e r i s t i c ? ! ! Previous 

d i r e c t observations of t h i s enhancement have been i n the cha n n e l s -

7r p -* n r r + ir (Ref. 6.4 ) 

The r e s u l t s obtained have suggested t h a t the spin of t h i s enhancement 

i s not zero;, thus r u l i n g out the hypothesis t h a t the e f f e c t i s a mr decay 

mode of the S* resonance which has been observed t o decay i n t o K K. A 

d i f f i c u l t y has been, however, t h a t a c l e a r s i g n a l i n the d i p i o n mass 

spectrum i s only seen when cos 0 < -C75 and t h i s , coupled w i t h the f a c t 
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that, the channel i s per iphera l , implies that the pos i t ive pion i s 

very f a s t i n the laboratory system and cannot be recognised by 

ionization<> I t has been suggested that the e f f e c t may be due to 

m i s i d e n t i f i e d reactions of the t y p e : -

- o o 
nr P -* P IT IT IT ° 

In the present channel t h i s d i f f i c u l t y i s not important but the 

low s t a t i s t i c s and two possible combinations of Tf TT make analysis 

rather complex and subject to misinterpretat ion,! 

The decay angles of a l l d ip ion mass combinations f a l l i n g i n the 

77̂  region (l<>04 - 1012 GeV/c^) are shown i n f i gu re 6„4<> A pure S-wave 

can immediately be r u l e d ' out since t h i s would imply isotrcpy of the 

cos 6 dis tr ibut ion. . . Assuming the isospin of the enhancement i s 0 (no 

evidence f o r an enhancement i n t h i s mass region i n any charged mode 

has been seen), then the symmetry of the d ip ion wave f u n c t i o n implies 

that only spin p a r i t y assignments i n the series: 
fP r& n+ „ + 

J = 0 , 2 5 4 ,.o are possible. 

F i t s to a pure D-wave d i s t r i b u t i o n and to an S-wave i n t e r f e r i n g 

wi th a P-wave from the p° t a i l have been made and are shown i n 

f i g u r e 6.4. Both are adequate and f i t s to higher spins or including 

P-D interference have not been attemptedo 

I t i s in te res t ing to note that the s ignal i s stronger when 

cos 8 < - Ot .75 ( f igo 6<>4c) than when cos 0> Ch.75 (F ig , 6.4d) i n t h i s 

react ion as was the case i n the previous experiments (Ref. 6 . 4 ) . and 

i f i t i s accepted that t h i s enhancement i s indeed due to production 

of the - meson, then t h i s resul t tends to d i s c r ed i t the suggestion 

thivt e a r l i e r resul t s were due to mis ident i f i cation of events and support 

t h e i r conclusions that the spin i s not zero. 
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6.3 Three Pion Systems 

The decay angles of a three pion system are not uniquely defined 

as i n the case of d ip ions , since d i f f e r e n t d i rec t ions can be used as 

the analyser and a complete d i s c r i p t i o n of the spin state cannot be 

achieved by using only one. In t h i s section three d i rec t ions have 

been used. These are: 

( i ) normal to the decay plane of the 3-pion system i n i t s 

own rest frame 0 This i s defined as 

N = P x P _ >

r 

7T S 7T f 

where P re fers to the momentum vector of the p a r t i c l e and the 

subscripts s and f re fe r to the slower and f a s t e r pions i n the 3 pion 

res t frame. 

( i i ) The d i r e c t i o n of one of the pions i n the 3-pion res t frame. 

I n order to el iminate the ambiguity between the i d e n t i c a l pos i t ive pions, 

the negative pion has been chosen f o r t h i s purpose. 

( i i i ) Since the 3-pion enhancements to be discussed decay by a two 

step process, f i r s t l y in to a pion and a d ip ion resonance, the d i r e c t i o n 

of the resonance can be used as the analyser, thus t r ea t i ng the decay 

as a two body one. 

6.3.1 Spherical Harmonic Moments 

Since the spherical harmonics form a complete orthoncnnal set of • 

f u n c t i o n s , the decay d i s t r i b u t i o n s can be expressed as a sum of terms 

of the f o r m : -
£max 

w ( e > « • S i a t . Y * ( 6 ' 
1 = 0 rn=0 

where a^m i s the c o e f f i c i e n t of each term. The average value of 

any pa r t i cu l a r harmonic i s given by: 
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< y m > = J\U&$) Y j * (0 ,^ ) d cos 0 d # 
W(0,0) d cos © d f6 

and t h i s i s equal to due to the or thogonal i ty of the spherical 

harmonics» (see appendix B f o r d e f i n i t i o n s )o Thus , the values ofcc^-

can be determined d i r e c t l y from the data by taking the experimental 

average of the function, . I t i s expected tha t only terms up to 2J 

w i l l be important f o r a resonance wi th spin J 0 When the normal to the 

decay plane i s used, p a r i t y conservation implies tha t ReY^O i f 2, i s 

odd and t h i s i s found to be the caseQ The values of < Y™> wi th m not 
A/ 

equal to zero show no s i g n i f i c a n t deviations from zero« This does not 

imply tha t m of the produced state i s zero but does imply tha t i t s spin 

density matrix i s diagonal. In the A^ region only <Y°> i s important 

implying that J> 1 i s un l ike ly to have very much e f f e c t . I f the A.̂  i s 

a pure J P = 1 + state wi th m = 0 then <Y°> i s constrained to take the 

value - 0.126 since the polar angle d i s t r i b u t i o n i s propor t ional to 
2 

s in 0. The data, although s l i g h t l y below t h i s value, i s not incompatible 

wi th i t o 

The spherical harmonic moments with £ > 4 remains small up to a mass 

value —1.85 GeV/c^ implying tha t i n the A 3 region only J < 2 occur,, I f 

J = 2 no d i r e c t predic t ion of the values of the moments can be madec 

6.3.2 The A^ Region 

The A^ region isctefined as the 3u e f f e c t i v e mass range 1„0 - 1.24 

Gev/c^. Greater values of the mass have been excluded because of the 

p o s s i b i l i t y of A^ production, to be discussed i n Chapter 9. The decay 

angular d i s t r i b u t i o n s of the normal to the decay plane are shown i n 
2 

f i g u r e 606 The cos 9^ d i s t r i b u t i o n i s approximately described by s i n 0^ 

while the $ d i s t r i b u t i o n i s compatible wi th isotropyo Assuming tha t the 

spin of the A^ i s less than 2 , as indicated by the spherical harmonic 
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P P + moments, then the two possible J assignments are J = 1 or 1 . Spin 

zero i s incompatible withthe cosQ^ d i s t r i b u t i o n , predic t ing i so t ropy . 
P 

The decay d i s t r i b u t i o n f o r J = 1 i s described by: 

W(e,jrf) = 3_ J s i n 2 0 + n (3cos 2 6- l ) 

2V'2 s in 20cos# Re p 1 Q - 2 s in 2 © cos2jzf P i - i J " 6 , 1 0 

P -I-
while that f o r J =1 i s described by: 

w(e,jzf) = 3_ ,J i + cos 2e , n f i - 3cos 2e ] 

8n | 2 + Poo { 2 / 

+ Re p 1 Q 2 2 s in 6 cos 6 cos {6 + p s i n 2 0 cos 2 $ 

• X Im p 1 Q 2 «/2 sin 6 cos j6 I 6.11 
- / + — + 

where X= R̂  / R̂  and R̂  and R̂  contain the angle independent parts 

of the two possible decay amplitudeso X i s r ea l and l i m i t e d to the 

range: 
| X f- < 1 6-12 

and i s zero when two of the decay pa r t i c l e s are i d e n t i c a l due to 

symmetry properties i f one of the i d e n t i c a l pa r t i c l e s i s chosen randomly. 

I f , however, the two i d e n t i c a l pa r t i c l e s are labe l led f and s as 

described above, a process equivalent to using only a ha l f of the 

D a l t i z P l o t , then?\ may not be zero (Ref. 6 . 5 ) . 
2 

Both the re la t ions 6.10 end 6.11 can give a s in 0 d i s t r i b u t i o n 

of cos ^ ; the ' former i f p o Q = 0 and the l a t t e r i f p q q = 1 . F i t s to 

t h i s d i s t r i b u t i o n of the two funct ions i n f ac t y i e l d pQO ~ 0>08 and 

P q o = 0.85 respect ively and f i t wi th equal p r o b a b i l i t i e s . 

The Morrison Rule (Ref. 6.6) f o r d i f f r a c t i v e l y produced systems 

states tha t the change i n spin ( A J ) and p a r i t y fc>P) between the i n i t i a l 

and f i n a l spates are re la ted by: 

A P - ( - D A J 
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p 
implying tha t the only possible J assignments when a pion beam i s 

P -• + -
used are i n the series J = 0 1 2 I f the A^ i s produced 

P + 

d i f f r a c t i v e l y t h i s suggests that J = 1 « Moreover, the value of 

PQQ- P^j f o r the p-mesons re su l t ing from the decay of the i s 

0«72 + 0.06 implying a very high value of p o o » I t seems u n l i k e l y 

tha t an A^ wi th a large long i tud ina l alignment ( p o Q small) would decay 

in to a p° v/ith such a large transverse alignment,. I t i s concluded, 
P + 

the re fore , thatthe A^ region i s predominantly J = 1 . 
p + 

The density matr ix elements of the A^,, assuming i t i s a pure J = 1 

s ta te , have been calculated by the method of moments and the resul ts 

are presented i n table 6 0 3 0 The curves i n f i gu re 6 06 are those calculated 

using the values found and i t can be seen that the agreement between the 

experimental data and the curves i s good. No discussion of the v a r i a t i o n 

of the density matrix elements wi th t w i l l be given here since t h i s i s 

d i r e c t l y concerned wi th the question of h e l i c i t y conservation. A complete 

discussion of t h i s i s given i n the next chaptero 

A J^= 1 + object decaying in to a 0 and 1 system can do so e i the r 

through an S-wave (L=0) or a D'rwave (L=2)o Since the A^ i s near threshold 

of thepTr system, i t might be expected that the S-wave i s predominant.. 

To tes t t h i s assumption, the d i s t r i b u t i o n of the p ° d i r e c t i o n i n the 

Gottfr ied-Jackson frame can be examinedo A pure l * state decaying 

e n t i r e l y to prr gives f o r these angles (Ref. 6 „ 7 ) . 

W(6,tf) = _ 1 _ + J i _ S i ( 3 D - l ) ( 3 cos 2 0 - 1) - 4* "I ° ° • 6.13 

- 3 p ^ s in 2 6 cos 2 $ - 3 >/2 Re p 1 Q s in 2 6 cos tfj-
In t h i s expression u i s re la ted to the amount of D--wave present 

i n the decay and i s 0 i f D-wave i s absent. Using the method of moments, 

values of up can be found from t h i s expression and, since n i n 6.13 ^ oo ^ oo 

should be the same here as when the normal was used as the analyser, a 



78 

can be determined. 

Figure 6.7a shows the d i s t r i b u t i o n of cos 6 , using the p d i r e c t i o n 

as the analysero In the f i g u r e , i f both tt\t combinations have an 

e f f e c t i v e mass i n the p region, both values of cos 8 have been p lo t t ed 

wi th weight 1 (outer histogram and wi th weight -g- (inner hatched histogram). 

I t i s clear tha t the d i s t r i b u t i o n i s not f l a t , i nd ica t ing tha t D-wave decay 

i s present to some extent . I t must be noted, however, that the anisotropy 

i s less marked when the two p events are weighted by -jr. This implies 

that the peaking of the d i s t r i b u t i o n ~cos 6 + 1 i s correlated with the pp 

overlap region and may be due to interference between the two possible 

prr decays. Assuming t h i s not to be the case \i has been determined as 

0*29 + 0.02 from the weighted histogram. \x has also been determined 

throughout the mass range 0<95-» 1.35 i n mass bins of 50 MeV/c2 i n order 

to determine where the D-wave becomes important , and the resu l t s are given 

i n table 6.4 I t i s clear tha t the D wave con t r ibu t ion i s important only 

above 1.1 GeV/c , i . e . i n thei upper ha l f of the A^. 

The above discussion i s based on the hypothesis tha t the A^ i s a 
P + 

pure J = 1 s ta te . Evidence that t h i s i s not the case i s given i n 

f i gu re 6.7b) where the d i s t r i b u t i o n of cos 6^ (the polar angle of the 
i 

unambiguously charged pion) i s shown. For a 1 object the predicted 

d i s t r i b u t i o n of t h i s angle i s given b y : -W(cos e , JZJ) = 3_ j 2A + (1-3A) J 1+ cos 26 + 
8 ^ 1 2 

p 0 0 ( i r 3 _ | o s _ _ e ) + 2 j / 2 s i n e c o s e c o s ^ R e p ^ 

+ s i n 2 9 cos 2 $ p -.}] 
where A = R Q A N C [ 0< A < 1. 

2R^+ R 
1 o 
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This expression i s unable to account f o r the strong asymmetry 

present i n the data. The asymmetry i s i nd ica t ive of a state of 

opposite p a r i t y i n t e r f e r i n g wi th the dominant 1 + s t a te . I t can be 

re la ted to the f a c t that the p ° , r e su l t i ng from the decay of the 

A^ , decays asymmetrically due to interference wi th an S-wave, d ip ion 

s ta te , the e • Thus the A.̂  can be thought of as a mixture ofpn- and 

err . I f the eir i s i n an S-wave s t a t e , the spin p a r i t y w i l l be 0 

and would cause an asymmetry. I f t h i s i s the case then Equation 6.14 

above should contain extra terms of the form. 

acos 9 + /3sin 6 cos f6 . 

The r e su l t i ng expression can explain an asymmetry i n both the 

cos 6 d i s t r i b u t i o n and the $ d i s t r i b u t i o n . There i s no experimental 

evidence f o r an asymmetry i n the $ d i s t r i b u t i o n . The values of a a n d 8 

have been determined by the method of moments and the resul t s given: 

Ct= - 0 t 20 + 0.04 

ft- - 0.05 + 0.03, 

I n order to determine any va r i a t i on of these parameters throughout 

the mass range Oc95 - 1.35, they were recalculated i n mass bins of 50 MeV/c' 

and the resu l t s are given i n table 6.4. areaches a maximum i n the cen t ra l 

A^ mass region while i s never more than two standard deviations away 

from 0 and i s p a r t i c u l a r l y small i n the cent ra l A^ region. 

In conclusion the A^ seems to be predominantly an S-wave vp state 
P • + 

(J = 1 ) but there i s also some admixture of opposite p a r i t y which may 

be an S-wave ire state (J^ = 0 ) . There i s also some ind ica t ion of D-wave 

we decay but the evidence f o r t h i s i s ra ther speculative. 



ELEMENT ; 
' ' 0 0 Pl-1 R e P l O Mm p 1 Q 

VALUE : 0.91 0.08 -0.05 0.02 

ERROR : 0.07 0.06 0.04 0.02 

TABLE 6.3 

The A., spin density matrix elements 

S/rmass regior. 

(GeV/o 2) a 

0.95 - 1.00 0.07 + 0.31 -0.36 ± 0 . 1 1 -0.21 + 0.08 

1.00 - 1.05 0.12 + 0.28 -0cl4 + 0.09 -0.13 + 0.07 

1.05 - 1.10 0.20 + 0.25 -0.26 + 0.08 -0.08 + 0.05 

1.10 - 1.15 0.25 + 0.25 -0„23 + 0.07 -0.0 + 0.04 

1.15 - 1.20 0.43 + 0.25 -Od7 + 0,08 -0.02 + 0.04 

1.20 - 1.25 0.50 + 0.30 -C.17 + 0.08 -0.12 + 0.06 

1.25 - 1.30 0.59 + 0.31 -0,16 + 0.08 -0.02 + 0.05. 

1.30 - 1.35 0.43 + 0.38 -0,03 + 0.08 -0.09 + 0.07 

TABLE 6.4 

The values of a «gand ft through the A., region 
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6.3o3 The A^ region 

The d i s t r i b u t i o n s of cos 0^ and f6^t the decay angles of the 

normal to the production plane, f o r events i n the A^ region are 

shown i n f i g u r e 6.8a. The A^ region i s defined here as a l l those 

events which have a 3-pion mass i n the range 1.44 - 1.8 GeV/c2 and 

a t least one neutral d ip ion mass i n the f ° r eg ion , together wi th 

those other events i n the same 3-pion mass range which have neither 

neutral d ip ion mass i n the p ° region. These re jec ted events account 

f o r the p°7j- peak 1.56 GeV/c^ which may not be due to A^ production. 

While the $ N d i s t r i b u t i o n i s compatible wi th i so t ropy , tha t of cos 

i s peaked %cos §^=0 and t h i s implies a low value of P q o i f the spin p a r i t y 

of the A^ i s i n the series! 

J = 1 , 2 , 3 , 4 . . . . 

The value ° f p 0 0 °f the f ° r e s u l t i n g from the decay of the Ag has 

been evaluated as 0.74 + 0.08 which, as i n the case of the A ^ , would 

imply that p Q Q of the A^ i s also h igh . Th i s , together with the Morrison 
p 

Rule i f the Ag i s d i f f r a c t i v e l y produced, suggests that the J assignment 

f o r the A^ i s i n the series: 
J P = 1 + , 2 " , 3 + 

P + 

I f J = 1 then the polar angle d i s t r i b u t i o n should be described 

by Equation 6.11 integrated over jtf, i . e : -
W(9) _ 3. j 1 T cos 9 , 0 / 1 - 3 cos^B ) [. 6.15 3 f 1 + cos 9 Q f 1 - 3 cos2e) 1 T l 2 M 2 J j 

This expression has been f i t t e d to the data and the best f i t 

( p o Q = 0.87) i s shown i n f i g u r e 6.8a as the dashed curve. The f i t i s 

2 
very poor wi th p r o b a b i l i t y of less than 1%. The d i s t r i b u t i o n f o r 
TP - . . 
J ~ 2 i s given by: 
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W(8) = ( a + 6 ) | f p o c - J pn + § J s i n ' 

+ ^ o 0 0 ( a ~ 6 ) + P n (4a +6) - a j . s i n * 

+ p O Q (2-a) - 2 c ^ n + a 6.16 

R + + 
where « = _2 > 0 and FL and R are independent of the decay angles 

R o o 

as i n the previous s e c t i o n . 

The r e s u l t of f i t t i n g t h i s expression i s shown as the s o l i d curve 

i n f i g u r e 5.8a. The f i t t e d parameters a r e: 
p = 0.91 + 0.06 'oo -

fa = 0=01 + 0.05 

a = 20. 
2 

w i t h a x confidence l e v e l o f ~ 3 0 $ . The f i t was very i n s e n s i t i v e t o 

the value o f «. 

