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ABSTRACT  

The investigations reported in this thesis concern 

particular decay prbducts of proton-proton collisions 

recorded by the 2 Metre Hydrogen Bubble Chamber a t ChRIT, using 
an incident proton beam momentum of 16.08 GeV/c. An analysis 
is made of the resonance production and a search is made for 
higher isobars, in particular, those decaying into P11+ 1I-. 

The basic data were taken at CERN during September 
1966 and then analysed at Imperial College. The yield was 

27,000 useful frames with 16733 four-prong events. 

Data reduction procedures are described first in 
Chapters 2, 3 and 4 and this is followed by a general dis-
cussion of the dynamic properties of produced particles and 

a brief survey of current models. 

Despite a serious and, a s yet, unexplained distortion 
in the bubble chamber, 10.75% of the four-prong events yielded 

significant results in a 4-constraint fit, of which 52; are 

dominated by 4;4" . Estimates are presented for the cross-

section of the resonances observed in the present experiment. 

It is concluded that the associated high resonances are mostly 
decaying into A4- 	- . 

In Chapter 7 the high energy aspects of inelastic three-
and four-body processes are studied, and this is followed by 

a review of nucleon resonance in other experiments similar to 

the one described. The Cambridge share of the data, reduced 
independently, is in general agreement with the results 

presented here and a general comparison is made in Chapter 6. 
A suggested programme of further work is outlined. 



PREFACE 

The author joined the High Energy Nuclear Physics 

.Group of Imperial College in October 1965 and spent the 

first year attending the departmental Ph.D qualifying course. 

She initially assisted in the 10 GeV/c K p experiment then 

in progress and also became briefly involved with both the 

1.65 GeV/c K-D and 6 GeV/c Kp experiments. 

In September 1966 a proton-proton experiment at 

16 GeV/c was commenced at CERN where the author participated 

in the beam tuning and film exposure. 

This experiment was a collaborative effort between 

Imperial College, London, and the Cavendish Laboratory, 

Cambridge, and the CERN 2 Metre Hydrogen Bubble Chamber was 

used throughout. 

This thesis is based on the Imperial College share 

of the data. The author was solely responsible for all the 

compilation and data processing, as well as for the ,analysin 

of the pp 	PP TT+
TT 
 

data. 

2 



CONTENTS 

CHAPTER 1 INSTRUMENTATION OP THE EXPERIMENT... ... 

Page 

15 

1.1 Introduction ... 	• • • 	• • • 	• • . • • e • • • 15 

1.2 The Beam 	*SO 	004 	049 	0,0 000 000 16 

1.3 The Bubble Chamber... 	0*, 	00* 000 0,0 20 

1.4 Scanning and Measuring Machine 00S 000 24 

CHAPTER 2 DATA PROCESSING 	• • • 	• • • 	.. • • • . • • • 27 

2.1 Introduction 	• • • 	• • . 	• • • • • • • •• 27 

2.2 Scanning and Piducial Volume... ... 29 

2.2.1 	Quality of Film 	000 00S SOO 29 

2.2.2 	Scanning Criteria „ OOf 000 000 

2.2.3 	The Piducial Volume 	••• *es • • • Li-0  

2.3 D.71,10 Selection and. Measurements . • • • :4.2 

2.L1. The Reconstruction and Kinematic 
Computation 	• •• 	••• 	••• ••• •• • 

2. L. 1 	THRESH 	' 	• • 	• • 	. • • • • . • • 	• r ro 
2. 4.. 2 	GRIND 	• • • 	• • • 	• • • .. • • • • 55 

2.5 Data Summary Tape and Statistics Programme 59 

CHAPTER 3 THE PP-}PPrrnr” PRODUCTION CROSS SECTION... 62 

3.1 The Assignment of Events to the Final State 52 

3.2 Scanning Efficiency and Biases ... 	see . 0 

3.2.1 	Scanning Biases ... ••• ••• 69 

3.2.2 	Systematic Biases ••• 4.• 	... 70 
3.2.3 	Remeasurement •00-  -- • • • 

3.3 Cross Section Calculation ••• ••• 	o• 80 

3 



CONTENTS .(Cont'd) 

Page 

CHAPTER 4 	OPTIMIZATION OP THE OBSERVATIONS ... ...• 84 

4.1 Introduction ... 	••• 
	

••• 	••• 
	

••• 	••• 
	Q, 

	

4.2 The Empirical Farameter in THRESH... 000 	85 

4.3 Attempts to Correct the Beam Dip Angle A 
by:- 

(i) Straight Line Fitting 	010 000 001 	94 

(ii) Length-Dependent Fitting 	0•0 000 	95 

( iii) Trail Fitting of AA. a/(b + X ) 	600 	
00 

JU 

(iv) Excluding 10 cm of the Beam Entry ... 102 
Region 

(v) Transformation of the Rutherford ... 104 
Laboratory Constant 

(vi) The Two View Procedure ... 1100 000 106 

4.4 Summary ... 	41,* 	000 	000 	001 	90* 	00, 	111 

CHAPTER 5 	GENERAL KINEMATIC PROPERTIES OF PARTICLE 
PRODUCTION 	113 

5.1 Introduction .5'. 	••• 	••• 	••• 	••• 
	000 	113 

5.2 The Single Particle Distribution for the 
Centre of Mass System 	118 

5.2.1 Angular Distributions 	0$4, OS, 118 

5.2.2 Transverse and Longitudinal Momentum 120 

5.3 Correlation between the Particles in the 
Final State 	 128 

, 5.3.1 The Invariant Mass 	000 SOO 00 0 128 

5.3.2 Angular and Pour Momentum Transfer 135 



5 

CONTENTS  (Cont'd) 
Pap,e 

CHAPTER 6 	21IIE THEORETICAL SITUATION .AND MODELS 	1/46 
6.1 	'.the One Particle Exchange Models (OPIIi) 	1.14.7 

6,1.1 oppm with Form Factor 	 151 
6,1.2 The. Absorption Model ... 000 001 152 
6,1.3 Diffractive Scattering... .. • ... 154 

6.2 	The Regge Pole Models 	see too ... lee 157 

6,2.1 Double Regge Pole Model (DRPM) ... 161 
6,2.2 A Reggeised, Multi-peripheral Model 166 

CHAPTER 7 	RESONANCE PRODUCTION 	140 0,0 ooe eee 171 

7,1 The Observation of Resonances... ... re, 171 

7,1.1 Phase Space and the Dalitz Plot ... 171 
7.1.2 The. Triangle Plot... 000 • • • 	009 174 
7.1.3 Decay Correlations 	060 000 061 176 

7.2 The /3.1-+  p11 Final State ... 	00e 	... 	606 179 

7 .2.1 	A++  (1236) 	 J... 	• • . 	• • . 	• . e 181 
7.2.2.  Double Isobar Production 	• • . 1k2,9 
7 .2.3 	AIsr 	Enhancement 	... . • . ... 197 

7.3 	events with no g+  (1236) 	. • . • • • 204 
7,L1. Production Mechanisms for Three and Four 212 

33‘ody Processes 
7.4.1 The Double Regge Pole Model (DRPM) 212 
7.4..2 A Reggeized Multiperipheral Model 

(The CLA model) 	 218 

CHAPTER 8 	COMPARISON AND DISCUSSION 	000 0100 660 232 
8.1 Resonance Production in Proton-Proton 	232 

Collisions 
8.2 The General Limitations of High Energy 	237 

Proton-Proton Collisions 
8.2.1 Errors and Their Dependence on the 238 

Bubble Chamber Parameters 
8.3 Conclusion 	 ... 000 000 '010 245 

APPENDIX 	L and II. 

ACKNOWLEDC1EIEITT  

*OM 	*00 	*00 	...230,1251 

...233 

• • . 

 

REFERENCES  

 

     



6 

FIGURE. CAPTIONS  

Figure 	CHAPTER 1  

1.1 	Layout of the Beam. 

1.2(a) Optical system of the CERN 2M HE0. 
(b) View of flash tube and elliptic mirrors. 

Page 

19 

23 
23 

CHAPTER 2  

2.1 	Flow diagram of the .data processing system. 	28 
2.2(a) The distribution of the average number of 	30 

bubbles per cm of track. 
(b) The distribution of the average number of 	31 

beam tracks per frame. 

2.3(a) The effect on the beam azimuth angle of the 	33 
compensating magnet. 

(b) The fiducial region and the projected camera 	33 
positions (not to scale). 

2.4 
a, b, c.The general distribution of curvature (VP), 	35 

dip angle (A), and azimuthal angle (0) respective- 
ly for the beam track. 

2.5 
a, b, c.The corresponding error distributions of the 

quantities in fig.2.4. 

2.6 
a, b, c.The distribution of events in X, Y and Z axes 	37 

respectively. 

	

2.7 	The Secondary Momentum Sum: 	45 
(a) its distribution when projected on the X-Y plane, 

and (b) for 4 constraint fit events only. 	45 

	

2.8 	Flow chart of THRESH. 	 47 

	

2.9 	-A reconstruction line. 	 50 

	

2.10 	The structure of reconstruction points and tracks. 53 

	

2.11 	-Flow chart for machine fitting. 	57 

36 



P and Pz, for missing 50 

51 

7 

FIGURE CAPTIONS (Cont'd) 

Figure 	CHAPTER 3 	Page 

3.1 (a) 22-distribution for 4-constraint fit events. 	64 
(b) The corresponding X2-probability. 	64 
(c) Typical curves of ionization versus momentum 

	66 
for protons and pions. 

3.2 (a) The beam stretch-function distribution for the 	71 
variable 1/ A and '. 

(b) The corresponding distributions for the secondary 72 
tracks. • 

3.3 (a) A scatter plot of missing P, versus missing Pz 	74 
for 4-constraint fit events 

and (b) their projected distributions. 	75 

3.4 (a) The scatter-plot of the X-coordinate of the 
artificial apex versus the difference in dip 
angle (QM 

(b) The distribution of „AA . 

3.5 	The Cross section for pp ---,,pprtnr at various 
energies. 

77 

77 

83 

4.1 

4.2 

4.3 (a) 

and (b) 

CHAPTER 4 

Scatter plots of AZ versus X for 6 and 7 Para- 	87 • 
meter fits. 
Scatter plots of residuals versus G for 6 and 7 
parameter fits. 
The distributions of missing 
P < 1 GeV 

their scatter-blots. 

UU0 0 

4.4 M (PTF) plots compared for slow and fast protons, 0 

Ps and P. 

4.5 The corrected distributions for the P, A and g 
stretch functions. 

06 

4.6 As 4.5 	- 	Different correction. 101 

4.7 M (Pr) variation with choice of fiducial volume. 103 



and (b) 

4.9 

4.10(a) 

8 

FIGURE CAPTIONS (Cont'd) 

CHAPTER 4 (Cont'd) 

4.8 (a) The scatter-plot of the differences in beam 
dip angle ( Ark ) versus X-ccordinate, 
the distribution in .6.7‘ 

As 4.8(a) - Different Correction. 

As fig.4.8(b) using a two-view geometric re-
construction programme.. 
As fig.4.8(a) using a two-view geometric re-
construction programme. 

Beam stretch function distribution for 1  - 
using a ,two-view reconstruction programs  

As fig.4.11 - Effect of increased fitting 
error in GRIND. 

Figure Page 

105 

105 

107 

109 

109 

110 

112 

CHAPTER 5 

5.1 (a) The distribution of 
mass (M2  ) . 

a 

the squares of the missing 	116 

(b) The distribution of the squares of the correspond- 
ing error in (a), 

116 

and (c) the respective - scatter plots. 116 

5. 2 + - The Cos9* distributions of 	ppri Tr pp for: 

(a)  The protons (Cos.9 ) 119 
(b)  The positive pion (Cos 8,n+) 119 

(C) Tile negative pion (CosGi..) 119 
• g. 

5.3 The scatter-plot of Cos4+  , 	versus Cos 	_ 122 

5.4 The transverse momentum distribution for: - 
(a)  The protons. 125 
(b)  TC+ and 71- 125 

and (c) The rr+ and 17 separately. 126 



FIGURE CAPTIONS (Cont'd) 

Figure 	CHAPTER 5 (Cont'd) 
	

Lau.  

5.5 	The distribution of the sum of the magnitudes 	127 
of the transverse momenta for all four particles 
in the final state. 

5.6 	Longitudinal momentum distributiohs for:- 

(a) The protons. 	 129 

(b) The negative pions (Tr) 	129 

(c) The positive pions (1 f) 	129 

5.7 	The effective mass distributions of pp---->PP4Tir  
for:- 

(a) II+  TI 	 :.131 

(b) Pir 	 131 

(c) Pit 	 132 

(d) Prt11 	 132 

(e) PP 	 133 

(f) pprr 	 133 

(g) PP Ti 	 134 

5.8 (a) Schematic diagram for a + 	d( resonance) 
where d 	+ R. 	 136 

(b) The production plane of (a) (CLS) 	136 
and (c) in the rest frame of resonance d. 	136 

5.9 	Feynman diagram for s, t and u channels. 	139 

5.10 	The four-momentum transfer distributionsfor: 

(a) ti (target-Ps) where Ps  = slow proton 	114. 

(b) t2  (beam-Pf) where Pf  = fast proton 	1L.2 

(c) The logarithm distribution of t1  and t2 	144 



10 

FIGURE CAPTIONS  (Cont'd) 

Figure CHAPTER 6 Pale 

6.1 (a) 

(b)  
(c)  

6.2 

6.3 

Quasi two-body reaction 	Feynman diagram. 
Absorption 	 If  
Diffractive scattering 

The Po-cross section. 

The Chew-Frautschi diagram for the N and LI 
J 	-trajectories. 

148 
148 
148 

155 

159 

6.4. (a) Double Regge graph for three-body final state. 162 

(b) Dalitz diagram for the non-resonant region. 162 

6.5 (a) Deck diagram for the three-body final state. 167 
(b) Multi-particles final state. 	Feynman diagram. 167 

CHAPTER 7 

7.1 Three-body reaction: 	Peynman diagram. 182 

7.2 Decay correlations in term of M(PT(+). 182 

7.3 The decay angular distributions C0S9 and 0 184 
(a,b,c) for 	b:+". 	and its t-distribution. 

7.4 The density matrix elements of ,611-  in term 
of four momentum transfer. 

185 

7.5 (a) The triangle plot: m(pi rt) Imm(p2  190 

(b,c) Their projected distributions 191 

and (d) The M(PsTr) distribution. 192 

(e) The M(Pi T() distribution, where m(P2r(') is in 195 

7.6 The t-distributions'for:- 

(a)  1.15 4.  M(P1 17-) > 	1.30 GeV 196 

(b)  1.40 4 m(Pi TT-) > 1.55 GeV 196 

(c)  1.60 <• M(1), 	> 1,75 GeV 196 



11 

FIGURES CAPTIONS  (Cont'd) 

CHAPTER 7 (Cont'd) 

Figure 	 Pa,ge  

7.7 (a) 	LI( /St+  Ti) distribution. 	 1c.;9 

	

(b) 	Schematic diagram for t (p p ) 	 199 

7.8 	The Dalitz plot: M2  ( 	in VS. 1412  p Tr-) 
and their projected distributions. 	 201 

7.9 	The Chew Low plot: M ( Pr() vs.t(P- Q+ g. 	202 

7.10 	The t-distribution of A-+  11 for:- 
(a) 1.140 < M( A++  T( ) > 1.55 	GeV 	 205 
(b) 1.67.54 ti( 46.++ 	> l • 8 25 	" I 	 205 
(c) 1.90 4.M( 	Tr-) .> 2.10 	 205 

7.11 	The decay distribution of 	Tr for:,- 
(a) 1.40 4  Li( A++  IT) > 1.55 	GeV 	 206 
(b) 1.675: LI( A++  T() > 1.825 	ar 	 20.6 
(c) The control region; 1.80 LI( A++  if) 1.90 GeV 20.6 

7.12 	In the absence of A++  :- 
(a) M(Pi 'ern distribution 	 2C 7 

(b) M(P2 irr() distribution 	2(7 

(c) Schematic diagram for t (ID p) 	207 

7.13 	In the absence of ,e+. 

(a) g(pi  pfl distribution. 	 208 
(b) M(p2  IT) distribution. 	 2C6 
(c) M(ps.t(-) distribution. 	209 

	

:(d) 	M(P 	distribution. 	 2C9 
7.14 	Double Regge graphs for the reaction:- 

1+111) 
	 21.3 

7.15 	The Dalitz plot; both .M2( /SF-I-n.1 M2 (Pin>3.0(GeV, 21 



12 

FIGURE CAPTIOPS  (Copt' d) 

CHAPTER 7  (Cont'd) 
Figure 	 12272 

7.16 	Longitudinal momentum distributions for:- 
(a) The p++  (1236). 	 )16  
(b) The negative pions ( Tr). 	 216 

( c) The protons. 	 216 

7.17The distributions of Double Regge graphs for: - 

(a) 914 
(b) 0 

(c,d) t13, t25 	 217 

7.18 + - 	720 The Multi-peripheral diagrams for pp 	/FITT  n  
and PP--0.e1+4 Prr. 

.7.19 	The COSG* distributions of pp 	- p for:- ++
, (a) The A++  k1236). 	 221 

(b) The negative pions. 	 221 
(c) The protons. 	 • 221 

7.20 	The transverse momentum distributions of 
pp 	A++  TT-p for:- 

(a) The 0t+(1236) 	 222 
(b) The negative pions. 	 222 
(c) The protons. 	 222 

7.21 	The corresponding longitudinal momentum 
distributions for the pi-+, the negative a b c. pions and the protons respectively. 

	

7.22 	The four-momentum transfer distributions for: - 

(a) t (P - P) 
	

226 

(b) t (P - Q.+) 
	 226 

	

7.23 	The CosG* distributions of pp 	pp Tr+  Tr  for: 
(a) The n+  and ir separately. 	 297 
(b) The protons. 	 227 

217 
217 

223/2f5LV235 



13 

FIGURE CAPTIONS (Cont'd) 

CHAPTER 7 (Cont'd) 
Figure 	 Laza 
7.24 	The transverse momentum distribution of 

- pp ---,-pp Tr+  rr for: 

The If  and II" separately. 	223 
(b) The two protons separately. 	228 

7.25 	The corresponding longitudinal momentum 
a,b,c. 	distributions for the v+ 	the if and 	229/230 

the protons respectively. 

7.26 	The four momentum transfer distribution t (p -p). 231 

CHAPTER 8  

8.1 	Ratio of (AP ) '2coul. to ( LP 
the length of the beam track. 

8.2 	The overlapping of nucleon resonances produced 
in proton-proton collisions. 	2::3 

8.3 	Scatter plots of b1(pi) versus M(pr(-) selecting:- 

(a) The slow protons. 	 r ,y,,, L, 

(b) The fast protons. 	 2'_A 

8.4. 	N(prr) distributions compared:- 
(a) M(pdT) 	Imperial College and Cambridge. 	247 

(b) M(p2r) 	If 	_ It 	it 	II 	247 

8.5 	Final fitted beam momentum for 4-constraint fit 
events. 	 248 

2 
) meas. versus 

241 



    

14 

  

LIST OP TABLES  

  

Table 

1.1 

2.1 

Chapter 1 .  

General Bubble Chamber Parameters. 

Chapter 2 

Breakdown of events from a test strip 
and one scan of ten half rolls. 

Lazg 

Chapter 3  
3.1 	Pour—prong.events: scanned, measured, 	79 

unmeasurable and fitted. 

Chapter 4 
4.1 	2cv,alues for trial correction functions. 	06 

2 

4.2 	Beam dip angles. 	 94 
Chapter 5  

5.1 	The ratios of forward—backward to 	121 
forward+backward protons and pions. 

5.2 	Mean transverse momenta <Pt> for each final particle. 	 121 

Predicted proton track lengths. 	145 5.3 
Chapter 7  

7.1 	Comparison of the density matrix elements 167 
for the 4:1-+. 

7.2 	The 	cross section. 	188 

7.3 	The fitted parameters for the M(ps lq—). 	193 

7.4 	Double Isobar cross section. 	197 

7.5 	The 	IT— cross section. 	203 
7.6 	p Tf cross section in the absence of ++ 211 

Chapter 8  

$.1 	Observed resonances. Identification and 
cross sections. 	 236 



15 

CHAPTER 1 

INSTRUMENTATION OF THE EXPERIMENT 

1.1 Introduction 

The following instruments are required for a 

modern bubble chamber experiment:- 

(i) An accelerator(-4)  associated with assemblies 

for magnetic and electrostatic field generation with remote 

control of collimators, to produce a flux of required particles, 

or a particle beam_at.the desired momentum, with,a reasonably 

good purity. 
(5-8; 49) 

(ii) A large and high magnetic field bubble chamber 

with the appropriate illumination system(9-11) where photo-

zraphs of particle interactions are recorded. 

(iii) Magnifying scanning tables are needed in examining 

.the films which are investigated visually for interesting inter-

actions or "events". A rough measurement of particle tracks 

recorded on the film can be attached at this stage, should this 

be considered necessary. 

(iv) The other important-mechanical aids are measuring 

machines; these are essentially projectors for digitising photo-

graphic track points for events of interest. The coordinates 

of each measured point can be punched out on command, as well 

as salient book-keeping information in a suitable form for 

further processing. 
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All operations ~ photography, processing, scaru1ing 

and measurement - are organized to accommodate a high volume 

of data in order to keep up with the physicists' demand for 

good statistical significance. This general problem leads 

ultimately to the demand for a reasonably large Digital 

Electronic Computer. 

The rest of this. chapter describes the conseQuences 

. of some salient features of the j.nstruments used in the present 

experiment. 

1.2 The Beam 

In September 1966 for the first time a 16 GeV;',: 

proton beam became· available at the CERN Proton Synchrotron 

(CPS). The CERN 2 Metre Hydrogen Bubble Chamber (2-M HOO) 

was exposed to this beam and set-up for 100,000 pictures. 

However, owing to a ch~ber fault which developed in the re

frigeration and pressure control, a total of only 57,000 useful 

photographs was obtained. The first half of these films 

exhibited. on average about 10 proton traclcs per picture Hhile 

the second half averaged about 16 per picture • 

.A general purpose beam known as the "U3" beam line(18) 

(developed originally f£'om the tl02" bearn(12-i7)) incorporated 

both Electrostatic and Radiofrequency separators(17-19) and 

* The convention .n=c=l.will be used throughout the following tex 
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was constructed in the East·Experimental·Area or CPS. 

It Was designed to provide the CERN 2-M HEG with reasonably 

pure beams of kaons, pions, protons and antiprotons upto a 

momentum of about 20 GeV. 

A simpler approach to proton production is based on 

the assumption that there is no cont~ination or muons ror 

stable positive particle beams(l3). The actual beams used 

for this experiment VI,ere operated as unseparated pe.rticle 

beams, taking protons directly rrom CPS by means of some or 

the bending magnets operating at maximum f"ield(15) to provide 

su:rricient rlux. When the momentum or 16 GeV was reached in 

CPS, the beam was deflect'ed by the Rapid Beam Deflector onto an 

internal target (target 6). The elastically scattered second3-

ry protons were produced in a cone shape at essentially zero 

production angle. These protons continued to circle in the CPS 

on deflected orbits, so. that part of the ref"lection cone passed 

through a Fast Ejection Septum located in the ring. The current 

in the Septum could be adjusted to control the appropriate 

proton flux down the beam line as close as necessary to the 

16 GeV momentum value with a distribution determined by the 

magnetic field provided in the CPS. The beams were kept to 

within about 5 ems of the beam axis to minimise aberrations 

arising from non-paraxial optics. The independent, ~djustable, 

remotely controlled, collimator jaws were used throughout and· 

provided easy and more accurate tUl1ing of the beam. The complete 
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lay-out of the beam, approximately 180 metres in length, is 

shown in fig. 1.1. The proton beam may be conveniently regard--

ed as being made up of two main parts. A phase space acceptanc 

and momentum bite which serves to regulate the flux in the 

first part. In the last section the phase space and momentum 

bite are approximately redefined until the beam is approximatel'' 

shaped. Beams of reasonable purity are expected before enterin 

into the bubble chamber. 

