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ABSTRACT 

This t h e s i s contains an account o f some of the work 

c a r r i e d out by the author w h i l s t at Durham U n i v e r s i t y . The 

work has been c a r r i e d out by the High Energy Nuclear Physics 

Group of the U n i v e r s i t y o f Durham i n c o l l a b o r a t i o n w i t h s i m i l a r 

groups f rom the U n i v e r s i t i e s of Bonn, Nijmegen, Pa r i s , T u r i n 

and Strasbourgo 

Bubble Chamber ana ly s i s i s concentra ted on those events i n 

which a t most there i s only one n e u t r a l p a r t i c l e i n v o l v e d . The 

remainder, the NOFIT events , can o f t e n amount t o a. cons iderable 

p r o p o r t i o n of the t o t a l events unless these are analysed they 

represent a loss i n the t b t . a l .knowledge o f the physics , of. the 

i n t e r a c t i o n . The events , i n a sense,, are o f lower q u a l i t y 

than the normal se ts of events t h a t are analysed, since -the 

l a t t e r haW£undergone the f i t t i n g process which reduces the 

e f f e c t s of e r r o r s o f measurements and a l so reduces ambigu i t i e s 

of i n t e r p r e t a t i o n . 

I n t h i s t h e s i s events produced by 5 Gev/c p o s i t i v e pions 

on p ro tons , i n which the|fe are two charged secondary p a r t i c l e s 

and two or more n e u t r a l p a r t i c l e s have been se lec ted f o r a n a l y s i s . 

The problem o f ambigui ty of i d e n t i t y o f the charged secondaries 

i s discussed a t l e n g t h and a s u c c e s s f u l method has been devised 

t o d i v i d e c l e a r l y these two pronged events i n t o those w i t h PJT* 

and those w i t h J T + 7T* as the two charged secondaries . 

For each o f these groups the e f f e c t s o f measuring e r r o r s 

on the est imated i n v a r i a n t masses i s considered i n d e t a i l and 

the expected mass r e s o l u t i o n i n each i n v a r i a n t mass combinations 

is. determined* 
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With the r e s o l u t i o n of ambiguity and the c a l c u l a t e d 

p r e c i s i o n of mass de te rmina t ion , re sonan t p a r t i c l e p roduc t ion 

i s sought. Clear s igna l s corresponding t o the p roduc t ion o f 

A + + , y°, f ° , and A£+ are seen. There i s some evidence 

f o r the N x + ( 1 7 0 0 ) resonance. 

The c o n s i d e r a t i o n o f mass r e s o l u t i o n i s preceded by a 

general c o n s i d e r a t i o n o f the accuracy of the d e t e r m i n a t i o n o f 

momentum i n the chamber. 
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CHAPTER 1 

INTRODUCTION 

C u r r e n t l y , i n p repa ra t ion f o r bubble chamber experiments 

a t 300 Gev, the re i s cons iderable p r e d i c t i o n on the kinds o f 

imated t h a t at 150 Gev about 5% of i n t e r a c t i o n s w i l l comprise 

charged secondary p a r t i c l e s ( t o form an e l a s t i c or. an i n e l a s t i c 

event , i . e . 4 -Cons t r a in t FIT channe l ) , about 10% w i l l a lso 

inc lude one n e u t r a l p a r t i c l e i n the f i n a l s t a t e o f known mass 

( n e u t r a l pi-meson or neut ron and to fo rm an i n e l a s t i c event , 
o 

i . e . 1 - C o n s t r a i n t ( o r i l ) F I T channel) and. where the: remaining 

85% of events w i l l inc lude two or more n e u t r a l p a r t i c l e s 

( i . e . NOFIT channe l ) . Only the 4~C and 1-C ( " T T ' o r n ) FIT 

channels ( i . e . 15% of the t o t a l ) w i l l be a v a i l a b l e f o r convent­

i o n a l f i l m a n a l y s i s . 

The problem at 300 Gev i s obvious. To a. lesser ex ten t 

the problem i s s t i l l a se r ious one at 5 Gev/c. I n a l l the 

i n e l a s t i c r e a c t i o n s t h a t have been considered by Bonn - Durham -

Nijmegen - Paris - T u r i n (B .D.N.P .T . ) c o l l a b o r a t i o n i n i t s 

ana lys i s of i n t e r a c t i o n s o f 5 Gev/c p o s i t i v e pi-mesons i n hyd­

rogen about 43% have g iven 4-C F IT , about 35% have g i v e n 1-C 

( 7T and Jl ) FIT ch annels w h i l s t the remaining 22% have f a l l e n 

i n t o the NOFIT ca tegory . These numbers are averages over 

a l l s izes o f i n t e r a c t i o n s ( l a r g e l y two and f o u r pronged e v e n t s ) . 

I n t ab l e ( 1 - 1 ) there i s a d e t a i l e d break down o f the t o p o l o g i c a l 

c ross - sec t ions (4-C FIT, 1-C ( TT° or Tl ) FIT and NOFIT channels) 

f o r the 7?P c o l l i s i o n s at an i n c i d e n t momentum of 5 Gev/c i n 

i n t e r a c t i o n s t h a t w i l l be a v a i l a b l e f o r a n a l y s i s . I t i s e s t -

M U H I V L 

) 
M I E B Q E 
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Table ( 1 - 1 ) Cross-Sections f o r the Various Pronged of Reactions 
at 5 . 0 Gev/c i n the B.N-H.B.C. 

REACTION 7T p 5 . 0 Gev/c NO. OF 
EVENTS 

CROSS-SECTION 
(mb) 

% RATIO 
OF EVENTS 

TWO PRONGED INTERACTIONS : -

P 7T T 

P 7T + 7T° 

n 7 r + 7 T + 

P 7T* m 2 7T° 

4-C FIT 

1-C( **)FIT 

1-C( 21) FIT 

NOFITx 
0 NOFIT* 

TOTAL 

. 13992 

3100 

1700 

8562 

5286 

32640 

5.85 - 0 .18 

1 . 3 0 ± 0 . 0 3 

0 . 7 1 £ 0 . 0 4 

3 .57 - 0 . 4 0 

2 . 2 1 1 0 . 4 0 

1 3 . 6 4 - 0 .14 

42.9 

9.5 

5.2 

26.2 

16.2 

FOUR PRONGED INTERACTIONS:-

P ZT+TT 

P lW* TT'IT0 

n 37T+TT~ 

TOTAL 

4-C FIT 

1-C (77*) FIT 

1-C( 11) FIT 

NOFIT 

NOFIT 

6994 

7300 

2164 

6O3O 

2976 

25464 

2.76 - 0 . 0 4 

2.88 £ 0 . 0 4 

0 .85 - 0.02 

2.39 * 0 . 1 7 

1.18 ± 0.17 

10.06 £ 0.06 

2 7 . 4 

2 8 . 6 

8 . 5 

2 3 . 8 

1 1 . 7 

SIX PRONGED INTERACTIONS:- ' 

P 3JT XTT 

p *Tr*Ljf7T° 

n H7T*ZTr 

TOTAL 

4-C FIT 

1-C (7T)FIT 

1-C cn) FIT 

NOFIT 

NOFIT 

i 0 5 5 

1597 

279 

378 

140 

3449 

0 . 4 1 - 0 . 0 2 

0 . 6 1 - 0 . 0 3 

0 . 1 1 £ 0 . 0 1 

0 . 1 5 i 0 . 0 1 

0 . 0 5 i 0 . 0 1 

1 . 3 3 £ 0 . 0 5 

3 0 . 8 

4 5 . 9 

8 . 3 

1 1 . 3 

3 . 7 

TOTAL OF 2 ,4 and 6 PRONGED 
EVENTS 61553 2 5 . 0 3 £ 0 . 0 9 

Where g rea te r than 0 and m 2 g rea te r than 1 
x These are r ev i s ed i n chapter 4« 



the B r i t i s h Nat iona l Hydrogen Bubble Chamber ( B . N . H . B . C . ) of 

the two, four and s i x pronged events (see r e f . 1 , 2 and 3 

r e s p e c t i v e l y ) e x c l u d i n g the s t r a n g e p a r t i c l e events a The t o t a l 

7 f t c r o s s - s e c t i o n (obtained by i n t e r p o l a t i o n from counter 

r e s u l t s , see r e f . I * ) i s 26 .60 i 0 .01 mb. I n the case of the 

two pronged events ambigu i t i e s between the two NOFIT channe l s 

have been d i v i d e d between both channels on the b a s i s of the 

l a b o r a t o r y momentum s p e c t r a of the charged s e c o n d a r i e s (see 

r e f . 2) as observed i n the unambiguous and ambiguous events 

r e s p e c t i v e l y , these are r e v i s e d i n chapter 4« I f the two 

pronged events s e p a r a t e l y are cons idered then about U,2% of 

these f a l l i n t o the NOFIT c a t e g o r i e s and are l o s t to convent ­

i o n a l a n a l y s i s . T h i s r e p r e s e n t s a c o n s i d e r a b l e l o s s of in form­

a t i o n and i n t h i s t h e s i s an attempt i s made to e x p l o i t the two 

pronged NOFIT c h a n n e l s . . I t begins, w i t h an account of r e s o l v ­

i n g the ambiguous events fo l l owed by a d i s c u s s i o n of the p r e c ­

i s i o n of measurements i n these channels i n Chapter 4 . 

The aim of the work i s to show t h a t the m u l t i - n e u t r a l 

p a r t i c l e s f i n a l s t a t e events can be analysed by u s i n g the 

m i s s i n g mass t e c h n i q u e . The way i n w h i c h . t h i s i s done i s to 

p r e d i c t from the four-pronged events which have been ana lysed 

i n the normal way what i s to be expected i n the two pronged 

NOFIT e v e n t s . For t h i s purpose , the p r e d i c t i o n s t h a t may be 

made are g iven i n c h a pte r 5» 

I n c h a p t e r s 6 and 7 r e s u l t s of the o b s e r v a t i o n of r e s o n ­

ances i n the two pronged NOFIT channe l s are d e s c r i b e d and a check 

has been made on these p r e d i c t i o n s . 

G e n e r a l c o n c l u s i o n s are g i v e n i n a s h o r t f i n a l chapter 8. 

P r e c i s i o n of measurement i s an important f e a t u r e of t h i s 



- 4 -

work. Because of t h i s i t has been of g r e a t i n t e r e s t to examine 
the b a s i c e r r o r s i n bubble chamber measurements. The bubble 
chamber, dev i sed and developed by G l a s e r (1952) , has been of 
g r e a t importance i n the study of high energy n u c l e a r p h y s i c s 
and elementary p a r t i c l e s . The present chambers, when backed 
by a c c u r a t e measuring machine.g^are capable of c o n s i d e r a b l e 
p r e c i s i o n o 

When a chamber i s p laced i n a magnetic f i e l d , the c u r v ­

ature of a t r a c k can be used to c a l c u l a t e the momentum of a 

p a r t i c l e o I n the B . N . H . B . C . , 1.5 m long , the magnetic f i e l d 

i s 13•5 k i l o g a u s s . An accuracy of 1.4% i n momentum can be 

achieved a t 5 Gev/c when t r a c k s 100 cm long a r e measured wi th 

nine po in t s over the t r a c k . T h i s accuracy can be determined 

from the spread of the measured po ints about the f i t t e d t r a c k 

(so c a l l e d " i n t e r n a l e r r o r ' ' ) or an expected v a l u e can be c a l ­

c u l a t e d by knowing the b a s i c accuracy of the measuring machines , 

the l ength of a. t r a c k arid the geometry of r e c o n s t r u c t i o n from 

the t h r e e views (so c a l l e d " e x t e r n a l e r r o r " ) . The e x t e r n a l 

e r r o r i s used i n subsequent a n a l y s i s , s u c h as tha t of hypotheses 

- f i t t in-gjwhereas the i n t e r n a l e r r o r i s only used as a gu ide . 

I t w i l l be worthwhile to c o n s i d e r the v a l i d i t y of e r r o r formulae 

t h a t are used i n programmes such as THRESH and GRIND. For t h i s 

purpose, c h a p t e r s 2 and 3 have d e s c r i b e d b r i e f l y the exposure 

at 5 Gev/c i n the B . N . H . B . C . f o r the 7 T + P c o l l i s i o n s fo l lowed 

by the sources of e r r o r i n a t y p i c a l bubble chamber whereas 

the m u l t i p l e s c a t t e r i n g and the measuring e r r o r are cons idered 

i n some d e t a i l . 
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CHAPTER 2 

GENERAL EXPERIMENTAL CONSIDERATIONS 

2 . 1 The Exposure 

The exposure took p lace i n the beg inning of 1965» u s i n g 

the 02 beam at C . E . R . N . , with p o s i t i v e pi-mesons a t an i n c i d e n t 

momentum of 5 « 0 G e v / c , d i r e c t e d i n t o the B r i t i s h N a t i o n a l 

Hydrogen Bubble Chamber ( B . N . H . B . C . ) . At the end of the expos­

u r e , about 150,000 p i c t u r e s had been obta ined . The f i l m s have 

been d i s t r i b u t e d among the f o l l o w i n g c o l l a b o r a t i n g l a b o r a t o r i e s : 

Bonn - Durham - Nijmegen - P a r i s (Ecb le Po ly technique) and T u r i n 

f o r the a n a l y s i s of two, f o u r and s i x prong i n t e r a c t i o n s . 

L a t e r , the f i l m of P a r i s was shared by S trasbourg f o r four prong 

event a n a l y s i s . 

B r i e f d e s c r i p t i o n s of the beam and of the chamber are g iven 

i n the f o l l o w i n g two s e c t i o n s . 

2 . 2 The Beam 

The 02 beam (see r e f . l ) i n which 5-0 Gev/c p o s i t i v e pions 

were s e l e c t e d by e l e c t r o s t a t i c s e p a r a t i o n was reduced to about 

12 pions per p i c t u r e f o r the exposure . The beam momentum as 

d e f i n e d by the beam l i n e , and confirmed by measurements on the 

f i l m was (4.9^5 * 0 .006) Gev/c wi th a momentum b i t e of 0 .15 

G e v / c . The contaminat ion of the beam from ha.dro.ns i s n e g l i g ­

i b l e and t h a t from muons and e l e c t r o n s (from pion decay) i s e s t ­

imated (see r e f . 2 ) to be 3%. 

http://ha.dro.ns
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2. 3 The B r i t i s h Nat iona l Hydrogen Bubble Chamber 
TB.N.H.B.C.T 

The B . N . H . B . C . (see r e f . 3a and 3b) was f i l l e d wi th l i q u i d 

hydrogen at a temperature of 27°Ko F i g u r e (2 -1) shows the 

B . N . H . B . C . wi th surrounding magnet. I t s volume i s 150 by 45 by 

50 cm . The chamber was photographed by three cameras p l a c e d , 

1.4 m away from the chamber, on the c o r n e r s of an i s o s c e l e s t r i ­

ang l e , of which the base (= h e i g h t ) i s 480 - O . O i mm. The 

observable volume, t h e r e f o r e , was 300 l i t r e s . 

2 . 3 . 1 .The Operat ion of the Chamber 

An automatic system i s used to c o n t r o l the opera t ing c y c l e s 

of the expansion system. The Proton Synchrotron g ives a s i g n a l 

be fore the beam a r r i v e s ; t h e r e a f t e r the expansion c y c l e s t a r t s 

from a s t a t i c p r e s s u r e P s ( i n t h i s experiment P s = 6 .3 Kilograms 

cm" ) which i s h i g h e r than the vapour p r e s s u r e ' P v . Then the P s 

i s r a p i d l y removed and the p r e s s u r e i n the l i q u i d f a l l s below P v 

p a s s i n g i n t o the s e n s i t i v e r e g i o n and d e c r e a s i n g to the minimum 

pressure Pmin a t the time t ( P m i n ) . At t h i s t ime , the p r e s s u r e 

i s constant and the chamber i s s e n s i t i v e to ingoing and outgoing 

p a r t i c l e s . The paths of the charged p a r t i c l e s appear as a 

s t r i n g of b u b b l e s . These are a l lowed to grow f o r 1 or 2 ms 

be fore they are photographed under s t r o n g i l l u m i n a t i o n . The 

f i n a l phase i s the recompress ion c y c l e , when the p r e s s u r e i s 

r a i s e d back to i t s i n i t i a l va lue of the P 9 and the chamber i s 

ready f o r the next expans ion . 

However, the expansion and the recompress ion c y c l e s are the 

c r i t i c a l p a r t s of the operat ing system f o r the f o l l o w i n g reasons 

I - i f the expansion c y c l e i s not f a s t enough, the b o i l i n g 
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at v a r i o u s s u r f a c e s w i l l prevent the P s from dropping below the 

P v and so the l i q u i d w i l l not become s e n s i t i v e . 

I I - i f the recompress ion c y c l e i s s low, then so much l i q u i d 

w i l l be b o i l i n g o f f t h a t i t w i l l take a long time before a l l 

vapour i s r e t u r n e d t o the l i q u i d phase . 

A t y p i c a l p r e s s u r e curve of the operat ing system i s shown 

i n f i g u r e ( 2 - 2 ) . 

F i g u r e (2-3) shows a. four prong i n t e r a c t i o n as. observed i n 

the B . N . H . B . C . where the bubbles are photographed some 1 or 2 ms 

a f t e r format ion . The bubbles are s t i l l s m a l l but t h e i r apparent 

s i z e which i s determined from t h e i r images on the photographic 

f i l m corresponds to about 250yim i n the chamber. The image on 

the f i l m i s a d i f f r a c t i o n image s i n c e the problem of depth of 

focus n e c e s s i t a t e s t h a t the lens a p e r t u r e s are stopped down and 

these reduced a p e r t u r e s produce images which are i n f a c t the 

Airy d i s c images of the bubbles . 

2 . 3 . 2 The R e l a t i o n between Bubble Dens i ty and P a r t i c l e 
V e l o c i t y 

Many experiments (see r e f . ^ ) have been made t o determine a. 

r e l a t i o n s h i p between the bubble d e n s i t y (number of bubbles per 

cm of t r a c k ) and the p a r t i c l e v e l o c i t y (/*c). E x p e r i m e n t a l l y , 

the bubble d e n s i t y n i s i n v e r s e l y p r o p o r t i o n a l to the p a r t i c l e 

v e l o c i t y squared i n the bubble,., chamber, i . e . 

n e c l / £ 2 = n 0 / y S 2 2 .1 

R e w r i t i n g ( f t ) as a f u n c t i o n of momentum P and the mass M of the 

p a r t i c l e , then 

n = n Q / / 3 2 = n 0 ( l + H?/?2) 2.2 

For l a r g e v a l u e s of momentum n approaches n 0 which i s the m i n i -
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mum v a l u e of the i o n i s a t i o n . Hence the r e l a t i v e bubble d e n s i t y 

( i . e . bubble d e n s i t y r e f e r r e d to the minimum v a l u e ) i s g iven b y : -

n / n Q = 1 + M 2 / P 2 2 .3 

T h i s i s shown i n f i g u r e (2 -4 ) f o r p i o n , kaon and proton . 

E x p e r i m e n t a l l y , r e l a t i v e bubble d e n s i t y i n excess of about 1.4 

can be d i s t i n g u i s h e d by eye from the minimum v a l u e of 1 .0 . I n 

terms of momentum i t means tha t pions can be d i s t i n g u i s h e d from 

protons a t momentum below 1.5 Gev/c and pions from kaons below 

0.8 G e v / c . 

2 . 4 The L i m i t a t i o n of Accuracy i n a T y p i c a l Chamber 

The accuracy of the chamber i s an important f e a t u r e 6f an 

experiment , o b v i o u s l y , s i n c e i t c o n t r o l s the o v e r a l l p r e c i s i o n . 

I n d i r e c t l y i t i s important i n t h a t s e l e c t i o n c r i t e r i a are based 

on assumptions about the p r e c i s i o n . In t h i s s e c t i o n the p r e c i ­

s i o n i s cons idered t h e o r e t i c a l l y and l a t e r , i n chapter 3> an 

exper imenta l check on the accuracy i s d e s c r i b e d . 

There are many d i f f e r e n t sources of e r r o r which c o n t r i b u t e 

to the o v e r a l l i n a c c u r a c y of the d e t e r m i n a t i o n , from i t s t r a c k , 

- of momentum (or c u r v a t u r e ) and the s p a t i a l angles of a p a r t i c l e 

i n the chamber i n a known magnetic f i e l d . These may be d i v i d e d 

i n t o two groups. F i r s t l y there are the i n t r i n s i c e r r o r s i n the 

chamber due to thermal c o n v e c t i o n , thermal t u r b u l e n c e and mul t ­

i p l e (Coulomb) s c a t t e r i n g , and secondly t h e r e a r e e r r o r s due to 

d i s t o r t i o n i n the o p t i c a l system, i n a c c u r a c y i n the s t r e n g t h of 

the magnetic f i e l d and e r r o r s i n measurement. The m u l t i p l e 

s c a t t e r i n g and the measuring e r r o r are very important and are 

c o n s i d e r e d i n some d e t a i l . The other sources are cons idered 

f i r s t and d e s c r i b e d b r i e f l y . 



UJ 

en < 

UJ 

to 

m z 
GQ UJ 

CM <n O 

UJ in r 
. 7 . 

UJ 

< U 
UJ h 

00 
UJ 

UJ 

1 

<M 

AHSN3Q 3 i g a n g 3 A I I V I 3 « 



-9= 

2.4*1 V a r i a t i o n of Magnetic F i e l d 

The magnetic f i e l d i n the chamber i s u s u a l l y denoted by 

i t s c e n t r a l v a l u e (see r e f . 5 ) and i n the B . N . H . B . C . t h i s i s 

(13.46 - O.O3) k i l o g a u s s . However, the f i e l d v a r i e s through­

out the chamber but the v a r i a t i o n , which i s wors t a t the edges, 

amounts to about 5%» S ince the f i e l d i s the s a t u r a t i o n va lue 

of the e lec tromagnet , c u r r e n t v a r i a t i o n s produce v i r t u a l l y no 

f i e l d v a r i a t i o n . The magnetic f i e l d i s a c c u r a t e l y mapped and 

the d e v i a t i o n s from the c e n t r a l va lue known to about 1%. 

Hence v a r i a t i o n s i n the paths of a p a r t i c l e due to f i e l d v a r i a ­

t i o n s may be c o r r e c t e d . 

2 . 4 » 2 O p t i c a l D i s t o r t i o n s of the Chamber and Camera System 

By a c c u r a t e s u r v e y i n g of the sys tem, i t i s found (see 

r e f . 6 ) t h a t the d i s t o r t i o n s can be represented as a s imple 

power s e r i e s . By means of t h a t the apparent c o o r d i n a t e s (x , 

y ) on the i d e a l f i l m plane can be w r i t t e n as f o l l o w s : -
i 2 2 o 2 2 

x = x ( l + a-̂ x + a 2 y + a^xy + a^x + a.̂ y + 35 (x + y ) + . . . ) 

y 0 y ( l + b ] X + bgy + b^xy + b^x^ + b^y + b^(x + y ) + . . . ) 

when the e f f e c t of f i l m s t r e t c h has been removed. The terms 

i n c l u d i n g a.£ and b^ correspond to d i s t o r t i o n s i n the o p t i c a l 

system and these are determined from measurements on the f i l m 

of the known p o s i t i o n s of the f i d u c i a l marks (they are shown i n 

f i g u r e ( 2 - 5 ) ) . U s u a l l y terms w i t h i l e s s than 7 are s u f f i c i e n t . 