The d i s t r i b u t i o n has also been f i t t e d t o the expression f o r J^= 3 + 

and an e q u a l l y adequate confidence l e v e l achieved, but the small value o f 

the s p h e r i c a l harmonic moment <Y^> i n t h i s r e g i o n renders such a s p i n 

assignment unlikely,, 
p 

I n c o n c l u s i o n , the most l i k e l y J value o f the A^ meson produced 

i n t h i s experiment i s 2 . This r e s u l t , moreover, i s u n a l t e r e d when every 

event i n the given mass range i s used, and when only f y events are 

usedo 

I n t e r f e r e n c e between the dominant 2 s t a t e w i t h some oth e r s p i n -

p a r i t y i s not ne c e s s a r i l y c l e a r when the normal to the decay plane i s 

used as the analyser, as was the case i n the A^ r e g i o n . To t e s t f o r 

t h i s the d i r e c t i o n of the unambiguously charged p i c n has been used as 

the analyser and the pol a r angle d i s t r i b u t i o n i s shown i n f i g u r e 6.8b 

I n t e r f e r e n c e w i t h a s t a t e of opposite p a r i t y would manifest i t s e l f 
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i n t h i s f i g u r e as an asymmetry around cos © u = 0* No c l e a r asymmetry 

i s apparent i n the datao The asymmetry parameter A, as de f i n e d i n 

equation 6.2, i s found to be 0.10 + 0.07 which i s not s i g n i f i c a n t l y 

d i f f e r e n t from 0, and no evidence f o r such an i n t e r f e r e n c e i s present. 

I f the i n t e f e r i n g s t a t e had the same p a r i t y , then the e f f e c t on t h i s 

d i s t r i b u t i o n would be more subtle and the present s t a t i s t i c s are not 

s u f f i c i e n t t o i n v e s t i g a t e t h i s hypothesis. 
o + p An f 77 s t a t e w i t h spin p a r i t y J = 2 can decay v i a an S-wave 

or D-wave. Since the A^ i s near t h r e s h o l d the S-wave may be expected 

t o dominate and t h i s would lead t o an i s o t r o p i c d i s t r i b u t i o n of the polar 

angle when d i r e c t i o n of the f° i s used as analyser. The experimental 

d i s t r i b u t i o n o f t h i s angle i s shown i n f i g u r e 5.8c. I t i s q u i t e 

i s o t r o p i c except f o r a peak above cos 6^ = 0.8. This peak cannot be 

i n t e r p r e t e d as evidence f o r a D-wave decay of the A.̂ , however, since 

t h i s would lead t o a symmetric d i s t r i b u t i o n . The peak i s due t o 

contamination of the A^ sample by events of the type: 

+ d d ^ f 0 (A) 
77 d -> 

as can be seen from the hatched histogram which corresponds t o events 

w i t h a t l e a s t one d mass i n the d r e g i o n . I f a weight of s 

i s given t o such events the r e s u l t i n g spectrum dees not deviate s t r o n g l y 

from i s o t r o p y . Although t h i s procedure i s r a t h e r a r b i t r a r y t h e re i s 

no more r i g o r o u s way of separating events of type A above from those 

of the type 

7 r + d -> d A 3 (B) 

There i s , t h u s , no evidence f o r a D-wave decay of the A^. 

I n summary, the A^ produced i n t h i s r e a c t i o n i s compatible w i t h 

a. pure S-wave J = 2 f -n system. 
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6.3.3 The "An " region 

I n t h i s s e c t i o n the decay angles of the pn enhancement ~1„56 

GeV/c •5 t e n t a t i v e l y named the A i n chapter 4 are examinedo The events 

used are those i n the mass range 1.52< M(37r)< 1,6 GeV/c which .have a t 

l e a s t one n e u t r a l d i p i o n combination i n the p 0 r e g i o n . The purpose 

of t h i s i s t w o f o l d . 

( i ) To determine whether the enhancement has a w e l l d e f i n ed 

s p i n - p a r i t y , since any resonant i n t e r p r e t a t i o n of the peak depends upon 

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

( i i ) To attempt t o f i n d any d i f f e r e n c e s between t h i s enhancement 

and the A.̂ , f o r otherwise i t may be the r e s u l t of a s t a t i s t i c a l f l u c t u a t i o n 

w i t h i n the A^. 

The lack of s t a t i s t i c s makes any f i t t i n g of decay d i s t r i b u t i o n s 

impossible and the d i s c u s s i o n must remain, a t b e s t , q u a l i t a t i v e o 

The d i s t r i b u t i o n of the decay angles of the normal t o the decay 

plane f o r "k^ ^" events are shown i n f i g u r e 6..9a, together w i t h the 

p o l a r angles of the unambiguously charged p i o n (fig<> 6.9b) and of the 

d i r e c t i o n of the p ° ( f i g . 6.9c). The most no t i c e a b l e d i f f e r e n c e between 

these d i s t r i b u t i o n s and those of the A^ i s i n the f i n a l one, where the 

l a r g e a n i s o t r o p y cannot be dismissed by weighting d* events by -jjr as i n 

the case of the A^. I t i s necessary t o remove a l l d" events (hatched 

regions o f the h i s t r o g r a m s ) , and even then a small a n i s o t r o p y remains. 

A f t e r removal of d events the sample i s too small t o be able t o compare 

even q u a l i t a t i v e l y w i t h the A . Furthermore , since 43% of the "A " 

events are also d* events ( c . f 24$ i n the A^ r e g i o n ) removal of these w i l l 

reduce the s i g n a l i n t o t o t a l i n s i g n i f i c a n c e . I n order t c accept t h i s 

enhancement as more than a k i n e m a t i c s l e f f e c t of d* production i t i s 

also necessary to accept asymmetries i n the cos 6^ and the cos © u 

d i s t r i b u t i o n s , together w i t h a small a n i s o t r o p y i n the $ N d i s t r i b u t i o n , 
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a l l o f which suggest t h a t i t i s not i n a pure s p i n s t a t e 0 

The small size of the s i g n a l , coupled w i t h the high d back­

ground and the asymmetric decay d i s t r i b u t i o n s i n d i c a t e t h a t the s i g n a l 

i s most u n l i k e l y t o be resonant-
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C H A P T E R S E V E N 

EXPERIMENTAL TESTS OF HELICITY CONSERVATION 

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

There has been considerable i n t e r e s t r e c e n t l y i n the question 

o f conservation o f h e l i c i t y i n r e a c t i o n s which are thought t o be 

d i f f r a c t i v e i . e . which are dominated by Pomeron exchange. The 

problem i s t o disc o v e r , f o r such events, i f h e l i c i t y i s conserved 

e i t h e r i n the s-channel o r i n the t-channel or i n n e i t h e r of these.. 

The h e l i c i t y of a p a r t i c l e i s de f i n e d as the p r o j e c t i o n of the 

p a r t i c l e s spin along the d i r e c t i o n of motion, and i n f o r m a t i o n about 

t h i s can be found by studying the decay angular d i s t r i b u t i o n of the 

s t a t e producedo I f s-channel h e l i c i t y conservation (S.C.H.C) i s t o 

be i n v e s t i g a t e d then the frame of reference used i s the h e l i c i t y frame 

(see Appendix B) where the pol a r a x i s i s e q u i v a l e n t to the d i r e c t i o n 

of motion of the produced s t a t e i n the o v e r a l l centre of mass system, 

On the otherhand i f t-channel h e l i c i t y conservation (TCHC) i s being 

s t u d i e d , the Gottf r i e d - J a c k s o n reference frame i s used since here the 

p o l a r a x i s i s e q u i v a l e n t t o the d i r e c t i o n of the produced s t a t e i n the 

centre o f mass system of the t - c h a n n e l 8 

Evidence has been presented (Refo 7.1) i n the study of e l a s t i c 

irN i n t e r a c t i o n s , w h i c h are thought t o proceed by Pomeron exchange, 

suggesting t h a t h e l i c i t y i s conserved i n the s-channel r a t h e r than the 

t-channel. SCHC has been shown t o hol d (Ref» 7.2) i n the p-photo-

pr o d u c t i o n r e a c t i o n : 

Y p - p 0 p 

and t h i s r e a c t i o n i s also d i f t r a c t i v e . Gilman e t a l (Ref„ 7.3) 

consequently made the hypothesis t h a t a l l d i f f r a c t i v e processes conserve 

h e l i c i t y i n the s-channel and not i n the t-channel. I f t h i s i s the case 
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then A^ and p r o d u c t i o n , (and also Q and L p r o d u c t i o n ) , which are 

thought t o be produced d i f f r a c t i v e l y j ought t o show SCHC and not 

TCHC. 

Several experiments on A^ and Q production (Refo 7.4) however, 

have shown a str o n g discrepancy w i t h SCHC and suggest t h a t i n these 

r e a c t i o n s h e l i c i t y i s conserved i n the t - c h a n n e l , thus c o n t r a d i c t i n g 

the Gilman hypothesis i f the A^ and Q enhancements are indeed produced 

d i f f r a c t i v e l y o Production of these s t a t e s shows the c h a r a c t e r i s t i c s 

o f d i f f r a c t i v e d i s s o c i a t i o n r e a c t i o n s : steep slope of d o / d t , cross 

s e c t i o n independent of i n c i d e n t energy etc« and t h e i r s p i n - p a r i t y 

assignments agree w i t h the Morrison Rule (Chap. 6.) f o r d i f f r a c t i v e 

processes. Frautsche (^efo 7»5) however, has proposed an a l t e r n a t i v e -

r u l e f o r d i f f r a c t i v e processes, based on the SU(6) quark model, which 

suggest t h a t the A^ and Q mesons cannot be produced i n t h i s way and 

hence need not show SCHC A^ p r o d u c t i o n , however, can proceed by a 

d i f f r a c t i v e mechanism according t o both the F r a u t s c h i Rule and the 

Morrison Rule,. Observation of SCHC i n A^ pro d u c t i o n would thus support 

the F r a u t s c h i Rule and Gilrran hypothesis a t the expense of the Morrison 

Rule while TCHC would disprove the Gilman hypothesis and support the 

Morrison Rule, Paler e t a l . (Ref. 7.6) have presented some evidence 

f o r TCHC i n A 3 p r o d u c t i o n . 

Furthermore a s l i g h t i n d i c a t i o n o f non-conservation of TCHC 

as w e l l as SCHC, i n d i f f r a c t i v e A^ pro d u c t i o n has been observed by 

some authors (Ref<, 7»7 )o 

I n t h i s chapter, an i n v e s t i g a t i o n i s made of the conservation 

of h e l i c i t y f o r both the and A^ enhancement The r e a c t i o n being 

s t u d i e d has an advantage over non-coherent channels i n t h a t the 

coherence of the deuteron acts as a f i l t e r t o othe r processes (such 
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as P exchange) which can occur w i t h a nucleon t a r g e t , and gives a 

cleaner sample of d i f f r a c t i v e events. For example, the A^ does not 

s u f f e r from the complication of a large background due t o nearby 

production,, There i s a disadvantage i n the channel, however, 

since the momentum t r a n s f e r t o the deuteron i s n e c e s s a r i l y small t o 

ensure coherence, and t h i s i m p l i e s t h a t the angle between the s-channel 

and t-channel p o l a r axes remains small. I n s p i t e o f t h i s disadvantage, 

d i f f e r e n c e s between d i s t r i b u t i o n s i n the two reference frames can be 

c l e a r l y seeno 

Section 1 gives a discus s i o n of the d e n s i t y m a t r i x elerrents of. 

the A^ and A^ i n the G o t t f r i e d - J a c k s c n and h e l i c i t y reference frames. 

I n s e c t i o n 2 a spin-independent method of t e s t i n g h e l i c i t y conservation 

based on the use of s p e r n i c a l harmonic moments i s discussed, while 

s e c t i o n 3 makes use of a method based, on the l o n g i t u d i n a l phase space 

p l o t . Section 4 gives a b r i e f conclusion.. 

7.1 Density M a t r i x Elements Analysis 

The p r e d i c t i o n of h e l i c i t y conservation f o r the s p i n d e n s i t y m a t r i x 

elements o f the produced s t a t e when a pion beam i s used i s p a r t i c u l a r l y 

simple. Since the i n c i d e n t pion has s p i n zero, i t s h e l i c i t y i s 

ne c e s s a r i l y zero and t h u s , i f SCHC halo's, the h e l i c i t y o f the produced 

A, or A must also be zero i . e * p of t h e meson i n the h e l i c i t y frame 1 3 oo 7 

must be 1 ar:o' a l l other elements must be zero, i m p l y i n g t o t a l alignment 

of the s p i n f i n a d i r e c t i o n perpendicular t o the d i r e c t i o n of motion. 

S i m i l a r l y , i f TCHC hole's, the same p r e d i c t i o n s are made f o r the d e n s i t y 

m a t r i x elements i n the Go t t f r i e d - J a c k s o n frame* 

7.1.1 The A^ rreson 
P + 

Assuming t h a t the A 1 enhancement i s a pure J = 1 s t a t e then 

the decay d i s t r i b u t i o n of the normal t o the decay plane i s described 

by Eq. 6.11 of the previous chapter. D e f i n i n g the A region t o be 
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loO < M(3n) < 1.24 Gev/c as p r e v i o u s l y , the d e n s i t y m a t r i x elements 

o f the have been determined, by the method o f moments, f o r v a r i o u s 

regions of t h e square of the 4-mcmentum t r a n s f e r t o the A ^ ( t ) , i n both 

the h e l i c i t . y and G-J frames. The r e s u l t s o f t h i s are presented i n 

t a b l e 7.1 and are p l o t t e d i n f i g . 7.1. I t can be seen t h a t a l l the 

elements except are compatible w i t h zero i n both reference frsrceso 

I n the G-J frame p Q Q i s compatible w i t h 1 up t o t = 0,04 (GeV/c) 2 

becoming smaller by s l i g h t l y more than one standard d e v i a t i o n above 

t h i s . I t s value i n the highest r e g i o n (0.08-C.12(Gev/c]P) o f ̂  0< 7 

i s r a t h e r low but the e r r o r on t h i s i s large due t o the small s t a t i s t i c s 

i n t h i s t r e g i o n . I n general t h e n , no c l e a r evidence f o r a non-

conservation of h e l i c i t y i n the t-channel i s apparent. I n the h e l i c i t y 

frame, p o Q i s compatible w i t h 1 only i n the very lowest t r e g i o n ; 

between t = 0.02 and 0*08 (GeV/cj 2 i t i s not s t r o n g l y i n disagreement 

w i t h the p r e d i c t e d value o f 1 ( w i t h i n 2 standard d e v i a t i o n s ) although 

i t i s c o n s i s t e n t l y lower than the corresponding value i n the G-J frame; 

i n the highest t region the value o f 0.26 + 0.26 i s s t r o n g l y incompatible 

w i t h u n i t y i n s p i t e of the large e r r o r and presents f i r m evidence f o r 

non-conservation of h e l i c i t y i n the s-channel i n t h i s r e a c t i o n . 

A possible source of e r r o r i n the above c a l c u l t i o n s i s t h a t a l l 

events i n the given mass r e g i o n have been i n c l u d e d i n the a n a l y s i s , 

i r r e s p e c t i v e of whether there i s simultaneous p r o d u c t i o n of the d „ 

Since the d i s not produced d i f f r e c t i v e l y , i t s e f f e c t s may lead t o 

biassed r e s u l t s . On the oth e r hand, there i s background below the d 

s i g n a l which may correspond t o a p a r t i c u l a r c o n f i g u r a t i o n of the 3"f 

system and t o exclude a l l events i n the d r e g i o n (Mtc'n ) < 2 . 4 GeV/c'/ 

may lead t o a bias i n the decay angular d i s t r i b u t i o n of the t r i p i o n 

s t a t e 0 The d e n s i t y m a t r i x elements, however, have been r e c a l c u l a t e d 



_ „ », , flj. ^Dcnyjtu Matrix £lema-nts FIG- ?./ * J 

G-J FRAME 
t channel 

T H4-H T 

K O 0 

0-9 

0-6-

0-4-

0-2-

PI-« 

0-4 

0-2H 
O-O 

-0-2-
-0-4-

Rep, 

* i - . 
1' 

- T -

1 
1 H 

/ 
4 

•2- r , r 

h " 0 T'' 
»-0" y r^n Tr 1— - ' - - H 

T, I 1 ^ 1 / 

10 

0-2H 

O-O-j 

-0-21 

0-2 

Mrap | 0 O O 

JL. 
4 5- r 

- 0 2 H 

l - r " — ' T r . 

j 1 !— 
O-O 0 0 4 0 0 6 OI2 

X 
i . 

HEUCITY FRAME 
s channel 

— all events 

r -r -
T 

1 

•i 

If 
v 1 

k-
I 

T.7 

- - - 1 

m !' t 
—<£ J 

!- L , 

T " ~1 
0-04 0 0 8 

!t| 
C-I2 



>< H n 
a 
a 

a! 

1-1 
I 

o 
t-H 

Q. 6 i — i 

Q. d> en 

i 
i-H 

C L 

o o 
a. 

O 
r H 

I—I 

o o 

(N <u 
Ol o 
ro > 
rH 0) 

pepn-[cut p 

oo co <s r-
o o o o 

• • o « 

? , ? l ? . ? . 
n i n H ^ 
o o o o 

o • o u 
O O Q O 

\o vo \0 in O O O 

9 S S I' 
i-H CO O O 
o o ^ o ? ? 
O O >-i o 
i — l i— I •—I »-H 

• • o • 

? l ? l ? l ? . vo oo in o 
o o o -« 
• • • • ? ? ? ° 

CO O O vD 
O H H Ol 
• • A O 
^ ?| 5 I ?. 
in CM vo vo 
Ch 00 CO CM 

a • • o 
o o o o 

oo oo O O 
• • 

r-i r~~ 
o o 

CO co 
o o 

% ? l 
VO 

o o 
* • 

? o 
vO vO O O 
• • 

o o 

vo in o -H 

in o o -< 

o o 
r-H i—I 

o • 

oo ^ 
rH O 

O *J 
<-H CM 

• o 

?. ?| 
\0 i-H O 

* o 

? ? 
oo CO 
o o 

v-j- cy> o o> 

O in 
r-H CM 

« o 

? l ? l co a oo r-
o o o o 

CM 
o 

vj CO CM 
o o *-* 

? ? ? ? 
O CM Sl" CO 

o O O O 
o o o 

papn-[tX8 p * 
o o - o o 

• • • o ?• ?' s s 
si- in oo t~-
o o o o o o ? ? 
oo oo oo oo 
O O O 

e • • o § ?- § s 
•—I sf \D t-t 
O O rH CM 
• (J O 9 
o o o o 

CM CM CM 
•—I •—* CM 

J ' ? ' ? ' 
CM vi" st vo 
O O O •-! O O O o 

O O O ON 
i—i i—I i-H CM 

• • o • 

?J ? . ? « ? l 
CM i—i^X^-t 
oo \o r- «-H 

o o o • 
o o o o 

M- in i n o O O O r H 
o a • • 

?' §i 
si- in so oo 
o o o o 

o « o • 
o o o o 
co oo co in 
o o o 

• • o « 

? l ? l ^ 1 ? l 
O " J CO V O O O H 

o • o e 
o cp cp cp 

CM CM 00 in 
<—I i—I i—I CM 

o o o • 

? l ? l ? l ? l 
CM H 00 rH 
•-H r-H •—I Q 

9 9 
o o 

CM 

? l ? . ? l ? l oo M- in co oo oo r- in 
o • • e 

o o o o 

CM sf CO CM O O O * ' 
o e • 3 

? ? ? 9 
CM Nj" 00 O O O O 

• • o • 
o o o o 

DO 
<: 

c o 
• H 
cn 
<D 
rH 

<0 
rH 0) > 0) 10 
u o 
tn 
10 -P 
C 0) 
e 
<D 
i-H 
CD 

fH 
•p 
e 
>* 
+> 
•rH 
U) 
C 
<D 

XI 

a 
(0 

a> x: 



91 

exc l u d i n g d events and t i e r e s u l t s are presented i n t a b l e 7.1 and 

f i g u r e 7.1 (dashed lines)«> There i s l i t t l e change i n any of the 

d e n s i t y m a t r i x elements except f o r P , where the e f f e c t o f the 
oo 

cut i s s y s t e m a t i c a l l y t o reduce the value by ' v 0 o l or 0.2 The f a c t 

t h a t the e f f e c t i s so systematic i m p l i e s t h a t those events which have 

both a d and a A^ s i g n a l do i n f a c t correspond t o a p a r t i c u l a r 

c o n f i g u r a t i o n of the 3ir system w i t h a c l u s t e r i n g o f events "kjos 0 = 0, 
thus r a i s i n g the value of P and a bias i s i n h e r e n t i n the r e s u l t , 3 oo ' * 
whether or not d events are i n c l u d e d , i f i t i s assumed t h a t some o f 

the background below the d s i g n a l i s due t o d i f f r a c t i v e A^ p r o d u c t i o n . 