Proper shielding (BP) is provided for the beam, from 

the magnetic effect of the CPS magnet unit, as it leaves the 

accelerator and enters the series of 9 collimators, 15 CERN 

standard quadruple magnets, 8 bending magnets and 2 radio-

frequency separator cavities. Features of the proton beam will 

be described without consideration of the separators. In order 

to reduce the scattered particle background, the independent 

vertical and horizontal collimators were used everywhere in the 

beam line to separate the images into two planes. After passing 

through the lens Q4, an arrangement of mangets.M4, M22  M3 and /14. 

forms a conjugate focus at Q5. This facility permits the trans-

mission of a large momentum bite if so desired. The bending 

magnets M5  and M6 together with the quadruple lenses Qm  , Q0  

are incorporated in the final momentum analysis in the hori-

zontal plane. To avoid overlapping of too many beams, the 

lenses Q14  and Q15  are used to produce a divergent beam in the 

vertical plane. Finally, the last two bending magnets Lt and 

Me were used to steer the beam into the bubble chamber. 
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1.3 The Bubble Chamber  

The general details of this hydrogen bubble c'hamber 

have been described elsewhere(5'6,21) and only a brief descrip-

tion of the CERN 2-M HBC used for this experiment is given here. 

Essentially, the bubble chamber is a vessel containing 

a transparent superheated liquid (hydrogen). The dimensions 

and some important parameters(22223)  are listed in table 1.1. 

The actual liquid hydrogen tank is made of two vertical 

borosilicate BK7 crown glass windows(10 '28)  . The top and bottom 

of the chamber are metal, thus permitting good temperature 

control. Fiducial crosses are engraved on the inner side of 

the windows; these are used as survey marks and are important 

references needed later in the reconstruction stage (see section 

2.4). Radiation is reduced by a hydrogen and nitrogen shield 

surrounding the chamber, and the whole assembly is suspended in 

a large stainless steel vacuum tank. The temperature of the 

chamber is controlled by refrigeration loops at a working tem-

perature of 26°K. The slightly different values of refractive 

index(26) for glass/vacuum and glass/liquid window interfaces 

are also listed in table 1.1. The vacuum tank is enclosed in an 

electromagnet giving an average field of 17.343K-gauss(24'25). 

The Chamber is expanded upwards. The purpose of the 

expansion system is to make the bubble chamber sensitive to 

charged particles. This is achieved by bringing the liquid in 

the Chamber to a superheated state for a short time by momentarily  

lowering the pressure. 
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In a large hydrogen chamber it is preferable from 

the cryogenic point of view to vary the pressure by means 

of a piston rather than by gas expansion (used in the previous 

small British chamber). The expansion system forms an 

oscillating system which will be operated at its resonant 

frequency. This frequency can be adjusted within certain 

limits to suit the experimental requirements by varying the 

spring rate of the gas cushion(49)  

The liquid hydrogen in the visible volums is separated 

from the colder liquid hydrogen over the expansion piston by 

the flexible suspended separation disc. This disc improves the 

optical conditions in the visible volume, and maintains a more 

even distribution of pressure in it during expansion. 

In order to ensure that the flashes for track illumina- 
with 

tion are synchronized/the passage of the particles through the 

chamber, a signal taken from the P.S., initiated the expansion 

of the chamber for each cycle of arrival of the beam pulse. 

The recycle time was typically about 1-2 seconds. 

Without doubt the amount of useful data increases 

with picture quality. Therefore the optical design plays an 

important part from the experimentalist's point of view. This 

is especially true for a large chamber. The illuminatiofi10,11) 

of the CERN 2-M HBC will be described briefly. Figure 1.2a 

shows a schematic view of the bubble chamber optics. The illu-

mination is of a straight-through dark field type. The chamber 



illuminated by three independent demountable rlash-tubes 

with the help of a condensing lens system(29). The three 
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flash-tubes illuminate a cone-shaped useful volume of about 

500 litres. Some general par~eters for a conventional bubble 

chamber are given in table 1.1. Some newer pOints will be 

discussed briefly, in particular the advantages of the light 

sources and the two big plano-convex- condensers. The light 

source of figure 1.2b WaS Qesigned by F.Frungel, H.Kohler and 

H.R.Reihhard(lO) and developed and built at CERN for the 2-M 

HBC. It was used for this experiment and provided a good _ 

combination of high energy (upto 2500 J) and short flash dura-

tion. The radiating plasma approximated to a point source and 

the lamp had a long lifetime (derined as the time :for the useful 

light in the second :focus to be reduced to 60~·£ o:f its initial 

value). High intensity and shorter flash delay also allow a 

reduction in ~age distortions arising from turbulence in the 

liquid. With the distribution of point sources described, 

images are confined .to a circular region of 15 cms diameter, 

thus providing a :free choice of camera position. The ideal 

situation of four cameras was used, placed on a circle of 60 cms 

diameter. The resulting images produce a scattering angle of 7 0 

which leads to a good compromise between the conflicting require

ment of adequate intensity and sufficient stereo angle. Operatio! 

of the three synchronous lamps is controlled by a light monitor, 

·yielding a uniform illumination for the whole chamber. In addi-

tion to the advantages described, the flash tubes are less costly 
and more durable than those used in earlier system. 
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To ensure that the final image of the light source 

yields a perfect dark field illumination for the best film 

contrast, two piano-convex lenses of approximately equal power 

are used. They have one external aspheric surface for, 

according to experience and optical computations, the lateral 

aberration for non-axial points due to astigmatism and coma 

may be corrected by adjusting aspherizing constants. Prom 

figure 1.2 Li and L2 are the first and second collector lenses 

respectively for the image. Then the main condenser subseauent-

ly brings the image to each camera aperture with the minimum of 

stray light due to geometric optical aberrations. The parasitic 

images due to double reflection are suppressed by anti-

reflection coatings. In order to help beam tuning, there are 

two direct viewing windows. Polaroid photographs were often 

taken and closed circuit television monitors the chamber. 

1.4 Scanning and Measuring Machine  

Essentially, the scanning table consists of high 

quality multiple projectors. The film transport mechanism, 

table and optical illumination system produce the necessary 

degree of film magnification at a convenient position for visual 

investigation. In practice, the facilities allow three stereo-

scopic views of the same picture. These are mounted side by 

side for comparison purposes as well as a reference in the case 

of difficult events. The film can be moved at a controlled speed 

either on one view at a time or on all three views simultaneously 
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A partial vacuum causes the film to be Pressed down flat to 

the guide and released when film movement is required. 

British National Measuring machines(27)  were used to 

measure the films for the present experiment. These were built 

and developed under the general direction of Professor C.C. 

Butler, FRS, at Imperial College. The measuring machine con-

sists basically of a moving stage bearing Moire Fringe digi-

tizers. A projection system displays a complete magnified 

stationary image of the frame onto a screen at a convenient 

position for the measurers to find events. Part of the image 

may be magnified on a separate screen to facilitate accurate 

measurement to within a limit of 5 microns on the film. The 

stage moves parallel to the length of the film (the X-ccordinate) 

the position of which is recorded. The carriage bearing the 

projection lens moves transversely and measures the Y-coordinate.. 

A number of evenly spaced points are measured on each track for 

each of three sterioscopic views in turn. These numbers and 

the control character information of an event are punched out 
on five-hole paper tape in binary coded octal format. The 

semi-automatic control of measuring fixed fiducial marks was 

attached later()  under the supervision of Dr S.J. Goldsack. 



Table 1.1 

GENERAL PARAMETERS OF CERN 2-M HEC  

1) Optical system: 3 light sources, 3 condenser systems, 

2 big windows and 4 cameras. 

2) Chamber: 

illumination region in the fpont plane 520 X 1620 mm 

illumination region in the black plane 600 X 1920 mm 

depth 	 500 	mm 

useful volume. 	465 litres = 82% total volume. 

3) Windows: (BK7) 

dimensions 
	

2170 X 770 X 170 mm 

weight 
	

660 Kg. 

LI-) Refractive index: 

Glass/vacuum 	1.5168 

Glass/liquid. 	 1.5267 

5) Beam properties: circulating proton beam in P.S. 

Intensity 	5 X 1011  

Energy 	28 GeV. 

6) Film: 	50 mm wide, unperforated, medium speed. 

The photographs were taken approximately 1.5 msec 

after the arrival of the beam pulse, in order to allow the 

bubble to grow to the desired size (2 bubbles per mm). 

26 
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CHAPTER 2  

DATA PROCESSING 

2.1 Introduction  

Efficient processing of the data from modern 

bubble chamber experiments requires large scale facilities 

involving a multi-step handling process (e.g. scanning, 

measuring, etc). It is also necessary to set up an efficient 

book-keeping system in order to accumulate all the information 

as it progresses and thus minimise the loss of events. 

Figure 2.1 is a rough flow diagram of the data processing 

_eystem . used for the present experiment. 

Imperial College received approximately 27,000 

frames of film from CERN made up of alternative rolls. Each 

roll consisted of about 1500 pictures in four stereoscopic 

views (the four projected camera positions are shown in 

figure 2.3). For the convenience of the existing scanning 

and measuring machines, each roll was sub-divided into two-

half rolls of approximately 750 pictures each. The quality 

of the film had initially been investigated visually during 

the run at CERN by taking "test strips"(31)  . Before trans-

ferring film into the measuring stages it was selectively 

scanned and predigitised once for events of interest (4-prong 

events with no neutral and strange particles). This was done 

at Imperial College. The proper scanning(32)  was performed 

later. A sequence of reconstruction procedures and full kine-

matic fitting was carried out by a chain of CERN standard 
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programmes THRESH-GRIND, adapted for use on IBM-7090 and 

PDP6 computers. The post kinematical analysis was performed 

with the aid of the NIRNS Programmes(33). Unfortunately these 

programmes failed to identify separately the two protons in 

the final state. Thus, for the first time in the H.E.N.P. 

Group at Imperial College an experiment dependent Data Summary 

Tape (D.S.T.) and statistics programme was commenced and 

developed called "POOR MAN'S SUMX"(311). 

2.2 Scanning and Fiducial Volume  

2.2.1 Quality of Film - An initial idea about frame 

quality was achieved from test strips and a summary is given 

in Table 2.1. In effect, the "test strip" was one of the 

additional methods of improving the quality of film in the 

system described in Chapter 1. During the experiment as soon 

as one roll of photographic film was finished, about ten frames 

in each view were immediately developed and scanned. They 

were then examined under the microscope for a bubble density 

analysis. Figure 2.2a shows the distribution of the average 

number of bubbles per cm, while the average number of beam 

tracks per frame is shown in figure 2.2b. The number of each 

type of interaction was recorded, based on the assumption that 

there was no limitation on the fiducial volume required. This 

gave a reasonably good prediction for the number of tracks 

and the number of events per picture, especially for 4-prong 

events. In this case the test-strip gave a value of 42-% 

for 4-prong events out of the total number of interactions 
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compared with a subsequent result of 40.5% from a random 

sample of 10 half rolls of film scanned once for every type 

of collision as listed in table 2.1 within the specified 

region (see figure 2.3b). 

A similar comparison of the average number of beam 

tracks per frame is illustrated in figure 2.2b. Since the 

present experiment was concerned only with 3 and- 4-prong events 

no further consideration was paid to those of higher multi- 

plicity. 

Unfortunately a compensating magnet which controlled 

the beam azimuthal angle at the entrance of the chamber was 

accidentally switched on after three rolls of film had been 

taken. This effect can be seen infig.2.3a as a difference 

in beam azimuth angle of about 20 m-radians. It incidentally 

caused the value of the field at the chamber centre to in-

crease by 0.2%. However this change was neglected as it was 

within the error on the value of the magnetic field(25) 

Collimator 03 was adjusted frequently to compensate for a fault 

which had developed in the injection system causing the number 

of beam tracks per frame to vary considerably from roll to roll 

Some scattered non-beam protons (discussed later in Chapter 3) 

entered the chamber. The picture quality deteriorated during 

the end of the run as a consequence of poor chamber operation 

and, furthermore, during this period of time(22,23)  the 

chamber had'undergone distortion. 

After reconstruction (described in section 2.4.1) 

of the measured events, several hundred beam tracks were 

carefully studied in order to determine essential parameters 
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needed for the full kinematic fitting procedures (described 

in section 2.4.2). Figures 2.4a to 2.4c show the general 

distributions of curvature (1/p), dip angle (A) and 

azimuthal angle (0) for the beam tracks, where A and 0 are 

the two parameters defining a track direction in space. 

is defined as the angle between the X Y plane 

and the track tangent reckoned positive towards the z -axis. 

0 is defined as the angle between the X-axis and 

the projection of the track tangent in the X - Y plane 

reckoned positive anti-clockwise. 

As the beams.at high energy are less curved and 

well confined within a spread of a few cms, dip angles are 

small and of the order of 4 - 5 m-radians. The azimuthal 

angle is close to Ti radians. By knowing the radius of curva-

ture and the corresponding central value of magnetic field (H) 

perpendicular to the X - Y plane, the momentum of the beam 

particles can be calculated from the realtionship:- 

P CosA = 0.3 Hp 

P 	 momentum (MeV) 

radius (cm) 

H 
	

= 	magnetic field (K gauss) 

P = 0.3 H is a good approximation for small dip angles. The 

16.08 GeV beam momentum value results in an average radius of 

curvature of about 31.05 metres calculated from the distribu-

tion of figure 2.4a. The corresponding measurement error 

distributions for these three quantities (1/p,7\,3 ) are 

shown in figures 2.5a to 2.5e respectively whilst the distribu-

tions of X, Y and Z position of the events are illustrated in 

figure 2.6 a,b,e. 
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2.2.2 Scanning Criteria  - The main objective was to 

scan for 4-prong events only, with no strange particles; 

nevertheless 3-prong events were also included in case one 

of the secondary particles had insufficient energy to produce 

a visible track. There are two cases to consider: first, 

one of the protons in the final state being produced close to 

the line of sight of a camera with small energy, alternatively 

a negative pion taking part in a charge-exchange interaction 

before leaving a visibly long track (i.e. Trp-----,-ffn). 

View 1 (top) was used as the standard view for 

scanning because it had better optics; view 3 (exit) and 

view 4 (bottom) were used as'references. 

The number of 3-prong events was small and most 

of them fitted the invisible proton case (3-constraint fit). 

3 or 4-prong events were recorded if they satisfied certain 

scanning criteria as described below:- 

(1) An apex of an event had to be at least 12 cms 

from the entrance on view 1, or, on the other hand, any apex 

of an event was required to lie within the first pair of 

fiducial marks to be accepted, so long as the secondary tracks 

yielded a length of more than 10 cms for measurement. 

(2) An incident beam track was accepted at the 

scanning table (viewed at about x10 magnification)if its 

displacement from the general beam direction was less than 

3 mm over a 30 cm length. 

(3) Events containing strange particle decays 

were rejected. 



(4) Frames were rejected if:- 

(i) they contained more than about 25 beam tracks. 

(ii) a frame number or illumination flash was 

missing for any view. 

(iii) they were too faint for all the tracks to 

be visible. 

A predigitising machine called D-MAC provided the 

rough measurements for selecting the particular type of 

4-prong event (described in 2.3) and was used during the 

first scan. By means of this facility, all the scanning 

information was recorded on 5-hole paper tape accompanied 

with a specific identification of an event in a form suitable 

for further calculation. Those frames that were rejected 

on the basis of the above criteria were also recorded on 

the scanning sheet to correct the determination of cross 

section. 

The detailed first, second and check scans on a sub- 
were 

sample of 10 half rolls of film/analysed independently later, 

then compared, frame by frame, with the digitized scan. This 

procedure showed that there was a 97% scanning efficiency. 

39 
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2.2.3 The Fiducial Volume - In general the choice 

of dimensions of the bubble chamber is governed by the type 

of interaction and the nature of the particle under investi- 

gation. 

A discussion of chamber design for strong inter- 

action physics by C.M.Fisher(7)  considers how the errors in 

momentum and angles are related,to the chamber dimensions, 

field and spatial precision. The projected fiducial volume 

of view 1 of the 2-M HBC is illustrated together with the 

projected position of cameras, in figure 2.3b. The actual 

chamber dimensions of 150 x 50 cm2, with a depth of 50 ems, 

is in fact extended in the length axis to be visible up to 

160 ems. 

The fiducial region for the events of the_experi- 

ment were chosen bearing in mind that the conventional measur- 

ing machines were capable of a measurement accuracy of about 

5 fl on film, and the way the CERN standard chain reconstruc-

tion and kinematic fitting programmes were written. The mass 

dependence, of the curvature of particle tracks, calculation 

was ignored in the geometrical reconstruction stage. However 

the chosen fiducial volume still gave.acceptable results for(( 

beam or secondary tracks down to a minimum of 12 cm in lengt P6)  

This result was shown by testing the following various hypo-

theses for all possible permutations of particle tracks:- 

P 	 fr + ri 

p + p 	p + p + K+ + K- 
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It was found that there was no significant reason 

to reject those events that were measured with short tracks 

provided they were found to be consistent with the ionization. 

This evidence justified the chosen fiducial region. The 

fiducial region was divided into smaller sections to avoid 

the confusion of identification of adjacent events. These 

sections (No's 1....6) are down-stream from the beam entry 

as shown in figure 2.3 and are constructed by taking lines 

joining each pair of fiducial marks on view 1, so approximately 

indicating the boundary. An arbitrary sub-division was 

introduced for the left and right of each section where more 

than one 3 or 4-prong events occurred. 

The width of the fiducial region is difficult to 

define because of the bubble chamber optics and the difficulty 

in finding appropriate fiducial marks. However, with three 

chosen cameras, each seeing different regions of the chamber, 

the effective width required is where the apex of an event 

is just visible on two views. 
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2.3 D-MAC Selection and Measurements  

It has been known for some time that the total 

proton-proton cross section remains essentially constant 

at high energies(37)  (39.9 mb). However from recorded bubble 

chamber cross section data  (38'40) on 4-prong events, it has 

been suggested that some 90% of them also produced neutral 

particles. Only the remaining 10% are of interest in the 

present experiment. Since a complete three view measurement 

of one 4-prong event would, on average, take about 25 minutes, 

it was considered time-wasting to analyse all the scanned 

events. Therefore it was proposed to employ a rough predigi-

tization system, performed on the "D-MAC" scanning table, 

which allowed approximately 50% of the events produced with 

neutral particles to be distinguished and rejected before 

beginning measurement. This fraction was compatible with the 

rejection rate of the other half of the film analysed by the 

Template Method. at Cambridge(39)  

The nominal beam momentum in space was given by 

CERN as about 16 GeV and so the projected beam momentum on 

the X-Y plane for high energy particle tracks with small dip 

angles can be taken as 16 GeV. For the interesting events 

of type: 	P + P 

 

1 + 2 + 3 + 4 
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the vector sum of projected momenta (P ) for all out- SUM 

going particles of an event producing no netural particles 

can be defined as:- 

sum = io 
4 

E 	pxy
(i) 

 c.osp. = 16 GeV 

P
xy 	

the projected momentum on the X-Y plane 

the angle between the tangent of ith  
particle and the beam direction. 

Since D-MAC selection was approached on the assumption that 

each projected track formed a segment of a circle of radius(R) 

in a-uniform magnetic field, with no consideration of track 

directions, it follows that the algebraic sum of projected 

momenta can well be satisfied to the first approximation by 

the following equation:- 

Psum 	
4 6) 

p 	16 GeV 
xy 

Because of momentum conservation, rejected events are those 

that have large missing momentum which distinguishes them 

from the events of interest: The general features of the 

-'projected momenturnsums are illustrated in figure 2.7a, hence 

it seems clear that the lower peak mainly represents those 

events produced with neutral particles. However, there is 

no doubt that the overlapping area contains contributions 

from both cases. A test was applied to five half-rolls by 

measuring every event (see appendix I for the D-MAC rough 

measurement procedureN) found in one scan, to determine an 

m The writer wishes to thank Dr M.Mermikides for assistance 
in writing the D-MAC programme. 
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optimum value of the momentum sum such that events having a 

lower value could be rejected. Obviously, the value chosen 

must be a compromise between losing too many events of 

interest and including too many spurious ones produced with 

neutral particles. After fitting, the events were checked 

for consistency in ionization appropriate to the particle. 

Thus only 1% of well fitted events arose from interactions 

which contributed to the area in figure 2.7a where PSum  was 

less than 10 GeV; while figure 2.7b shows the distribution 

of this well fitted sample in term of Psum  . For this reason, 

the optimum value was set at 10 GeV, which leads to a good 

balance in computer ,time and analysis. 

It was decided that those events which passed the 

D-MAC selection should be measured on all three consistent 

views. (view 1, 3 and 4) using information from the D-MAC out-

put. On each view a fixed fiducial was measured first as 

the datum, followed by the measurement of the other three 

in a given sequence (see fig. 2.3b). The rest of the event 

was then measured with identification labels for apex, beam, 

etc., in correct sequence for recognition by the next computer 

programme (BIND). This whole procedure was then repeated for 

all three views. 
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2.4 The Reconstruction and Kinematic Computation(43,44)  

The measurement of each bubble chamber track was 

taken serially for each stereoscopic view. It was not 

usually possible to establish directly the correspondence 

of these views with a single point in space. Naturally, the 

next essential aspect for further analysis and study would be 

the transformation from the local system of the measuring 

apparatus into the absolute system of the chamber where the 

interaction really occurred. The geometrical information 

necessary for the reconstruction is referred to as THRESH 

TITLE(43)  . Examples are the fiducial marks, the cameras' 

positions, the refractive indices and the error tolerances of 

measurement. 

- The input part(44)  is mainly raw data and is read by 

the programme BIND which checks for completeness, sorts the • 

data associated with the event and decodes onto magnetic tape 

—with the right format and relevant information. The rejected 

events are listed and sent back to be remeasured. 

. 2.4.1 THRESH — The general flow diagram of the 

geometry programme, THRESH, for each event is shown in fig.2.8. 

The z = 0 plane is defined to be the inside of the front glass 

with the z—axis pointing toward the cameras. The optical axes 

of the apparent position of the fiducial marks (X„ Y1) in the 

z = 0 reference plane are found by substituting the correspond—

ing measured point (Xi, Yi) in the linear transformation 
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relations:- 

x
i 

= 	+ 0:2x; +0c3 y;  

Y1 CK• 	 + 0(5 Xi + 006  
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(2.1) 

  

Measuring four fiducial marks on each view in turn enables 

the six coefficients (am; m = 1...6) to be determined from 

a least squares fitting process. The new points (Xi, Yi) 

are compared with the title values (given independently) to 

check that the accuracy of the measurements is within the set 

tolerances. They then serve as the reference frame for the 

reconstruction of each event. 

A similar transformation is immediately applied 

to all the measurement of the view, points and tracks, and 

the coordinates (X', Y') are again transformed to remove 

any possible lens distortion and film tilt effects. Unfortu-

,nately the 2-M HBC showed certain inconsistencies due to non-

parallel surfaces(26) during the experiment operating period, 

causing a great deal of difficulty in finding the best set of 

chamber constants. Especially for a four-constraint fit event 

at high energy (missing mass)2  and missing energy about zero 

there may not be convergence because some missing Momentum in 

the Z-direction (Pz) is introduced that may not be compensated 

for, and will thus be lost. An additional (empirical) para-

meter, proposed by D.Drijard(45)  is indicated as a7'  in 

equation(2.2)and may take into account this deviation. The 

corrected_ formula, / 	'or distortion, therefore is as follows:- 
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, 	, 
x t 	= [1 +p X  i   + A 7 y5 4. 8  Ly, 4. 3  _L2  ( +  ..y,2  .1./3  (X2 

 + Y
2 
I
2 
1 

r3 .D 	/p D 	I:5 j:;•1 	6 	.D4 

	

2 	2 

	

2 	(X 4  Y )
2 
]y+p X 	 

	

x . 	y + „
3 

 x_ y 4  n A  4.   y  ... 0  . A Dit 	rip  
Y  ' = [I  -F P + P  

	

i .D 	2 (2.2) 

where D is the camera Z coordinate. The set of pi  coefficients 

is determined separately by the CERN programme PYTHON. 