2 . 4 . 3 Thermal Convect ion and Turbulence 

These are motions of the l i q u i d a r i s i n g from the temperature 

d i f f e r e n c e s i n the systemc The convec t ion g ives r i s e t o l i q u i d 
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(and hence bubble v e l o c i t i e s ) of about 3 c m . s e c ~ \ For a 
growth time of 1 ras f o r the bubble b e f o r e photography, the 
bubble w i l l have moved 30 Jim from i t s o r i g i n a l pos i t ion . . 

The o p t i c a l e f f e c t s of turbu lence r e s u l t from a s s o c i a t e d 

v a r i a t i o n s i n r e f r a c t i v e index of the l i q u i d . Thomas (see 

r e f « 7 ) has es t imated the r . m . s . d e v i a t i o n of the apparent move­

ment of the bubble due to t h i s " t w i n k l i n g " e f f e c t . I n l i q u i d 

hydrogen he has shown t h a t at d i s t a n c e S cm (from bubble to 

chamber window) where the heat f l u x i s watts cm the dev­

i a t i o n i s g iven b y : -

E t = 45 .6 H f ^ S 3 / 2 pm 2 .5 

For example, assuming t h a t S = 40 cm and Hf = 10"^ wat t s cm , 

then the above e x p r e s s i o n g i v e s , E t = 27 ^um. Both of these 

are s m a l l compared to the apparent s i z e of a bubble . 

2 . 4 « 4 M u l t i p l e S c a t t e r i n g 

M u l t i p l e s c a t t e r i n g g ives a s p u r i o u s c u r v a t u r e to a t r a c k 

even when the magnetic f i e l d i s z e r o . I n the presence of a 

magnetic f i e l d t h i s e r r o r i n the measured c u r v a t u r e i s i n t e r ­

preted as an e r r o r i n the momentum. S i m i l a r l y there are e r r o r s 

i n the measurement of ang les (see r e f . 8 , 9 and 1 0 ) . The e x p e r i ­

mental a n a l y s i s which f o l l o w s l a t e r ( i n chapter 3) i s concerned 

almost e n t i r e l y w i th primary t r a c k s . These are s e l e c t e d be ­

cause t h e i r momentum i s constant and known. T h e i r angles are 

not so w e l l d e f i n e d . Hence, i n what f o l l o w s , the e r r o r s on 

momentum only are c o n s i d e r e d . 

The r e l a t i v e e r r o r i n the measured momentum P from the 

m u l t i p l e s c a t t e r i n g i s g iven by;-
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d P / P = 4 5 . 0 / ipH L l / 2

X o

l / 2 ) 2 .6 

The s c a t t e r i n g cons tant ( 4 5 ° 0 i n hydrogen) r e p r e s e n t s the b a s i c 

q u a l i t y of the l i q u i d to cause m u l t i p l e s c a t t e r i n g . I t depends 

upon the atomic number. (/Sc) i s the v e l o c i t y of the p a r t i c l e 

and H i s the magnetic f i e l d i n k i l o g a u s s . L and x 0 are the 

length of a t r a c k and the r a d i a t i o n length of the l i q u i d , both 

i n cm. 

From the above e x p r e s s i o n , i t can be seen t h a t the m u l t i p l e 

s c a t t e r i n g becomes important f o r s h o r t t r a c k s and f o r low va lues 

of /B ( H and x Q are c o n s t a n t s ) . 

Now, w r i t i n g momentum P i n terms of the magnetic f i e l d and 

the r a d i u s of c u r v a t u r e ( R i n cm) as f o l l o w s : -

P = 0*3 H R Mev/c 2 .7 

= 0 . 3 H / C Mev/c 2 .8 

where C i s the c u r v a t u r e (C = l / R ) , then 

| d P / p ( - | d C / C | 2 . 9 

T h e r e f o r e , 

| d P / P l M . S . - ( d C / C ) M . s . = 4 5 . O / ( £ H L l / 2 x p

l / 2 ) 2 .10 

2..4.5 Measuring E r r o r 

The source of the measuring e r r o r on the f i l m can be seen 

from the d e t e r m i n a t i o n of c u r v a t u r e of the t r a c k by three po int 

l o c a t i o n . 

Assuming t h a t the t r a c k of l ength L , which i s a c c u r a t e l y 

known, has a s a g i t t a S (both i n cm) and t h a t i t i s measured 

s y m m e t r i c a l l y at t h r e e p o i n t s (see f i g u r e ( 2 - 6 ) ) then the c u r v ­

ature C i s g iven b y : -
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C = S S / L 2 cm" 1 2.11 

Hence, the r e l a t i v e e r r o r i n the measured c u r v a t u r e i s r e l a t e d 

to t h a t i n the s a g i t t a b y : -

dC/C = dS/S 2.12 

1/2 

But dS = f-jj 3 /2 ) , where f̂  i s the r . m . s . e r r o r made i n 

measuring a po int on a t r a c k , the r e l a t i v e e r r o r on c u r v a t u r e 

i s 

dC/C = 8 f l ( 3 / 2 ) l / y C L 2 2 .13 

where s u b s t i t u t i o n has been made f o r S . T h i s c a l c u l a t i o n 

r e f e r s t o measurements made on a s i n g l e f i l m . I n p r a c t i c e 

t h r e e s t e r e o g r a p h i c f i l m s are measured and from these t h r e e -

d imens iona l r e c o n s t r u c t i o n i s made i n chamber space . Equat ion 

2.13 w i l l hold approximate ly i n s i d e the chamber where C i s now 

the c u r v a t u r e of the t r a c k ( r a t h e r than on the f i l m ) , prov ided 

L i s i n t e r p r e t e d as the l eng th i n chamber space and f^ i s the 

"measuring e r r o r i n chamber space". U s u a l l y about N = 9 po in t s 

are used i n measurement which l e a d s t o an improvement i n accuracy 

g iven approximately by ( N / 3 J 1 / 2 . Then the r e l a t i v e e r r o r i n the 

measured c u r v a t u r e due to the measuring e r r o r i s g iven b y : -

( d C / C ) M . E T 8 ( 3 /2 ) l / 2 fy ( ( N / 3 ) 1 / 2 G L 2 ) 2.14 
Hence, the r e l a t i v e e r r o r i n the c u r v a t u r e i s g i v e n b y : -

( d P / P ) M . E = ( d C / C ) M . E . = S f l P / ( ° - 3 ( 2 ) 1 / 2 H L 2 ) 2.15 

where s u b s t i t u t i o n has been made f o r C« 

I n p r a c t i c e the u n c e r t a i n t i e s i n the t h r e e - d i m e n s i o n a l 

r e c o n s t r u c t i o n of the t r a c k tend to i n c r e a s e the e r r o r i n the 

c u r v a t u r e . I t i s found t h a t f o r t r a c k s measured with nine 

po in t s t h a t the working va lue of the measuring e r r o r i n c u r v ­

a ture (or momentum) i n chamber space i s g iven by , (CERN k i n e -
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matics programme, GRIND)8 

( D P / P ' M . E . " ( D C / C ' M . B . " ( 6 0 ' l / 2 V / ( ° - 3 H L 2 ) 2 . 1 6 

where f-^ and L i n cm, P i n Mev/c and H i n kilogausso 
Rewriting the above expression when f ^ in^um and P i n Gev/c 

(dP/P) M o E_ = (dC/C) = ( 6 0 ) l / 2 f 1 p / ( 3 . 0 HL 2) 2.17 

The t o t a l r e l a t i v e error i n the curvature (or momentum) 
from the multiple scattering and the measuring error can be 
w r i t t e n i n the form 

(dP/P) T = (dC/C)T = ( ( < 1 P / P ) M . S . + ( c l p / p ) M . E . ) L / 2 2 - 1 8 

using equations 2.10 and 2.17. 

One can define a momentum Pg when the r e l a t i v e errors 
from the multiple scattering and the measuring error are equal 
as follows (using equations 2.10 and 2.17)1-

PE = 135 L3/2/ ( (60) 1/ J5Sf 1 x ^ / 2 ) Gev/c 2.19 

The t o t a l r e l a t i v e error i n momentum i s not a minimum at Pg, 
but below Pg the coulomb term dominates and above Pg the error 
i s dominated by the measuring error. 

S i m i l a r l y , i t can be seen that the track length Lg when 
both are equal i s given bys-

L E = ( ( 6 O ) l / 2 / 0 f i P x
0

1 / / 2 / 1 3 5 ) 2 / ' 3 cm 2.20 

Again, the t o t a l r e l a t i v e error i s not a minimum at Lg, 
but below t h i s length the error i s dominated by measuring error 
and above Lg by multiple scattering. For any given value of 
momentum P i t i s possible to calculate a track length Lg f o r a 
given f 1(ygand x Q are constants). For example i n the B.N.H.B.C. 
t h i s length Lg i s of about 96 cm at P = 5»0 Gev/c, f^ = 100 ̂ im, 
fi = 1.0 and x Q = 1050 cm ( l i q u i d hydrogen at 27°K). 
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In f i g u r e ( 2 - 7 ) the expected inaccuracies due to Coulomb 
scattering and measuring error are compared f o r primary par t i c l e s 
of 5 * 0 Gev/c i n the B.N.H.B.C. For most of the lengths 
( L = 1 0 0 cm) available i n t h i s exposure, measuring error i s the 
dominating source of inaccuracy (using primary tracks only). 

S i m i l a r l y , i n the CERN 2 M H(D) BC the c r i t i c a l length 
L E i s i n excess of about 1 6 8 ( 1 5 2 ) cm at P = 1 1 . 7 Gev/c, f ^ = 
1 0 0 ̂ um, /& = 1 . 0 and X Q = 1 0 5 0 ( = 7 6 4 ) cm. In the exposures 
which are considered l a t e r the lengths available are less than 
1 0 0 . 0 cm and so the precision i s dominated by measuring error. 
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CHAPTER 3 

THE EXPERIMENTAL DETERMINATION OF CURVATURE ERRORS 

In section 2. 4 sn outline of sources of error i n a bubble 
chamber experiment has been given, i n p a r t i c u l a r t h e o r e t i c a l 
estimates of the magnitudes for the important multiple scatter­
ing and measuring error have been presented. With the accumul­
ation of data from three experiments i n Durham (these are, the 
5.0 Gev/c 7T+P i n B.N.H.B.C and 11.7 Gev/c 7T+P(d) i n CERN 
2MH(D)BC) an experimental check on accuracy has been possible. 
The methods and the results are given i n the ensuing sections. 

3 • 1 The Experimental Data. 

No special attempt has been made to measure tracks specif­
i c a l l y f o r the purpose of determining error» Instead the accum­
ulated data on GRIND output tapes has been used. This accummul-
ated data i s the better sample to test sinces-

a) i t has been measured under ordinary working conditions 
b) the track lengths are the normal ones available, i n that 

they have been selected by scanning f o r interactions. 
In the B.N.H.B.C. and the CERN 2MH(D)BC films the maximum 

length of these primary tracks i s about 100 cm. From figures 
(2-7) and (3-1) i t i s not expected that the measurements on the 
primaries w i l l be li m i t e d i n any way by Coulomb scattering. 
The only way of making measurements under multiple scattering 
l i m i t a t i o n i s by selecting secondary tracks whose measured momen­
t a are r e l a t i v e l y small. 

The advantage of using primary tracks i s that they are of 
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w e l l determined momentum from the characteristics of the beam 
l i n e . The danger of selecting secondary tracks i s that they 
are selected on t h e i r measured momentum rather than t h e i r true 
(but unknown) momentum. 

A summary of the data is given i n table (3-l)« 

3. 2 A comparison of Expected and Measured Errors as 
Determined i n THRESH and GRIND 

The CERN programmes THRESH and GRIND have been used t o 
reconstruct events i n chamber space and to determine t h e i r 
kinematics. In THRESH the curvature is estimated from the 
nine points measured on a track i n each view. From the recon­
structed track an "in t e r n a l error" on the curvature i s estimated 
from the spread of these points about the f i t t e d curve by least 
squares f i t t i n g . In GRIND the "external e r r o r " on the curvat­
ure is calculated from equation 2.17 assuming that measuring 
error alone i s important. The measurement i s defined t o be 
good when the i n t e r n a l error i s less than three times the exter­
nal error. 

Obviously, the average value of the i n t e r n a l error should be 
equal to the average value of the external error and i t should 
vary with length according to equation 2.18. A comparison of 
the errors calculated i n THRESH and GRIND w i l l form an experi­
mental check on equations 2.17 and 2.18. 

An overall comparison of errors i s given i n table (3 - D 

where the average i n t e r n a l and external errors (columns 9 and 
10) f o r a l l data are compared. A more detailed check has been 
made by di v i d i n g primary track lengths in t o groups i n 10 cm 
steps. For each group the average i n t e r n a l and external error 
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has been determined from GRIND output records. In fi g u r e 
(3-2) the average i n t e r n a l errors are shown f o r the three 
sets of the primary data. Through them i s drawn the l i n e 
corresponding t o the average external errors ( i . e . a li n e of 
slope = - 2 , see equation 2.17). In each case i t can be seen 
that there i s a good agreement between the i n t e r n a l and the ext­
ernal error. 

In table (3-2) the f i t t e d slopes t o the i n t e r n a l errors 
(by least squares f i t t i n g ) are given. There is. some indica­
t i o n that the i n t e r n a l errors do not f a l l o f f quite so rapidly 
as a slope of -2 would imply. 

TAB IE (3-2) 

CHAMBER B • N.H.B.C. CERN 2M H.B.C. CERN 2 M D.B.C. 

The f i t t e d 
slopes by 
Least Squares 
F i t t i n g 

-1.76 - 0.04 -1.64 - 0.03 -1.60 - 0.04 

Some fur t h e r evidence for t h i s is given i n figure (3-3)• There 
the i n t e r n a l errors and the external errors are directly.compared 
for the 11.7 Gev/c P exposure. Through them i s drawn the 
l i n e corresponding to the r a t i o between the average values of the 
i n t e r n a l error and the external over a l l the data ( E 0 i / E o e ) ; the 
dashed l i n e i s the expected lin e and corresponds t o the average 
i n t e r n a l error ( E 0 i ) being equal t o the average external ( E o e ) . 
It~can be seen that the i n t e r n a l error i s about 90$ of the ext­
ernal. This means that the i n t e r n a l error i s related t o the 
external as follows 

E i = t Ee 3.1 
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where t i s the slope (equal t o about E o i / E o e ) . A summary 
of the results for the three exposures i s given i n table (3-3) 

where the value of t (the f i t t e d slope by least squares f i t t i n g ) 
of equation 3«1 and the r a t i o between the errors calculated i n 
THRESH and GRIND are shown. 

TABLE (3-3) 

CHAMBER B.N.H.B.C. CERN 2M H.B.C. CERN 2M D.B.C. 
t 

E o i / E o e 

0.92 1 0.03 

O.98 ± 0.04 

0.83 - 0.02 

0.89 - 0.02 

0.83 ± 0.03 

0.93 ± 0.03 

The Expected value is t = E 0 i / E o e = 1 

As indicated i n section 3. 1 Coulomb scattering i s not 
expected t o c o n t r i b u t e t o the o v e r a l l accuracy. This can be 
3een also i n figure (3 -? ) where the dashed lines corresponding 
t o the expected multiple scattering contribution are shown. 

3. 3 Demonstration of Multiple Scattering Limitation 

In figure (3 -4 ) the expected multiple scattering (dashed 
l i n e ) , measuring error (solid l i n e ) and the t o t a l error (solid 
curve) are shown fo r tracks with momentum of 2 .0 Gev/c (i n the 
CERN 2M HBC).. From equation 2 .20 and figure (3 -4 ) i t can be 
seen that f o r lengths i n excess of about 50 cm the accuracy 
should be l i m i t e d by Coulomb scattering. On the other hand, 
below t h i s length the accuracy should be l i m i t e d by measuring 
error. 

About 370 secondary tracks with a variety of lengths whose 
measured values of momentum were i n the range (1 .6 - 2 .4 ) Gev/c 
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were selected from interactions i n the CERN 2M HBC at an incident, 
momentum of 11*7 Gev/c. I t i s assumed that these measured 
values correspond to an average true momentum of 2 Gev/c. 
For various intervals of track lengths the average i n t e r n a l 
errors were determined. The r e l a t i v e errors on the curvature 
are displayed i n figure (3-4K 

The t r a n s i t i o n from l i m i t a t i o n by measuring errors to 
l i m i t a t i o n by Coulomb errors can be cle a r l y seen. There 
may be a discrepancy i n the apparent size of the multiple 
scattering as displayed by the i n t e r n a l error. This could 
arise from the f i t t i n g procedure i n THRESH which' adjusts the 
curva.ture ; of the f i t t e d c i r c l e to a track, u n t i l the r.m.s. 
deviations are a minimum. This process w i l l tend t o reduce 
the effect of multiple scattering. 

3. 4 An Experimental Check on the Measuring Errors 

The results i n figures (3-2), (3-3) and (3-4) seem to 
show that errors calculated i n THRESH and GRIND are consistent 
with one another. This may not be so surprising sirice.the 
expression i n GRIND which i s used to determine the external 
error contains a parameter f ^ (see equation 2.17) which can be 
adjusted to give consistency. A much better check, on accuracy 
would be afforded by a d i r e c t comparison of the error calculated 
i n THRESH with the experimental error determined by some experi­
mental means. Working with primaries provides t h i s p o s s i b i l i t y 
since they form a monoenergetic sample of known momentum. 
Measured momenta or curvatures can be compared d i r e c t l y with the 
known values. From t h e i r r.m.s. deviations an error can be 
determined experimentally and compared with that estimated error 
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by THRESH or that calculated error by GRIND, 
The data i n table (3 -1) was used for t h i s purpose. The 

primaries, as before, were divided into groups according to 
length. For each group the average i n t e r n a l error was deter­
mined from THRESH. Also f o r each group the deviations of the 
measured curvatures from the average primary curvature were 
determined and from these the r.m.s. deviations were found. 
A comparison of both estimates of error i s shown i n figure 
(3 -5) f o r the data from 11.7 Gev/c 7r+H2» I t can be seen 
that zero i n t e r n a l error does not correspond to a. zero of the 
experimentally determined error. The r e l a t i o n between the 
errors can be seen when t h e i r squares are pl o t t e d . I t i s 
found that the experimentally determined error Dc is related 
to the i n t e r n a l error Ej_ as follows;-

2 o o 7 =2 Dc a A + Ŝ  E^ jim 3c2 

where A . 0.149 - 0.003 /lm"1 and S • 1.195 - 0 .022. This i s 
shown also on figure (3-5) as the s o l i d curve. On the whole 
the measured errors are about 28% larger than the expected errors 
from the programmes THRESH or GRIND. An adjustment t o the 
programmes would correct t h i s . However, from the expression 
3.2 the minimum value of Dc i s A(= 0.149 * 0.003) ^im' 1. Now . 
t h i s minimum i s reached with extremely long tracks only and 
t h i s r e s u l t means that the benefit of measuring long tracks i s 
not being f u l l y realised. For example, for tracks of 90 cm 
length the standard deviation determined above would be, from 
figure (3-5)> equal to (0.12 t 0,01) yum"3" which i s twice as 
large as the value expected from THRESH or GRIND, f o r t h i s 
length, which i s about (0.07 i 0 .01) jam"1. 

The corresponding r e s u l t s f o r the other two exposures of 
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the f i t t e d values of A and S of equation 3 < > 2 are contained i n 
table ( 3 - 4 ) « The standard deviation f o r the three experiments 
i s about 2 0 % t o 5 0 % larger than the expected value. 

TABLE (3-4) 

CHAMBER 
THE VALUES OF A AND S BY LEAST SQUARES FITTING 

CHAMBER Dc v E i I °C v E e 
CHAMBER 

A (/jnr 1) S A (/am"1) s 

B.N.H.B.C 
CERN 2 M 
H. B. C. 
CERN 2 M D.B.C 

0 . 3 7 7 - 0 . 0 1 0 

0 . 1 4 9 1 0 . 0 0 3 

O . 3 5 8 t 0 . 0 1 0 

1 . 3 6 0 t 0 . 0 3 3 

1 . 1 9 5 - 0 . 0 2 1 

1 . 2 3 2 + 0 . 0 3 0 

0 . 4 7 0 i 0 . 0 1 2 

0.206 i 0 . 0 0 4 

0 . 4 2 8 i 0 . 0 1 1 

1 . 2 2 0 1 0 . 0 3 0 

O . 9 5 7 - 0 . 0 1 7 

0 - 9 1 7 1 0 . 0 2 4 

The Expected values are A = 0 . 0 and S = 1 . 0 

3 . 4 . 1 The Origin of A 

The intercept A indicates a source of error other than that 
appearing i n the i n t e r n a l error. I t is not due to any random­
ness i n the position of bubbles i n the track which would arise 
from the measuring er r o r , the Coulomb scattering, turbulence or 
f i e l d variations since these would appear also i n the i n t e r n a l 
error. 

One p o s s i b i l i t y i s that A arises from the basic property 
of THRESH. This programme reconstructs tracks i n three dim­
ensional chamber space. To do t h i s i t i s forced to take the 
demagnified image on f i l m , estimate the magnification from the 
measurements there and reconstruct i n chamber space. For t h i s 
the measurer measures f o u r - f i d u c i a l crosses on each of the three-
views and THRESH matches these with t h e i r known position On the 
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window«• Suppose the f i d u c i a l s are measured somewhat roughly, 
so t h a t i n the matching of the crosses the t r a c k i s , f o r example, 
st r a i g h t e n e d . I n t h i s way no f u r t h e r randomness w i l l be i n t r o d ­
uced t o the measured points but the curvature w i l l be smaller 
( i n t h i s case) than i t s expected value. 

Hence, the i n t e r n a l e r r o r w i l l be unchanged but the stand­
ard d e v i a t i o n of curvatures w i l l be increased. To t e s t t h i s , 
an event w i t h a w e l l measured long primary t r a c k was selected 
from the records and the measurements of i t s f i d u c i a l marks 
were replaced i n t u r n by those of the next 100 measured events. 
For these 100 a r t i f i c i a l events the curvature of the same prim­
ary was determined using the o r i g i n a l f i d u c i a l marks and then 
using the replacement f i d u c i a l crosses. The standard d e v i a t i o n 
of the v a r i a t i o n between the two determinations was found. I t 
accounts f o r about one h a l f of the value of A. No source has 
been found f o r the remainder of the e r r o r . 