However i t can be s a f e l y assumed t h a t the t r u e values of the d e n s i t y 

m a t r i x elements f a l l somewhere betv/een the two c a l c u l a t e d ones. With 

t h i s assumption, the conclusion o f non-conservation of s-channel h e l i c i t y 

i s strengthened and the tendency, noted above, f o r P q q i n the G-J 

frame t o decrease w i t h i n c r e a s i n g t becomes more n o t i c e a b l e . 

The above disc u s s i o n i s based on the assumption t h a t the s t a t e 

i s a pure = l " * " 0 I n f a c t i t was demonstrated i n the previous chapter 

t h a t there i s some admixture o f another s t a t e o f opposite p a r i t y . I f 
P -

i t i s assumed t h a t the admixture i s an s-wave £ir s t a t e ( J =0 ) then the 
c a l c u l a t e d values of the d e n s i t y m a t r i x elements are not the t r u e values 

of t h e J*3 = 1 + s t a t e but some combination of these w i t h m o d i f i c a t i o n s 

due t o the i n t e r f e r i n g state,. D e f i n i n g <S to be the r e l a t i v e cross 

s e c t i o n f o r p r o d u c t i o n of the 0 t o the 1 + s t a t e then: 

P oo = Poo + % 
1 + 6 

a r i d p i j = _?_LL 
i = J 1 + 6 

where P.. are the e x p e r i m e n t a l l y determined values and P.. are the 

t r u e values of the 1 + s t a t e . 
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Thus the c a l c u l a t e d value of p w i l l be smaller than the t r u e 
oo 

value i f the c a l c u l a t e d value i s g r e a t e r than .33 and v i c e versa. The 

e f f e c t on the o t h e r elements w i l l be small i f 6 i s not very l a r g e . I n the 

s-channel the value of p w i l l thus be smal l e r than the observed value 
OO 

o f 0.26 i n the highest t - r e g i o n and non-conservation of h e l i c i t y i n the 
s-channel i s c l e a r e r . I n the t-channel the t r u e value of o w i l l be 

*oo 

higher than the measured value throughout the t range and TCHC w i l l 

become even more compatible w i t h the r e s u l t s . 

7.1.2 The meson 

The A^ meson has been shown t o have spin and p a r i t y = 2 i n 

the preceding chapter. The d i s t r i b u t i o n of the pol a r angle of the 

normal t o the production plane f o r such a s t a t e i s d e s c r i b e d by Eq.6.16 

of t h a t chapter. A maximum l i k e l i h o o d f i t of the experimental d i s t r i b u t i o 

i n three i n t e r v a l s of t 1 has been made t o t h i s expression w i t h the values 

of P q o and p ^ being allowed t o vary. The value of a the p a r t of the 

f u n c t i o n independent of the angles, equal t o R 2 + / ^ R o ' w a s ^ x e c * a ^ 2° 

i n the f i t t i n g since i t s value was found to have l i t t l e e f f e c t on the 

f i t - e v e n when the complete A^ sample was used (see chapter 6 ) . A problem 

was found i n t h a t i n the lowest t 1 i n t e r v a l very l arge non-physical 

values were given f o r p ^ a n d large negative values were found f o r P ^ 0 

This was t r u e also to a lesser e x t e n t i n the second t 1 i n t e r v a l . I n 

the highest and, from the p o i n t of view of t e s t i n g h e l i c i t y c o n s e r v a t i o n , 

the most important t ' range no such problem occurred. I n order t o 

counteract t h i s e f f e c t p ^ was r e s t r i c t e d t o p o s i t i v e values and 

l i k e l i h o o d s o f comparable magnitude were obtained. 

The A^ r e g i o n was d e f i n e d , as i n the previous chapter, as 1.44 < 

M(3TT) < 1.8 GeV/c 2, except f o r those events w i t h a t l e a s t one d i p i o n 

mass combination i n the P° reg i o n and n e i t h e r d i p i o n mass i n the f° 

re g i o n . This a n t i - s e l e c t s the P°v peak, A •, which was considered 
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t o be s t a t i s t i c a l and not due t o pro d u c t i o n . The e f f e c t of r e t a i n i n g 

these events i n the sample has been checked} however, and found t o have 

l i t t l e e f f e c t on the values obtained f o r the d e n s i t y m a t r i x elements. 

Figures 7.2(a) and (b) and table7.2 show the values of p i n the 
oo 

G-J frame and the h e l i c i t y frame r e s p e c t i v e l y . I n the G-J frame p Q o 

i s compatible w i t h 1 throughout the whole range of t ' , w h i l e i n the 

h e l i c i t y frame, there i s a d i s t i n c t tendency f o r i t t o decrease as t ' 

increases. The value of p i n the h e l i c i t y frame f o r the hiqh e s t 
oo ' 

t i n t e r v a l i s O c60 + 0.15 and i s incompatible w i t h u n i t y . 

This r e s u l t has been checked by using only f° events as the 

sample since non f° events may correspond o n l y t o background and not 

t o the t r u e A^ s i g n a l . The r e s u l t s of t h i s are also given i n Table 7.2 

and showndiagrammatically i n f i g . 7.2 (c)' and ( d ) . The r e s u l t s are q u i t e 

compatible w i t h those obtained above, the main d i f f e r e n c e being an 

increase i n the e r r o r s due t o the smaller s t a t i s t i c s . I n f a c t i n the 

highest t 1 range the value found f o r P q o i n the h e l i c i t y frame 

(0.50 + 0.21) i s even more incompatible w i t h u n i t y than p r e v i o u s l y . 

The above a n a l y s i s was repeated excluding those events which had 

a d i r + mass combination i n the d* re g i o n and the r e s u l t s of the f i t t i n g 

can be seen i n t a b l e 7.2 and f i g u r e 7.2 as the dashed l i n e s . As was 

the case f o r the A^ meson, the e f f e c t of ex c l u d i n g d events i s t o reduce 

D

0 0 9 i n general and t o increase the e r r o r s since the already r a t h e r low 

s t a t i s t i c s are f u r t h e r reduced. No c l e a r i n c o m p a t i b i l i t y w i t h TCHC 

i s seen; the value of P q q i n the highest t 1 r e g i o n when only f° events 

are used of 6.55 + 0.25 i s . w i t h i n 2 standard d e v i a t i o n s of 1. SCHC, 

however, i s d r a m a t i c a l l y i n c o n t r a d i c t i o n w i t h the data. 

These r e s u l t s , t h a t the A^ meson i n t h i s r e a c t i o n , conserves 

h e l i c i t y i n the t-channel and not i n the • s-channel, are i n agreement 

w i t h those of Paler e t a l (Ref. 7.6) 
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7.2 Spherical Harmonic Moments Analysis 

In this and the following sections a method of testing he l i c i t y 

conservation in a way which is independent of the spin of the produced 

state w i l l be discussedo The purpose of this is partly to check the 

results of the previous section, since, part icularly in the A^ region 

the complete spin structure is not known and the results depend on 

various assumptions, and par t ly , since i t i s possible that the whole 

channel is dominated by Pomeron exchange, to examine he l i c i ty conservation 

in regions of 3-pion mass other than the A^ and A^ regions although their 

spin structures are completely unknown. 

7.2.1 The Method 

The method used is that of Beaupre et al (Ref. 7.8) and relies 

on the fact that the spherical harmonic moments, < Yj? > with m / 0 must 

be zero i f the density matrix is diagonal. I f he l i c i ty is conserved 

in any reference frame then P 0 o i n that frame should be one and a l l 

other elements zero, which is a special case of diagonal density matrix. 

The procedure is to calculate the quantity fo^) defined as: 
* o 

0 max * v m i2 
v - Z S 1< V > 1 7.2 
* JU 1 m = 1 a 2 

m 
where <Y „ > i s the experimentally determined spherical harmonic 

O 

moment and a is i t s error. x is calculated in the G-J frame and 

then the decay angles are redefined fo r every event by rotating the 

polar axis of the reference frame by an angle (J i n the production 

plane. The result of this rotation is to redefine the previous polar 

angle (6) and azimuthal angle (^) as follows: 

cos 6'= cos 9 cos3 + sin 9 sin 3 cos j6 

tanf6'= sin 9 sin 0 7.3 
-cos 9 sin 3 + sin 9 cos $ cos 3 

where e'and are the polar and azimuthal angles in the new reference 
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2 frame.. I t is then possible to calculate X ' as a function of the 

rotation anqle Band f ind the value of 3 where X becomes minimum (B . ) 
J mm 

This angle, B . , then defines the reference frame in which he l i c i t y 3 min 7 7 

i s most l ike ly to be conservedo For TCHC this frame should, be the 

G-J frame and B . should be zero, while for SCHC B . should be min mm 

equal to the crossing angle from the G-J frame to the he l i c i ty frame 

(fi) given by:-

2 2 
cos 6 = o 7.4 

2 2N2 . , .2 2 7 i {/. „2 2N2 . ,,2 2 7 
0 j 

where uQ is the pion mass, 

and m is the t r ip ion mass. 

In principle the normal to the decay plane or any of "the pions 

from the decay can be used as the reference direct ion. Parity 

conservation, however, res t r ic ts the possible values of the spherical 

harmonic moments as fol lows:-

I m ( < Y £

M > ) = 0 i f I i s even 

R (< Y M > ) = 0 i f I is odd. e x 
when the normal to the decay plane is used as the analyser and:-

I (<Y"1>) = 0 f o r a l l 1 when the momentum of one of the 
T 

pions is used as the analyser. o use one of the pion momenta w i l l 

give more information, therefore, and w i l l be a more sensitive test . 

Beaupre et al have argued that the unambiguously charged pion, in this 

case the IT , constitutes the best analyser, and th is has been chosen 

since i t removes the d i f f i c u l t y of distinguishing between the two 

positively charged pions. 

A d i f f i c u l t y inherent in the method is in the choice of £ 
7 max 

in eq. 7.2 A study of the m=0 harmonic moments of the IT shows that . 



97 

i n general. &> 6 does not contribute and the value of I normally 3 ' max ' 
used was 6o 3 . was determined, however, i n each reqion for I 

mm ' ' a max 
up to 10 in order to detect any e f fec t of higher moments and in some 

cases they were found to considerably al ter the value of 8 • • This 1 7 min 

w i l l be commented on belowo 

7.2o2 The A^ region 

The results of the analysis fo r events i n the A^ region are 

shov/n i n f i g . 7„3 (a)o This is fo r non d events although the 

inclusion of d~ events has no e f f ec t , within error, on the results© 
2 

In the lowest t region the value of x varies l i t t l e with 8when A 
y max 

is 6 and as & is increased minima appear but in no stable way. 
max 7 

a 
I t was decided, therefore, to treat min i n this region as un.de rtermined. 

2 
In the second t region there was, s imi la r ly , no variation of x with 
6 when 1 was 6 but at & =8 two d is t inc t minima occurred at 6=7+2 max max ~ 
and B.= 32+3, both of which were equally prominent when 1 was raised 

- i " m a x 

to 10. ^or higher t-reqions excellent minima were found with I =6 3 - max 
which did not change s ignif icant ly as 5, was increased© 

3 3 ' max 
/ 2 

The highest t interval used i n this analysis ( t >0.12(GeV/c ) was 

not used in the study of the density matrix elements, since i t contains 

only 15 events© The reason i t is included here is shown in figure 7.3(b) 
2 

which shows the variation of X with 8( $> =10), There is a very 
max ' 

steep and prominant minimum at = 4°» 

The resultsshow an incompatibility with both TCHC ( 8 m ^ n = 0) and 

SCHC ( B m ^ n =S where <5 is shown as the smooth curve in figure 7 0 3(a)) 

fo r a l l values of to This resul t , however, is not so conclusive as i t 
2 may appear since the x confidence level fo r 3 . =0 in the t range ' ^ r min 3 

0.08 - 0.12, where the result seems most inconcistent with TCHC, is 

3̂0?o i . e . s t i l l an acceptable level . Nonetheless, the confidence level 

http://un.de
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fo r minimum x i s a factor of 2 greater and the poss ib i l i ty of non-

conservation of he l i c i ty i n the t-channel cannot be ignoredo Similarly} 

acceptable confidence levels are found for SCHC in each t range, except 

fo r the very highest where XHC can be ruled outo 

7o2o3 The region 

Figure 7.3(c) shows the value of 8 . for A- events. The results 
min o 

here above | t |= 0.03 feeV/c^ are quite compatible with TCHC and 

incompatible with SCHC. In the lowest t interval i t seems that SCHC 

is more l i k e l y , but i t must be noted that the confidence level for 
8 . = 0° is ^60$ even here and i t must be concluded that TCHC is an min 

acceptable hypothesis throughout the whole t range. 

7.2.4 Below the A^ region 

f$min is compatible with 0° above 11| = 0.02 (GeV/c )^as can be seen 

in f i g . 7.3 (d). ^he value of 3 . i n the lowest t range (-17+3°) is 3 min 3 -

quite incompatible with both s-and t-channel he l i c i t y conservation, but, 

again, the confidence level for 8= 0° is 16%, a value which must be 

regarded as acceptable. The confidence level for (3= 13.5°, the value 

expected i f SCHC holds in th is region is negligible. 

7.2.5 Between the A^ and A^ regions 

The sample of events used here are a l l those with a three pion 

effect ive mass in the range 1.24 - 1..44 GeV/c^, together with those 

events in the range'. 1.44-1.6 which are not accepted as Ag events, 

i . e . those with no dipion mass in the f ° region and at least one in 

the p° region. The results of the analysis are shown in figure 7.3(e). 

The t range 0.0-0.C2 (GeV/c)^gave no clear minimum, just a broad shallow 

dip between 8= - 10° and + 10°. Increasing £ had no ef fec t on this 
J max 

dip. I t can be seen that neither SCHC or TCHC seem to hold, although 

the former of these is a better condidate up to a value of I t 1= 0.C8 

(GeV/c?. Above this value the la t ter hypothesis is favoured. 
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7.2o6 Above the A j region 

For events with M(3TT) >1.8 GeV/c2 2. was set to 10, because 
nid x 

the effects of the higher moments on the value of B . was not 
M min 

negligable 0 The results are shown in figure 7o3(f)„ For th is 3IT 

mass t . is greater than 0,02 and so no events f a l l in the f i r s t min 3 

range,. The points f a l l quite well on the line B . = ^and, therefore, - M min 
support the hypothesis of SCKC, except in the t range 0.08-0*12 (GeV/c?> 

2 

where the value is compatible with TCHC. The x confidence level 

forB = <5(=19°) in this t region, however, is^7C% ( c . f . 90% for 3=0°) 

and i t is concluded that SCHC is compatible with the datao 

7o2o7 Summary 

The results of the spherical harmonic moments analysis are not 

very conclusive, since of ten , while suggesting he l i c i ty conservation 

in one channel, the hypothesis of he l i c i ty conservation in the other 

channel cannot be excludedo The resul t s» however, indicate: 

lo s-channel he l i c i ty is not conserved i n th is reaction except, 

perhaps, when the 3 pion mass is >1.8 (GeV/c ?. 

2o t-channel he l i c i ty is conserved for A., production and possibly 

also when the 3-pion mass is <1.0 Gev/c2. 

_ 3. The A^ region seems to conserve neither s- nor t-channel 

h e l i c i t y , but, while TCHC cannot be dismissed in any t region, SCHC 

is incompatible with the data for t> 0.12(GeV/c£ 

4o There is no evidence either for TCHC or for SCHC in the 3-pion 

mass range between the A^ and the A^ regions. 

7.3 Longitudinal Phase Space Analysis 

One problem in testing he l i c i ty conservation is the selection of 

d i f f r a c t i v e l y produced events. This was done in section 7.1 by choosing 

only the A and A., enhancements, both of which are thought to be produced 
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d i f f r a c t i v e l y , and in section 7.2 by assuming that the whole channel 
is d i f f r a c t i v e . In this section d i f f r ac t i ve events are selected by 
looking at the appropriate region of longitudinal phase space, i . e . 
the region where a l l three pions are going forwards in the c.m.s. system. 
The method used is that of Beaupre et a l (Ref. 7.9). 

Helici ty conservation implies isotropy around the relevant polar 

axis for a l l kinematical configurations of the f i n a l state. This implies 

that the d i f f r ac t i ve region of L.P.S. ought to show no variations in 

population under rotations of events around the G-J polar axis for 

TCHC or around the he l i c i ty frame polar axis for SOIC. I f an event 

is selected and a l l three pions are simultaneously rotated around one 

of these axes, then the point which represents this event in the Xg-X_ 

plane of L.P.S. (see chapter 5 for def ini t ions) traces out a path which 

depends on the particular kinematic features of the event e.g. t , the 

decay angles* the particle momenta etc. These paths are shown for several 

randomly chosen events in f i g . 7.4 (a) under rotation around- the t-channe1 

axis and in f i g . 7.4 (b) under rotation around the s-channel axis. I t can 

be seen that , while for the t-channel axis an event can move quite a long 

way from i t s starting point, when the s-channel axis is used the loops are 

small. This implies that to look fo r invariance of the L.P.S. population 

under such rotations w i l l be a sensitive test of t-channel he l i c i ty 

conservation but w i l l be re la t ively insensitive to non-conservation of 

s-channel he l i c i t y . 