(i) Reconstruction of Labelled Points - This section 

describes the calculation of space coordinates of the labelled 

points (apices, stopping points, etc). 

The light ray joining any point of the Chamber 

to a given camera is shown as a broken line in figure 2.9 

and the segment inside the sensitive part of the chamber is 

called the "Reconstruction line" and is described by the 

following equations:- 

X = FxiZ + Gxi 

FyiZ  yi 

 

(2.3) 

 

By the method of least squares one obtains the coordinates 

(X, Y, z) of each point with their standard errors AX, AY, 

AZ, using all available views for the intersection of their 

reconstruction lines. These results are ignored if none of 

the possible combinations of views give (AX +AY fi-AZ) less 

than the tolerance constant"given in the title. If a labelled 

point is measured on one view only, it will be used as a 

starting point for any track originating from it. 
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Fig. 2.9 	Section Through a Light Ray and Optical Axis 
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(ii) Reconstruction of Tracks - The next problem 

is to obtain the reconstruction line for any point on the 

tracks. TRACK MATCH is a facility to check and correct 

the sequences of corresponding measured tracks on all views. 

A preliminary check on the photograph is made; 

if more than two points are outside the fringe tolerance 

circle the event is rejected and sent back to be remeasured 

with a marker indicating the error.. Apart from the labelled 
• 

points, there are obviously no coresponding reconstruction 
points measured on 

lines for different views so that the X, Y, Z coordinates of 

equation (2.3) cannot be found directly. Instead, THRESH 

selects the two viewsaandp, such that the line joining these 

two corresponding cameras lenses is most nearly perpendicular 

to the track in the XY plane. This yields the best stereo-

scopic conditions. THRESH then reconstructs the points along 

the tracks by the method of Near Corresponding Points(44) 

The reconstruction line associated with a given measurement 

on view (xis thus described'by:- 
m 

X = FxZ + Gx 
a 
F Z + G   (2.4 

A set of coefficients (4, G:, Fey, G;) for the spatial point 

image in view A is found by linear interpolation between the 

corresponding coefficients of the jth and ( j + 1 )th re-

construction lines with the added condition that the recon- 

struction line 
FxZ + G0  

Y = 	Z + G13  

 

(2.5 
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intersects the reconstruction line of equation (2.4) in 

space. This point represents the actual position of the 

corresponding point on the track in the chamber. 

After the approximate coordinates of the apex 

have been derived, the axis system (X' Y' Z') becomes the 

original system (X Y Z) rotated through an angle j3 about 

the Z-axis and translated to a new origin A, B, C (see 

figure 2.10). The first view chosen is that in which the 

track is viewed most nearly as an orthogonal projection, 

and thus all points in one view have been reconstructed with 

their corresponding points of intersection on the plane Z=C, 

where the best circle fit is made through (ABC). This has 

the equation in X and Y:-* 

(X - A)2  + (Y B)2  +Xi  (X - A) + A2  (Y - B) = 0 	(2.6) 

and acts as the very first approximation to the helix. The 

radius is 	and the centre is at i (2A - A1  ), 
* (23-A2). Ai  and A2  are found by least. squares using 

equation (2.3) for X and Y coupled with their errors. The 

second view can be chosen at this stage. 

In order to determine the points in terms of Z 

where the reconstruction lines intersect this cylinder 

(fig. 2.10), we substitute equation (2.3) in equation (2.6). 

The first approximation to the helix which is fitted to the 

data is described by:- X' = p(CosG - 1) 

yl 	= ;) SinG 

Z' 	= f) 9 TANG 	(2.7) 
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where p is the radius of the helix 

OC is the dip angle of track (small) 

	

Q1. 	
ith . is the aximuthal angle of the 	reconstructed 

point on the track, while 

)3 is the aximuthal angle of the beginning point 

w.r.t. the X-axis. 

These helix parameters are used as starting values in 

a final least squares fit, in which all views are averaged 

with the aim of finding small corrections to the parameters 

p,p, tanoc, A (or B) and C so that the (Xi, Yi  Zi) satisfy 

simultaneously equations (2.5) and (2.7) by iteration and 

converge to the best fit solution. The programme finally 

arranges the tracks in order, punches out the relevant infor-

mation, gives the curvature for a mean point and states the 
azimuthal 

	

dip and 	angles for the beginning point with their 

errors. Since this version of THRESH is mass-independent, 

there is no consideration of uncertainties due to Coulomb 

scattering. To reduce this effect, an effort was made at 

the measurement stage to avoid the end of the track where 

rapid changes of curvature occur. 



(2.8) 
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(43) 
2.4.2 Kinematic Analysis of Bubble Chamber Events (GRIND)  

The purpose of GRIND is to identify an interaction 

specified by a successful numerical evaluation by THRESH. This 

eis done by assigning masses to the participating tracks of an 

interaction consistent with physical hypothesis specified by 

the user. 

The first stage of GRIND is to convert the radius of 

curvature to momentum and extrapolate the values of p, A and 0 
to the production vertex (originally specified at the middle 

of the track in THRESH) using range.momentum tables supplied 

as data. This analysis of an eventserves a double purpose:— 

(i) to detect wrong interpretations 

(ii) for a correct interpretation to impose the 

constraints of momentum vector and energy 

conservation at an interaction vertex. 

There are four equations representing the conserva—

tion of the components of the momentum in a spatial Cartesian 

coordinate system and the conservation of the total energy. 

Each track is defined by three parameters (e.g. t/p, A , 0) 

and has a normal distribution of error to fulfil the require—

ments of least squares fitting. The following four equations 

are formed:— 

f1 
= 

f2 = 

f
3 = 

f4  = 

(Px ). = E C. PCos71. Cos c/S. 	 = 0 
i 	1 	i  1 1 	1 	= fl 0 

z(Py),. = zi  1c.CA.Sin0. 	= {z (Xi){z (Xi) = 0 
1 	I 	 os1  

(Pz)i  = Zici. Pi  S i )1 Ai 	= is(5(i). 	= 0 

	

E R.I   = zc,TF+ e 	= 14 (Ki) 	= 0 1 	1 
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At the production vertex -MT  stands for the target energy. 

Ci is +1 (-1) for an outgoing (incoming) track at the vertex. 

m.i  is the trial mass assigned to a track. 

are the values of momentum and angles corrected by fitting Xi  

which fulfil the conservation equations (2.8) - (2.11). 

The other information:required by GRIND are the fixed data. 

These are referred to as. the GRIND Title, and comprise the 

range momentum table to calculate momentum loss along tracks 

and possible particle masses (known as the hypothesis). The 

beam title is also stated along with its'tolerances for fitting. 

The last item can be found independently of the experiment by 

reconstructing a reasonable number of beam tracks. The beam 

parameters P, A, A are obtained by extrapolation to a fixed 

point specified by coordinates (XD, Y D  Z1, 	as follows:- 

= 	Ao Cz  ZD  

= 	00 + Cy( Y - \ID  ) Cx  Li)   (2.12) 

where the values of the C's for this experiment are 

Cx = -0.00030 rad/cm 

0.00020 

CZ 	-0.00090 

In general f6 can be,:measured very accurately, beam momentum is 

imposed by the title value as this parameter is often poorly 

measured. The general flowchart of fitting is shown in fig.2.11 
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The best set of Xi  can be reached by adjusting parameters 

in such a way that fl  = f2  = f3  = f4  = 0, with an additional 
2 

condition of a minimum for the function 'X. (chisquare) 

defined by: 
2 X • --T-L- 

i x 
• 

d Xi   = 5E. - X. 1.0 

min   (2.13) 

Xi0  are measured variables (P, 	, 0) and Cixi are 

the standard deviations of error on Xio. 

A description of different ways of using the method 

of least squares in kinematic analysis of bubble chamber 

events is given in ref.46. The method of Lagrangian multi- 

pliers is introduced as a conventional means of solving this 

problem. Thus the function to be minimized is rewritten(2a.s1:-)  
2 

M 	= 	+ 2 	= min ; 	=1,-- 4 	 
j 

we require -a-N-= 0 ; 	= 1, a xi 	
...n 

OC. are Lagrangian multipliers which are eliminated 

during the calculations. 

A linear approximation with iteration is used; thus 

each f - is developed in a Taylor expansion to terms in the 

first order. 

fji ) = f.(X.) +Ea4(2. - X.)   (2.15) . ji 
1 
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Xi  is a value which is changed during a calculation 

in.ordertoarriveatthevalue5Land Xi—= X: for the 10 
2 

first step of the iteration. The magnitude of Xis dependent 

on how big are the differences between the fitted and measured 

values. To check for goodness of fit, 
%2 

can be converted into 
n 

a probability by taking the/degrees of freedom (n = no. of 

constraint equations = no. of unknown variables) into account 

thus(47)  
ry2  -1 

	

f ( 1)(2 )(1X2  - "(2)2 	
4 d e 	x2 

   ( 2 .15 ) 

	

21/ 	( Y1/2  ) 
where r(Vis  the Gamma function 	n/2 — 1 ) ! 
This relation is used as one of the criteria for accepting 

the fit at the final stage. 

2.5 	D.S.T. and Statistic's Programme  

All the possible physical interpretations of the 

four-prong events which are convergent in the fitting 

procedure by GRIND are recorded in the GRIND library tape. 

Only the candidates for the'reaction pp 

 

PPT
r are of 

 

interest in the present experiment. Additional consistency 

criteria (as given in Chapter 3) are imposed in order to get 

as pure a sample as possible for the analysis. A Data Summary 

Tape (D.S.T.) is then produced by picking out all the relevant 

information from the GRIND library tape corresponding to the 

selected interpretations of the accepted fits as.well as some 

computdd quantities necessary for statistical analysis. 
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Examples of such quantities which must be written out in a 

suitable format are the combination of effective masses 

for the final state, the momentum transfer and the decay 

angle between pairs of particles, etc. Furthermore, in 

order to avoid the complication of misidentifying two identi-

cal particles (e.g. protons) in the final state, a separation 

between slow and fast protons in the Lab system (or backward, 

forward moving protons in the centre of mass system) is 

arranged before recording the event on the D.S.T. 

The experiment dependent statistic programme to 

complete the chain of data processing. is "POOR MAN'S SUMX"(34). 

Various histograms and two dimensional scatter plots, with or 

without conditional selections, may be produced by this 

programme with appropriate data instruction cards. The latter 

facility is an original programme from the standard NIRNS 

CHAIN-2 series. Facilities are also available for the 

connection of any user's routine to calculate other quantities 

which may not beipresented on the D.S.T. 



TABLE 2.1  

The, Breakdown of Events from a Test Strip and 
One Scan of 10 half rolls. 

Data from 2-prong 

% 

4-prong 

% 

6-prong 

% 

8-prong 

%.• 

other type 

% 

Test 
strip 29.05 42.1 15.1 1.09 1.05 

One 
scan 

35.0  40.5 17.3 3.11 3.12 

61 
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.CHAPTER 3  

— THE pp-0-pp + ir PRODUCTION CROSS SECTION 

3.1 The Assignment of Events to the Final State  

The kinematic fitting programme (GRIND) was used 

initially on the following three hypotheses. Each particle 

permutation was attempted and a fitting probability was 

derived:- 

P + P 	P + P + 1T++TI   (1) 

P + P 	P + P + 	+ K   (2) 

P + P 	P+P+P +T . 	...... 	(3) 

The occurrence of reactions (2) and (3) from a 

reasonable sample of film yielded a very small cross section, 

as expected(38'40)1  and their inclusion in the programme 

merely produced ambiguities. Therefore they were neglected. 

Only the hypothesis of reaction (1) was then carried on for 

the present experiment, and since the measured events had 

already undergone a preliminary selection (see Chapter 2 -

section 2.3), most of them were the 4-constraint candidates 

for this reaction with 'no neutral particles. Acceptable 

interpretations of fitted events were decided by the project 

physicist later. To be accepted, a fit had to satisfy certain 

criteria. These are described below:- 
2 

(i) Fitting Probability - The IC value of the fit 

was calculated(47'52'53)  in GRIND for the appropriate number 

of degrees of freedom. Its relation to the integral probabi-

lity is calculatedwfrom eqs. (2.15) with a normalization; 

J " (x2) d(x2 ) 	= 1 
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After an event has passed through GRIND, one has 

to decide if the tested hypothesis is correct or not (detailed 
2 

testing can be found in ref. 46 and 84). X is dependent-on 

the magnitude of the differences between the fitted and the 
2 

measured'values. Frequently the deviation of the X-distri-

bution is known to belong to a certain family of distribu-

tions(84)  which depend on the number of degrees of freedom. 

Figure 3.1a shows the distribution for 4-degrees of freedom, 

while figure 3.1b shows the corresponding If-probability 

(P(> X;)) distribution for events fitted to reaction (1). 

In order to accept a reasonable physical hypothesis 

for a given event, one can introduce as a cut off limit a 

maximum value of X or a minimum value of probability. A 

check is made that the X-distribution obtained from the fit 

procedure is the function of errors ( Ppi,Lxi  and iN0i) 

introduced to the fit that agrees with the theoretically 

expected one. The peak at the low end of the P(1>X") shown 

in figure 3.1b could be due' to the fact that the measurement 

errors occasionally result in a spurious missing particle 

with small momentum. Also, in the high energy range, secondary 

, particles have a large momentum in the X-direction with a large 

error. Any variation in 7? would certainly depend upon the 

transverse momentum rather than the longitudinal momentum, and 

so it is more difficult to force an event to fit wi'th 4-

constrainst (40 than with 1-constraint (10. On this basis, 

the 4C fit will always be accepted when the event also fits 

with 10. 
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If two or more hypotheses gave 4C fits consistent 

with ionization, one hypothesis was accepted if its probabi-

lity was three times greater than the alternatives, but other-

wise these events are assigned to a "two-fold ambiguous" 

category .for subsequent adjustment of cross section calcula-

tion. However those fits having a probability of less than 

0.5% were rejected as incorrectly identified events. 

(ii) Ionization - Every fitted event was checked . 

on the scanning table for consistency of ionization of charged 

tracks. The predicted density of ionization for bubble chamber 
, 2 

track is proportional to 1/5 where 

v/c -= pc/E 

For practical purposes, if we assume that the ioniz-

ation density of infinitely fast tracks (beam tracks) Io  

(minimum), the density of ionization (I) for any track with 

momentum p, and assigned mass m is expected to be 
2 2 

OC To(1 	m (3.1) 

Typical curves of ionization versus momentum for protons and 

pions are shown in figure 3.1c. These values were calculated 

for a proton, kaon and a pion in each track and printed in the 

GRIND output. This had to agree with the estimated value of 

the ionization, obtained by inspection at the scanning table. 

A proton, kaon or pion could sometimes be distinguished, but 

in practice the usefulness of the check was severe* limited 

at the present experimental level of energy because many of 

the tracks had high momentum and were of minimum ionization 
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for all mass hypotheses. This situation gave rise to biased 

samples of events from the same reaction from a background of 

wrong identification. 

It was found that by ionization checking one could 

resolve most of the ambiguous events, and the identification 

of a single heavy track as a proton could frequently eliminate 

all the low probability fits. At the same time, the beam 

track of each fitted event was also rechecked (see Chapter 2). 

After such analysis more than 90% of the total 

samples were 4C fits, the rest being 3C. This left'about 3% 

of the total as ambiguous events and this was considered a 

reasonably good identification rate at this energy. 
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3.2.1 Scanning Biases - Scanning bias might arise 

in many ways:- 

(i) Through poor frame quality and fluctuation in 

the number of beam tracks. An over or under-estimate in the 

number of beam tracks affects the calculation of the cross 

section. 

(ii) Through a tendency to miss an event on a frame 

where there were more than two four-prong events. The ratio 

of the numbers of frames for various numbers of four-prong 

events found from the five roll sample was as follows:- 

No. of frames for one 'event 	- 2.72 No. of frames for two events 

No. of frames for two events 	2.88 No. of frames for three events- 

(iii) Through off-beam events, which mainly arise close, 

to either side of the chamber window. A possible explanation 

is that the beam track is scattered at a small angle before 

entering the chamber. Some were fitted with 4-constraints (4c) 

but as the beam momentum was outside the limit they were 

rejected. 

The interpretation of the experiment is not biased 

by (i) and (ii), which simply results in a loss of events. 

However this is not the case with (iii) where actual errors 

may be introduced, but fortunately, the number of these events 

was small. An estimate of the number was made from extrapola-

tion of the four momentum transfer distribution (fig. 5.10c); 

1.1% of the total data corresponds to missing events of this 

type. 
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3.2.2 Systematic Biases — Any systematic bias of 

the individual variables (1/p,A, 0) for each track, can be 

revealed by plotting the normalised Stretch function of the 

production vertex, fitted for each variable. The special 

high constraint class of events fitted with no missing 

particles (4C) as shown in figure 3.2 will be particularly 

sensitive to any such biases. The Stretch function of a 

variable X is defined:— 

Xtn — 	X/  F (X) =   (3.3) <Gm  — 
Xm  is the measured variable 

Xf  is the fitted variable 

and Gril,G4  are the correspdonding R.M.S. errors. 

ai for variables 1/P, 7, 0, were in this case calculated by 

the following relations with co as the initial value:— 

b(1/p) = 

AA 

8f0  
(L Cos?)2  

fo  
L CosA 

Ai 	= 	4i  
L CosA 

whereto = error of measurement multiplied by the demagnification 

of the chamber; usually Ee  in GRIND is allowed to be larger than 

its true value (to allow for other uncertainties such as 

turbulence effect, etc). 

L = length of the track. 

The dotted lines in figure 3.2a show the normalised 

unbiased Stretch distributions for a sample of 4C fits in the 
be 

variables l/p, A, 0. For 1/p and 0,these were foundtcynormally 



no - 

BO - 

- 

o - 

5o 

40 

30 

2o 

F13 , 3. 2a  

So - 

so - 

80 

- 

Go- 

50- 

4o- 

e
v

e
n
ts

  
/

0
.2

 

0 
of 

1 (r 	 I 2 -3 -2 - 
O 

71 



30:0- 

a
320- 

280- N. 

12 240- 
"Z 
.111  20a-

0 IGO- 

120- 

so- 
AO- 

-3 - 
r 

72 

Ft ct. S. 2b 



73 

distributed with a peak at zero as expected. However, the 

dip (7 ) angle was found to have. a peak at a negative.  abscissa. 

This effect was subsequently investigated closely. Figure 3.2b 

shows the Stretch function of the other four tracks. 

A very thorough. investigation (see Chapter 4) was 

made "of the problem of distortion(22,23)  in the chamber. Such 

distortion could cause systematic bias in geometric and kine-

matic fitting particularly at high energies. The extra 

correction coefficient used in the reconstruction programme 

(see Chapter 2) was not of the correct form to overcome this 

effect. The following procedures were then carried out for 

examination:- 

(i) Missing momenta - In high energy interactions 

momenta in the X-direction are always large and have large 

errors. In order to check the fit of high energy tracks, which 

are very sensitive to any kind of bias, a scatter plot of APy 
the 

versus Apz  (whereapy,6Rare missing momenta in/Y and Z-direction 

of the fitted events). was drawn and is reproduced in figure 

3.3a. There is some indication of an assymmetric population 

of points which is related to an imbalance in the missing 

momentum. The projection of Apy  and opz  are also shown in 

figure 3.3b. 

(ii) The differences in the dip angles of the beam track  

The evidence from the preliminary investigation 

and the chamber dependence described in Chapter 8, section 8,2, 

suggested that somehow the fast (high momentum) tracks were not 
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reconstructed properly on account of unknown distortions in 

the chamber. The effort expended in trying to find a soluticm 

to this problem has occupied the writer for 30;;; of the data 

reduction time, but, to this date, no reliable or reasonable 

correction has been achieved. The problem is discussed in 

greater detail in Chapter 4. 

A second useful test for distortion can be made by 

artificially constructing a one prong event from the beam track, 

using a point as the apex of the event where a noticeable 8-ray 

(on all three views) is associated with the beam track. Alter-

natively one beam track is split into two parts. The first part 

is measured as a normal beam track, the second part as one 

secondary particle. Approximately three hundred such events 

were randomly selected and reconstructed by BIND and THRESH 

respectively. If there was no bias or the distortion of the 

chamber was corrected, one would expect the reconstruction of 

these two lines to join into.the original track within the 

error limit. 

Unfortunately, this procedure showed differences in 

dip angles for the two parts of the same beam track; this was 

considered significant evidence of the distortion, especially 

in the beam entry region. This effect was less pronounced toward 

the beam exist. Figure 3.4a shows the scatter-plot of the X-

coordinate of the artificial apex versus the different value in 

dip angles of same beam track, while figure 3.4b shows the 
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projection of these different values. This evidence was 

supported and confirmed by the Stockholm Group{ 51) on .a 

similar experiment at 19 GeV, operating at the same period 

of time in the CERN 2M HBC. The alterations that have been 

attempted to.correct this effect are discussed in detail in 

Chapter 4. 

3.2.2 Remeasurement - Events judged to be incorrect-

ly or poorly measured and thus unsatisfactory for reconstruction 

and kinematic fitting were sent back for measurement. After 

three consecutive attempts had been tried to measure an event, 

without success, it was classified as "unmeasurableu. 

On the first measurement, some 30;,; of the events 

required remeasurement, although the percentage varied greatly 

with the quality of the frame. Some errors were detected in 

BIND and found to be "measurer" dependent. Error flags were 

printed out when an event was badly measured in the reconstruc-

tion stage. For kinematic fitting, a remeasurement was only 

requested when there were more than two of the variables 1/jp, 

A, 0 failing to fit within their respective limits. 

After a total of three measurements had been made, 

a residue of about 105 remained which were unmeasurable and had 

not been successfully analysed. These would be expected to 

contain at the maximum some 1.05 of the 4C fits, used in the 

cross section. A breakdown of scanned, measured, unmeasurable 

and fitted_ events is listed in table 3.1. 
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Another category of events was remeasured success-

fully and then reconstructed and fitted. These were events 

with one short and straight secondary track (non stopping) 

which could not yield a measurable momentum, thus giving rise 

to 3-constraint fits on a "two-point" measurement to obtain 

the direction. If such a track was a proton and was known 

to stop in the dhamber, an additional label to the two-point 

measurement was required (TAG) and the energy and momentum 

was taken from the range. 

TABLE 3.1  

Scanned 
events 

Measured -  
events 

Unmeasurable 
events 

Fitted 4C 
events 

16733 9013 973 1548 unique fit 

69 amb. fit 
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3.3 Cross Section Calculation 

Cross section calculations require a knowledge of 

the total number of beam tracks entering the fiducial volume. 

This was obtained by adding up the number of beam tracks on 

each half roll, as this varied widely from roll to roll (see 

fig. 2.2b) due to the very poor film quality. On the very 

worst rolls, the efficiency was only x.:80!,. For this reason, 

the calculation was based on a sample of ten half rolls. These 

rolls were scanned carefully and rescanned by the writer. The 

total number of beam tracks (No) was calculated separately for 

each roll from the average number dervied from the good 

pictures on that roll. The results were then combined to give 

the number of total beam tracks for these ten half rolls:- 

No = (6.971 ± 0.026) X .104  

The total length (L) of beam tracks was calculated from a 

knowledge of fiducial length (1) and the direction which the 

tracks travelled through the chamber. No significant correction 

was necessary for the very high energy tracks of slight curva-

ture. 