3• 5 A Detailed Consideration of the D i s t r i b u t i o n of the 
Measured Error 

So f a r we have examined average e r r o r s on a v a r i e t y of 
tr a c k lengths and f i n d t h a t i n general the ex t e r n a l e r r o r as 
c a l c u l a t e d i n GRIND and the i n t e r n a l e r r o r as estimated i n 
THRESH are i n reasonable agreement. When these are compared 
w i t h e r r o r s c a l c u l a t e d from r.m.s. d e v i a t i o n s of the curvature 
of p r i m a r i e s , discrepancies were observed i n t h a t GRIND and 
THRESH e r r o r s underestimate the r e a l e r r o r s by about 28%. I n 
t h i s s e c t i o n the d i s t r i b u t i o n of the e r r o r on i n d i v i d u a l tracks 
r a t h e r than averages i s considered. 

The measurements on i n d i v i d u a l primary t r a c k s have lej i d t o 
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the measured estimates of t h e i r curvature c j and t h e i r i n t e r n a l 
e r r o r ^±y I n f i g u r e (3=6), f o r example, the d i s t r i b u t i o n i s 
shown of the curvature measurements i n the 11.7 Gev/c Jf*P 

exposure i n the CERN 2M HBC. Since the t r a c k s are of d i f f e r e n t 
lengths the values of w i l l vary. To obtain one common d i s t ­
r i b u t i o n the normalised q u a n t i t i e s 

(Pj - C o l) / E t j 

are p l o t t e d where C0^ i s the weighted average curvature 

N* No 

where N Q i s the number of primaries,. This d i s t r i b u t i o n 
should be Gaussian w i t h a standard d e v i a t i o n of u n i t y prov-
ided t h a t the i n t e r n a l e r r o r i s a good estimate of p r e c i s i o n . 
I f i n t e r n a l e r r o r r e a l l y underestimates the t r u e value of 
e r r o r , f o r example i n the l l o ? Gev/c 7T +P exposure by about 
28%, then the standard d e v i a t i o n of the experimental d i s t r i b ­
u t i o n should be l a r g e r than u n i t y by t h i s amounts 

This Gaussian (w i t h standard d e v i a t i o n equal t o 1) i s 
drawn on f i g u r e (3-6) as the f u l l l i n e on the histogram. 
By i n s p e c t i o n i t can be seen t h a t there are discrepancies 
between the observed and the normal d i s t r i b u t i o n s . There 
i s an excess of large d e v i a t i o n s from the mean value at the 
expense of small d e v i a t i o n . This can be summarised i n the 
standard d e v i a t i o n of the experimental d i s t r i b u t i o n . This 
i s found t o be 1.26 £ 0.02 which i s s i g n i f i c a n t l y d i f f e r e n t 
from the expected value of u n i t y . This and the correspond­
ing r e s u l t s f o r the other two exposures (and f o r normalising 
against the e x t e r n a l e r r o r ) are contained i n t a b l e (3-5)» 
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TABLE (3-5) 

EXPOSURE Standard Deviation 
using I n t e r n a l Error 

Standard Deviation 
using E xternal Error 

5.0 Gev/c 7 f + P 
11.7 Gev/c -ft*? 
11.7 Gev/c 7T +a 

1.27 - 0.02 

1.26 i 0.02 

1.43 - 0.04 

1.27 - 0.02 

1.13 - 0.02 

1.28 ± 0.02 

These values of standard d e v i a t i o n confirm the r e s u l t found 
e a r l i e r t h a t the i n t e r n a l e r r o r and the e x t e r n a l do under­
estimate the t r u e e r r o r by about 20% to 50^'. 

I t i s convenient t o d i s p l a y the data i n an a l t e r n a t i v e 
way. I f the d i s t r i b u t i o n of the data i s Gaussian, i . e . 
N = K Exp (-(Cj - C o i ) 2 / 2 E ? j ) , then a p l o t of Log eN against 
(Cj - C 0 i ) ^ / E ^ j should give a s t r a i g h t l i n e graph of slope 
equal t o - 0 . 5 . I n f i g u r e (3-7) data i s p l o t t e d i n t h i s way 
from the 11.7 Gev/c jf*P exposure. The slopes instead of 
being equal to - 0 « 5 are t y p i c a l l y about - 0 . 3 . The r e s u l t s 
are summarised i n t a b l e (3-6) f o r the three experiments. 

The values of these slopes can be accounted f o r i f the 
e r r o r s i n volved i n the experiment are given by equation 3 » 2 , 

2 2 2 ? 

t h a t i s by Dc = A + S E . A d e t a i l e d c a l c u l a t i o n of 
the shape of the expected d i s t r i b u t i o n of (C - C 0)/E, i f the 
t r u e e r r o r s are as given above, i s presented i n the appendix ( I ) . 
I n summary, a f t e r s u i t a b l e approximation, the slope t i n f i g u r e 
(3-7) should be given by:-

t - - E 2 / 2 ( A 2 + S 2 E 2) 3«4 
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where E i s the average i n t e r n a l or e x t e r n a l e r r o r s over a l l 
data. Using the value of E i n t a b l e ( 3 - 1 ) , columns 9 and 10 , 

and the values of A and S i n t a b l e ( 3 - 4 ) } the expected slopes 
(using equation 3-4) and the observed slopes (by l e a s t squares 
f i t t i n g ) are shown i n t a b l e (3-6) f o r the thr e e exposures. 
The expected slope of the 11.7 Gev/c 77* + P experiment i s drawn 
on f i g u r e ( 3 - 7 ) » s o l i d l i n e , and also compared w i t h the experi­
mental one by l e a s t squares f i t t i n g , dashed l i n e , on the graph. 

TABLE (3-6) 

Exposure 

The Expected and Observed Slopes 

Exposure Using the I n t e r n a l Error Using the External E r r o r Exposure 
Expected Observed Expected Observed 

5.0 Gev/c 7f +P 
11.7 Gev/c 7T +P 
11.7 Gev/c 7 f + d 

-0.24 
-0.33 

-0 .22 

- 0 . 3 1 t 0 .01 

-0„3B t 0 .01 

-0 .24 - 0 .01 

-0.27 
-0 .46 

-0.27 

-0.28 1 0 .01 

-0.48 t 0 .01 

-.0.30 t 0 .01 

These r e s u l t s f u r t h e r confirm the v a l i d i t y of the e r r o r 
expression given above(by equation 3 . 2 ) , t h a t i s , i n t e r n a l 
and e x t e r n a l e r r o r s of THRESH and GRIND are underestimates 
of the tr u e e r r o r * 

3. 6 Conclusions 

I n the three exposures the maximum length of a v a i l a b l e 
primary t r a c k s i s about 100 cm. The measurements on these 
primaries are not l i m i t e d by Coulomb s c a t t e r i n g since t h i s 
should only appear i n excess of about 100 cm. The t r a n s i t i o n 
from l i m i t a t i o n by measuring e r r o r t o l i m i t a t i o n by Coulomb 
s c a t t e r i n g has been c l e a r l y seen by s e l e c t i n g secondary tracks 
whose measured momenta are r e l a t i v e l y s m a l l . 
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I - I n t e r n a l , External and Experimental Errors 

I t was found t h a t , there was good agreement between 
the estimated e r r o r i n THRESH and the c a l c u l a t e d e r r o r i n 
GRIND t h a t i s the i n t e r n a l e r r o r E^ i s r e l a t e d t o the e x t e r n a l 
e r r o r E e as f o l l o w s : -

= i - t E e 

where t which should be u n i t y i s found experimentally t o be 
about Oo95« On the other hand, i t was found t h a t the e r r o r 
experimentally determined from the d i s t r i b u t i o n of measured 
curvatures of primaries Dc i s r e l a t e d t o the e r r o r returned 
by THRESH or GRIND by:-

D_ = K + Ŝ  K' 

where E i s the i n t e r n a l or the e x t e r n a l e r r o r , A and S are 
constants. This means t h a t both i n t e r n a l and e x t e r n a l e r r o r 
underestimate the experimental e r r o r . 

I I - Use of Errors 

a - As Rejection C r i t e r i a . 

I n THRESH the i n t e r n a l e r r o r E^ i s j u s t used as a guide 
t o the q u a l i t y of measurement; i n GRIND the e x t e r n a l e r r o r 
E e i s c a l c u l a t e d and i f t h i s i s such t h a t E^ i s g r e a t e r than 
three times E e the t r a c k i s flagged as badly measured. This 
cu r r e n t f l a g g i n g of E^ greater than 3 E e i s of course not e f f e c t ­
ed by the underestimation of i n t e r n a l and e x t e r n a l e r r o r s since 
both are underestimated i n the same way. 

b. I n the F i t t i n g of Data t o Kinematic Hypotheses 

External e r r o r s are used i n GRIND i n f i t t i n g hypotheses. 
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For p a r t i c u l a r l y long t r a c k s the e r r o r used i s badly under­
estimated (since we should use D2

C = A2 + S 2 E 2 ) and t h i s 
w i l l lead t o an overestimation of the chi-squared of the f i t 
and hence t o a lower p r o b a b i l i t y of the f i t o Usually there 
i s a lower p r o b a b i l i t y l i m i t t o the acceptance of a f i t and 
hence i t i s possible t h a t some f i t s w i l l wrongly be r e j e c t e d . 
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CHAPTER U 

RESOLUTION AND PRECISION IN THE TWO-PRONG NOFIT CHANNELS 

I n chapter 1 i t was pointed out t h a t NOFIT i n t e r a c t i o n s 
represent a considerable p r o p o r t i o n of the events (and hence 
of t h e i n f o r m a t i o n ) i n an experiment. At 5 Gev/c i t was seen 
t h a t i n the case of two pronged reactions about U2$ of the events, 
because they are NOFIT, are normally not a v a i l a b l e f o r standard 
a n a l y s i s . I n t h i s and the subsequent chapters t h i s problem i s 
reconsidered and an attempt i s made t o e x t r a c t the physics under­
l y i n g the NOFIT i n t e r a c t i o n s . I t begins with.an account of r e s ­
o l v i n g the events i n t o the two NOFIT channels and then a consid­
e r a t i o n of the p r e c i s i o n of measurements i n these channels. I n 
chapter 6 and 7 resonance prod u c t i o n i n these channels i s examined. 

Two pronged events, were produced i n the exposure of 1&5-K 
pic t u r e s t o 5 Gev/c, p o s i t i v e pions i n the B.N.H.B.C, according 
t o the f o l l o w i n g main e l a s t i c and i n e l a s t i c r e a c t i o n s : -

7T+P P 7T + ; 4-C FIT (A) 
7T + P ,P 7T 7T° ; 1-C( 7T°)FIT (B) 

7T +P n 7T+ 7T + ; l-C(n)FIT ( O 

7T+? P 7T+ {m27f°) ; NOFIT (D) 

7T+P n 7T+ 7r +(m l 7r°) ; NOFIT (E) 

w i t h mi greater than zero and m2 greater than 1 . Strange 
p a r t i c l e s are produced i n only about 2$ of the i n t e r a c t i o n s and 
these are ignored i n the f o l l o w i n g s e c t i o n s . 

Experimentally, measured events do not f a l l unambiguously 
i n t o these f i v e categories (A,...,E)„ What i s observed i n 
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the chamber i s a primary pion approaching the i n t e r a c t i o n p o i n t 
and secondary charged tracks leaving i t . For example, i n the 
case of reactions (A), (B) and (D) i t i s observed t h a t a second­
ary plon and proton leave the i n t e r a c t i o n , but f o r i n t e r a c t i o n s 
(C) and (E) two secondary pions leave,, By accurate measurement 
of the momenta o f the p a r t i c l e s (beam and secondaries) from t h e i r 
t r a c k s i n the chamber i t i s possible t o determine i n t o which of 
the categories above an event should be c l a s s i f i e d - For exam-
p i e , i f the event i s described by r e a c t i o n (A) then the f o l l o w ­
i n g sums over the secondary p a r t i c l e s should be s a t i s f i e d 

I 2 
P 0 ( x ) = XT ?±{K) = £ : Pi at cos \ s cos & 4-1 

i*i in 

P c ( y ) - il F i ( y ) - TZ Pi * cos s s i n 0. 4.2 

f o ( * > = p i ( z > = p i * s i n i f 

* ? 1 / 2 - £ < l p i 2 • m i 2 > 1 / 2 - M t > ^ 
0 j« 1

 1 

where-Pq and Pj. refer, t o the primary and, secondary momenta,_in 
the l a b o r a t o r y system^ mQ i s t!he mass of beam and r e f e r s t o 
the mass of secondary p a r t i c l e s 9 and 0± are the d i p and 
azimuthal angle of the secondary t r a c k s * I f the secondary 
p a r t i c l e s are a l l charged and provided the event i s w e l l meas­
ured then p^, ^ i and $^ are known f o r every p a r t i c l e i n v o l v e d . 
Then there are four simultaneous equations and no unknowns. 
This i s known as a 4-C FIT, as i n r e a c t i o n (A-). I f there i s 
one n e u t r a l secondary (unobserved) as i n r e a c t i o n s (B) and (C) 
then the three values p, ^ a n (* Bare unknown f o r the n e u t r a l 
p a r t i c l e . Then th e r e are 4 simultaneous equations w i t h three 
unknowns. The equations can be reduced t o one equation w i t h 
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no unknowns. This i s a 1-C FIT. For rea c t i o n s such as (D) 
and (E) w i t h at l e a s t two unseen n e u t r a l s then there are four 
equations and s i x unknowns. Hence the equations can not be 
solved and the event i s c l a s s i f i e d as a NOFIT i n t e r a c t i o n • 

F i t t i n g techniques combined w i t h i o n i s a t i o n estimates are 
used co n v e n t i o n a l l y t o resolve reactions (A), (B) and (C). 
In the case of the NOFIT channels, such as r e a c t i o n (D) or (E), 
the f i t t i n g techniques have obviously not been successful. 
Reaction (D) can only be d i s t i n g u i s h e d from r e a c t i o n (E) i f 
the proton can be recognized by i o n i s a t i o n . . The q u a l i t y of 
the chamber and the f i l m i s such, i n t h i s experiment, t h a t pion 
end proton can be d i s t i n g u i s h e d by eye from each other up t o a 
momentum of 1.5 Gev/c i n the la b o r a t o r y system (see sub~section 
2 .3 .2 i n chapter 2 ) , On the other hand, no t r a c k which, has a. 
momentum i n excess of 1.5 Gev/c can be i d e n t i f i e d unambiguously 
as a pion or a proton. 

By making use o f the i o n i s a t i o n estimate events can be 
c l a s s i f i e d as f o l l o w s 

I - Unambiguous Events 

a - I f both secondary tracks have momenta below 1.5 Gev/c 
they can both be i d e n t i f i e d and then the event i s completely 
unambiguous and i t can be c l a s s i f i e d i n t o e i t h e r r e a c t i o n (D) 
or r e a c t i o n (E). 

b - I f a t r a c k w i t h a momentum less than 1.5 Gev/c i s 
i d e n t i f i e d as a proton then, even i f the other t r a c k i s unident 
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i f i a b l e by i o n i s a t i o n 3 b a r y o n conservation demands t h a t i t i s 
due t o a pion and the event i s c l a s s i f i e d i n t o r e a c t i o n (D). 

I I - Ambiguous Events 

a - I n the case of a t r a c k w i t h a momentum less than lo5 
Gev/c which i s i d e n t i f i e d as a pion, when the other t r a c k i s 
due t o a p a r t i c l e w i t h a momentum gre a t e r than 1.5 Gev/c, there 
i s no corresponding conservation law which w i l l help t o d i s t ­
i n g u i s h between pion and proton ambiguities« The event must 
remain ambiguous between r e a c t i o n (D) and r e a c t i o n (E)» 

b r- I f both secondary track s have momenta above 1.5 Gev/c, 
a pion and a proton ambiguity always r e s u l t s and again the 
event i s ambiguous between both r e a c t i o n s (D) and (E). 

A s i m i l a r discussion could be given f o r the r e a c t i o n (B) 
and (C) i n the 1-C FIT channels. The relevant numbers of the 
1-C FIT and the NOFIT channels are given i n t a b l e (4-1) w i t h 
the percentage of the ambiguous events i n the t o t a l number. 
I n t h i s t a b l e only the 1-C (7T°) FIT and the 1-C (n) FIT are 
included. The r a t h e r rare use of the 1-C ( 7°) f'IT, where 
^"decays e n t i r e l y i n t o n e u t r a l secondary p a r t i c l e s , i s ignored 
at t h i s stage. 

TABLE (4-1) 

1 2 3 4 5 6 

CHANNEL 
TOTAL 
NO. OF 
EVENTS 

No. of Unambiguous 
Events 

No.of Ambiguous 
Events 

CHANNEL 
TOTAL 
NO. OF 
EVENTS P 7T + 7T+ 7T+ 

/ j r i r F r a c t i o n 

1-C FIT & NOFIT 19660 9491 2136 8O33 40 .8 

1-C FIT: (B)+(C) 6365 3188 85 3092 48.6 

NOFIT:(D)+(E) 13295 6303 2051 4941 37.2 
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4. 1 Resolution of the Ambiguous Events 

In t a b l e (4-1) i t can be seen t h a t about 4 1 % of the t o t a l 
number of events are ambiguous. The experimental problem i s 
t o resolve the ambiguities between the i n e l a s t i c r e a c t i o n s , f o r 
example, the ambiguous events between reactions (B) and (C), 
1-C FIT channel, or (D) and (E), NOFIT channel,, a r i s i n g from the 
i n a b i l i t y t o i d e n t i f y t r a c k s with high momentum. For t h i s 
purpose several attempts have been made t o f i n d a c h a r a c t e r i s t i c 
of unambiguous events and t o use t h i s as a c r i t e r i o n t o resolve 
the ambiguous ones. The only method t h a t has been found t o be 
successful w i t h these data i s t o p r e d i c t from the d i s t r i b u t i o n 
of measured momenta of i d e n t i f i e d protons ( t h a t i s momentum less 
than 1»5 Gev/c i n the la b o r a t o r y system) how many protons would 
have momenta i n excess of 1.5 Gev/c. These protons would be 
u n i d e n t i f i a b l e and the events i n which they are produced would be 
ambiguous, but they should be properly c l a s s i f i e d as reactions 
(B) or (D). 

4*1*1 Momentum D i s t r i b u t i o n of the I d e n t i f i e d Protons 
i n Channel (D) 

The experimental d i s t r i b u t i o n of the momenta of i d e n t i f i e d 
protons i s shown i n f i g u r e (4-1) f o r r e a c t i o n (D), NOFIT channel. 
The maximum momentum shown i s 1.5 Gev/c which i s seen t o corres­
pond t o the momentum below which pions and protons can be r e s ­
olved by i o n i s a t i o n . The data are presented again i n f i g u r e 
(4-2) i n a. l o g a r i t h m i c p l o t . The data have f u r t h e r been sub­
d i v i d e d i n t o events which probably include a A + + formed between 
proton and pion and those which do not ( i . e . where t h e mass of 
the £?+is i n the region 1.12 - 1.35 Gev). The spectra of the 
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momenta of i d e n t i f i e d protons are not very d i f f e r e n t i f they do 
or do not a r i s e from £ + + production, see f i g u r e ( 4 - 2 ) . Above 
a momentum of about 0.4 Gev/c i t can be Seen t h a t the d i s t r i b u ­
t i o n s f a l l o f f approximately as an exponential. I n the region 
0.6 - 1.3 Gev/c the data have been f i t t e d w i t h a d i s t r i b u t i o n of 
the form 

dN = K Exp( - mP) dP 4.5 
where K and m are constants and P i s the momentum of i d e n t i f i e d 
p r o t o n s i n the l a b o r a t o r y system. The f i t t e d value of m i s 
about 2.1+If - 0.03« I f the t a i l i s t r u l y exponential then some 
f a l l o f f i n the e f f i c i e n c y of i d e n t i f i c a t i o n of protons appears 
t o set i n at about 1.3 Gev/c. However, i f the f a l l o f f of. the 
t a i l represents the true spectrum then the p r o j e c t i o n from the 
assumed exponential (equation 4*5) behaviour w i l l lead t o ah 
overestimate of protons w i t h momenta above 1..5_.Gey./co. 

The discussion above has concerned the NOFIT r e a c t i o n (D) 
and a s i m i l a r discussion could be given f o r the FIT r e a c t i o n (B). 
Moreover, the NOFIT and FIT channels can be considered j o i n t l y 
before f i t t i n g . I n t h i s case the combined data, form the UNFIT 
r e a c t i o n 

7T+P -» P 7T+ (m-L 7T°);UNFIT (F) 
w i t h n*L g r e a t e r than zero* The f i t t e d value of m of equation 4*5 
and the percentage of protons w i t h momenta i n excess of 1.5 Gev/c 
are given i n . t a b l e (4-2) where a l l events have been used i n which 
a proton has been i d e n t i f i e d f o r the UNFIT channel f i r s t l y and 
then f o r i t s sub-channels the 1-C ( 7T°) FIT and the NOFIT, r e ­
a c t i o n (D), channels. 
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TABLE (4-2) The Percentage of Protons wi th Momenta, above 1.5 Gev/c. 

1 2 3 4 5 6 

CHANNEL SLOPE 
(nr) 

NUMBER OF EVENTS RATIO CHANNEL SLOPE 
(nr) N Ni N2=N + Ni NX/N % 

I-UNFITi 

ALL EVENTS 2.291 0.02 9491 576 10067 5.7 

OUT A++REGION 2.181 0.Q3 7383 478 7861 6.1 

IN A++REGION 2.54? 0.06 2108 116 2224 5.2 

I I -1 -C (7T° )FIT 

.ALL EVENTS 1.92? 0.03 3188 248 3436 7.2 

OUT A++REGION 1.68? 0.03 2?28 290 3018 9.6 

IN REGION 3.85- 0.18 460 4 464 'p s 9 

III-NOFIT(D): 
— -. - - - ' " ; 

ALL EVENTS 2.44- 0.03 6303 353 6656 5.3 

. OUT £^+REGION 2.45* 0.04 . 4655 237. . 4892 4'. 8 . 

IN A++REGION 2.33- 0.06 1648 120 1768 6.8 • 

In table (4=2) column 3 gives the number of i d e n t i f i e d protons, 

column 4 gives the number of protons i n excess of 1.5 Gev/c 

(estimated from equation 4*5) / Column 5 gives the t o t a l 

number of protons and i n column 6 the percentage of unident­

i f i e d protons belonging to these channels i s given. These 

are the events i n the ambiguous category which r e a l l y belong 

t o channels (B) or (D). 