Different events w i l l , in general, be at their maximum distance 

from their s tart ing points in L.P.S. for d i f fe ren t values of the 

rotation angle Since the loops are not c i rcular , the maximum 

distance clearly depends on the starting point. The maximum possible 

distance , however, occurs fo r $ =ir radians and i t has been assumed 

that any change in the L.P.S. distributions under a rotation w i l l be 
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most evident i f every event has been rotated by this amount. 

Figure 7.5 (a) shows diagrammatically the number of events i n 

each bin of L.P.S. or ig ina l ly (centre), af ter rotation of each event 

by IT radians around the Go J polar axis ( l e f t ) and af ter a similar 

rotation around the he l ic i ty polar axis ( r i g h t ) . The same data i s 

shown numerically in figure 7.6(a). As would be expected, there is 

very l i t t l e difference between the unrotated and the he l i c i ty rotated 

distr ibutions. The dis t r ibut ion af ter rotation around the G-J polar 

axis shov/s a reduction of events i n the top l e f t hand corner of the 

d i f f r ac t i ve region and an increase of events in the lower central 

area of the region. While these differences are hardly s t a t i s t i ca l ly 

s igni f icant , i t is interesting to note that the very same ef fec t was 

seen by Beaupre et al (Ref. 7.9) i n both ir+p and T p experiments 

at 8 GeV/c and 12 GeV/c. I t seems that the e f f e c t , though small is 

persistent and, in the l igh t of t h i s , i t can be argued that i t represents 

evidence for a slight non-conservation of t-channel h e l i c i t y . 

In an attempt to enhance the e f fec t the process was repeated using 

only events with t> 0.02 fceV/c)^ since for value of t smaller than this 

the G-J polar axis and he l ic i ty axis are not very well separated and the 

sensi t ivi ty of the test to a non-conservation of t-channel he l i c i ty may 

be reduced. The results of this are shown in f i g . 7.5 (b) diagrammatically 

and 7.6(b) numerically, where i t can be seen that , although the same 

trends are apparent, they are not s ignif icant ly enhanced. The reason 

for th is may be that the e f fec t is largely due to A^ production, and the 

cut on t greatly reduces the number of A^ events. Figure 7.5(c) and 

7.6 (c) show the distributions when only events are used. I t i s 

clear that A^ production contributes strongly to the above effects . 

I f i t is assumed that the noted differences in the L.P.S. d is t r ibut ion 

) 1 4 MAY 1974 
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ere indeed due to non-conservation of t-channel h e l i c i t y , then i t 

is possible to f ind the characteristics of the responsible events 

by ©electing those regions of L.P.S. which change mosto To th i s end 

the d i f f r ac t i ve region of L.P.S. has been divided into 4 areas defined 

as: 

Area 1 : X > 0.125 and X_ < 0.125 

Area 2 : 0.125< X <0.25 
s 

and 0.125 < x_ <0.25 

Area 3 ; X. <0.25 
s 

and 0.25< X_ <0.5 

Area 4: The remainder. 

Thus areas 1 and 2 correspond to those regions which give a 

decreased population af ter rotation around the t-channel axis, while 

area 3 is that which increases i n population. A r e a 4 i s that which 

remains re la t ively invariant. These areas are shown schematically 

in figure 7 . 4 ( c ) . 

Figure 7 .7 shows the 3 pion effect ive mass spectrum fo r (a) 

the whole of the d i f f r ac t i ve region and (b) areas, 1, 2 and 3 only. 

The scales are such that the areas under the two histograms are almost 

the same to make comparison easier. The A^ signal is quite clear i n 

f i g . 7 .7 (b) , indicating that A^ production accounts fo r part of the 

apparent non-conservation of t-channel h e l i c i t y . Although a large 

part of the observed A^ production does not f a l l in the d i f f r a c t i v e 

region of L.P.S. i t can be seen that the number of events in the A^ 

region in areas 1-3 is reduced re la t ively to the whole region. This is 

in agreement with the previous result of TCHC for A^ production, 

although i t does not prove that hypothesis: i t i s possible, fo r example, 

that A events may account for the increase in the population of area 3 
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af ter the rotat ion. Lo check t h i s , the events which f a l l in areas 1, 2 

and 3 af ter rotation around the t-channel polar axis have been ploted 

in figure 7.7 (a) where there is s t i l l re la t ively fewer events i n the 

region than would be expected by a random choice of eventso While 

this does not prove that A.̂  production gives an invariant population 

in L.P.S. under such rotations i t demonstrates that no evidence to 

refute that hypothesis is present i n the data. Lack of s ta t is t ics 

prevents any direct study of the L.P.S. d is t r ibut ion fo r A.̂  events. 

Further characteristics of the events which seem to account fo r 

the lack of invariance of L.P.S. can be seen in figure 7.8 where the 

invariant mass spectra of the 77-* Tf and 7r+f tr combinations are 

plotted respectively for the whole of the d i f f r ac t i ve region ( f i g . 7.8 

(a) and (b)) and for areas 1,2 and 3 combined both before the rotation 

( f igs . 7.8 (c) and (d)) and after the rotation f i g s . 7.8 (e) and ( f ) ) . 

The subscripts s and f refer to the slower and faster ir + in the CMS. 

I t can be seen that areas 1, 2 and 3 show very l i t t l e p° production 

in the 7r + 7r combination i n contrast to the remainder of the region 0 

There is also a marked reduction of events i n the f ° region i n areas 

1 ,2 and 3 relative to those fo r the whole region i n both combinations. 

This can be related to the lack of A^ events in these three areas. 

I t is possible to perform the density matrix elements analysis 

of section 7.1 on the A events from areas 1,2 and 3, assuming that these 

are the events responsible for any non-conservation of he l i c i ty i n the 

t-channel. The results, however, must be treated with caution since to 

a rb i t ra r i ty select various regions of L.P.S. may result in a sample 

biassed towards certain decay angles. The decay angular distributions 

for those events have been checked and show no obvious sign of bias, 

but more subtle effects may s t i l l be present. The analysis has been 

performed, however, and the results are shown in figure 7.9 and table 7.3. 
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t range 
(GeV/c)2 p 

0 0 ' l - l 
R e p 1 0 X l m p i 0 

0.0 -0;02 0.68+0i 18. -.= . —0.01+0.14 -0.11+0.10 0.01+0.04 

0.02-0.04 0.80+0.18 0.20+0.12 0.14+0.08 0.06+0.05 

0.04-C.08 0.59+0.19 0.05+0.14 -0.19+0.11 0.06+0.05 

0.08-0.12 0.30+0.43 0.11+0.30 0.19+0.17 -0.01+0.09 

TABLE 7.3 

Density Matrix Elements of the A.̂  meson produced in 

Areas 1, 2 and 3 of L.P.S. 
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Although the non-diagonal elements of the density matrix are compatible 

with zero (with the possible exception of ^ep^Q which, while i t s 

behaviour is rather e r ra t ic , is never, more than 2 standard deviations 

eway from zero), the trend noted in section 7.1 for n to decrease 
r'OO 

with increasing | t [ is enhanced: in no t region is pQQ compatible with 

unity and i n the range 0.04-0.08 (Gev/c]p i t s value is not within 2 

§tandard deviations of the expected value fo r TCHC; in the highest t 

region the value of 0.30 is quite incompatible with 1 inspite of the 

large error,, I t is concluded that , i f no bias is inherent i n selecting 

only those events from certain areas of L.P.S., the change in L.P.So 

population upon rotation does indeed correspond to a non conservation 

of t-channel he l i c i ty and that a small amount of he l i c i ty f l i p is 

present in the t-channel for A.̂  production., 

7.4. Conclusions 
The A meson has been shown not to conserve he l i c i ty in the s-channel 

1 

in th is reaction both by the density matrix elements analysis and by the 

spin-independent method of spherical harmonic moments described i n 

section 7.2, although the results of this la t te r method have been shown 

to be rather speculative, and only fo r |t |> 0„12 (GeV/cj2 can SCHC be rejected 

by this method. TCHC cannot be ruled out fo r the A^ region, although, 

a l l three types of analysis used! density matrix elements, sperical harmoni 

moments and longitudinal phase space, show some evidence for a s l ight non-

conservation of t-channel he l i c i ty and part icularly when the density 

matrix elements analysis is performed in conjunction with the L.P.S 

selection of events which are least l ike ly to show TCHC. 

A l l three types of analysis are consistent with TCHC for A^ 

production, for which SCHC can be rejected both by the density matrix 

elements analysis and the spherical harmonic moments analysis. This 

result is in agreement with that of Ref. 7.6 and suggests that the Gilman 
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hypothesis of SCHC for a l l d i f f r ac t ive reactions in inva l id , even if 

the Frautschi rule for d i f f r ac t ive production is true,, The non-

conservation of s-channel he l ic i ty i n both A^ and A^ production and 

the conservation, or near conservation, of t-channel he l ic i ty for 

both suggests that the Morrison Rule is acceptable. 

For the remainder of the events, the spherical harmonic moments 

analysis suggests that SCHC may hold above the A 3 and TCHC below 

the A . Between the A. and A~ neither seem to be conserved,. 
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C H A P T E R E I G H T 

POSSIBLE KINEMATICAL INTERPRETATIONS 

OF OBSERVED ENHANCEMENTS 

Introduction 

The only prominant effects present in the coherent channel are 

the p° and f ° meson mass peaks in the neutral dipion spectrum* the 

A^ and A^ enhancements in the 3-pion effect ive mass spectrurrij and a 

d ir+ mass peak, the d***. Of these peaks, only the f i r s t two, the p° 

and f ° are well established resonant states. While the A^ and A^ may 

be resonant they may also be due to kinematical effects and a model 

to explain the presence of these peaks w i l l be described i n Section 8.2 

of this chapter, together with a discussion of the interpretation of the 

model and a survey of the experimental results on A^ production which 

are relevant to the va l id i ty of the model. The d effect is discussed 

f i r s t , however, in section 3 .1 . 

8.1 The d enhancement 

I f the peak in the d Tr+ mass spectrum is to be interpreted as a 

resonant system, then i t must have well defined quantum numbers and, 
p 

in part icular , i t must have a unique spin parity (J ) assignment. 
A study of the decay angular distributions of the d events can give 

information on which spin-parity states are present. The presence of 
p 

only one J state implies that the polar angle dis t r ibut ion (cos 0) i n , 

fo r example, the Gottfried-Jackson reference frame should be symmetric 

around zero. The dis tr ibut ion cf this angle and that of the corresponding 

azimuthal angle for d events, defined as those events with M(d7r ) < 2 . 4 

GeV/c" ,̂ are shewn in figure 8.1 (a). The polar angle dis t r ibut ion is by 

no means symmetric and, while a certain amount of asymmetry may be 
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explained by the interference of the dominant J state with a state 

of opposite parity in the background, the magnitude of the observed 
p 

asymmetry would require a large number of J assignments a l l in ter fer ing 

and i t is quite incompatible with the hypothesis of any one state 

dominating. The d i s , therefore, not interpreted as a resonance. 

The model which is often used to explain the enhancement is as 

follows: the interaction proceeds by pion exchange and the exchanged 

v i r tua l pion interacts with one of the nucleons inside the deuteron 

forming a A + + ( l 2 3 6 ) , which subsequently decays in such a way that the 

deutercn remains intact . The exchange diagram for this model is shown 

in figure 8.1 (b). The simplest evidence for such a model is the fact 

that the sum of the masses of the A(1236) and a nucleon is ~2176 MeV/c^ 

3 value which ccmpares favourably with the'central mass of the d peak 

( i . e . 2210 MeV/c2 in th is experiment). The cos e d is t r ibut ion , more 

over, need no longer be symmetric since i t is complicated by the critereon 

that the deuteron remains intact . The formation of a A(1236) inside 

the deuteron without the deutercn breaking up has been used successfully 

to explain peaks in the cross sections of the reactions: 

i r + d -» Trd (Ref. 8.1) 

and y d _»yd (Ref. 8.2) 

and i t has been shown (Ref. 8.3) that a peak i n the d TT + effective 

mass dis t r ibut ion in non-elastic channels w i l l result from such a 

mechanism. 

An interesting aspect of this model is that the exchanged v i r t u a l 

pion interacts with only one of the nucleons inside the deuteron. The 

coherence condition of low-momentum transfer to the deuteron (see 

chapter l ) was based on the assumption that the interaction was with 

the deutaron as a whole, i . e . that the exchanged particle could not 
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localise any of the deuteron constituents. In the case of d producti.cn, 

the reverse is true: the exchanged particle must probe the inter ior of 

the deuteron. I t might be expected, therefore, that the slope parameter 

(A) of the deuteron d i f f e r en t i a l cross section, when parametrized by an 

equation of the type of Eq. 4 . 2 , would be smaller for d* events than 

otherwise. Least squares f i t s to these distributions in the range 

0 . 0 2 <j t | < 0 . 1 2 (GeV/c)2 y i e l d , the following results: 

A d * = 2 6 . 1 + 1 .0 (GeV/c)"2 

A ,* = 2 7 . 8 + 2 . 5 (GeV/c)"2 

nond — 

Although the value for d events is in fact smaller than for non-d 

events, the errors on the results render both values compatible. There 

is no signif icant difference between the two results. Evidence that the 

expected ef fec t does occur, however, C3n be seen in figures 4 , 3 (a) and 

(b) which show, the d 7r+

g effective mass spectra for 3-prong and 4-prong 

events, respectively. The 3-pfong events correspond to the very lowest 

values of | t | and are essentially ignored in the determination of the 

slope parameters since they do not f a l l i n the t range f i t t e d . I t i s 

clear, however, from the figures that there is s ignif icant ly less d 

production in the 3-prong events than fo r the 4-prong events. In fac t 

28% of 4-prong events have M(d T +

s ) < 2 . 4 GeV/c2, while the corresponding 

figure fo r 3-prong events is only 16%. Af ter background subtraction, 

this difference w i l l be even greater since the only significant signal 

ir.the 3-prong events is the narrow spike ~ 2 . 2 GeV/c2, which contains 

very few events. 

The suppresion of d 0 events can also be understood in the frame­

work of th is model, since the formation of a A ( 1 2 3 6 ) with a n would 
+ + 

necessitate exotic '/r 77" scattering at the uppermost vertex of figure 

8 . 1 (b) , and this is suppressed re]a t ive to the 77-7/- scattering 

http://producti.cn
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needed for d production since there are nc known dipion exotic 
resonances while the 7r+7r scattering cross section is much enhanced 
by the presence of the p° and f ° mesons. 

A model involving A(1236) production inside the deuteron, therefore, 
•X-

seems to explain many features of d production. There is evidence, 

however, that the mechanism for production of the A(1236) is not 

simple one pion exchange, as was suggested. The dis t r ibut ion of the 

azimuthal angle of decay of the d ( f ig* 8.1 (a)) is not isotropic, 

but shows a pronounced dip~ j6 = TT . This angle, in the Gottfried-Jackson 

reference frame is equivalent to the Treiman-Yang angle (the angle 

between the production and decay planes of the system) and must be 

Isotropic i f the system is produced by a one pion exchange mechanism. 

I t i s therefore, concluded that the A(l236) is produced by a mechanism 

more complicated than simple one pion exchange. 

8.2 The A and.Aj enhancements 

In this section a model to explain the A^ and A^ enhancements 

w i l l be described and discussed with respect to the experimental 

results both from this experiment and from other studies. The emphasis 

w i l l be on the A^ enhancement since more information is available about 

th is than for the A^. The discussion, however, applies to both effects 

The early observations of the A^ peak were a l l i n reactions which 

could be d i f f r a c t i v e , i . e . in reactions with no charge, strangeness or 

baryon exchange and, furthermore, no decay modes other than that into 

a pn state have been seen fo r the A^. These facts , together with the 

great width of the enhancement, a factor of 2 greater than the width 

of any of the f i rmly established resonances, suggest that the peak may 

be kinematic rather than dynamic in o r ig in . 

Deck (Ref. 8.4) suggested a model to explain the enhacement 
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involving pion exchange. Basically the model states that the p is 

formed at the upper vertex by pion exchange and the exchanged v i r t ua l 

pion is d i f f r a c t i v e l y scattered at the lower vertex. The p is formed 

with low momentum transfer and, thus, travels forward in the centre 

of mass system, while the d i f f r ac t i ve scattering, in analogy with on-

shell elastic scattering, is forward peaked. The p and the it therefore, 

tend to travel in the same direction and so phase space is distorted 

to give a low p7T mass enhancement. Detailed calculations of this 

model show that a peak is predicted at the mass, but the predicted 

width is greater than that experimentally determined and the predicted 

production cross section is substantially smaller than that observed. 

Berger (Ref. 8.5) adopted a Reggeised version of the Deck model 

and this has had more success in explaining the data. This model 

assumes a diagram of the type of figure 8.2 with the exchange at the 

upper vertex being the pion trajectory and at the lower vertex being 

the Pomeron. The four-momenta of the part icles, p^, P2» q-^j q2 a n < ^ 0,3 > 

are defined i n this figure and the r e l a t i v i s t i c a l l y invariant variables 

used in the mathematical construction of the model can be defined i n 

terms of these as fol lows:-

S l = ^ 1 + %)2 = M ^ ) 2 

s 3 = q 3

2 = M(p) 2 

* i = ( c * i ' = ^ d 8 . 1 

*2 = ^q2 " = 

The matrix element (M) associated with this diagram is assumed 

to factorise: 

.2 M M lip 
8.2 

where S_. is the Reggeised pion propagator and residue: 



FIG. 8 .2 

REGGEISED DECK EXCHANGE MECHANISM 

1T+ 

P 2 

. . . 

d d 

« C j s pJon trajectory 

= pomcron trajectory 

p , p q , q ? q are the 4-momenta of the respective particles. 
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\ s j 2 ={jLj±+jJt /3(t 2) f i _ [s2 - t r A r 
7 r 2 ^ 1 - cos(77a)j L So 

- 1- ( 2 

2 ' * ' "2 
2 t ( s 3 -/z - t 2 ) ( t x + 2 ) ] 12a 8 o 3 

s is a constant = 1 GeV2 

o 
fl = pion mass 

/S is a slowly varying function of t 2 and is equal to unity at 
2 

t 2 = / i • I t has been set to this value throughout 

a is the pion t ra jectory, taken here as linear: 

a= t 2 - / i 2 8.4 

Berger does not use a Reggeised form for M(-nd)(the v i r tua l 

pion-deuteron scattering matrix element) but assumes that the o f f 

shell scattering is similar to the on shell scattering, which gives 

a pronounced d i f f r a c t i o n peak. Hence. 

. /ctr \ 
where IT^J * s the forward scattering cross section, which is related 

o 
to the to t a l cross section by the Optical Theorem: 

a n d * 0

 = Csl ' ( m d ~V-)2] [ s x " Ond - l - ^ j 

md = deuteron mass. 

The slope parameter A is taken as 20 (GeV/c) 2 . 

i M ^ i s given by Berger as: 

l % | 2 = ^ ( B 3 - 8.7 

and g is the imp coupling constant. 

This matrix element has reproduced the A^ peak very well both with 

respect to m?.ss and -width but the cross section i t gives is s t i l l found 
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to be lower than that determined experimentally.. Vanderhagen et a l 

(Ref. 806) however, found that the predicted cross section could be 

changed by a factor of 4 without s ignif icant ly affect ing the various 

mass distributions by using a non linear form for the pion t rajectory. 