Two methods were used to evaluate the cross section 

for the final state PPTelr from the sample of events processed 

at Imperial College. Both were based on the beam count procedure 

(i) The Microbarn Equivalent - To a good approxi-

mation the microbarn equivalent of an interaction cp'be 

written as:- 	= 
	1 

nL 
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where n is the number of protons per c.c. 

Ap 
A = Avagadros number = 6.023x1023  mols/gms mol. 

the density of hydrogen liquid at 26°K 
0.0605 gmsA.c. 

the total length of beam tracks 

Not 
N. = total number of beam tracks 

= the fiducial length ( 120 ems) 

The calculated microbarn equivalent for an interaction after 

correction (section 3.2) was :— 

= 1.02 + 0.04 	1Ub/event 

In principle the microbarn equivalent can also be 

determined from a knowledge of the total cross section for the 

energy range in question and the total number of events observed. 

However, this analysis is outside the scope of the present 

experiment. 

(ii) The Total Cross Section Method — One may 
the 

calculate/cross section for the reaction 

PP 	PPleTr 

 

	 (1) 

 

by using the most recent proton-proton total cross section at 

16 GeV derived from counter experiments(37)  which is equal to 

39.9 mb. One must also know the total number of beam,tracks 

entering the fiducial volume of this experiment: — 



Let uT be the total proton cross section at 16 GeV. 
No is the number of beam tracks at x--= 0, 

and n is the number of protons per c.c. in hydrogen 
liquid of density 
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If N = number of beam tracks after travelling a distance x 
without interaction. 

N N 
-nvTX 

= oe' 

Now let ~ be the cross section for reaction (1) and assume 
that in the distance interva+ dx; 

d~1interactions of type (1) occur 

Then 

= 

Therefore in the total fiducial (1) cms the total number 7\1 
of these interactions is given by:-

l l 

J dAl 
1 . -nGTX 

7\1 = = NonG1 e dx 
0 .0 L 

( 1 .: "G"T ) = No nG1 
- e 
n 

= 2' 2. 1 
( 1 + 1 + n ur l - ~ n G

T 
l + ...•.• ) 

-3/ Since nGT is small, of the order of 1.34 x 10 cms., the 
higher terms are neglected. Thus 

1\1. = No u1 n l ( 1 - k n l crT ) 

}\1 ( 1 + ~ n crT l ) 
No nl 

After being corrected for scanning· losses, unmeasurable events 
and small t losses, cross section values ~ere derived from both 
methods. The values obtained were 1.61 and 1.74 mb respectivel~ 
which gives a final value of: 

+-
G1 (pp ~ PE nlT) = 1.67 .± 0.10 mb. 

This value is consistent with results obtained in 

similar experiments at different energies as shown in fig.3.5. 
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CHAPTER.  

OPTIEISATION OF THE OBSERVATIONS 

,4.1 Introduction 

In general, PYTHON (see CERN Track chamber programme 

library) (44)  is used to find the best possible set of para- 

meters for the optical distortions of the chamber from accurate 

measurements of the fiducial marks. However, some special 

remarks apply to the operation period June 1966 to January 196(
05)
. 

Data gathered from the 2-M HBC during this period has consistent- 

1y given unsatisfactory results with larger residuals than• 

expected for reconstructed tracks. This suggested a bending of 

the back of the glass window facing the cameras, for this surface 

is engraved with the fiducial marks and is thus the reference 

(2=0) plane. There is however no known distortion which will 

account for these errors in a consistent way, but non-parallel 

windows, a wedge shape of the front window, or bending of the 

film gate are all possibilities. 

As soon as this distortion became known in early 1967, 

an additional parameter (see 4.2 below) was added to the standard 

distortion formula (equation 2.2, page ). The results of this 

procedure have, in general, not been satisfactory for high energy 

beam tracks (Z= 15 GeV) and the remainder of this chapter dis-

cusses subsequent alternative procedures attempted independently 

by D. Drijard and the author. 
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4.2 The Empirical Parameter in THRESH  

D.Drijard(45)  (CERN) has suggested that only one 

additional parameter is necessary on the following grounds:- 

(i) there are not enough fiducial marks available to 

fit more parameters without losing their significance. 

(ii) most of the particles are travelling in the X-

direction whit is four times as long as the Y-

direction. 

The procedure used to evaluate the parameters in the relevant 

equation (2.2) is as follows:- 

(i) all fiducial marks are measured about ten times 

on five different pictures, approximately one 

hundred frames apart. 

(ii) the camera position, vacuum path, film lens distance, 

and distortion are independently fitted for these 

five frames. 

(iii) the weightedaverage of the resulting values are 

derived. 

(iv) the corrected estimate of the positions of the 

fiducial marks on the rear of the front chamber 

window are used in all further calculations and 

are included, for example, in the THRESH Titles. 

The five tests described below examined the improvement 

' due to the 7-parameter fit (13.... j ) of equation (2.2) over 1 

the original 6-parameter fit ( A ri  • • • • A ) • 
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(a) 2e-Test.  - The improvement, as judged by the X2 test 

is shown in table 4.1 where the z value-for the uncorrected 

data is also listed. 

(b) Reconstruction of fiducial marks in space 	The 

X and Y coordinates of the fiducial marks were obtained direct-

ly from the film and then the Z coordinates were reconstructed 

by using various combinations of two cameras on the plan Z = 0. 

The differences between the known Z-coordinates and the re-

constructed ones ( 45Z) was plotted against the X coordinate 

of the fiducial marks in the chamber. Figure 4.1 shows the 

improvement of the plots for the 7-parameter fit compared to 

the 6-parameter fit. The reconstructed points lie away from 

Z = 0 plane in a.0 shape. 

 

TA3103 4.1  

  

Uncorrected data 

.6-parameter function 

7-parameter-function 

31.13 

6.25 

6.00 

(c) Reconstruction of the beam tracks - An automatic 

track following measuring machine has been employed at CERN to 

measure a few hundred beam tracks along their full length from 

three points of view (1, 3 & 4). Twenty-five points on each 

track were measured for each view. After reconstruction by 

THRESH they were projected back into the film, and the devia-

tion 8 (residuals) of a single measured point was found. 
Figure 4.2 compares the residuals plotted against tie angle G 

(the angle formed by the radius vector along the track) for 6 

and 7-parameters. An improvement can again be seen in the 7-

parameter fit. 
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(d) Geometry and kinematic fitting - In this test a 

sample of events has been processed through THRESH and GRIND 

for geometric and kinematic fitting first with 6 and then with 

7-parameters. respectively. Only very small changes were 

detected. They are almost negligible, except for those events 

produced by small missing mass and energy, where the production 

vertex is near the entry of the chamber. Because of the dis-

tortion-induced curvature of the track in the X - Z plane for 

the 6 parameter fit (see figures 4.1 and 4.2), which possibly 

gives rise to the inbalance of the missing momentum in the Z 

component (fig. 4.3a), the fitting process may be non-convergent 

and the events would be lost. 

(e) Investigation of missing momenta 	Owing to the 

interesting nature of events which have small missing quantities 

and are thus sensitive to the distortion, further investigations 

were performed on missing momenta to check for anisotropy in 

.missing momentum in the Y and Z plane. Figure 4.3 shows the 
distribution of these missing momenta where the missing component 

' in the x-direction 
of the momentum/is less than 1 GeV, whilst the scatter plot of 

these two quantities is illustrated in figure 4.3b. A 6-para-

meter function is fitted to these events. The slight improvement 

due to 7-parameters is seen in figures 3.3a and 3.3b. pagev4/5. 
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4.3 Attempts to correct the beam dip angle X.  

The introduction of an empirical distortion co-

efficient 07) only partly removes the trouble in the calcula-

tion of the CERN 2M71-1BC optical distortion coefficients and 

reduces the reconstruction residuals for the points on film 

as shown.. 

Unfortunately, however, in the present experiment 

the beam dip stretch function distributiOn is shifted to the 

left in comparison with the normal distribution for the data 

(dotted curve in figure 3.2h) c.f. section 2, Chapter 3. This 

strong effect has caused the most severe difficulty in analysing 

the data, in particular a failure to arrive at consistent results 

for the high energy (fast) tracks. For this reason, in the con-

struction of some histograms for data analysis, only the com-

bination of slow protons in the final state has been used. A 

typical camparison of the mass combination of Pelf and Pflf 

(where ps  and pf  are the slow and fast protons respectively) is 

shown in figure 4.4. In the range 1400 - 1500 MeV, the pslf 

combination shows a peak whereas pfTr shows a dip. 

The author has paid considerable attention to this 

inconsistency problem, and the following attempts were carried 

out consecutively to obtain the optimum 	parameters for 

geometric reconstruction and kinematic fitting. The computer 

time (PDP6), required for any investigation with a reasonable 

number of events is eight to ten hours. Altogether, more than 

six months and more than sixty hours of computer time have been 

used in these analyses. 



sLow) Tr -  EPFECTNE MACS 

8o- 

4.5" 

M 	Ps. 	G e V /c2  

(P-  FA -r) tt EPPECT(Ve. tvit6,5" 

1.5 	2,0 	2.5 	3.0 	.35 	4.o 	.4.5 
M 	GeV/0 

F 3. .4.4 

93 

1I 	I 	1 	1 	I 	i 
1 ,5 2.0 	2.5 	.3.0 	.3.5 	4.0 1 •0 	1.25 

1 
do 

G  

.do 

0 

20- 



94 

The basis of all these attempts has been the knowlGdge 
of certain differences in the dip angle along the same beam 
track. Therefore, from here onward the term "measured beam 
track" is taken to refer only to those beam tracks which were 
artificially measured as one-prong events (see 3.2.2, chapter 3) 
The significance of the beam,dip angle correction will become 
apparent later. The correction is independent of ~he T}IRESH 
programme. 

The following paragraphs outline the attempts at beam 
dip angle correction. 

(i) Straight line fitting The averaged values of 
dip angle residuals are listed' i~ table 4.2. Some correlation 
between dip angle and the length of the ,track can be seen. A 

,.----~near variation l)1\ = Ax. + B was .first chosen to fit the 
.. 

differences in dip angle. This yields the values:-

A = -0.20 ± 0.005 
B = 1.39 ± 0.12 

TABLE 4.2 

m-rad/cm 
m-rad 

Length dependent beam dip angles for unwei~hted (Auw) 

and weighted (?\w) 
~ 

Length (cm) 7lu~ c"m-rad) 1\wCm-rad) 
.All length 1.39 1.43 

< 120 1.07 1.60 
120 - 140 ' 2.20 1.4~6 

> 140 .1.39 1.42 

The resul tine; line is drawn (solid lin,e) in figure 3. 4a. 
" 

Hence the correction formula for the reconstructed beam track 
can be written as: 1\ = 1\o-(AX + B) 

where 1\, = 

1\0 = 

X = 

'new dip angle 
• 'original reconstructed dip angle 

X-coordinate of the apex. 

Although eight hundred 40 events have been process

ed thorqughly through the THRESH-GRIND statistic programme usinl 
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this correction, only very small changes can be seen compared 

to the uncorrected data. The distribution of the stretch-

function for beam tracks variables 1/p , A , 0, are shown 
in figure 4.5. For 14 

	
and .0 there is good agreement 

with the normal distribution (dotted line), but in the case 

of the dip-angle, the peak of the distribution is still shifted 

in a negative sense. 

(ii) Length dependent fitting. 	The evidence of 

figure 4.1 suggests that the distortions result in a curvature 

of the X Z plane, coupled to the evidence of table 4.1, that 

the changes in dip-angle of the beam track are track-length 

dependent. 

A new approach, discussed below, was proposed by 

Mr N.C. Barford(52) for correcting both parts of the measured 

beam tracks. 

In the general case:- 

€1 

€2 

= 

= G L2 2  P2 1  2 

	

 	(4.1) 

	

 	(4.2) 

where ei  , E2 and ti 12  are. the errors and track lengths of tracks 

one and two respectively. 

0, pi  and P2  are free parameters:- 

Alt  .= Rim  + ei  Alt - A2M  - ea  -  
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Referring to the figure above Tit , 	are true dip angles 

while Aim. , Alm are measured dip angles for the first and 

second part respectively of the same beam track. 

A2111 - Aim. = Ait - Rit  + e2  

Now Ad  is equal .to Alt because they are the same beam track •  
and the convention in THRESH is to take small dip angles. 

pA = el + E.2  (from the plotted results of fig. 4.3) 

In this case one assumes that the whole length of beam track 

has been measured, so 11  + 	Iz is constant (L). Thus 

AA= 	(aL 	R2  L2) 	2p2TA1  + (t,  + p2) 

If this is to agree with G,+ yll (appendix II) then 

€0 = 	aL + p2 L2 

Y = 

and pi. -a2  = R  

   

(4.3) 

   

Substituting (4.3) into (4.1) and (4.2) we find 

  

M= = aL 	(L .211  ) 

   

(4.4) 

   

The "maximum likelihood" method was employed to fit the 

  

difference in dip angle of the measured beam track. This 

yielded: - 	
a = 0.908 x 10-5 	in -rad /cm 

and 	13  = --0.453 x 	m-rad cm•2.  

Therefore the corrected functions, before the kinematic fitting 
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are: 	= Arm 	(ml, + 017 ) 

A2  = Aziti  - (all  - (3l: ) 

Al, 712  are the corrected dip angles and should be the same. 

A typical correction to any track having a length of the order 

of a hundred cm will be:- 

1.35 m-rad for the first part of the chamber 

and 	0.45 m-rad for the second part of the chamber 

This is further evidence indicating a strong distortion in the 

beam entry region that decreases toward the chamber exit. In 

conclusion the correction is not greatly different from results 

for the first (linear in X) attempt. The beam stretch function 

distributions show a similar structure to figure 4.41  in 

particular, for the variable A which is s till shifted to the 

left from zero value. 

(iii) Trial fitting of eqk= a/(b+x)  

This is an eouivalent method to that employed 

by Cambridge(39). The following different conditions are 

summarized: - 
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Cambridge (Cavendish) Laboratory Imperial College 

Only pi 	... P6 	coefficients 
in optical distortion 

formula. 

pi 	... 	P6 	coefficients in 
optical distortion for X 
coordinate and one addi-
tional p7  in Y coordinate. 

. 

Own geometric reconstrue- 
tion and kinematic fitting 
programme. 

. 
CERN standard THRESH and 

GRIND programme. 

Two point measurements were 

used to determine the beam 

dip angle. 

Dip angle was obtained 
in THRESH as the angle  between the tangent of 
the beam and the X-Y plane. 

The correction relating to 
X and Z coordinates can be 
written as:- 
Z = Z - 	X + 57 	*-57 ams 

Fitting formula: - 
a AT= b + x 

The correction relation is 

A = A. -AA 
• yielding the result 

	

a 	= 	0.131 	rad/cm 

	

and b 	= 	121.4 	cm 

0 

Z = Z 	for X 	-57 ems' 
Z = Z coordinate after correc- 

tion. 

Z axis pointing away from 
camera position. camera 

Z axis pointing towards 
position. 

In both cases a small increase in the mean error in 

the geometrical programme was allowed for the uncertainty in 

each procedure. 
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The dashed line in figure 3.4a illustrates the curve 

AA= 0.131/(121.4 + X) fitted to the measured beam tracks. 

Figure 4.6 shows the Stretch function distributions of the 

beam track variables ( 1/110,1). A clear improvement can 

be seen particularly in the dip angle. The distributions 

are peaked at the right place, but their widths are narrower 

compared to the normal distribution curves (dashed lines) in 

figure 4.6. An incorrect estimate of fitting errors is a 

possible explanation. 

In order to test the effectiveness of this optimisa-

tion, the statistic programme was run to produce from the 

D.S.T. a number of preliminary histograms (angular distri-

bution, invariant mass distributions, etc.) for three regions 

of the fiducial volume extends over approximately equal length 

in the x-direction. 

It is worth noting that, in general, one would 

expect to see better structure for events occurring in the 

first (entry) region compared to the other two regions, 

because these events have longer secondary particle tracks 

;,and would be measured relatively more accurately. Hence one 

would expect a better mass resolution. 

However, it was concluded from a comparison of 

results that there was no indication of better structure 

in the first or entry region; on the contrary, it could be 

worse and probably shows a less impressive resonance when 
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there is an enhancement in the other two regions. One 

set of typical comparison histograms for proton-pion 

invariant mass combination is shown in figure 4.7. Thus 

no satisfactory conclusion can be drawn at this stage. 

(iv) Exluding 10 cm of the beam entry region  

In addition to the previous report(45)  from 

CERN, some further information indicates that in the beam 

entry region, some events were reconstructed badly due to 

a distortion. A rejection of these events has been suggested, 

but, despite this, the 137  coefficient is still reqUIred in 

THRESH. 

Subsequently X = -65 cm was set as the 

minimum value fbr any measured point to be accepted'by 

THRESH. Some of the events already measured would fail 

under this condition because the beam track has been cut 

shorter, resulting in tracks too short to be measured for 

curvature. An alternative method is to impose the beam 

variable from the title block for these events separately. 

Since only a few hundred 4C events have been reprocessed 

through THRESH for this test, the number of failed events 

was small and so they were neglected. 
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It is very important, before reconstructing the 

measured beam tracks under this new condition in THRESH and 

before any further decision is made, to see if the differences 

in dip angle for the same beam track were improved. The 

differences in dip angle are plotted versus the arificial apex 

(X-coordinate) together with its projection (figure 4.8a- b). 

After fitting to AR= a 	 one obtains the result:- 
b + X 

a = C.120 rad cm; b = 95.4 cm. 
This is similar to (iii). 

It is interesting to note that the beam stretch function 

distribution (in particular the invariant mass distribution) 

are very similar to those obta fined by method (iii). This is 

considered sufficient to justify the correction. 

(v) The transformation of the Rutherford Laborator s constants 

Rutherford Laboratory has developed an alternative 

optimisation programme for finding a set of constants for CERN 

2M HBC. Some better results have been claimed, especially when 

applied to their own geometric reconstruction programme. Their 

set has been changed by an I.C. transformation programme* into 

an appropriate format for use in THRESH. 

5: The writer wishes to thank Mr M.Losty for assistance 
in writing the transformation programme. 
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In general, if the best set of constant has been 

obtained for any geometric reconstruction programme of a 

bubble chamber experiment, then only the standard optical 

distortion coefficients (01.... P6  ) are reauired. The re-
construction of the measured beam tracks is a sufficient and 

powerful test of this new reconstruction constant set. Figure 

4.9 shows the scatter plot of AA for the beam track versus the 

X coordinate of the artificial apex. No fitting of these points 

has been attempted because of the wider spread of the points 

than previous cases (see figure 3.4a). It appears that the 

new set of constants has probably resulted in an increase in 

the differences in the dip angle of the beam tracks. It does 

appear that the individual method of obtaining each constant 

set results in it being only suitable for its own geometric 

reconstruction procedure. 

(vi) The two-view Procedure - For a long time the 

three-view geometric reconstruction programme (THRESH) has been 

used successfully for bubble chamber analysis. Up to now for 

the present experiment we have not yet obtained any satisfactory 

set of constants for reconstruction (in particular the optical 

distortion coefficients) despite repeated efforts. The use of 

only two-views for geometric reconstruction is permissible 

provided the best two-views (the line joining these two appro-

priate camera lenses is most nearly perpendicular to the track 

in the X Y plane) are chosen. The two appropriate cameras for 
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the present experiment are camera 1 and 4 (see figure 2.3) 

because most of the particles having a high energy especially 

the beam track would travel very fast in a forward direction 

in the chamber, thus yielding the best stereoscopic condition. 

For camera 3, the view is more tangental to the tracks, and 

thus would not, give a very good result as it would broaden the 

average, values for reconstructed points and tracks. 

As a check the measured beam tracks were thoroughly 

processed through BIND and THRESH to ensure that the two data 

yielding views for reconstructing points and tracks were adequat 

and reliable enough for data analysis. The observation of the 

AA distribution and the scatter plot of A7 against the 

artificial X coordinate of the apex in figure 4.10 (a - b), 

suggests that on average the differences in dip angle consis-

tently lie about 2.5 m-rad away from the zero axis through the 

chamber. This correction has therefore been applied on a sample 

of 40 events before GRIND and the resultant beam stretch function 

distribution as shown in figure 4.11. The uncorrected distribu-

tion curves normalised to the data are also illustrated in 

figure 4.11 and show that the beam dip angle stretch function 

distribution is still pecked at a negative value. 

Furthermore, the author has tried'to run GRIrD on 

these events with an increase in the control errors for momentum 

instead of correcting the beam dip angle. This allows a larger 

adjustment in momentum-range during fitting. This leads in turn 
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to an improvement in the dip angle stretch function distribu-

'tion (figure 4.12) and gives the peak at the right position as 

expected, but the width is narrower than it should be. Although 

the method described gives a satisfactory result as far as 

systematic errors are concerned, it is not justified due to 

the fast proton inconsistency at high energy. 

4.4 Summary 

In conclusion, the author found that after all 

possible attempts to eliminate the differences in beam dip 

angle were completed and tested, it was not possible to correct 

the remaining distortion in the chamber perfectly. 	The 

slow/fast proton inconsistency is partly due to the distortion 

of the chamber and partly due to an inability to measure the 
degree of 

different curvature tracks to the same/accuracy (see section 2, 

Chapter 8). Despite this, in order to obtain the best beam 

stretch function distributions and the best invariant mass 

distributions, it had been decided to use the three-view geo-

metrical programme (THRESH) with a 7-parameter fit for the 

optical distortion coefficient. In addition to this, the length 

dependent correction (method (ii) ) for the beam dip angle is 

considered to be necessary because most of the tests described 

have shown that somehow the distortion varied along the chamber. 

An appropriate increase in fitted errors for the uncertainty 

in the procedure vas also. taken into account. 
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CHAPTER 5  

GENERAL KINEMATIC PROPERTIES OF PARTICLE PRODUCTION 

5.1 INTRODUCTION  

The three most important kinematic features of 

high energy nucleon—nucleon collisions are:— 

(i) Nature of the number of secondary particles 

and the energy partition amongst these. 

(ii) The distribution in angle, energy and transverse 

momentum of the created particles. 

(iii) Correlation between properties of the secondary 

particles. 

These are all accessible for investigation. 

The inherent symmetry of the proton—proton collision 

in the initial state, and the fact that these particles are 

charged, makes this interaction easier to investigate than 

i. the meutran—proton collision. At low, multiplicity the baryons 

are strongly collimated in the forward and backward direction 

while the mesons are less well collimated. Such collimation 

decreases with the increase in multiplicity up to a six body,  

final state(54). The meson angular distributions are found to 

be isotropic (in this case the baryons are also distributed 

nearly isotropically). As more pions are produced more 

resonances are likely to occur, or conversely, the increase 

of pions may be due to the baryon resonance production. Thus 

— the decay distribution of such resonances results in a 
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decrease in the forward backward peaking of the individual 

particles. Furthermore, the tendency towards greatex' isotropy 

at high multiplicity is consistent with the idea that the 

more complex, highly inelastic, reactions occur in the low 

partial wave. 

The general features of transverse and longitudinal 

momenta in terms of the final state multiplicity can be 

briefly described(56):- 

(i) The transverse momentum distribution Pt of each 

lndf.vidual particle in the final state is independent of 

-particle type but the averaged transverse momentum shows a 

slight tendency to move to higher values for heavier 

particles. 

(ii) As the shape of the Pt distribution is particle 

independent, 	1: IP*t  I the sum of the magnetudes of Pt  for 

all final state. particles has , a similar shape for the full 

range of multiplicities. The peak of this distribution how-

ever narrows with increasing multiplicity. 

(iii) In the C.M.S. 	the .longitudinal momentum of 

each particle is, in general, randomly distributed in the 

forward and backward direction, but, the peak of the distri-

bution df the sum of the magnitudes of Pt  for all particles 

( 7;1 p!I) shows a characteristic shift to lower values with 
L 

increasing multiplicity. 