From table (4 -2 ) , column 2, i t can be seen t h a t : -

I - the f i t t e d values of the slope i n the l.-C(7T°) FIT 



-36-

channel are d i f f e r e n t from that i n the NOFIT channel (D) f o r 
the f o l l o w i n g reasons» 

1 - The number .of secondary par t ic les (seen and unseen 

tracks) i n the f i n a l states i s not constant (e.go three par t i c les 

i r i the 1-C(7T°) FIT and f o u r , or more,, pa r t i c l e s i n the NOFIT 

channel (D). Because of t h i s d i f fe rence the momentum d i s t r i b u ­

t i o n to the protons w i l l necessarily be d i f f e r e n t o 

2 - The energy of A + + i n the c.m.s. i n the 1-G( 7T°). FIT 

i s higher than the energy when A + + i s produced i n the NOFIT . 

channel (D). Therefore, the momentum i n the laboratory system 

of a proton associated wi th A + + i s lower i n the - 1-C( 7T°) FIT 

channel than the momentum i n the NOFIT channel (D) and t h i s 

would lea:d t o a smaller value of slope i n the NOFIT ( A + + ) 

channel (D)„ 

I I - f o r the _1-C ( 7T°) FIT .channel, again, the. f i t t e d values 

of the slope are not i d e n t i c a l although the number of the out­

going pa r t i c l e s i n the f i n a l state i s constant. The A + + » i n 

general , i s produced i n the backward d i r e c t i o n i n the c.m.so so 

tha t maximum proton momentum i n the laboratory system w i l l occur 

f o r the proton emitted backwards from the A + + r e l a t i v e to i t s 

c.m.s. d i r e c t i o n . The higher the c.m.s. momentum of the 

lower is the proton laboratory momentum., I n the FIT reac t ion 

a A T + has energy of lo&k Gev i n the c.m.s. f o r 5 Gev/c 7T+P 

co l l i s ionso This means tha t the maximum momentum i n the labora­

tory system of the forward proton associated wi th A + + i s 1.32 

Gev/c. 

I I I - i n the case of the NOFIT channel (D), i t can be seen 

tha t the f i t t e d values of the slope are i d e n t i c a l . 
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I n columns 4 and 6 of table (4-2) f o r the a l l events of 
the NOFIT channel (D) i t can be seen that there are leas, than 
353 events ( i . e . about 5»3%) of type (D) which are contained i n 
the ambiguous group of reactions (D) / (E) . Consequently, a l l 
but approximately 353 events of the ambiguous group must belong 
t o reac t ion (E) and so wi thout much loss of accuracy a l l ambig­
uous events can be grouped 33 channel (E). Then the s i t u a t i o n 
is that i d e n t i f i e d events i n react ion (D) comprise 94«7% of t h i s 
r eac t ion . Events taken as .reaction (E) w i l l comprise a l l such 
unambiguous and ambiguous events and w i l l contain no more than 
a small admixture (about 4«8%) of channel (D). Despite the 
ambiguities i t would appear that quite pure samples of reactions 
(D) and (E) can be obtained. 

Accepting t h i s method of separation then the numbers i n 

table. (4-2) i NOFIT channel only , (columns 3,. 4_ and 5) have been 

revised and are shown i n table (4-3) together wi th the cross-

sect ion f o r the processes. I t should be noted tha t these cross-

sections are somewhat d i f f e r e n t from those published previously by 

the co l labora t ion (see r e f . l ) . 

TABLE (4-3) The Revised Numbers and the Cross-Section of 
the Two Pronged NOFIT channels. 

1 2 3 4 I 5 6 

CHANNEL 
Total No. 
of Events 

No. of Events and the Cross-Sections 

CHANNEL 
Total No. 
of Events f»p ;rr +" " 7T+ CHANNEL 
Total No. 
of Events 

N O" (mb) N °"~ (mb) 

NOFIT: (D) 

NOFIT: (E.) 
6303 

6992 

6303 • 

353 

2.63 ±0.03 

0,15 ±0.01 6619 2.77 t 0.03 

NOFIT: TOTAL 13295 6656 2.78 ±0.03 6619 2.77 * 0.03 
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In table (4-3) columns 3 and 5 give the numbers of each type 

" P 7T*^ and " 7T+ 7T + " and columns 4 and 6 show the cross-

sections a These correspond to a microbarn equivalent of 

0.418 i 0.003 / ib/event. 

In f i g u r e (4-2) i t was seen tha t the spectra of i d e n t i f i e d 

proton momenta i n the NOFIT reac t ion (D) are i d e n t i c a l whether 

or not a. i s produced. This means that events containing 

& + + production are subject t o the same problem of proton am­

b i g u i t y . Hence, i f a l l ambiguous events are c l a s s i f i e d as r e ­

act ion (E) then a calculable number of these have resulted from 

A + + events i n react ion (D). Ant ic ipa t ing resu l t s presented 

l a t e r A + + i s produced i n about 26% of the NOFIT channel (D) 

events. Hence, the number of A + + events from react ion (D) 

which have been wrongly c l a s s i f i e d i n react ion (E) i s expected 

to be_26$ of the misc lass i f i ed events wi th proton momenta, i n 

excess of 1.5 Gev. For the 353 events discussed above then 

about 92 A + + events are expected to be wrongly c l a s s i f i e d i n 

the ambiguous group. This can be used as a check on the mis-

c l a s s i f i c a t i o n . For t h i s purpose, a l l events ambiguous between 

reactions (D) and (E) have been re in terpre ted i n f i g u r e (4-3) as 

reac t ion (D). There the invar ian t " P mass i s p l o t t e d . 

The number of events above the hand-drawn background i n the region 

of A + + (1*12 - 1.35) Gev i s about 100 t 12 events. This number 

of events i s consistant wi th the number expected from the 

misclas .s i f ica t ion of about 353 events of react ion (D) and confirms 

the general correctness of t h i s method of the reso lu t ion of am­

b i g u i t i e s . 
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4. 2 Mass Resolution i n the NOFIT Channels 

In two pronged in terac t ions the number of v i s i b l e tracks 

i s so small (two tracks) that missing and invar ian t masses and 

t h e i r errors involve, almost i d e n t i c a l var iables . For example, 

i n the laboratory system a two pronged NOFIT event i s shown i n 

f i g u r e (4-4) w i th the appropriate measured var iab les . The 

neut ra l p a r t i c l e s , of which there must be at least two, form 

the., missing mass (MM) as f o l l o w s : -

a - i n the NOFIT channel (D) the missing mass i s at least 

two neut ra l pions, see f igu re (4-4)£» 

b - i n the case of the NOFIT channel (D) the missing mass 

w i l l be a neutron and at least one neutral pion, see f igu re 

(4-4)b. 

However, the missing mass i s given i n terms of the missing 

energy MB and missing momentum MP by 

MM2 . MB2 - MP2 4.6 

which i n t u rn i s a func t ion of the measured variables 

MM2 = F(M., P i , 0 ± ) , i = 1,2,3 4.7 

the variables are the pa r t i c l e masses M^, t h e i r momenta P^, the 

dip and azimuthal angles Ov̂  and 9^ and i runs over the primary 

and the two secondary p a r t i c l e s . The error on the missing mass 

i s given b y : -

( AMM)2 = ( * F / *6P 1) 2 d ^ . . * ( * F / V \ ) 2 d 2 ^ 1 + + 

+ C*F/ 0 ) 2 d 2 0 - 4.8 
3 * 

The invar ian t mass (IM) combination f o r the two v i s i b l e second­

er ie s i s 

IM 2 = F( M t , P ' i ^ i , 0 . ) i - 2,3 4.9 



FIG. (4 -4 ) DIAGRAMMATIC REPRESENTATION OF A TYPICAL TWO 
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ahd the error by 

, ( A I M ) 2 = CbF/ * ? 2 ) 2 d 2 P 2 + . . + ( - * F / > 0 ) 2 d 2 ^ 3 4«io 

Expression 4*10 has s i x terms comprising the e r r o r . The same 

s ix terms together wi th a f u r t h e r three form the er ror expression 

4.8. This means tha t the error on invar iant mass i s smaller 

than the error on the missing mass. 

I t is d i f f i c u l t to appreciate the simultaneous e f f e c t of 

a l l these variables on the error . Instead, a consideration 

of errors calculated i n GRIND and subsequent programmes give a 

good guide to mass r e so lu t ion i n the NOFIT channels. These 

are summarised i n the next two sections. 

4. 3 The P 7T+ Channel (D) 

The invar ian t mass combinations of in t e res t are the missing 

mass (MM )̂ and the invar ian t combinations ( P , 7T + ) , (P,MMj.) and 

( 7T + , MM].). 

4.3.1 The Missing Mass (MM]_) 

In f i gu re (4-5) the e r ro r on the missing mass (as calculated 

by GRIND etc) i s displayed. I t i s shown f o r a l l events which 

include "P 7 T + " , channel (F) , f i r s t l y and then f o r i t s sub­

channels the 1-C ( 7T°)FIT and the NOFIT channel, reactions (B) 

and (D). From the f i g u r e i t can be seen tha t the er ror i s r e l ­

a t i ve ly dependent on the mass. 

1 - For the UNFIT channel (F) the error on the determinat ion 

of missing mass decreases wi th the mass. For example, f o r 

missing mass i n excess of 1 Gev the error is. less th&n 40' Mev. 

Below 1 Gev the er ror r i s e s , and f o r missing mass i n the region of 
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ome neutral pion the error on the mass is as large as 20G Mev. 

2 - Events i n the UNFIT channel (F) subsequently form 

l-C ( 7 f ° ) events and NOFIT events. These are shown, also 

i n f i gu re (4-5)* As might have been expected i t i s the events 

w i t h the larger error on the missing mass tha t are pul led i n t o 

the FIT channel. The events remaining i n the NOFIT channel 

are, on average, more precisely determined. 

3 - Since events wi th missing mass up to 1 Gev are pul led 

i n t o the FIT channel then the p o s s i b i l i t y exis ts tha t the s igna l 

of a resonant missing mass examined i n the NOFIT channel:below 

1 Gev might be seriously d i s to r t ed by the f i t t i n g process* 

For example, i t i s expected that the missing mass spectrum cor r -

eapohding to the a l l neutra l decay of the 7 - meson, may be 

d i s t o r t e d . To avoid t h i s p o s s i b i l i t y of d i s t o r t i o n i f i t ex i s t s , 

in-the- subsequent -ana-lysis , the mis s-i-ng-mass -spectrum-to the -UNF-I-T-

channel (F) (rather than NOFIT) could be used. A more de ta i led 

consideration w i l l be given i n chapter 7« 

The expected f u l l width at h a l f height ( V f ) , by assuming 

a normal d i s t r i b u t i o n , i s given by ( f o r a resonance):-

ri ' ^2 ^2*1/2 , 

where is the na tura l f u l l width of resonant s igna l and 

f \ r e f e r s to the experimental f u l l width which i s given by 

fe = 2 E (2 Log e 2 J 1 / 2 = 2.355 E 4-12 

where E i s the measured e r ro r . Now, i n the y° - meson region 

the error on the missing mass i s about E = 60 Mev. Consequently, 

the ^ ° s ignal (mass = 549 Mev) should appear as a broad Gaussian 

d i s t r i b u t i o n w i t h a f u l l width at h a l f height ( Cf) of about 140 

Mev because the na tura l f u l l width ( f \ ) of the 7 ° - meson i s 
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about 2.63 Kev. On the other hand, the f ° - meson (mass = 
1260 Mev) decaying to two neutral pions w i l l be subject i n the 
missing mass t o an error of about E = 30 Mev. This w i l l only 
s l i g h t l y a l t e r the natural width of the f ° s ignal ( = 150 -
25 Mev) and i t should appear as a Breit-Wigner s ignal wi th / f 
of about 180 Mev, where the expected f u l l width at h a l f height 
(by using a Breit-Wigner s ignal) i s given by : -

4.3.2 - The Invar iant ( P. JT+) Mass Combination 

Similar discussion to that f o r missing mass can be presented 

here f o r the invar ian t ( P, 7T + )» (P» MMi) and (7T + , MM1)(^here 

MM̂  contains two neut ra l pions at leas t ) mass combinations by ref ­

erence to f igures (4 -6 ) , (4-7) and (4-8) respect ive ly . The 

resonant signals expected are _in._gener_al_no.t _aff_e.c.te.d by. the. 

f i t t i n g process (as was the case with missing mass). However, 

the NOFIT channel (D) rather than UNFIT channel (F) is preferred 

f o r use i n the subsequent analysis of the invar iant mass spectra 
A + + 

because the combinations from the 1-C ( 7T ) FIT w i l l give A , 

A * and <J+ signals i n the UNFIT channel i n the invar ian t 

(P, 7 T + ) , (P»7T°) and ( 7T + , 7T°) mass spectra, respec t ive ly . 

As can be seen from f i g u r e (4-6) the error i n the region 

of the A"*" (mass = 1236 Mev) is so small (E = 10 Mev) tha t 

the should appear as a B r e i t Wigner s ignal w i th v i r t u a l l y 

no broadening i n the (P, 7T +) events. 

4.3 .3 The Invar iant (P.MMj) Mass Combination 

Again, the NOFIT: channel (D) w i l l be used and i n the region 

of N* + (1700), see r e f .2 , 5 decay ing to P 7T° 7T°1 the e r ror on the 

(P, MM-ĵ j combination is about E = 40 Mev, see f igu re ( 4 - 7 ) . 
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This w i l l a l t e r the na tura l width of the WM +(1700), /n = 66 ± 

26 Mev (see r e f . 2 ) and i t should appear as a Breit-Wigner 

s ignal with If = 115 Mev. A more deta i led account on the N (1700) 

w i l l be given i n chapters 6 and 7» 

4-3«4 The Invariant ( 7 T + , MMj) Mass Combination 

F i n a l l y , the NOFIT events, channel (D), w i l l be used i n 

the subsequent analysis of the (7T +

8 MM )̂ mass spectrum. For 

example, i n the region of the A 2

+ - meson, decaying t o 7T+ 7T° 7T° 

via ^ + 7T+ 7T°» the error i n i t s region (mass = 1300 Mev) 

i s about E = 25 Mev, see f igure (4-3) , on the (7T + , MM]_) comb­

i n a t i o n . The natural width of the A 2

+ ( / J = 92 ±-2&-Mev) 

(see r e f . 3 ) w i l l be s l i g h t l y al tered and the A 2

+ should appear as 

a Breit-Wigner signal w i t h f f = 120 Mev. 

4 . 4 The 7T + 7T* Channel (E) 

To d i s t inguish the two charged pions i n the f i n a l state of 

channel (E) rewri te the reac t ion as fo l lows 

7 T + P -*n 7T+s 7T + f (mx 7T°) ; NOFIT (E) 

w i t h m^ greater than zero,: where s and f r e f e r to the slow and 

the f a s t pions as seen i n the laboratory system. Moreover, 

the FIT and the NOFIT channels (C) and (E) can be considered 

j o i n t l y before f i t t i n g and the combined data from the UNFIT re ­

actions 

p _ > n 7T+

3 i f f (m0 7T°) ; UNFIT (G) 

wi th mQ equal or greater than 0 . Again, the inva r i an t mass 

combinations of in t e res t are the missing mass (MM2) and the 

invar ian t combinations ( 7T + s, 7T + f ) , ( 7T+f.MW^) and (7T + s ,MM 2 ) . 
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4 . 4 . 1 The Missing Mass (MM2) 

Figure (4-9) shows the error on the missing mass (as c a l c u l ­

ated by GRIND etc) f i r s t l y f o r a l l events which include " T r +

a 7 T + f " 

channel (G), and then f o r i t s sub-channels the l-C(n) FIT and 

the NOFIT channel (E), Their charac ter i s t ics are s imi la r to 

those of react ion (D). A deta i led discussion of t h i s f i gu re is 

not given since, as w i l l be seen l a t e r , there i s no s i g n i f i c a n t 

resonant signal i n the NOFIT channel (E) . 

4.4.2 The Invar iant ( 7 T +

S , 7 T + f ) and ( 7Tf, MM2) Mass 
Combinations 

I n the NOFIT channel (E) and f o r the invar ian t ( " 7 T +

S , 7T + f ) 

and ( 7T +f» MM2) mass combinations the resonant signals expected 

are i n general not a f fec ted by the f i t t i n g process by reference 

t o f igures (4-10) and (4-11) respect ively . However, the NOFIT 

channel (E) rather than the UNFIT channel (G) w i l l be used i n 

the subsequent analysis of the above invar ian t mass d i s t r i b u t i o n s 

because the combination from the l-C(n)FIT w i l l give signals i n the 

UNFIT channel (G) i n the invar iant (7T + s , 7T*f) and ( 7T*f, n) 

mass spectra. 

Now, i n the subsequent analysis of these two mass spectra, 

as w i l l be seen i n chapter 6, there are no s i g n i f i c a n t resonant 

signals i n the ( 7 f +

g , 7 T + f ) and ( 7 f + f , MM2) mass systems. 

4.4.3 The Invariant (7T*+s» MM2) Mas3 Combination 

Again, the NOFIT channel i s preferred f o r use i n the 

subsequent analysis of the (7iT+s» MM2) mass d i s t r i b u t i o n since 

otherwise the UNFIT channel w i l l give s ignal i n the (7T +gt n) 
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combination from 1-C (n)FIT„ Figure (4-12) shows the error 
on the ( 7 T +

S , M̂ 2̂  m a s s combination . Now, i f N x +(1700) 
(see r e f . 2) exists i t should be manifest i n the (7T+s» MM>) 
mass distribution*. For the (77*3, MMg) mass combination i n the 
region of N* +(1700), decaying to n "7T+

a 7^» the error i s about 
E = 20 Mev, see figure (4 -12 ) . This w i l l only s l i g h t l y a l t e r 
the natural width. The N*+(1700) should appear as a Breit-Wigner 
signal with a f u l l width at ha l f height of about 80 Mev. 

4« 5 .Check on the Estimates of Errors 

As stated e a r l i e r ( i n sections 4« 3 artd 4« 4) the errors on 
the missing masses and the errors on the invariant mass combin­
ations j displayed i n figures (4-6) to (4-12)., are those c a l c u l ­
ated by GRIND and s i m i l a r programmes and not by any d i r e c t method, 
that these errors are adequate estimates can be seen by a compar­
ison of the errors on the missing masses with the width of the 
neutral pion (7T°) peak and the neutron (n) peak i n the FIT 
data, of reactions (B) and (C) shown i n the missing mass or the 
missing mass squared spectra. 

From fi g u r e (4 -5) i t can be seen that the error i n the 
region of the neutral pion i s about E = 200 Mev and t h i s corre­
sponds to a f u l l width at half height of (f = 470 Mev. I n 
figure (4-13) the missing mass spectrum i s shown f o r those events 
which subsequently give a 1-C (7T°)fito I t can be seen that the 
width at ha l f height ff is i n agreement with that expected above.. 
The maximum of the d i s t r i b u t i o n , figure (4-13)» can be seen to 
be displaced from the yf° mass (mass = 135 Mev) to about 200 Mev. 
In fact i n the missing mass souared d i s t r i b u t i o n , figure (4-14)1 
the peak is approximately Gaussian and correctly placed at 



M t »©« 

i n 
01 

> til O 
m 
(A < 
2 
01 

KM •« tO* 

«OI< 

z 
UJ 

h I 
Ml tOt 

a 
U F 
4 

U . 
z 3 

i n 

c 
o 

UJ 

u b 
t & 
u. z 

« i 
i -« 1 

-4 - < 

i n 

o o 
A39 «OfeM3 3H1 



160-

> 120-
UJ 
e> 
CM 
o 
LU £L 
LO 
I-
Z UJ 
> 
LU 

8 0 -

LU CD 

Z 4 0 -

r f + p -> p 11+ it° 

MM ( t f ° ) > 0 

l u 

i n 

o o — i 1 1 — . . . 1 
0 2 0 4 0 6 0 8 

T H E MISS ING MASS G E V 

F I G . ( 4 - 1 3 ) THE MISSING MASS SPECTRUM FOR 
THE l-c (<r°) FIT EVENTS AT 5 GEV/C. 



-46-

0.016- 0.001 Gev . The displacement arises from the d i s t o r ­
t i o n i n going from missing mass squared ( M M 2 ) to missing mass 
(MMj). In the missing mass d i s t r i b u t i o n i t can be shown that 
the maximum occurs at MMj when 

.MMi = MMe

2y2 + ( M M ^ + 2 0^)1/2^2 4.14 

where or i s the standard deviation of the missing mass squared 
2 

d i s t r i b u t i o n and MMQ i s the mean value which should be equal 
to the 7 f ° - mass squared.. In the present case the standard 

4 
deviation squared i s much greater than MM0 and then 

MM4
2 = MM0

2/2 + P - y ^ ) 1 / 2 4.15 

Substituting MM0 =(O.Ol8) 1^ 2 Gev and cf a 0.060 ± 0.001 Gev2 

i n the equation 4.15 then the peak occurs at MMj = 210 Mev. 
Only when (MMQ 2/OT ) ±s large the missing mass and missing mass 
squared peaks coincide 33 shown i n figure (4-15)• 

This effect i s most pronounced f o r small missing masses .? 
So that no d i s t o r t i o n i s expected, for example, at missing 
masses i n the 7° region i n the channel (F) or at the neutron 
region i n the 7T+ 7T+ channel (C). 

Sim i l a r l y , i n the case of the channel (C), the error oh 
the missing mass, see figure ( 4 - 9 ) 9 at the neutron mass region 
(mass = 940 Mev) is about E = 120 Mev and leads t o a. f u l l 
width at h a l f height of [f = 280 Mev. Again, t h i s corres­
ponds i n figure (4-15) to the observed width of the neutron 
peak i n the missing mass spectrum t o 7f + 7T + events which 
subsequently give the l-C(n) FIT, 

This agreement gives confidence i n the errors which have 
been displayed i n the e a r l i e r figures. Consequently, i t also 
gives confidence i n the consideration of the mass resolutions 
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t o be expected i n the NOFIT channels and i n the expected widths 
of resonance mass signals« 



CHAPTER 5 

ESTIMATION OF RESONANCE PRODUCTION IN THE TWO PRONGED 
NO FIT CHANNELS 

The selection of events and the resolution of the two 
pronged NOFIT channels 

7T+
 P — • P 71* MM-L (D) 

7T + P ^ 7Tg 7 T +

f MMg (E) 

have already been discussed i n chapter K» The missing masses 
MM1 and MM2 are composed of two neutral secondary p a r t i c l e s at 
least. For example, i n channel (D) the missing mass should 
be two neutral pions at least, in the case of the channel (E) 
i t w i l l be a neutron and at least one neutral pion. 

In the case where the missing mass i s made from two neutral 
secondaries, for example two neutral pions i n reaction (D), i t 
i s possible to make estimates of cross-sections for various 
physical processes from the reaction's equivalent 4-C FIT 
channel where the neutral secondaries are replaced by charged 
secondary p a r t i c l e s ( i . e . the four pronged channel). S i m i l a r l y , 
when the missing mass i s composed of three neutral p a r t i c l e s 
then cross-sections i n the above two channels can be determined 
from the equivalent four pronged 1-C ( 7T°) FIT and 1-C (n) FIT 
channels. 

In the 7 T + P c o l l i s i o n s at 5 Gev/c, the cross-section for 
four pronged f i n a l states (see r e f . l ) have already been determ­
ined, see table (5-1)» and of which the 4-C FIT and the 1-C(7T°) 
FIT have been analysed i n d e t a i l , (see r e f . 1, 2, 3, 4, 5, 6 and 
7). 