A Monte-Carlo calculation of the expected form of the d irp f i n a l 

state at 11.7 GeV/c incident pion momentum, shows that the shape of the 

pir effect ive mass dis t r ibut ion is well reproduced ( f i g . 8.3 (a)) at 

this energy as was found at lower energies. The figure contains only 

events where the dir mass is greater than 2.4 GeV/c2 in order to 

eliminate d events, since the lower vertex is more complicated in this 

case, involving A (1236) production. The same selection was made in 

the Monte-Carlo calculations. In fact the only dis t r ibut ion fo r which ' 

there is not reasonable agreement between the experimental data and the 

predicted curve is the azimuthal angle in the Gottfried-Jackson reference 

frame of the 'decay' of the dqr system, taken as a composite par t ic le . 

This is shown in figure 8.3 (b) . The ncn-isotropy of th is angular 
-X-

dis t r ibu t ion , as noted for d events, is increased when the dn effect ive 

mass is above the d region. The model predicts an anisotropy (smooth 

curve in figure 8.3 (b)) but of a much smaller magnitude than the 

experimental one. The degree of success of the model in the case of the 

A^ enhancement is more d i f f i c u l t to assess, since the s ta t is t ics are 

small, but qualitative agreement is found, except again, in the case 

of azimuthal angular d is t r ibut ion of the drr system. This discrepancy 

does not necessarily invalidate the model but suggests that a better 

approximation than the one made for the u d vertex is required. I t is 

interesting to note that this discrepancy has not previously been 

observed 

Although in most respects the model seems to reproduce the data 

quite we l l , i t has been suggested by Chew and Pignotti (Ref. 8 .7) that 



J 
a ) M(pxi) with d * + + e x c l u d e d . 

The solid curves a re the normalised 

Reggc Model prediction. 

I 
2-8 Gev/c O S 1-2 1-6 2-4 

b Azimuthal angle of decay of dir system 

from d trp final state , d*++evcnts excluded 

I 1 : 1 
O if 2if 
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such a mechanism is not incompatible with a resonant interpretation of 

the peako They extended the notion of duality as introduced by Dolen, 

Horn and Schmidt 8.8) from single exchanges to double exchanges of 

the type of figure 8.2. Duality relates the imaginary part of the t -

channel amplitude at high energies to the s-channel amplitude at low 

energies and states that extrapolation of the high energy t~channel 

amplitude into the low energy region should explain in an averaged 

way the low energy reaction. I f the.t-channel amplitude predicts a 

high s-c'nannel cross section at low energy then the presence of one or 

more s-channel resonances at the low energy can be inferred. Chew and 

Pignotti 's extended duality states that i f the double exchange mechanism 

of f i g . 8.2 is val id for high pr,j masses, then i t s prediction of a large 

pit production cross section at low masses is not incompatible with 

the poss ibi l i ty of resonances being present. 

Cason et al ( K ef. 8.9) have argued against the Chew and Pignotti 

interpretation of the success of the Berger-Regge-Deck (B.R.D) model 

on the grounds of their results on the reactions: 
o -

7T P ~* P 7T p 8.8 

and 7r n -> p ir p 8.9 

They f ind an peak in the former reaction, as might be expected, 

but also in "the la t ter reaction there i s a peak i n the A^region under the 

rather s t r i c t selection c r i t e r i a that the mass of the 77-p system must be 

greater than 1.8 GeV/c2, to eliminate isobar production, and that the 

4-momentum transfers from beam pion to the p and from the target neutron 

to proton both be less than 0.5 (GeV/c)?, in order to select events which 

are most l ike ly to be doubly peripheral and to ensure the correct 

ordering of the exchange ch.ain. In the case of reaction 8»9 the v i r tua l scat­

tering at the lower vertex is not elastic but can be b u i l t into the model 
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nonetheless. They f ind that the peaks in the A region from both 
1 

reactions are well described by the B.R.D. model with the same 

normalisation and argue that , i f Chew and Pignott i 's extended duality 

is va l id , then there must be resonances in the p IT system. Such a 

suggestion is unlikely since i t would imply the existence of exotic 

resonances which are produced with high probabi l i ty , although previous 

searches for exotic resonances have indicated that , i f they exist at 

a l l , they have very low production cross sections. The A^ enhancement 

as produced i n a coherent channel such as the one':being studied here, 

moreover, cannot be exotic. They suggest that the extended duality 

argument, involving extrapolation of the whole t-channel amplitude 

rather than only i t s imaginary part, i s , therefore, inval id and 

consequently that the A^ enhancement is purely kinematical. 

Uhoeda (Ref. 8.10) has contradicted this suggestion, arguing 

that effects other than the Deck Effect can contribute to the p rr 

peak, effects which are not present in d i f f r ac t i ve A^ production. He 

concludes that there may s t i l l be a resonant state in the non-exotic 

A^ peak. 

No strong evidence for A^ production in an I = 1 state from 

reactions where the Deck type mechanism cannot occur has been presented. 

Anderson et al ( ef. 8.11) have seen some evidence for backward production 

of the A^ in a missing mass experiment, but i t remains inconclusive. 

Two experiments (Ref. 8.12 and 8.13) on the reactions: 
K p -> K p IT V 7T 

and K p -» K p IT IT IT 

+ o 
have found both A^ and A^ peaks in the 3-pion system but Rabin et a l . 

n 

(Ref. 8.14) studying the same reactions with fa r greater s ta t is t ics and 

at a very similar energy to that of Ref. 8.12, f ind no such peaks and 
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argue against the previous results being anything other than s t a t i s t i c a l . 

Grennel et a l (Ref. 8.15) have seen peak in the A^ region in the 

reaction: 

K n -> A°TTW at 3.9 GeV/c. 

This reaction involves both charge and strangeness exchange and 

A^ production cannot be explained by any simple Deck-type process, but 

the evidence for the peak is not conclusive. Small A^ peaks have been 

seen in p p collisions of the type: 

p p-> 3 -rr+3n~nT0 (Ref. 8.16) 

and p p_> K K n 7f(n> 3) (Ref. 8.17) 

but the high background involved, due to many possible 3-pion combinations, 

part icularly in the former of these reactions, renders such peaks rather 

unconvincing. 

The la t ter of these two reactions is interest ing, however, i n that 

an analysis of the three pion Dalitz Plot shows that , while other spin 
P + 

states are varying smoothly through the A^ mass region, the J = 1 

state shows a dis t inct peak centred on the A^ mass. This peak, however, 

is due to a D-wave pn decay as opposed to the S-wave decay usually seen 

in d i f f r ac t i ve experiments. Froggart and Ranft (Ref. 8.18j have made 
an analysis of the spin states which would occur for events produced 
by the B.R.D. mechanism* at various energies and f i n d that the dominant 

P + 
state is always S- wave J = 1 and, in part icular , that the f rac t ion 

P + 
of D-wave J = 1 should be negligable. Observation of D-wave decay 

+ 

of a 1 A^ signal would, therefore, confirm the resonant interpretation. 

The evidence on this point, is however, rather contradictory: Morse et a l 

(Ref. 8.19) and Ballain et al (Ref. 8.20) in p experiments at 7 and 

16 GeV/c respectively both f ind considerable D-wave decay, while Ascoli 

et a l (Ref. 8.21) i n a compilation of data from several -jr p experiments 

at incident momenta in the rang?? 5-25 GeV/c f ind that the S-wave decay 
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i s predominant w i t h l i t t l e or no D-wave decay« The r e s u l t r e p o r t e d 

i n Chapter 6 f o r t h i s experiment shows a p o s s i b i l i t y of D-wave 

decay of the A^ enhancement although i t cannot be confirmedo 

A f u r t h e r possible way of d i s t i n g u i s h i n g between the resonant 

and non-resonant i n t e r p r e t a t i o n s of the A^ enhancement has been suggested 

by Goldhaber (Ref. 8.22) and T r e f i l (Ref. 8.23). This depends on the 

measurement of the cross s e c t i o n of the A^ w i t h nucleons: i f the A^ 

i s resonant the cross s e c t i o n should be equal t o t h a t of the p i o n , 

whereas the cross s e c t i o n f o r an u n c o r r e c t e d ptr p a i r should be 1.7 

times g r e a t e r . No d i r e c t measurement of the cross s e c t i o n o f the A^ 

on nucleons i s p o s s i b l e , of course, but studies of the A^ produced 

coherently w i t h heavy n u c l e i can y i e l d i n f o r m a t i o n on t h i s q u a n t i t y by 

comparison w i t h the r e s u l t s of A^ pro d u c t i o n i n hydrogen. Goldhaber 

found t h a t : 

cr(A 1 N)< 0.5 ^'.2 cr(ir N) 

supporting the resonant i n t e r p r e t a t i o n and Hoang e t a l (Ref. 8.24) 

found the two cress sections t o be approximately equal. The most complete 

study of t h i s problem i s by Bemporad e t a l (Ref 8.25) i n a high s t a t i s t i c s 

missing mass experiment, w i t h a number of complex n u c l e i as t a r g e t s . 

They f i n d t h a t <r(A^N) i s approximately equal t o cr(7rN) but suggest t h a t 

t h i s does not n e c e s s a r i l y c o n f i r m the resonant i n t e r p r e t a t i o n since the 

cross s e c t i o n i s almost constant a t t h i s value up t o a 3-pion mass of 

1.5 Gev/c^ and r i s e s only slowly f o r higher masses. The cross s e c t i o n 

f o r 5-pion systems, moreover, produced i n the r e a c t i o n : 

* + + 
77' A -* ATT IT IT TJ IT 

where A i s a complex nucleus, i s found t o be even smaller than the 

corresponding 3-pion cross s e c t i o n , suggesting t h a t , perhaps, the 

model used to p r e d i c t the non-resonant cross s e c t i o n may be i n v a l i d . 

The s i t u a t i o n i s , t h e r e f o r e , r a t h e r confused and, as y e t , no 
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d e f i n i t e conclusions as to whether the enhancement i s resonant 
can be made. More data on n o n - d i f f r a c t i v e A^ produc t i o n and more 
d e t a i l e d i n f o r m a t i o n on the s p i n - c h a r a c t e r i s t i c s of the enhancement 
are needed before the problem can be resolved. There i s less data 
a v a i l a b l e on the A^ enhancement and a g a i n , no conclusions can be 
made<, 
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C H A P T E R N I N E 

SEARCH FOR COHERENT A2 PRODUCTION 

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

I t has been assumed i n the previous chapters t h a t the dominant 

mechanism responsible f o r t h i s channel i s e i t h e r 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 beam pi o n i n t o the three pion system or pion exchange w i t h an 

e l a s t i c s c a t t e r i n g o f the v i r t u a l p i o n a t the due.teron v e r t e x ( f i g . 1*1). 

Many other exchange mechanisms which can produce a c o r r e l a t e d 3-pion s t a t e 

(e.g. pexchange) are f o r b i d d e n by the c r i t e r i o n o f coherence. The deuteron, 

however, i s a s p e c i a l case o f a nucleus i n t h a t the spins of the const­

i t u e n t nucleons are a l i g n e d a n d . t h i s leads t o the p o s s i b i l i t y of unnatural 

p a r i t y exchange, provided t h a t the i s o s p i n o f the exchanged o b j e c t i s zero. 

Exchange of the H meson may, t h u s , be expected t o occur and t h i s w i l l 
P - + -

lead t o 3-pion s t a t e s i n the n a t u r a l spin p a r i t y s e r i e s J = 1 , 2 , 3 e t c . 

I t i s p o s s i b l e , t h e r e f o r e t o produce the A^ meson i n t h i s channel by r\ 

exchange and observat i o n of pro d u c t i o n would provide evidence f o r such 

a mechanism. 

This chapter r e p o r t s the r e s u l t s of a search f o r coherent A^ p r o d u c t i o n . 

I f the p r o d u c t i o n cross s e c t i o n i s non-zero, i t must be small since no 

evidence has been presented a t lower eneroies f o r an A. s i a n a l i n t h e 
2 

f i n a l s t a t e of t h i s channel. No d e t a i l e d evidence f o r absence of A 2 

p r o d u c t i o n has been presented a t lower energies and i t i s p o s s i b l e t h a t 

a small amount may have been overlooked. This experiment has higher 

s t a t i s t i c s than any a t lower energies and so i t may be possible t o d e t e c t 

even a very small A^ produc t i o n cross s e c t i o n . 

9.1 The sample o f events used 

Only a subsample of the t o t a l number of events f i t t i n g the channel 

have been used i n the search. I n the f i r s t p l a c e , the three prongs 

events have been r e j e c t e d from the sample f o r two main reasons! 
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( i ) The mass r e s o l u t i o n of the 3-prong 3-pion e f f e c t i v e mass i s 

g r e a t l y i n f e r i o r t o t h a t of the 4-prong sample, since the 3-prongs 

are the r e s u l t s of 1-C f i t s . A small enchancement i n the A 2 r e g i o n 

may, t h e r e f o r e , be smeared out and unrecogniseable. 

( i i ) The s e l e c t i o n c r i t e r i a f o r d i s t i n g u i s h i n g between t h i s 

channel and other channels are less s t r i n g e n t f o r the 3-prong sample 

than f o r the 4-prongso I t i s l i k e l y t h a t t h e r e i s some contamination 

of the coherent channel by the channel i n which the deuteron breaks 

up i n t o i t s c o n s t i t u e n t nucleons i n the 3-prong events and, since the A^ 

can be produced by P exchr-nge i f the i n t e r a c t i o n takes place on only one 

of the nucleons i n s i d e the deuteron any ob s e r v a t i o n of A^ p r o d u c t i o n i n 

t h i s sample would be evidence f o r contamination by the break-up r e a c t i o n 

r a t h e r than n exchange i n the coherent channel. 

This s e l e c t i o n does not s e r i o u s l y e f f e c t the number of events i n 

the A^ r e g i o n , since the very low values of t f o r the 3-prong events 

tends t o suppress higher 3-pion masses. I t i s p o s s i b l e , moreover, 

t h a t the slope of the do/ d t d i s t r i b u t i o n f o r ri exchange i s less steep 

than t h a t f o r Pomeron exchange, and i f t h i s i s the case, a n t i s e l e c t i n g 

very low t events w i l l r e s u l t i n an increased A^A^ r a t i o . This l a t t e r 

c o n s i d e r a t i o n i s not ne c e s s a r i l y v a l i d , however, since the slope of the 

do/dt d i s t r i b u t i o n i s determined more by the deuteron form f a c t o r than 

the nature of the exchange mechanism. 

The second s e l e c t i o n c o n s i s t s of using'only those events which have 

a t l e a s t one n e u t r a l d i p i o n e f f e c t i v e mass i n the p° r e g i o n , This i s 

f o r the simple reason t h a t the ^ a s never been observed t o decay 

d i r e c t l y i r i t o t hree pions. I t decays always by the two-step process: 

A 2 •*• p TT 
~*" 71" IT 
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The search was, t h e r e f o r e , c a r r i e d out on the sample of 763 f o u r 

pronged events of the type: 

IT d -*• d TT p . 

9.2 The r e s u l t s of the search: 

The e f f e c t i v e mass of the pir system i s shown i n f i g u r e 9.1 (a) 

f o r the events selected as above. The b i n w i d t h used i s 20 MeV/c so 

t h a t any narrow enhancements may be observeable > The small peak which 

appears i n the f i g u r e a t a mass ^ 1280 MeV/c^ can e a s i l y be explained 

i n terms of a s t a t i s t i c a l f l u c t u a t i o n , although i f the background 

i s assumed to be a s t r a i g h t l i n e j o i n i n g the adjacent bins then the 

e f f e c t has a magnitude of more than 2-standard d e v i a t i o n s . The same 

mass spectrum i s shown i n f i g u r e 9.1 (b) a f t e r removal of d* events. 

The peak i s less noticeable i n t h i s f i g u r e but i t i s u n l i k e l y t h a t d 

r e f l e c t i o n s would produce a peak so narrow and a s t a t i s t i c a l e x p l a n a t i o n 

must be invoked i n order t o d i s r e g a r d i t . 

I t i s o f t e n possible t o produce a cleaner s i g n a l by use o f the 

3-pion D a l i t z p l o t . This a r i s e s from the f a c t t h a t the s p i n - p a r i t y of 
P + P the A^ meson (J =2 ) i s i n the n a t u r a l J s e r i e s and i s consequently 

expected t o show a depopulation of the D a l t i z p l o t around the boundary 

(Ref. 9.1) and no such depopulation i s expected f o r the u n n a t u r a l . 

s p i n - p a r i t y s e r i e s . Since the background below any s i g n a l i n t h i s 
P + 

channel i s due l a r g e l y t o A^ p r o d u c t i o n ( J =1 ) or t o d i f f r a c t i o n 
p 

d i s s o c i a t i o n of the beam pion which can only give the unnatural J 

s e r i e s , the s i g n a l t o background r a t i o i n the A^ r e g i o n can be increased 

by s e l e c t i n g the c e n t r a l r e g i o n of the D a l t i z p l o t . To t h i s purpose i t 

i s convenient t o define the q u a n t i t y : 
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where and are the 3-momenta of two of the pions i n the 3-pion 

r e s t frame, M i s the 3-pion e f f e c t i v e mass, and u. i s the pion mass. 

X i s constrained to l i e between 0 and 1 and e f f e c t i v e l y measures the 

distance of an event from the D a l i t z p l o t boundary i . e . \ = 0 on the 

boundary and 1 at the centre. 

f i g u r e s 9.2 (a) and (b) show the pn mass d i s t r i b u t i o n s i n the two 

cases X< 0.5 and x> 0.5 r e s p e c t i v e l y . I t can be seen t h a t f o r ̂ < 0.5 

there is a suggestion of a d i p i n the d i s t r i b u t i o n a t ^ 1300 MeV/c while 

there may be an enhancement i n t h i s same r e g i o n when X i s g r e a t e r than 

0.5. The hatched histograms i n these f i g u r e s show the same spectra 

w i t h d events excluded, and i t can be seen t h a t these f e a t u r e s i n the 

&2 r e g i o n are not a f f e c t e d by' t h i s selection. The small enhancement i s 

more apparent i n f i g u r e 9.2 ( c ) where only events w i t h X> 0.6 have been 

p l o t t e d . This f u r t h e r reduces the background and leaves a small s i g n a l 

centred on 1300 MeV/c, where the A^ would be expected t o occur. Figure 

9.2 (d) shows the spectrum a f t e r r e j e c t i n g a l l events w i t h \< 0.85. The 

remaining s t a t i s t i c s are s n a i l and show nothing except an enhancement 

a t 1300 MeV/c? 