115 

Missing mass distribution - Poi a given 
mass assignment to each track of an event, the quantities 
missing mass, missing energy and missing momentum, are 
calculable from the measured and fitted values and the expe-
rimental errors, as described in Chapter 2. 

Thus, if 	Em = X; 1  E. 	is the missing energy E 

and = 	p 	is the missing momentum in the mx 	i ix x-direction 
then 	Mm the missing mass is given by:- 

2 
Mm 

2 
( Ei) - ((EPix)2  (Z, 19y) ÷ (ZiPij) 

 

(5.1 

 

In the case where all the particles produced are 
observed, and therefore the missing quantities are almost zero, 

2 
the distribution of the squares of the missing mass(M m) is 
not centred around zero, but shifted to a negative value. 
This striking feature of the distribution of this quantity 
is shown in figure 5.1a for the 16 GeV pp-----,pp 114-i reaction 
and is accompanied by the distribution of the squares. of the 
corresponding errors in figure 5.1b. The scatter plot of 
these quantities is also shown in figure 5.1c. 

A possible mathematical explanation of this shift 55)(  
is as follows:- 

Consider a Taylor expansion of equation (5.1), keeping 
termsuptothesecondorderin Pi, with the following two  
assumptions:- 

(i) only the error in the momentum (pp) is con- 
sidered since AT and 	are small and can be ignored. 

(ii) Pp is normally distributed about zero. 
Now 	Eo = El Eoi  the true missing energy = 0 
and 	Po = ,E;Poi  1 the true missing momentum = 0 
where 	✓  = 	

, 
m.I  ni are the direction cosines for'the ith  particle 
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The expansion of equation (5.1) can be written:i" 

2 
Mm 	 [ Eoi 	Ei Er,.Ek .6 pi

Ja 
	Apii} 

ZI)ssli nt,n f zioDom 	( Pi vi)°Pi 
2 

+ 1 z z  E 14  Api  A5 I 2 3pi  .ap  

From the assumptions. described we obtain:— 

****** (5.2) 

APj APJ  = 0 	where 

and 	Z Eoi 	= Poi 1i 	0 

...Thus the missing mass formula becomes:- 
2 	2 

Mm= 	I Z BZ2,16iP 1 	k E -a (E P 11)4P1 	 (5.3) i aP1 	1 	Jv i DP 	J 	1  1 

Let 	— p. = vie (the velocity of particle/velocity of 
3 pi 	 light) 

= 

2 2 2 -I' M +n 	= 	1 	then, 

	

M. 	Mm = E A — 1) 46' 92  
2 

 

(5.4) 

 

Thus the calculated value for the square of the 

missing mass eqn (5.4) is always negative because 



5.2 The Single Particle Distribution for the centre of Mass  

System (C.1:1.5.) 

The general 'kinematic properties for the individual 

particles in the final state:.  
- 

PP 	 PP TT 
+ rr 

are discussed and an attempt has been made to fit some 

statistical models to the experimental data. 

5.2.1 Angular Distributions - A scattering or 

production angle (0) is used to describe the configuration 

of a particle, or combination of particles, in the final 

state. This angle is defined by :- 

Cos0 	= 	ff  • f.   (5.5) 

where. 7ff  and :Pi are unit vectors in the direction of the final 

particle (or combination of particles) and the incident 

particle (proton) respectively in the overall centre of mass 

system. 

,Pigures 5.2a - 5.2c show the actual C.M. angular 

distribution of the protons and the pions for reaction (1). 

The forward/backward peaking of the protons aldng the incident 

particle direction suggests that some peripheral mechanism is 

important in this reaction. The pion C.M. angular distribu-

tions are less sharply peaked than those derived for the Protons 

One of the main difficulties in the quantitative analysis of 

high energy proton-proton interactions is distinguishing bet-

ween two protons and other high energy particles in the final 
in 

-state. On account of the inherent symmetry of this reaction/the 

(1) 

* An asterisk denotes the quantity in the C.N.S. 
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C.M.S., one would expect the forward to backward:scattering 

ratio to be zero for any particle. In practice this is not 

so. Several selections have been made, in order to eliminate 

two protons produced in the same hemisphere, and so reduce 

the number of the misidentified fast particles. The ratio 

(forward - backward)/(forward + backward) for protons and pions 

for various cases are listed in table 5.1. A small excess of 

backward pions indicated that some misidentification has 

occurred. 

Figure 5.3 (scatter plot of Cos0;+ 	versus Coseff.) 

shows further evidence of peripheral collisions. One can see 

a clear depopulation in the central region. This correlation 

suggests that about 2/3 of the events involve two pions travell 

ing into the same hemisphere, or away from the same vertex. 

This corresponds to neutral exchange which could well be 

associated with the enhancement of the low ( 	), mass. 

The remaining 1/3rd of the events (where the pions travel 

into opposite hemispheres or away from different vertices) 

correspond to charge exchange. 

5.2.2 Transverse and longitudinal Momentum - Very 

early workers(56'57)  drew attention to the fact that the mean 

value of the transverse momentum component .<4> for 

secondaries always was approximately 0.4 GeV even though they 

are produced from the nuclear collisions of primaries with 

widely varying energies., Furthermore the shape-of the Ft-

distribution is always the same. Therefore it has become 
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TABLE 5.1  

Backward-forward asymmetries for protons and 

f = no forward b = no backward 

The excluded events (Proton) 
f-b 

( Ti+) 
f-b 

(Tr) 

f-b 
f+b f+b f+b 

_ 
-44/3096 -82/1548 -60/1548 

where two protons 
travel into the 
same hemisphere 

0/1312 -106/1506 -56/1506 

-t(p - p)<0.05(GeV)2  -44/2444 -58/1222 +10/1222 

where the quality 
of film is bad -38/2538 -47/1269 --21/1269 

TABLE 5.2  

Particle 
. 

<It> 
' 	(MeV) 

P 403 

r+ 259 

17-  * 357 
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common practice to assume that the distributions may be 

represented by the relation:- 

N (P*t  )dP = 	t 
exp(-1?)-4-)dp: 

2T 	4 g 

 

(5.6) 

 

where 	= the transverse momentum in c.n.s 

G = standard deviation (this implies that P 
Y 

and P are both normally distributed; 
* 	zi 2y 

 Pt  JP + Paz  ). 

and that the distribution P is in insensitive to the physical 

characteristics of the interaction. For proton-proton 

collisions of fixed energy, the transverse momentum distri-

butions of the secondary particles fit, with reasonable 

accuracy, the simple exponential expression:- 

dN/clidkt  a 	exP (--P:/4) 

where A 	165 MeV. This value is found from 10 - 30 GeV 

pion production work as well as cosmic rays data up to 105 

GeV(58). 

Recently, however, with somewhat better statistics, 

several attempts(54'57'59)  have been made to fit the observed 

distribution of Pt with various analytical expressions. 

Satisfactory fits have been claimed proving consistency of the 

Pt distribution law in all physical situations so far investi-

gated. However, other authors(59)  have obtained contradictory 

results in which the form of the Pt distribution is sensitive 

to the various physical parameters of the interaction (e.g. 

primary energy, nature of the secondary particle, etc.) 

In particular it has been claimed that the Pt-distribution 
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for baryons obeys a Boltzmann-type law, while the law for 

pions is a superposition of two such disti'ibutions with 

Widely different numerical parameters. For the pion case the 

mean value of Pt is almost constant and independent of the 

details of the meson production process. 

For the interaction of interest with four particles 

in the final state: 	1 + 2 	+ + 5 +6, 

Wu and Yang(57)  suggested that the "fall off factor" for the 

sum of the magnitudes of Pt  ( 
4 A 
ZIPtOshould vary as.  
it 

exp (- F rr v0.3 ) . 

The actual transverse momentum distributions for the 

protons and pions produced in reaction (1) are shown, with 

fitted curVes, in figures 5.4a - 5.4b respectively. The 

mean transverse momentum <Pt> for. each final particle is 

listed in table 5.2 and the distributions have been fitted 

to the function:- 
* , 

N (Pt) G( Pt  exp(-Pt/A)   (5.7) 

This is the simples model which can give a reasonable 

description of the experimental results. The fitted value 

from this experiment is in good agreement with the early work 

as described, yielding:- 

A = '165.9 + 2.1 (MeV) 	for pions 

and .A = 198.8 ± 2.2 	for protons 

The distribution of the sum of the magnitudes of the 

transverse momenta .for all particles in the final state of the 
reaction pp --"pp Tr+T-F is shown in figure 5.5. 
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The most remarkable features of the longitudinal 

momentum in the C.M.S. (PL  ) of the proton at high energy 

in figure 5.6a are the maxima (in the forward and backward 

direction) where the Lorentz invariant phase space prediction 

(dash curve) does not agree with the experiment data. This 

result is to be compared with the distribution in PT for 

pions, which are distributed in a small interval around zero 

as shown in figure 5.6(bA),The curve shows the characteristic 

normal distribution. 

5.3 Correlation Between the Particles in the Final 'State  

A number of kinematic variables are computed from 

the vector momenta of all tracks as evaluated by the fitting 

programme (GRIND). These variables each possess certain 

distinct properties which may be used to study the behaviour 

and the correlation between particles produced in an inter-

action. 

5.3.1 The Invariant Mass - The variable used in 

the investigation of mass correlation between particles (in 

particular resonances) and a combination of particles in a 

given final state, is th9 "effective mass". This variable 

is Lorentz invariant and is usually plotted as a histogram 

or ideogram. The invariant masses (or effective masses) of 

any group of particles in the interaction is defined by:- 

Meff 
 

= 	Zi el) 	(E; 	i°21) 4.(Zi P301 

 

(5.9) 

 

where E. denotes a summation over the chosen group of particles, 

( e. 3  p. 11 
 p- 2f  p. al ) is the energy momentum four-vector of particle's: 

3  
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The phase space prediction disagrees violently with 

all experithentally observed distributions and .is not suitable 

for describing the non-resonant background. The deviations 

from such a phase space distribution indicate the existence 

of some form of interaction between the particles concerned. 

This-may be due to the formation of a single short lived 

state (a resonance) decaying into the observed particles, or 

the deviation may merely to due to kinematic effects. 
their frequencies 

These distributions are generally plotted according to 

Three and four body final state problems, however, may,use-

fully be displayed in the form of "Dalitz" or Triangle" plots 

respectively. Their significance in relation to physical 

representations will be discussed in Chapter 7, fig. 5.7 (a-g) 

show the general invariant mass distributions for all combina-

tions of the particles produced in reaction (1). Note that 

in fig. 5.7 b,c and d each event is plotted twice. tt+  (1236) 

is a dominant feature of the P T114-  mass distribUtion, indicat-

ing that a large fraction of the events proceed through a 

Q++ f— process. - The major peaks present in the prrrr 

mass distribution are at about 1.5 and 1.7 GeV. A minor 

peak is also present at about 2.0 GeV. There is some indica- 
Aeo 

tion of Z(1236), N (1470) and N"(1688) in the prr mass 

distribution, and very weak evidence for f°  production in the 

tell' mass distribution. No indications of resonances in the 

pp and pprr
± distributions are to be seen at all. 
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5.3.2 Angular and Four Momentum Transfer. - The 

production angles for a given particle combination, in its 

rest frame, area guide to the type of interaction taking 

place. They are particularly useful when the particle com-

bination forms a resonance. 

The production angles are linearly related to 

other kinematic variables as follows:- 

(i) Decay angles Q  and 0 - These two angles are 

known as Gottfrid-Jackson and Trieman-Yang angles respectively. 

They are usually meaningful only with interactions involving 

resonances. Distributions of these angles are used to test 

the production mechanism in operation, since these angles 

are determined by the spin and parity of the resonance. 

The choice of the cartesian coordinate reference 

system is arbitrary. The axes are chosen, in this case, to 

be orthogonal in the resonance rest frame of the production 

process in the following manner. Consider figure 5.8a which 

illustrates the reaction:- 

a 	b 	 c + d (resonance) 

where "d" decays according to the relation 

	

'd 	> a + 13 

We will here denote the momenta in the C.M.S. by a!, 

b*, 	d*, pct and 	and used a, b, c, and cc for the J3 
corresponding momenta after the transformation into the d-

resonance rest-frame. 
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In the overall centre of mass system (see fig.5.8b) 

a  • 	and b 
 • are one straight line while c*  and d*  form another 

line. These two lines define the production plane (i) and 

can be taken as the plane of the paper. 	d, a,* and 

define a second planecalled the decay plane which intersects 

with the prodution plane at an angle 0. By choosing a trans-

formation into the rest-frame of the d-resonance, we are able 

to reduce the number of variables which define the direction 

of the decay particles. The production and decay planes 

remain unchanged with e, 1? and c*  changing to a, b and c 

as shown in figure 5.8C(ii). The most significant consequence 

of this procedure is that M andj2are equal in magnitude and 

opposite in direction. 

The Y-axis is chosen along the direction of the 

normal to the production plane and +z is the direction of 

the incident particle. 
A 

We define 	n a A C ~ -4  

liqA  'CH 

The X-axis lies in the production plane. The 
A 

unit vector in this direction is then given by n A 
Pit 

where particle ne" is exchanged in the mechanism producing 

the d-resonance. 

The decay angles 0 and 0 are the polar and azimuthal 

angles respectively, of the decay particle x (or O) in that 

system, and they are given by the following formulae:- 
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Cos 
• ii2119;1 

 

(5.10) 

 

Cos 0 	QAQ bAcc   (5.11) 
1,gAcl 1bAkci 

0 

Sin 0 	hn(gAc..)  • bAcx.   (5.12) 
p2A(52AQ)1 

is generally defined 	that 0 = 0 in the production plane. 

(ii) The Four Momentum Transfer - The square 

of the momentum transfer is andther useful kinematic variable 

for studying the kinematics of scattering with greater 

precision. Theoretical predictions may often be written 

more simply for scalar particles (without both spin and iso-

spin) in terms of this variable. 

The field theoretical treatment based on the 

"Feynman diagram" and. the formalism developed by Mandelstam(61) 

introduces three Lorentz invariant scalar variables, s, t and 

u. They are defined as follows (see fig. 5.9) :- 

(1) The "S. " variable 

S ( + 
2 

= 'P3  +'p4 



T 

Fi9. 5.9 
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(2) The "t" variable 

2 

t = .("P•1 -133 = (P2-13) 

2 	 2 
( e l  - e3 ) - ( 151 -15s ) 

(3) The "u" variable 

2 
( P1 -  PA) = ( P2 -133) 

2 	 2 
( 	 131  

th. where 	. = the four momentum of the 1 particle 

e.1  = the energy of the ith  particle 

.th pi  = the three momentum of the 1 particle 

mi  = the ith  particle rest mass 

and 	i = 1, .... 4. 

Prom the conservation of energy and momentum in the C.M.S. 

P3 = B 3 	= — TD4 

• 	9 1- P2  + P3 + Pt. 	0 

= M.
2  

j 	I 	.1 • • • 4 ) 

This results in the relation:— 
2 	2 	2  S + t -I- U = 	M1 + r172

2 
 + M3 + m3  = E M. 

i 	I 

 

(5.13) 

 

Due to the dominance of the peripheral production 

mechanism at high energy, the "t" variable is the most widely 
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used and can be written precisely as:- 
2 

t = 	( ei  e,3) 	
151 

2 	-2 e + es - 2e1 e3 - p1 - P9 + 2 R 33  ) 

( M2  + M23  — 2 ( el  - p1  ps  Cos )  	(5.14) 

The physical region of "t" is usually negative, and g 

is the angle between vet'tor P and P . 

The experimental ti  and t2  distributions for slow 

proton, t1  (target-ps) 'and for fast proton, t2(beam-pf), 

in the final state: 

P 	p 	Ps  + Pf  +   (1) 

are separately plotted in figure 5.10a and b respectively. 

It is found that for small values of (t ( the ciG/dt dis-

tribution can be reasonably fitted by the formula 

-At du/at = e 

Where A is called the slope, since the logarith of 	is • 

usually plotted against a linear scale of t. The more 

elaborate formulation 

dcr/dt = 	e -bt + Ct2 	
• • • • ****** (5.16) 

gives a better fit to the data and extends over a large range 

of t-values. Both fitted curves are also shown in figure 

5.10a,b for t1  and t2  respectively). In addition, extrapola- 

tion of the fitted curve to formula 5.15 for t 	o yielded an 

estimate of the number of missing events due to slow protons 

of inadequate energy to produce clear tracks. 

(5.15) 
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Table 5.3 lists typical values for expected track 

lengths of protons produced when the four momentum transfer 

has the values tabulated in the.t-column. 

The logarithm of t distribution is displayed in 

figure 5.10c; missing 4-constraint fit candidates were 

estimated by extrapolation of the fitting line for t1  and t2, 

with A =3.84+0.21(GeV)-2, down to the lowest t-value. This 

value was taken into account for the correction of cross 

section calculation (Chapter 3, section- 3). 

The significance of the angular distribution in 

relation to the physical mechanism is discusped in Chapter 7. 
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CHAPTER 6 

THE THEORETICAL SITUATION AND MODELS. 

The popular and fundamental field of high energy 

physics has a certain duality which is, at present, apparent 

in the use of an alternwpliye name: "Elementary particle 

physics". One of its main tasks is the study of all properties 

of elementary particles: mass, spin, isospin, parity, electo-

magnetic properties, decay properties and the existence of 

excited states, etc. The high energy collisions which have 

been studied up to now mainly include the most common among 

the strongly interacting particles; viz: nucleons and pions. 

Data for kaons and anti-protons is relatively scarce. The 

best known type of collision is the proton-proton encounter, 

and the limited evidence available points towards the fact 

that all strongly interacting particle collisions have similar 

qualitative properties. 

It is impossible to present, or interpret, experi-

mental results without an appropriate set of concepts and models 

of the interaction. Such models are especially necessary for 

the discussion of strong interactions, but in this case there 

is the further difficulty that the nature of the forces with 

strong coupling constant (G2 	'4) is not completely known. 

Weak interactions, in comparison (g2 	10-15) can be more 

rigorously analysed. 
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This chapter is devoted to a brief review of the 

various theoretical situations and models available fOr 

Nucleon-Nucleon (N-N) interactions. The main emphasis is 

placed on the treatment relevant to the analysis of high 

energy inelastic scattering. 

6.1 The One Particle Exchange Models (OPM) 

An approximatio4„,,wpich introduces an intermediate 

resonance state in the s-channel, is very useful in certain 

physical situations such as TI-N scattering, but it has little 

application in N-N scattering because no bound state with 

baryon N2.=2 exists at high energy. Therefore the concept 

of exchange in the t-channel, which has already been introduced 

in electron proton scattering(6), has been developed and now 

plays an important role in the description of peripheral 

phenomena at high energy. 

Many inelastic reactions are characterised by the 

forward-backward peaking of the production angular distribution 

in the C.M.S. which corresponds to small four momentum transfer. 

This distinct feature suggests a peripheral interaction. Por 

instance, in the case of inelastic N-N scattering, one would 

say that the interaction takes place in the virtual pion cloud 

of the nucleon and not with the nucleon itself. 
(64 

The "Peripheral Model" or "One Particle Exchange Model" 

can be represented by a Feynman diagram. Figure 6.1a shows a 

generalized inelastic process of the type:- 

a + b 	c + d   ( 6.1) 



C 

e 
2 

(a) 	Quasi - two - body 

(b) 	Absorptive diag. 

(C) 	Diffractive Scattering 
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Fig. 61  
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The incident particle 	interacts with 'b' by the exchange 

of particle "e". 	c and/or d can be either single particles 

or resonances with definite spin, parity and isospin quantum 

numbers. In the latter case these are called "Quasi-two-body" 

reactions. 

Chew and Low(62) were the first to consider the theory 

of peripheral inelastic..W9 cesses. They considered extrapola-

tion from a physical to an unphysical region. One considers 

that any diagram with a One Particle Exchange (OPE) contri-

butes a---pole to the scattering amplitude of a physical process. 

This pole is assumed to arise from a singularity in the 

relativistically invariant square of the four momentum transfer 
2 

( 0 	) of the exchange particle. The :exchange of the lightest 

particle (pion), which has the longest effective range, gives 

the nearest singularity to the physical region.. 

The central physical principle employed in this model 

is. the existence of poles in the matrix element Mci  of the 

figure as shown in diagram 6.1a. This corresponds to single 

'particle exchange and has the following general structure:- 

Mfi . 	= 	MI  (L2.1,11%) A2: 	m:   (6.2)  

where e is the mass of the exchange particle 

/
2 

= 	-t = the four-momentum transfer, taken as 
positive in the physical region. 

- 

- 

ec 

Mc  

ea 

Ino  

2 

2 

2 

= 	( Fa - 

2 
( 	pa)}  

- 2 ( ece, - 13c.  

i9J2  

• Pa)} 	 (6.3) 
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• 

4  -1 
ca-  -I- Me  = the propagator of the exchange particle, and 

• 

M ,M = the appropriate function for the vertices I and II A in, figure 6.1a. 

Scattering appears to proceed by pion exchange, for 

N-N interactions. Here, for instance, the vertex factors 

squared and summed over initial and final spins are given in 

Born approximation(66) y:- 

2 

I fripmi 

	

2 	2 
/ 

	

G 	t ,fit N = 	,or n 

2 	2 	
2 

m +rn )_ 
73  I-711 

G 
Pir°  71-17-1 	P A i2  

2 

(m4 -  MP 

A = ,61.4(1236) 

The coupling constants are given by GITTN/417 = 15 

and GIF,TTA/41'r= 2.5. 

Due to four-momentum conservation at the vertex I of 

figure 6.1a, the j
'
value is equal to. the four momentum of the 

exchange particle "e" (the pion). From equation (6.3) it can 

accordingly be interpreted as the negative square of the virtual 

mass of e. 

The peak in the differential cross-section for the 

distribution is due to the propagator ( 
2 	

ree  )-1  and to 

the vertex function. One can see clearly that the cross-section 
• 

(6.L.) 
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has a pole at the unphysical point ( a =. 	), when the 

exchange particle "e" is sufficiently near to the (real) mass-

shell for any vertex to be approximated by the lowest order term 

in the perturbation expansion. 

A vertex is then approximately equal to the matrix 

elements for the physical processes:- 

a 	e 

b + e 

 

	 (6.5 

 

These matrix elements are proportional to the coupling constants 

for the two vertices. The exchange particle must conserve all 

relevant quantum numbers at each vertex. 

Qualitatively this simple model describes the gross 

features of reaction (6.1). In general, however, the model is 

quite inadequate to reproduce the observed differential cross-

section ( c1G/d62,), for the experimental results are more peri-

pheral than that predicted; i.e. the observed distribution falls 

off quicker than the predicted values. 

6.1.1 OPEM with Porm Factor - The model discussed 

above was soon modified to improve the agreement with the 

experimental results. An empirical t-dependent Form Factor(65)  

was introduced' to account for the off-the-mass-shell correction 

due to the virtual nature of the exchange particle. 

A discussion by Ferrari & Selleri(65)'for 

processes in which virtual ir+ 	 N shows that  the 

amplitude for such a vertex is given by a known function of the 
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energy and momentum transfer multiplied by a "pionic form 

factor" F
2 	 z 

( p ) for the nucleon. Thus F ( 	) is an empirical 

form factor in the perturbation theory formula and requires 
2 	 2‘ 

normalization at the pion pole, 6, 	
2 
 F(--mv ) = 1 ). The 

coupling constants are defined in terms of a pion on the mass 

shell. This form factor, when fitted to an experiment, rapidly 

decreases with increasing,44 and should be valid at any energy 

for One Pion Exchange reactions. 
2 

At high energy P( L. ) does not cause the cross-section 

to fall sufficienty rapidly, particularly for vector meson 

exchange processes. To obtain a reasonable agreement with the 

experimental distributions, the form factor can be readjusted. 