-49-

TABLE (5=1) 

FINAL STATE No- OF CROSS-SECTION 
EVENTS (mb) 

4-C FIT: PjfTTTT 6994 2.76 - 0.04 

1-G ( 7T°) FIT: frfjflf I? 7300 2.83 i 0.04 

i-c(n)FiT: n 7 r V * j r j r 2164 0.85 - 0.02 

TOTAL 164 53 6.49 i 0.06 
Microbarn Equivalent is 0.^.0 t 0.01 ijb/event. 

In many esses the prediction can be made, accurately. 
For example, the production of A2+ (see r e f . 5)» i n the four 
pronged 4-C events i n the channel 

I — > IT IT 

where A+2 decays to 7T+ ? , should be accompanied by exactly 
the same amount of production of A+

2 decaying i n t o 7T° ? + i n 
the two pronged NOFIT reaction (D), where C+ decays to 7T+ 7T°, 
as follows:-

Other processes are more complicated. For example, some £± + 

(see ref.7) production i s seen to occur i n the four pronged 
1-C(.7T*°) FIT events i n the channel 

7T+P ̂  A + V V V 
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where A + + decays t o P 7T* e In the majority of cases the 
three pions (or t h e i r di-pion combination) do not resonate. 
The problem then i s to calculate how many events of t h i s kind 
w i l l lead to two pronged NOFIT channel (D) where the three pions 
i n the above channel are a l l produced i n the neutral mode. 
For t h i s purpose i t i s necessary t o consider the general three 
body state and using Clebsch-Gordon co e f f i c i e n t s t o calculate 
the r e l a t i v e proportion of the possible charged body states. 

To do t h i s the three body state i s broken down i n t o a. 
12 

substate of two associated particles whose i s p i n i s T- with 
12 

t h i r d component T 3 . These two par t i c l e s are then coupled t o 
the t h i r d t o give an overall i s p i n of T and i t s t h i r d component 
T̂ . A p a r t i c u l a r i s p i n state i s made up from the m u l t i p l i c i t y 
of charged body states as (see r e f . 8) > 

I T 1 2 ; T, T 3 > = S ] > I < T 1 , T-1; T 2, T 3
2 I T1"2-, T 3

1 2 > * ) 

* < T 1 2 , T 3
1 2; T 3, T 3

3 I. T, T 3 > | T 3 \ T 3
2, T 3

3 > j 

where T"̂ , T 2 and T 3 are the ispins of the three particles and 
1 - 2 7 

T3 , T 3 and T3^ are t h e i r t h i r d components respectively. 
Returning t o the channel 

from which we wish to determine the cross-section for 

The three pions must form a state with i s p i n of 0, 1, 2 or 3. 

The fac t that a A + + with T( A + +) = 3/2 i s produced i n 
association can be shown to impose no l i m i t s , through i s p i n 
conservation,, on the i s p i n of the t r i - p i o n . The three pions 
are regarded as having a di-pion substate with i s p i n T^2. 
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As an example, w i l l be taken to be 2. When the 
di-pion i s coupled to the t h i r d pion (T 1 = T 2 = T 3 = 1) then 
the t o t a l i s p i n (T) i s 1, 2 or 3 with T3 = 0. Application 
of equation 5»1 shows that t h i s i s p i n configuration i s made 
up of pion statesin the following way:-

|T*/T,T 3>= \ZiUQ> r I 7T° 7T°, 7 ? > JJ7T ( ^ T ) * 

+ \ 1 if (-JS7T) + 

+ | T T T T , 7f>Jj7T JM7 + I T T V>7r>fi7z ^ni + 

In equation 5«2 i t can be seen how the 7T° 7T° 7T" state 
is related to other three pion states. From the squared 
amplitudes of the various substates, the r e l a t i v e proportion 
of 7 T ° 7T° 7T° to 7 T + jf" JT° is given by:~ 

Similar results are obtained for T = 2 and 3 with T3 = 0 arid 
T 1 ? = 2 

\Z;3> 0> ; (7r°7r° jr*)/ (Tr+if 7T ) * */3 
Since the cross-section of A^ +7 r +Tr"7T* n a s been measured 
(see r e f . 1, 5 and 6) to be 0.83 t 0.02 mb (about 2O76 events), 
then the above calcu l a t i o n shows that for a di-pion substate 

12 
of T = 2 the three pions can not e x i s t i n the three neutral 
pion mode i f the t r i - p i o n i s p i n i s T = 2. However^if the 
t r i - p i o n i s p i n i s 1 or 3 then the cross-section for 7T+T —> 

A + + 7r*7r O7r%0FIT) i s either 0.30 mb f o r T » 1 or O.55 mb 
fo r T = 3. 

The usefulness of t h i s kind of i s p i n analysis i s t h a t : -
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a) i t enables predictions of cross-section to be.made 
for NCFIT channels and b) the predictions vary with the i s p i n 
of the t r i - p i o n substates and i t might be possible by comparison 
with the observed cross-section i n NOFIT channel to be able t o 
pinpoint the part i c u l a r i s p i n state which i s present i n the 
reaction., 

The estimates for cross-section f o r various physical proc­
esses i n the two pronged NOFIT events determined from the corr­
esponding four pronged reactions are given i n the ensuing sect­
ions. I t should be remembered i n predicting the number of 
events and the cross-section l i k e l y t o be seen i n the two pronged 
NOFIT channels that a l l data (two and four pronged interactions) 
were obtained from the same exposure (that i s the 7 T + j p c o l l i ­
sions at 5 Gev/c i n the B.N.H.B.C.) 

5o 1 Four Pronged Reactions 

F i r s t l e t us assume that the missing mass i n the two pronged 
NOFIT channels comprises two neutral p a r t i c l e s . The reactions. 
(D) and (E) are then described as follows:-

7T+P _^ F 7T + fl-V ( i ) 
7T+P 7n?7q n rr ( i i ) 

These two categories are equivalent to four pronged 4-C FIT 
interactions 

7T F -> P 7T if 7T ( H ) 

An (N7r7T7r) system then i s seen t o occur as channel (H) 
with a cert a i n cross-section.. The problem i s t o calculate 
from that cross-section what would be expected i n the (N7T 7T 7T) 
system of reactions ( i ) and ( i i ) , these are the two pronged 
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NOFIT channels- This can be done by use of Clebsch-Gordon 
co e f f i c i e n t s and following the method described e a r l i e r (that 
is using equation 5»D» The assumption that i s made i s that 
the N TT 7T 7T system i s regarded completely as one of the 
following configurations:-

a.) the N 7T 7T 7T system i s made up of N 7T and TT 7T 

substates 
or b) i t i s made from 7T and N yf IT substates 
or c) i t i s made from N and 77" 7T 7T substates. 
For each of these assumptions the expected contributions t o 
channels (D) and (E) can be calculated from the observed 
F 7T + 7T* IT channel. The r e s u l t of the calculation f o r the 
above configurations (a, b and c) are shown i n tables (5-2), 
(5-3) and (5-4) respectively for a pure i s p i n state. 

TABLE (5-2) 

1 2 3 4 5 . 6 
ISPIN SUBSTATES BRANCHING RATIOS 

(N 7T 7T 77") FIT CHANNEL NOFIT CHANNELS 
NOFIT 
FIT 

T(N TT) T(7T7r ) (H) ( i ) ( i i ) 

NOFIT 
FIT 

3/2 0 2/3 1/3 0 1/2 
3/2 1 3/5 0 2/5 2/3 

3/2 2 7/15 2/15 6/15 8/7 

1/2 2 8/15 0 7/15 7/8 
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TABLE (5-3) 

1 2 3 4 5 6 

(N 7T 7T )+ ISPINS BRANCHING RATIOS NOFIT 

SUB5TATE FINAL STATE FIT CHANNEL -NOFIT CHANNELS FIT 
(H) ( i ) ( i i ) . 

1 T 1 2 ; T, T 3 > 

I 0 ; 1 / 2 , l / 2 > 2 / 3 1/3 0 1 /2 

1 /2 ; 1 / 2 , l / 2 > h/9 1/9 4/9 5/4 

1 ; 1 / 2 , l / 2 > 1/3 0 2 / 3 2 / 1 

3 /2 ; 1 / 2 , l / 2 > 5/9 2 / 9 2/9 4/5 

1/2 ; 3 / 2 , l / 2 > 2 / 9 2 / 9 5/9 7 / 2 . 

1 ; 3 / 2 , l / 2 > 2 / 3 0 1/3 1 /2 

3 /2 ; 3 / 2 , l / 2 > 26 /45 2 /45 17/45 19 / 26 

1 

I 2 ; 3 / 2 , l / 2 > 2 /15 4/15 9 / 1 5 13 /2 
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TABLE ( 5 - 4 ) 

1 2 3 4 
i — 

5 6 

(7T7T rr)+- I S P I N S BRANCHING RATIOS NOFIT 

SUBST ATE FINAL STATE FIT CHANNEL NOFIT CHANNELS FIT 
(H) ( 1 ) ( i i ) 

| T 1 2 • T, T 3 > 

1 0 2 / 3 1/3 0 1/2 

| i i , o 1/2 1/2 0 1/1 

1/2 1/2 0 1/1 

2 . 1> 19/30 11/30 0 11/19 

I 2 2 , 1> 1/2 1/2 0 1/1 

1* 3 , 1> 1/5 4 / 5 o 4/1 

Inspection of tables ( 5 - 2 ) , ( 5 - 3 ) and ( 5 - 4 ) showsispin con­

f igu ra t ions corresponding to w e l l known physical processes. 

For example, i n table ( 5 - 2 ) T(N 7T) of 3 / 2 and T( 7 T 7 T ) of 1 

w i l l include A + + f and T ( N T T ) of 3 / 2 and T( 7 T 7 T ) of 0 

w i l l include L± f and so on. For these spec i f i c processes 

the i s p i n conf igura t ion i s w e l l def ined. From events of t h i s 

kind occurring i n P 77~+ 77"+ 77-" events t h e i r con t r ibu t ion to 

the NOFIT channels can be d i r e c t l y calculated from spec i f ic 

parts of the tables . 

For the remainder of the events which do not f a l l i n to 
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w e l l known processes then a l l possible i s p i n configurat ions have 

to be considered. For example f o r 7T the possible 

ispins are T = 3 / 2 fo r the A + + and T = 0, 1, or 2 f o r the 

d i p i o n . A l l these p o s s i b i l i t i e s have to be considered. As a 

more complicated example, N j r 7T 7T , T(N 7T ) = 1/2 or 3 / 2 and 

T( 7 T 7 T ) = 0, 1 or 2 and a l l f ou r p o s s i b i l i t i e s f o r P 

have to be taken i n t o account. 

In table ( 5 - 5 ) 9 breakdown i s given of P' 7T+ 7T+ 7T~ events 

from the 4-C FIT react ion of t h i s experiment (see r e f . 1, 5 and 

6 ) i n t o w e l l defined processes and remainders. The react ion 

f i n a l s ta te , the t o t a l number of events and the observed numbers 

of events i n each channel which are given i n columns 1, 2 and 3 

were found in the analysis of the four pronged I+-C FIT events. 

Column 4 gives the cross-section i n each channel. 

From table ( 5 - 5 ) i t can be seen t h a t : -

a) i n the case of A + + £° and i n the case of those P 7f + £° 

events where the 7T+ is associated wi th the proton, there can 

be no con t r ibu t ion to the NOFIT channel (D) since the ^° can 
_ _ + — 0 0 

only decay by the 77 7T mode and not by the 7T 7T mode. 

b) f o r the PAg+ events and f o r those P7T+ ^° events where 

the 7T+

1 now, i s associated with the £° through a. t r i - p i o n 

state there can be a con t r ibu t ion to the NOFIT channel (D) 

through the re la ted P7T° £ + events. Here, the £ + can decay 

to 7T° 7T + to give a f i n a l state of P 7T+ 7T° 7T°'. For the 

A2+ meson decaying to 7T + £° there w i l l be an equal number of 

Ag* meson decaying to 7T° ^ + i n the two pronged NOFIT channel 

(D). . 

c) where the ^° is associated with the proton as a. P ?° 

s tate there can be a con t r ibu t ion from the re la ted n ^ + s tate 
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T A B L E ( 5 - 5 ) 

1 2 3 4 
T H E F O U R P R O N G E D 4 - C F I T E V E N T S 

R E A C T I O N F I N A L S T A T E NO. O F E V E N T S C R O S S - S E C T I O N 
( m b ) 

R E A C T I O N F I N A L S T A T E 
T o t a l Observed 

C R O S S - S E C T I O N 
( m b ) 

I - Pit*n- no A * * 3 0 0 6 — H 9 6 ± 0 - O I 7 

Pir+p0^ p ° -> it+it~ ; A 2 * E X C L . I 7 0 9 0 - 6 8 0 ± 0 - O l O 

P A 2

+ , A 2 * p° 2 8 6 O I I 4 ± 0 0 0 2 

« * N * + ( l 7 0 0 ) , N w + - ^ P i r * i r - 2 I I 0 0 8 4 ± 0 0 0 2 

P 11*11*11- ; R E M A I N D E R 8 0 0 0 - 3 I 8 ± 0 0 0 5 

I I - A * + ir+ n- 3 9 3 5 — I-565 ± 0 0 2 3 

A * + p ° 2 I 8 6 0 - 8 7 0 ± O OI3 

A * * f ° , f ° - » it*it- 4 2 7 O I 7 0 ± 0 - 0 0 3 

b* + it*ir- ; REMAINDER I322 O 525 ± 0 0 0 8 

T O T A L : P n*n*n- 6941 2-762 t 0 - 0 4 I 

C r o s s - s e c t i o n s a r e not c o r r e c t e d for unseen d e c a y modes. 
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t o the NOFIT channel (E) i n the react ion 

7T T IT n e 

d) i n the case of TT* N x + ( 1 7 0 0 ) events where the N* +(1700) 

decays to P'7T+ 7f there can be contr ibut ions i n both two pronged 

NOFIT channels (D) and (E) from the re la ted P 7T° 7T° state and 

Yl 7T 77" s t a te . The amount of the contr ibut ions are given 

i n table (5 -6 ) , see columns 7 to 12. 

e) f o r the A + + f ° and. f o r those A ^ + 7T+ 7T~ where the 7T+ 

i s associated wi th the 77"~ through a d i - p i o n s ta te , there can 

be a con t r ibu t ion i n the two pronged NOFIT channel (D) from the 

re la ted 7 T ° 27"° s tate since the f ° can decay by the 7 T ° 7 T ° 

mod e» . 

f ) where the 7T~ i s associated wi th the A + + as a A + + j r " 

s tate there can be contr ibut ions i n both NOFIT channels (D) and 

(E) from the related A + 7T° state and A° 7T+ s ta te . The 

branching r a t i o s are given bys-
g + r : A + TT° : A ' T T * 

i / 5 • 2 / 5 • 2 / 5 
where A + decays t o P 7T° to give a f i n a l s tate 

7T+P - * P 7 T + TrV° 
and decays to x\ 7T° t 0 give a f i n a l state 

From inspection of table ( 5 -5 )» using the above ca l cu la t ion , 

the expected number of events and cross-sections i n the two 

pronged NOFIT channels fo r t h i s kind of process are given 

i n table ( 5 -7 ) . 
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TABLE (5-7) 

REMAINDER: 7T*7f EXPECTED NUMBER OF EVENTS AND 
CROSS-SECTIONS 

FIT CHANNEL (H) NOFIT CHANNEL (D) NOFIT CHANNEL (E) 

No. of 
Event 

Cross-Section 
(mb) 

NboOf 
Event 

Cross-
Section 

(mb) 

No. of 
Event 

Cross-
Section 

(mb) 

1322 Oo525 - O.OOg 2644 1.050 2644 1.050 

g) i n the case of P 77" 7T 7f (remainder) there sre 

three p o s s i b i l i t i e s , as ststed e a r l i e r , where the t r i - p i o n 

(or t h e i r d i -p ion combinations) or any pion associated w i t h 

the proton do not resonate. These p o s s i b i l i t i e s are:- . 

I - the P 7T+ 7T* T f system i s made up of M J^and 7T TT 

substates. 

I I - the d ip ion substate is associated wi th the proton 

I I I - the three pions are associated through a t r i - p i o n s ta te . 

Inspection of tables ( 5 - 2 ) , (5-3) and (5-4) show there can be 

contr ibut ions i n the two pronged NOFIT channels. The expected 

number of events and the cross-sections f o r each p o s s i b i l i t y 

are given i n tables ( 5 - 8 ) , (5-9) and (5-10) respect ive ly . 

From tables ( 5 - 6 ) , (5-S) , (5-9) and (5-10) i t can be seen 

how the expected cross-sections in the two pronged NOFIT channels 

vary wi th the i s p i n conf igurat ions through the substates* 

5. 2 Five Pronged Reactions 

Let us assume that the missing mass i n the two pronged 
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NOFIT channels i s composed of three neutra l secondary p a r t i c l e s . 
Reactions (D) and (E) would then be w r i t t e n as f o l l o w s : -

7T P F 7T 7T 7T7T ( i i i ) 

7 T F — • TTJ Tip n TT 7T ( i v ) 

These two channels are also equivalent to fou r pronged 1-C(^T°) 

FIT and 1 -C(n) FIT events 

7T + f _> r TTTTTir ( I ) 

7 T P _ • JFTT 7T 7T n ( j ) 

In the present case a f\[ 77" 77* TJ'TT'can be seen to occur 

as channels ( I ) or ( J ) w i th a ce r ta in cross-sect ion. In 

p r inc ip l e the contr ibut ions to the NOFIT channels (D) and (E) 

can be calcula ted. However, the large m u l t i p l i c i t y of comb­

inations of the substates makes the ca lcula t ions more complex* 

Instead discussion w i l l be l i m i t e d to quasi two body and three 

body reactions invo lv ing resonances. These are given i n table 

( 5 - 1 1 ) where a summary i s presented o f the 1-C ( 7T°) FIT reac­

t ion : ( I ) as found i n an e a r l i e r part of t h i s co l labora t ion 

(see r e f . 1 , 5 and 6 ) . Column 1 shows the reaction f i n a l state 

of w e l l defined processes and remainders. The t o t a l number of 

events, the observed numbers and t h e i r cross-section i n each 

channel are given i n columns 2 , 3 and 4 respec t ive ly . From 

s imi l a r arguments to those presented i n sect ion 5» 1 and using 

table ( 5 - 1 1 ) the expected contr ibut ions to NOFIT channels are 

determined as fo l lows 

a) i n the cases of P 7T+ 0)°, PB+ (where B + decays to 7T+ w ) , 

A + + 7T £ , A + + A2 (the A2° - meson decays to i f £ ) and 

A + + GO° t n e i*e can be no con t r ibu t ion to the two pronged NOFIT 
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T A B L E ( 5 - l l ) 

1 1 2 | 3 1 4 

T H E F O U R P R O N G E D 1 - C (tr°) FIT E V E N T S 

R E A C T I O N FINAL S T A T E N°- O F E V E N T S C R O S S - S E C T I O N S R E A C T I O N FINAL S T A T E 
Tota l Observed 

I- P f T + t T + T T - T T 0 : no. A + + 2 3 4 0 0 - 9 3 2 + O O I 4 

P t f V , i)0-* f r V f f ° j A^ E X C L . 65 0 0 2 6 ± 0 0 0 2 

PA+ , A + - H ° T T + 35 0 - O I 4 ± O O O I 

P t f + « ° , u ° - > t r + t r - t r 0 } B + E X C L . 891 0 3 5 5 ± O-OIO 

P B + , B + -> " ° f T + 2 3 0 0 0 9 2 ± O O I 6 

t T + t r ° N * + ( I 7 0 0 ) , N ^ t P fr+tr- 55 0 0 2 2 ± 0 0 0 8 

P r r + r r + t T - f T 0 3 REMAINDER 1 0 6 4 0 - 4 2 3 ± O O I O 

4 8 8 0 1-941 ± 0 0 2 5 

A + + t * , i - * ^ T 7 ° j A° E X C L . 1831 0 - 7 2 8 ± O O I I 

A + + A° 2 , A ° - + f £ 3 6 7 O I 4 6 ± 0 0 2 2 

A + V 6 0 0 0 2 4 ± 0 0 0 4 

A + V 7 0 4 0 - 2 8 0 ± O O I 4 

A 4 + t r + f T + f T 0 ; REMAINDER 1918 0 - 7 6 3 ± 0 - O I 2 

T O T A L : P «+it+it-<T° 7 2 2 0 2 -873 ± 0 0 4 3 

C r o s s - s e c t i o n s a r e not c o r r e c t e d for unseen d e c a y modes 
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channels (D) or (E) since, f o r example, the w° does not decay 
to 7T 7T 7T 

b) f o r the A + + 7° , P A 2

+ ( A 2

+ decays to 7°) and f o r 

those P 7T+ 7° where the 7T+ is associated wi th the 7 0 

(or wi th the proton) through a 7T+ 7° (or 77"H P) state there can 
. o 

be a con t r ibu t ion i n the NOFIT channel (D) since the y - meson 

can decay by the neutra l mode (as 7T° 7T° 7T°) as w e l l as by the 

charged mode (as 7 T + 7T~ 7 T ° ) . The branching r a t i o i s given 

by '.-

(neutral mode) / (charged mode) = 71/29 = 2.45 

Then the number of events and the cross-section expected i n the 

NOFIT channel (D) f o r these w e l l defined processes are given i n 

table (5 -1? ) . 
TABLE (5-12) 

1 2 3 4 5 6 7 

FOUR PRONGED 1-C ( 7 f ° ) FIT 
CHANNEL ( I ) 

EXPECTED NUMBER 
CROSS-SEC 

OF EVENTS AND 
JTIONS. 

Reaction No. of 
Events 

Cross-Section 
(mb) 

NOFIT CHANNEL 
(D) 

NOFIT CHANNEL 
(E) 

Reaction No. of 
Events 

Cross-Section 
(mb) 

No. of 
Events 

Cross-
Section 

(mb) 

No. Of 
Events 

Cross-
Section 

(mb) 

P T T V 65 

35 

60 

0.026 - 0o002 

0.014 - OoOOl 

0.024 i 0.004 

160 

86 

147 

0.064 . 

O.O34 

0.059 

- : 
Cross-sections are not corrected f o r Unseen Decay Modes. 

c) f o r the 7 f + 7T° N*(1700) events where N*+(1700) decays to 

P 77"+ 7T° there can be contr ibut ions i n both two pronged NOFIT 
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channels. Then the expected contr ibut ions are shown i n 

table (5-13)» see columns 7 to 12. 

d) i n the case of A + 7T 7T 7f° (remainder), where the 

three pions are associated through a t r i - p i o n s tate , there can 

be a con t r ibu t ion i n the NOFIT channel (D) and the amount of 

the d i f f e r e n t i s p i n configurat ions i s given i n table ( 5 - l 4 ) » 

Again, from tables (5-13) and (5-14) i t can be seen how 

the expected cross-sections i n the two pronged NOFIT channels 

vary w i t h the i sp in configurat ions through the substates. 