The d i s t r i b u t i o n s of X f o r events i n the re g i o n ( d e f i n e d as 

1.25 < M(PTT) <1.35 GeV/c 2) and f o r events i n regions 100 MeV/c'2 wide 

above and below the r e g i o n are shown i n f i g u r e 9.3 While there i s 

some evidence f o r accumulation of events above X = 0.5 i n regions o t h e r 

than t h a t of the A^ (noteably f o r 1.15< M .(pTr) < 1.25), nowhere i s the 

tendency so marked as i n the A 2 r e g i o n i t s e l f . This f a c t i s emphasised 

i n t a b l e 9.1 where the number of events w ithX>0.6 and X> 0.85 are given 

f o r v arious regions of 3-pion mass, together w i t h the percentage of the 

t o t a l number i n the re g i o n . This data i s given i n the t a b l e f o r a l l 

4-prong events, f o r those 4-rong events which have a n e u t r a l d i p i o n 

mass i n the p° reg i o n and f o r the subsample of these which do not 
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have a dir e f f e c t i v e mass i n the d r e g i o n . I n every case the k^ 

r e g i o n shows a higher percentage of events near the centre of the 

D a l i t z p l o t j and consequently a lower percentage near i t s border, 

than do the surrounding 3-picn mass regions. 

This method of emphasising the A 2 s i g n a l i s not e n t i r e l y l e g i t i m a t e 

because, having selected p events, only one band of the D a l i t z P l o t 

i s populated and t h i s band does not ne c e s s a r i l y cross the ce n t r e . I n 

f a c t a d i p i o n mass of 0.765 GeV/c 2, the p mass, corresponds t o a l i n e 

on the D a l i t z p l o t which crosses the centre (X = l ) when the 3-pion 

mass i s e x a c t l y 1.3 GeV/c2. The p band as d e f i n e d here (0.665 < M ( T T \ ~ ) 
<0.865 GeV/c 2), moreover, cannot cross the centre of the D a l i t z p l o t 

f o r 3pion masses below 1.12 Gev/c 2 or above 1.47 GeV/c2. S e l e c t i n g 

the c e n t r a l p a r t of the D a l i t z p l o t and simultaneously s e l e c t i n g p 0 , s , 

t h e r e f o r e , leads t o the danger of manufacturing a s i g n a l i n the pir 

mass spectrum a t 1300 Mev/c 2. While t h i s e f f e c t may p a r t l y e x p l a i n 

the s i g n a l s i n f i g s . 9.2 (b) (c ) and ( d ) , i t cannot be e n t i r e l y responsible 

s i n c e , f o r example, the whole o f the p band can have X>0.6 f o r 3 pion 

masses g r e a t e r than 1.13 GeV/c2. The d i p a t 1300 MeV/c2 i n f i g . 9.2 ( a ) , 

furthermore, would be expected f o r a t r u e k^ s i g n a l but need not occur 

otherwise since the p band can always give low values of X. 

The decay angles of the normal t o the 3-pion decay plane i n the 

Got t f r i e d - J a c k s o n frame f o r events i n the k^ r e g i o n (1.25-1.35 GeV/c ) 

are shown i n f i g u r e 9.4 (a) (cos 9^) and 9.4 (b) 0#N)« Although the 

s t a t i s t i c s are s m a l l , the cos 6^ d i s t r i b u t i o n does seem t o d e v i a t e from 

the sin~0 shape which would be expected i f the s i g n a l were merely 

a f l u c t u a t i o n i n the A^ peak. I f the s i g n a l were pure k^ ( J P = 2 + ) 

produced by simple n exchange, then the d e n s i t y m a t r i x ought t o have 

p Q o = 1 and a l l other elements zero, so t h a t the d i s t r i b u t i o n of cos 6̂ , 



F I G : 

I 5 l 
a) 

I5T 

0 

1 
0 

o 

if ^ 
cos 0 N 

+ 1 

5-
0 

• A 

Id 1 
2* 

c) The p asymmetry vs M(3tf} 

0-4-

0-3H 
0-2-
Ol-
OH 

+ 

0 9 I I 
I 
1-3 

- i — 
1-5 

- I — 
17 19 Gev /c 2 

M(3*) 



125 

should be described by: 

W (cos 6 N ) = K ( c o s 2 G N - c o s 4 ) 

The d i s t r i b u t i o n i s not w e l l described by t h i s expression but i t i s 

i n t e r e s t i n g t o note i n f i g u r e 9.4 (a) the d i p a t cos 6^ = 0 as would 

be expected from t h i s expression. No d e t a i l e d f i t of the d i s t r i b u t i o n 
+ 

has been attempted since the s t a t i s t i c s are small and i f the 2 s t a t e 

i s present i t may i n t e r f e r e w i t h the background, leading to a complicated 

form f o r the decay d i s t r i b u t i o n s . 

A t e s t has been used, however, to see i f the observed enhancement 
P + 

i s compatible w i t h the s p i n - p a r i t y assignment J = 2 • This i s based 

on the asymmetry parameter of the p °.decay angles A d e f i n e d i n Eq. 6.2 

As has been seen the A^ enhancement seems t o decay p a r t l y i n t o pir and 

p a r t l y i n t o ETTSO t h a t the p's from the A^ decay show the c h a r a c t e r i s t i c s 

decay asymmetry. A 2 + o b j e c t cannot decay i n t o eir, however, and, i f 

the A^ i s produced, the p's r e s u l t i n g frcm i t s decay should themselves 

decay symmetrically. While i t may be expected t h a t the background 

below the A^ s i g n a l w i l l give an asymmetric p , the pasymmetry from 

the t o t a l number of events i n the A^ reg i o n should be smaller than 

elsewhere. To t e s t t h i s hypothesis the p asymmetry from several regions 

of PTT e f f e c t i v e mass has been c a l c u l a t e d and the r e s u l t s are shown i n 

f i g u r e 9.4 ( c ) . I t i s c l e a r t h a t i n the k^ r e g i o n the asymmetry f a l l s 

s i g n i f i c a n t l y below i t s value a t lower pir masses, i n agreement w i t h 

the i n t e r p r e t a t i o n of the e f f e c t as being due t o kn production. Above 

the A^ r e g i o n , the p asymmetry remains s m a l l , r i s i n g again only f o r 

masses g r e a t e r than 1.65 GeV/c . The low value of the asymmetry between 

1.35 and 1.65 GeV/c2 can be explained i n terms of the background beneath 

the p s i g n a l s , since i t i s i n t h i s range of piT mass t h a t t h i s background 

i s p a r t i c u l a r l y high. The background asymmetry has been estimated from 

the asymmetry of two c o n t r o l regions immediately above and below the p 
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r e g i o n , and, a f t e r e s t i m a t i n g the amount of background below the 

P s i g n a l i n each region of piTmass, A was r e c a l c u l a t e d w i t h the back­

ground subt r a c t e d . This procedure has l i t t l e e f f e c t on the r e s u l t s 

below the A^ r e g i o n , but the asymmetry i s reduced i n the A^ re g i o n 

t o 0.09 while above the A^ i t i s increased t o 0.35 i n the mass range 

i.35 - 1.45 GeV/c2. A f t e r background s u b t r a c t i o n there i s thus a 

d i s t i n c t d i p i n A a t the mass. The value of A i n the pirmass range 

1.45 - 1.65, i s s i m i l a r l y increased t o 0.10 implying t h a t the 

p asymmetry i s smaller when events from the A^ reg i o n are used than 

i n any other mass range. 

9.3 Conclusions 

A small peak i s apparent i n the pnmass spectrum when events taken 

from the c e n t r a l region of the D a l i t z p l o t are used w i t h a mass % 

1.3 GeV/c2 and a width <100 MeV/c2 as would be expected f o r an A^ 

s i g n a l . The peak shows other f e a t u r e s which are c o n s i s t e n t w i t h 

i n t e r p r e t a t i o n of the peak as the k^ meson: 

(1) I t populates only the c e n t r a l region of the D a l i t z p l o t 

i . e . there i s a d i s t i n c t lack of events a t t h i s mass when only events 

from the boundary of the D a l i t z p l o t are used. 

(2) The decay of the p° meson r e s u l t i n g from the decay o f 

the peak i n the A^ region i s more symmetric than i t i s from any o t h e r 

p-jT mass reg i o n . 

While i t i s impossible t o s t a t e c a t e g o r i c a l l y t h a t the A^ meson 

i s produced i n t h i s channel, there i s , nonetheless, a c e r t a i n amount 

of evidence t o support t h a t c o n t e n t i o n . I f t h i s r e s u l t i s confirmed, 

i t represents the f i r s t o b s e r v a t i o n of n~ e xchange i n coherent deuteron 

i n t e r a c t i o n s . 
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C H A P T E R T E N 

COMPARISONS AND CONCLUSIONS 

This t h e s i s has presented the r e s u l t s o f the a n a l y s i s of the 

channel: 
+ , . + + -

7T d ->"d Tf TT TT 10.1 

a t 11.7 GeV/c i n c i d e n t pion momentum. The t o t a l cross s e c t i o n f o r 

t h i s r e a c t i o n was found t o be 353 + 30 yb and t h i s value i s compared 

w i t h the r e s u l t s of previous experiments on t h i s channel i n Table 10.1 

and f i g u r e 10.1 (a.). These show, w i t h the exception of the r e s u l t a t 

5.4 GeV/c (Ref. 10.3) t h a t the cross s e c t i o n changes only s l i g h t l y 
c over a wide range of i n c i d e n t momenta, w i t h perhaps a s l i g h t tendency 

t o increase w i t h i n c r e a s i n g pion momentum. The only experiment w i t h 

higher i n c i d e n t momentum (^ef .7.6 • ) quotes no channel cross s e c t i o n 

and cannot, t h e r e f o r e , c o nfirm t h i s increase. 

An increase i n cross s e c t i o n f o r other coherent r e a c t i o n s , i s 

apparent i n the published r e s u l t s . I n the channel 

K~ d -> d TT+TT " K~ 10.2 

the cross s e c t i o n r i s e s r a p i d l y between 3 and 5.5 GeV/c i n c i d e n t 

momenta and then r a t h e r s lowly above t h i s , This can be seen i n t a b l e 

10.2 and f i g u r e 10.1 ( b ) . There i s less published data on other 

coherent deuteron r e a c t i o n s , though an i n c r e a s i n g channel cross s e c t i o n 

seems t o occur i n each of the r e a c t i o n s : 

K +d-*d K + TT +TT" 10.3 

K +d +d K° T T + 10.4 

p d ->d p v \ 10.5 

and, f u r t h e r m o r e , the same t r e n d i s apparent i n coherent r e a c t i o n s on 

complex n u c l e i i as can be seen from the work of A l l a r d e t a l (Ref. 10.17) using 

a heavy l i q u i d bubble chamber. The r e s u l t s and references f o r these 
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r e a c t i o n s a r e g i v e n i n t a b l e 10. 1 R e a c t i o n 10.1 i s found to be v e r y 

p e r i p h e r a l , a s expected f o r c o h e r e n t r e a c t i o n s , w i t h the s l o p e parameter 

of the d a / d t d i s t r i b u t i o n e q u a l to 2 7 . 6 + 3 . 0 . The s l o p e 0 f t h i s 

d i s t r i b u t i o n a t o t h e r e n e r g i e s i s g i v e n i n t a b l e 10.1 and i t can be 

seen t h a t a s the energy i n c r e a s e s t h i s parameter a l s o i n c r e a s e s , wh ich 

i s e q u i v a l e n t to the s ta tement t h a t the e f f e c t i v e s i z e of the d e u t e r o n 

i n c r e a s e s w i t h i n c r e a s i n g e n e r g y . 

The f i n a l s t a t e o f the i n t e r a c t i o n i s dominated by p ° p r o d u c t i o n , 

as was the case a t o t h e r e n e r g i e s ( see t a b l e 1 0 . l ) w i t h some f ° p r o d u c t i o n 

No f ° p r o d u c t i o n has been r e p o r t e d a t lower e n e r g i e s , except a t 5 G e V / c 

( R e f . 1 0 . 2 ) , which may be e x p l a i n e d by the f a c t t h a t v e r y low momentum 

t r a n s f e r s l i m i t f ° p r o d u c t i o n when the i n c i d e n t energy i s low and the 

s m a l l e r s t a t i s t i c s i n the o t h e r exper iment s may have caused d i f f i c u l t y 

i n d e t e c t i o n . 

+ x | | 
A non r e s o n a n t enhancement i n the d IT mass s p e c t r u m , the d , i s 

p r e s e n t i n t h i s r e a c t i o n , but i t s p r o d u c t i o n c r o s s s e c t i o n f a l l s 

d r a m a t i c a l l y w i t h i n c r e a s i n g e n e r g y , a s can be seen i n t a b l e 1 0 . 1 . A t 

1 1 . 7 GeV the a z i m u t h a l angle of decay of t h i s enhancement i n the G o t t f r i e d 

J a c k s o n r e f e r e n c e frame i s not i s o t r o p i c , i n c o n t r a d i c t i o n w i t h r e s u l t s 

a t lower e n e r g i e s and w i t h the s imple one p ion exchange model o f t e n 

d e s c r i b e d to e x p l a i n t h i s e f f e c t . No c o r r e s p o n d i n g peak i n the d ir 

mass spectrum i s s e e n . 

The t h r e e p ion spectrum i s dominated by a broad peak i n the A^ mass 

o + + 
r e g i o n , , d e c a y i n g i n t o a p IT s y s t e m . T h i s peak has s p i n p a r i t y 1 w i t h 

some i n t e r f e r i n g s t a t e of o p p o s i t e p a r i t y , perhaps a 0 E U s t a t e . The 

pir system i s predominant ly i n an S-wave but t h e r e i s a l s o some e v i d e n c e 

f o r a D-wave s t a t e i n the A^ r e g i o n . The c r o s s s e c t i o n f o r A^ p r o d u c t i o n 

i s d i f f i c u l t to d e t e r m i n e , but has been c a l c u l a t e d a t t h i s and o t h e r 
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e n e r g i e s by assuming e v e r y e v e n t i n the t h r e e p i o n mass range loO - 1.24 

G e V / c 2 i s due to A^ p r o d u c t i o n . The r e s u l t s of t h i s a r e g i v e n i n t a b l e 

10 .1 and i n d i c a t e t h a t the c r o s s s e c t i o n i s f a i r l y independent of 

i n c i d e n t momentum, a f e a t u r e c h a r a c t e r i s t i c of d i f f r a c t i v e l y produced 

s t a t e s o 

^ secondary peak i n the t h r e e p ion mass spectrum a t ^1675 M e V / c 2 

which i s a t t r i b u t e d to A^ p r o d u c t i o n , i s seen to decay dominant ly i n t o 

an f ° T T + s t a t e » I t s decay c h a r a c t e r i s t i c s i n d i c a t e t h a t the s p i n 

p a r i t y i s 2 > formed by an S-wave f ° v + s ta te . . 

N e i t h e r the A^ nor A^ enhancements conserve s - c h a n n e l h e l i c i t y . 

Whi l e the Ag i s t o t a l l y compat ib le wi th the h y p o t h e s i s of t - c h a n n e l 

h e l i c i t y c o n s e r v a t i o n , t h e r e i s some ev idence t h a t t h i s h y p o t h e s i s i s 

not comple te ly v a l i d f o r A^ p r o d u c t i o n , a l t h o u g h i t cannot be d i s r e g a r d e d . 

O u t s i d e the A^ and A^ mass r e g i o n s no c l e a r e v i d e n c e on TCHC o r SCHC i s 

p r e s e n t though below the A^ the former i s a b e t t e r h y p o t h e s i s and 

above the A^ the l a t t e r i s more compat ib le w i t h the datao 

The a n a l y s i s has shown t h a t , of the many p o s s i b l e exchange 

mechanisms which may c o n t r i b u t e to the c h a n n e l ( f i g . l . l ) o n l y those 

of f i g s . 1.1 ( a ) and 1.1 ( e ) can e x p l a i n the d a t a . The l a t t e r of these 

must o c c u r i n o r d e r to e x p l a i n the d enhancement a l t h o u g h the d e c r e a s i n g 

d p r o d u c t i o n c r o s s s e c t i o n s u g g e s t s , p e r h a p s , t h a t t h i s mechanism i s of 

d e c r e a s i n g i m p o r t a n c e . Both mechanisms can e x p l a i n the g e n e r a l f e a t u r e s 

o f the c h a n n e l , the former by Pomeron exchange and the l a t t e r by exchange 

of the p ion t r a j e c t o r y a t the upper v e r t e x and d i f f r a c t i v e s c a t t e r i n g 

(Pomeron exchange) a t the lower v e r t e x . The doubly p e r i p h e r a l d iagram 

i s presumably not important o u t s i d e the A^ and A^ r e g i o n s , s i n c e i t l e a d s 

to t h r e s h o l d enhancements and t h i s i s not the c a s e i n o t h e r r e g i o n s . 

The p o s s i b l e D-wave decay of the A enhancement, moreover , i s i n c o m p a t i b l e 



w i t h such a mechanism. The l o n g i t u d i n a l phase space a n a l y s i s shows 

t h a t , p e r h a p s , two mechanisms a r e p r e s e n t , one r e s p o n s i b l e f o r 

and p r o d u c t i o n and the o t h e r f o r d p r o d u c t i o n . 

T h e r e i s a s m a l l i n d i c a t i o n f o r A^ p r o d u c t i o n i n t h i s r e a c t i o n , 

w h i c h , i f a c c e p t e d , i m p l i e s t h a t exchange of the type of f i g . 1.1 (a 

does indeed o c c u r , w i t h the exchanged p a r t i c l e be ing the n mesono 

Two o t h e r , v e r y s m a l l e f f e c t s a r e p r e s e n t i n the f i n a l s t a t e 

o f the ' i n t e r a c t i o n , , .« The. f o r m e r , a narrow P ° T T + enhancement w i t h 

a mass %lo56 G e V / c ^ , has been shown to be p r o b a b l y s t a t i s t i c a l 

i n o r i g i n . The l a t t e r , a ir IT peak w i t h a mass ^ 1 . 0 8 G e V / c , has 

been t e n t a t i v e l y i d e n t i f i e d w i t h the meson and shown to have 

s i m i l a r c h a r a c t e r i s t i c s to p r e v i o u s o b s e r v a t i o n s of t h i s peak. 
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REACTION BEAM MOMENTUM 
( G e V / c ) 

CROSS SECTION 
(ub) 

REFERENCE 

3 . 0 102 + 14 10 .6 
I I 3 . 4 130 + 30 10 .7 
ii 5 . 5 228 + 35 1 0 . 8 
I I 7 . 3 274 + 56 10 .9 
it 12 .6 285 + 70 10 .10 

K + d -»"dK+ TT" TT 2 . 3 110 + 16 10.11 
I I 3 . 0 210 + 22 10 .12 
I I 9 . 0 ^ 332 10 .13 
I I 1 2 , 0 331 + 35 10.14 

K + d dK° Tf + 2 .3 150 + 35 10.11 
I I 3 . 0 228 + 25 10.14 

— , — + -
pd dp IT TT 5 .55 113 + 38 10 .15 

I I 7 . 0 260 + 25 10.16 

— ' — ». + 
IT Nuc*Nuc1T IT IT 6 . 0 26+7 / m o l e c u l e 10 .17 

ll 1 8 . 0 55+15/molecule 10 .17 

TABLE 10 .2 

C o m p i l a t i o n of o t h e r c o h e r e n t r e a c t i o n s 
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A P P E N D I X A 

A . 1 . P e r i p h e r a l Models 

Many s t r o n g i n t e r a c t i o n s a r e f o u n d , e m p i r i c a l l y , t o o c c u r i n such 

a way t h a t the f i n a l s t a t e p a r t i c l e s i n the c e n t r e of mass sys tem have 

a p p r o x i m a t e l y the same d i r e c t i o n a s one or o t h e r of the i n i t i a l s t a t e 

p a r t i c l e s . T h i s l e a d to the s u g g e s t i o n t h a t c o l l i s i o n s were p e r i p h e r a l 

so t h a t the g l a n c i n g angle remains s m a l l and farms the b a s i s of t h e 

p e r i p h e r a l model . R e a c t i o n s are assumed to proceed by the exchange 

of a l i g h t s t r o n g l y i n t e r a c t i n g p a r t i c l e and the range of t h e i n t e r a c t i o n , 

assuming a Yukawa p o t e n t i a l , i s g r e a t e r f o r l i g h t e r exchanged p a r t i c l e s . 