However, this procedure is not satisfactory as it reduces the 

model to mere curve fitting. 

6.1.2 Absor•tion Model - Another possible improvement 
(R) 

to the peripheral model for high energy is Gottfried & Jachoon s 

absorptive peripheral model. The idea is to modify the One Leson 

Exchange model to include absorptive effects. These are con-

sidered as due to competition from the various inelastic channels 

by elastic scattering in the initial and final states. This is 

shown in figure 6.lb. 

It is assumed that, at higher energy, more complex 

reactions are favoured and that these are less peripheral and 

characterised by small impact parameters with large momentum 

transfer. They may be allowed for by. absorbing or suppressing 
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the low partial waves in the amplitude of the corresponding 

quasi-two-body reaction. The absorption thus produces an 

appreciable reduction in cross-section and a pronounced colli-

mation of the angular distribution. Hence the peripheral 

interactions with higher impact parameters are relatively un-

affected. Thus the model provides a natural explanation for the 

highly peaked angular di ,,turf 	previously described by 

ad hoc form factors, but, because of the importance of the decay 

correlations of resonances, the spins of the particles have to 

be properly treated in a consistent way (viz. example in ref.67). 

The amplitude is written using the Distorted Wave 

Born approximation. Necessary information concerning the absorp-

tion is obtained from the on-mass shell elastic diffraction 

scattering at high energy. In the initial state, this may be 

taken directly from experiment, however, the final state 

scattering of the resonance is unknown. This scattering is 

usually assumedto be stronger than the final absorption. The 

beSt agreement with the model is expected at small's, and large Sy 

where many channels are opened. However, the model has mainly 

been formulated for; a quasi-two-body final state. 

Further modifications can be made by using vertex 

form factors. With these two corrections the model gives a 

slightly better account of the decay distribution of resonances, 

essentially by introducing more parameters. The model is in 

best agreement with experiment at low 4 ; this is not greatly 

different from the distribution predicted by single particle 
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exchange. The model has little success in the case of the 

vector meson and for high spin particle exchange(79).  Under 

the absorption model, only the 2f-dependence of the amplitude 

is modified but not the s. The same problem of an increasing 

cross-section is encountered for J > 1 due to the form 

of the amplitude. 

6.1.3 Diffraetiyef 	 Drell and Hiida(68)  

pointed out another important consequence of the peripheral 

effect in N-N scattering; namely the diffractive scattering of 

the virtual exchanged particle at the baryon vertex (Nucleon 

cloud). M.L.Good and W.D.Walker(68)predictedthat these diffrac-

tion-produced systems should have an extremely narrow distribu-

tion in transverse momentum that is characteristic and, further-

more, that the final particle or resonance should have the same 

quantum numbers as the initial particle in spin, isotopic spin 

and parity. 

Consider a proton-proton interaction of the same 

type as reaction (6.1) : 

i.e. P 	P 

 

p + N 

 

( 6.6 

  

The predicted cross section for N by the Absorption 

of Form Factor Peripheral Model decreases strongly with energy, 

whereas the experimental values are nearly constant(87) 

(the N
* 
cross sections of ref.87 are reproduced in figure 6.2). 

In this case the predictions of the Diffraction Dissociation 

Model probably give the best agreement(79). 
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Figure 6.1c shows a Feynman diagram for the 

scattering, in the cloud of the target nucleon, of a pion 

from the incident projectile nucleon (i.e. p1  dissociates at 

A into a virtual pion (shown dotted) and a nucleon NA  or PA). 

The reaction is of type (6.6) where N*4-  may decay into an 

tTior NA +1"1. The elastic (T7 P2) scattering of the virtual 

pion from the vertex A atvrvortex B is a diffractive dissociation 

high energy process, so that the outgoing Tr and proton will 

have almost the same momentum as before, which is independent 

of the-momentum of p2  . The :pion-leavingvertex B with high 

momentum then takes part _in the final reaction with NA or AA 

to form the N*+  resonance. ' 

The most important points of this mechanism can be 

summarized as: 

The differential cross section for the dissociation 

A 	rr may be taken as independent-of the momentum of 

p2 • 

(ii) NA  and the pion leaving B have approximately the 

same velocity and therefore the cross section for them to combine 

together to form an isobar will be large. This is a low energy 

effect, and will be approximately independent of the momentum of 

p2 ° 
(iii) For a high energy elastic reaction at B, the cross 

section is approximately independent of energy. 

Since the three cross sections described above, 

for A, B and the final interaction, are all independent of pt , 

then the overall cross section for the reaction.(6.6) may be 

.expected to be approximately constant. 
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resonances. These, so called "Regge Poles"  correspond to the 
poles of the scattering amplitude f ( I , s) that move in the 
complex angular momentum plane as the energy - varies. The posi-

tion of a Regge pole as a function of energya(s)- is called a 

"Regge Trajectory", where s is the square of the c.m. energy. 

The Regge trajectory correlates particles (bound 

states of different angular momenta and resonances) having the 

same internal quantum numbers (i.e. baryon number, isospin, 

parity, etc) and the same,,,parity. The spin however may differ 
by units of two. The set of resonances associated with a 

trajectory are called "Regge recurrences". A sample of a set 
of pictures (known as a Chew Frautschi diagram) are illustrated 
in figure 6.3. 

In Regge theory applied to high energy reactions, the 

concept of one particle exchange is replaced by the exchange of 

a whole Regge trajectory in the t-channel. The asymptotic 

scattering amplitude (A) for.the exchange of a Regge trajectory 

a (t) may be approximated by the expression:- 
a(t) 

A 	 (t) y (t) (E.)   (6.7a) 

and 

or 

+ t exp (-i na(t))  
Sina(t) 

exP(I-a(t))  
Sing:a(t) 

expri2a(t))  

Cosr2r-a(1) 

(6.7-0) 

for = r = +1 

for 	=--• -1 

where 	Z: 	= trajectory signature 
a(t) 	11 	 parameter: real -for t < 0 

ima. for t >0 

3(t) = residue function. 

So  = scaling factor. 
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The results of Regge on the behaviour of A for 

predict some effect on the exchanged particle. 

Using the relation between total cross-section (GT ) and the 

imaginary part of the amplitude in the forward (t=o) direction, 

the total cross-section can be written in the asymtotic limit 

form as:- 

	

(1) a
t (o) 
  (6.8a) 

The characteristic Regge-energy dependent differential cross-

section is then written :- 

dt 	so

) 2 ai(t)-1  

 (6.8b) 

where al  (t) is the leading trajectory. 

The Regge theory in addition predicts that (a) the 

diffraction peak should shrink with increasing energy, and 

(b) that the dips occur in do/dt distribution correspond to the 

vanishing of the spin-flip amplitude. This is illustrated in 

the case of the charge exchange process rip 	> T151 where 

only P-exchange can occur. The extrapolation of the F-trajecto- 

ry on the Chew-Frautschi plot (fig. 6.3) intercepts the s axis 
. at Rea(s) = 0 at a value "4:10.6 (GeV)2  corresponding to the point 

in the do/dt distribution where a dip is seen experimentally. 

Furthermore experimental data from TIN scattering suggest that as 

S----.00 jar---$.constant which requires that a (o) = 1 for the 

leading trajectory. This phenomenon is known as the Pomeranchuk(I 
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trajectory
(67) and is assigned a positive signature with 

al  (o) = 1. A purely imaginary forward amplitude is implied, 

and zero isospin (I = 0) is necessary for it to couple in a 

17nresonance with I = 2. Good qualitative agreement with 

experiment is thus obtained (see application in reference 67 

for example). It should be noted that P has all the quantum 

numbers of the vacuum, except spin, and so it is an example of 

a "Vacuum trajectory". This property allows it to be exchanged 

in all elastic reactions and is supposed to dominate all high 

energy scattering processes. 

(70,80) 
6.2.1 Double Regge Pole Model(DRPM) 	Unfortunately, 

due to the complexity of the problem, both our experimental 

knowledge and theoretical understanding of multi-particle produc-

tion have remained at a considerably lower level than that for 

Quasi-two-body inelastic reactions, for which we can make re::_ark-

iable predictions on the constant total cross-section, the imaginar 

scattering amplitude and the shrinkage in the diffraction peak. 

Nevertheless, some progress has been made over the last few years 

using the "Multi-Regge Pole Model" which covers reactions in which 

more than two particles (or resonances) are produced in the final 

state. 

The Double Regge Pole Model of Chang-Hong-Mo, 

K.Kajantie and G.Rgnft(70)  is a special case concerning hadr.on 

production processes in which three final particles arle produced 

at high energy as depicted.in figure 6.4a for the reaction:- 

1 	2 	+ 4 + 5 

 

(6.9) 

 



—Fig. 6.40 

16.2 

Small V 

I Small S94 

II Small S45 

g Small S35 

Fig. 6.4 b 



S = .the total energy squared 

2 2 2 
S34 	S45  ÷ S35  - M3  - 	M5  

	(6.10 

	(6.11 
2 

S = 	+ p2  
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In fact, the exchange particles a and b can be either 

physical particles (double peripheral picture) or Regie 

trajectories (double Regge pole picture). As the model is 

obtained from an extension to the Regge pole model for quasi-two-

body reactions at high energy, various relevant conservation lays 

at each of the three vertices are still needed; furthermore 

because of the peripheral nature of the reactions the four-

momenta at vertex I and II (t130  t25 ) should, in practice, have 

low values. Some important properties of the Double Regge graph 

are proposed by the authors of reference 70. These are expected 

to be valid only for non-resonant events which correspond to the 

centre of the Dalitz plot (region IV of figure 6.4b) where all 

two-body effective mass is large. 

2 
Here, 	S34  = ( p3  + P4 ) and similarly for 345  and S

35 

wherePi  . th = the four-momenta of i particle. 

Several important kinematical consequences of reaction (6.9' 

can be summarised:- 

(1) In C.M.S. particle 3 and particle 5 will be peaked 

forward and backward respectively, while particle 4 

will be more isotropically distributed. 

(ii) The C.M.S. longitudinal momentum Pri  of the final 

particles (i = 3, ....5) measured in the direction 
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of beam particle 1, tend to be ordered alge.h.raically 

as follows: 

P13 > 
	P

14 
> 

13 	P15 

(iii) For any permutation of the Regge graph satisfying (ii), 

the events of that graph will be populated only at 

one corner of the Dalitz plot, when 

S34 S45  is small. 

A:1. 4  

(iv) The final particles of low mass cluster are connected 

by the exchange a, b which is taken to be Reggeised. 
(Figure 6.4a). 

The amplitude for the graph in figure 6.4a is intuitively,  

suggested as: 

r. 	tc t13 	t25 ) gt15, t25) 0) t(ti3)S2346C3it) S9b(t25) S452Ctb")   ( C. 12) 

wherella  or.yb 	the coupling for the Regge pole a orb to 

particle 1, 3 or 2, 5. 

and sp 3  yb  = signature factors 
a  

see eqn 6.7 
aCt 7 ab 
	trajector parameters 

The only new factor in addition to quasi-two-body reactions is:- 

y ( t13  t15) 	= the coupling of the two Regge poles 
and b to the particle 4. 

By analogy with the two-particle Regge pole model, one 

-also expects an approximately exponential dependence on t13  and 



where 

and 	= b + 1St log SA 5  

, 
_Cla  = a + as log S34  

	 (6.114_) 
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t25  . This has led to- the following approximate Yormula:- 

1 2a0 c.,2ab IA 12 	Bo ex P [2(C/43 ti3 	-ab t25).1 s34 °Its 	(6.13 

with nearly straight Regge trajectories 

a is taken to be approximately 1 (GeV)-2. The diffractive 

parameters a and b for each graph can be chosen as the constant 

parameters. 

In the case of 0-dependence (ref. 70) has shown that 

an amplitude strongly favours the value 0 = n and that it decays 
exponentially from this value. 

9' is defined as some azimuthal angle in the rest frame 

.of particle 4 by 

(13 AP)•(13 ^155)  Cosh = 
IRARI ip2 Ap5 1 

	 ( 6. 15 

This procedure is compared to the predictions of the Double 2egge 

Pole Model for three experiments,at CERN: 	viz. 

ftp 

  

at 8 GeV 

  

    

rFP 	> K. Y,in 	at 7 and 12 GeV 

and is described in detail as the example in reference 70. 
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The results are encouraging. The model also makes, in, addition, 

several clear predictions subject to experimental test, and is 

sufficiently general to form the basis of a systematic analysis 

of three particle data. Reasonable fits are obtained(7o)  from 

a double Regge pole model with pion exchange for invariant mass 

and momentum transfer, etc., for the reaction pp 

at 6.6 GeV as well as for''bisme higher energy experiments for 
the same reaction. 

Figure 6.5a illustrates a special non-resonant case 

-first explained by R.T. Deck(71). The reaction is similar to 

reaction (6.9) where exchange particle a = particle 3 and 
particle 2 EE particle 5. It indicates an obvious Pomeranchuk 

particle (P) exchange at the lower vertex. It can be shown that 

such a process will produce an enhancement at the low mass region 

in the mass spectrum of particles 3 and 4. This mechanism is 

,. called the "Deck effect" .and was later modified by Moar and 

O'Halloran(71)  to deal with kinematic enhancements in the final 

state for peripheral processes. 

6.2 g ,A Reggeised Multi-peripheral Model(72)  

A phenomenological model for the inelastic process 

at high energy (?,:5 GeV) is a natural extension of the Double 

Regge Pole Model (DRPM) and applied to production processes of 

the type: 

A + B 	+ 2 + 3 4- ... 

 

( 6.16) 

 

The DRPM was formerly thought to apply only to the high energy 

domain in the dsymtotic limit (large Sij  , region IV of fig.6.4b) 
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of the special case of a three-body final state. In practice, 

only a small fraction of production events satisfy such a 

criterion. 

It has been discovered that one can include all 

events, where the final particles are clusters with low effec-

tive mass, provided the structure of such non-resonant clusters 

is assumed to be governed only by phase space. This part of 

the amplitude is replaced by an effective constant which 

corresponds to interactions within the cluster. 

Let S be the incoming energy of reaction (6.16) 

defined as: 
2 

S 	= 	x. s..-(n-2) E m. 
j J 

	

whereSi  .j  = 	( P + P f j 

 

(6.17) 

 

n = the multiplicity. 

There are two alternative ways of considering the amplitude 

of the interaction:- 

1) If S is fixed when n is small, all Sid  have a 

tendency to be large and the amplitude becomes 

fully Reggeised. If n increases, Sid  become 

smaller and form a single cluster yielding a 

picture close to "statistical equilibrium". 

2) If n is fixed and we allow S to increase, the 

converse situation will arise. 

However from the model the amplitude of reaction (6.16), 

as shown in figure 6.5b, can be parametrized in such a way that 



si.  = 

Equation (6.18) 
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a smooth transition from the constant phase-space to the 

Reggeised picture is obtained as energy or multiplicity varies. 

The suggested amplitude is :- 

	

n-1 	ai  

'AI (9;Si +coy Si  +a)  (S. +b) 

	

I 	S. +a 	a 	bi  

	

1=1 	' 	 (6.18) 

where a, bi, c and gi  are,',ceinstant parameters, obtained 

(a) from well known values from other experiments 

or (b) by fitting with the data. 

and 	a.i is the intercept 	ith of the 	Regge pole. 

Variables Si and ti are defined as:- 

( 9 + 	) 	( 	+ m141 ) 

1 	2 
( P - zP ) A 	r=.1 	r  	(6.19) 

reduces to:- 

n-i 	a. 
gi 	exp Bi  + tog  	(6.20) 

1=1 

when • Si)>a and bi  

and 	B = -logbi  . 
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We see that equation (6.20) is a fully Reggeised 

multi—particle amplitude with approximations to the vertices 

for coupling constant gi  and linear approximations to the 

trajectory of slope 1 (GeV)-2. 

In practice, one obtains the amplitude of a given 

reaction by the incoherent addition of all the permutation 

pictures of the final particles, providing the quantum selection 

rule is conserved. It -is accepted that the "a" of equation (6.16) 

is taken to be fixed at l'(GeV)2  for Regge phenomenology and is 

reckoned as the boundary.between the low energy phase—space and 

the high energy Regge type events. Some implications of this 

model are relevant to the present experiment and these will be 

discussed in Chapter 7; 

This model is- justifiable since its resulting amplitudes 

have been used as a weight in all the calculations in the Monte 

Carlo phase space programme POwL(60. Comparison with experi—

ment has been made for reactions(72) • 

(i) p + (n — 1)17 

(ii) + (n — 1) TT 

where n = 3 	 9 and the energy range is from 5 to 16 GeV. 

The results are clatied to be encouraging, 
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CHAPTER 7 

RESONAECE PRODUCTION 

The cross sections for the resonances obtained in 

the present experiment are presented below. The main part 

of the chapter is concerned with a discussion of their 

experimental observation. Some implications of the models 

+ - described in chapter 6, relevant to the pp 	PP n 1T 

reaction, are also discussed. 

7.1 The Observation of Resonances  

Final state interactions can be seen when 

the differential cross section is plotted with respect to 

the invariant mass, for two or more final state particles. 

Any resonance production is indicated by an enhancement in 

the differential cross section for a particular invariant 

mass value. Greater insight is offered by a suitable choice 

of scatter plot. The most useful forms for these plots are 

described below. 

7.1.1 Phase space and the Dalitz plot - The 

"Statistical Model" was introduced first by Fermi(75)  in his 

theory for pion production. His calculation of transition 

rate (w) between an initial state (i) and the final state (f) 

-was 'based on the concept and use of Phase Space; so that the 

probability per unit for the reaction can be written as an 

expansion in perturbation theory. Thus, 

W = 
2 

r" IM  I f)  n( E) is 	n 

 

( 7 . 1 ) 
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where 

Mif 	the matrix element for the transition.. 

Perturbation theory then gives 	MO) 
the density of final states (or phase 

space factor). 

The expression (7.1) is invariant under Lorentz 

transformation and generally4leis a function of the energy 

of the system and of the momenta of the particles in the 

final state. However, it is interesting to see whether or 

not a process is produced as a random fluctuation (or as the 

background) of an interaction. For the simplest possible 

physical state it has been. assumed that <f ILI i> is 

unity and that the M values, for all final states, are essen-

tially constant or the'same. Thus, the phase space factor 

):n(E) determines the final configuration completely. The 

Lorentz invariant phase space can be explicitly defined(76)  

by using the properties of .the 6-function: 

r n r 
n(E) - 	[difq 6 (q2 	84( 	Q n 	 1=1 

n = total number of final state particles 

qi = (Eit  5i) = the four-vector.  notation (px,py,Pz7 EE) 

Q = (E, 	the total available energy momentum four-
vector. 

The statistical significance of any experimental enhance-

ments or resonances in the mass (MIr6)  distributions is then 

(7.2) 
i =1 
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~ 

determined by comparison with the predicted frequency dis-

tribution obtained by differentiating equation (7.2) w.r.t. 

m • Resonances are observed as departures from the phase rs 

space contribution. The shape of a resonance may be para

meterised in the relativistic Breit Wigner form(42) :_ 

= r/2 f (mrs) (7.3) ( 2 2 
. . . . . . . . . . 

mt$ - rTf ) + r /,4 
.... 'r 

r = . half-height full-width of the resonance 
m rs = effective mass of final state particles 
m* = central resonant mass. r and s. 

The phase space and resonant phase space contribu

tions are usually generat~d by Monte Carlo methods(60). The 

shape of the phase space distribution depends on the value of 

the interaction energy as well as the masses of the particles. 

Details can be seen in reference 76. 

However some further analysis of a significant 

enhancement has to be done (e.g. study of the spin~parity 

of . the resonance, i t.s decay correlations and/or the observa.-

tion of a similar enhancement in other experiments at differen 

energies) in order to show conclusively that the enhancement 

is not purely a kinematic' effect (e. g. n* ., 1l++ n- is 

observed and is probably the result of the diffraction scatter 

ing of the n from the lower vertex) and can be clained as 

a "Resonance" (see example in ref.77). 

More detailed information about resonances end the 

influence of one on another may be obtained from the study of 
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a two dimensional plot of events in the reaction. The 

Dalitz plot(78) is a useful way of presenting results for 

a three-body final state and figure 7.1 shows such a diagram 

for the following reaction:- 

1 + 2 	 3 + 4 + 5 

Each event is plotted, in practice, as a point on a diagram 

in which the coordinates are the invariant masses S35 and 

S
34 

(one could also use the kinetic energies calculated in 

the C.M.S. of particles 4 and 3 respectively). Total energy 

and momentum conservation in the C.M.S. imposes a certain 

boundary for the plot as shown in figure 7.8a. It may be 

(63 76) shown ' 	that the density of points in the boundary area 

should be uniformly populated if the reaction proceeds in 

accordance with the prediction of Lorentz invariant phase space 

But if any two of these particles resonate and form a unique 

mass (i.e. S34  = m34) the particle distribution in the Dalitz 

plot will cluster along a fixed value of S34  (see figure 7.8a 

for instance). The density of points is proportional to the 

square of the invariant matrix element for the reactions in 

question. 

7.1.2 Triangle Plot - Another useful scatter plot 

can be used for investigating the four-body final state(64,76) 

1 + 2 	> 3 + 4 + 5 + 6 

x and y 
The chosen axes/are the effective mass combinations of selected 
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pairs taken from the four-body final state. In this 

representation the kinematic limits for a pair of "two-

_particle composites" having invariant masses m x  and my  

(in the overall C.M.S.) define a triangular allowed region. 

This region is a right angle isosceles triangle and the 

length of each leg is given by 

Qt.  = 	W 	- 	m.
I  •"'r  

where W is the total energy in the C.M.S. and 

m. , 	= 	are the masses of the four outgoing 

particles. 

The phase space distribution(35)  is given by:- 

0( 4,-7 	kx  ky  dmxdmY  

 

(7.5) 

 

kX  and k are the momenta in the C.M. of the x and y components 

respectively. ID0  is their momentum in the C.M.S. It. is 

worth noting that the distribution of points for phase space 

is no longer uniform,'rendering interpretation rather difficult 

However, since there are three ways (channels) in which the 

final state particles can be "paired" off into two particle 

composites, inspection of the three possible triangle plots 

will show direct evidence of a double resonance (if it is 

present) by a clustering on one of the plots (see example in 

reference 35). 

(7.4) 
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7.1.3 Decay correlations - At hidaenergy if the 

'differential cross sections are the only available dEita, it 

is often impossible to discriminate between the different 

models when accounting for the connection between the produc-

tion mechanism and the angular correlation in the decay of 

resonances. It has been shown(74) that the OME model can be 

generalised by means of Regge pole exchange in a way which 

gives a natural explanation of the very peripheral nature of 

the production process, while maintaining agreement with the 

decay data. 

Provided there are reasonable statistics, the spin and 

parity of a newly discovered resonance can be established from 

the decay angular distribution. Co6G and 0 defined in the 

Gottfried-Jackson frathe are the most convenient and popular 

variables used to study this decay correlation and they have bee 

described in. Chapter 5. The general expressions for the decay 

distribution for any spin can be found in ref. 64 and 74. 

The decay angular 'distributions may be written down 

in terms of the density matrix element gm12,11(, where M and M 

are the magnetic quantum numbers relative to the beam direction, 

this is taken as Z-axis in the resonance rest frame. Two para- 

meters are necessary to define the 	as they are complex 

elements. From the probability density concept of quantum 

states we have the following properties:- 
/I+ 

(1) Imp/  = rind i.e. Np(= ern/n/  and is hermitidn 
(ii) Trace (?) = 1, 2:convm  = 1 from unitarity 

(iii) )-111,-m = (-1)111-111 ymm 	by parity conservation. , 



This reduces t
2
he number nec~ssary to specify the' f2m,2m" 

from '2(2J+1) to 2:r(J+1) for integral J, and to 

2 1 (J + 1) - J for hal f in t e gr al J. 