5. 3 Conclusions 

I . In the case of the missing mass i n the two pronged 

NOFIT channels comprising two neutra l secondary pa r t i c l e s i t 

can be seen that i n the major i ty of cases there can be c o n t r i ­

butions t o these channels from resonances seen i n the equiva l ­

ent four pronged 4-C FIT events. The predicted signals are 

expected to be strong enough t o be detected and i t might be 

possible wi th quasi two body and three body reactions invo lv ing 

resonances to p inpoint the pa r t i cu l a r i s p i n state or i s p i n sub-

state which i s present i n the i n t e r a c t i o n . As an example, f o r 

the N x + (1700) i n the channels, 

T T ' F - * TT-*- P T T V 

there are many p o s s i b i l i t i e s f o r the i s p i n configurat ions 

through th i s substate, and by comparison w i t h the observed cross-

section i t might be possible to determine the i s p i n substate. 

I I . I f the missing mass i n the two pronged NOFIT channels 

is composed of three neutral secondary par t i c les i t can be seen 

that i n the major i ty of cases f o r w e l l defined processes i n the 
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equivalent four pronged 1-C ( 7T G ) FIT there can be no c o n t r i ­
butions in these channels. However, i n the case of quasi two 
body and three body interact ions involving resonances>.the 
predict ion of s i g n a l expected i n the two pronged NOFIT channel 
(D) i s much stronger than the observed s igna l i n the equivalent 
four pronged 1-C ( 7T°) F I T events. For example, i n the quasi 
two body react ion (PA2 +) the expected s i g n a l in the two pronged 
NOFIT channel (D) i s more than twice the observed s i g n a l i n the 
four pronged 1-C( 7T°) FIT events* 
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CHAPTER 6 

AN ANALYSIS OF THE TWO PRONGED NOFIT 7T* 7T* CHANNEL 

The s e l ec t ion of events and the resolut ion for the two 

pronged NOFIT channel ( E ) , 

7 T * f n TT* 71^ ( Hli 7 T B ) (E) 

with ra^ greater than zero, have already been discussed in chap­

t e r U (see sections K» 1 and 4» 4)» This channel contains about . 

7000 events which include about 35O m i s c l a s s i f i e d P 7T* MM-̂  

events that i s the two pronged NOFIT channel (D). The t o t a l 

cross - sec t ion i s 2*77 1 0.03 mb a f t e r correct ing f o r these mis­

interpreted events. Indeed, in examining the missing mass and 

the invariant mass combinations i t should be remembered that they 

contain some mise la s s i f i ed events. So any unusual s tructure must 

f i r s t be considered as due to a mis interpretat ion of these events 

as TVs . TTf MM2 j MNfe = n (m̂ ^ 7T 0 )o 

An ana lys i s of the spectra of the missing mass (MM2) and 

the invar iant mass combinations ( J i g , 7 f f ) t ( ~Wft ^ 2 ) a n d 

( J \~*t MM2) are given in the fol lowing sec t ions . 

6, 1 The Missing Mass D i s t r ibut ion 

The missing mass comprises a neutron and at l eas t one 

neutral pion. In general the programme FAKE (which i s a Monte 

Carlo programme to simulate the production of events) suggests 

that the missing masses are composed of a mixture of two neutral 

p a r t i c l e s tates and three neutral p a r t i c l e s tates ( n 7T° and 

n 7T° 7 T ° ) . The mixture i s approximately 50% each. Figure 
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(6-1) shows the missing mass (MPkp) spectrum. By using the 
programme FAKE about 6000 events of react ion 

7 T + F 7 T + 7 T + n 7T° ( i i ) 

and the same number of events of react ion 

7 T + P -> n TT° TT° ( i v ) 

have been generated.. For these two reactions the missing 

masses (n 7T°) and (n 7T° 7T°) are plotted on f igure (6--1) 

where the dash-dot curve d i sp lays the phase space background of 

the (n 7T°) and the dashed curve shows the phase space background 

of the (n 7T° 7T°)» I t can be seen that neither of these w i l l 

f i t the experimental data. However, the experimental data has 

been f i t t e d by mixing the above two react ions as fo l l ows : -

3 X i + b JTj^ = Z. 6 o l 

where a and b are constants to be determined i n the f i t and x^, 

y^ and are the expected numbers for n 7T°, n 7T° 3T° and the 

mixture events of i th bins of the missing mass. For t h i s 

purpose assume that the observed number of events i n the i th b in 

of the experimental data i s and constants a and b are adjusted 

u n t i l 
2 

^ (z^ - %) = minimum . 6.2 

This gives a = O.46 t 0.04 and b = 0.54 - O.O5. The r e s u l t of 

equation 6.1 i s shown in f igure (6-1) as a. so l id curve. Now", i t 

can be seen that the phase space background of the admixture of 

react ion ( i i ) and react ion ( i v ) f i t s the experimental d i s t r i b u t i o n 

of the missing mass quite w e l l . Any structure i n the missing mass, 

spectrum can be seen to have no s i g n i f i c a n c e . Consequently, there 

i s no evidence for the decay of neutra l baryons to a l l neutral 

secondaries . This does not mean that there i s no resonance 
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production at a l io I t could be that 

7 T + F - > b V 

where B and M r e f e r to baryon and meson respect ivelyo As an 

example, assume that the above react ion gives 

7 r + ? _ > a + e + 

I—y 7f* 7T° 

> ( K 7 T ) + (v i ) 
This could lead to e i ther 

ifY - > F 7T° 7T* 7T° 

( v i i ) 
which would be c l a s s i f i e d in channel (D), or 

( v i i i ) 

which corresponds to channel ( E ) . 

Events of the kind channel ( v i ) have been generated, by 

the programme FAKE and i t i s found that the missing mass to 

the two pos i t ive plons of react ion ( v i i i ) i s very s i m i l a r to 

the missing d i s t r i b u t i o n of events of t h i s same react ion gen­

erated as phase space by the programme FAKE, see f igure (6 -1) 

the dash-dot curve. 

6. 2 The Invar iant Mass Combinations 

From a similarargument to that discussed (missing mass 

phase space) in sec t ion 6. 1 , the phase space background of 

the invar iant mass system i s ca lculated using the programme 

FAKE and equation 6 . 1 for the admixture of react ions ( i i ) and 

( i v ) . Here again, the invariant mass combinations ( "jTs» "Jl f ) 
_+ jf 

( - J f f t MMp) and ( J T s , MM2) are given i n f igures ( 6 - 2 ) , (6-3) 

and (6-4) r e spec t ive ly . The so l id curve i n these f igures shows 

the phase space background and i t a lso f i t s the experimental 
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d i s t r ibut ions quite well*. 

6.2.1 The Di-Pion System 

The e f f ec t i ve mass d i s t r i b u t i o n of the di -pion system i s 

shown i n f igure ( 6 - 2 ) j t h e r e i s no structure to be seen. 

6 .2 .2 The ( 7T*, Mlfe) System 

The invar iant mass combinations of ( 7T + , MM2) are given i n 

two f igures (6-3) and (6 -4 ) . In the f i r s t the f a s t pion i s comb­

ined with missing mass, and in the other the slow pion i s assoc­

iated with the missing mass. From the subsequent analys is of 

these two f igures i t can be seen thats -

a.) in the case of the ( 7 ^ , MM2) mass combination there i s no 

s tructure to be observed. 

b) in the ( JTst m a s s spectrum the s tructures seen appear 

to be consistent with s t a t i s t i c a l f l u c t u a t i o n s . However, i n 

chapter 5 (sect ion 5« 1) i t was seen thatas ignal was expected i n 

the mass region at about 1700 Mev corresponding tothe a l ternat ive 

decay mode of the N (1700) resonance (see r e f . 1, 2, 3, 4 and 5 ) . 

There i s an enhancement at th i s mass in f igure (6-4) and for the 

present purpose i t w i l l be assumed that t h i s i s s i g n i f i c a n t . A 

check has been made to determine whether these enhancements are 

due to the small contamination from the wrongly interpreted 

P 7T + MM-L events. For th i s purpose a l l events i n the channel ( E ) 

with the invar iant ( "JT3, MM2) mass between (1600 - 1800) Mev 

have been reconsidered as P JT+ MM̂  and the P 7T+ invariant mass 

plotted. Now, i t was seen e a r l i e r that .a c h a r a c t e r i s t i c of the 

P 77 + combination i s peaking i n the A + + region (see f igure (4-3) 

in chapter 4)» This i s not seen i n the present case which shows 
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that the apparent s tructure at 1700 Mev i s not due to the mis inter­
pretat ion of the P 7T + MMi events. 

6. 3 N*+(1700) in the NOFIT Channel (E) 

The most l i k e l y or ig in of the s tructure at 1700 Mev in 

f igure (6-4) i s by the production of the N 3 S +(1700) i n the 

react ion 

where N x + (1700) decays to 7 T +

e n 7T° d i r e c t l y . Experimentally, 

there i s no evidence that N x + decays i n d i r e c t l y v i a A ° "^l* 
A 0 O 

where L± decays to n JT , s ince otherwise there would be a. 

corresponding peak i n the missing mass spectrum f igure (6 -1 ) . 

As stated e a r l i e r , the phase space background has been 
ca lculated by FAKE for react ions ( i i ) and ( iv) . . The n. 7T° 7T+ 7T+ 

o __o _.+ _--+ 

and n 7T 7T 71 71 interact ions have been mixed according to 

the same prescr ipt ion as in f igure (6-1) and i s shown as a s o l i d 

curve in f igure (6 -5 ) . Figure (6-5) i s a part of f igure (6-4) 

but with the invar iant ( JT*, MM2) mass between (1400 _ 2200) 

Mev replotted. Below 1800 Mev the phase space background i s 

en t i re ly made.up by react ion ( i i ) . Possibly there i s an 
s 

enhancement in the mass region at about 1700 Mev, where the 

N x + ( i 7 0 0 ) i s expected to appear. 

The lower mass region (1660 - 1900) Mev of f igure (6-5) 

has been f i t t e d with a background and a. B r e i t Wigner s igna l 

added incoherently, that i s 

S ignal = BG +B-W. (M 0 , f t ) 6.3 

where BG i s the phase space background and B.W. i s an S - wave 

B r e i t Wigner s ignal centred at mass MQ with width f o t that i s 
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the dotted curve i n f igure (6 -5 ) . In the f i t t i n g MQ and f£ 
are f r e e parameters. The r e s u l t of the f i t t i n g i s : -

M0 = 1 . 7 3 4 + 0 . 0 2 1 Gev 

f o = OoOSk + 0.013 Gev 

N(number of events above BG) = 7 9 - 1 0 events 

cr (cross-sect ion) = 0 . 0 3 3 * 0 . 0 0 4 mb 

I f the s igna l i s s i g n i f i c a n t then reference can be made to 

table (5-6) in the l a s t chapter where predict ions were made 

in the expected intens i ty of N X + ( 1 7 0 0 ) in the N 0 F I T channels 

given that the N X + ( 1 7 0 0 ) had been observed in the four pronged 

4-C FIT channel ( H ) „ By examining columns 1 1 and 1 2 of that 

table the present estimated cross sect ion of ( 3 3 > 4 ) /ib i s 

consistent with the idea that the s i g n a l in N XT 7T seen at 

1 7 0 0 Mev i s : -

a) an N* + (1700), see row U of tab le , or b) an A + (1700), 

see rows 6 and 7 of the tab le . 

I t can be seen that the ambiguity i n th i s interpretat ion 

can be resolved by searching for the s i g n a l i n the other two 

pronged NOFIT channel (D) where for the N in terpreta t ion 

there should be an equal s ignal to the one above, whereas i n 

the A + in terpretat ion there should be neg l ig ib le s i g n a l . 

This point w i l l be re ferred to again in the chapter on 

channel (D). 

Attempts have been made to i so la t e any s ignal i n the 1700 

Mev region by demanding small !+ - momentum trans fer from the 

primary JT to the fas t secondary 7Tf» The danger of t h i s 

i s that apart from removing background, the s i g n a l looked for 
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i s a lso reduced. Figure (6-7) shows the e f f e c t of demanding 

t '( 7 T + / 7Tf) to be l e s s than 0 . 2 5 (Gev/c) . Re lat ive ly the 

enhancement at 1700 Mev i s seen to be more s i g n i f i c a n t . 

The B r e i t Wigner s igna l (equation 6 .3) shown has been f i t t e d to 

the data assuming smooth curve hand-drawn background. The 

f i t t e d parameters of the B r e i t Wigner s igna l a r e : -

MQ = 1.738 i 0 . 0 3 0 Gev 

ft = 0.100 1 0.016 Gev 

The dotted curve in f igure (6-6) corresponds to t h i s f i t . 

The observed number of events above the background i s equal 

to 69 - 8, implying a cross - sec t ion of 30 i 3 / ib . These are 

consistent with the e a r l i e r determination. 

In chapter 4 (see sub-section 4.4*3) i t was seen that the 

expected f u l l width at h a l f height, for the N 5 I +(1700)., of about 

80 Mev. This value agrees very w e l l with the experimental 

va lues . 
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CHAPTER 7 

CHARACTERISTICS OF THE TWO PRONGED NOFIT P 7T* CHANNEL 

The events belonging to th i s channel, 

7T + P — > F 7 T + ( nijg 7T°) (D) 

with m2 greater than 1 , a l l have a. proton slow enough to be 

i d e n t i f i e d (that i s these are the unambiguous NOFIT events),. 

In chapter 4 d e t a i l s have been given about the s e l ec t ion of 

events for t h i s channel. I t contains about 63OO events exclud­

ing 350 with a proton momentum i n excess of 1500 Mev/c in the 

laboratory system which have been misinterpreted as J)Q Jlf 

MMg events. The t o t a l cross sect ion i s 2.78 i O.O3 mb a f t e r 

correct ing for these m i s c l a s s i f i e d events. 

An analys is of the d i s t r ibut ions of the missing mass and 

the invar iant mass combinations i s given in the fol lowing sec ­

t i o n s . In the subsequent analys is of the missing mass i t 

should be remembered that the s igna l of a resonance expected in 

the missing mass below 1 Gev might be d is torted by the f i t t i n g 

process (see sub-section 4 . 3 . 1 i n chapter 4 ) . Because of t h i s 

i t i s e s s e n t i a l to study the missing mass d i s t r i b u t i o n i n both 

channels UNFIT and NOFIT events to determine which of these chan­

nels should be used i n the subsequent ana lys i s of the missing 

mass. For t h i s purpose, the missing mass systems were each 

divided into 60 Mev b ins . For each bin the r a t i o between the 

numbers of NOFIT records to the number of UNFIT records has been 

determined. In f igure (7-1) these ra t io s are plotted as a 

function of the missing mass. From t h i s f igure i t can be seen, 

for example, that in the ^-meson region (550 Mev) 96% of the 
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signal i s contained i n the NOFIT records and i n the f°-meson 
region (1260 Mev) a l l the f° signal i s i n the NOFIT records 
rather than UNFIT records. Therefore, i t i s s u f f i c i e n t to use 
NOFIT rather than UNFIT records i n the subsequent analysis of 
the missing mass. 

7. 1 The Experimental Data 

In t h i s section the general features of the missing mass 
system and the invariant mass combinations are examined a f t e r 
selecting positive missing mass squared* In p a r t i c u l a r an 
estimate i s made of the phase space background by using the 
programme FAKE. 

7-1.1 The Missing Mass (MM̂ ) D i s t r i b u t i o n 

The missing mass is composed of at least two- neutral pions 
i n the two pronged NOFIT channel (D). The missing mass d i s t r i ­
bution i s presented i n figure (7-2). Here again, programme. 
FAKE was used to determine the phase space background f o r reac­
t i o n 

7T+P —> ? 7T+ 7TV° ( i ) 
with 5000 events and with the same number f o r reaction 

7T*? —• ? -jr* 7T° JT° TT° ( i i i ) 
The missing masses i n the above two reactions are plotted i n 
figure (7-2) where the so l i d curve shows the phase space back­
ground for two neutral pions a f t e r normalising at MMi equal t o 
O.96 Gev and the dashed curves f o r the unnormalised three neut­
r a l pions. I t cfn be seen that the phase space background of 
the three neutral pions can not be f i t t e d successfully t o the 
experimental data i n any way whereas the phase space background of 
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the two neutral pions f i t s the experimental d i s t r i b u t i o n quite 
w e l l . Consequently, the above two channels ( i ) and ( i i i ) have 
been mixed by using the same method as before (see section 6.1 
i n chapter 6) and i t i s found that the majority of the missing 
masses corresponds to the two neutral pion phase space. The 
mixing required about of the two neutral pion and 6% of 
the three neutral pion phase spaces. Therefore, i n the sub­
sequent analysis of t h i s channel i t w i l l be assumed that the MMi 
mass, i n general, comprises two neutral pions only. 

The significance of any structure can now be judged r e l a ­
t i v e to t h i s f i t t e d background. I t can be seen that there i s 
evidence for the decay of neutral mesons to a l l neutral second­
aries. For example, the structure t o be seen at a mass of 
about 550 Mev corresponds to the ^Imeson and that at a mass of 
about 1280 Mev corresponds t o e i t h e r , or both^ the f° meson and: 
the A2° meson. Here the f° decays t o two neutral pions and 
the A2 0 decays to 7T° y°with the subsequent decay of.the y°to 

a l l neutral secondaries. 
The lower mass region (300 - 75O) Mev of figure (7-2) has 

been f i t t e d with the two neutral pion background above and a 
Gaussian d i s t r i b u t i o n added as follows:-

Signal = BG + GD(MlQ, D) 7.1 
where BG i s the phase space background and GD i s a Gaussian 
d i s t r i b u t i o n signal centred at mass Mj D with standard deviation 
D and is shown as the dotted curve i n figure (7-2). Again, 
the higher mass region (1140 - 1M+0) Mev i n the same figure has 
been f i t t e d with a background and an S - wave B r e i t Wigner s i g ­
nal centred at mass M^ Q with width f£ (see section 6 .3 i n 
chapter '6 ) shown as dash - dot curves i n the fi g u r e . In the 
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f i t t i n g M^o, D, M^Q and fa are free parameters. The res­
u l t s of the f i t t i n g are given i n table (7 -1) followed by the 
observed number of events above the BG and the cross - section 
for each s i g n a l . 

TABLE (7-1) 

The Fitted Parameters .0 
y Meson Region f°/A2°Meson Region 

Central Mass (Gev) 
F u l l Width at Half 

Height (Gev) 

0.540 i o.oog 

0.145 - 0.006 

1 .285 - 0.011 

0.185 - 0.008 

No. of Events above the 
Background 

Cross - Section (mb) 

430 t 20 

0.180 1 0.008 

275 - 30 

0 ,115 - 0.013 

As stated e a r l i e r i n chapter 4 .(see sub-section 4»3«1) 
that the expected f u l l widths at h a l f height i n the 7" and the 
f° regions are about 0.140 Gev and 0.180 Gev. These values 
agree very w e l l with the experimental values i n the table. 

7»1»2 The Invariant Mass Combinations 

The possible invariant mass combinations are the ( P,7T+), 
( 7T+, MM-ĵ ) and (P, MM]_). Here, i n the subsequent analysis of 
these combinations the NOFIT channel w i l l be used. Now, i n 
figures (7-3), (7-4) and (7-5) are shown the e f f e c t i v e mass 
di s t r i b u t i o n s of the above three combinations respectively. 
The s o l i d curves i n these figures are the phase space background 
(calculated by FAKE) corresponding t o two neutral pion phase 
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space* Here again, the significance of any structure can 
now be judged r e l a t i v e t o t h i s f i t t e d background. 

Br i e f descriptions of the invariant mass combinations are 
given as follows 

a) The (P. 7T+) System 

The (F, tt+) mass spectrum i s shown i n figure (7 - 3 ) » 

The only structure to be seen there i s a very strong peak i n 
the A + + ( 1 2 3 6 I/lev) region. The lower mass region, from the 
threshold t o 1 4 0 0 Mev, i n t h i s figure hss been f i t t e d with an 
5 - wave Breit Wigner signal centred at mass MQ with width 
added incoherently to the background (see equation 6 . 3 i n 
chapter 6 ) and i s shown as the dotted curve i n fi g u r e (7 -3 ) • 

As before, MQ and are free parameters i n the f i t t i n g and 
the r e s u l t i s : -

MQ = 1 . 2 2 0 ± 0.003 Gev 

fl = 0 . 1 1 6 ± 0 . 0 0 2 Gev 

The observed number of events above the background i s equal t o 
1400 i 40, implying a. cross-section of 0.5^5 - 0.017 mb. 

From the above r e s u l t i t can be seen that the production 
of the A** (1236) , T = 3 / 2 , i n the NOFIT channel (D) i s about 
2 6 f . 

b) The ( 7T + , MMj) System 

Figure (7=4) displays the invariant ( JT+, MM̂ ) mass 
d i s t r i b u t i o n . None of the structure i n t h i s figure can be 
seen t o be very s i g n i f i c a n t . However, i n chapter 5 (see 
section 5 . 1 ) i t was seen that^signal i s expected i n the mass 
region of ( 1 3 0 0 Mev) corresponding to the alternative decay 
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mode ( 7T 0 of the resonance. Now, r e l a t i v e to the 
phase space background of the two neutral pions there i s an 
enhancement at t h i s mass i n the fi g u r e and f o r the present 
purpose i t w i l l be assumed that t h i s i s s i g n i f i c a n t . Here 
again, by using an S - wave Breit Wigner signal and the back­
ground, the mass region (1170 - 1410) Mev of the f i g u r e has 
been f i t t e d , the f i t t e d mass M0 centred at mass of about 1 .27? 
Gev with a f u l l width at ha l f height of about 0.182 Gev. I t 
can be seen that the f i t t e d B r e i t Wigner curve does not include 
a l l of the excess above background. In p a r t i c u l a r there i s a 
considerable excess i n the region around 1050 Mev. This could 
correspond to an k± (1070) signal where the . decays to 7T°&, 
An S - wave Breit Wigner signal and background have been used i n 
the mass region (84O - 1170) Mev. The re s u l t of the free para­
meters i n the f i t t i n g is:= 

Mo (A! +) = 1.054 i 0 .010 Gev 

H ( A / ) . 0.154 ± O.OO7 Gev ' o x 

Moreover, the mass region (840 - 141©) Mev of the f i g u r e , which 
includes the A^+ and the k<^ signals, has been f i t t e d by adding 
two B r e i t Wigner signals incoherently with the background. The 
central masses with the widths are free parameters and the 
number of events above the background i n the k\ region, N(Aj), 
i s a free parameter whereas the number of events above the BG 
i n the A2+ region, N(A2 +), i s given by:-

N(A 2
+) = Total number above BG - N(A 1

+) 7.2 
The f i t t e d curve of the double Breit Wigner signals i s shown i n 
the figure as a dotted curve. The results of the f i t t i n g ( f o r 
a single B r e i t Wigner signal and double Breit Wigner signals 
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are given i n table (7-2) followed by the observed number of 
events above the BG and the cross-section* 

TABLE (7-2) 

The F i t t e d 
Parameters 

Single B.W. Signal Double B.W. Signals The F i t t e d 
Parameters 

A^+ Region A2+ Region A]* Region A2+ Region 

% (Gev) 
P0 (Gev) 

1.054i0.010 

0.154*0.007 

1.272*0.011 

0.182±0.007 

1.050±0.005 

0.07210.004 

_l.290i0.006 
0.120±0.003 

No.of Events 
above the BG 
Cross-Section 

(mb) 

260±22 

0.109-0.009 

300t30 

0.125i0.013 

205±20 

0.086-0.008 

350^35 

0.146i0.015 

Attempts have been made to isol a t e the signal i n the 1050 

Mev and 1300 Mev regions by removing the A*+; a more detailed 
analysis w i l l be given l a t e r . 

c) The (P, MMi) System 

In the case of 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 
(P, MM_L) system see figure (7 - 5 ) , the structures seen appear 
to be consistent with s t a t i s t i c a l f l u c t u a t i o n s . In the l a s t 
chapter (see section 6. 3) i t was seen that there was possible 
evidence f o r an enhancement i n the ( N 7T 7f ) + system. There 
i t was pointed out that the ambiguity of whether i t i s an N*+ 

(T = 1/2) or A + ( T - 3/2) could be resolved by reference to 
the (P, MM-jO system i n the present channel. I t can be seen 
that there is an enhancement at a mass of about 1700 Mev i n 
figure (7-5)» This could possibly correspond to the a.Item-

http://_l.290i0.006
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stive decay mode (P 3 r° 7 r°) of the N x +(1700) resonance; det~ 
a i l s have been given i n chapter 5 (see section 5» 1 and table 
(5-3))• I f t h i s signal i s s i g n i f i c a n t then reference can be 
made to table (5-6) i n chapter 5 (see row 4 of the t a b l e ) . 
The mass region (164O - 1860) Mev of figure (7 - 5 ) has been 
f i t t e d w i t h the background of the two neutral pions and an S -
wave B r e i t Wigner signal (by using equation 6 . 3 ) centred at 
mass M0 with f u l l width at half height which are free para­
meters i n the f i t t i n g . The f i t t e d parameters of the B r e i t 
Wigner signal are:-

M0 = 1 .740 - 0.018 Gev 
fa = 0.150 ± 0.010 Gev 

The dotted curve i n figure (7-5) corresponds to t h i s f i t . 
The width f£ i n the present channel i s expected to be larger 
than the observed width i n the NOFIT channel (E), see sub­
section 4 » 4 » 4 i n chapter 4 . However, the observed number of 
events above the background i s equal to 80 i 10 implying a 
cross-section of O.O33 ± 0 .004 mb. By examining columns 9 

and 10 of table (5 -6 ) the present estimated cross section above 
i s consistant with the idea th a t the signal i n (N 7f 7T ) + seen 
at a mass of about 1700 Mev i s an N K +(17Q0), see row 4 of the 
table, and not an. A + (1700), see rows 6 and 7 of the table, 
because for the N x +(1700) i n t e r p r e t a t i o n there should be an 
equal signal to the one above. I n the present channel the 
number of events above BG is i d e n t i c a l t o the observed number 
of events i n the channel (E). 