The l i g h t e s t s t r o n g l y i n t e r a c t i n g p a r t i c l e i s the p i o n , w h i c h , t h e r e f o r e , 

would g ive the most p e r i p h e r a l i n t e r a c t i o n s . 

A . 1 . 1 One p ion exchange ~ 

Two body, o r q u a s i - t w o body r e a c t i o n s o f the t y p e : 

a + b * c + d A . l 

where c and d may be s h o r t l i v e d resonance p a r t i c l e s ore assumed 

Q C 
to proceed by the exchange of a v i r t u a l p ion • 

and are d e s c r i b e d by a Feynman Diagram of the \ K 

type shown i n f i g u r e A . l , assuming t h a t b 

quantum numbers can be conserved a t both ^ ' ^ ' 

v e r t i c e s . The m a t r i x d e c e n t f o r such a diagramme is". 

M = V , 1 V T T A . 2 
2 . 

u - t 

where u = the p ion mass 

t = the square of the 4-momentum t r a n s f e r from p a r t i c l e 

a to p a r t i c l e c . 

V j and V J J a r e v e r t e x f u n c t i o n s f o r the upper and lower v e r t i c e s 

r e s p e c t i v e l y . I n the pole a p p r o x i m a t i o n , which, c o n s i s t s of t r e a t i n g 
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the exchanged p ion as a r e a l o r 'on the mass s h e l l * p i o n , they a r e 

e q u i v a l e n t to the m a t r i x e lements f o r the p r o c e s s e s : 

a +ir -*• c 

and b +ir •> d 

T h i s mechanism, t h u s , q u a l i t a t i v e l y d e s c r i b e s the p e r i p h e r a l i t y 

of the i n t e r a c t i o n i n t h a t the f a c t o r (u~ - t ) , the p ion p r o p a g a t o r , 

e n s u r e s the preponderance of low v a l u e s of |t | • Q u a n t i t a t i v e l y , 

however , the form of the d c / d t d i s t r i b u t i o n f o r r e a c t i o n s dominated 

by p ion exchange f a l l s o f f w i t h i n c r e a s i n g t more r a p i d l y than 

the model suggests-^ 

A . 1 . 2 Other p a r t i c l e exchanges 

In. some r e a c t i o n s c o n s e r v a t i o n of quantum numbers a t the two 

v e r t i c e s f o r b i d s the exchange o f a p i o n and o t h e r exchange p a r t i c l e s 

must be c o n s i d e r e d . F o r example , t h e r e a c t i o n : T T + p -*• I T 0 A + * " ( l 2 3 6 ) 

cannot proceed by p ion exchange but p exchange c a n be r e s p o n s i b l e f o r 

the i n t e r a c t i o n . The exchange of a p a r t i c l e w i t h s p i n p r e d i c t s , i n 

the framework of the p e r i p h e r a l mode l , t h a t the t o t a l c r o s s s e c t i o n 

2 J 

f o r the r e a c t i o n w i l l i n c r e a s e a s s a s s -> <», where s i s the. square of 

the c m . energy and J i s the s p i n of the exchanged p a r t i c l e . T h u s , 

w h i l e the p e r i p h e r a l model f o r such r e a c t i o n s may d e s c r i b e some 

f e a t u r e s o f the f i n a l s t a t e a t r e l a t i v e l y low e n e r g y , i t i s c l e a r l y 

i n v a l i d a t h igh energy . 

A . 1 . 3 Form F a c t o r s 

I n o r d e r t h a t one p ion exchange may b e t t e r r e p r e s e n t the form 

of the d a / d t d i s t r i b u t i o n , form f a c t o r s can be i n c l u d e d i n e q u a t i o n A . 2 . 

These take the form of f u n c t i o n s of t which a r e i n t e n d e d to a l l o w f o r 

the s p a t i a l d imens ions of the p a r t i c l e s i n v o l v e d . I n t h e o r y t h e r e a r e 

t h r e e form f a c t o r s to c o n s i d e r : one f o r each v e r t e x and one f o r the 
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exchanged v i r t u a l p i o n , b u t , s i n c e no s a t i s f a c t o r y t h e o r y e x i s t s to 

p r e d i c t the form f a c t o r s , a l l t h r e e a r e combined in to one r a t h e r 

a r b i t r a r y f u n c t i o n . Amaldi and S e l l e r i ( R e f . A . l ) sugges ted the 

form: 

F ( t ) = 0 . 7 2 + 0 . 2 8 A . 3 

1+ u 2 - t 

4 . 7 3 u' 2 

2 
1 + u - t 

3 2 U 2 

which w h i l e i t e x p l a i n s the t d i s t r i b u t i o n i n some c a s e s by no means 

does so i n e v e r y c a s e . The f a c t s t h a t o f t e n the t dependence of the 

form f a c t o r s comple te ly masked t h a t o f the propagator a n d , i n some 

c a s e s , t h a t energy dependence needed to be i n c l u d e d i n the f u n c t i o n s , 

thus r e n d e r i n g them not t r u e form f a c t o r s , suggest t h a t the form 

f a c t o r approach has l i t t l e p h y s i c a l meaning. 

A . 1 . 4 The A b s o r b t i o n Model 

A more r e f i n e d m o d i f i c a t i o n of the one p i o n exchange model i s 

to i n c l u d e a b s o r b t i o n . T h i s i s based on the f a c t t h a t a t h i g h e n e r g i e s 

t h e r e a r e many p o s s i b l e i n e l a s t i c c h a n n e l s open f o r the c o l l i s i o n of 

p a r t i c l e s a and bo These d i f f e r e n t c h a n n e l s a r e assumed to i n t e r f e r e 

w i t h each o t h e r and thus the q u a s i - t w o body c h a n n e l c r o s s s e c t i o n can 

be reduced by the presence o f o t h e r more complex f i n a l s t a t e s . The 

more complex f i n a l s t a t e s may be assumed to be more common f o r more 

c e n t r a l c o l l i s i o n s , c o r r e s p o n d i n g to lower impact p a r a m e t e r s and h i g h e r 

v a l u e s o f to The a b s o r b t i o n o f the q u a s i - t w o body c r o s s s e c t i o n i s , t h e n , 

l i k e l y to be g r e a t e r a t h i g h e r t and b e t t e r agreement w i t h the e x p e r i m e n t a l 

t - d i s t r i b u t i o n might be e x p e c t e d . The model has had some s u c c e s s b u t , 

a g a i n , does not w e l l reproduce the d i f f e r e n t i a l c r o s s s e c t i o n when the 

outgo ing p a r t i c l e s have h i g h s p i n . 
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A . 2 The Reciae-Pole Mpdel 

The Regge-pole model i s important both i n terms of p a r t i c l e 

c l a s s i f i c a t i o n and of h igh energy r e a c t i o n s . I t r e l i e s on the 

assumpt ion t h a t the s c a t t e r i n g ampl i tude f o r any p a r t i c u l a r r e a c t i o n 

c a n be g e n e r a l i s e d to a r b i t r a r y complex v a l u e s o f a n g u l a r momentum ( l ) 

r a t h e r t h a n j u s t to p o s i t i v e i n t e g e r s . The ampl i tude can then be 

shown to be a n a l y t i c over the whole complex a n g u l a r momentum p lane 

w i t h Re £ >—g- except f o r a f i n i t e number of p o l e s which o c c u r i n the 

upper h a l f p l a n e . The p o s i t i o n of the po le can v a r y as a f u n c t i o n 

o f energy and i n g e n e r a l moves a long the r e a l p o s i t i v e A - a x i s f o r 

e n e r g i e s below t h r e s h o l d and i n the upper h a l f p lan e ( p o s i t i v e 

imag inary p a r t ) f o r g r e a t e r energies. . . When the r e a l p a r t of the p o l e 

i s a p o s i t i v e i n t e g e r } then i t corresponds to a bound s t a t e i f the 

energy i s below t h r e s h o l d and to a r e s o n a n c e , w i t h a width r e l a t e d 

to the i m a g i n a r y p a r t of the p o l e , i f the energy i s g r e a t e r than 

t h r e s h o l d . The path f o l l o w e d by the pole known as the Regge t r a j e c t o r y , 

c a n t h e r e f o r e r e l a t e s e v e r a l r e s o n a n c e s w i t h the same quantum numbers 

o t h e r t h a n a n g u l a r momentum. 

By c o n s i d e r i n g the f u n c t i o n : 

g()t) = n ( 2 o + 1 ^ f ( t , E ) P t ( - c o s e) A . 4 

s i n I T J , 

where P ^ = the l egendre po lynomia l s 

cos 8 = the c m . So s c a t t e r i n g a n g l e 

E = the c . m . s . energy 

f ( j j , , E ) •- the 1^ p a r t i a l wave s c a t t e r i n g a m p l i t u d e , 

and assuming t h a t % can t a k e any complex v a l u e , then the t o t a l i n t e r a c t i o n 

a m p l i t u d e , a s r e p r e s e n t e d by the sum of p a r t i a l w a v e s , can be r e l a t e d to 

the r e s i d u e s of t h i s f u n c t i o n a t the Regge p o l e s of f ( A , E ) by 

i n t e g r a t i n g ( A . 4 ) around p a t h s i n the complex a n g u l a r momentum plane 
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chosen to i n c l u d e e i t h e r , on ly the Regge p o l e s , o r o n l y the p o l e s 

due to the f a c t o r s i n ^fl, i n the denominator , which o c c u r f o r : 

I = 0 , 1 , 2 , 3 

the r e s u l t of such an o p e r a t i o n i s to e x p r e s s the t o t a l ampl i tude 

F ( c o s 8 , E ) a s : 

F ( c o s 6 , E ) => £ Res g( %= a i ) + Background I n t e g r a l A . 5 . 
i 

where the sum runs over each of the i Regge-po les which c o n t r i b u t e 

and the p o s i t i o n of the i po le i s a t c t i . 

I n a p p l i c a t i o n s o f the Regge-pole model to s t r o n g i n t e r a c t i o n s , 

a form of the s c a t t e r i n g ampl i tude c o r r e s p o n d i n g to ( A . 5 ) i s assumed 

for ' : the t - c h a n n e l p r o c e s s and the p r i n c i p l e of c r o s s i n g symmetry i s 

invoked to d e s c r i b e the s - c h a n n e l p r o c e s s o . The energy dependence 
9 O ( t ) 

of each regge po le c o n t r i b u t i o n i s t h e n p r o p o r t i o n a l to= — 
o 

f o r l a r g e s where s i s the c m . s . energy s q u a r e d 

t i s the 4-momentum t r a n s f e r squared 

s i s an a r b i t r a r y s c a l e f a c t o r o ' 

and a i s the form of the t r a j e c t o r y f o r the 

p a r t i c u l a r p o l e . 

T h i s energy dependence can be w r i t t e n : 

R.ot 
( i I a log f - ) 

m s exp 

which shows t h a t a pole w i t h l a r g e R e ot w i l l dominate an i n t e r a c t i o n 

a t h igh e n e r g y . T h i s i s e q u i v a l e n t to c o n s i d e r i n g the i n t e r a c t i o n i n 

the same way a s f o r one p a r t i c l e exchange m o d e l s , e x c e p t t h a t i t i s 

a R e g g e - t r a j e c t o r y which i s exchanged. 

The Regge pole model has proved s u c c e s s f u l i n d e s c r i b i n g many 

r e a c t i o n s . I n p a r t i c u l a r , the energy dependence of r e a c t i o n s where 
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s p i n zero p a r t i c l e s cannot be exchanged can be e x p l a i n e d i n c o n t r a s t 
to the p r e d i c t i o n s of a one p a r t i c l e exchangs mode l , and the 
s h r i n k a g e of the d i f f r a c t i o n peak i n pp e l a s t i c s c a t t e r i n g can be 
pred ic ted: . 

i 
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A P P E N D I X B 

Bol R e f e r e n c e Frames 

I n d i s c u s s i n g the decay of a r e s o n a n c e , two a n g l e s of a s u i t a b l y 

chosen decay d i r e c t i o n can be d e f i n e d i n terms of a r i g h t - h a n d e d 

c a r t e s i a n c o - o r d i n a t e sy s t em. T h i s c o - o r d i n a t e s y s t e m , o r r e f e r e n c e 

f r a m e , c a n , i n p r i n c i p l e , be any a r b i t r a r y sys tem and p r e d i c t i o n s of 

the d i s t r i b u t i o n s of the decay a n g l e s , assuming c e r t a i n s p i n - p a r i t y 

a s s ignments of the r e s o n a n c e , can a l w a y s be made. I n p r a c t i c e , t h e s e 

p r e d i c t i o n s a r e s i m p l e r when c e r t a i n w e l l d e f i n e d r e f e r e n c e frames 

a r e used and two such frames a r e used i n t h i s t h e s i s : the G o t t f r i e d -

J a c k s o n frame and the H e l i c i t y frame., These a r e d e f i n e d below f o r 

r e a c t i o n s of the t y p e : 

a + b -* c + d 

where c i s a resonance which s u b s e q u e n t l y d e c a y s i n t o two o r 

more p a r t i c l e s and d can be one o t h e r p a r t i c l e or the combinat ion 

of a l l f i n a l s t a t e p a r t i c l e s of an i n t e r a c t i o n , which do not r e s u l t 

from the resonance decay . The d i r e c t i o n a s s o c i a t e d w i t h the decay 

o f the r e s o n a n c e , f o r which the decay a n g l e s a r e to be determined 

w i l l be denoted by ot } which i n the case of a two body decay w i l l be 

the d i r e c t i o n of one of the decay p r o d u c t s . The p o s s i b l e d i r e c t i o n s 

f o r the t h r e e body decay a r e d e s c r i b e d i n C h a p t e r 6. 

Bo 1.1 The G o t t f r i e d - J a c k s o n frame 

The G o t t f r i e d - J a c k s o n frame ( G - J f r a m e ) ( R e f . B . l ) i s d e f i n e d 

i n the r e s t system of the r e s o n a n c e , i n which case the d i r e c t i o n s 

of p a r t i c l e s a , b and d a l l f a l l i n a p l a n e , shown i n f i g u r e Bol , 

known as the p r o d u c t i o n p l a n e . a need not f a l l i n t h i s p l a n e . The 

z - a x i s i s chosen as the d i r e c t i o n of the beam p a r t i c l e b , where t h i s 

i s the beam meson f o r a mesonic re sonance and the t a r g e t f o r b a r y o n i c 

r e s o n a n c e s . Ths y - a x i s i s chosen a s the normal to the p r o d u c t i o n 
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p l a n e , d e f i n e d a s : 
-»• •> -+• 
Y = a x d 

la x dl 

( B . l ) 

' o f 

b 

The x - a x i s i s then chosen to g i v e 

a r i g h t - h a n d e d s e t : 

- > - - > • - • 
(B . 2 ) x ^ y x z 

F I G - 3 . / 

The decay a n g l e s o f the resonance a r e then g i v e n by the p o l a r 

angle ( 6 ) and a z i m u t h a l ang le ( 0 ) o f the d i r e c t i o n a i n t h i s 

c o - o r d i n a t e sys tem: i . e . 

cos 6 = b . 
->•••-•• 

a 

a 

cos 

s i n 

a x cf . b x a ( B . 3 ) 

|a x ct| |b x a| 

f6 = 5* x (a x ^ ) . b x g 

|S x (a x d ) | |b x a| 

Thus $ i s d e f i n e d between 0 ° and 3 6 0 ° and cos 9 between 

-1 and + 1. 

B . 1 . 2 The H e l i c i t y frame 

The y - a x i s of the h e l i c i t y frame i s d e f i n e d , a g a i n , a s the normal 

to the p r o d u c t i o n p lane (Eq„ B . l ) . The z - a x i s o r p o l a r a x i s i s d e f i n e d 

a s the d i r e c t i o n of the resonance c i n the o v e r a l l c e n t r e of mass s y s t e m . 

T h i s i s e q u i v a l e n t to the n e g a t i v e of the d i r e c t i o n of p a r t i c l e d i n the 

r e s t system of c . 

(B . 4 ) Z = -J 

The x - a x i s i s , a g a i n , d e f i n e d by e q u a t i o n B . 2 and the p o l a r and 

a z i m u t h a l a n g l e s o f the d i r e c t i o n a a r e g i v e n by e q u a t i o n s B . 3 w i t h 
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b r e p l a c e d throughout by - d . 

B . 2 . The S p i n D e n s i t y M a t r i x : 

The resonance c need not be produced i n a pure s p i n s t a t e but w i l l 

i n g e n e r a l be produced i n a quantum m e c h a n i c a l m i x t u r e of pure s p i n s t a t e s 

w i t h d i f f e r e n t e x p e c t a t i o n v a l u e s of the magnet ic quantum number m. 

The expected d i s t r i b u t i o n of the decay a n g l e s depends on the r e l a t i v e 

amounts of the v a r i o u s p o s s i b l e v a l u e s o f m, w h i c h , i n t u r n , depends 

on the p r o d u c t i o n mechanism. The amounts of each s p i n s t a t e a r e c o n t a i n e d 

i n the s p i n d e n s i t y m a t r i x - I f the mix ture c o n t a i n s s e v e r a l pure s t a t e s 

each w i t h a p r o b a b i l i t y p^ t h e n the d e n s i t y o p e r a t o r i s d e f i n e d 

a s 

P = J | y > p u <u| ( B . 5 ) 

E a c h s t a t e |u>can be expanded a s a sum o f e i g e n s t a t e s of the s p i n 

o p e r a t o r w i t h magnet ic quantum number m, i n which c a s e P i s a square 

m a t r i x w i t h ( 2 J + 1 ) x ( 2 J x 1 ) e lements P ' : 
mm 

pmm' = < m l p ' m , > = Z^V* P u

< p l m , > t B * 6 ' 
y 

The d e n s i t y m a t r i x , t h e n has the f o l l o w i n g p r o p e r t i e s : 

( i ) I t i s H e m i U a n : P • = p ' 
* mm m m 

( i i ) The d i a g o n a l e l ements a r e p o s i t i v e 

( i i i ) The t r a c e i s u n i t y : E p = l 
7 m mm 

( i v ) The v a l u e of p d e s c r i b e s the w e i c h t w i t h which the s t a t e 
mm 

| m> i s c o n t a i n e d i n the m i x t u r e . 