177 

As L\+~pn+ is .the dominant resonance for proton-

proton reactions we will. briefly recall the properties of 

the" hermitian density matrix element for a spin J = 3/2 

baryon resonance decaying into a spin Joc = ~ fermion and a 

spinless "~oson (Jj3 = O).~ The decay distribution is giVenCe4) 
by:- p pn-

N (Cos 9) ¢). = 3/4 n [1/6 (:"+'14 ~.3) + 1/2 (1- L! ~'3)co:e~a 
2 

.::..:; 2/3 Ref;,-l Sine Cos 

i3y /tp 
x 

. . . . . . . 

wi th Trace c ondi tion 2 (.) + 2 0 - 1 
)3,3 11,1-

Integratihs (7.6) over ~ or CosQ yields the 
following distributions:-

2TI 

Jw(cOSe,¢)d¢ 

o 
-1 

z 

J w (Cose, ¢» d(Cos e) - 1/2n[( 1 + 4/13' Re Pg,-l ) - 8//3 Re ~'_lCoN J ... ('7.8) 
1 

If the exchange particle is a pion the decay distributions 

(7.6), (7.7) and (7.8) c~n be simplified to:-

VI (CosG,~) = 8~ (1 + 3Cos 2g) 
W (CosG) = t (1 + 3Cos 2G) 

W (15) = 2
1
n = constant 

The above resul ts are applied to the decay of the A++ in section 
7.2.1. 

-----



178 

There are three main methods of determiiaing the 

density matrix elements experimentally(64)  

(i) Method of maximum likelihood. 

(ii) Method of moments. 

and (iii) Method of least squares fit. 

Method (i) is generally considered to be the most 

satisfactory and so was employed for the present experiment, 
,, 

Viz: 

Let n = number of events which produce a A/4  

Q. 0. 	the experimental values of the decay angles 
for the ith event. 

Let x1 , x2 , x3 denote the three density matrix 

elements f-3,3 , Rec:),, 1  and Rec).371  that occur in .the decay 

distribution equation (7.4). The likelihood function for the 

experiment is defined by 

X(x, , X2 	x3 ) = TT 1.7 (COS Q. 1 
1=1 

(7.9 

Using a starting set (x1  , x2 , x3) that is then varied, 
optimum * * 

one finds the 	(x1  , x2 , X3) that gives the maximum valu 

of • g(xl , x2 X3). This set is then the best estimate for the 

matrix elements. 

Finally, it is worth mentioning that it is not 

possible experimentally to obtain a pure sample of the 0+-1.  

resonance. One should take the background into account to 

determine the matrix elements. Background subtraction is 

usually perforted(64) by determining the "density matrix 

elements" correspOnding to adjacent regions to the 2-+  peak. 



xi! = X
la 

Na -  Nb xtb 

Na - Nb 

where xia 	matrix elements for all Na 

  

events in the 

The xi  of the 43++  can then be calculated:- 
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mass regio%(defined as 1.15 - 1.30 GeV) 

xib  = matrix elements for events in the adjacent 

region. 

	

Nb 	background events (estimate from effective mass 

distribution within the A.+  mass range). 

	

7.2 	The Lt+  if Final State  

For the present experiment some 10.7% of four-

prong events uniquely fit 

- PP 	PP 1T+  TT 

0.45% were ambiguous fits which could not be resolved by 

ionization. Since the latter number is small, they have not 

been included in the'data analysis. 

- The pn mass distribution (figure 7.5c) shows 

that of the 1,548 events of reaction (1), 802 proceed through 

reaction 	pp 	 P   (la) 

Both protons in the final state contribute to the 444-  mass 

range (1.15 - 1.30 GeV) for 20 events of reaction (la). 

(1) 
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A study of reaction (la) on the basis of the pfl 

mass distribution alone cannot take into account the'influence 

of pi7+T-1 resonances. For kinematical reasons, resonances at 

low plif.TY mass give rise to enhancements at low Pit mass. 

Also, if higher isobars in PTI+11-  decay via A++TT 

N*P 	( 64.+7-) P 	(p Ttrf)   (lb 

these cannot be separated f.4,opa reaction (la). 

For high energy experiments, in general, the con-

ventional Lorentz invariant phase space multiplied by the 

Breit-Wigner form(42)  of resonance, yield an unsatisfactory 

cross section for resonances; in some cases the Lorentz in-

variant phase space cannot be used because of the violent dis-

agreement with the experimental data. However, a peripheral 

phase space (weighted according to the dependence of experimental 

momentum transfer, i.e. Lorentz phase space multiplied by a 

simple exponentially falling, form factor in the invariant 

four momentum transfer) is commonly used to describe a back-

ground of the resonance. In the case where the statistics are 

poor or the peaks are not significant or where there is lack 

of a reliable description of the non-resonant background,fits 

are difficult and generally impracticable. Therefore a visual 
for 

estimate is usually made to obtain the cross section/resonances. 

In addition, the writer found that the CL.A prediction 

(section 6.4, Chapter 6; and see application in section 7.4 
for instance) of effective mass distributions for reaction (1) 

* A Reggeized Multiperipheral Model for Inelastic Processes 
at High Energy By Chan-Hong.Ho, Loskiewiez and Allison. 
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.and (la) gave a satisfactory agreement with the experimental 

distributions, in particular for the non-resonant channels 

(e.g. ). Hence the CLA prediction was taken as a descrip-

tion of the non-resonant background in fitting to determine 

the 1ifferential cross section for the resonances observed. 

A reasonably pure sample of 

can often be selects-a ,,.because it is dominantly produced 

at all energies. If the 6++ is produced at one vertex, further 

information about the exchange can be obtained by studying the 

decay angular distribution (chapter 5, section 3). 

One way to obtain further insight in the charac-

teristics of the angular distribution, CosG was determined and 

plotted for 50 MeV intervals of the p~effective mass distri-

bution. It was found from the above examination that a useful 

parameter was given 9Y dividing the distribution at CosG = 0.5 

where 

and 

A. 
1 is the nu::nber of events distributed between 

CosG'= -1 and CosQ = 0.5 for the ith mass interval 

B. is the number of events' distributed between ]. 

CosQ = 0.5 and CosG = 1 for the same· mass interva 

C. = (A. - B.) 
111 

It can be clearly seen from a plot of C. as a 
1 

function of M (p n+) as shown in figure 72., tha t in the ~++ ne.ss 

region, 0i has positive values that decrease toward negative 
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values with higher mass. This indicates that when a resonance 

is formed, its angular distribution has certain characteristics 

different from the adjacent mass region and so is distinguish—

able. 

We shall now consider correlations of the spin density 

matrix elements in the decay of A++  --,- pri (section 7.1.3). 

A maximum likelihood method was employed '(programme NALIK)(83)  

to determine the experimental density matrix elements of the 

++ and its adjacent region by using equation (7.4) for 

fitting. Equation (7.8) was used for background subtraction. 

The results are:— 

0.114 + 0.03 

0.015 ± 0.03 

—0.008 + 0.03 
to be 	with the 

While Reg,l is consistent with zero, ps,s appears/inconsistent / OPE 

prediction (?3,3 = Rec)3 _1 =0). The decay distribution should 

then have the form i (1 + 3 ,ftsG) and this is drawn (dotted 

line) and compared to the fitted curve (solid line) in figure 

7.3. Since the two curves are very similar we can assume that 

.one pion exchange dominates the 2-1-  vertex. 

Furthermore, detailed analysis of c)3,31 Re?3,_iand Rego 
2 

as a function of momentum transfer (L (p - 4611) yields the 
results shown in figure 7.4 (solid line). The dottqd lines 

+ 	 0 
compare the results from ref.64 (TTP—÷Aeat 8 GeV). Once 

again, this plot shows that the values of ReP3,-1 and Re?3,1 
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are compatible with zero, but cD313  has a tendency to increase 

with momentum transfer. On comparison of these results with 

other experiments (table 7.1) one concludes that at the be+  

vertex the process is dominated by pion exchange. Independent 

evidence for TY-exchange dominance in the reaction 

PP 

 

g+P at 6.6 GeV 

 

can be seen in ref.38 iwethe text by E.Gellert et al. 

Table 7.1 shows a list of density matrix elements 

for 	A++  (1236) produced in quasi two body reactions(83) and 

'in pp-----›-Lrpri. The results for the reaction itp--4+p°  

at 8 GeV, were found by the ABC collaboration(20)  to be about 

the same as those derived by the ABBBHLIII collaboration(64) at 

4 GeV. It can also be seen that the results found by the 

CERN-Brussels collaboration(41) for reaction K+p 	
++K° 

are similar to the reaction re-p-----3-AY which also proceeds 

by pion exchange. Finally, the density matrix elements found 
and 

in pp --,4+priat 8.1/at 16 GeV are also listed for com- 

parison in table 7.1. Because the values of the density matrix 

elements for all listed reactions are compatible within the 

errors, it may be concluded that they are essentially indepen-

dent of the nature of the incident particle and incident energy 

The A++  cross sections.were determined by a chi-

squared fit using the programme I.IINUIT(84)  for various types 

of background estimate tabulated in table 7.2. The mass and 

width of the e+  was fixed at 1.236 and .120 GeV respectively. 

A visual estimate is also given using a smooth hand-drawn 

background. 



TABLE 7.1 

Density Matrix Elements for A"(1236) 

Experimental 
Reaction 13.3 

.4..'" 	,,, 

Re ii,_, Re 13,1 

GeV, K4p---,- 6:11r." 0.18 + 0.04 0.01 + 0.02 0.08 	0.02 5 

rip--.-zrp°  0.08 + 0.03 0.01 + 0.03 —0.01 + 0,03 4 GeV, 

8 GeV, TTFID—,-pf+p°  0.05 + 0.03 0.015 + 0.03 —0.076 + C.03 

8.1 GeV,PP—,-e+Pir  0.16 + 0.02 -0.01 + 0.02 -0.04 + 0.02 

16 GeV, pp----j +pri 0.134 + 0.03 0.015 + 0.03 —0.008 + 0.03 

187 



TABLE 7,2 

The Cross Section for pp --,A++prr- 

Background Cross Section 
(nib) 

Smooth hand 
drawn 0.76 + 0.01 

Peripheral 0.48 ± 0.02 

CLA prediction 0.29 ± 0.02 

188 
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7.2.2 Double Isobar Production  

The reaction 

pp 	PPri+n-    (1) 

is strongly dominated by 	n1236), the possible double 

isobar production will be in the following forms:- 

PP 3)3 + 23,3 

6".  PP 	3.0  + N3,i 

A++ 3, and 	PP 	 1-' 	-I- N d 

where j/2 is the spin of the isobar. 

' Figure 7.5a is a plot of the 14(pi n+ ) versus 

m(P2 17- ) for events of .reaction (1) produced at 16 GeV. The 

M(ion) projection given in figure 7.5b shows the strong 

presence of the A(1236); the curves were fitted as described 

in section 7.2.1. The projection of M(p)i-) given in figure 

7.5c reveals the presence of some Z(1236), 2(1470/1520) 

and N
*
(1688). 

The evidence shown in figure 6.3 suggests that 

the ps n mass resolution is considerably better than that for 

the pfrr combination. Hence, an attempt was made to estimate 

the cross section for pri resonance by using the M(psr1) alone 

(see figure 7.5d); these were simply fitted to three Breit 

Wigner resonances with no background consideration ,:- 

f(Psi) =ai Bi (mi3 O+0c2 B2 (m2,2)+cr3B.3(m3,c) 

Where ps  and pf  define the slow and fast protons in the final 
state (Lab. system). 
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where B. (m1  r ) is the Breit-Wigner function for the ith  

resonance, 

and a l 	a2 , m3  are the relative fractions of each resonance 

respectively (ai + a2  + a3  = 1): 

The fitted results are illustrated in table 7.3. 

TABLE 7.3  
gir,Cross Section /C 

Resonance 
Mass 
(MeV) . 	(MeV) 

Width Cross ai 
Section 

(r'b) 
Z(1236) 1222 + 10 177 ± 314. 0.41 + . 	6 0.37 + 0.05 

N*0(11470) 1475+ 11 .161± 64 0.32 + 0.10 0.29 + 0:C9 

II (1688/1750) 1699 ± 38 237 + 67 0.27 + 0.16 0.25 + C.3.3 

By'.-the. symmetrical .nature of this collision, the 

maximum partial cross sections for '3n -resonances can be 

-estimated by multiplying the above results by two. The fitted 

curves are in reasonably good agreement with th experimental 

distribution, over the invariant mass range 1.075 - 1.825 GeV. 

The fit using the full range of M(p fr ) will be discussed 

later. 
In order to show the evidence for double isobar 

production, those events containing a M(p Tr+ ) falling in 
++ 

the 	(1236) band were selected. The associated LI(PTT) di s- 



tribution was then plotted in figure 7.5e. The following 
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double isobars 

(1) 

(ii) 

and 	(iii)  

are apparent: - 

PP 	A++ + 2(1236) 

+ N
*
(1470) 

pp 	.441r1-  + N
*
(1688) 

+ 
PP 	

+ 
 

The N
*
(1688) is relatively broad and is probably 

due to a mixture of difLepent states. pp 	A++ Ao (1640) 

is excluded as no evidence is found for the charge symmetrical 

final state. 	 (1236) 	ge+  (1640). The remaining well 

established resonances in the region all have isotopic spin 

of one half. Figure 7.6 (a,b,c) shows the momentum transfer 

distributions for reactions (1), (ii) and (iii) respectively. 

It has been observed that the cross sectionsfor 

most of the inelastic two-body reactions tend to fall off 

rapidly with increasing beam momentum(79)1  the actual rate of 

, decrease being a function of the nature of the particle ex-

changed. It. is suggested by D.R.O.Morrison(79) that, for 

incident momenta well above threshold, the relationship between 

the total cross section (GT ) and the incident momentum (Pin) 
e 

can bex 
pe  
In the form: Cr = K( in P. / o P )-n where Po is a constant 

which can be conveniently taken to be 1 GeV. K is also a 

: eonstant. and is-thus the cross section extrapolated to 1 GeV. 

The, value of the exponent n is determined by the production 

mechanism, e.g. n Z1.5 for a reaction governed by single 

meson exchange. In the framework of the Regge Pole Model, 
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this is explained in terms of the different intercepts a(o) 

of the trajectories exchanged in different types of reaction. 

The cross sections for the double nucleon isobars 
produced in the present expeiiment were estimated by fitting 

the data using the CLA prediction as a background. The results 

are tabulated in table 7.4 with fixed masses and width of the 
resonances. 

TABLE  7.4 
Double.'-'is.obar. Cross Section(PP--"-eS/N1") 

Resonance Mass 
(MeV) 

Width 
(MeV) 

Cross Section 
(mb) 

17(1236) 1230 125 0.06 + 0.01 

N*  (14.70/1520) 1450 - 100 0.04 ± 0.01 

N*(1688/1750) 1678 250 0.20 	0.02 

7.2.3 	( 1.4.1"1) Enhancements - We' shall conclude 

this section with a brief discussion of nucleon resonances 

decaying into 414., principally: - 

PP 	N (1470) + P 

N (1750) 	+ P 

N.(2030) + P 

A4+ - p n 

The first evidence for a baryon resonance with a 

mass near 1400 MeV was in a pion-proton phase shift analysis '`r 

\ which assigned the state to a P.m  resonance, Nv2(1400)(78,52)  

More recently, a number of experiments studying reactions 02 the 



type: 

PP 

 

PP TT 
+ 
IT 
 - (38,86,88) 

  

as well as 

11(or K) + p 	TT(or K) P ?h'7 (81) 

have reported enhancements in the final state - 
P TT

+ 
 TT invariant 

mass spectrum. The actual number of low mass enhancements 

and their interpretation as either resonance or kinematic 

effects(88)  are all uncertain; as is their connection with 

the peaks seen in earlier missing mass experiments(87)  

In addition, several of these studies indicate a 

more -complicated structure in the prh7-  invariant mass spectra, 

in particular higher mass enhancements at 1700 MeV and at 

2057 MeV(82) 
	

From a study of reaction (1) (page 
	

) in 

the present experiment copious Ael-  production in the quasi 

three body final state Pprr- is observed. There is some 

evidence that the above two resonances are present. The well 

-established 1470 MeV resonance is clearly seen. However, 

their percentage cannot be accurately determined on account of 

. the strong enhancement of the low masSpr?-in-  spectrum. Figure 

7.7a shows a distribution of M( tt+nn).for 

(i) .,all events 

(ii) those having A2>  0.1 (GeV)2  

( 	defined by fig.7.7b) 

and (iii) those having 2> 0.3 (GeV)2 
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2 This selection of  i s chosen to reduce the "Deck effect" 

background in the higher mass region, and. serves to ,isolate 

the structure of the N
*
(2030) in particular. The enhancement 

observed between 1450 MeV and 1500 MeV is probably associated 

with the N (1470), for it is narrower and of lower mass than 

that indicated by Deck's calculation (around 1500 MeV). 

Figure 7.8 shows the Dalitz plot (M2  ( Prr) VS. M2  (Pi  1I-) 

where M (P1  n+) is not 31 ,,the CV-  mass range). There is no 

indication that the events contributing to the 1450 - 1500 MeV 

peak are concentrated at high Pr masses, where diffractive 

rflp scattering should be dominant. In figure 7.9 the "Chew Low 

plot" shows the t-dependence of the P17-  events. Those 

having mass lower than 1500 MeV are more concentrated at low 

t-value than for events with higher masses. In the inter-

mediate region, the peak attributable to a N*(1750) possibly 

includes some N
*
(1688). 

It should be noted that both the phase shift 

resonance (N (2050) 13) together with N (1470) Pil  have 

natural parity, and may be produced by diffractive dissocia-

tion(68) or Pomeranchuk exchange. The cross section for 

such processes only slightly depend- upon the incident momentum 

and so they become increasingly favoured at high energy. If 

N (2030) has isospin 3/2 it cannot be produced in this way 

and its cross section would be expected to fall with increas-

ing energy similar to the case of L. It is worth noticing 
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that this this resonance has not appeared in any of the studies 

of the same reaction at energies lower. than 16 GeV. 

However, the situation is extremely complex and 

the H*(1520) and ?(1688) both having natural parity are not 

apparent in the present experiment, unless they are associated 

with the enhancements oWerved at 1470 and 1750 MeV 

respectively. 

Because of these difficulties together with the 

lack of a:good description of the peripheral background, the 

possibility of obtaining an accurate cross section for the 

resonance production is severely limited. From the CLA model 

a more peripheral non-resonant background can be obtained for 

inelastic processes at high energy. An estimate for the cross 

sections has been made by using Lorentz phase space multiplied 

by 	exp(-4.8(t/i-t2j) and the CLA prediction as a background for 

fitting. Both results are listed in table 7.5. 

TABLE 7.5  

g4n- Cross Section 

Background 
* 
N (1470) 
(mb) 

N
*
(1750) 
(mb) 

4 

n (200 
(mb). 

CIA prediction 0.294 + .03 0.052 + 	.01 0.086 + .01 

Peripheral phase 
space 	• 

0.670 ± .05 0.095 + 	.03 0.089 + 	.03 
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The relevant t-distributions for these resonances areshown 

in figure 7.10 (a,b,c) respectively. Figure 7.11 sho ps the 

angular distributions for the decay of three-body resonances 

into P.  and TT for the mass region pertaining to the N (1470) 
*, 

and N (1750) decay and the control region 1800< M (L Ti) > 1900 

MeV. These are given in a, b and c respectively. The IT#(1470) 

distribution is roughly symmetrical whereas the IP(175C) case 

shows some excess events Contributing to the peaking in the 

forward direction. A non-symmetric distribution should be 

produced at low values of if(P - C-f) and so the forward peak in 

e(1750) case can be removed by a cut at a > 0.1 (GeV)2  (dotted 

lines), leaving a symmetrical distribution. The highly peri-

pherall 4f< 0.1 (GeV)2, events of the Deck type are exemplified 

in the control region. 

7.3 Events with no Lt4.  - There are 766 events of 
ppre'rr-with no 4i*+. Pritn-resonances were detected by 

choosing the less diffractive proton as being more likely to 

form a resonances. Figure 7.12 (a,b) shows the M(Pi ll n ) and 
M ( P r7+17-  ) distributions (i.e. t1  (p- pi ) 	t2  (p - p2  ) -0 and 
p2  are final state protons defined by this criteria and by 

figure 7.12c). The former has the more promising structure to 

look for any resonance while the latter has no significant 

structure. This evidence lends support to this selection and 

it would be justified to use Only the M (p1  1-74-T-1). It is worth 
noting that the same selection (less diffractive proton) is also 

applied in the case of Priinvariant mass distribution at Cam-

bridie and gave the satisfactory result while it isinot well 

justified to apply in the data derived at Imperial College. 

Figure 7.13 (a, b) show both distributions have some resonance 

structure although it is less well pronounced. 
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A striking feature in the case of M (P1  Ti IT ) is 

the fact that N(1470) which has been seen for M(A++11) 

has almost disappeared. There is also very little indica- 

tion
*  

for N (1688/1750) and even more doubt in the case of 

N
*
(2030)•. A reasonable conclusion is that most of the higher 

mass resonances are strongly correlated with the A++ and 

that the decay proceeds via 

1. 	* 
pp ------1- N p 

	 PIT 

The estimate for each cross section for the resonances in 

M( gTI ) and M(•priFri) does not differ significantly from 

those obtained from the M( A++ 	) distribution alone. Thus 

the data are consistent with almost 1000 decay of the three-

body resonances into the 6rnr. Furthermore, if the pri+n-

resonance is in an I = * state then one would expect any 611 

decay to have a branching ratio 4161:"71//ZTfl. = 9/1 (40,86)  

a value that is consistent with the evidence observed in the 

present experiment (see table 8.1). 

The estimated cross sections for pr resonances 

observed in the absence of Ci++  is listed in table 7.6. In 

addition, the estimated cross sections for Ps TT was obtained 

by simply fitting into three Breit Wigner resonances with no 

background consideration. The fitted cruves are shown in 

figure 7.13c and the results are also listed. in table 7.6. 
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TABLE 7.6 

In the absence of LI++(1236) 

fin -Cross section 

Resonance Mass 
(LIM',  

. 71idth 
(MeV) 

Fraction Cross 
Section 
(mb) 

1,(1236) 1243 ± 7 100 4 15 0.34 -Fo.04 0.16 +0.03 

N*(1470/1520) 1483 I: 11 160 + 35 0.46 +0.07 0.21 +0.03 

11( 1688/1750) 1720 + 20 173 ± 48 0.20 + 0.12 0.c9 +o.05 

2) Pr Cross Section 

Resonance Cross Section 
(mb) 

45(1256) 0.15 + 0.02 

o 
N (1470) 0.07 + 0.03 	. 
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7.4 Production Mechanisms for Three and Four Body Processes  

The Double Regge Pole(7o) and a Reggeized Multi—

peripheral model(72) for inelastic reactions (as described 

in Chapter 6) were used to account for the observed features 

of particles in three and four body final states. For re—

actions of low multiplicity, one expects a peripheral 

behaviour to dominate „Aich inhibits the exchange of strange—

ness,charge or baryon number. The paragraphs below discuss 

these factors in greater detail. 

7.4.1 Double Regge Pole Model (D.R.P.M.) 	The 

only three body final state reaction considered isa— 

pp 

 

++ - n Tr P 

 

la) 

  

the other possible reactions involving meson resonances are 

neglected as there is no evidence for their production. 

The data consist of 802 events belonging to reaction.  

(la). The cornering effect in the Dalitz plot (figure 7.15) 

is considered by the model only for the region where the 

energies of all particle pairs are large. This region is 

defined by 

sie+n- Str-P > 	3 	(Ge4 

 

(7.11) 

 

These limits have reduced the number of events down to 187. 