I f a resonance does occur i n the P MM]_ system then the proton 
A+ + 

(1236) 
resonance. Hence, by demanding the absence of A + + the P MM, 
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signal at 1700 Mev can be enhanced as shall be seen l a t e r i n the 
detailed analysis. 

7. 2 The Use of the Van-Hove Plot 

The Van-Hove plot has been successfully used as a tech­
nique of analysis for the description of a three-body f i n a l 
state (see r e f . 1, 2 and 3)« The basic idea i s that because 
the transverse momenta of part i c l e s are approximately constant 
at about 350 Mev/c, then t h i s information i s redundant. The 
longit u d i n a l momentum components q i ( i = 1, 2, 3) of part i c l e s 
or* resonances i n the c.m.s. of the f i n a l state are such that 

q x + q 2 + q-j 0 7 .3 
These three variables can be represented by a single point i n 
a. two - dimensional space. The space is defined by three axes 
at 120° to each other, see figure (7-6) which shows a diagramm­
atic representation of the hexagonal Van-Hove p l o t . Then.qi 
is measured at r i g h t angles from axis (SI ) , q 2 from axis (52) 
and f i n a l l y q^ from axis (S3). These define a point. In 
terms of the conventional (x,y) plane the coordinates of the 
points are given by:-

a) the longitudinal momentum qi of the f i r s t p a r t i c l e i n 
the f i n a l state which can be plotted on the x - axis. 

b) i n the case of the y - axis the component to be plotted 
i s given by:-

1/2 
q x tan 30 + q2/cos 30 = (q1 + 2q2) / (3) 7-4 

The Van-Hove angle w is the angle between the y - axis, where 
q^ s 0 B and the radius vector r from the centre of the hexagon 
to the point. The measurement of the angle corresponds to 
the anticlockwise d i r e c t i o n . The Van-Hove angle can be used 



y-axis 

L.H.S. Regions R.H.S. Regions 

q ( negative q ( positive 

(si) 

3 

9> 

\ 

B V£1 
R2 R5 

B 

n 
(S 

V 

fi­

x-axis 

FIG. (7-6) Diagrammatic Representation of the 

VAN-HOVE Hexagon Plot. 



-87-

t o define the hexagonal p l o t i n t o six regions Rl, R2, R3, R4, 
R5 and R6 as shown i n f i g u r e (7-6). Each region can be sub­
divided in t o two sub-regions (e.g. (Rl - A) and (Rl - B)). 
For angle w between 0° and 180°, i.e. the l e f t hand side of 
the hexagon, the f i r s t three regions are defined where the 
f i r s t p a r t i c l e i s backward i n the c.m.s., the r i g h t hand side 
of the pl o t contains the other three regions with w between 
180° and 360° where the f i r s t p a r t i c l e is always forward over 
a l l these regions. The other two particles might be backward 
or forward i n the c.m.s. depending upon the region. 

As an example of the use of the Van-Hove p l o t consider 
the reaction 

7T +P P 7T+ 1T° (B) 
at 5 Gev/c i n the same exposure. Detailed analysis already 
exists for t h i s channel (see r e f . 2 and 4 ) . However, i n 
figures (7-7)» (7-8) and (7-9) the invariant mass combinations 
for the (P, 7T°), the ( 7T +, JT°) and f i n a l l y the (P, 7T+) 

systems are given f o r a l l data. The data are shown again i n 
figure (7-10) as a Van-Hove hexagon p l o t where, now, q^, q 2 

and r e f e r to the lon g i t u d i n a l momentum components ( i n the 
c.m.s.) of the proton, the jr* and the JT° respectively. 
Round the extremes of the plot are shown the appropriate 
Feynman exchange diagrams (see r e f . 5) where i t i s assumed that 
p a r t i c l e s with low r e l a t i v e v e l o c i t y are produced from the same 
vertex. These diagrams then represent the physical reactions 
occurring i n each region. For example:-

1. i n region Rl i t can be seen that the proton and the jr° 
are moving together backwards i n the c.m.s. and both of them 
are forward i n region R4» This i s the condition expected f o r 
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P 7T ° p roduc t i on through a resonance. Hence, i n r eg ion R l , 

A + p roduc t i on i s expected t o be mani fes t (backward p r o d u c t i o n ) . 

S i m i l a r forward p roduc t ion might be expected i n r e g i o n R4» 

2 . i n the case of r eg ion R2 the 7T+ and the 3T° are both 

t r a v e l l i n g toge ther fo rwardS in the c .m.s . and are both back-

ward i n r e g i o n R5« Again, " - meson p roduc t i on then i s 

expected i n regions R2 ( fo rward p roduc t ion) and R5 (backward 

p roduc t i on ) . 

3o f i n a l l y , backward and fo rward p roduc t ion are expected 

i n regions R3 and R6 respect ive ly- where the p ro ton and the 7T+ 

are going toge the r and here the p roduc t i on of A + + i s expected. 

For t h e i n d i v i d u a l regions R l , R2 and R3 only (because 

about 95$ of the present da ta , channel (B ) , have backward 

protons i n the c .m.s . and are concentra ted i n the l e f t hand 

s ide o f the hexagonal p l o t ) the i n v a r i a n t mass p l o t s are shown 

i n f i g u r e s (7-11) f o r the (P, 7 T ° ) , the ( 7 T + , 7T°) and the 

(P, J T + ) i n r e g i o n Rl and the same i n v a r i a n t mass combinations 

are p l o t t e d i n f i g u r e s (7-12) and (7-13) f o r reg ions R2 and R3 

r e s p e c t i v e l y . I t can be seen t h a t the the £ + and the 

A + + are produced only i n r e g i o n R l , R2 and R3 r e s p e c t i v e l y 

and the resonant s i gna l s become much c l e a r e r than i n f i g u r e s 

(7_7) , (7-8) and (7-9) which correspond t o the whole Van-Hove 

p l o t . I n t h i s case, each sec to r seems t o c o n t a i n resonant 

p roduc t ion corresponding to a p a r t i c u l a r combinat ion of p a r t i c l e s . 

For example, f i g u r e (7-12) shows the i n v a r i a n t mass combinations 

i n r e g i o n R2 where i t can be seen t h a t : -

a) there i s no s t r u c t u r e i n the (P, 7f ° ) system, 

b) a very s t r o n g peak e x i s t s at a mass of about 760 Mev, 
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and corresponds t o the £ + - meson,. 

c ) i n the (P, 7T+) system there i s no s t r u c t u r e . 

I n us ing the Van Hove p l o t f o r a n a l y s i s , the p l o t should 

be d i v i d e d i n t o i t s s i x regions and i n each one resonant s igna l s 

should be sought only i n the combinat ion o f the two p a r t i c l e s 

which are t r a v e l l i n g , e i t h e r both forwards or both backwards. 

I t i s intended t o apply t h i s Van Hove a n a l y s i s t o the 

NOFIT data channel ( D ) . Now, an e s s e n t i a l d i f f e r e n c e i s t h a t 

the channel (B) comprises three p a r t i c l e s only ( f o r which the 

hexagonal Van Hove p l o t i s appropr i a t e ) whereas t h e NOFIT data 

are composed of a t l e a s t f o u r p a r t i c l e s i n the f i n a l s t a t e . 

However, i f the miss ing n e u t r a l secondary p a r t i c l e s are regarded 

as a s i n g l e body (the so c a l l e d miss ing mass) then the outgoing 

p a r t i c l e s i n the NOFIT channel (D) are reduced t o three p a r t i c l e 

s t a t e s . I t i s impor tan t t o r e a l i s e t h a t f o r each value o f the 

miss ing mass the re i s a Van Hove hexagon whose r a d i u s depends 

upon miss ing mass. So the Van Hove p l o t i n the. case o f . the 

NOFIT events w i l l correspond t o the s u p e r p o s i t i o n o f many Van 

Hove hexagons. However, the general d i s cus s ion about the 

contents o f regions o f the p l o t w i l l s t i l l h o l d . Consequently, 

q-p q2 and q^ r e f e r t o the l o n g i t u d i n a l momentum components ( i n 

the c.iru.s.) of the p r o t o n , the 7T + and the missing mass. Here 

aga in , the hexagonal Van Hove p l o t i n the case of the NOFIT 

r e a c t i o n 

7T+P -*» P 7 f + MN^ (D) 

i s d i sp layed i n f i g u r e (7-14) w i t h the appropr ia te Feynman 

diagrams round the extreme of the p l o t f o r each r e g i o n . From 

a s i m i l a r argument t o t h a t discussed e a r l i e r f o r the channel 

(B) i t i s expected then t h a t resonant s i g n a l s f o r the f o l l o w i n g 
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p a r t i c l e combinations w i l l correspond t o the i n d i v i d u a l regions 

as shown i n t a b l e ( 7 - 3 ) • 

TABLE ( 7 - 3 ) 

P a r t i c l e Combinations Expected Regions P a r t i c l e Combinations 

L • H • S • RoH • S • 

(P, MN^) R l R4 

( 7T + , MI^) R2 R5 

(P, 7T+) R3 R6 

I t i s wor th emphasising again t h a t only combinations of 

p a r t i c l e s t r a v e l l i n g both forwards or both backwards shou ld 

be used* 

Since the (P, J T + ) system, see f i g u r e ( 7 - 3 ) » d i sp l ays 

the s t ronges t resonant s i g n a l then sec tor R3 (R6) w i l l be 

considered f i r s t , f o l l o w e d by sector R2 (R5) and f i n a l l y by 

sec tor R l (R4)» Here again , the l e f t hand s ide sectors 

(R3L, R2 and R3) where the p ro ton i s backward i n the c « m . s . w i l l 

be used s ince the remaining reg ions (p ro ton f o r w a r d ) are ve ry 

poor s t a t i s t i c a l l y . The ensuing sec t ions discuss the i n v a r ­

i a n t mass combinations f o r each sector* 

7 . 3 Analysis o f Region R3 

I n t h i s r eg ion (w = 120° t o 180° i n the c .m.s . ) the 

p ro ton and the 7T+ - meson are t r a v e l l i n g toge ther backwards 

and the miss ing mass i s then f o r w a r d . I t contains about 
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1 7 9 0 events a f t e r s e l e c t i n g the p o s i t i v e miss ing mass squared. 

7 . 3 . 1 The (P. .7T+) System 

As s ta ted e a r l i e r A + + p roduc t ion (backward) can only be 

expected i n the sec tor R3« Figure ( 7 - 1 5 ) shows the i n v a r i a n t 

(P, IT*) mass combinat ion i n t h i s r e g i o n . Indeed, most of 

the s i g n a l i s resonant r e l a t i v e t o an approximate phase space 

background. This background i s g iven as a s o l i d curve as shown 

i n the f i g u r e , Here aga in , an S - wave B r e i t Wigner s i g n a l and 

phase space background (see equat ion 6 . 3 ) were used t o f i t the 

mass r e g i o n (lOgO - 1 4 0 0 ) Mev of the f i g u r e . The c e n t r a l mass 

MQ and the w i d t h f£ ( f u l l w i d t h at h a l f h e i g h t ) are f r e e para­

meters i n the f i t t i n g . The r e s u l t o f the f i t t i n g i s : -

M Q = 1 . 2 1 2 t 0 . 0 0 3 Gev 

fa = 0 . 1 1 5 - 0 . 0 0 2 Gev 

The f i t t e d B r e i t Wigner curve i s shown i n the f i g u r e as a 

do t t ed c u r v e . The number o f events above the background i s 

equal t o 1 3 9 0 i 4 0 which i s equ iva len t t o a c r o s s - s e c t i o n o f 

O . 5 8 I - 0 . 0 1 7 nib. These are cons i s t en t w i t h the e a r l i e r d e t e r ­

m i n a t i o n by us ing the f u l l da ta . 

Since t h i s sec to r R3 i s dominated by A + + then the miss ing 

mass can be examined f o r a quasi two-body r e a c t i o n i n t h i s r e g i o n 

7 . 3 . 2 The Miss ing Mass D i s t r i b u t i o n 

Figure ( 7 - 1 6 ) d i sp lays the missing mass d i s t r i b u t i o n where 

the s o l i d curve , aga in , shows the assumed phase 3pace background 

corresponding t o two n e u t r a l pions (see sub - sec t ion 7 . 1 . 1 ) . 

Now, r e l a t i v e t o t h i s background i t can be seen t h a t there are 
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two s t r o n g peaks i n the f i g u r e . The f i r s t peak appears at a 

mass around 5 7 0 Mev and the second at a ma3s o f about 1260 Mev. 

These two s i g n i f i c a n t s t r u c t u r e s correspond t o the y-meson ( f o r 

the lower mass) and t o e i t h e r , or b o t h , the f ° - meson and the 

^2° ~ meson (where the Z^ 0 decays t o 7T° 7 ° ) f o r the h igher mass. 

Here again , the lower mass r e g i o n ( 3 0 0 - 7 5 0 ) Mev and the h ighe r 

mass r e g i o n ( 1 1 7 0 - 1 4 4 0 ) Mev have been f i t t e d w i t h an approx­

imate phase space background t o which was added a Gaussian d i s t r ­

i b u t i o n (see equat ion 7 « 1 ) t o represent the /rf°and. an S - wave 

B r e i t Wigner s i g n a l f o r the f ° r e s p e c t i v e l y . The c e n t r a l masses 

and the f u l l w id th s a t h a l f he igh t are f r e e parameters. The 

r e s u l t s of the f i t t i n g are shown i n t a b l e ( 7 » 4 ) f o l l o w e d by the 

observed number of events above the BG and the equ iva len t c ross -

sec t ions f o r bo th s i g n a l s . 

TABLE ( 7 - 4 ) 

The F i t t e d Parameters 7° Region f ° / A 2 ° Region 

Cen t r a l Mass (Gev) 

F u l l Width a t H a l f Height 
(Gev) 

O.56O ± 0 . 0 1 1 

0 .110 t 0 .008 

1 . 2 7 5 ' * 0.013 

0 .180 ± 0 . 0 0 9 

No.of Events above the BG 

Cross-Sect ion (mb) 

1 4 5 * 2 0 

0.061 i 0 . 0 0 8 . 

1 9 0 i 2 5 

0 . 0 7 9 - 0 .010 

From the above t ab l e i t can be seen t h a t the r e s u l t s obtained f o r 

the c e n t r a l masses and wid ths are cons i s t en t w i t h the e a r l i e r 

r e s u l t s which were g iven i n t a b l e (7 -1 ) • The d o t t e d curve and 

the dash-dot curve show the f i t t e d Gaussian d i s t r i b u t i o n and the 
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B r e i t Wigner s i g n a l i n f i g u r e ( 7 - 1 6 ) . 

As the s ec to r R3 was dominated by i \ t hen these two 

s i g n a l s correspond t o A + + y° and A + + f 0 / A 2 ° p roduc t ion 

( y°and f ° decaying n e u t r a l l y ) . For t h i s purpose re fe rence 

can be made t o t ab l e s ( 5 - 5 ) and (5 -11 ) i n chapter 5 t o p r e d i c t 

t he number of these two s igna l s r e l a t i v e t o the a l t e r n a t i v e 

decay modes o f *f°9 f ° and A 2 ° i n the f o u r pronged 4-C and 

1-C( 7T° ) FIT events f o r the same exposure. Moreover, the 

ambigui ty i n the f°/k2° i n t e r p r e t a t i o n can be reso lved by 

A+ + 0 

. v ~ ~ & — K x w v * ^ w - ^ . . f i n the f o u r pronged 

FIT and the two pronged NCFIT channels . This can be done by 

use of Clebsch-Gordan c o e f f i c i e n t s t o c a l c u l a t e t he branching 

r a t i o s f o r each case. These branching r a t i o s a r e : -
o 

^ ( n e u t r a l mode)/ y (charged mode) = 7 1 / 2 9 

f ° ( n e u t r a l m o d e ) / f ° (charged mode) = l / 2 

I n t a b l e ( 7 - 5 ) the r e a c t i o n f i n a l s t a t e i s g iven i n column 1 . 

Columns 2 and 3 show the expected and observed number o f events 

above the background. The c r o s s - s e c t i o n corresponding t o the 

observed number i s shown i n column 4 « 

I t can be seen t h a t the resonance i n the f ° / A 2 ° r e g i o n i s 

cons i s t en t w i t h t h i s be ing e n t i r e l y due t o the f ° . 

7 « 4 Analysis of Region R2 

The sec tor R2 i n d i c a t e s t h a t the JT+ - meson and the MM-̂  

are going toge the r forwards and the p ro ton i s backward (w = 6 0 ° 

t o 120° i n the c .m.s .O. I t contains about 2720 events , aga in , 

a f t e r removing the negat ive miss ing mass squared. 
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TABLE (7-5) 

1 2 3 4 

React ion F i n a l State NUMBER OF EVENTS Cross-Sectior 
(mb) 

React ion F i n a l State 
Expected Observed 

Cross-Sectior 
(mb) 

A + + M M ; L ; ( 7 ° , f 7 A 2 ° ) I N C l 1390 t 40 O .58I t 0.017 

147 145 £ . 2 0 0.061 ± 0.008 

213 190 1 25 0.079 * 0.010 

Z f + M M ! ; ( ^ 0 , f ° / A 2 ° ) E X C L . — 1055 - 35 0.441 £ 0.015 

A MM1 ; REMAINDER - 400 t 34 0.167 - 0 . 0 i 4 

Microbarn equ iva len t i s 0.41a t 0.003 /"b/event 

7 . 4 . 1 The ( 7T+, MMj) System 

An o u t l i n e o f the p roduc t i on of resonances i n the ( 7 T + , M M - j _ ) 

system has been g iven i n the sub-sec t ion 7 .2 .2 by us ing the whole 
A + + 

da ta . I t was seen e a r l i e r t h a t the LA p r o d u c t i o n i s dominant 

i n r e g i o n R3. The re fo re , i n the present reg ion(R2) the A + + 

channel i s excluded. The i n v a r i a n t ( 7 f + , MM^) mass combina­

t i o n i s d i sp l ayed i n f i g u r e (7-17) f i t t e d w i t h an approximate 

phase space background. The s i g n i f i c a n c e of any s t r u c t u r e can 

now be judged r e l a t i v e t o the f i t t e d background. . By reference 

t o f i g u r e (7-4) and t a b l e (7-3) i t can be seen t h a t the A^ + -

meson and the A g + - meson p roduc t i on ( fo rward ) corresponding t o 

the a l t e r n a t i v e decay mode ( JT ^ ) o f the A-^+ and the Ap+ 

+ o 

resonances and the other a l t e r n a t i v e decay mode ( 7> / ) o f 

the Ag + can only be expected i n the sec tor R2. From the 

f i g u r e (7-17) r e l a t i v e t o the assumed background i t can be seen 
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+ . 

that there are two peaks corresponding to the Â  and the Ag 
resonances. As before, the background and an S - wave B r e i t 
Wigner signal were used to f i t the mass region (840-1170) Mev, 
for the A^+ s i g n a l , and the mass region (1170-1410) Mev, f o r 
the A2+ signal. Moreover, by adding two Breit'Wigner signals 
incoherently with the background the mass region (840-1410) Mev 
has been f i t t e d . The central masses and the widths are free 
parameters f o r a single B r e i t Wigner signal and. the number of 
events above the BG i n the A-j* signal N(A^ +) i s a free parameter 
i n the f i t t i n g , whereas the number of events above the BG i n the 
Ag+ signal i s given by equation 7° 2. The results are presented 
i n table (7-6). The double B r e i t Wigner signals are displayed 
as a. dotted curve i n figure (7^17) • Table (7=6) contains the 
observed number of events above the BG and the c ross-section. 

By reference t o table (7-2)- i t can-be seen that the 
results i n table (7-6) are consistent with the e a r l i e r determ­
in a t i o n . This means that of the signals (A^ + and A2+ resonances) 
are contained i n the sector R2. 

TABLE (7-6) 

The F i t t e d 
Parameters 

Single B,W. Signal Double B.W. Signal The F i t t e d 
Parameters 

A^+ Region A2+ Region A^* Region A.2* Region 

M0 (Gev) 1.060l0.010 

O.I9O-O.OO7 

1.280-0.013 

0.200i0.009 

1.040^0.004 

0.09010.003 

1.275*0.012 

0.140i0.006 

No.of Events 
above the 

B.Go 
Cross-

Section 
(mb) 

258-20 

0,108-0.008 

342-25 • 

0.H3-O.O11 

200120 

0.084-0.008 

355-35 

0.148^0.015 
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From the analysis of the four pronged 4-C and 1-C( 7T°)FIT 
events, f o r the same exposure, i t was found that the A 2

+ - meson 
can be produced via two channels ( A + + excluded) as follows:-

?4 
l _ „ TT ? 