( v ) I f t h e s p i n q u a n t i s a t i o n a x i s ( z - a x i s ) i s chosen to be i n t h e * 

p r o d u c t i o n p l a n e , a s i s the case f o r both the G - J frame 

and the h e l i c i t y f r a m e , and assuming t h a t the beam i s 

u n p o l a r i z e d , t h e n p a r i t y c o n s e r v a t i o n i m p l i e s t h a t : 

P 1 = ( - l ) " 1 " " 1 ' P mm v i ; -m-m* 
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The decay a n g u l a r d i s t r i b u t i o n s f o r a r e s o n a n t decay a r e , 

i n g e n e r a l f u n c t i o n s of a l l the d e n s i t y m a t r i x e lements and p r o p e r t y 

( v ) c o n s e q u e n t l y s i m p l i f i e s the a n a l y s i s . . 

V a r i o u s p r o d u c t i o n mechanisms can make p r e d i c t i o n s on the v a l u e s 

o f the d e n s i t y m a t r i x e l e m e n t s : f o r example , one ;. p i o n exchange r e s u l t i n g 

i n a meson resonance which decays i n t o two p ions p r e d i c t s t h a t o n l y 

m = 0 w i l l c o n t r i b u t e and hence p = 1 and a l l o t h e r e lements w i l l be 
oo 

zeroo E x p e r i m e n t a l d e t e r m i n a t i o n of the d e n s i t y m a t r i x e lements can 

g i v e i n f o r m a t i o n on the mechanism f o r p r o d u c t i o n o f the p a r t i c u l a r 

r e s o n a n c e , a n d , s i n c e the p r o d u c t i o n mechanism may be d i f f e r e n t a t 

d i f f e r e n t v a l u e s o f the momentum t r a n s f e r , the v a l u e s o f the P ' can 
mm 

v a r y a s a f u n c t i o n of t . 

B . 3 The Method of Moments 

One method of d e t e r m i n i n g , e x p e r i m e n t a l l y , the v a l u e s of the d e n s i t y 

m a t r i x e lements i s the method of moments.. The decay a n g u l a r d i s t r i b u t i o n 

of a resonance (W(cos 6 , $ ) ) can be w r i t t e n : 
W ( c o s e , 0 ) = Z f ^ V V ™ ' ( c o s B r f f ) . ( B . 7 ) 

mm1 

where f"™ and g n m a r e known f u n c t i o n s of the r e s p e c t i v e v a r i a b l e s , 

assuming a c e r t a i n s p i n - p a r i t y as s ignment of the resonance ( R e f . B . l 

and 6»5). I n g e n e r a l the f u n c t i o n s g"1"" a r e o r t h o g o n a l : 
r 

+1 
d cos 6 

2TT 
d(Zf 

mm' k k 1 

= C i f m=k and m'=k' 

= 0 o t h e r w i s e ( B . 8 ) 

The average v a l u e of g (cos 8 , $ ) i s g i v e n by: 

VI 2IT 
mm d cos 9 dtf g ^ ' t c o s 0 , # ) W (cos 8 , 0 ) ( B . 9 ) 

and i n s e r t i n g B . 7 i n t o B . 9 and u s i n g the o r t h o g o n a l i t y B . 8 the r e s u l t 

i s : 
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gmm' = f f c m m ' j c ( B a o ) 

mm1 

a n d , s i n c e f ( p 1 ) and C a r e known and the e x p e r i m e n t a l v a l u e s o f 
i 

q can be de termined from the d a t a , the v a l u e of p . can be determinedo 
* rmm 
The e r r o r on g i s g i v e n by: 

A g = ^ Cg2 - g ~ 2 ) J * ( B . l l ) 

and hence the e r r o r on p , can be d e t e r m i n e d . 

mm1 

I n some c a s e s , t h e r e a r e two f u n c t i o n s g which a r e not o r t h o g o n a l 

and v/hen t h i s o c c u r s r e s u l t s can o n l y be o b t a i n e d f o r some l i n e a r 

combinat ion o f the two c o r r e s p o n d i n g m a t r i x e l e m e n t s . T h i s o c c u r s , f o r 

example , i n the case of the p° meson i n t e r f e r i n g w i t h an e ° meson, where 

P q o and p ^ of the p° meson cannot be de termined s e p a r a t e l y but o n l y 

i n the combinat ion p - p . , . 
oo 11 

B . 4 The S p h e r i c a l Harmonics 

The s p h e r i c a l harmonics a r e used i n t h i s t h e s i s both i n c o n n e c t i o n 

w i t h . s p i n d e t e r m i n a t i o n and w i t h the t e s t s of c o n s e r v a t i o n of h e l i c i t y . 

The s p h e r i c a l harmonic Yi i i s d e f i n e d a s s -
(cos BJ&) = e i i r ^ P^ (cos 6 ) ( B . 1 2 ) 

where the f u n c t i o n s P™ a r e the a s s o c i a t e d Legendre p o l y n o m i a l s which 

a r e r e l a t e d to the Legendre p o l y n o m i a l s P^ by the e q u a t i o n s -

P"1 (cos 6 ) = ( - l ) m s i n m e d m P (cos 6 ) ( B . 1 3 ) 
n d l o s e m n 

and P n (cos 6 ) = (2n). ' - f c o s " 6 ~ n ( n - l ) _ c o s " " 2 6 (2n). ' J" c o s n 6 - n ( n - l ) 
0 n , , I 2 ( 2 n - l ! 
2 n . n . L 

+ n ( n - l ) ( n - 2 ) ( n - 3 ) c o s n ~ 4 6 - I ( B . 1 4 ) 
2 . 4 ( 2 n - l ) ( 2 n - 3 ) } 

The s p h e r i c a l harmonics a r e orthonormal i . e . 
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+1 

- 1 
cos e 

2TT 

6 U ' 6 mm' 

and form a complete set of func t ions . The decay angular d i s t r i b u t i o n 

of a resonance can therefore be expressed as a sum of the form: 

W(cos 6, f6) = ,1 I al Y1? (cos 6 , 0 ) 
ft=0 m=0 m % 

and the c o e f f i c i e n t s a& can be determined by the method of moments. 
m 1 
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L I S T OF T A B L E S 

2 o l Scanning Data<> 

3.1 The number of coherent f i t s ambiguous with other channels. 

3 . 2 Number of events accepted and rejected i n each subsample of 

the 4-prong data. 

4 . 1 . Cross Sections f o r the various f i n a l states 

4.2 Parameters of Resonances and Enhancements produced 

5.1 Resonances produced i n the separate regions of L.P.S. 

6*1 The p° spin density matrix elements 

6 . 2 The f ° spin density matrix elements 

6.3 The A^ spin density matrix elements 

6 . 4 The values of u > a and 3 through the A^ region 

7.1 The A^ spin density matrix elements f o r several t regions 

7 .2 n of the A„ f o r several t ' regions Moo 3 a 

7.3 Density matrix elements of the A^ meson produced i n Areas, 1,2 and 

3 of L.P.S. 

9.1 The number of events from various regions of the D a l t i z p l o t 

i n d i f f e r e n t 3^ mass ranges. 

10.1 A compilation of i r + d experiments 

10.2 A compilation of other coherent react ions. 



146 

F I G U R E C A P T I 0 N S 

1.1 Possible exchange mechanisms 

3.1 (a) Probabi l i ty f o r 4 prong events 

(b) Probabi l i ty f o r 3 prong events 

3.2 (a) M(pn) f o r a l l f i t s to Reaction 5 

(hatched) - ambiguous Reaction l / 5 f i t s 

(b) cos 6pn a l l f i t s to react ion 5 

(hatched) - ambiguous react ion l / 5 f i t s 
N 

3.4 (a) D i s t r i b u t i o n of R = mom a l l ambiguous 4 prongs 
Pmom 

(b) M(pn) vs proton momentum f o r various values of cos 6 pn. 
3.5 R vs. p

m o m f o r various values of cos 6 pn 

(a) M(pn) = 1.8785 GeV/c2 

(b) M(pn) = 1.880 GeV/c2 

(c) M(pn) = 1.885 GeV/c 2 

3.6 Ambiguous 4 prong samples 1 , 2 and 3 combined 

(a) M(pn) 

(b) cos 6 pn 

(c) N _/p = R 
mom mom 

3.3 Ambiguous 4 prongs 
(a) M(pn) 

(b) cos 9 pn 

3.7 Sample 9 events (a) M(pn) (b) cos 6pn (c) R. 

3.8 M(pn) f o r ambiguous 3 prong sample 

3 .9 Deutercn. Laboratory momentum - 3 prong sample hatched. 

4 .1 D i f f e r e n t i a l cross sections 

(a) do/dt vs t 

(b) da/dt vs t s . 

4.2 The (dir + ) e f f e c t i v e mass. 2 combinations per event. 

The hatched histrogram shows the dn + slow combination only . 

4.3 (a) M(d-rr+) ~ 4 prong events 
j j i 

(b) M(dir ) - 3 prong events 
(c) M(TT IT ) i f M(dir )<! 2.4 GeV/c - 4 prong events 

Q S 
4.4 (a) M(dir ) * the hatched histogtegram shows only those events 

o o 
which have no p , f and d 

(b) M ( T T V ) . 
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4.5 The TT IT e f f e c t i v e mass d i s t r i b u t i o n . 2 combinations per event. 
The so l id curve i s a r e su l t of a f i t to the background + p+ f mesons 

The dashed curve i s the shape of the assumed background 

4.6 (a) D i s t r i b u t i o n of angle between 2 pos i t ive pions i n p° res t frame 

b) M ( 7 T + 7 R ~ ) when M ( t f + 1 r + * " ) >1.4 GeV/c 2. 

4.7 (a) M(TT+f£, xr") f j j , = f a s t e r i n lab system 

b) M ( / sj, TT ) sfl, - slower i n lab system 

c) MCI^TT ) combination formed wi th lower t 
d ) M(irir ) 

combination formed with higher t 
e) M(TT f TT ) f = f a s t e r i n 3if rest frame 

+ c -
f ) M(TT S TT ) s = slower i n 3TT rest frame c c 

4.8 Dipion mass f o r various regions of t ' to d ip ion system 
a) t* <0.04 (GeV/c) 2 

b) 0.04 < t ' < 0.1 (GeV/c) 2 

c) 0 .1 < t ' < 0.2 (GeV/c) 2 

d ) 0.2 < f < 0.5 (GeV/c) 2 

4.9 M ( d T T +

c ) vs MGr +f T T ~ ) 

4.10 (a} M(TT fT r ) i f M ( d TT ) i n d region 

b) M(dTT + s) i f 0.6 < M ( T r + f TT")< 1.0 GeV/c2 

c) M (dT + s) i f 1.1< M(ir +f TT " ) < 1.5 GeV/c2 

+ + -
4.11 E f f e c t i v e mass of the TT IT IT system 

(4 prong events are shown hatched) 

4.12 (a) N K + T J - ) f o r 0.95 < M(3 IT) < 1.35 Gev/c 2 

(b) M(3TT ) f o r 0.665 < M ( / T T " ) < 0.865 GeV/c 2 

(c) M ( T r + T r " ) f o r 1.4 < M ( 3 T T ) < 1 . 8 GeV/c2 

( d ) M ( 3 T T ) f o r 1.12 < M ( T r + T r " ) < 1.36 GeV/c^ 

4.13 M ( d i r + ) vs M(3TT). 4.14 

4.16 

5.1 

[a) M(rr +
 Tr" TT ) f o r non d*^+ eventss MCf̂ fT ) shown hatched 

events. 

4.15 M(ir +TT +Tr ) f o r several regions of M ( f r + T r ) , p events excluded. 

.*++ 

a) M(dTr + TT ) 2 combinations per event> M ( d ' r T T T T ) shown hatched 

b) M ( d / / ) 

(a) 3 body L.P.S. hexagon fo r the react ion a + b"* c + d + e 

(b) General 4 body L.P.S. cuboctohedron 

5.2 Mean transverse momenta f o r regions of L.P.S. 

(c) i f (d) d. (a ) / f ( b ) TT +S 
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5.3 (a) Unweighted L.P.S. d i s t r i b u t i o n 
(b) Weighted L.P.S. d i s t r i b u t i o n 

5.4 (a) M(ir+s TT ) Region I 
(b) Nl(ir +f TT") Region I 
(c) M(TT + TT + IT ) Region I 

(d) M(ir+s TT ) Region IV 

(e) M (TT + fTT ) Region IV 

( f ) M(ir IT TT ) Region IV 

5.5 (a) M(ir + f TT") Region I I 

(b) M(dir + s ) f o r the area of L.P.S. shown shaded i n the inset 

The inner histogram shows M(dTT + s) f o r Region IV 
(c) M(TT f i r ) f o r the area of L.P.S. shown shaded i n the inset 

(d) M(TT^STT ) f o r the area of L.P.S. shown shaded i n the inset 
(e) M( TT TT TT ) f o r the area of L.P.S. shown shaded i n the inset 

5o6 (a) D e f i n i t i o n of Areas> 1 , 2 and 3 of L.P.S. 

(b) M(dir + s ) f o r Area 2 
(c) M ( d i r + s ) f o r Area 3 
(e) M(3 TT ) f o r Area 1 
( f ) M(3TT ) f o r Area 2 
(g) M(3TT ) f o r Area 3 

5.7 (a) M ( T T +

s T f ) f o r Area 1 

(b) M ( T T +

S T T ~ ) f o r Area 2 

(c) M( ir1" TT") f o r Area 3 

(d) M(TT + i f ) f o r Area 1 

(e) M( TT f TT ) f o r Area 2 

( f ) M(Ti*"f TT~) f o r Area 3 

6.1 P° decay angles. 

(a) cos 9 , (b) The hatched histograms show only 1 1 ^ 
combinations i n the p reg ion . 

6.2 Pdensity matrix elements 
6.3 (a) f ° decay angles 

(b) f ° density matrix elements 
6.4 n N decay angles (a) cos 9 , (b) jrf, (c) M(T+TT ") cos 9 < - 0 . 7 5 

(d) M( TT + i f ) cos 6 i>0.75 
6.5 Spherical hamonic moments of the normal to the 3ir decay plane 

as a func t ion of 3 IT mass 
6.6 Decay angles of the normal to the production plane i n the A 1 region 
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6 . 7 (a) cos 6 p d i s t r i b u t i o n f o r A, events (hatched histogram i s 

the resul t of weighting by -g- the A^ events where both TT TT 

combinations have a mass i n the A^ region. 

(b) cos 6 d i s t r i b u t i o n f o r A, events u 1 
6 . 8 (a)The d i s t r i b u t i o n of decay angles of normal to production plane 

f o r A_ events. The s o l i d curve shows the r e su l t of a f i t 
P + 

f o r J = 2 while the dashed curve i s the f i t f o r J = 1 . 
(b) polar angle of ^ f o r A 3 events 

(c) polar angle of f ° f o r A_ events. The hatched oart of the 

histogram corresponds to d events 

6 . 9 ' A 0 ' decay d i s t r i b u t i o n s 

(a) normal to decay plane 

(b) IT polar angle 

(c) P ° polar angle 
•jf. 

The hatched part of the histrograms correspond to d events 
7 . 1 The A density matrix elements i n the G-J frame and i n the h e l i c i t y 

* 
frame. The dashed points are the r e su l t of excluding d events-

7 . 2 P q q of the A^ vs t ' i n (a) the G-J and (b) the n e l i c i t y frame. 

(c) and (d) show the same d i s t r i b u t i o n s when only f ° events are used. 
7 . 3 (a) R . vs I t I f o r the A, region, 

nun 1 . . . 2 

(b) x

2 vs 3 for the A x region It l > 0 . 1 2 (GeV/c)' 

(c) 3 . vs I t l for the A 0 region 
min 3 / 9 

(d) ftnin vs I t l for M(3TT)< 1 .0 G eV/c 
(e) 3 . vs I t l for A < M(3w) <A> 

nun J. J ( f ) 3 . .vs I t l f o r M(3 TT)< 1 .8 GeV/c2 

min 

7 . 4 (a) Path i n LPS taken by several events when rota ted round G-J axes 
(b) Path i n LPS taken by several events when rotated round H e l i c i t y 

axis 
(c) D e f i n i t i o n of Areas 1 - 4 of Region I of L.P.S. 

7 . 5 The number of events i n various regions of L.P.S. before r o t a t i o n , 
a f t e r r o t a t i o n by n round G-J axis and a f t e r r o t a t i o n by IT round 
h e l i c i t y a x i s , shown diagramanatically 
(a) a l l events 
(b) t > 0 . 0 2 (GeV/c) 2 

(c} A^ region only. 

7 . 6 As 7 . 5 but shown numerically 

7 . 7 (a) M(3TT ) f o r Region I of L.P.S. 
(b) M(3 f ) f o r Areas 1-3 of L . P . b . before r o t a t i o n 

(c) M(3 TT) f o r Areas 1-3 of L.P.<S a f t e r G-J r o t a t i o n 
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7.8 (a) M( i r +

s i r " ) f o r Region I of L.P.S. 

(b) M(ir+ n") f o r Region I of L.P.S. 

(c) M(TT IT ) f o r Areas 1-3 of L . P . S . before r o t a t i o n 

(d) M(TT v ) f o r Areas 1-3 of L . P . S . before r o t a t i o n 

(e) M(TT IT ) f o r Areas 1-3 of L . P . S . a f t e r r o t a t i o n 
i s _ 

( f ) M(TT F TT ) f o r Areas 1-3 of L . P . 1 3 . a f t e r r o t a t i on 
7.9 A^ density matrix elements (G-J) frame using only events from 

Areas 1-3. 
x I j 

8.1 (a) d decay angles 

(b) suggested d production mechanism.' 

8.2 Reggeised Deck Exchange Mechanism 

8.3 (a) M ( p TT ) d**4" excluded 

(b) azimuthal angle of 'decay 1 of d^ system f o r d^P f i n a l state 

with d events excluded. 

The smooth curves are the B.R.D. model pred ic t ions . 

9.1 (a) M(pTT ) 4 prong events 

(b) M(pir ) 4 prong events d excluded 

9o2 M(pTr) f o r various regions ofX 

(a) X< 0.5 (b) X> 0.5 (c) X> 0.6 (d)X > 0.85 
9.3 D i s t r i b u t i o n of X f o r several regions of 

9.4 (a) and (b ) . The decay angular d i s t r i b u t i o n s of the normal to the 

decay plane of the 3-pion system f o r events i n the A^ mass reg ion , 
cos 6 and 

(c) The p asymmetry vs M(3TT ) 

10.1 (a) TT d-*- d T T + T f + T r channel cross section vs incident momentum 

(b) K d-* d K IT + T T channel cross section vs incident momentum 
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