In principle six possible double peripheral graphs (fig.7.14 ) 
contribute to the three corners of the Dalitz plots but since 

the graphs with the same middle particle will contribute to 

the same corner, only the first three graphs remain. The 
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requirement in case (ii), figure 7.14 , for a doubly charged 

charged exchange is not allowed, and the N -trajectory in case 

(iii) is known from backward 1rP scattering to be very weakly 

coupled to the TIN system. Furthermore, there is a tendency 

for the lightest particle permitted by the ordering of the PL  

(section 6.3) to be produced in the centre of the Dalitz graph. 

This effect can be seen.4n figure 7.15. Therefore graphs (ii) 

and (iii) have been neglected in the analysis. 

Figure 7.16 (a,b,c) shows the longitudinal momentum 

distribution in the C.M.S. (PT ) for particles involved in 

reaction (la) within the limits specified in 7.11, The model 

( also suggests that the parameters used in equations (6.13 and 

6.14) (page 165) especially a and b of the D.R.P.M. should be 
(80) 

energy independent. The analysis method consists of generating 

a large number of "events" by a Monte. Carlo method(6o) and 

these were weighted by the amplitude function of equation (6.14) 

with a = 1.8 (GeV)-2, b = 3.1 (GeV)-2  and the following known 

constants from two particles reaction(70 52)  were used:- 

as  = 0.5 	lb 

as = 1.0 	= 0 

Figure 7.17 (a,b,c and d) shows the experimental results of 

14' 0  t13 and t25 (Chapter 6, section 3) compared to their 

normalized predicted distributions except for 0. It is 

apparent that these features are in qualitative agreement with 

the predictions. However, it should be noted that the behaviour 

of 0 favours 0 =nand is not conclusive evidence for this 
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Double Regge graph, as this peak is also expected from 

peripheral phase space theory alone (see fitted curve in 

figure 7.17b). 

7.4.2 The C.L.A. Model - Since a'considerable 

number of events have been rejected due to the DRPM selection 

rule, the evidence is inconclusive. Therefore in order not 

to lose these events, &Reggeized Multi-peripheral analysis 

of Chan et al was carried out for the two final states:- 

	

PP 	> A:'.+11-10 	...... (1a) 

and 	'pp 	 PPrr+rf   (lb )3€ 

in order to describe the full features of the experimental 

data. Once again, a Monte Carlo method was employed using 

the programme FOWL(60) to generate a large number of random 

"events". These were, in turn, weighted by the amplitude:- 

2 

 1 W I 	 i =1 I A  1 

n 	12 

where n is the number of permutations and 

A. is the amplitude corresponding to the ith permutation 

of the final particle and is parameterised as 

described in equation (6.18) (pagei69). 

All the same constant parameters suggested in ref.72 were 

used here, except parameter bi. 

b. describes the exponential t-dependence of the Regge 

couplings for the reggeons attached to the two external 

particles (two outer vertices). The corresponding constant 

can be estimated from known two-particle reactions(52) 

Excluding the events where a primass combination is in 
the A++ mass region (1.15 - 1.30 GeV). 

(7.12 ) 
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Because of the two identical particles in the initial state 

the parameters bi  are taken to be the same for both vertices 

(b1  = 0.5 (GeV) ). Nothing is clearly known about the 

internal Regge Couplings which occur in higher multiplic2ty 
reactions and the couplings bi  are replaced by an effective 
constant bI (taken as 1.2 (GeV) ) as suggested by Chan et al. 

The following constants were used in the calcula-
tion of the present experiment:- 

a 	= 1 

ap  = 1.0 
gN/gm. 1.3 

= 0.5  bi b1  = 1.2  
am  = 0.5 

c/gm= 1.4 

For the same reason as described under the D.R.P.M. 
only one Double Regge graph was considered in the three-body 
processes with two permutations. The possible graphs for 
four-body process (ib) are illustrated in figure-  7.18 with 
four permutations. 

The predictions of the CLA Model after derivation 
by the Monte Carlo method were smoothed by hand and normalised 
to the data. The results are shown superimposed on the 
experimental distributions for Cosa 	and the four 
momentum transfer for reaction (la) in figures 7.19 and 7.20, 
7.21 and 7.22 respectively. The corresponding distributions 
and predicted results for reaction (lb) are depicted in 
figures 7.23, 7.24, 7.25 and 7.26. In most cases, it is 
apparent that the prediction is in good agreement with experi7  
mental data except for 6:4  where the prediction is less 
peripheral than the observed distribution. This effect is 
most probably due to the fact that the P.  was treated 
(unrealistically) as a particle with fixed mass at 1236 MeV. 
In general the model gives the best explanation to date for 
the nature of the particles produced. The peripheral back-
ground is also well described. 
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CHAPTER 8  

COMPARISON .AND DISCUSSION 

Fortunately a comparison can be made between data from 

both counter and bubble chamber experiments on proton-proton 

interactions. This comparison can be made for several energies 

and is particularly useful in the case of resonance production. 

Some general limitations of high energy experiments are dis-

cussed in the following paragraphs with an emphasis on proton-

proton interactions. 

In section 8.3 a brief comparison is made between the 

writer's results and those derived from a sample of the Cavenais 

Laboratory data. 	
C 

8.1 Resonance Production in Proton-Proton Collisions  

We have examined the particular reaction 
+ 

PP 	PP n 17 

from proton-proton experiments in the energy range 5 - 28 GeV. 

Five general features of resonance production(38) can be 

summarized:- 

(i) The dominant resonance produced at all energies 
+ 

is A(1236) and there is no significant evidence for any other 

P11 resonance. 

(ii) For the double Isobar production of he type 

PP 
	

A +N 
++ 

	 PIT 
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the main Priresonances are Z(1236) TT10( 1470) , Ng: ( 1520) and 

1\7*(1688). This process is strong at low energy but the 

differential cross section decreases with .increasing energy. 

The same resonances are also produced in the Pn-system but with 

the absence of A++. 

(iii) No bibaryon resonances are obtained except 

in one experiment at 14. GeV(85) where an enhancement of 120 :.:eV 
;if 

width at the effective mass of /11(pprt) near 2.520 GeV is claimed 

to be D+++(2520), (y = 2 and s = 0). 

(iv) The feature of the pri+nsystem .is still unclear 

due to a considerable variability in resonance production with 

the incident momentum. 

a) Low Energy: in this case only N*(1520), 

N*(1688) are seen. However at 5.5 GeV(86)  N*(1680) and N*(1920) 

have been reported as observed in the Pn-system. 

b) High Energy: the 17*(1520) peak appears to 

be combined with a peak due to N*(l470). This may be partly clue 

to the kinematic effect of the diffracted pion from another 

vertex (a broad peak at the low mass end of the pri+n-system has 

been reported by Gellert et al at 6.6 GeV as Deck Effect(88) 

and partly associated with N*(1470), the Fit  resonance which was 

predicted for the first time by Roper(94) in his rrp phase shift 

analysis. 

Some evidence has been reported at 10 GeV( 4)  

to support this idea of 131  resonance and its production is con-

sistent with counter experiment results
(87) . Also a peak at 
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1500 MeV.splits into two peaks near 1450 and 1520 with N 

<0.35 (GeV)2. 

c) There is evidence to show that the N*(1688) 

peak shifts to a higher mass with increasing incident momentum 

(10 GeV). In the present experiment at 16 GeV an enhancement 

is seen at 1750 MeV which may be associated, with this state. 

An enhancement is also apparent at 2030 LIeV (see figure 7.7a). 

The extent to which these different resonances 

are correlated with the i,"-n7system is a matter of some dispute 

and it is evident that the pattern of resonance formation is 

extremely complex. 

(v) The f°, w°  resonances. of the 114'rrsyStem at all 

energies are produced very weakly or. not at all. 

Qualitatively there is some difficulty in drawing 

consistent conclusions from the different experiments. This 

is probably due to the presence of the two identical protons 

in the final state; for example, throughout the range 5 - 23 GeV 

:.the percentage of events in which L 	is formed is quoted as 

being between 50 and 65. However, at 6 and 8.1 GeV figures of 

100 and 82;:L have been obtained. Furthermore the background 

situation for pry and the pr-Frisystem are uncertain. Sometimes 

by varying the selection on the basis of t-value, we may reduce 

the background. At 5.5 and 6 GeV the estimated fraction for 

three body resonances varies from 52-; to ();=. and similar dis-

crepancies appear in NI-  system; for instance.from 5 to 10 GeV 
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the double isobar production is 20,1) - 30,7). 

More reliable results have been obtained from counter 

experiments, using the momentum and scattering angle of the 

detected proton. The misting mass resolution in the reaction: 

P + P 

   

( 2) 

   

    

varied from + 20 MeV at 6 GeV to 4-'60 MeV at 30 GeV. 

The cross sections of resonances of isospin and 

natural parity observed in the energy range 2.85 to 30 GeV(87) 

are found to be almost constant (see figure 6.1c). All the 

resonances are consistent with a "diffraction-like" t-dependence 

Of the form 

G(t) .= g(0) e bt  

We can identify two sub-groups from the observed t-

dependence:- 

Sub-group (a)  It I < 1.0 (GeV)2  - In this case the slopes 

of the resonances are about 5 (GeV)-2  for Y*(1520), 

N*(1690) and /4*(2190). 

For tt (1236) and N*(1470) the slopes are in the 

order of 14 - 20 (GeV)-2. 

Sub-group (b)  I t ( > 1.0 (GeV)2   • - Here the slope, on average, 

is about 1.5 (GeV)-2. 

A summary of the resonances observed in the present 

experiment appears in table 8.1. 



TABLE 8.1  

OBSERVED RESONANCES 

Final Reaction Cross Section 
(mb) 

PP rr+rr-  1.67 + 1.0 
.....sh 	4, 

461*+  P rr-  0.48 ± 0.02 

A++  E (i236) 0.06 + 0.01 

4N*(1470/1520) 0.04 + 0.01 

n1*(1688/1750) 0.20 + 0.02 

* 
p N (1470) 0.29 + 0.03 

p N*(1750) 0.05 + 0.01 

p ?(2030) 	- 0.09 + 0.01 

PrtZ (123.G) 0.23 + 0.01
t  

prr+ N*(1470/1520) 
t 

0.20 * 0.01 

P 17+  N1*(16 BO) 0.06 ± 0.01t  

P1114  N(2137)? with a width of 214 ideV has 
been fitted later which resulted in an 
estimated.cross section of 0.075 + 0.025 mb. 
(in the case of - psrf only). 

Peripheral background was used. 
t Visual estimation. 

236 
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8.2 The General Limitations of High Energy Proton-Proton 

Collisions  

There is no completely satisfactory theory for the 

interaction between protons of high energy. The problem is 

very complex and has usually been approached by making various 

simplifying assumptions. There may also be more meaningful 

parameters among the experimental data than is currently 

realised. As the experimental data is usually examined in the 

C.M.S., it is expected that it will then reflect the nature of 

the interaction with least disguise. 

The achievement of a satisfactory kinematic analysis, 

with good identification of resonances, depends ultimately on 

the, precision with which the angles and momenta of the relevant 

charged particle tracks are determined. There are certain in-

herent limitations in bubble chambers resulting, in particular, 

in limited precision in the determination of the momenta of 

charged particle from their track curvature. This leads to two 

fundamental limitations in the analysis. 

(1) Event Identification Ambiguity - In general, 

in a high energy experiment it is not possible to obtain un-

biased samples of events from a reaction without a background 

of incorrectly identified events from other channels. This 

inevitably produces spurious peaks in invariant mass plots and 

is confusing for the study of resonance formation. ;Mien one 

is searching for weak resonances in particular, their separation 

from background becomes a serious problem. 
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(2) The Limitation in Effective Mass Resolution 

The resolution in effective mass which is 

currently achieved.is low compared to the natural width of 

many known states (see Rosenfeld table) and a large number of 

measurements will not necessarily give an accurate mass value 

unless one can check for systematic mass shifts. The experi—

mental resolution limitq,,,tpe precision with which this can be 

done. 

8.2.1 Errors and Their Dependence on Chamber 

Parameters( .9) 

The errors in measurement can be discussed 

under two headings:— 

(i) The errors in momentum measurements on charged particles 

In the absence of an ionization loss, the trajectory 

of a charged particle moving in a magentic field (H), corres— 

ponding to a given momentum (p) is: — 

PCosA = 0.3 R H 

If the errors in R and A are uncorrelated, the total 

error in p is given by 
2 

2  (4P/P} = 	(6R/R)2  + tan2A 	+ (AR/H) 

This error has two contributions arising from the multiple 

Coulomb scattering and the measurement precision. Its value 

depends on the number of points measured and their spacing along 

the track. 	Thus :— 

(AP/4  = 	(AP/P)2Cout. 	( '1)/P)Meas. 
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The error formulae given below are derived by Gluckstern(5C). 

2 
(pp/p) 	= 	0.133 	4.8P + 1n 145p/mc)  

Coul. 	 2 2 	 2 
HI. Cosh p 

- 	2 +  5.0)(10
2 
 L tan A 

P2 P2 . 
 

  

(8.1) 

  

l. „cis 	p 2  
- 
E 
62 	2 

(AP/P) 	3.55 )(10 P E  +  0.5x10 SinA  
Meas. 	 H2 Lr C 052A 

 

(8.2) 

 

where 

A = 

L = 

P = 

H = 

P = 

dip angle in degree 

total track length in cm 

momentum in MeV 

magnetic field in K gauss 

P/E where E = energy in MeV 

the position errors in microns for a single 
conventional measurement in the chamber 
projected onto the median plane. 

For high energy tracks having small dip angles with 

respect to the median plane, the second terms in both relations 

(8.1 and 8.2) can be neglected. This is readily justified since 

transverse components of momenta are always less than 500 ::.eV 

(see distribution in Chapter 4). Thus particles having momenta 

greater than 3 GeV are usually emitted at small angles. 

Inspection of the expression for ( 4P/P)coul and 

( AP/P)rneas shows that for high momenta and short tracks the 

measurement error dominates in the total error, this situation 
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being typical for the present experiment, whereas for longer 

tracks or lower momenta the Coulomb term dominates. Figure 

8.1 illustrates the 2-dimensional plot for the ratio of ( ) 
*P'coul 

to (LP )meas versus the beam track length (L) for this experi-

ment, assuming that roughly eight equally spaced points were 

measured on a track and that = 70/u in space (which corres-

ponds to an error of 3/wrop. the film). 

The errors on angle measurements. 

The angle errors also have contributions from 

both Coulomb scattering and position errors. The errors on 
the azimuthal and dip angles are given by(50) 

2 
<AO> = 

	

-2 	 -7 2 
2.8)(10 L 	 1.4/.1)(10 E  
P2 A2 CoS7t 	 L CosA.  

	

-7 2 	2 	 -2 
5.0x10 6 Cosi 	5.0x10 L 

	

L 	p2 )32 

 

2 
<47‘ = 

 

  

The following remarks are relevant:- 

measurement errors in azimuthal angles are always 
smaller.than errors in the dip angles. 

The value of A or 0 is rather insensitive to the variation 
of length L. 

angle errors at high energies are always in the region 

where the measuring error contribution dominates, and 

are independent of the magnetic field. 

errors in the angle between two tracks is apprgximately 

given by: <A9S> 	5.98/1_ 
3/2 

where - 
	

0 is the angle between two tracks 

L is the length of the track (in cm) 

and 	6 is the error in the position (in mm). 

±).) 
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Por any given momentum p it is possible to find a 

track length L for a given 8 such that, below p, the Coulomb 

term dominates, and the error is proportional to 1/HX. :hove 

p the measurement error is essentially proportional to 8P/HL512  

If we define 
L 	2.8 Fril 

 

(8.5) 

 

with p in GeV 6 in microns and L in cm, then from the momentum 

measurement point of view, with p = 16 GeV and 6;---  7C /a'for 

example, we require about a metre of track length for each 

secondary particle from an interaction. 

Hence, one can see that the inaccuracies in the measure-

ment of momentum are the chief limiting factors affecting the 

conclusions that can be.drawn from this experiment. Moreover, 

the main difficulties in the quantitative analysis of reson=ce 

production in this channel are: (i) the ambiguities caused by 

the presence of two protons in the final state; (ii) the influ-

ence of p n+ n-  resonances on the Pri'- and pri spectra and of At1-1 . 

on thePriW'spectrum; and (iii) the overlapping of the different 

resonances with similar mass in the Pi-in-system, in particulc.r 

between 1.4 - 1.8 GeV. (An example of overlapping of nucleon 

resonances fromlpef.95 is reproduced in figure 8.2). 

The scatter plots of M (pro) versus AM( pri) for the 
two protons in the final state for interactions of the present 

type experiment of pp----0-psVnr-are shown separately as fi:ures 
8.3a and 8.3b. A comparison of these two plots shows clearly the 

lack of accuracy in measuring the fast track particles. The 

corresponding estimated mass resolution for the effective mass 

of the combination is about 10 - 15 MeV for vi and 2C - 40 MeV 
for p i . 
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is proportional to the fraction of inelastic decays for each 
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state. 
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The u111movJn distortion( 45)' of the C-'::'::lT 

2M HBC durin8 the operating period Jlme 1966 - January 1967 

and the low quality of the films are considered to be the chief" 

difficulties in the data analysis described above. Since ~h~se 

space cannot represent the backgrolmd of high energy inter-

actions, an arbitrary estimate of the bQckground for any i~ter-

action was made on the basis of its peripheral nature. The 

effect is to make the partial croDs-section cnlcu12tions less 

certain. 

Fortunately for proton-proton collisions, the 

difficulty of measuring high momentum tracks has been parti~lly 

compensated by the syrmnetrical nature of the collision. An 

internal consistency argument malees possible a comparison of the 

0.1'1. S. forY/ard and baclavard particles. However, because Ir~11::,cI'ial 

College and the collaborating group at the Cavendish Labor~tory 

have used qUite different analysis programmes, a very careflu 

ex-perimcntal study was necessary •. Most of the r esul ts are in 

good a~reement, e.g. :-

Cross-Section 

+ -PP --...:p>- ppn IT 

Imperial 
College (I.e) 

1.67 + 0.10 
- mb. 

C2Ji1bridge 

1 66 0.13 b • + ill • 
0.06 

However, the estnnates for the partial cross-s8ctionE 

are in disagreement especially for the pn- system. In this 

systel"?l a selection a t la\'/ t-value has improved the sharpness 01' 

the resonance peale in the Cambridge analysis, but not so in the 
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I.C. case. The effect of t-cuts is simply to lower the 

statistical significance of Imperial College data. If we 

compare the I lan mass distributions for Imperial College and 

Cambridge, as shown in figures 8.4a and 8.4b, we find the 

following distinct differences:- 

Imperial College  

the M ( PTT ) distribution has a clearer shape than 

that for the M (P rl ) distribution. 

Cambridve 

both the distributions are more or less the same but 

not as clear as those derived by I.C. for M ( Ps tr ). 

This could possibly be explained as follows:- 

The Cambridge Group has simply used the measured beam 

momentum as the starting value for kinematic fitting. Figure 

8.5 shows a plot of their final fitted beam momentum for 4c fit 

events with mean value at 16.11 GeV and about 600 YeV spread. 

At Imperial College, on the.other hand, the beam momentum is 

found to be 16.08 GeV by measuring the beam tracks of all events. 

And from CERN we understand that a spread of 4- 50 MeV on the 

fixed value to be used in GRIND is reasonable. 

For four momentum transfer (t (p-p)), one expects the 

t-values of two protons to be the same for symmetry. Both 

Imperial College and Cambridge's data show a small loss of event: 

having very slow protons in the laboratory system. The Imperial 

College loss is bigger than that of Cambridge and proably due 

to poor scanning efficiency and/or poor quality of film. 
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Certain features of the interactions stand out 

clearly. For instances, the C.U.S. momentum and angular 

distribution argue strongly for the peripheral nature of the 

interaction. The consistency of the mean value and the dis- 

tribution of the transverse momentum of the secondary particles 

is another interesting feature of the interaction. 

It would be interesting to repeat the experiment with 

more statistics and better precision, and auantitative com- 

parison with the multi-peripheral models(89-93)  for inelastic 

reactions could be attempted as well as a study of the spin 

and parity of resonances. 

An analysis of the four particles final state with 

one neutral particle missing (1-constraint fit) is under way 

at Tel-Aviv University(96), and will include some of the 

7000 measured events which failed to give a 4-constraint fit 

at Imperial College. A. study of strange particle production 

from the same experiment is in progress at Cambridge (
97) 
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APPENDIX I  

1. The procedure for rough predigitzation (D-MAC) is:- 

(i) set the whole frame of view 1 on the scanning table. 

(ii) set the information on the D-MAC keyboard corres-
ponding to the frame, event number, etc., together 
with some comment information and then punch onto 
paper tape. 

(iii) measure the apex first as a common point. 
(iv) measure another two approximately equal space 

points on each track. 
(v) press "END EVENT" for separation purposes. 

2. Measuring three approximately equal space points on each 
track, one can determin the radius of curvature (R) 

(Y1
from:-  

(X. - Xo)2  - 	. 	Yo)2  = R2  

where Xo' Yo represent the centre coordinate of the circle 
formed.X.and.(i = 1, 2, 3) are the coordinates of each 
measured point along the track. Three simultaneous equations 
give more than enough data to determine the two unknown 
variables Xo' Yo' A conversion parameter of value 0.000066GeV/c 
was derived after a large number of beam tracks (known as 
16 GeV) has been measured. 

3. Two exceptional cases were recognised at this stage and 
were not predigitzed. First, an event followed by one of more 
difficult long tracks. Secondly, those events with one or 
more straight short tracks (about 4 — 5 ems on the scanning 
table). These two types could be accepted for measurement on 
the conventional measuring machines having higher magnification; 
in the latter case the tracks are too difficult to measure as 
a segment of circle. If a very slow proton is produced with 
very short visible length and it stops in the chamber, then 
three arbitrary points formed a small circle were predigitized. 

The relevant measurement information from the D-no 
was punched on conventional 5-hole paper tape. Thus the co-

ordinate pairs were converted and computed by, the IBM 7090 
which producpd a full listing of all the scanned events, each 
accompanied by its own characteristics. 
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APPENDIX II  

Length Dependent Distortion Calculation 

Suppose the distortion in the bubble chamber 
is such as to give a curvature of the XZ plane at the 
centre of the chamber of the form z = ax2  + bx.3 
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Let a track of length I start 

at ( X1 ' Z1 ) and have a• true 

projected angle of dip At . 

The true equation of its pro-

jection on the XZ plane is:- 

Zt  = At  (X-x,) 

but because of the distortion, 

the measured projection will be 

zt 	= zt z 	At  ( - x, 

at X = Z 	= ax1 +  bx1 mi 

2 	3 X = X1113  Zm  = ZM2 = AO. a(Xi +L)+ b(Xi ÷t) 

. . 	The dip of the chord is:- 

= Zm2 4)7  

At  +S(2Lx + L2 )+ b-(31x2 + 3L2x„ +L3) t 	 1  

= 	(At  + al + bt2) + (20+3130x, +3bx2, 

Thus if we have a track of (projected) length 1 finishing at x, 



252 

and another of length 12  starting at X, 

2 	 2 
A 	= 	- all + 	- + (20 3b1.1)x, +3bX, 

'2m =Alt + 012  + bt22  + (20 +3bt2 )x1  + 3bx,
2  

2 2 
A2111-Nri 	= Aft 	± ( L +L1 1 	b( t2 	) 3  b ( 12+ 11) )(1 

For beam track events we assumed that 

Li + 12  = 	L = constant, = —+x 2 	1 

	

Alt 7 	A2t 

	

Alm -- Aim  =. 	e0  + "1 

	

then 
	

60 I 	= 	aL + bL (L -211) + 3bLac-il 

	

= 	(aL - 2 bL) + bill  

	

aL,= 	2 bi! 
	

1 = bL 

or i/L and 	a =+ L. 	2 

substituting a and b into (1) and (2) it follows that 

€0 + 
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