*TT*7T~ 

d - ^ TT+7 

Reference can be made to tables (5=5) and (5-11) i n chapter 5 

to predict how many events of these kinds could be expected i n 
the two pronged NOFIT events (again, A + + excluded). Now, when 
A2 + decays to JT+ ^° i t , should be accompanied by exactly the 

+ o A+ 
same amount of A2 production decaying i n t o "JT ^ i n . the two 
pronged NOFIT channel (D) 0 When A2* decays t o 7T+ y°, then 
the branching r a t i o of ^ ( n e u t r a l mode) .to. (.charged mode) 
is equal to 7l/29<> However, the r e s u l t i s given i n table (7-7) 
of the prediction of A 2

+ - meson by using the r e s u l t of the double 
B r e i t Wigner signal f i t t i n g . Column 1 showsthe reaction f i n a l 
state} the expected number and the observed number are given i n 
column 2 and 3 and f i n a l l y the cross section corresponding to 
the observed number is presented i n column l+o 

TABLE (7-7) 
1 2 3 4 

Reaction Final State NUMBER OF EVENTS Cross-Section 
(mb) 

Reaction Final State 
Expec­
ted Observed 

Cross-Section 
(mb) 

P A 2
+ • A?

+-*7T*V+JA EXCL. 

P A 2
+ ; A2

+-^7rVj^*EXCL. 

P MMjyr +
; REMAINDER 

286 

36 

200 t 20 

| 355 i 35 

2165 - 30 

0.084 £ O0OO8 

0.148 - 0.015 

O.9O5 t 0.013 
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From the above table i t can be seen that the missing mass 
spectrum might contain an "f - meson sign a l . But the prediction 
of the y°- meson i s expected to be about 86 events which i s a 
very weak signal above the background i n the Ag+ region (1170-1410) 
Mev. 

7. 5 Analysis of Region Rl 

The condition of t h i s sector i s that the proton and the MM̂  
are moving together backwards and the 7T+ - meson i s then forward 
(w = 0° t o 60° i n the c.m.s.). The number of events included 
i n i t i s about 910, again, after selecting the positive missing 
mass squared. Moreover, a l l the and &2+ resonances.and 
the A + + production are dominant i n the other two sectors R2 and 
R3 respectively. Therefore, any structure i n the (P, MM-̂ ) 
system should be manifest i n t h i s region. As s.tated e a r l i e r 
the MM-̂  i n the two pronged NOFIT channel (D) i s composed of two 
neutral pions. Now, i f the N K +(1700) signal i s true then i t 
should appear i n t h i s region where the N*+ decays to P TT° 7T° 

7.5.1 The (P, MMi) System 

The d i s t r i b u t i o n of the invariant (P,MM̂ ) mass system is 
given i n figure (7-18). The solid curve shows an approximate 
phase space background. By reference to figure (7-5) i t can 
be seen that the structure i n the mass region of about 1700 Mev 
becomes much clearer. This structure corresponds to the 
N^^OO) decaying by the alterna t i v e decay mode (P 7T° 7T°). 
An outline of the (N TTTT) + system and the expected number of 
the N*+(1700) or A +(1700), estimated from the analysis of the 
four pronged 4-C FIT events, have been given i n chapter 5 (see 
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section 5»1 and tables (5-5) and (5-9)» However, i n sub-section 
7.1«2 i t was found that the structure at a mass of about 1700 Mev 
could possibly correspond t o an N x +(1700) and not an £(1700). 
The assumed background and an S - wave Br e i t Wigner signal were used 
to f i t the mass region (1640 - 1860) Mev of figure (7-18) where 
the central mass and the width are free parameters i n the f i t t i n g . 
The f i t t e d curve i s shown as a dotted curve i n the figurea The 
re s u l t of the f i t t i n g i s : -

Mq = 1.745 + 0.013 Gev 

Q = 0.115 ± 0.009 Gev 

The observed number above the BG is equal t o 75 - 8 events 
which i s equivalent t o a cross-section of 0.031 i 0.003 mb. 
These results are consistent with the e a r l i e r determination. 

Since the N x +(1700) does occur i n the (N 7T 7 F ) + system 
then the two d i s t r i b u t i o n s of the (P.MM̂ ) and the ( 7T g

+, MR,) 
i n both NOFIT channels, (D) and (E)^ could be added together 
by demanding the absence of the other resonances i n the NOFIT 
channel (D) (e.g. A-̂"1", A 2

+ and A + productions) and X,{7T*/TT^ ) 
to be less than O.25 (Gev/c) 2 i n the NOFIT channel (E). For 
t h i s purpose, figure (7-19) shows the (N 7T 7 T ) + mass system. 
Relatively, the enhancement at 1700 Mev is seen t o be more s i g ­
n i f i c a n t . An 5- wave B r e i t Wigner signal added incoherently 
to the assumed smooth hand-drawn background have been f i t t e d i n 
the mass region (I64O - 1860) Mev. Here again, the central 
mass and the width are free parameters i n the f i t t i n g . The 
results of t h i s f i t t i n g and the results of the determination 
e a r l i e r (by using (P,MM]_) and ( 3Tg + , MM2) separately) are 
summarised i n table (7-8). From t h i s table i t can be seen 



UJ 

to 
CM 

3 ^ CO CM 

1 
S7\ 

5 ^ CD t 2 
CM 2 in CM 

U J 

P 
V/ CM U J 

u Z UJ 
UJ 
01 CM 

ffi 
V/) 

CM 
UJ CM 

UJ 
U J 

UJ UJ 

Q S 
CM UJ 

UJ 2 2 I/) 
UJ 

CO 
uJ o 

T T UJ 

CM F I I I 

CO I / ) CM 



-99-

that the e a r l i e r results and the l a s t r e s u l t are i n a good agree­
ment with each other. 

TABLE 7-8) 

The Fitted 
Parameters 

( N 7 T T T ) + system i n the Two Pronged NOFIT Events The Fitted 
Parameters n TTs 7T° P jr°7T° 

M0 (Gev) 

fo (Gev) 

1 .73S - 0.030 

0.1O0 ± 0.016 

1.745 - 0 .013 

0.115 1 0.009 

1.745 - 0.009 

0.114 * 0.007 

No. of Events 
above the B.G. 

Cross-Section 
(mb) 

69 + - 3 

0.03Q. ~ 0.003 

7 5 - 8 

0.031 1 0.003 

152 t 12 

0.064 - 0.005 

The numbers of -events observed i n the two NOFI-T channels 
i n table (7-8) suggest that the p a r t i c l e of mass 1700 Mev 
decays equally into P MM]_ and JT3 MM2. This information i s 
s u f f i c i e n t t o i d e n t i f y the p a r t i c l e as an N rather than anZ\ 
p a r t i c l e decaying to N TT 7T i n which there i s an NTT sub-state 
with T = 3/2 (see table (5-6), row 4)» The numbers of events 
are i n good agreement with the expected values predicted from 
the decay of the N x +(1700) seen i n the four pronged 4-C FIT 
events and t h i s lends strong support to the real existence of 
t h i s baryon resonance. 

7. 6 Summary 

This channel is dominated by the production of the A** 
which i s produced i n about 26% of the events. Using the 
sector R3 of the Van Hove pl o t i t has been possible to isolate 
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largely the A + + from the P TT+ background. Using these A + + 

events the missing mass spectrum shows that there i s considerable 
quasi two body A + + *7° and /\** f° production. 

In sector R2 there is f i r m evidence for and P^* prod­
uction i n the JT* MM̂  combination which corresponds to quasi 
two body P A^+ and P A2+ production. 

Finally i n sector Rl the P MMi d i s t r i b u t i o n together with 
the jf& MMg spectrum (from Jfs JTf MMg NOFIT) provides 
strong evidence f o r the existence of the N x +(1700) which 
decays t o N J T JT . 
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CHAPTER 8 

GENERAL CONCLUSIONS 

This thesis i s i n two parts. I n the f i r s t part some 
consideration was given to the v a l i d i t y of error formula used 
i n f i l m analysis. I t was seen t h a t r -

1 - at the maximum length of available primary tracks the 
measurements are limited by measuring error only. 

2 - by selecting secondary tracks of particles of low 
momentum the measurements are l i m i t e d by measuring error and 
Coulomb scattering, and the t r a n s i t i o n has been clearly seen. 

3 - the i n t e r n a l error (E^) and the external error (E e) are 
consistent with one another. However,, both of them underesti­
mate i n the same way the experimental error (D^) which i s given 
by :-

Dc = A • + Ŝ  yum 
where A and S are constants and E i s the i n t e r n a l or the extern­
a l error. In par t i c u l a r f o r long primary tracks the error i s 
badly underestimated by the in t e r n a l or external error formulae. 

Secondly, an account has been given of resonance product­
ion i n the two pronged NOFIT events i n the following-two reac­
tions of 5 Gev/c incident momentum 7T+P interactions :-

(a) T T +P P IT* MM> 

(b) j r 4 P - > TTs 7f MM2 

I t should be remembered that the programme FAKE was used to 
generate the phase space background and i t was found that the 
missing mass (MMi) i n channel (a) comprises two neutral pions 
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(about 9k%) whereas the missing mass (MM2) i n channel (b) i s 
composed of a mixture of two and three neutral p a r t i c l e states 
( i . e . n 7T° and n 7T° 7 T ° , 8 b o u t 50$ each). 

In channel (a) besides the strong production of the A + + ( 1 2 3 6 

there are s i g n i f i c a n t amounts of the ^°and f0/^ mesons obser­
ved.. Also, A^+ and A2 + signals are detected. An enhancement 
of N* + (1700) production i s seen where N x + decays i n t o P JT° 7T°. 

In the case of channel (b) the only structure that has been 
observed i s that of the N 3 6 +(1700) where N3** decays to n TTg 7T°. 

Table (8-1) presents a summary of the production of reson­
ances i n both channels. Column 1 shows the channel and the 
decay mode. The expected number of events which i s predicted 
from the equivalent reaction i n the four pronged events i s 
given i n column 2 . Columns 3 and 4 show the observed number 
of events with corresponding cross-section. The f i t t e d para­
meters such as the central mass (MQ) and the f u l l width at ha l f 
height ( fo ) are displayed i n columns 5 and 6 respectively. 

The table demonstrates the potential richness of the 
NOFIT channels ( i n p a r t i c u l a r the P 7T+ M% channel). I t shows 
that i f the problem of P/ JT+ ambiguities can be resolved and 
also i f the precision of invariant mass combinations i n these 
channels is f u l l y appreciated then good samples of quasi two and 
three body reactions can be obtained. Indeed, i n some cases 
(involving the y°'- meson) the sample i s r i c h e r than the corres-

0 

ponding four pronged 1-C ( 7T ) FIT channel. 
Obviously some quasi two body channels are completely l o s t 

to analysis i n the NOFIT data, where basically i t i s the missing 
mass which i s being examined. For example, the reaction 

7T +P-» Z5t ^ + can be predicted from the reaction 7T +P-*A + +£° 
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i n the four pronged data to occur i n 2186 cases (see table (5-5) 
i n chapter 5) i n th i s experiment„ On decay of the A + to P T T ° 

+ + + o or n 7T and of the 5 to 7T 7T then the two charged secondary 
+ + + 

p a r t i c l e s , P or JT 7f , are not associated nor are the two 
unseen neutral p a r t i c l e s . These events must f a l l i n t o the 
categories of "remainder" i n table (8-1), 

A further possible application of NOFIT analysis can be 
made i n the JT 7T i n t e r a c t i o n . I t was seen i n the analysis 
using the Van Hove plot that sector R3 was almost completely 
dominated by the production of A + +. This, w i t h r e s u l t from 
phase space calculations that the missing mass neutral p a r t i c l e s 
i n t h i s channel are 94$ 7T° 7 T ° leads to the p o s s i b i l i t y that 
these selected events from the two pronged. NOFTT channel allow 
an investigation of the in t e r a c t i o n 7T + TTl*. 7T° 7f° to be made 
by use of the Chew-Low extrapolation and.by other methods (see 
r e f . 1, 2 and 3)» As i s w e l l known t h i s kind of analysis requires 
very large s t a t i s t i c s . However, as a preliminary survey the events 
of sector R3 have been assumed t o be events of the kind JT*P ' 

A + + 7T° Jf° and the cross-section f o r 7T+ 7T° 7T° 

estimated as a function of the di-pion centre of mass energy. 
A Durr-Pilkuhn form factor was used (see r e f . 4 and 5)» The 

. + - o e 

results are shown i n figure (8-1). The c ross-section (T'yTT TT-^TT TT ) 
takes place through the isospin states T = 0, 2. The part 
corresponding to T = 2 can be calculated from the 7T~ 7T~-> 7T~ JT~ 
cross-section. Using the j r ~ j f ~ results for T = 2 (see r e f . 5 
and 6 ) , the T = 2, JT + JT" —> 7 T ° 7T°» cross-seotion has been 
calculated and is shown as the solid curve i n the figure. The 
difference between the curve and results represents the T = 0 
contribution. The figure i l l u s t r a t e s t h i s f u r t h e r important 
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aspect of WOFIT interactions that they can be used f o r detailed 
work on the JT 7T i n t e r a c t i o n . 
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APPENDIX ( I ) 

THE. GENERAL EXPRESSION OF THE EXPECTED DISTRIBUTION OF THE 

MEASURED CURVATURES ABOUT THEIR ERROR 

In chapter 3 (see s e c t i o n 3° 5) i t was found t h a t the 

estimated e r r o r i n THRESH ( i . e . i n t e r n a l e r r o r ) and the c a l c u ­

l a t e d e r r o r i n GRIND ( i . e . e x t e r n a l e r r o r ) are underestimates 

of the true experimental e r r o r . The problem to be r e s o l v e d 

i s how are the measured e r r o r E ( i n t e r n a l or e x t e r n a l e r r o r ) 

r e l a t e d to the experimental e r r o r D c. Exp e r i m e n t a l l , i t was 

found t h a t : -
2 2 o ? D c «= A + 5 E A.l 

where A and S are constants. What i s the general formula of 

the expected d i s t r i b u t i o n of the measured curvatures about t h i s 

e r r o r by using the above equation to determine the e r r o r ? 

For t h i s purpose, assume t h a t there are No primary t r a c k s 

l e a d i n g to the measured curvatures C.. and t h e i r E j ( j = 1,2,..,N( 

The curvatures are i n d i v i d u a l l y measured. T h e i r weighted mean 

C 0 i s given by:-

c o -
Ho i No 

J--1 j - i 
Also, the mean value of the measured e r r o r s E Q has been given 

by :-

No 

J' J 

Then, the standard d e v i a t i o n Dc of the normalised d i s t r i b u t i o n 

of the curvature (by using (Cj - C Q ) / E j ) and the measured e r r o r s 

Dg have been determined. 

Now, assume t h a t the N 0 values of the curvature (using 
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primary t r a c k ) which have the weighted mean C 0 and standard 

d e v i a t i o n Dc are d i s t r i b u t e d about Dc as f o l l o w s : -

dN = ( N 0 / ( 2 7 T ) 1 / / 2 ) Exp (- ( C - C 0 ) 2 / 2 D C
2 ) dC/Dc A.4 

and t h e i r e r r o r s w i l l be d i s t r i b u t e d about De as 

d(dN) = (dN/(2 7 T ) 1 / r 2 ) Exp(- (E - E 0 ) 2 / 2 D e
2 ) dE/D e A . 5 

d(dN) = ( N 0 / 2 7 T ) Exp(-(C - C 0 ) 2 / 2 D C
2 ) E x p ( - ( E - E 0 ) 2 / 2 D e

2 ) x 

x dC dE/D c D e A. 6 

where s u b s t i t u t i o n has been made for dN e The number of the 

t r a c k s i s required a t (C - Co)/E = X and f o r a c e r t a i n t r a c k 

length E i s constant, t h e r e f o r e , dX = dC/E. Rewrite equation 

A . 6 i n terms of X and dX 

d(dN) = (No/2 7T ) E x p ( - X 2 E 2 / 2 D C
2 ) Exp(- ( E - E 0 ) 2 / 2 D e

2 ) x 

x E dx dE/ D c D e A.7, 

This expression contains two i n t e g r a t i o n s , one over dX and the 

other over dE. To determine the number of t r a c k s when the 

measured e r r o r s vary between ( - 0 0 ) and ( + 0 0 ) i n t e g r a t e equation 

A«7 with r e s p e c t to E, which i s given bys-
CO 

dN = (N 0 dX/2 7T D cD e) J Exp (-X 2E 2/2D C
2) E x p ( - ( E - E 0 ) 2 / 2 D e

2 

x E dE A . 8 

To i n t e g r a t e t h i s expression, we are looking f o r some s i m p l i f ­

i c a t i o n . Now, i t can be seen t h a t : -

Exp( - X 2 E 2 / 2 D C
2 ) E x p ( - ( E ~ E 0 ) 2 / 2 D e

2 ) = 

E x p ( - ( X 2 E 2 / 2 D C
2 + E 2 / 2 D e

2 - E E 0 / D e
2 + E 0

2 / 2 D e
2 ) ) = 

E x p ( - ( E 2 ( X 2 / 2 D C
2 + l / 2 D e

2 ) - E E Q / D e
2 + E Q

2 / 2 D e
2 ) ) A.9 

The exponent i n equation A„9 i s of the form 

(YE - Z ) 2 « E 2 Y 2 - E 2YZ - Z 2 A„10 
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From equations A. 9 and AolO i t can be seen t h a t 
Y 2 = X 2 / 2 D C

2 + l / 2 D E

2 and 2 Y Z = EQ/DE^ 

Y = ( X 2 / 2 D C

2 + l / 2 D E

2 ) 1 > / 2 and Z = E Q / 2 Y D e
2 

Y = ( ( X 2 D E 2 + D C

2 ) / 2 D C

2 D e
2 ) l / 2 

t h e r e f o r e , Z = ( E 0 / 2 D E

2 ) ( 2 D c
2 D e

2 / ( X 2 D e
2 + D Q 2 ) ) 1 ^ 

where s u b s t i t u t i o n has been made for Y„ 

Z 2 = ( E 0
2 D C

2 / 2 D E

2 ) ( X 2 D e
2
 + D c

2 ) _ 1 

The exponent i n equation A. 9 becomes 

E x p ( - ( ( Y E - Z ) 2 - Z 2 + E 0

2 / 2 D E

2 ) ) = 

* Ex p ( - ( ( Y E - Z ) 2 + E D
2 X 2 ( X 2 D 6

2
 + D c

2 ) / 2 ) ) 

put YE - Z . Q and then dQ = Y dE 

Therefore, the above exponent becomes 

Exp(-(Q + E 0
2 X 2 ( X 2 D 6

2 + D C
2 ) J / 2 ) ) 

where s u b s t i t u t i o n s have been made f o r Z and (YE - Z ) . 

The equation A.8 becomes 

/

co 
Exp(-(Q + E 0

2 X 2 ( X 2 D e
2 + D c 2 ) " 1 ^ ) ) * 

_. 
x ((Q + Z)/Y 2)dQ A . l l 

here again, s u b s t i t u t i o n s have been made f o r E and dE. Indeed,, 

equation A . l l contains two i n t e g r a t i o n s , these a r e r -

J Exp( - Q 2)Q dQ = 0 
. 0 0 

and f Exp(- Q 2) ZdQ = Z( TT 
-00' 
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These are l e a d i n g to 

dN = ( N o / 2 7 r D c D e Y 2 ) ( E 0 D c ( 7 r ) l / 2 / D e ( 2 ( X 2 D e
2 + D c 2 ) ) 1 ' ' 2 ) x 

>s Exp(- E 0
2 X 2 / 2 ( X 2 D e

2 + D c
2 ) ) dX 

and f i n a l l y 
dN = ( N 0 / ( 2 ^ ) l / 2 ) ( X 2 D e

2 + D C
2 ) " 3 / 2 E 0 D C

2 / E x 

x E x p ( - E Q
2 X 2/2(X 2D e

2+ D c
2 ) ) dX A.12 

where s u b s t i t u t i o n s h a v e been made f o r Q and Z« 

As s t a t e d e a r l i e r that X = (C - C 0 ) / E and dX = dC/E f o r 

a c e r t a i n t r a c k length, t h e r e f o r e , D e = 0 ( i . e . the standard 

d e v i a t i o n of the e r r o r ) then equation A„12 becomes 

dN = (No/(23T) l / 2) (E 0/D C) E x p ( - X 2 E 0
2 / 2 D C

2 ) dX . A. 13 

This expression presents the general formula of the .expected 

shape of the d i s t r i b u t i o n of the curvature about the measured 

e r r o r by u s i n g the weighted mean of the curvature and p l o t t i n g 

(C - C 0 ) / E which i s the normalised d i s t r i b u t i o n . The slope o f 

the g e n e r a l formula i s given by:-

d( Loge dN/dX)/dX 2 = - E 0
2 / 2 D c

2 A.U 

Experimentally i t was found t h a t 

D c
2 = A2 + S 2 E 0

2 

where Dc i s the standard d e v i a t i o n and E Q i s the mean value of 

the measured e r r o r s ( i n t e r n a l or e x t e r n a l e r r o r ) over a l l date 

(see t a b l e (3-1) columns 9 and 10). The expected slope can be 

determined by:-

t - - E 0
2 / 2 (A 2 + S 2 E c

2 ) 

= (1 - A 2 / S 2 E 0
2 ) / 2 S 2 A. 15 
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A b r i e f d i s c u s s i o n about the general expression and the 
expected slope which are given i n equation A.13 and A.14. 
One sees t h a t i f E 0 = D c, then equation A.13 goes t o a a 
Gaussian d i s t r i b u t i o n and the slope i n equation A.14 becomes 
equal to - 0.5. On the other hand, i f D e not equal to 0 i n 
equation A.12, then the slope i s always steeper than - 0.5. 

Experimentally, we assume t h a t the normalised d i s t r i b u t i o n 

of the curvature about the measured e r r o r i s given by:-

N = K Exp( . - X 2 m) A.16 

where K and m are constants. On the other hand the number i n 

each i n t e r v a l i s given by:-

dN a K Exp(-X 2 m)dX A.17 

where X = (C - C 0 ) / E , and the t o t a l number N 0 i s 

N 0 = K J Exp(- X^ m) dX 

= K( TT/m) 1^ 2 

Rewrite the equation A.17 when K = N 0 (m/ 7T ) 1 / 2 

dN = N 0(m/7T J 1 / 2 Exp ( - X 2 m)dX A.18 

where m leads to the expected slope. From equations A.13 and 

A.18 i t can be seen t h a t : -

m = ( E 0 / D c ( 2 ) l / 2 ) 2 

The slope of equation A.18 i s given by 

d(Log e dN/dX)/dX 2 = - m 


